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Abstract

Background

In patients with symptoms compatible with acute myocardial infarction (MI), early
triage by ECG in the pre-hospital phase by ST-segment elevation myocardial
infarction (STEMI) criteria is important for direct transport of these patients to a
regional center for primary percutaneous coronary intervention (pPCI). The time
from first medical contact to pPCI should, due to present guidelines, be no longer
than two hours. One main determinant of final infarct size (1S), in addition to
myocardium at risk (MaR) and time to treatment, is the severity of ischemia,
which relates to the rate of progression of the infarction wavefront. Presently, no
assessment of severity is made. Patients with severe ischemia may have changes
within the QRS complex in addition to ST-T changes, making it possible to
identify these high-risk patients. QRS changes are, however more difficult to
determine and to quantify correctly as compared to the changes within the ST
segment.

Aims and methods

The overall objective was to increase the understanding of depolarization changes
during myocardial ischemia and to evaluate whether these changes have possible
clinical implications in patients with acute MI. Different QRS methods are applied
in patients during ischemia produced by elective, prolonged PCI as well as during
STEMI, and comparisons are made with conventional ECG parameters as well as
single-photon emission computed tomography (SPECT) images.

Results and conclusions

Study | compared the computer-derived high-frequency QRS components (HF-
QRS) in patients with and without standard ECG changes indicative of old MI. In
contrast to previous findings we found that HF-QRS cannot differentiate between
patients with and without old MI.

Study Il tested the ability of HF-QRS versus conventional ST-segment
measurements to detect and quantify myocardial ischemia, as determined by
SPECT, in a group of patients undergoing elective balloon PCI. We showed that
HF-QRS can provide valuable information both for detecting acute ischemia and
for quantifying MaR and its severity.

Study 111 evaluated a potentially more readily available (compared with HF-
QRS) new marker of ventricular depolarization distortion, which is based on
calculation of up- and downslope within the QRS complex, in patients undergoing
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coronary intervention that includes temporary occlusion of a coronary artery. We
found that in particular the downward slope between R and S waves better
correlates with ischemia than conventional QRS parameters, as quantified by
SPECT, and thus can be of value in risk stratification of patients with ischemia in
addition to conventional ST-segment analysis.

Study 1V, in a large cohort of STEMI patients, assessed the value of the
conventional Sclarovsky-Birnbaum ischemia grading system that includes terminal
QRS distortion in addition to ST elevation, on pre-hospital ECG and its dynamic
behavior during transport time to the PCI center for prediction of final infarct size
and salvage, as estimated by SPECT imaging. The study explored the temporal
behavior of the ischemia grading and showed the strong association of ischemia
grade assessed from pre-hospital ECG, as well as the dynamic patterns, with
infarct size, independent of ST-segment analysis. It also demonstrated the
importance of early intervention, which was found to be particularly important in
patients who had advanced, QRS-based ischemia grade.



Sammanfattning pa svenska

Bakgrund

Den medicinska utvecklingen har varit stark under de senaste aren vad galler akut
omhandertagande av patienter med misstankt hjartinfarkt. Snabb teknisk
utveckling inom omradet for kateterburen koronarkarlsintervention (PCI) och
framsteg inom farmakologisk behandling har bidragit till allt battre vardresultat.
Omedelbar och korrekt beslutsprocess har kommit att bli alltmer avgérande for att
radda hotad hjartmuskelvavnad, och darmed avsevart paverka patientens framtida
liv. Beslut bor tas redan prehospitalt, for triagering av patienterna antingen till
lokalt sjukhus eller till regionalt PCl-center. Detta staller mycket hoga krav pa
tillforlitlig diagnostisk.

Den undersokning som ger mest information i den akuta situationen &r 12-
avlednings EKG, som &r ett enkelt, lattillgangligt och icke-invasivt diagnosredskap
vid sidan om patientens sjukdomshistoria och aktuella symtom. | den akuta
situationen ses vanligen ingen diagnostiskt vérdefull information i hjartspecifika
blodprover. Den forharskande metoden att upptécka akut hjartinfarkt ar att studera
forandringar under repolarisationen (ST-T-strackan) pa EKG. Om vissa EKG-
kriterier uppfylls for ST-strackan (sk STEMI-kriterier), bor patienten helst sa snart
som mojligt behandlas med primar PCI. Detta kan ofta innebara lang transport av
patienten till ett sjukhus déar PCI kan utforas. | enlighet med bade amerikanska och
europeiska riktlinjer bor man efterstrava att patienterna far sadan behandling inom
2 timmar fran forsta EKG dar STEMI-kriterier verifierats. Telemedicin med digital
overforing av akuta EKG tagna i patientens hem, i ambulansen alternativt pa lokalt
sjukhus underlé&ttar for att effektivisera denna process.

Idag ges alla patienter liknande avlastande behandling under transporten. Vissa
patienter har emellertid mera allvarlig syrebrist (ischemi) i hjartat &n andra, vilket
far till foljd att en storre andel av hjartmuskelvavnaden utsatt for syrebrist kommer
att ga under (infarcera) per tidsenhet innan man kommer till PCl-behandlingen.
Genom att dven analysera andra delar av hjartcykeln med EKG (depolarisationen,
dvs QRS komplexet), finns det moéjligheter att identifiera dessa hdgriskpatienter
och i framtiden eventuellt kunna skrédddarsy mera intensiv, kompletterande
behandling redan under transporten. Denna kunskap skulle kunna nyttjas i stor
omfattning och adderas till utvecklingen av akut hjartinfarktbehandling globalt.

Overgripande syfte och ingéende patientgrupper

Avhandlingens 6vergripande mal var att utvardera metoder for att extrahera mer
information fran EKG-signalen under depolarisationen (QRS-komplexet), som
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additivt diagnostiskt hjalpmedel till dagens repolarisationsanalys (ST-T strackan).
I de olika delarbetena studerades patienter med olika typer av akut ischemi, dels i
en mindre population under planerad och kontrollerad ballongvidgning av ett
kranskarl (Studie Il och Ill), dels i en betydligt st6rre patientgrupp med akut
pagaende hjartinfarkt (STEMI) i Studie IV. | dessa populationer fanns multipla
kliniska variabler liksom kvantifiering av graden av ischemi med
myokardscintigrafi (SPECT). | Studie | analyserades patienter dessutom under
vilobetingelser avseende olika typer av QRS-férandringar som tyder pa aldre
hjartinfarkt.

Generellt sett & QRS-forandringar svarare att karakterisera och mata &n de som
ses under ST-strackan. Inom QRS-komplexet i ett standard-EKG kan man méta
skillnader i amplitud av ingdende komponenter samt deras durationer. Bada, men i
synnerhet den sistndmnda har felkéllor, varfér det finns behov av ett mera
overgripande och tillforlitligt QRS-matt. | denna avhandling har QRS-komplexet
analyserats utifran bade konventionellt, standard-EKG, samt de tva mer tekniskt
avancerade analysmetoderna hdgfrekvens-EKG (HF-QRS) och QRS-slope
metoden. Dessa metoder varderades under akut ischemi, pagdende och tidigare
infarkt. Den forstndamnda, standard-EKG baserade metoden, sk Sclarovsky-
Birnbaum (S-B) graderingen av ischemi, véarderar allvarlighetsgraden av ischemi
under ett akut hjartinfarktskede. Denna metod &r sedan tidigare beskriven, men har
annu inte kommit att anvandas i klinisk praxis.

Specifika mal

Delarbete I: Studera om man med hjélp av HF-QRS metoden han differentiera
mellan patienter med en tidigare genomgéangen hjartinfarkt och de som inte haft
nagon infarkt, dar sjalva infarktdiagnosen verifierats med vanligt standard-EKG.

Delarbete Il: Vardera om forédndringar av HF-QRS vid akut ischemi ar
associerade till dess utbredning och allvarlighetsgrad.

Delarbete Ill: Studera hur den, jamfort med HF-QRS- metoden, mindre
bruskansliga och mera kliniskt lattillgangliga QRS-slope- metoden, kan anvandas
for att vardera utbredning och allvarlighetsgrad av akut ischemi.

Delarbete 1V: Undersoka hur depolarisationférandringarna som ingar i S-B
graderingen av ischemi varierar over tid (fran ambulans-EKG till EKG taget
senare pa mottagande sjukhus just innan PCI behandlingen). Vidare studera det
kliniska vardet av tidig hjartinfarktgradering, dels utifran ambulans-EKG, men
aven vérdet av sjalva dynamiken under transporten fram till PCI behandlingen.
Testa om denna EKG-information relaterar till faktisk allvarlighetsgrad, dvs
hastighet av infarktutveckling och behandlingsresultatet av akut PCI inklusive
slutlig infarktstorlek.
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Fynd och sammanfattning

Studie | visade att vid vérdering av en stdrre patientpopulation och med fler EKG-
avledningar jamfort med tidigare, liknande studier, kunde vi, till skillnad fran
tidigare resultat, med hjélp av HF-QRS inte differentiera mellan patienter med och
utan tecken till tidigare hjartinfarkt.

I Studie Il fann vi att hégfrekvenskomponenter inom QRS komplexet sjunker
vid ischemi. Graden av forandringen visar signifikant korrelation med bade
utbredning och svarighetsgrad av ischemin kvantifierad med SPECT med hogre
korrelationskoefficient &n konventionella ST-férandringar.

Med den betydligt mera brustaliga och darmed mera Kliniskt lattillgangliga
QRS-slope metoden, kunde vi i Studie Il konstatera att forandringar i synnerhet
vad galler nedatgdende lutningen av R vagen uppvisar signifikant korrelation med
béade utbredning och svarighetsgrad av ischemin kvantifierad med SPECT, som &r
starkare an for Ovriga, konventionella QRS parametrar i standard-EKG och
adderar information till ST-analys.

Studie 1V visade att “QRS distortion”, som ingar i den allvarligaste grad 3 i S-B
ischemigradering, uppvisar en dynamik mellan ambulans-EKG och EKG precis
innan PCl-behandlingen. Patienter med grad 3-ischemi redan vid tidig EKG
vardering i ambulansen, liksom de som uppvisade en dynamik dar de bibehdll eller
utvecklade denna grad under transporten, utvecklade storre infarkter &n de som
inte hade dessa EKG-forandringar. Detta trots motsvarande storlek av det
ischemiska omradet och samma tid fran symtomdebut till PCI behandling. Vidare
kunde vi konstatera att det dar avhangigt graden av ischemi hur snabbt infarkten
utvecklar sig, och hur stor del av det hotade hjartmuskelomradet man darigenom
kan rddda med hjélp av att Oppna det stangda kranskérlet med PCI. Patienter som
behandlades inom 2.5 timmar fran symtomdebut uppvisade samma
behandlingseffekt av PCI oavsett ischemigrad. Vid behandling senare &n 2.5
timmar sag vi daremot samre resultat for den grupp av patienter som hade grad 3
ischemi pa ambulans EKG jamfort med patienter som hade grad 2 ischemi.

Avhandlingen visar att uttalad akut ischemi ger foréandringar under sjalva
depolarisationen som kan kvantifieras. Da analysmetoden for HF-QRS ar relativt
bruskénslig och darmed kréver avancerad medelvardesberakning, testades en
nyutvecklad QRS-slopemetod, som vi bedomer kunna ge likvérdig information pa
ett mera lattillgangligt och tillforlitligt satt. Den lampar sig framst for att folja
forandringar under pagdende EKG-monitorering, men kan &ven nyttjas i
beddmning av ett enskilt EKG om det finns ett tidigare, jamforande EKG.
Resultaten fran Studie IV indikerar att grad 3-ischemi som noteras tidigt kan
indikera allvarlig ischemi med snabb infarktutveckling. Fler studier behévs bade
for att vidare applicera QRS-slope metoden i ett mera kliniskt sammanhang och
for att fa ytterligare forstaelse for hur forandringar i den senare delen av QRS-
komplexet bast kan nyttjas for riskvéardering av patienter med akut hjartinfarkt.

Xiii



Abbreviations

ACC
ACS
AHA
AMI
ATP
BBB
BMI
CABG
DS

ECG
ESC
HF-QRS
IS

LAD
LBBB
LCX

LV
LVEF
LVH
MaR

MI

MPI
MONAMI
MRI
NSTEMI
PCI
pPCI
RBBB
RCA
RMS
S-B grade
SD
SPECT
Spont STR

Xiv

American College of Cardiology

Acute Coronary Syndrome

American Heart Association

Acute Myocardial Infarction

Adenosine Triphosphate

Bundle Branch Block

Body Mass Index

Coronary Artery By-pass Graft surgery
Down-Slope of the R wave
Electrocardiogram

European Society of Cardiology
High-Frequency QRS components

Infarct Size

Left Anterior Descending coronary artery
Left Bundle Branch Block

Left Circumflex coronary artery

Left Ventricle

Left Ventricular Ejection Fraction

Left Ventricular Hypertrophy

Myocardium at Risk

Myocardial Infarct

Myocardial Perfusion Imaging

The ST-MONitoring in AMI patients registry
Magnetic Resonance Imaging

Non ST-Elevation Myocardial Infarction
Percutaneous Coronary Intervention
Primary Percutaneous Coronary Intervention
Right Bundle Branch Block

Right Coronary Artery

Root-Mean-Square

Sclarovsky-Birnbaum ischemia grade
Standard Deviation

Single Photon Emission Computed Tomography
Spontaneous ST- segment Resolution before PCI



STEMI
STM
STR
99mTC
TIMI
TMVG
™nT
TS

usS
VCG

ST-Elevation Myocardial Infarction

ST level at J+1/16 of the average RR interval
ST- segment Resolution

Technetium-99m

Thrombolysis In Myocardial Infarction
Trans Membrane Voltage Gradient
Troponin T

Terminal Slope

Up-Slope of the R wave

Vectorcardiography

XV



XVi



1 Introduction

1.1 Ischemic heart disease

1.1.1 Epidemiology

Ischemic heart disease (IHD) is the number one cause of death in low-, middle-
and high income countries'. According to WHO more than seven million people
die worldwide each year from IHD, about 12.8% of all deaths®>. The 2012
European Cardiovascular Disease statistics reports IHD to account for 1.8 million
deaths per year in Europe, and is the single most common cause of death. It is
estimated that 22% of women and 20% of men will die from this disease®. From
the 2010 Heart Disease and Stroke Statistics update of the American Heart
Association it was reported that IHD is responsible for about one-third of all
deaths in individuals over 35 years of age in the US*.

The mortality rate due to IHD has declined in countries with developed
economies and health care systems during the last few decades, mainly due to
improvements in therapy, including acute initial medical treatment for acute
coronary syndromes (ACS), acute reperfusion management of acute myocardial
infarction (AMI), secondary preventive measures after AMI, therapy for heart
failure, and revascularization for chronic, stable angina pectoris. Other reasons are
increased attention to risk factors like cholesterol levels, systolic blood pressure,
smoking prevalence and physical inactivity’. The overall decline in IHD-caused
mortality during the last decades in the US has been estimated at about 60-65%,
whereas in Europe approximately 30%°.

Despite decreased mortality rates in some regions, it is however, expected to
increase in other, developing countries. Furthermore, in many developed countries
many risk factors have increased, and in the US the increase in body-mass index
(BMI) and prevalence of diabetes, hypertension and hypercholesterolemia are
challenging the positive trend’. Furthermore, because of the changing
demographic situation worldwide with a growing proportion of elderly people we
will probably encounter great challenges managing an increasing total number of
people with IHD.
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1.1.2 Pathophysiology

1.1.2.1 Coronary arteriosclerotic plague formation

The underlying pathophysiologic process consists of arteriosclerosis development
in the coronary artery wall. It is a complicated process mediated through both lipid
accumulation and complex inflammatory activity®, involving many different cell
types including monocytes, T lymphocytes, endothelial and smooth muscle cells.

The arteriosclerotic process takes decades to develop and probably starts early
in life. Initially, fatty acids accumulate into the intima layer of the vessel, building
up fatty streaks. This is mediated through monocytes and T lymphocytes passing
through the inner endothelial layer of the vessel, into the intima, where they
transform into macrophages. Through this process these cells become “foam
cells”, making up the fatty streaks. Parallel to the growth of these lipid storages,
complex inflammatory activities take place, leading to a necrotic inner core, which
may further enlarge due to hemorrhage from vasa vasorum. On the outer border of
the necrotic lipid formation it is a thin fibrous cap composed of type | collagen,
macrophages, lymphocytes and smooth muscle cells, thus forming a fibroatheroma
that is more or less prone to rupture®.

During the process of establishing these intimal arteriosclerotic fibroatheromas,
or plaques, the lumen of the coronary vessels may become narrow, causing
decreased blood flow. At some point in this process, the blood flow will not be
sufficient for meeting the metabolic demand of the myocardium, thereby leading
to lack of oxygen, myocardial ischemia and angina. This is the reason for stress-
induced angina pectoris.

Due to structural changes and remodeling within the necrotic central lipid core,
inflammatory action to the fibrous cap, thinning of the capsule as well as
neovascularization, the plaque can suddenly become “vulnerable”. Such plaques
are especially sensitive to mechanical stress and/or inflammatory-mediated further
weakening of the collagen capsule, leading to sudden rupture®. This initiates a
complex cascade with sudden activation of platelets in the blood, leading to rapid
thrombus formation and compromised coronary blood flow, thus an acute
coronary syndrome (ACS). The process may also include vasospasm of the
affected artery, further compromising myocardial perfusion.

1.1.2.2 Ischemia on the myocardial cell level

In order to maintain the highly energy-demanding contraction process and ion
pump function the myocardial cells need an adequate supply of oxygen as well as
fuel such as fatty acids, glucose and lactate. In the normal situation, with adequate
coronary blood flow, 60-90% of the energy used for the myocardial cells in
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synthesizing ATP from ADP comes from fatty acids supplied from the plasma.
The rest comes from glucose and lactate.

Breakdown of ATP then releases energy to be used for the contractile process
and ion pumps that handle the relaxation process and the ion homeostasis
necessary for the electrophysiological guidance of the pumping process™.

With sudden coronary artery occlusion, oxygen delivery to the myocardial cells
becomes insufficient in relation to the demand, thus slowing or inhibiting the
aerobic, oxidative phosphorylation process of ATP in the mitochondria. This
stimulates glycolysis, by which storages of glycogen in the cells are used and an
accelerated anaerobic metabolism is triggered. This leads to high intracellular
lactate levels and acidosis. The myocardial cells can quickly adapt to anaerobic
metabolism, however with persistent lack of oxygen they gradually progress from
reversible ischemia to an irreversible status, where mitochondrial function is
irreversibly damaged, as well as the structure of the cell membranes, leading to
cell death™.

In the mid 1970s Jennings et al."* described a gradually increasing metabolic,
and thus ischemic, severity gradient that arises within the myocardial wall from
the outermost epicardial to the inner subendocardial layer. Thus the
subendocardium is the portion of the myocardium wall most vulnerable to
ischemia, due to: a) a generally lesser degree of contribution to this layer from the
coronary vascular bed, b) ischemia-induced vasodilatation in the better perfused
layers, and c) increased intra-cavital and intramural pressure, that further hampers
subendocardial perfusion.

1.1.3 Clinical manifestations and classification of ischemic
heart disease

The main clinical manifestation of ischemic heart disease is chest pain, often
located centrally, but can be located at various sites in the thoracic region, neck,
chin or upper abdomen. The symptoms can vary from very light, uncomfortable
pressure to very intense pain, with or without radiation to either or both arms, neck
or back. Systemic, vegetative symptoms like nausea, sweating or dizziness often
occur. Atypical symptoms such as shortness of breath can also be caused by
myocardial ischemia.
The classification of IHD is based on stability:
1. Stable angina pectoris: Symptoms evoked by physical or emotional
stress. Reversible symptoms upon rest or short-term nitrates.
2. Acute coronary syndrome (ACS):
a. Unstable angina pectoris: Either very intense, newly developed
angina pectoris, or worsened and/or more easily evoked symptoms
by either physical, emotional stress or at rest during the last 4
weeks.
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b. Acute myocardial infarction (AMI): Symptoms at rest for more
than 20 minutes not alleviated by short-term nitrates. Due to the
appearance on ECG patients are further stratified into two types of
AMI: ST elevation myocardial infarction (STEMI) and non-ST
elevation myocardial infarction (NSTEMI).

ACS is an unstable coronary process in which a patient quickly can transition from
unstable angina to acute MI.

1.1.4 Diagnosis of acute Ml

The three cornerstones for the clinical diagnosis of acute MI are: clinical
symptoms, ECG findings and cardiac biochemical markers. The definitions of
acute MI have been gradually updated from the traditional WHO criteria,
originally published in 1979", to the more clinically based definition by the
European Society of Cardiology (ESC) and the American College of Cardiology
(ACC) in 2000*. The latter has been further updated to the present “Third
universal definition of acute MI” published in 2012".

In this clinical definition, the assumed cause of the MI is the basis for
classification into five different types:

= Type 1: Spontaneous MI due to a pathologic process in the coronary
artery wall resulting in an intracoronary thrombus formation (most
often plaque erosion/rupture).

=  Type 2: Ischemic imbalance secondary to various conditions such as
anemia, tachy-/brady-arrhythmias, respiratory failure, etc .

=  Type 3: Ml resulting in death, without available biochemical
markers.

=  Type 4: Procedure-related Ml after percutaneous coronary
intervention (PCI), or stent thrombosis.

= Type 5: Associated with coronary artery by-pass graft surgery
(CABG).

In this thesis only Type 1 is considered. The criteria are as follows:
Significant rise of cardiac biochemical markers and at least one of the following:
1. Symptoms of ischemia (see above).

2. ECG-findings:
a. Development of pathologic Q waves in the ECG.




Ventricular Depolarization: ECG assessment of Severity and Extent of Acute Ischemia

b. New or presumably new ST-segment-T wave (ST-T) changes or
new left bundle branch block (LBBB)
3. Coronary angiographic, or autopsy-identified intracoronary thrombus.
4. Imaging evidence of new loss of viable myocardium, or regional wall
motion abnormality.

Early differentiation between unstable angina, NSTEMI and STEMI is important.
Immediate recognition of STEMI patients is of particular importance, since
treatment is directed towards immediate revascularization (see below).

Despite improved sensitivity and specificity of cardiac biochemical markers,
possibilities for early detection are limited by their delayed appearance in the
blood (3-9 hours for Troponin)®®. Thus, this diagnostic modality can only
differentiate between unstable angina and NSTEMI. Consequently, ECG is the
only immediately available diagnostic tool to identify patients with an acute need
for coronary revascularization.

1.1.5 Acute management and treatment of STEMI

The most important aim is to restore coronary blood flow as soon as possible to
optimize myocardial salvage and patient outcome™. This is particularly important
during the first few hours after symptom onset™ 8. The revascularization
modalities are by either pharmaceutical, iv thrombolytic administration, or primary
percutaneous coronary intervention (pPCI). In the 2009 ACC/AHA focused
update® each geographic community was recommended to develop systems to
ensure prompt STEMI management, including logistical algorithms from early,
pre-hospital ECG evaluation, through referral and transfer for revascularization at
a high-quality pPCl-center. Increasing evidence from multiple randomized trials
have shown that pPCI performed in a timely fashion is a better reperfusion
strategy compared with thrombolysis in most patients. However, the complexity of
factors such as patient delay (time from symptom onset to first medical contact) as
well as different reasons for system delay due to both different door-to-needle, or
door-to-balloon time (delay for administration of thrombolytics or applying
mechanic (pPCI) revascularization), effectiveness of the treatment given (fast
reperfusion by pPCI, slower by thrombolysis), logistics of patient transfer between
hospitals etc., have resulted in the recommendation by the ACC/AHA and ESC
that pPCI is the preferred reperfusion treatment for any STEMI patient if the
procedure can be made within 120 minutes from first medical contact® **%. If
there is longer delay for pPCI, thrombolytic therapy could be preferred.

Until proper reperfusion treatment is achieved all patients receive administration
of antiplatelet agents, beta blockers, nitrates, oxygen, morphine etc., as
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appropriate, to optimize myocardial perfusion and reduce the metabolic demand of
the myocardial cells.

1.1.6 Determinants of final infarct size

The most central determinants of final infarct size (IS), besides the time elapsed
from coronary occlusion to reperfusion, are the size of the myocardium at risk
(MaR) and the severity of ischemia within the MaR. The latter will determine the
rate of progression of infarction development within the MaR, i.e. the more severe
ischemia the more rapid progression of the wavefront of necrosis.

1.1.6.1 Myocardium at risk (MaR)

MaR is mainly related to the area supplied by the occluded, infarct-related
coronary artery, distal to the occlusion. Thus, both the size of the coronary artery
and site of occlusion along the vessel (proximal or more distal) will determine the
oxygen-deprived myocardial territory at risk for infarct development.

During the phase of an acute M, the activated thrombotic system may result in
a dynamic antegrade coronary flow where spontaneous recanalization with or
without distal embolization and thrombotic re-occlusion might occur, changing the
risk area. Furthermore, recruitment of collaterals may play a role in reducing the
risk area, as seen below.

1.1.6.2 Myocardial protection and severity of ischemia

The myocardium has an inherent ability for physiologic adaptation to ischemia
that renders it more resistant to serious ischemic events and significantly delays
the progression of infarct evolution. There are two main mechanisms for this
adaptation  process; long-term collateral development and ischemic
preconditioning.

Coronary collateral formation

As an adaptation to repeated episodes of myocardial ischemia collateral vessels
can develop from other territories in order to improve blood flow. The
mechanisms by which this is mediated are still not fully elucidated, however
factors such as fibroblasts and vascular endothelial growth factors®® %, as well as
nitric oxide® appear to be involved.
Two kinds of collateral vessels have been identified:
= Epicardially located, muscular collaterals, developed from
preexisting arterioles.
= Capillary-size collaterals, without smooth muscle cells, which can be
distributed throughout the myocardial wall®.
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In humans, the presence of collaterals and/or their recruitment during a sudden,
acute MI has been shown to reduce the severity of ischemia, thus resulting in
limitation of final infarct size, improved post-infarction left ventricular ejection

fraction (LVEF) as well as reducing mortality®” 2.

Ischemic preconditioning

This phenomenon was already reported by Murry et al. in 1986, as an observed
delayed effect on infarction development upon experimental coronary occlusion in
a canine preparation preceded by short, repetitive episodes of ischemia separated
by periods of reperfusion®®. Compared to a control group, this precondition
protocol of four repetitive, 5-minute episodes of regional ischemia, each followed
by 5 minutes reperfusion, resulted in a 75 percent reduction in final infarct size.
These findings have been reproduced and further confirmed by several other
animal experiments, in different species®"*.

In humans this phenomenon has been evaluated both in vitro® and in vivo
models from various clinical situations, as exercise stress test®® *", elective PCI® *°
and CABG™.

The underlying mechanisms for ischemia preconditioning are still not
completely known. However, growing evidence supports the notion that this
protection is not due to recruitment of collaterals®**. Cells in the preconditioned
myocardium have slower metabolism, demanding less ATP, and producing less
lactate than the non-preconditioned myocardial cells* **. One hypothesis is
attenuation of intracellular acidosis during the critical ischemia as an effect of
lower intracellular glycogen levels due to its depletion in the previous, shorter
ischemia episodes. However there are some conflicting results®. Most likely this
intrinsic cardioprotective process is mediated through several complex pathways,
also including endogenous mediators released during the brief periods of ischemia,
acting on local receptors and channels. Some tentative mediators have been
proposed, such as: adenosine, bradykinin, protein kinase C, reactive oxygen
radicals, ATP-dependent potassium channels, etc® 344445,

Clinically, ischemia preconditioning is probably the cause of “warm-up angina”,
i.e. improvement of stable stress-induced angina symptoms during the day due to
repetitive ischemia episodes®’.

However, the most important role of ischemia preconditioning is played during
the acute MI situation. In numerous clinical studies, pre-infarction angina
(repetitive short episodes of unstable angina within hours to days before the acute
MI) has been reported to be associated with smaller infarct size, improved left
ventricular function and regional wall motion, less malignant ventricular
arrhythmias as well as lower both short- and long-term mortality*“. The timing
of previous angina symptoms in relation to the acute MI episode is important,

7
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since the protective effect has especially been reported in patients suffering from
angina within 24-48 hours prior to the acute M1** .

Methods for early identification of acute MI patients without this kind of
myocardial protection, who thus have an extremely high risk for rapid evolution of
necrosis within the MaR, would be of great clinical importance. This sort of risk
stratification could lead to individual tailoring of the acute management, for
example during transfer to pPCl. However, there are no such clinically used
methods today.

Evaluation of myocardial protection/ischemia severity by ECG

The effects of experimental ischemic preconditioning protocols have been
evaluated by changes in the ECG. Several studies have reported changes in the
repolarization phase (ST-T) with reduced ST elevation when inducing ischemia
after a preconditioning protocol compared to the ones with non-preconditioned
myocardium® >,

However, another, presumably more useful electrophysiological determinant of
the level of protection (or severity of ischemia) is found within the depolarization
phase (QRS complex). This has been reported in both experimental animal
studies® and in several human studies on STEMI patients®™® and will be dealt
with in greater detail further on.

1.2 Anatomy, electrophysiology and myocardial
iIschemia

1.2.1 Basic electrophysiological principles

1.2.1.1 Electrophysiology at the cellular level: the action potential

The basis of myocardial electrophysiology is the inborn excitability of both the
specially designed cardiac conduction system and the myocytes, as mediated by
the ionic currents in the different phases of the action potential (AP) throughout
the cardiac cell cycle (Figure 1.1).

In the normal situation of adequate coronary blood flow, the resting potential of
the myocardial cell is between -80 and -95 mV, with the cell interior having
negative charge in relation to the extracellular space. This negative potential is
created by an energy demanding procedure of pumping potassium (K*) into and
sodium (Na*) out of the cell (the Na*/ K*-ATPase pump), fueled by the continuous
production of ATP by aerobic cell metabolism. By this process, different ion
concentration levels inside and outside the cell are created, with high

8
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concentration of intracellular K* and lower concentration of Na* in relation to the
extracellular space. The equilibrium potential across the cell membrane is different
for these ions. For K* it is between -80 and -95mV. Thus, excess of intracellular
K" will be balanced by a passive outflow of this ion down its current in the resting
phase to maintain a stable, negative intracellular potential.

The depolarization phase (Phase 0) of the AP is initiated by the sudden opening
of fast, voltage-dependent Na* channels, leading to a rapid inflow of Na" into the
cell, thus shifting (depolarizing) the interior of the cell from its negative to positive
(about +45 mV) potential, which is the equilibrium potential for this specific ion.
Meanwhile also slower calcium (Ca*") channels open, producing a slight inward
Ca”* flow. Then, Phase 1 creates a small “notch”, caused by an initial outward K*
flow and a decay of the Na* current. This is followed by the plateau comprising
Phase 2, where an outward K* flow (to passively regain its negative equilibrium
potential), and inward Ca®* and to a small degree Na" ion-flow balance each other
to a stable potential. In the following, Phase 3, a fast repolarization is taking place,
thus regaining the negative, resting membrane potential, by decay of the remaining
Ca”" in-flow and, most importantly, a fast outflow of K*.

In Phase 4 the negative resting potential is maintained, again created by the
Na*/ K*-ATPase pump and balanced by a slow, passive outflow of K*.

Ph}se ! Phase 2

/ Phase 3
s

Phase 0

Phase 4 Phase 4

FIGURE 1.1 Different phases of the myocardial AP.

Ischemic effect on the action potential

Sudden coronary occlusion and lack of oxygen quickly affects this balanced
process:
= The ATP dependent Na*/ K* ATPase- pump cannot
maintain the normal, negative resting potential.
= Lactate acid accumulates and acidosis develops both within
the cell and in the extracellular space.
= K" accumulates in the extracellular space.
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By these processes the AP will change in the following ways within the ischemic
region®*%:

1. Reduced resting membrane potential. Thus, the extracellular space within
the ischemic region becomes more negative in comparison to surroundings
in this phase.

2. At areduced membrane potential of about =50 mV, the fast Na* channels

are inactivated. Instead, the AP is elicited by an inward current of Ca®*

ions by slow inward channels, causing a delayed and slower upstroke of

the AP (Phase 0).

Lower maximal AP amplitude.

4. Shortened duration of the AP, thus earlier repolarization.

w

-90 mV

FIGURE 1.2 Illustration of ischemia-induced changes of the different phases of the AP.
Solid line represents normal AP and dashed line the situation during ischemia with reduced
resting membrane potential, slower upstroke, lower amplitude and earlier repolarization.
Reprinted and modified from Vincent et al.®*, with permission.

These changes, illustrated in Figure 1.2, cause a voltage gradient between the
ischemic area and the normal myocardium during different phases of the cardiac
electrical cycle that leads to current flow between these regions.

These “currents of injury” are represented on the surface ECG by deviation of
the ST segment and also have secondary effects on the QRS complex.

1.2.1.2 Ventricular propagation of the depolarization wavefront

Conduction of the electrical signal is mediated by cell-to-cell propagation through
gap junctions. All myocytes are capable of conduction. However, the specialized
conduction system ensures an efficient propagation of the signal. The signal
originating from the atria is conducted through the AV node, and rapidly through
the ventricles in this specialized conduction system involving the bundle of His,
the right and left bundle branches and the Purkinje network, which branches into a
fine network terminating in the ventricular endocardium. The electrical and
metabolic properties of these structures are slightly different from those of the
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myocytes, e.g. by being more resistant to ischemia®®. This has implications for
the changes in the activation wavefront during severe ischemia.

Human ventricular excitation was first described in detail by Durrer et al. in the
early 1970s®’, and further verified by animal studies, by epicardial mapping during
open heart surgery and by computer simulation by Selvester, Solomon et al®® .
The normal ventricular activation is a rapid, balanced process that results in the
normal synchronous contraction of the right and left ventricles. This normal
sequence is determined by the anatomical and physiological features of the rapidly
conducting Purkinje network that inserts in the endocardium at 5 major sites”, 3 of
which are positioned within the left ventricle as illustrated in Figure 1.3, and the
other 2 insertion sites are at the right side of the septum and the free lateral wall in
the right ventricle. Activation propagates more slowly from the endocardial to the
epicardial myocardial wall by the myocytes. Depolarization can be viewed as an
activation wavefront that excites the myocardial wall from endo- to epicardium as
well as different regions of the ventricles at specific time instants, as illustrated in
Figure 1.3. First, the intraventricular septum is depolarized from left to right. Then
the right and left ventricles are depolarized simultaneously, however, due to the
larger mass of the LV the main vector in this phase is left oriented, mainly towards
the apex. Subsequently the activation vector, at about 40 ms depolarizes the
anterior free wall, thus the main vector shifts more leftward. Finally the last area to
be depolarized is the basal parts of the heart.

f
/
|| J /c_| —\ Superior (anterior)
| { _ papillary muscle and
) fascicle insertion

Septal -
fascicle i
insertion l

Inferior (posterior)
papillary muscle and
fascicle insertion

60 80 MSec.

FIGURE 1.3 Three-dimensional illustration of the left ventricular (LV) activation with
respect to its timing in different layers of the myocardial wall and different segments.
Modified from Selvester et al.”* with permission.
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1.2.2 Electrocardiography (ECG)

Despite advances of cardiac biochemical marker analysis and cardiac imaging
techniques in recent years, the standard 12-lead ECG is still the most important
and valuable tool in the acute clinical situation evaluating a patient with ongoing
symptoms compatible with acute MI. With the advanced technical, digital
development of telemedicine, an ECG recording can be made already in the pre-
hospital phase, in the patient’s home or in the ambulance. The ECG can be directly
transmitted to the attending emergency physician or cardiologist for instant
evaluation and clinical decision-making.

The electrical activity of the myocardium, as described in previous sections,
produces an electrical field with a 1) magnitude and 2) direction that change
during the cardiac cycle. The standard ECG provides a graphical representation of
this electrical field at every instant where each specific lead registers this field
from its specific location on the body surface.

There are different lead systems available, however the one most often used
clinically, and considered in this thesis, is the standard, 12-lead ECG with six limb
leads in the frontal plane and six precordial leads in the transverse plane,
organized as in Figure 1.4. This display of the limb leads (the Cabrera format) is
recommended in the 2000 European Society of Cardiology (ESC)/American
College of Cardiology (ACC) guidelines for universal adoption in 12-lead ECG
and has been used in Sweden for many years™.

Each lead is bipolar and records the difference between the exploring electrode
and either an opposite (as for leads I, Il and Ill), or a reference electrode (the
Wilson’s central terminal) as for the “augmented leads” aVR, aVL, aVF and V1-
V6. Electrical impulses moving toward the exploring electrode is registered as a
positive deflection and vice versa.

|

FIGURE 1.4 The standard 12-lead ECG displayed in the Cabrera format. Reprinted and
adapted from Pahlm-Webb et al.” with permisson.
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In Figures 1.5 and 1.6 the same lead display is shown including the time-sequence
of the ventricular depolarization.

o AVF i

FIGURE 1.5 Showing the limb leads in the frontal plane in the Cabrera lead configuration
as well as the timing of the LV activation sequence. The colored lines represent areas of
myocardium activated within the same 10-millisecond period. Modified from Strauss,
Selvester et al.”* with permission.

0 20140 60 80 MSec.

FIGURE 1.6 Transverse plane showing both left and right ventricles (LV and RV) within
the thorax cavity in reference to the precordial leads V1-V6. Adjusted from Strauss,
Selvester et al.”* with permission.
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1.2.3 ECG changes during acute ischemia

Due to ischemia-induced effects on the cardiac cell cycle, changes in both the
repolarization and depolarization phases can be registered by the ECG.

T-wave change

As an early sign of ischemia tall, hyperacute T waves, as suggested due to the
local reduction of the AP duration”, may be seen. As an isolated finding, such
early changes are, however, rarely seen in clinical practice, since they develop
very rapidly and are shortly followed also by ST-segment deviation.

ST-segment deviation

ST-segment change is the most commonly used ECG marker of ischemia. The
changes in the AP described above explain the ST changes seen during acute
ischemia. Both the changed resting membrane potential and earlier repolarization
within the ischemic region results in ST-segment elevation seen on the ECG:

1. Diastolic injury current: The ischemic cells remain relatively depolarized
during phase 4 of the AP, thus creating a relative negative extracellular
charge compared to the surrounding, normal myocardium. Therefore, during
the electrical diastole, current (diastolic current of injury) will flow between
ischemic and normal myocardium. ECG-leads overlying the ischemic zone
will record a negative deflection during electrical diastole and produce
depression of the TQ segment. However, the ECG recorders in clinical
practice automatically “compensate” for any negative shift in the TQ
segment, thus it appears as ST-segment elevation on the ECG. This is
illustrated in Figure 1.7A.

2. Systolic injury current: In systole the other three ischemia-induced
changes on the AP described above makes ischemic myocardium relatively
positive in comparison to the normal surroundings. This creates a voltage
gradient between normal and ischemic zones during the systolic phase such
that the current-of-injury vector will be directed toward the ischemic region
resulting in primary ST elevation, as demonstrated in Figure 1.7B.
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A B.
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FIGURE 1.7 In the upper panel AP changes due to ischemia (dashed line) are shown. In
the lower panel the corresponding changes on the overlying ECG lead is demonstrated. In
A) the diastolic injury current with downward displacement of the TQ segment is
illustrated. In B) the early repolarization of the ischemic area, causing a systolic injury
current directed toward the ischemic region is demonstrated, giving rise to a primary ST-
segment elevation. Adjusted from Vincent et al.?® with permission.

In transmural ischemia the overall ST vector is usually directed toward the
epicardium, thus exhibiting ST-segment elevation in leads whose positive poles
are overlying the ischemic region, and reciprocal ST depression in leads whose
positive poles are directed opposite to (i.e. approximately 180° away from) these
leads. In ischemia mainly restricted to the subendocardial layer, on the other hand,
the overall ST vector is directed toward the inner layer of the ventricular wall or
cavity, displayed as ST-segment depression in the overlying ECG lead. The latter
is more often present in demand ischemia, such as stress-induced ischemia or
unstable angina, whereas the former is often related to supply ischemia, due to
sudden coronary artery occlusion. However, the picture may vary considerably,
and at many times total coronary occlusion is displayed as ST-segment depression,
or no significant ST-segment changes at all. This is because the 12-lead ECG is
not equally distributed around the thorax, covering all parts of the myocardium,
and because of cancellation effects that may arise between two ischemic regions
opposite to each other.

ST-segment elevation, as in the STEMI-guidelines, is used to identify those
with acute M1 who should be referred for immediate revascularization®.

A mathematical model of explanation regarding the amount of ST-segment
elevation observed on a surface ECG lead with a certain location in relation to the
ischemic area, is the solid angle theory™. This is illustrated in Figure 1.8.
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Basically, this model contains both spatial factors (solid angle, Q) and nonspatial
factors. The solid angle is subtending a spherical surface area about the recording
electrode. The nonspatial factors include the transmembrane voltage gradient
(TMVG) across the ischemic boundary, thus the current flow between the
ischemic (V1) and nonischemic, normal myocardial cells (V) during the
electrical cardiac cycle (systole and diastole). K is the conductivity factor.
Conductivity is determined by many factors affected by acute myocardial
ischemia, such as the volume of intra- and extra-cellular space, acidosis, effects on
gap-junctions, etc. Thus, the ST-segment displacement is related to the shape and
the size of the ischemic area, level of TMVG in the boundary between ischemic
and normal cells, and the conductivity.

RECORDING \ —_—
ELECTRODE | amT

Boundary

FIGURE 1.8. Mathematical and pictorial characterization of the solid angle theory. The
solid angle (Q) is defined as the area of spherical surface cut off a unit sphere (inscribed
about the recording electrode) by a cone formed by drawing lines from the recording
electrode to every point at the boundary of interest. The ischemic boundary is a source of
current flow established by portions of the heart having different transmembrane voltages
between the ischemic (Vm1) and normal myocardial cells (Vm2) during the electrical
cardiac cycle (systole and diastole). K is a term correcting for differences in intracellular
and extracellular conductivity. Reprinted from Holland et al.”® with permission.

16



Ventricular Depolarization: ECG assessment of Severity and Extent of Acute Ischemia

This theory is also applicable for understanding some of the changes within the
depolarization phase (QRS complex), which will be later highlighted.

Association between amount of ST changes and clinical outcome

Several studies have evaluated the association between MaR and final IS (as
estimated by single photon emission computed tomography (SPECT) or Selvester
QRS score’”) with various ST-segment measures, such as single-lead maximum
ST-elevation, number of leads with ST-elevation, sum of ST-elevation among
leads and sum of total ST-deviation’®®, however with conflicting results.

However, in larger cohorts various ST-segment measures have been found to
predict clinical outcome after AMI*®*®. In a multivariate analysis from the
GUSTO-I database of 41,021 patients, the sum of absolute ST-segment deviation
(both elevation and depression) of>1.9 mm was predictive of 30-day mortality
after thrombolytic therapy®, with an odds ratio of 1.53. In a DANAMI-2 substudy
Sejersten et al. showed how the sum of ST-segment deviation predicted 30-day
mortality after either thrombolytic or pPCI treatment®. From the GISSI-1 trial of
8,731 patients the number of leads with ST-segment elevation related both to
short- and long-term mortality®” after thrombolytic therapy.

Also, spontaneous ST-segment resolution (STR), before reperfusion therapy has
been shown to predict optimal outcome in STEMI patients®® ®. Furthermore, it has
been shown that post-revascularization STR of acute STEMI predicts lower
mortality rate, with level of single lead, maximum ST elevation being the strongest
predictor® *!,

One problem with using the sum of ST changes or the number of leads with ST
elevation in various scores is that the 12-lead ECG does not represent all
myocardial regions equally. Thus, similar size of MaR in different parts of the
heart will not be equally represented by the ECG in terms of ST-segment deviation
among the 12 leads. Furthermore, attenuation and augmentation effects might arise
due to ischemia in opposing regions.

To summarize:

= Transmural ischemia can be detected by ST-segment elevation criteria on
the standard 12-lead ECG.

= ST-segment elevation provides information on the location of ischemia, thus
helping to identify the infarction related artery (IRA).

= QOverall, there seems to be somewhat conflicting results regarding the
correlation between ST-segment evaluation and MaR and IS as determined
by SPECT or QRS scoring. However, larger studies support the association
between ST-segment measures and clinical outcome after AMI, although
most results are after thrombolytic rather than pPCI treatment.
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= It has not been clarified whether ST-segment evaluation provides any
information about the severity of ischemia.
Myocardial ischemia and evolving infarction, however, also affects the
depolarization phase of the ECG. Some changes in the early portion of the QRS
complex (Q waves) have mostly been considered to represent already necrotic
areas, but other, potentially reversible changes, especially in the later parts of the
QRS complex may also appear during severe ischemia. These are not as well
understood and usually not considered for clinical decision-making. This is the
focus of this thesis and will be further elaborated on in the following sections.

1.3 Depolarization changes during ischemia

If the electrical forces during ventricular depolarization suddenly change in
magnitude or direction due to regional ischemia, the overall balance of the
activation wavefront will change.

Within the ischemic region several different factors may contribute to changes
in the depolarization phase, which can be visualized in the QRS complex:

= Local, direct effects of the changes of the AP, such as decreased
resting membrane potential, slower AP upstroke, lower amplitude
and shorter duration.

= Ischemia-induced changes in the overall conductivity due to
extracellular hyperkalemia, intra- and extracellular volume effects,
changes in the properties of the gap junctions as well as possible
changes of LV filling pressure etc.

= Substantially delayed regional activation due to severe ischemia
affecting also the Purkinje cells.

Thus the overall explanation for QRS changes in the ischemic myocardium is
complex and multifactorial. Some of these effects are well correlated to and
secondary to the injury current and ST-segment deviation, whereas others are
related more to other, secondary effects of ischemia.

The solid angle theory™, as already described and illustrated in Figure 1.8 can
serve as a model to explain some of the above mentioned factors that may affect
also the R-wave amplitude level observed in a certain anatomically oriented ECG
lead. The higher the conductivity factor (K), the greater R-wave amplitude will be
registered on the surface ECG lead. Conductivity is affected by acute myocardial
ischemia by several factors, such as changes in volume of intra- and extra-cellular
space, acidosis, effects on gap-junctions etc. Overall this results in an increase in
the conductivity factor, thus an increase of the R-wave amplitude.
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Severe ischemia and slow conduction

Although several factors may contribute to QRS changes during acute myocardial
ischemia, an important pathophysiologic distinction could be made between these
and QRS changes due to severe ischemia with significant effect on conduction
through the ischemic area. In unprotected myocardium without well-developed
collaterals or metabolic preconditioning, the response to sudden coronary
occlusion is severe ischemia with rapid progress of myocardial necrosis over time.
The most severe ischemia is within the subendocardial layer, but can extend
throughout the myocardial wall over time.

During severe ischemia, the fast-conducting under normal circumstances, and
ischemia-resistant Purkinje cell network, is also affected. This significantly slows
conduction of the activation wavefront locally through the ischemic region® .
Due to delayed activation, electrical forces heading in other directions at the
instant of this area’s normal depolarization will be unopposed, whereas the later
activation within the ischemic region causes the later QRS waveforms to deviate
toward this region. The most important QRS changes due to this primary effect on
delayed regional depolarization will thus appear in the terminal part of the QRS
waveform and may prolong the overall QRS duration.

1.3.1 Standard, 12-lead ECG

Depending on the lead distribution and the location of the affected myocardial
region the following can be seen on the standard 12-lead ECG:
= Augmentation of the R wave in leads with gR configuration
overlying the ischemic region.
= Decrease or total loss of the S wave in leads with an rS configuration
(typically anteroseptal leads) overlying the ischemic zone.
= Increase of the overall QRS duration if the ischemic area is large.

1.3.1.1 QRS amplitude changes

Several experimental animal studies have reported reversible QRS-amplitude
changes, such as increased R waves and decreased S waves during transient
ischemia due to coronary occlusion. These QRS amplitude changes have been
shown to correlate to delayed regional depolarization evaluated by simultaneous
registration of the conduction velocity®*®. In humans such changes were first
described by Rakita et al. in patients with Prinzmetal’s angina, due to short
episodes of coronary vasospam®’. They described almost instant augmentation of
the R wave in leads overlying the ischemic region during Holter monitoring,
followed by rapid normalization to baseline levels. Later these findings have been
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confirmed in studies performed during short (most often 0.5-2 minutes) episodes
of elective PCl-induced transmural ischemia®™*%,

In the early setting of acute M1 some studies have characterized changes mostly
in the terminal QRS amplitudes as well as findings of potential reversibility of Q
WaveSlO4_lO7.

A practical limitation to the evaluation of QRS changes during acute Ml, as
compared to ST-segment evaluation, is an absent “isoelectric baseline”. Due to
most often gradual changes of the QRS complex an earlier ECG recording in a
pain-free situation under normal conditions are thus needed to make accurate
comparisons as regards the ischemia-induced QRS changes. Furthermore,
significant differences of electrode position, as well as changes of body position
may alter the QRS morphology.

1.3.1.2 The Sclarovsky-Birnbaum ischemia grading

The Sclarovsky-Birnbaum ischemia grading (S-B grading) system grades ischemia
based on characteristics of the ECG in patients with STEMI (Figure 1.9). It is a
“snapshot” grading system with no comparison to baseline ECGs. It defines three
grades of ischemia with increasing severity as proposed by Sclarovsky and
Birnbaum in the early 19905 *°:

= Grade 1 (G1): Tall T waves with no ST elevation.

= Grade 2 (G2): ST elevation of >1 mV in >2 adjacent leads without
distortion of the terminal portion of the QRS complex.

= Grade 3 (G3): ST elevation of >1 mV in >2 adjacent leads with
terminal QRS distortion.

Terminal QRS distortion is related to the previously mentioned characteristics of
more severe ischemia, thus increased R waves and diminished S waves directed
towards the electrodes overlying the ischemic region. Since grade 1 is a very brief
and early phase in acute MI, it is seldom seen clinically. To make the
dichotomized distinction between grade 2 and 3 without a previous baseline, two
different grade 3 criteria were proposed depending on the terminal QRS
configuration of the ECG leads with ST elevation:

1. Complete loss of S waves in typical leads with rS configuration, such as
V1-V3.

2. ST-J point to R-wave amplitude ratio of greater than 0.5 in all other leads
(with gR configuration).
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FIGURE 1.9. Criteria for the Sclarovsky-Birnbaum severity ischemia grading. The
denotations I, Il and Il correspond to ischemia grade 1, 2 and 3, respectively. Loss of S
wave in leads with Rs configuration and ST-J elevation larger than 50% of the R-wave
height-Grade 3-is highlighted by circle and arrows, respectively. Adapted from Birnbaum
et al.® with permission.

Prior studies have shown G3 to predict higher mortality (short, medium and long
term) than G2 on admission ECG in patients treated either by thrombolysis'®® ***
12 or pPCI™*™%, Furthermore, G3 has been associated with larger infarct size, as
estimated by cardiac biochemical marker release®™*"'"*™8 Selvester QRS
scoring™'®, SPECT*****?! and magnetic resonance imaging (MRI)""". Birnbaum et
al.>® reported significantly larger infarct size by pre-discharge SPECT in patients
with G3 compared to G2, after thrombolytic therapy. The other studies evaluating
ischemia grades by SPECT or MRI were after pPCI, however with small sample
sizell7, 119—121.

Despite the numerous studies mentioned above, ischemia grading has not been
routinely incorporated into clinical risk management of STEMI. Some questions
still remain unanswered.

The pathophysiological mechanisms for differentiation between G2 ischemia
and supposedly more severe G3 ischemia are still unclear.

Reversible QRS changes have been observed in animal experiments, in
Prinzmetal’s angina, during elective PCI and in the initial phase of acute Ml
compared to baseline (as reported above). However, it is still unclear whether the
ECG characteristics in the S-B ischemia grading involving “QRS distortion” imply
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that myocardial salvage is possible after reperfusion therapy administered hours
after symptom onset in the STEMI situation.

One key question is whether G3 changes in STEMI reflect severely ischemic
myocardium with salvage potential after reperfusion or is a sign of large, already
mostly irreversible infarcted myocardium without significant salvage potential.

A consistent finding in previous ischemia grading studies has been similar time
intervals from symptom onset to treatment in patients with or without “terminal
QRS distortion”. Furthermore, comparable pre-treatment MaR between the grades
have been seen in the limited information from SPECT or MRI*"*9% stydies,
with one exception, were only patients with anterior MI were included and in
which also more severe ischemia by SPECT was noted for G3***. All prior studies
showed patients with G3 to have a larger final infarct size as compared to patients
with G2. From these results G3 has thus been assumed to be a sign of more severe
ischemia in less protected myocardium, thus more prone to rapid infarct
development. Further larger studies are needed with cardiac imaging data as the
gold standard for MaR and IS.

In the vast majority of previous studies only the admission ECG, close in time
to the subsequent reperfusion treatment, has been considered. If the hypothesis
regarding severity of ischemia and rapid infarct evolution in G3 is correct, very
early identification of G3 in the pre-hospital phase is necessary in order to make a
difference in treatment strategy, for example. Also, the dynamic behavior of
ischemia grading between the pre-hospital ECG and ECG just prior to pPCI would
be of interest to explore.

Another key factor regarding the S-B ischemia grading system is that the two
separate G3 criteria may represent different pathophysiological stages along the
acute MI process. The G3 criterion based on the ratio between ST-J and R-wave
amplitude could be due to severe ischemia with still augmented R waves and high
ST-segment elevation. However as severe ischemia within the MaR gradually
progresses into larger degree of necrosis, the R-wave amplitude as well as ST-
segment elevation gradually decline, thus the ratio may theoretically be unchanged
although the myocardium at risk has gone further into an irreversible infarction
process. The loss of the S-wave criterion, on the other hand, may be a more
reliable sign of severe ischemia and not an already necrotic area since an Ml
within the anterior region itself is not affecting the terminal part of the QRS
complex by reduction or loss of the S wave”’. This ischemia grading will be
further elaborated on in Study 1V of this thesis.
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1.3.1.3 QRS prolongation

Prolongation of the QRS complex has furthermore been described as a marker of
more severe ischemia with slow conduction, both in animal and human studies
during PCI and acute M|°* 98 100.107. 122

In a large cohort of 17,073 STEMI patients (HERO-2-trial substudies), Wong et
al. reported an independent, positive relationship between QRS duration on the
admission ECG and 30-day mortality for anterior infarct location. This was
observed in patients presenting with, or developing RBBB, within 60 minutes after
thrombolysis'?, as well as, in a second study, in patients without RBBB, but with
an intraventricular conduction delay™®. After adjustments for confounding clinical
and electrocardiographic factors (such as ST-segment elevation level and presence
of Q waves), a 30-40% relative increase in 30-day mortality risk per 20 ms QRS
prolongation was shown. This was, however, found only in patients with anterior
infarct location, but not in inferior location.

In the clinical situation, prolongation of the QRS duration is, however, difficult
to determine correctly, since ST elevation commonly obscures the delineation
between the end of depolarization and the beginning of repolarization.

1.3.1.4 QRS changes and myocardial infarction

According to the sequence of ventricular depolarization described above, an
evolving and later manifest Ml comprised of necrotic, electrically inactive cells,
will affect the wave front differently depending on the size and location of the
infarcted area in relation to the exploring ECG electrode.

The balanced, smooth and homogenous ventricular vector is now affected by an
inactive, electrically silent area. In contrast to the previously described
ischemia/severe ischemia with injury current and delayed, regional activation,
changing the vector towards the ischemic area, an infarcted region moves the
vector away from the area. Thus, the electrode overlying the infarcted area will not
register any signals from the necrotic area, but displays a new resultant at each
time interval produced by unopposed signals from the opposite wall.
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FIGURE 1.10 Rapid, balanced, synchronous conduction by the specialized ventricular
conduction system (upper illustration) results in the normal symmetrical activation of both
inferior and anterosuperior walls. In the lower picture, loss of inferior forces due to an
inferior MI, while still normal anteroseptal forces, produce an imbalance and inferior Q
waves (exemplified by lead aVF). Asynchronic, delayed activation of the subepicardial
layers overlying the infarct blocks normal endo- to epicardial activation and may also
produce a notched R wave in the Ml region. Adjusted from Boineau'?®,with permission.

The changes seen in the QRS complex are related to the timing at which the
necrotic area would normally be activated during depolarization.

Thus a Q wave will be the result in an early activated area, where the overlying
electrode normally registers a positive initial deflection, but is now “seeing” more
of a negative, opposite force in respect to its position initially in the depolarization
phase. However due to the location, size and spatial relationship to the exploring
electrodes, an MI can result in different changes in the QRS complex, including
notches, or fragmentation of the QRS complex, R-wave changes, variations in the
R-wave and S-wave ratio etc., as illustrated in Figures 1.10 and 1.11.
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FIGURE 1.11 Simulated and observed effects of small, apical posterolateral infarcts. The
four panels represent the effects of a small infarct (15x20x5 mm) placed (or found) at
various levels of the apical posterolateral segment of the Selvester-Solomon fine grid (1
mm?®) forward simulation of the human heart and its electrical field. Lead V6 is shown, and
the dotted line in each case represents normal activation without infarct. The lesion was
located in the apical endocardium in the first panel and moved outward 2 mm and more
basal in each of the following panels. The arrows across the top represent the time when
the activation front passed the center of the infarct in each case. It is important to note, as
represented by the vertical bar between the solid line of the waveform of the infarct ECG
and the normal dotted line, that in each of these waveforms, the basic finding is the lost R
wave. In the first panel, the early loss of the R wave is a Q wave; in the second, it is a
notched R wave, etc. The larger the posterolateral infarct, the smaller the R wave in lead
V6 and the broader the Q and S waves. Adapted from Selvester'?® with permission.

Previously, Q waves were considered an irreversible sign of transmural infarct.
However, it has been found that a Q wave that appears early during the infarct
process can be a transient finding'”’*?°, and it can also indicate a large
subendocardial extent of the infarction™® **!,

1.3.1.5 Selvester QRS score

Based on the normal sequence of ventricular depolarization and how it is affected
by local loss of electromotive force at various locations due to an MI, Selvester et
al., by meticulous computer simulations**?, developed a scoring system for both
detecting and quantifying a previous MI by QRS analysis of the 12-lead standard
ECG"’. The practical application of the system was evaluated in humans in the
1980s by Wagner et al. including validation by correlation to post-mortem
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findings at different infarct locations™****, In the present 50-criteria/31-point QRS
score, each point corresponds to 3% infarction of the LV myocardium. The score
has been further evaluated for predicting clinical prognosis after AMI**"**® as well
as correlation to infarct size determined by SPECT and MR|*3139.140,

In addition to infarct quantification, screening criteria for detection of old Mls
using a subset of the criteria have been developed'*'. The three criteria are: 1.)
Inferior M1 location: in lead aVF- Q wave greater than or equal to 30 ms, 2.)
Anterior Ml location: In lead V2- any Q wave or R wave less than or equal to 0.1
mV and 10 ms and 3.) Posterior Ml location: In lead V1- R wave greater than or
equal to 40 ms. Sensitivities of 84% and 77% were found for detection of single
inferior and anterior infarct locations, respectively, by using these screening
criteria. The rate of false identification of MI in normal subjects was 5%"*!. This
method was used in Study | and will be further described in the Methods section.

1.3.2 High frequency QRS analysis based on the 12-lead ECG
system

High frequency QRS components (HF-QRS)

In the standard ECG, by convention, only frequencies in the range 0.05-150 Hz are
considered. It has been found that the signal also contains high-frequency
components, in particular within the depolarization phase.

Analysis of HF-QRS (frequencies >150Hz) thus offers the possibility of
visualizing changes during depolarization in the ischemic myocardial tissue not
seen in the standard ECG. These HF-components have very low amplitude
compared to the standard ECG (uV compared to mV).

To extract the HF-QRS, first high resolution ECG recordings both in sampling
frequency and amplitude resolution are needed. In general, a sampling rate twice
the highest frequency to be evaluated is needed in order to avoid distortion of the
signal. Mostly HF-QRS components within the frequency range 150-250Hz has
been studied. In the HF-QRS related studies in this thesis (Studies I and 1l), a
sampling frequency of 1000 Hz and amplitude resolution of 0.6V were used.

The signal then needs to be averaged in order to reduce the noise level, thus
increasing the signal-to-noise ratio. Subsequently, the signal-averaged QRS
complexes are filtered in order to retrieve the specific HF-QRS components within
a certain frequency band (most often 150-250 Hz). The most common way to
guantify HF-QRS is by calculation of RMS values, by which the average
amplitude of the HF-signal within the entire QRS complex is determined.

The pathophysiological basis of HF-QRS changes during ischemia is still not
fully understood, but considered to be related to changes of the conduction
velocity between the myocardial cells and/or the specialized conduction
SyStemm’m.
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Earlier studies have shown a decrease of the HF-QRS during acute myocardial
ischemia from coronary occlusion in animals,"**** and during short elective PCI
in humans***. Furthermore, an increase of the HF-QRS has been observed
during successful reperfusion by thrombolytic therapy of an acute myocardial
infarction™"**2, It has been reported that changes of HF-QRS is more sensitive
than ST-segment deviation for detecting acute coronary artery occlusion'*. None
of these prior studies have, however, quantified the ischemia during coronary
occlusion, or described the relationship between changes in HF-QRS and the
extent (MaR) and severity of the ischemia as indicated by SPECT images.

Furthermore, studies of the levels of HF-QRS in the later, chronic phase after an
acute MI comparing subgroups of individuals with and without prior MI have
shown conflicting results. Both decrease and increase of HF-QRS after infarction
have been reported in different bandwidths, in small samples and only in few ECG
Ieadsl53'155.

Further understanding of how HF-QRS correlate to acute ischemia and their
levels during situations with healed myocardial infarcts is needed.

HF-QRS analysis offers a unique possibility to evaluate information that
perhaps could not be retrieved from a regular 12-lead ECG. However, it needs
technically advanced methods and longer ECG recording for optimal signal-to-
noise ratio.

1.3.3 QRS slope analysis based on 12-lead ECG system

Hypothesizing that changes in the myocardial conduction velocity could be
estimated with less advanced methods than the high resolution, signal-averaged,
filtered and noise sensitive HF-QRS method, Pueyo et al. in 2008 proposed a
method for evaluation of depolarization changes by analyzing the slopes of the
QRS complex: upward slope between Q and R waves (US) and downward slope
between R and S waves (DS)™®. During coronary artery occlusion by PCI, the
QRS slopes became considerably less steep than in the control situation, in
particular for the DS, as a combined result of both changes of the QRS amplitudes
and duration. Furthermore, the QRS slope indices showed ischemia-induced
alterations of twice the magnitude of that for HF-QRS analysis and was proposed
to be a more robust method of measuring dynamic depolarization changes without
requirements of signal averaging and much less noise dependent®.

To make it more robust in clinical situations, further development of this
methodology is needed as well as more understanding of its clinical applicability,
why we addressed these aspects to Study Il in this thesis, as well as in Technical

Supplementary Study™’ and in a pig experimental MI study*.
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1.3.4 QRS evaluation by vectorcardiography (VCG)

In addition to the clinically most appreciated standard 12-lead ECG system applied
throughout this thesis, evaluation of QRS changes can also be performed using
other lead configurations and ways to represent the magnitude and direction of the
electrical activation of the myocardium, such as vectorcardiography (VCG). By
this method a 3-dimensional view of the electrical activation sequence is produced
by the orthogonal leads X (representing the left-right axis), Y (representing the
caudal-cranial axis) and Z (representing the posterior-anterior axis). By combining
pairs of these, three orthogonal planes are obtained (XY-frontal plane; XZ-
transverse plane and YZ-sagittal plane). At every instant throughout the cell cycle
a vector with a specific magnitude and direction is plotted in space, by which a
“VCG loop” is constructed. The shape, area and direction of the rotation of the
loop is then analyzed. Both animal and human studies have shown QRS changes
by this method to detect acute myocardial ischemia as well correlate with MaR
and 1S™%%2 Dellborg et al. furthermore tested its feasibility and clinical
application of QRS monitoring in patients during unstable angina as well in acute
MI after thrombolytic therapy’®*®. It is beyond the scope of this thesis to
additionally explore the VCG method. However, this approach has added further
evidence to the value of including depolarization changes to the overall evaluation
of the ECG in acute myocardial ischemia.
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1.4 Myocardial Single Photon Emission Computed
Tomography (SPECT)

SPECT is the most commonly used myocardial perfusion imaging (MPI)
technique, by which a radioactive tracer, injected intravenously and distributed
throughout the myocardium in proportion to coronary blood flow, is visualized by
subsequent gamma camera analysis. The nuclear activity measured at the image
acquisition reflects the myocardial perfusion at the time of injection. The
technique allows estimation of myocardial blood flow both at rest and during
exercise. For years it has been widely used clinically in the setting of stress test as
a mean of detecting stable, stress induced IHD as well as estimating the size and
location of the ischemia.

It can also be used in the acute setting of IHD as an adjunctive tool to

differentiate unstable angina and NSTEMI from non-cardiac symptoms'®®.

1.4.1 Radioactive tracers: Tc-99m Sestamibi

Imaging of coronary perfusion is dependent on the physical properties of the
radioactive tracer by its delivery to the heart as well as the uptake and retention by
the myocardial cells. The optimal tracer has the following characteristics:

= High first-pass uptake by the myocardium.

= Linear relationship between uptake and perfusion.

= An uptake independent of metabolic status of the cell.

= Stable retention within the cells throughout the completed imaging

procedure.

Technetium-99m labeled tracers preferably used today were developed in the late
1980s™" as to better meet the favorable characteristics above as compared to
previous agents. In addition technetium-99m has both higher photon energy and a
shorter half-life, resulting in improved image resolution. Studies included in this
thesis utilized the Tc99m-labeled compound **™Tc-sestamibi (Cardiolite ™).
Sestamibi is a lipophilic monovalent cation (thus positively charged). This
characteristic enables it to passively cross the myocardial cell membrane into the
plasma and be accumulated in the mitochondria by the negative membrane
potential*®®. Unlike previous agents (Thallium), this agent does not need help from
the Na'-K*-ATPase pump in order to cross the cell membrane'®. The myocardial
distribution is proportional to the blood flow up to 2-3 times the resting flow
levels. However, animal models have indicated a higher cell uptake relative to the
blood flow at very low levels of perfusion, thus slightly underestimating the

perfusion defect'”.
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Sestamibi is stable within the myocardial cells undergoing only minimal
redistribution. A clearance of less than 15% during a four hour period has been
reported'”. This makes it suitable for situations where the time interval from
intravenous administration to acquisition of the tomographic imaging by the
gamma camera is prolonged.

1.4.2 Tomographic imaging acquisition

Subsequent to administration of the radionuclide agent the images are acquired by
a gamma camera. Basically, when the gamma radiation emitted by the tracer hits
the camera the photon energy (when interacting with a sodium iodine crystal)
produces a scintillation effect, or flash of light. This is registered by
photomultiplier tubes, then amplified, and the energy and spatial location of the
photon are recorded. A lead collimator is positioned in the front of the detector of
the camera, so only photons that hit the detector at a 90 degree angle are
registered. Usually two detectors are used, set at 90 degree angles to each other.
The detectors rotate around the patient and acquire at least 30 projections over a
180-degree arc. The set of planar images is subsequently reconstructed and
processed by filtered back projection, iterative reconstruction and low-pass
filtering to compensate for various degrees of technical artifacts, attenuation of
signals, as well as to enhance the image resolution and reduce noise.

This results in a large set of transaxial images perpendicular to the long axis of
the patient’s body. These images are then oriented correctly according to the heart,
as to present vertical- and horizontal long-axis planes, as well as short-axis plane.
From the short-axis slices polar plots, or bull’s eye images, can be constructed,
which cover all left ventricular myocardium.

These images can be either manually or automatically analyzed with regard to
the location, extent (MaR) and severity of the myocardial perfusion defects (see
specific methods section for Studies 11-1V).

Perfusion myocardial scintigraphy by *™Tc-sestamibi has proved to be a reliable
method of detecting and quantifying MaR as well as final 1S and salvage after
reperfusion therapy in studies with acute myocardial infarction'™*", It has also
been used for assessment of MaR and severity in studies of reversible ischemia
induced by elective PCI*"*"8, Christian et al. have shown the association between
9MTc-sestamibi SPECT estimation of severity and collateral flow in animals as
well as in acute M1 in humans'">'".
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2 Aims of the thesis

The overall objectives of this thesis were to increase the understanding of
depolarization changes during myocardial ischemia and to evaluate whether these
changes have possible clinical implications in patients with acute myocardial
ischemia. Based on the 12-lead ECG, different methods for evaluation of
depolarization were applied in ischemic situations produced by controlled,
prolonged PCI on humans and in clinical STEMI situations. Comparisons were
made with conventional ECG parameters as well as non-electrocardiographic
guantitative measures such as SPECT.

The specific aims for each study were:

Study |

To compare HF-QRS in patients with and without standard ECG changes
indicative of a previous M.

Study 11

To test the ability of HF-QRS changes versus conventional ST-segment
measurements to detect and quantify the extent and severity of myocardial
ischemia, produced by acute coronary occlusion.

Study I

To investigate whether the potentially more readily available (compared with HF-
QRS), QRS-slopes are associated with the extent and severity of myocardial
ischemia produced by temporary occlusion of a coronary artery, and test their
performance against conventional ECG measures.

Study IV

To study whether the Sclarovsky-Birnbaum ischemia grade on the pre-hospital
ECG and its changes during transport to a PCI lab are associated with infarct size
and myocardial salvage after pPCI.
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3 Materials and methods

3.1 Study populations

Patients from three populations were studied. The STAFF Il protocol was
designed in order to study ECG changes during total coronary occlusion by
prolonged balloon PCI as a model for the first 5 minutes of an acute MI.
Quantification of ischemia was by SPECT imaging. The STRESS protocol was
designed to evaluate ECG changes during ischemia evoked by a bicycle stress test
and quantified by SPECT. However, only control ECG recordings before the stress
test were used in this thesis. ST-monitoring in AMI patients (MONAMI) database
includes three randomized trial populations of STEMI patients assigned by the
pre-hospital ECG to receive pPCI'**®, Acute (before pPCI) and 30-day SPECT
imaging studies were performed to estimate MaR and IS.

3.1.1 “STAFF llI” population

This is a dataset collected by me in Charleston, WV, USA during 1995-96. It
comprises a total of 102 consecutive patients referred for elective balloon PCI with
prolonged occlusion (5 minutes; before the stent era) due to stable, stress induced
angina pectoris . In each patient acquisition of continuous, high resolution 12-lead
ECGs were performed. The first, as a control for 5 minutes before the procedure,
then during the entire PCI as well as another control, for 5 minutes at rest, after the
procedure. In a subset of patients (n=40) additional acquisition of SPECT images
during the procedure (tracer injection during occlusion) as well as a second,
control SPECT imaging with a new tracer injection and imaging procedure the day
after the procedure were performed, in order to quantify the amount of ischemia
during balloon occlusion. All patients were clinically stable between the two
SPECT studies.

In Studies Il and Ill, only patients from the STAFF Il population with a
complete set of scintigraphic images (during PCI and the day after the procedure)
were eligible. Comparisons between pre-procedural control, and dynamic
occlusion ECGs were performed and correlated to SPECT data.

In Study 11, a subset of 21 patients was included. Since it is essential to have as
noise-free data as possible while studying the low-amplitude HF-QRS signals,
very strict criteria were applied regarding noise level in the ECG signal for each of
the 12 leads. In Study 11, 38 patients were included.
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3.1.2 “STRESS” population

This data was collected at the Department of Clinical Physiology in Lund 1995-97.
A total of 117 consecutive patients undergoing elective bicycle stress tests with
myocardial SPECT due to suspect, stable angina pectoris were enrolled.
Continuous 5-minutes, 12-lead, high resolution ECG at rest before and after the
stress test were acquired, as well as a “stress recording” immediately after
finishing the stress test.

None of the patients in the STAFF Il or STRESS populations had any clinical or
ECG evidence of an acute or recent MlI.

In Study I, control recordings in patients from both STAFF 11l and STRESS were
considered. A total of 154 patients were included in the study. Patients with
confounding factors in their ECG or inadequate ECG signal quality were
excluded.

3.1.3 “MONAMI” population

This is a database of 892 STEMI patients referred for pPCI to Skejby University
Hospital, Aarhus, Denmark between 2004 and 2008'*°'%, An index, pre-hospital
or local hospital, 12-lead ECG, as well as a pre-PClI ECG at the cath lab were
recorded on each patient. Furthermore, continuous 12-lead ECG recordings during
the pre-hospital phase up to 90 minutes post-pPCI were acquired. Multiple clinical
parameters including basic characteristics, angiographic variables and cardiac
biochemical marker (TnT) analyses were collected. In a subset of patients, acute
SPECT imaging (tracer injection in the cath lab before pPCI) was performed to
determine the MaR, and 30-day SPECT imaging was performed to estimate final
IS.

In Study 1V, a subpopulation of 401 patients with a first acute MI, no prior
CABG, complete index and pre-PCl, 12-lead ECGs with good signal quality as
well as 30-day SPECT imaging for estimation of final IS were included. Further
exclusion criteria were QRS duration>120 ms, LBBB or RBBB on index ECG,
ventricular or ventricular paced rhythm, LVH in either of the two ECGs and
inverted T waves in leads with maximal ST elevation on the index ECG.

3.2 Ethical considerations

The design and protocols for the “STAFF 11" and “STRESS” studies were
approved by the local ethics committee in Charleston, West Virginia, USA and at
Lund University, Lund, Sweden, respectively. Patients in the “MONAMI database”
where included in three separate clinical trials'®**®, for which each protocol and
design was approved by the ethics committee at Skejby University, Aarhus,

34



Ventricular Depolarization: ECG assessment of Severity and Extent of Acute Ischemia

Denmark. Prior to enrolment all patients gave their written informed consent for
participation in the studies.

3.3 ECG analysis and processing

3.3.1 ECG acquisition

Studies I, Il and 111

ECGs in both the “STAFF 111I"” and “STRESS”” populations were recorded using
equipment provided by Siemens-Elema AB (Solna, Sweden). For the limb leads,
Mason-Likar electrode configuration was used to minimize noise levels'®. The
precordial leads were obtained using the standard electrode placements. The
signals were digitized at a sampling rate of 1000 Hz, with an amplitude resolution
of 0.6 uV.

The control recordings (Study 1) were acquired continuously for 5 minutes while
the patient rested in the supine position, before exercise testing (“STRESS”
patients) or in the cath lab, before any catheter insertion (““STAFF 111’ patients).
None of the patients had clinical evidence of acute myocardial ischemia during the
ECG recording.

In the “STAFF IlI” patients, a second ECG recording was initiated
approximately 1 minute before balloon inflation and then continued until
approximately 4 minutes after the balloon was deflated. The coronary occlusion
period was extracted for further signal processing (Study II and IlI). To enable
accurate comparison of ECG variables between recordings, electrodes were either
retained on the patient or removed, and their exact positions marked. If more than
one balloon occlusion was performed during the procedure, only the first was
considered, to avoid possible bias due to either persistent ischemia in the
myocardium or ischemia-induced collateral recruitment and preconditioning
within the area of a previous occlusion.

Study IV

The index ECGs denoted as “pre-hospital ECGs” were acquired in the ambulance,
or at a local hospital, before transfer to the PCl-center. A Lifepak-12 emergency
care monitor (Medtronic Emergency Response Systems, Redmond, WA, USA)
with Mason-Likar electrode placement'®® was used for 12-lead ECG pre-hospital
acquisition as well as for continuous ST-segment monitoring. On arrival at the
cath lab, patients had radiolucent carbon fiber lead wire electrodes mounted
(Ambu Blue Sensor QR electrodes, Ambu A/S, Ballerup, Denmark) enabling both
recording of the pre-PCI ECG and also ST monitoring during and after the PCI
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procedure. The same monitor defibrillator (LIFEPAK 12) was used during and
after pPCI. The analog ECG signals were digitized at a sampling rate of 500 Hz
for processing by the GE/Marquette Medical Systems 12SL (Waukesha, WI,
USA). Every 30 second, the built-in ST monitoring software automatically
generated a median QRST complex for each of the 12 leads based on a 10-second
interval of ECG data. From each of these median QRST complexes, the level of
ST deviation at STM (J+%45 of the average R-R interval), was stored. In the event
of at least 0.1 mV change in STM for at least 2.5 minutes, the software
automatically stored a complete 12-lead ECG waveform. ST monitoring was
terminated 90 minutes after pPCI. All 12-lead ECGs and continuous ST-
monitoring data were transferred to a personal computer and stored for subsequent
analysis.

3.3.2 Standard 12-lead ECG analysis
Study Il

All ST-segment analyses in Study Il were performed automatically with software
developed by the Signal Processing Group, Department of Applied Electronics,
Lund University, Sweden and additionally, manually checked by visual inspection
of ECG print-outs. To make the comparison between standard ST-segment
deviation and the HF-QRS, these two measurements were made at the same instant
during both the control and at the end of the dynamic PCI recordings. The ST-
segment measurements were made in each lead at the ST-J point + 60 ms, using
the PR interval as the isoelectric level. The rationale for choosing ST-J point +60
ms was to avoid possible incorrect measurement of the ST segment, which is more
likely at the J point because of the higher risk for its misdelineation. Maximal,
single-lead ST elevation (AST elevation between PCI recording and control) was
determined for each patient, as well as the calculation of the sum of AST deviation
(both elevation and depression) among all 12 leads.

STEMI criteria from the 2000 ESC/ACC consensus document'®* were used as
an indication of coronary occlusion in this PCI model (except from using ST-J+60
ms instead of ST-J): Absolute ST elevation in 2 or more contiguous leads with cut
points of 0.2 mV or higher in leads V1, V2, or V3, and 0.1 mV in other leads
(contiguity in the frontal plane is defined by the lead sequence aVL, I, -aVR, I,
aVF, and I11).

Study 111

ST-segment analysis

ST-segment measurements were made automatically with software developed by
the Communications Technology Group of Aragdn Institute for Engineering
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Research (I13A), University of Zaragoza and CIBER-BBN, Spain (including
additional manual check of ECG print-outs), in each lead at the ST-J point, using
the PR interval as the isoelectric level. Absolute ST-deviation ASTpc, at the end of
the PCI recording relative to the ST level at rest was determined for each lead. In
addition, maximal, single-lead ST elevation as well as the sum of ST elevation
among all leads at the end of the PCI recording were determined for each patient.

Standard QRS analysis

R- and S-wave amplitudes were automatically measured (by the Zaragoza, Spain
software) using the PR interval as the isoelectric level. Deltas of R- and S-wave
amplitudes were determined in each lead at the end of the PCI recording as
compared to baseline.

The QRS duration was determined by taking a global measurement from the
standard 12 leads. In each beat, the earliest QRS onset and the latest QRS offset
among the 12 leads were selected as the beginning and end, respectively, of the
depolarization phase taken as the longest temporal projection for the electrical
activity of the depolarization. In addition, a multi-lead detection rule**was applied
to reduce the risk of erroneous estimation, for example, due to large simultaneous
ST segment deviation or noise, as explained in detail in Study Il1.

Study IV

For inclusion in Study IV current STEMI criteria™ had to be met by the index, pre-
hospital ECG: ST elevation at the J-point in >2 contiguous leads of >0.1 mV in
all leads other than V2 and V3, where cut points are>0.2 mV for men and >0.15
mV for women. These limits were manually checked.

The commercially available CodeStat Suite software (Medtronic Emergency
Response System Inc, Redmond, WA, USA) was used for analysis of continuous
ST monitoring data and 12-lead ECGs. Maximal ST elevation in any lead in the
pre-hospital and pre-PClI ECGs were defined. Maximal cumulated ST elevation
was determined by summation of the maximal pre-PCI ST elevation in each lead
representing anterior ischemia (requiring> 0.2mV in leads V1 -V3, and>0.1 mV
in leads I, aVL, V4-V6) and in each lead representing non-anterior ischemia (>0.1
mV required in II, 1ll, aVF, V5-V6), respectively. In patients with non-anterior
ischemia who also had lateral (formerly labeled “posterior”) ischemia, ST
depression in leads V1-V4 of >0.1 mV were added to the maximal cumulated ST
elevation. Spontaneous ST resolution from pre-hospital to the pre-PClI ECG was
defined as: ST resolution to <0.1 mV in leads I, 11, 1ll, aVL, aVF, V4-V6 and <0.2
mV in V1-V3.

Post-procedural ST resolution (STR) was determined in the lead with the
maximum pre-interventional ST elevation. Relative ST resolution by at least 70%
within 90 minutes after the first PCI was determined, as well as the time to reach

37



Michael Ringborn, M.D.

this threshold. Furthermore, absolute single-lead ST elevation was determined at
30 minutes after first PCI.

Presence of Q waves were determined in pre-hospital and pre-PClI ECGs,
respectively. The Q wave definition applied was the criteria from “The third
universal definition of AMI” document in 2012", as described in detail in Study
V.

3.3.2.1 Selvester QRS scoring (Study 1)

In Study I, the Selvester QRS scoring system’’ was used to determine the presence,
location and size of previous Mls as indicated by the standard 12-lead ECG. The
scoring system is displayed in Figure 3.1.

Scoring was performed by two independent investigators (M.R. and G.W.)
blinded to other data. Any differences were identified and adjudicated.

To be considered as indicating a previous Ml, the ECG had to either:

1. Meet the Anderson screening criteria set from the complete Selvester QRS
scoring system™ for one or more M1 locations:

a. Inferior location: In lead aVF- Q wave >30 ms.
b. Anterior location: In lead V2- Any Q wave, or R wave <0.1 mV
and <10 ms.
c. Posterior location: In lead V1- R wave >40 ms.
or,

2. Achieve >4 points from non-screening criteria, with >2 of these points
awarded in other leads than VV4-V6'.

The location of the MI was indicated by the presence of either a screening
criterion, or at least 2 points from non-screening criteria. Patients meeting criteria
for both inferior and posterior location were regarded as inferior. The size of the
MI was determined according to the Selvester QRS scoring system as illustrated in
Figure 3.1. “No MI” was defined as neither any of the Anderson screening criteria
in any available cycles, nor >2 points from non-screening criteria.
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FIGURE 3.1 The 50-criteria, 31 point Selvester QRS scoring system. Criteria for each lead
are shown. If 2 or more criteria are met within the same box, only the one presenting the
highest point is considered. Below each lead maximum lead score is shown within
parenthesis. Each point corresponds to 3% of the LV myocardium. In gray circles
Anderson screening criteria are marked, whereas arrows depict the respective Ml location.
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3.3.2.2 Sclarovsky-Birnbaum ischemia grading (Study 1V)

In Study 1V, the pre-hospital and pre-PCI ECGs from each patient were separately
evaluated by two experienced cardiologists (M.R. and Y.B.) blinded to all clinical
patient data. Any disagreement was resolved in a second round by consensus.

Grade 3 was defined as >2 adjacent leads with ST elevation and either:
1. Complete loss of S waves in leads V1 to V3 (typical leads with baseline rS
configuration), or
2. ST-J point to R-wave amplitude ratio of greater than 0.5 in other leads
with baseline gR configuration.

Only ECG leads meeting the STEMI threshold™® accompanied by positive T
waves in leads with the largest ST-elevation were considered in the grading.
Patients who met the STEMI criteria'®’ but not the above grade 3 criteria were
classified as grade 2. Patients were furthermore divided into five subgroups
according to pattern of temporal behavior of the ischemia grade between the pre-
hospital and pre-PCI ECGs as described in detail in Study 1V.

3.3.3 QRS slope analysis (Study III)

In Study Ill, analysis of QRS slopes was performed. This method was first
described by Pueyo et al. in 2008™°, and further developed by our group, as

described in detail in Supplementary Technical Study**.

Preprocessing
Prior to further analysis the ECG signals were preprocessed by:

QRS detection.

Normal beat selection.

Baseline drift attenuation via cubic spline interpolation.
Wave delineation using a wavelet-based technique, as
previously described"*® **’,

To reduce and compensate for low-frequency noise such as respiration
modulations of the depolarization phase, a normalization procedure was applied to

all the ECG signals before evaluation of the indices"’.

QRS slope analysis

Three QRS slopes were determined in each beat, as shown in Figure 3.2:
1. US: the upward slope of the R wave.
2. DS: the downward slope of the R wave.

40



Ventricular Depolarization: ECG assessment of Severity and Extent of Acute Ischemia

3. TS: the upward, terminal slope of the S wave
(only in leads V1-V3).
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FIGURE 3.2 Beat example showing the delineation marks used to evaluate the QRS
slopes. ngy indicates QRS onset. ngrs indicate time locations for the peaks of these
waves, whereas ny np, and ny represent maximum derivatives of the slopes. Final US, DS
and TS are shown by arrows.

The successive steps of slope analysis are as follows:

1. Time locations for Q-, R-, and S-wave peaks are determined by
delineation and denoted by nQ, nR, and nS. Beats for which no R-wave
peak was present were rejected from the analysis. A Q- and S-wave peak
were identified as corresponding to the lowest signal amplitude in the time
window of 2 ms after QRS onset to 2 ms before the R-wave peak, and 2
ms after R-wave peak to 2 ms before the QRS offset, respectively.

2. Time instants for the maximum absolute derivative of the slopes between
the Q- and R-wave peaks and between the R-and S-wave peaks, nU and
nD, respectively, are determined.

3. Aline is fitted in the least squares sense to the ECG signal, in a window of
8 ms centered around the time of each of the maximum absolute
derivatives nU and nD, so as to generate a slope for that particular part of
the QRS complex.
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In leads V1 to V3 with a typical S-wave peak below baseline, a third slope (TS-
slope) was measured by fitting a line to the ECG signal in a window centered
around the maximal derivative nT of the ECG between the S-wave peak nS and
the end of the QRS complex noge.

If the S wave disappeared during ischemia evolution in the involved leads (V1-
V3), the TS slope measurement was not evaluated for successive beats after that
time instant.

One example of the evolution of the US, DS, and TS changes is shown in Figure
3.3, as well as representative beats at the beginning and end of the PCI procedure,

respectively.
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FIGURE 3.3 Temporal evolution of the US, DS, and TS for a particular ECG recording
during the PCI procedure. Initial and final beats of the recording are additionally plotted to
show how they link to the corresponding slope measurements

Calculation of the QRS slope changes during PCI

The slope changes were computed for each of the 12 leads, at the end of the PCI
procedure in the following manner, as illustrated in Figure 3.4:
1. The dynamic QRS slope measures for all beats from the onset of occlusion
until the end were blockwise averaged in subsets of 8 beats.
2. Then, a line was fitted over these averaged values in a least square sense.
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3. Subsequently, the change was defined as the product of the slope £ of the
resulting fitted line and the total duration of the PCI process**®.This fitting
strategy was used to reduce the effect of possible outlier measurements on

the slope changes.

Ds
Fitted line

time (min)

J[F’CI

FIGURE 3.4 Representation of the strategy by which a line is fitted to the averaged DS
values during the PCI procedure in a least square sense to reduce the effect of possible
outlier measurements on the DS change computation.

Among all 12 leads, maximal positive delta of the DS deflection (positive change:
DS slope getting less steep) and maximal negative change of the US deflection
(negative change: US slope getting less steep) were determined for each patient.
The sum of all positive deltas of the DS deflection and negative deltas of the US
deflection, respectively among the 12 leads were calculated to quantify the
changes.

3.3.4 High-Frequency QRS (HF-QRS) analysis (Studies I, I1)

In Studies | and II, the HF-QRS methodology was applied for evaluation of
depolarization changes due to chronic MI and acute ischemia, respectively. In
contrast to the QRS slope analysis, HF-QRS evaluation is based on very low
amplitude (in pV) evaluation. Since much noise in the ECG signal lies within this
high-frequency interval, it is of the outmost importance to achieve as high a
signal-to-noise ratio as possible, thus exclude the noise and keep the HF-QRS
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components subjected to analysis. Several steps are needed to accomplish this: a)
ECG acquisition with proximal lead placement (Mason-Likar), so as to reduce
noise from skeletal muscle; b) longer ECG recordings than usual to perform
adequate signal-averaging; c) proper signal processing techniques, including
preprocessing, noise reduction and filtering procedures. The high-resolution
recordings were processed off-line using software for ECG analysis developed by
the Signal Processing Group, Department of Applied Electronics, Lund
University, Sweden.

3.3.4.1 Preprocessing

To avoid smearing of the signal during the averaging process each QRS complex
needs to be as perfectly aligned as possible, to average the same point in the
cardiac cycle, beat by beat. In addition, only normal beats should be selected, thus
excluding beats with other morphologies.

This is achieved by template cross-correlation**® *® 18 The template represents
the predominant QRS morphology and is continuously adjusted by averaging 10
incoming beats at the time, where only beats that match the template
morphologically well throughout the recording are included. The correlation
coefficient was set to 0.97, which is the level used in previous studies™ 18 1,
Every incoming beat that did not match the template was discarded. Thus only
beats with a cross-correlation coefficient higher than 0.97 were accepted for
averaging.

3.3.4.2 Signal averaging-noise reduction

For the control recording (Studies I and 1), conventional blockwise averaging was
applied®. Trend samples of the signal-averaged ECG were obtained every 2
seconds.

The PCI recording (Study 1) was expected to be subject to considerably larger
dynamic changes compared to the control ECG, and therefore a different
averaging technique had to be applied. For this reason, an exponentially updated
beat average was used™*® '® which makes it possible to track the morphologic
changes while still providing sufficient noise reduction. For both recordings, the
noise level was calculated in each lead and expressed as a root-mean-square
(RMS) value in an interval of 100 milliseconds, starting 100 milliseconds after the
QRS offset. To avoid any bias in the HF-QRS analysis due to noise, only very low
noise levels were accepted for each lead after signal averaging. Only patients with
a noise level less than or equal to 0.75 pV for each of the 12 individual leads were
included in Study Il. Furthermore, when comparing HF-QRS between the control
and PCI recordings, only beats with similar noise level (within 0.35 pV) were
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manually selected to avoid potential bias due to different noise levels. These cut-

off levels have been applied previously'*.

3.3.4.3 Band-pass filtering

The 12-lead signal averaged ECGs in the recordings were analyzed using a
Butterworth filter at the frequency interval of 150 to 250 Hz (in Study | additional,
separate filtering at the frequency interval 80 to 300 Hz was performed) . Filtering
was done in a forward/backward fashion'.This approach was used to provide
sharper edges of the bandpass filter and to ensure linear phase of the filtering
process and thus minimal distortion. An example of a signal-averaged ECG before
and after filtering is illustrated in Figure 3.5. The QRS onset and offset were
automatically determined from the signal averaged ECG in the standard frequency

range before the filtering process*.
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FIGURE 3.5 Signal-averaged ECGs at control (left panels) and during PCI (right panels)
in the standard range (upper panel) and in the high-frequency range (lower panel).Vertical
lines indicate the QRS duration as determined in the standard frequency range.

3.3.4.4 HF-QRS quantification

The HF-QRS in each of the 12 leads were expressed as RMS values in microvolts
(Figure 3.6), which is the most common means of quantifying the high-frequency
content within the QRS complex.
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RMS =

FIGURE 3.6 The RMS formula, where n is the number of measurements and A,
i=1,.....,n, are the measured amplitudes within the entire QRS complex.

The difference in RMS values (in microvolts) between the control and the end of
the PCI recording was calculated in each lead. To be considered as significant,
either an absolute decrease in RMS value of more than 0.6 pV or a relative
decrease of more than 20% in any lead had to be met, which have been the criteria
used in previous studies ** ***. The maximal HF-QRS reduction in any lead was
determined for each patient both as an absolute (in microvolts) and as a relative
value (ARMS/baseline RMSx100). The sum of significant HF-QRS reduction
among the 12 leads was calculated for each patient both as an absolute (in
microvolts) and relative value (summed significant ARMS/ summed baseline
RMSx100).

3.4 Myocardial SPECT perfusion imaging

In Studies II, Il and IV, SPECT imaging was used as the gold standard for
myocardial ischemia and/or final infarct size (1S) and salvage. The *™Tc-sestamibi
tracer was used in all studies. Two protocols were used. An important distinction
between them was the methodology regarding quantification of the perfusion
defects. In Studies Il and Il totally reversible ischemia was studied and the patient
was his/her own reference. The control image the day after the procedure was
compared with the occlusion image during elective PCI*™®, In Study 1V, on the
other hand, a commercial analysis program was applied (see below), by means of
which the images were compared to a large reference database™®*'%.

3.4.1 Studies Il and Il

3.4.1.1 Acquisition

Occlusion study

As soon as coronary occlusion was confirmed by coronary angiography,
approximately 30 mCi (1100 MBq) of *™Tc-sestamibi was injected intravenously
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in each patient. The scintigraphic SPECT images were obtained within 3 hours
after completion of the PCI.

A single-head rotating gamma camera (Elscint, Haifa, Israel) was used.
Acquisitions were made with a high-resolution collimator in a 64 x 64 matrix, 6.9
mm pixel size, using 30 projections (25 seconds per projection) over 180° (from
45° right anterior oblique to 45° left posterior oblique). With the use of filtered
back projection with a Butterworth filter, transverse sections were reconstructed,
without attenuation correction. Short-axis sections were reconstructed for further

analysis*™,

Control study

For the control study, another injection of 30 mCi (1100 MBq) **™Tc-sestamibi
was administered approximately 24 hours after the PCI and the images were
obtained 2 to 3 hours later with the same gamma camera and acquisition protocol
as for the PCI study. All patients were clinically stable between the 2
examinations.

3.4.1.2 Image analysis

The Cedars-Sinai and Emory quantitative analysis program (CEqual, ADAC
Laboratories, Milpitas, CA, USA)™ was used for making volume-weighted bull's
eye plots from the short-axis sections. Any loss of perfusion during the occlusion
study compared to the control study was determined by an automatic procedure by
comparing the bull's eye plot of the 2 studies for each patient'”®. The control image
was used as a valuable means of obtaining information on preexisting perfusion
defects and of quantifying the amount of balloon-induced changes. Two measures
of myocardial ischemia were determined: extent and severity.

Extent of myocardial ischemia

Reduction of perfusion by 25% or more in the occlusion study compared to the
control study was used as the threshold for indicating significantly hypoperfused
myocardium'”®. This area in the bull's eye plot was delineated, resulting in an
“extent map,” representing all added slices (or volume) of the left ventricular
myocardium, expressed as a percentage of the left ventricle (LV), and defining the
extent of ischemia. In the thesis this measure is referred to either as “extent”, or
“myocardium at risk” (MaR).

Severity of myocardial ischemia

The total pixel count difference between the control and occlusion study within the
delineated hypoperfused area in the “extent map” was calculated. This local
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perfusion loss (severity) was expressed as a percentage of the total pixel count in
the control situation within the same area'™®.

The extent and severity of ischemia were calculated for each patient. For the
purpose of detection of ischemia, extent values were used as the gold standard. For
correlation with ischemia, both extent and severity were used. All nuclear data
analyses were performed at the Department of Clinical Physiology, Lund
University, Sweden, blinded to the ECG data.

3.4.2 Study IV

3.4.2.1 Acquisition

Acute SPECT before pPCI for extent (MaR)

After admittance to the catheterization laboratory, prior to initiation of the pPCI
procedure, 700 MBq (+10%) *™Tc-sestamibi was injected intravenously in each
patient. The SPECT images were obtained within 8h of injection of the
radionuclide, on a dual-headed rotating gamma camera with high-resolution,
parallel-hole collimators (ADAC Laboratories, Forte, Milpitas, CA, USA).

SPECT at 30 days after pPCI for final IS

The same protocol was used, but imaging was started 60 minutes after tracer
injection. To ensure equal count statistics, acquisition time varied between 25 and
60 seconds per projection, depending on the time elapsed from tracer injection®.
Images were gated at 8 frames per cardiac cycle with no scatter or attenuation

correction.

3.4.2.2 Image analysis

Imaging data were analyzed independently by 2 experienced nuclear cardiology
readers (S.S.N. and A.K.K.), blinded to clinical data, using the commercially
available automatic program Quantitative Perfusion SPECT (Cedars-Sinai Medical
Center, Los Angeles, CA, USA)% In case of failure of the automatic
quantification algorithm, methods to mask extracardiac activity and/or define the
valve plane and apex of the left ventricle, were used'®>. MaR and IS were
determined as the area of the left ventricle containing counts lower than a mean
normal limit for pixels according to the rest database. If the difference in defect
size between the 2 readers exceeded 3%, a consensus reading was obtained'®. In
patients with data for both MaR and IS, myocardial salvage was calculated as:
(MaR-IS)/MaR x100.
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3.5 Statistical methods

In Study |, data is expressed as meantl SD, unless otherwise specified.
Comparisons of HF-QRS and age between the different groups of patients were
performed with the Student t-test. The Fischer exact test was used to examine
differences in proportions of sex in the patients groups. Statistical significance was
defined as p<0.05.

In Study I1, results are presented as mean +1 SD. As small numbers of subjects and
clear evidence for normal distribution could not be guaranteed, nonparametric tests
were performed. Comparison among groups was made using the Mann-Whitney U
test. Spearman’s rank correlation coefficient (r) was used for correlation analysis.
McNemar's test was used testing significance between proportions. Statistical
significance was defined as p<0.05. All statistical analyses were performed by
SPSS version 16.0 for Windows (SPSS, Inc, Chicago, IL, USA).

In Study 111, results are presented as mean +1 SD. Due to the small number of
patients in the study, nonparametric tests were used. Spearman’s rank correlation
coefficient (r) was used for correlation analysis. Mann-Whitney U test was used
for comparison between groups. Multiple linear regression analysis was used to
evaluate additional values of assorted QRS changes to ST changes in predicting
the extent and severity of ischemia. All these variables were considered
continuous. All statistical tests were 2-sided, and significance was defined as
p<0.05. The statistical analysis was performed by SPSS, version 15.0, for
Windows (SPSS, Chicago, IL, USA).

In Study IV, Continuous variables are presented as medians (25"-75" percentiles;
valid cases). Categorical data is presented as percentage (number/valid cases). For
continuous variables the Student t- test and Mann-Whitney U test were used for
comparisons between groups. Chi-square test or Fishers exact test was used as
appropriate for categorical variables. Kruskal-Wallis test was applied for
comparisons among more than two groups. All statistical tests were 2-sided, and
significance was defined as p<0.05. Univariable linear regression was performed
to evaluate the association between various covariates and IS, including basic
characteristics as well as ECG parameters as appropriate. All variables with p<0.2
in the univariable analysis were included in the initial multivariable regression
analysis model. The variable with the highest p-value was then eliminated in each
step, until a final multivariable model was achieved including only variables with
p<0.05. In the multivariable analysis of the pre-hospital dynamic subgroups, group
STR was used as the reference. The statistical analysis was performed by SPSS,
version 19.0, for Windows (SPSS, Chicago, IL, USA).
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4 Results and Discussion

4.1 Results

4.1.1 HF-QRS in patients with and without old MI (Study I)

With a larger population than in prior studies and with a complete set of 12 leads
of high resolution ECG recordings, the HF-QRS levels among patients with and
without previous MI were compared. In addition, the HF-QRS values were
evaluated separately in two frequency bands (150-250 Hz and 80-300Hz). In both
frequency bands the inter-individual variation in the summed HF-QRS in patients
without M1 as well as in those with different MI locations (anterior, inferior and
posterior) was large. In the 80-300 Hz frequency band the HF-QRS values were
approximately three-fold higher than the 150-250 Hz due to contribution of low
frequencies.

No significant differences were seen among subgroups in the summed HF-QRS
of all 12 leads, mean HF-QRS in each individual lead or in the pattern of lead
distribution of the HF-QRS (Figure 4.1). The same was seen for both frequency
bands.
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FIGURE 4.1 Mean HF-QRS (150-250 Hz frequency band) in the 12 standard leads among
patients without previous MI and those with anterior, inferior, or posterior MI,
respectively. There were no significant differences among groups (p-values ranging from
0.08 to 0.94).
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Not even the patients with the greatest standard-QRS changes of previous Ml
(larger M1 by Selvester QRS score) could be differentiated from those with no
changes from previous MI on the standard ECG. Nor could the selected healthy
subjects be differentiated within the no-MI group, as shown in Figure 4.2.
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FIGURE 4.2 The HF-QRS (150-250 Hz frequency band) in each individual patient without
old MI and with old anterior MI (upper panel) and inferior MI (lower panel). The circles
within the no MI group indicate those 4 patients who had no signs of ischemic heart
disease. The circles within the anterior and inferior MI groups indicate the 3 patients
within the respective group with the largest infarct size (as indicated by the highest
Selvester QRS scores). Upper panel anterior Ml as exemplified by lead V2; lower panel,
inferior M1 as exemplified by lead 111. Number of patients are on the x-axis.
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4.1.2 HF-QRS to quantify acute ischemia (Study II)

Detection of ischemia by HF-QRS and STEMI criteria

Sixteen (76%) of 21 subjects met the HF-QRS reduction criteria, which was
significantly higher than the 38% (8/21) meeting the STEMI criteria (p=0.008) as
shown in Figure 4.3. Five (24%) of the 21 patients did not meet the HF-QRS
criteria, all showing small extents of ischemia (mean, 6+6% of the LV
myocardium; range, 0.1-15%).

Study population

with SPECT,
21 patients

HF-QRS criteria

STEMI criteria
0

No criteria
5

FIGURE 4.3 Venn diagram showing the distribution and overlap of patients meeting the
HF-QRS and STEMI criteria.

Correlation between HF-QRS reduction and ischemia

We found that the amount of HF-QRS reduction correlated significantly with both
the extent and severity of ischemia quantified by SPECT imaging. The highest
correlation coefficient was shown for maximal, relative HF-QRS reduction in any
lead (r=0.59, p=0.005 and r=0.69, p=0.001, respectively) as illustrated in Figure
4.4. Table 4.1 summarizes Spearman’s rank correlation coefficients between
different HF-QRS measures and ischemia by SPECT (extent and severity). In
general, the correlation coefficients were higher for severity than extent. All HF-
QRS parameters showed significant correlation with ischemia except from
maximal HF-QRS reduction in any lead, by which there was no correlation to the
extent of ischemia.
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FIGURE 4.4 Spearman’s rank correlation between maximal HF-QRS reduction (%) in any
lead and extent (upper panel) and severity (lower panel) of ischemia by SPECT.

Correlation between ST- segment deviation and ischemia

Also, a significant correlation between both maximum single-lead ST-segment
elevation as well as sum of ST-segment deviation and ischemia was found (Table
4.1), but with lower correlation coefficients than for the HF-QRS measures.
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Extent of Severity of
ischemia ischemia
r (p-value) r (p-value)

HF-QRS parameters:
Relative changes:
Max HF-QRS reductionin  0.59 (p=0.005) 0.69 (p=0.001)
any lead (%)
Sum of HF-QRS reduction 0.54 (p=0.012) 0.66 (p=0.001)
in 12 leads (%)

Absolute changes:
Max HF-QRS reductionin ~ 0.40 (p=NS) 0.55 (p=0.01)
any lead (uV)

Sum of HF-QRS reduction 0.53 (p=0.014) 0.64 (p=0.002)
in 12 leads (uV)

ST-segment parameters:

Max ST elevation in 0.49 (p=0.023) 0.57 (p=0.007)
any lead (mV)
Sum of ST deviation 0.45 (p=0.04) 0.61 (p=0.003)

in 12 leads (mV)

TABLE 4.1 Correlations (Spearman's rank correlation coefficients) between relative HF-
QRS reduction (maximal and sum among 12 leads), absolute HF-QRS reduction (maximal
and sum among 12 leads), maximal ST elevation in any lead, and sum of ST-segment
deviation among 12 leads and the amount of myocardial ischemia (extent and severity).
NS= non-significant. Adapted from Study II.
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4.1.3 QRS slope analysis to quantify acute ischemia (Study IlI)

By the introduction of QRS slopes in 2008 by Pueyo et al."*® we learnt that this

method proposes a potentially more readily available marker of ventricular
depolarization distortion, as compared with HF-QRS. This method was further
developed by our group as described in detail in Supplementary Technical
Study™’, becoming more robust, showing very low intra-individual variation in a
control situation. Furthermore, we introduced a calculation for the most terminal
slope for leads with an S wave (TS). In the same ischemia model as in Study Il
(during elective PCI) but in a larger study population, we showed that changes of
the DS among the 12 standard ECG leads are generally more pronounced than US
changes regardless of the coronary vessel occluded and that this measure performs
equally to TS (in applicable leads V1- V3 during anterior ischemia). In previous
studies, changes of the QRS slopes have not been correlated to the actual amount
of ischemia or compared with other conventional ECG indices of ischemia, which
were the aims of Study III.

Among patients in Study 111, mean PCI occlusion time was 4.9+£0.9 (range 2.4-
7.3) min. As shown in Figure 4.5, the ischemia induced changes of DS were more
pronounced than US in anterior leads (V1-V6) for LAD occlusions. The same was
seen for RCA occlusions, as exemplified in leads Il, aVF and Ill. There were no
significant differences between the amount of change in TS and DS for LAD
occlusions for the applicable leads V1-V3.

LAD Group RCA Group
80 20, ;

—— AUS

Mean 5D (uV / ms)

V1 V2 V3 V4 V5 VE Il avF I
Leads Leads

FIGURE 4.5 MeantSD of QRS slope changes for LAD (leads V1-V6) and RCA
occlusions (leads 11, aVF, and I11). Changes in TS are shown only for leads V1 to V3 in the
LAD group.
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Correlation between ECG measures and SPECT

Table 4.2 demonstrates the quantitative distribution of the depolarization changes
as estimated by conventional parameters (R-wave amplitude changes and QRS-
duration changes) as well as QRS slopes (R-wave up-slope, US as well as R-wave
down-slope, DS). Furthermore the correlation between these respective changes
and extent and severity of ischemia by SPECT are shown. QRS-slope changes
correlated significantly with ischemia (for DS: r=0.71, p<0.0001 for extent, and
r=0.73, p<0.0001 for severity). The best correlation between conventional
electrocardiogram parameters and ischemia was for the sum of R-wave amplitude
change (r=0.63, p<0.0001; r=0.60, p<0.0001).

TABLE 4.2 Quantitative distribution of the depolarization changes: (A) DS change, (B)
US change, (C) R-wave amplitude change, and (D) QRS-duration change, as well as their
correlation to extent and severity of ischemia (Spearman’s rank correlation).

QRS parameter Mean = SD Extent Severity (%)
(range) % of LV)
r P r P
(A) ADS (uV/ms)
Max pos DS 35 £ 28 (3-125) 0.60 <.0001 0.58 .0001
change
Sum pos DS 116 = 97 (8-125) 0.71 <.0001 0.73 <.0001
change
Sum tot DS 154 £ 114 (17-552) 0.62 <0001 0.62 <.0001
change
(B) AUS (uV/ms)
Max neg US 15+ 13 (0.9-54) 0.50 .0015 047 .0032
change
Sum neg US 60 + 60 (1-295) 0.62 <.0001 0.55 .0004
change
Sum total US 92 =74 (16-319) 0.39  .0155 0.33 .0390
change

(C) AR wave (uV)
Sum Ra increase 701 = 862 (39-3291) 041 0110 0.46 .0040
Sum Ra decrease 871 = 811 (79-3668)  0.52 .0010 045 .0040
Sum tot Ra 1574 £ 1377 (190-6291) 0.63 <.0001 0.60 <.0001
change
(D) AQRS (ms)
QRS widening 8.4+ 6.6 (0-23) 0.17 NS 030 NS
(n=24)
QRS narrowing 4.0 £5.0(0.3-17.1) 039 NS 028 NS
(n=14)

Abbreviations: LV=left ventricle; Ra= R-wave amplitude; max= maximum; pos=positive; neg=
negative; tot= total.

57



Michael Ringborn, M.D.

There was also a significant correlation between the maximal ST elevation in any
lead and extent and severity of ischemia: r=0.73 (p<0.0001) for both ischemia
measures. The corresponding correlations for summed ST elevation among all
leads were r=0.67 (p<0.0001) and r=0.73 (p<0.0001) for extent and severity,
respectively.

By multiple linear regression analysis, US and DS change provided the largest
increase above and beyond that of the ST segment (Table 4.3) regarding
explanation of the dependent variable (extent and severity). Regarding the extent
of ischemia, the portion of the dependent variable explained by the independent
variables, R? increased by 12.9% after adding US and by 12.2% after adding DS.
A combination of the 2 increased the prediction of extent by 14.5%. The
corresponding values for the severity of ischemia were 4.0%, 7.1%, and 7.1%,
respectively. The additive effect of R-wave amplitude change was lower.

Predictor variables

Dependent variable
extent of ischemia
(% of LV), R (P)

Dependent variable
severity of ischemia
(% of LV), R* (P)

ST 0.593 (<.0001) 0.665 (<.0001)
ST, US 0.722 (<.0001), 112.9%  0.705 (<.0001), 14.0%
ST, DS 0.715 (<.0001), 112.2%  0.736 (<.0001), 17.1%
ST, DS, US 0.738 (<.0001), 114.5%  0.736 (<.0001), 17.1%
ST, Ra sum neg 0.688 (<.0001), 19.5%  0.693 (<.0001), 12.8%

0.593 (<.0001), 10.0%
0.644 (<.0001), 15.1%

0.669 (<.0001), 10.4%
0.673 (<.0001), 10.8%

ST, Ra sum pos
ST, Ra sum tot

TABLE 4.3 Multiple regression analysis. Prediction of extent and severity of ischemia by
adding A of QRS slope (US and/or DS in pV/ms) or AR-wave amplitude changes (LV) to
Asum of ST elevation (mV). Ra=R-wave amplitude; Ra sum neg/pos=sum of the
decrease/increase of Ra among all leads; Ra sum tot=sum of all changes in Ra among all
leads; LV=left ventricle; arrows=increase of the explanation of the dependent variable by
the added independent variable/s.
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4.1.4 Ischemia severity grading in STEMI patients (Study V)

Temporal behavior of the ischemia grades between the pre-hospital
and pre-PCl ECGs

Slightly more than half the patients — 53% (211/401) — were stable with a
persistent ischemia grade between pre-hospital and pre-PCI ECGs. Temporal
changes of ischemia grades from pre-hospital to pre-PClI ECG are displayed in
Figure 4.6.

Pre-hospital ECG
Total n=401

G2 on pre-hospital ECG G3 on pre-hospital ECG
n=313 \ / n=88

Others: neg T,
LEBB, REEE,
n=31

27%

Group STR: Group G2->G2: Group G3->G2: Group G2->G3: Group G3->G3:
G2 (n=85) or Stable in G2 n=24 n=41 Stablein G3

G3 (n=9) to STR n=165 n=46
Total: n=84

FIGURE 4.6 Overview of the initial stratification of patients into ischemia grade 2 or 3 on
their pre-hospital ECG and their temporal changes between pre-hospital and pre-PCI ECG
at the PCI center. Five subgroups of temporal behavior (lower panel) were defined.

Final IS by SPECT

Comparison between G3 and G2 on pre-hospital ECG

By first considering only the ischemia grading performed on the pre-hospital ECG
and correlating G3 vs. G2 with final infarct size after pPCI, it was found that
patients with G3 on the pre-hospital ECG had significantly larger 1S as compared
to G2 (Table 4.4). Time from symptom onset to pre-hospital ECG and to balloon
was similar between these two groups, as was MaR (however in a subpopulation).

By linear regression analysis, G3 was independently associated with IS (B=3.8;
p=0.006) as shown in Table 4.5. By including the presence of Q waves on the pre-
hospital ECG in the initial model (otherwise the same modelling procedure), G3
remained independently associated with 1S; B=3.31; p=0.016 (not shown in the
Table).
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TABLE 4.4 Findings regarding time intervals from symptom onset to the two ECGs and
treatment; coronary angiography; SPECT and biochemical marker (TnT) in patients
without and with terminal QRS distortion (G2 and G3, respectively) on initial, pre-
hospital ECG. Modified from Study IV.

Grade 2 Grade 3 p -value
(n=313) (n=88)
-Time intervals, symptom
onset to:
Pre-hospital ECG (min) 87 (50-175) 106 (47-197) 0.81
Pre-PCI ECG (min) 186 (137-274) 194 (130-282) 0.72
First balloon (min) 195 (146- 199 (137- 0.68
289;n=297) 286;n=84)
-Coronary angiography
findings:
TIMI 0-1 pre-PCI 64% (197) 69% (60) 0.41
TIMI 3 post-PCI 89% (272) 86% (74) 0.52
-SPECT findings:
MaR (% of LV)* 27(16-40;n=210)  31(20-43;n=55) 0.14
Infarct size (IS) (% of LV) 6(1-18) 11(3-26) 0.005
-Max Troponin T (ug/L) 4.5(1.7-8.2) 6.8(3.2-11.2)  0.003

*MaR data was available for 265 patients. PCl=percutaneous coronary intervention; TIMI=thrombolysis in
myocardial infarction; SPECT=single-photon emission computed tomography; MaR=myocardium at risk.

TABLE 4.5 Final model of multivariable linear regression analysis with IS as dependent
variable, including co-variables at the time of pre-hospital ECG. Adjusted from Study IV.

Independent predictors of IS

Initial phase, pre-hospital ECG |B t p-value

Age (years) 0.12 2.48 0.013
Grade 3 on pre-hospital ECG 3.80 274 0.006

Max, pre-hospital, single lead ST [4.48 1.97 0.049
elevation (mV)?

Men 351 275 0.006
Anterior infarct location 6.16 4.98 <0.001

! See the Methods section for definition of parameters. B= unstandardized regression coefficient.
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Relationship between final infarct size and ischemia grade transition
during transport to the PCI center

Overall, final IS differed significantly among the subgroups, with the largest IS in
group G3->G3, and the smallest in group STR (Table 4.6). In a linear multivariate
analysis with group STR as reference, groups G2->G2, G2->G3 and G3->G3
were independently associated with increasing IS (B=4.4; p=0.004, B=5.4; p=0.01
and B=10.2; p<0.001, respectively), but group G3->G2 was not (B=3.8; p=0.133),
as seen in Table 4.7. Other variables in the final regression model associated with
IS are shown in Table 4.7.

TABLE 4.6 Findings by time to treatment, coronary angiography, SPECT and biochemical
markers in subgroups based on ischemia grade transition between pre-hospital and pre-PCI
ECGs. Modified from Study 1V.

Group STR Group Group Group Group p-value
G2orG3to G2->G2 G3->G2 G2->G3 G3->G3
STR n=165 n=24 n=41 n=46
n=94
Symptom onset-to- 194 196 204 192 197 0.99
balloon time (min)* (148-280); (146-301); (124-297), (136-271);, (141-286);
n=86 n=159 n=22 n=40 n=44
-Coronary
angiography:
TIMI 0-1 pre-PClI 24% 79% 67% 85% 87% <0.001;0.191
TIMI 2-3 pre-PCI 76% 21% 33% 15% 13%
TIMI 3 post-PCI 93% 88% 92% 88% 78% 0.1
Infarct related artery:
RCA 39% 42% 54% 49% 56% 0.47
LAD 48% 47% 37% 41% 28%
LCX 13% 11% 8% 10% 15%
-SPECT findings:
MaR (% of LV)t 17 28 28 36 40 <0.001; 0.007"
(5-30); (19-42); (16-32.5),  (30-45), (29-46);
n=55 n=109 n=12 n=23 n=28
Infarct Size 2 10 7 11 19 <0.001; 0.0347
(% of LV) (0-6) (2-20) (2-17) (5-21) (7-30)
Salvage (%)t 83 58 75 63 46 0.041; 0.29"
(50-100); (36-89); (39-88); (40-85); (35-70);
n=55 n=109 n=12 n=23 n=28
Max Troponin T (pg/L) 1.5 49 4.4 8.2 86 <0.001
(0.4-4.7) (2.3-8.9) (25-7.1)  (5.4-98)  (57-12.1)

Categorical data are presented as percentage of valid cases, and continuous data as median (25™-75™ percentiles).
n=valid cases as specified. *Time to balloon was not available for 19 patients. TMaR and Salvage were available
for 227 patients."Comparison only among other groups than Group STR (Kruskal-Wallis). LAD=left anterior
descending artery; RCA=right coronary artery; LCX=left circumflex coronary artery; other abbreviations, see
Table 4.4.
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TABLE 4.7 The final model of multivariable linear regression analysis with IS as
dependent variable, including co-variables at admission including subgroups based on the
pattern of ischemia grade behavior between pre-hospital and pre-PCI ECGs (Group STR as
reference). Adjusted from Study IV.

Independent predictors of IS

Admission phase including B t p-value
temporal ECG dynamics
Men 390 319 0.002
Anterior infarct location 6.45 590 <0.001
Pre-PCI TIMI 0-1 422 313 0.002

Symptom-to-balloon time (min) 0.016 450 <0.001
Sum of ST elevation on admission |1.55 2.74 0.006

ECG?

ECG group (group STR=reference): |1
G2->G2 444 290 0.004
G3->G2 3.79 1.51 0.1332
G2->G3 541 248 0.014
G3->G3 10.17 458 <0.001

! See the Methods section for definition of parameters.? Group G3->G2 was not significantly, independently
associated with final infarct size. B= unstandardized regression coefficient; other abbreviations, see previous
tables.

Salvage by SPECT

In the subgroup of 245 patients with both acute and 30-day SPECT data available
(thus enabling to determine salvage), there was no significant overall difference in
salvage between patients classified as G2 and G3 on their pre-hospital ECG; 63%
(37-91) vs. 55% (36-81), p=0.21, as demonstrated in Table 4.8. Regarding the
temporal subgroups, salvage was lowest in group G3->G3 and highest in group
STR; 469%(35-70) vs. 83%(50-100), respectively, p=0.003 (Table 4.6).

Patients were divided into early- and late-treatment groups, with the cut-off set
at 2.5 hours, corresponding to the 25" percentile of symptom-to-balloon time
(Table 4.8). Among patients treated beyond 2.5 hours, those with G3 on the pre-
hospital ECG were associated with lower salvage than G2; 48%(35-78) vs. 62%
(40-87); p=0.04, whereas salvage was similar between the ischemia grades when
treated early. Time intervals from symptom onset to pre-hospital ECG, as well as
to balloon, were similar between G3 and G2 in both early- and late-treatment
groups.
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TABLE 4.8 Complete SPECT data as well as time from symptom onset to initial ECG and
balloon. Comparison of patients with G2 or G3 on initial, pre-hospital ECG, stratified
according to time to treatment.

Total, n=245 Early <2.5 hours, n=58 Late 22.5 hours, n=187
G2 G3 P G2 G3 p G2 G3 p
(n=195)  (n=50) (n=43)  (n=15) (n=152)  (n=35)
SPECT findings:
Salvage (%) 63 55 0.21 75 72 0.64 62 48 0.042
(37-91)  (36-81) (36-96)  (49-96) (40-87)  (35-78)
IS (% of LV ) 7 11 0.047 4 3 0.90 8 16 0.015
(1-18) (3-25) (1-13)  (1-14) (2-20) (5-29)
MaR (% of LV ) 28 33 0.062 25 28 0.65 | 28(16-41) 38(22-45) 0.040
(17-40)  (23-43) (17-38)  (23-38)
Symptom onset to:
Pre-hosp ECG 95 111 0.37 39 25 0.42 118 129 0.83
(min) (51-148)  (41-157) (22-50) (18-44) (79-208) (101-202)
Balloon (min) 204 199 0.79 112 119 0.47 235 237 0.45
(161 -296) (143-283) (93-131) (105-137) (194-323) (192- 312)

Data presented as median (25™-75™ percentiles).SPECT= single-photon emission computed
tomography; IS=infarct size; LV=left ventricle; MaR= myocardium at risk.
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4.2 Discussion

4.2.1 General clinical considerations

Despite more sensitive cardiac biochemical markers and fast technical
development of myocardial imaging (SPECT and MRI), the ECG remains the only
readily available diagnostic tool for initial evaluation of patients with suspected
acute MI. Along with generally improved reperfusion strategies by pPCIl and
developing algorithms for early pre-hospital evaluation and transport of patients to
distant PCI centers, more individualized evaluation may possibly further improve
acute management. This could, for example involve the selection of patients with a
high risk for rapid infarct evolution that could benefit from receiving specific
“upstream” treatment before pPClI, such as pharmacological agents or mechanical
pre-conditioning therapy, hypothermia or specific peri- or post-PCI myocardial
protection. Selected patients could perhaps also benefit from an immediate
thrombolytic reperfusion strategy if transport time to the PCI center exceeds a
certain limit. A key question is then if additional clinically relevant information
can be retrieved from the depolarization phase of the ECG that can add to the
present ST-segment evaluation (STEMI criteria), hence providing individual
information about the severity within the MaR and risk of rapid progression of
irreversible infarction. Basic understanding of these depolarization changes as well
as proper ways to measure and quantify them are crucial for clinical application.

In this thesis different QRS analysis methods based on the 12-lead ECG system
were evaluated in a model of the first 5 minutes of total coronary occlusion as to
simulate the first few minutes of an acute MI. Furthermore, we evaluated the
dichotomized ischemia severity grading system, with and without “terminal QRS
distortion” in addition to STEMI criteria in a large patient cohort and related these
ECG patterns to final 1S, MaR and salvage.

4.2.2 Depolarization changes in relation to extent (MaR) and
severity of ischemia by SPECT

The prolonged elective balloon PCI procedure, used in clinical practice at the
inclusion site at the time (before the stent era), offered a unique model for studying
ECG changes during the first 5 minutes of acute ischemia. SPECT data were
acquired for quantification of the reversible ischemia regarding its extent (MaR)
and severity.

HF-QRS analysis

In earlier studies HF-QRS content was shown to decrease due to ischemia
and increase at successful reperfusion by thrombolytic therapy of an acute

144-150
)
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MI™52 None of these prior studies have, however, quantified the amount of
ischemia during coronary occlusion, or described the relationship between changes
in HF-QRS and the extent and severity of the ischemia as indicated by SPECT.

In Study Il, we have described, for the first time, a significant correlation
between the amount of HF-QRS reduction during the PCI procedure and the extent
(MaR) as well as severity of ischemia. This was shown for both maximum HF-
QRS reduction in any lead and for summed HF-QRS reduction among all leads.
Relative as well as absolute changes were evaluated, showing similar results,
except for the maximal absolute HF-QRS reduction in any lead. The reason may
be the notably large inter-individual variation of HF-QRS, and when having low
individual values the range in absolute terms is more limited in the correlation
analysis compared to relative changes. Strict noise criteria were applied for
inclusion in order to have as clean data as possible, which considerably reduced
the sample size in Study II.

The common explanation for the changes seen by the HF-QRS analysis method
relates to the change in conduction velocity in the myocardial cells and/or
conduction fibers**"***® |n a canine model, Watanabe et al.*** have shown that
reduction of HF-QRS correlates linearly with local conduction delay induced by
local administration of sodium channel blockers. By a simulated reduction of
conduction velocity in a 3-dimensional heart model, Abboud et al.** suggested
that a decreased number of terminal branches in the activation process would
cause more synchronized activation in the myocardium leading to reduction of the
HF-QRS. A study by Tréagardh et al.™®* showed HF-QRS to be significantly lower
in patients with a bundle branch block than in healthy subjects.

The changes in HF-QRS seen during acute ischemia might well be due to
changed properties of the cellular ion channels, gap junctions, and other basic
elements of signal propagation within the myocardium. The question remains,
however, whether HF-QRS changes reflect certain very high-frequency
pathophysiologic alterations within the conduction system or the myocardium
itself, or are merely secondary to changes of the overall QRS slopes, due to this
local slowing of conduction through the ischemic region®*.

In severe ischemia depolarization changes are usually confined to the later part
of the QRS complex. The RMS quantification method used by our group gives an
overall measure of the total high-frequency content within the QRS complex.
Other ways to express the HF-QRS content have been suggested by Abboud at al.
using a more morphologic evaluation**® by reduced amplitude zones (RAZ), as
determined by locally minima or maxima in the HF-QRS signal. Later, this
method was further developed by Schlegel et al. at the National Aeronautics and
Space Administration'®. These morphological methods are thus categorical and do
not provide a continuous measure such as RMS. In 2011 Magrans et al. evaluated
HF-QRS changes expressed as RMS values early vs. late during the QRS complex
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(using our STAFF 111 dataset) and found RMS changes in the later part to be more
sensitive to ischemia. However, no correlation to SPECT was performed*®.

Schlegel et al. have developed a real-time HF-QRS analysis'®® with immediately
available results after the ECG recording as compared to the off-line version used
in Study I and Il. Still the analysis method is sensitive to noise and as such less
suitable in a busy clinical environment.

QRS-slope analysis

In Study Ill, more readily available (compared with HF-QRS) markers of
ventricular depolarization distortion based on calculation of up- and downslopes of
the QRS complex were evaluated. These measures combine information from
overall QRS duration as well as amplitudes of the R and S waves. This analysis
was first introduced by Pueyo et al.**®, while further development of the
methodology was performed by our group as described in Supplementary
Technical Study™”’.

In Study 111 we found that changes of QRS-slopes correlated significantly with
SPECT measurements of ischemia, both in terms of MaR and severity. The
correlation seems comparable to the one found for HF-QRS in Study I1. Being less
sensitive to noise as compared to HF-QRS analysis, the QRS slope method
allowed more patients to be included in Study 111 as compared to Study II.

In Study 111, in addition to QRS-slopes, conventional QRS-parameters such as
R-wave amplitude and QRS duration were evaluated separately in relation to the
SPECT findings. The correlation coefficients when comparing the sum of R-wave
amplitude change in the overall population and the measures of ischemia were
similar to those found for the sum of R wave down-slope (DS) change.

However, using regression analysis, the value of R-wave amplitude change
appeared to be lower than for QRS-slope changes as to explain the dependent
variables MaR and severity.

QRS duration

No significant correlation between QRS prolongation and MaR or severity by
SPECT was observed in Study Ill. This was in contrast to prior experimental
findings in animals, where QRS prolongation was associated with more severe
ischemia (as measured by microspheres) during ischemia, as well as less salvage at
post-mortem findings®* 1%,

In Study 111, QRS prolongation was observed in 63% of the patients, whereas
others showed a slight shortening during the ischemic period. Prolongation was in
general more pronounced than shortening. QRS duration is, however, difficult to
determine correctly, because ST elevation commonly obscures the delineation
between the end of the depolarization and the beginning of repolarization.
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The QRS slope methodology thus offers a more robust way to express the QRS
changes as compared to the HF-QRS method, taking into consideration both
changes of duration and amplitude changes of the depolarization phase.

QRS amplitudes

It was beyond the scope of Study 111 to also report in detail on the specific R-, and
S-wave amplitude changes during the PCI procedure, although they both
contribute to the QRS slope changes besides the effect of the QRS duration. In
general terms the US is related to R-wave amplitude and overall QRS duration,
whereas the DS is related to the terminal portion of the QRS complex,
incorporating variations in both R-wave amplitude and S-wave amplitude (when
present), as well as possible passive effect of the ST-segment shift itself. In the
correlation analysis with both MaR and severity we found higher correlation
coefficients regarding changes in DS than US, thus suggesting changes of more
terminal portion of the depolarization may be more relevantly associated with
these SPECT measures.

In Study I1l, both increase and decrease of the R-wave amplitudes were seen
among the 12 leads during the PCI procedure. By post hoc analysis (non-published
data) of the patients with occlusion of RCA (n=21), increased R waves were
observed in leads Il, aVF and 11l by 10/21(48%), 11/21(62%) and 16/21 (76%),
respectively. No relationship was seen between number of leads with R-wave
amplitude augmentation and SPECT findings.

Among patients with LAD occlusion (n=8), reduction or total loss of S waves
during the PCI procedure in leads V1, V2 and V3 were seen in 6/8(75%),
7/8(87%) and 7/8 (87%), respectively. The only patient with LAD occlusion that
showed no reduction of the S wave amplitude had the lowest amount of ischemia
by SPECT (MaR 15% of the LV, and severity by 33%) and no significant ST-
segment elevation. The remaining 7 patients with various degree of either S-wave
reduction or total loss of S wave had a median (25"-75" percentile) MaR of
47%(40-51) of the LV myocardium and a severity score of 48%(43-53). The one
patient with total loss of S waves in leads V1 through V3 had the largest MaR and
highest severity score among all patients in Study Il (MaR: 65% of the LV
myocardium and 62% severity).

Feasibility of QRS evaluation in the clinical setting of acute ischemia

In the ambition to mimic the first minutes of an acute MI, the elective PCI model
used in this thesis is unique because of its long duration of coronary occlusion, that
IS not possible to repeat after the introduction of stents. However, it is still far from
the actual acute MI-situation with vulnerable plaque rupture and thrombotic
occlusion of the coronary artery. It is, however, reasonable to think that during the
balloon occlusion significant transmural ischemia with various amounts of MaR
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and severity was developed, with effects on both the repolarization and
depolarization phases, sufficient to test these novel ECG methods for
quantification of the QRS changes.

In clinical evaluation of the severity of acute ischemia using information within
the depolarization phase in addition to the conventional ST-segment analysis,
robust and fairly noise resistant methods are needed. Basic understanding of how
different QRS variables react during coronary occlusion and how they relate to the
extent and severity of ischemia are important. Analysis of QRS changes from a
single, “snap-shot” ECG is more complex as compared to ST-segment evaluation,
due to the lack of an “isoelectric baseline”. This makes the slope method to be
most clinically applicable in a monitoring situation where the patient is its own
control. With expanding digital databases with patient’s prior ECGs readily
available, however, more baseline information is becoming available, in which
slope measurements could be included as a standard.

To further test the feasibility of the QRS-slope method as to monitor longer
periods of acute myocardial ischemia and evolving infarction, it was applied in an
experimental, acute MI study in pigs®®.We found the method suitable in this
setting of 40 minutes LAD occlusion to track the dynamic changes of the QRS
slopes in the standard 12 lead ECG.

In several studies Dellborg and colleagues evaluated a vectorcardiographic
(VCG) method for its feasibility and clinical application of QRS (and ST-segment)
monitoring in patients during unstable angina as well in acute MI after
thrombolytic therapy'®**®. However the VCG method did not gain broad clinical
acceptance, and thus is seldom used today.

In the pig experimental study™® we also added analysis of VCG in order to be
able to compare with the QRS slopes and prior studies using the vectorial
approach. There were clear similarities between the dynamics of the vector-based
QRS max parameter and Ra and up-slope of the R wave (US) during the occlusion
period. However, it was not within the scope of this thesis to additionally explore
the VCG-based representation of depolarization changes.

More studies are needed to apply the QRS-slope method in STEMI patients to
evaluate dynamic changes relating to the depolarization due to ischemia and
infarct evolution.
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4.2.3 Ischemia grades and “terminal QRS distortion” in relation
to MaR, severity and evolving infarct in acute STEMI

General, clinical considerations

In Study 1V, we evaluated the clinical value of early, pre-hospital ischemia grading
during STEMI as a means of identifying patients with possible severe ischemia,
prone to rapid infarct evolution and large final IS.

The ischemia grading system was developed by Birnbaum et al.™ as a means of
predicting final infarct size in patients presenting with an acute MI. The grading is
based on assessment of the T wave, ST-segment and the terminal part of the QRS
complex. Thus, it categorizes the gradually increasing severity during acute Ml, as
dependent on the degree of myocardial protection, into three grades. The most
severe, third grade (G3) includes “terminal QRS distortion” in addition to
significant ST-segment elevation. By this categorical ischemia-grading method no
baseline ECG is needed, thus providing a “snap-shot” stratification of patients
with acute M.

The “distortion” of the terminal portion of the QRS complex due to severe
ischemia includes disappearance of the S waves in leads V1 to V3 (typical leads
with baseline rS configuration) and augmentation of the R wave in other leads.
The S-wave criterion is easy to recognize without a previous, baseline ECG.
However, proper identification of increasing R-wave amplitude in leads with a
typical gR configuration needs either continuous ECG monitoring of the patient or
an earlier baseline ECG recording for comparison. The grade 3 criterion for these
leads was a priori set to an ST-J point-to-R-wave amplitude ratio above 0.5. By
performing the grading only on leads with positive T waves increases the
probability of making the evaluation early in the infarction evolution process,
before R-waves decrease due to infarction development.

In several studies patients with G3 at their admission ECG have been associated
with larger IS as compared to patients with G2 when final 1S has been estimated
by cardiac biochemical marker release®°0!2151171% and  Selvester QRS
scoring™®. In four previous studies with similar results, final IS was quantified by
SPECT imaging®® "**!. In two of these, Birnbaum et al. have reported G3 to
predict larger IS by pre-discharge SPECT after thrombolytic therapy: one in a
large AMI cohort (n=378)>°, the other in a smaller population (n=49)'%. In the
other two studies using pPCI as the reperfusion strategy Billgren et al." found
larger IS by SPECT in patients with G3 as compared to G2 in a small sample
(n=79) including only 15 patients with G3, whereas similar results were found
by'#, (n=46).

Uncertainty remains as to whether G3 represents severe ischemia more prone to
fast progression of necrosis, or is merely a sign of large MaR that has already
reached a high degree of irreversible infarct development. The second G3 criteria
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based on the ratio between ST-J and R-wave amplitude could be due to severe
ischemia with still augmented R waves and high ST-segment elevation. As severe
ischemia within the MaR gradually progresses into a larger degree of necrosis, the
R-wave amplitude as well as ST-segment elevation gradually decline. Although
patients with negative T-waves are excluded from the ischemia grading, it is
theoretically plausible however, that gradual decline of R-wave amplitude and ST-
segment level due to infarct progression may either keep their relative ratio stable,
or make it change due to relatively more pronounced R-wave as compared to ST-
segment attenuation. Then this G3 criterion still is met, despite the MaR being far
into the irreversible infarction process.

Association between grade 3 ischemia on ECG and MaR and severity
by SPECT

One major reason to justify the theory of G3 as a sign of more severe ischemia
than G2 has been similar time to treatment and larger infarct size despite
supposedly comparable MaR. There are, however some conflicting results
regarding the latter. Only a few studies have evaluated MaR by myocardial
perfusion imaging, all with small sample sizes (ranging between 37 and 79
patients). Two of three studies using SPECT"**?® showed no difference in MaR.
Yang et al.'", however, found larger MaR in patients with G3 as compared to
patients with G2 by studying only anterior Mls (n=46 patients).

In agreement with previous results, we found time from symptom onset to ECG
and treatment in Study IV similar between patients with G3 as compared to
patients with G2. We found MaR to be similar for patients with G3 and G2 on the
pre-hospital ECG, but differed significantly between the temporal groups
regarding the type of dynamic change of ischemia grade from pre-hospital ECG to
admission, pre-PCl ECG.

No significant difference was, however observed in MaR between patients with
G3 (by pooling groups G3->G3 and G2->G3) as compared to patients with G2
(by pooling groups G2->G2 and G3->G2) when considering grading separately
only of the admission ECG at the PCI center (as performed in previous studies).

MaR was, however present only in a subgroup of Study 1V, and used as a means
of evaluating our secondary aim of the study, salvage. Nevertheless it represents a
significantly larger cohort than in prior studies, and as such lends some more
support regarding previous findings of similar MaR between the ischemia grades.

In contrast to Study Il and 11, no severity measure by SPECT was applied in the
STEMI population in Study IV. In the situation with ongoing myocardial infarction
with various degrees of already necrotic areas within the MaR, such evaluation is
more difficult to interpret compared to the totally reversible, PCI-induced ischemia
in Studies II-11l. This imaging modality cannot differentiate between viable
myocardium and myocardium already infarcted. Nevertheless, residual flow
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during MI can be quantified by *™Tc-sestamibi SPECT as shown by Christian et
al 2217317919 10 addition, Yang et al.'® also evaluated residual perfusion by
SPECT within the MaR as a measure of severity, and found significantly lower
values in patients with G3 as compared to those with G2 at the admission ECG.
Contrary to this finding, residual perfusion was similar between the two grades in
the study by Billgren et al'*.

Pre-hospital, temporal behavior of ischemia grades - association to 1S
and salvage

In the vast majority of previous studies only the admission ECG, just prior to
reperfusion therapy has been used to grade patients into G3 or G2 ischemia. If G3
reflects more severe ischemia with rapid infarct progression, early identification of
patients with this ischemia grade would be of importance. Furthermore, insight
into the temporal behavior of the grades before reperfusion therapy is a missing
link in the exploration and general understanding of ischemia grades.

Being the first we thus, in Study IV, deliberately evaluated the clinical value of
pre-hospital ischemia grading and explored their temporal behavior between the
index, pre-hospital ECG to the pre-PCI ECG just prior to reperfusion therapy by
pPCI.

In agreement with earlier reports , we found grade 3 on
admission, pre-PCI ECG to be associated with larger IS. The new findings by
Study 1V, that grade 3 ischemia also, already on the pre-hospital ECG predicts
larger final 1S as compared to grade 2, independent of ST-segment elevation and
presence of Q waves, is an important step towards possible clinical utilization of
this simple electrocardiographic “snap-shot” evaluation. Furthermore, the pattern
of temporal behavior during the pre-hospital phase also predicted IS, whereby
development and persistence of G3 ischemia grade (groups G2->G3 and G3->G3)
appeared to be the strongest predictors of larger IS. This prediction was stronger
than the prediction for the sum of ST elevation.

As the secondary aim of Study IV, salvage after pPCl was compared between
ischemia grades in the subgroup of patients who had pre-PCI SPECT performed in
addition to the 30-day SPECT. We found overall salvage for patients with G3 and
G2 on the pre-hospital ECG to be similar, although it differed within the dynamic
groups, with the highest salvage being in group STR, and the lowest — in group
G3->G3. By dividing patients into early- and late-treatment groups, with the cut-
off set at 2.5 hours, we found interesting differences between the two grades.
Among patients treated beyond 2.5 hours, those with G3 on the pre-hospital ECG
were associated with lower salvage than patients with G2, whereas salvage was
similar between the ischemia grades when treated early. Time intervals from
symptom onset to pre-hospital ECG, as well as to balloon, were similar between
patients with the two ischemia grades in both early and late-treatment groups. This

55,56,112,115-120,198
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finding on the association between time to treatment and salvage may further
support the theory that G3 is a sign of more severe ischemia as compared to G2,
with equal salvage potential for the two grades if treated early, but lower for G3
patients than G2 patients if treated late. This corresponds to findings by Birnbaum
et al.'*! and Sejersten et al.***, with worse outcome for patients with G3 than for
patients with G2 when treated later than 2 and 3 hours, respectively.

This secondary evaluation of subpopulations with small samples should be
considered as hypothesis generating. Larger samples with SPECT-verified salvage
would be needed to further test this hypothesis.

Additional studies are needed to identify ECG patterns that differentiate severe
ischemia from established necrosis in the myocardium during STEMI.

Additional aspects of the present S-B ischemia grading system

In Study 1V, we sought to further evaluate and increase the understanding of the
Sclarovsky-Birnbaum (S-B) ischemia grading with its predefined, conventional
grade 3 criteria applied in previous studies.

In theory, the two different grade 3 criteria - absence of S waves in leads V1-
V3, and ST-J point to R-wave amplitude ratio of >0.5 in other leads, may reflect
different pathophysiologic phases along the ischemia/infarction process.
Furthermore, the transition between the severity grades is gradual and continuous,
so the dichotomized grading by total loss of S waves and the a priori ST-J/R-wave
amplitude ratio cut-off at 0.5 may not be the most optimal. Further studies are
needed both to evaluate potential pathophysiologic differences between the two
present grade 3 criteria, as well as test a more gradual scale for a severity measure.

In the present study, by post-hoc analysis of patients with anterior Ml location,
we found one half of patients with anterior G3 on the pre-hospital ECG to meet
either loss of S wave, or ST-J point/R-wave amplitude criteria. There were no
significant differences between these groups as regards MaR, final IS and severity.
Further separating them into the patterns of ischemia-grade changes between pre-
hospital ECG and pre-PClI ECG (i.e. G3->G2 or G3->G3), there were no
difference between them either regarding MaR, IS or salvage according to the
specific grade 3 criterion met. However, these subgroup analyses were done on
small number of patients, and larger sample sizes are needed to further elucidate
whether there are significant differences between these ischemia grade 3 criteria.

4.2.4 Depolarization changes by HF-QRS and standard ECG
in relation to prior Ml
Clinically, a general concept has been that depolarization changes in the early part

of the QRS complex by Q waves reflect a prior, transmural MI*®. However, an
infarct may result in various depolarization changes depending on its location, size
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within the LV myocardium and degree of transmurality. An old Ml located in the
posterolateral wall of the left ventricle, for example, cannot, due its later
representation during the depolarization wavefront, produce Q waves, but rather
gives rise to prominent R waves in anteroseptal leads V1-V2. The larger the area
that produces no electrical forces due to a Ml scar, the more effects will result on
the overall QRS vector. Also the transmurality factor has been challenged by
newer techniques like MRI, thus confirming that subendocardial extent, rather
than degree of transmurality relates more strongly to the presence of Q
WaveSlSO,lSl,ZOl.

In Study I, the ability of HF-QRS to differentiate between patients with and
without previous MI as defined by standard 12-lead ECG Selvester score was
evaluated.

Early attempts to characterize depolarization changes in Ml other than Q waves
using more high-resolution ECG recordings have reported notches and slurs, or
fragmentations, of the QRS complex?®®*?®, These “high-frequency components”
were shown to be increased in patients after infarct as compared to healthy
individuals. More sophisticated methods, with use of signal averaging and digital
filtering techniques, later made it possible to assess intra-QRS high-frequency
energy in a more quantitative and more easily measured way. Goldberger et al.
were first to report that MI increases the low-amplitude QRS notching, but
diminishes the total, high-frequency QRS voltage in the frequency range of 80 to
300 Hz™* %, Others found similar results in small sample sizes, few ECG leads
and various frequency bands™>>*"?®® whereas opposite results were reported by
Novak et al*®.

In Study I, a considerably larger population than in previous studies was
evaluated regarding the HF-QRS content in patients with and without standard
QRS changes of a previous MI, by the Selvester QRS scoring system’’. In
addition, HF-QRS in a complete set of 12 leads was evaluated using two different
bandwidths (80-300 Hz and 150-250 Hz). In contrast to previous findings, no
significant differences were observed between the two groups of patients,
regardless of frequency band studied. Nor were any significant differences
observed regarding location or size of the MI.

There may be several reasons for the different results in Study | as compared to
earlier studies. We included a much larger cohort of patients, however the no-MI
group did not constitute healthy individuals, as did previous studies. Instead, they
were admitted for either stress testing or elective PCI, thus presumably having a
high prevalence of IHD. Although the post hoc defined healthy subgroup within
our no-MI group could not be differentiated either from the remainder of the no-
MI group, or from the MI-group, it was small, which hampers definitive
conclusions. To investigate this further, a subsequent study from our group by
Tréagardh et al. using, in part the same cohort (STAFF IlI) as in Study I, was
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undertaken'®. 1t showed that the HF-QRS, independent of age, sex and QRS
duration, was significantly lower in patients with IHD as compared to a healthy
control group. Thus, these results may infer that HF-QRS reduction by the IHD
itself, as compared to healthy individuals is more important than the presence of
M1 or not among IHD patients.

In Study I, patients were allocated into the MI or no-MI group based on another,
ECG based method. The Selvester QRS, screening criteria**" *® have shown high
sensitivity and specificity for the detection of a previous MI. Nevertheless, other
results may have been found by using a non-ECG based classification of prior Ml,
such as SPECT or MRI.

The findings in this study are important in the sense that an infarct within the
myocardium does not change the electrophysiological basis of HF-QRS more than
can be explained by changes only due to IHD in general. Notably, not even
patients with the largest MIs within the anterior and inferior subgroups, (24-27%
and 24-30% of the LV myocardium, respectively, as determined by Selvester QRS
score) could be differentiated from the ones without prior MI. This may, however,
in part be due to the large inter-individual variation of HF-QRS, within which
absolute differences induced by a previous MI may be concealed.

Despite large inter-individual variation seen in HF-QRS, intra-individual
variation has proven to be low”'°. For additional and deeper understanding of the
effect of a prior Ml as compared to supposedly more diffuse changes due to
general IHD, an evaluation of HF-QRS in IHD patients before and after the Ml is
needed. After an acute M, localized formation of a fibrous scar takes place, which
replaces the necrotic myocardial cells. In contrast to the localized post-Ml
situation, in general IHD more diffuse, interstitial fibrosis by collagenous
connective tissue surrounds and separates individual myocardial muscle fibers.
Furthermore there is a reduction of myofibrillar content as well as the overall gap
junctions? %2 All these processes alter the conduction through the myocardium,
which may be related to the lower HF-QRS content in found by Tragérdh et al*®.

Based on the findings from Study I, we could thus conclude that within a
population of presumed high prevalence of IHD, no significant differences in HF-
QRS (in the frequency bands 80-300Hz and 150-250Hz) could be seen between
patients with or without standard QRS changes of an old MI. This finding further
supported the design of Study Il, in which a presumably uniform HF-QRS baseline
for patients included in this study could be expected, regardless of a prior Ml or
not.
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5 Conclusions

The major conclusions are as follows:

Study I: Analysis of HF-QRS cannot differentiate between patients with and
without a previous MI.

Study I1: HF-QRS analysis may provide valuable information for both detecting
acute ischemia and quantifying myocardium at risk and its severity.

Study 111: The QRS slopes and especially the downward slope between R- and S-
waves correlate with ischemia and may have potential value in risk stratification in
acute ischemia as an add-on to ST-T analysis.

Study IV: In STEMI patients, grade 3 ischemia at the pre-hospital stage is a
dynamic ECG characteristic that predicts larger 1S and rapid infarct evolution as
compared to grade 2. Further studies are needed to determine whether grade 3
ischemia represents potentially reversible severe ischemia, or whether it represents
already mostly irreversible, infarcted myocardium.
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