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Abstract

Diagnosis and risk stratification of patients with acute coronary syndromes
has been shown to be improved by adding information from the depolar-
ization phase (QRS complex) to the conventionally used ST-T segment of
the electrocardiogram (ECG). In this thesis robust and reliable methods
for characterizing ventricular depolarization from the ECG in the setting
of acute myocardial ischemia have been implemented and evaluated. Two
different ischemic models have been used for this purpose. The first one
is a short-term ischemic model of approximately 5-min balloon occlusion
in patients undergoing percutaneous coronary intervention (PCI) in one of
the major coronary arteries. The second one is an experimental model of
myocardial infarction in pigs, consisting in 40-min balloon occlusion in the
mid-left anterior descending artery.

In chapters 2 and 3 the three main slopes within the QRS complex, the
upward and downward slopes of the R wave as well as the upward slope of
the terminal S wave, were evaluated in the first ischemic model. In ECG
recordings at baseline (control recordings) and during PCI-induced ischemia
(occlusion recordings), the QRS slopes were quantified using a developed
methodology that incorporates dynamic ECG normalization to improve the
sensitivity in the detection of ischemia-induced changes. The method was
applied in standard leads as well as in leads obtained by projection of spa-
tial QRS loops, where slope changes in response to the induced-ischemia
were seen to be emphasized. Analyses in the temporal and spatial domains
were performed based on the quantified absolute (during PCI) and relative
(with respect to baseline) changes in the QRS slopes. Additionally, other
ECG indices, like the ST level deviation, the R and S wave amplitudes and
the QRS complex duration, were measured and compared with the QRS
slopes. Changes in all those indices were characterized and correlated with
the extent and severity of the induced ischemia, quantified by myocardial
perfusion imaging (MPS). Correlation analyses were carried out indepen-
dently for each index and also by combining indices from the depolarization
and repolarization phases. Results showed that the QRS slopes correlated
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well with ischemia characteristics and could be used as adjunct tools to ST-T
analysis for risk stratification in acute ischemia.

In chapter 4 ischemia was assessed by evaluation of three angles within
the QRS complex: the R wave angle, the up-stroke angle and the down-
stroke angle. Changes in the R wave angle, seen as a surrogate of QRS
duration, were suggested to be used for predicting the extent and severity
of ischemia. Changes in the up-stroke and down-stroke angles in response
to the induced ischemia were more abrupt than those in the R wave angle
and were suggested to be used in the development of an ischemia detector.
The detector was implemented by modeling ischemia-induced changes as
step-like changes with a linearly gradual transition plus additive Laplacian
noise.

Finally, in chapter 5 the QRS methods developed in the thesis, as well
as other vectorcardiogram-derived indices related to both the depolarization
and repolarization phases, were extrapolated to the experimental model of
myocardial ischemia and infarction in pigs. Changes in the analyzed indices,
quantified at positions of noticeable peaks and valleys observed during oc-
clusion, were correlated with the myocardium at risk and the infarct size,
quantified by MPS at the end of the experiment. Indices associated with
the latter part of the depolarization correlated better with the ischemia
characteristics than indices associated with the earlier part of the depolar-
ization or the ST segment. Additionally, correlation values were computed
all along the occlusion to estimate the time intervals where the quantified
ECG changes were more strongly related to the ischemic region and the re-
gion with the irreversible damage. Depolarization indices and ST segment
deviation were used as predictor variables in a multiple linear regression
analysis. Results corroborated the importance of using indices correspond-
ing to different phases of the ECG to better describe the myocardium at risk
and the infarct size.



Resumen y Conclusiones

Diversos estudios han demostrado que el diagnéstico y la estratificacion del
riesgo en pacientes con sindromes coronarios agudos pueden mejorarse sen-
siblemente mediante la adicién de informacién relativa a la fase de despo-
larizacién (complejo QRS), a la que se utiliza convencionalmente relativa
al segmento ST-T, ambas obtenidas del electrocardiograma (ECG). En esta
tesis se han implementado y evaluado métodos robustos y fiables para la
caracterizacién de la despolarizacién ventricular en el ECG, en el contexto
de la isquemia aguda de miocardio. Para este propdsito se han utilizado dos
modelos de isquemia distintos. El primero es un modelo isquémico de corta
duracidn, obtenido en pacientes sometidos a una intervencién coronaria per-
cutdnea (ICP), en la cual se ocluye de forma total una de las principales
arterias coronarias por medio de un balén durante aproximadamente 5 min.
El segundo es un modelo experimental de infarto de miocardio obtenido
en cerdos, que consistié en la oclusién de la arteria coronaria descendente
anterior izquierda durante 40 min usando un procedimiento similar.

En los capitulos 2 y 3 de la tesis se evaluaron las tres principales pendi-
entes dentro del complejo QRS, la pendiente de subida y de bajada de la onda
R, asi como la pendiente de subida de la onda terminal S en el primer modelo
de isquemia. Dichas pendientes se cuantificaron en registros ECG adquiridos
en situacién de reposo (registros de control) y durante la isquemia inducida
a través de la ICP (registros de oclusién), mediante una metodologia de-
sarrollada que incorpora una normalizacién dindmica del ECG, con vistas
a mejorar la sensibilidad en la deteccién de los cambios inducidos por la
isquemia. El método fue aplicado en las derivaciones estandares, asi como
en derivaciones obtenidas a partir de la proyeccién del loop espacial del com-
plejo QRS, donde los cambios de las pendientes en respuesta a la isquemia
inducida fueron més destacados. Ademds, se realizaron andlisis en los domin-
ios temporal y espacial basados en los cambios absolutos (durante la ICP) y
relativos (con respecto a los valores en control), cuantificados a partir de los
valores de las pendientes evaluadas. Otros indices derivados del ECG como
la desviacién del segmento ST, la amplitud de las ondas R y S, y la duracién
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del complejo QRS fueron ademads evaluados y comparados con las pendientes
del QRS. Los cambios ocurridos en todos los indices fueron caracterizados
y correlacionados con la extension y la severidad de la isquemia inducida,
caracteristicas que fueron cuantificadas a partir de imagenes de perfusién
miocérdica (MPS). Los andlisis de correlacién se realizaron de forma inde-
pendiente para cada indice, y también mediante la combinacién de indices
asociados con las fases de despolarizacion y repolarizacién ventricular. Los
resultados mostraron que las pendientes del QRS correlacionan bien con las
caracteristicas de la isquemia, y que éstas podrian ser utilizadas como herra-
mienta adjunta al andlisis del segmento ST-T en la estratificacion del riesgo
en la fase aguda de la isquemia.

En el capitulo 4 se estudiaron los cambios inducidos por la isquemia
mediante la evaluacién de tres dngulos obtenidos dentro complejo QRS: el
angulo de la onda R, el dngulo de subida y el &ngulo de bajada. Los cambios
en el angulo de la onda R, vistos como un potencial sustituto de la duracién
del complejo QRS, se utilizaron para predecir la extension y la severidad de
la isquemia. Los cambios ocurridos en los dngulos de subida y de bajada
en respuesta a la isquemia inducida, resultaron ser mas abruptos que los
observados en el angulo de la onda R, y se utilizaron en el desarrollo de
un detector de isquemia. El detector se desarrollé modelando los cambios
observados como cambios de tipo escalén con una transicién linealmente
gradual, mas ruido aditivo con distribucién Laplaciana.

Por dltimo, en el capitulo 5 se extrapolaron al modelo experimental de
isquemia e infarto de miocardio obtenido en cerdos, los métodos derivados
del QRS desarrollados en esta tesis, asi como otros indices derivados del vec-
torcardiograma, relacionados tanto con la fase de despolarizacién como con
la repolarizaciéon. Los cambios en los indices analizados se cuantificaron en
aquellas posiciones correspondientes a los picos y valles mas notables obser-
vados durante la oclusién coronaria, y se correlacionaron con el miocardio en
riesgo y el tamano final del infarto, ambos cuantificados por medio de MPS
tomadas al final del experimento. Los indices relacionados con la ultima
parte de la despolarizacion correlacionaron mejor con las caracteristicas de
la isquemia que los indices asociados a la primera parte de la despolarizacion,
o al segmento ST. Los valores de correlacién también fueron calculados a
lo largo de la oclusién para estimar los intervalos de tiempo en los que, los
cambios cuantificados en el ECG, estuvieron més fuertemente relacionados
con la zona isquémica y con la zona donde el dano fue irreversible. Tanto
los indices derivados de la despolarizacion como la desviacién del segmento
ST se utilizaron en un andlisis de regresion lineal multiple como variables
predictivas de las caracteristicas de la isquemia. Los resultados corroboraron
la importancia de utilizar indices asociados a las diferentes fases del ECG
para describir en mejor medida tanto el miocardio en riesgo como el tamafio
final del infarto.
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Chapter 1

Introduction

1.1 Cardiovascular diseases

Cardiovascular disease (CVD), according to the definition of the American
Heart Association, includes coronary artery disease (atherosclerosis), cere-
brovascular disease (stroke), high blood pressure (hypertension) or rheumatic
heart disease (damage of myocardium and heart valves) (], Coronary artery
disease (CAD) and cerebral artery disease are major causes of death in
industrialized countries, representing one third of global mortality. CVD
mainly affects people over 60 years old who live in developed countries. In
the United States, CVD is the leading cause of death and disability, espe-
cially among Hispanics 21, Over 600 000 people die each year from this cause,
which means 26% of all deaths that occur in the country. In Spain, CVD
accounts for 33% of the total number of deaths, as reported by the National
Institute of Statistics (INE: www.ine.es). Important modulators of CVD are
so called “modifiable risk factors”, such as unhealthy diet, lack of exercise,
consumption of snuff and alcohol, and stress. “Non-modifiable risk factors”
include age and heredity. Improvement of CVD management is a primary
task that requires advances in its diagnosis, treatment and prevention.

1.1.1 Coronary artery disease

CAD is the most common type of heart disease. CAD occurs when the
arteries that supply blood to the heart muscle become hardened and nar-
rowed. This is due to accumulation of cholesterol and other materials, called
plaque, on the inner wall of the artery. This buildup is called “atheroscle-
rosis” (see Fig. 1.1). As it progresses, less blood flows through the arteries.
As a result, the heart muscle cannot receive blood and oxygen, which can
lead to chest pain (angina) or myocardial infarction (MI). Most infarctions
occur when a blood clot suddenly interrupts the blood supply to the heart,
causing permanent heart damage.
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Figure 1.1: Plaque buildup inside a coronary artery and its consequences.
Figure based on the image en.wikimedia.org/... diagram.png.

Over time, CAD can also weaken the heart muscle and contribute to
the presence of heart failure®4 and arrhythmias®7 . Heart failure occurs
when the heart is no able to effectively pump blood to the body, whereas
arrhythmias are changes in the normal rhythm of the heart.

1.1.2 Cardiac arrhythmogenesis and sudden cardiac death

Arrhytmias: An arrhythmia is a disorder of the regular rhythm of the heart-
beat, in which the heart beats either too fast (tachycardia), too slow (brady-
cardia) or irregularly. Each heart beat begins with an electrical discharge
originated in a special area (natural pacemaker), which then follows a given
path within the heart. The electrical discharge acts as a trigger for mechan-
ical contraction. If a malfunction occurs in the generation or propagation of
the electrical impulse, and thus contraction is disturbed, the state is set for
arrhythmia development [l

Arrhythmias can be divided into two different categories: ventricular and
supraventricular. Ventricular arrhythmias occur in the two lower chambers
of the heart, called ventricles. Supraventricular arrhythmias occur in the
structures above the ventricles, mainly the atria (the two upper chambers
of the heart).

Ventricular arrhythmias include: Ventricular tachycardia (VT), ventric-
ular fibrillation (VF) and premature ventricular contractions (PVCs).

Supra-ventricular arrhythmias include: supraventricular tachycardia

(SVT) or paroxysmal supraventricular tachycardia (PSVT), atrial fibrilla-
tion (AF), Wolff-Parkinson-White syndrome (WPW), atrial flutter (AFL)
and supraventricular premature contractions (SPCs).

There are several factors that cause irregularities of the heartbeat. In
some people, arrhythmias are a congenital defect. Some diseases, including
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certain types of heart disease, high blood pressure and hemochromatosis
(iron accumulation in the body), can also contribute to the generation of
arrhythmias. In addition, stress, caffeine, snuff, alcohol and some medical
prescriptions for cough and catarrh can affect the natural rhythm of the
heartbeat.

The presence or absence of symptoms and specific types of symptoms
depend on the state of the heart and the type of arrhythmia. Symptoms
also depend on the severity, frequency and duration of the arrhythmia. Some
arrhythmias do not cause warning symptoms. Symptoms may be very mild
when present, or may be serious and even life-threatening.

Diagnosis and treatment of arrhythmias: Arrhythmias can be diagnosed
using various techniques. The most commonly used test to diagnose an
arrhythmia is the standard electrocardiogram (ECG or EKG) which allows
to assess the electrical currents produced by the heart and determine the type
of arrhythmial®'9, Other techniques: the Holter monitoring, providing a
continuous readout of the frequency and heart rate during a period of 24
hours (or more); electrophysiology study (EPS), which is usually performed
in a cardiac catheterization laboratory and records the electrical pathways
of the heart; and the tilt test, as a way to evaluate the heart rate in cases
of fainting associated with, among others, the presence of arrhythmias.

Often, the first step to treat the arrhythmia is the administration of
antiarrhythmic drugs such as digitalis, beta blockers and calcium channel
blockers. Other treatments include transcatheter interventions, implantable
devices and surgery (in extreme cases).

Sudden cardiac death (SCD): SCD is the abrupt loss of heart function,
leading in most cases to patient’s death. It is mainly triggered by arrhyth-
mias, including bradycardia, ventricular tachycardia and, more often, ven-
tricular fibrillation. It is estimated that 12.5% of deaths that occur naturally
are sudden deaths and of these, 88% are of cardiac origin.

Of all cases of sudden cardiac death, 80% occur in patients with ischemic
heart disease and among them, CAD and peripheral artery desease ['!. Both
artery occlusion and reperfusion can cause arrhythmias, such as ventricular
fibrillation, leading to sudden death. These cases usually occur in elderly
people exposed to cardiovascular risk factors like those mentioned in section
1.1.

1.2 The surface electrocardiogram (ECGQG)

The ECG measures the variations in the electrical activity of the heart (my-
ocardial fibers) along time. These variations are normally captured with
electrodes located at the skin surface and represent the result of the depo-
larization (activation) and repolarization (relaxation) of the cardiac muscle,
which produce electrical changes that reach the body surface.
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The ECG recording provides a wealth of information about the heart
function, allowing to diagnose a great variety of cardiac alterations®). Some
of the problems that can be detected through the ECG are: arrhythmias,
MI, angina pectoris and changes in the size of the heart. The ECG also helps
to support the diagnosis of other diseases such as changes in the potassium
and calcium ions in the body and certain lung and thyroid problems.

1.2.1 The electrical activity of the heart

The heart is divided into four chambers, the two higher or atria and the two
lower or ventricles. The ventricles are bigger than the atria and present a
thicker wall because their pumping action is also higher. The wall of the left
ventricle is thicker than the right one, as it pumps blood to the whole body
whereas the right ventricle sends blood just to the pulmonary circuit.

Electrical System of the Heart

Bachmann's Bundle

Sinoatrial (SA)
Node

: Left Bundle Branch
Anterior

Internodal
Tract

Middle
Internodal
Tract

Conduction
Posterior Pathways
Internodal
Tract

Right Bundle Branch
Afrioventricular (AV) Node

Figure 1.2: Electrical conduction system of the heart. Figure based on the
image http://mdmedicine ... system.jpg.

To make the cyclic contraction of the heart synchronous and ordered,
there is an electrical conduction system consisting of specialized cardiac
muscle fibers that allows the transmission of the electrical impulses and the
stimulation of the atria and ventricular myocardium. Although the heart is
innervated by the sympathetic nervous system, it beats even without this
stimulus, as the conduction system is autoexcitable.

The conduction system consists of the following elements: the sinoatrial
(SA) node, the atrioventricular (AV) node, the bundle of Hiss with its right
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and left branches and the Purkinje fibers (see Fig. 1.2). The SA node acts
as the natural pacemaker of the heart, having the property of automaticity,
that is, it spontaneously generates electrical impulse that then spread to
excite other cells of the myocardium.

The electrical stimulus passes to the atria coming from the SA node,
activating the right atrium and then the left one. Once the impulse reaches
the AV node, it is delayed to give time to the blood to pass from the atria
to the ventricles before the valves that separate them get closed '2l. Subse-
quently, the AV node transmits the electrical stimulus across the right and
left branches of the bundle of His until the stimulus reaches the ventricles
and causes their contraction. In order to achieve a coordinated contraction
of the ventricles, the electrical impulse must be transmitted quickly, which
occurs through a number of conductive branches ending in the Purkinje
network (see Figure 1.2).

Action potential at cellular level

For the development of a contractile response of the cardiac cells, an electri-
cal response in the cell membrane needs to be first generated. This electrical
response is called the cardiac action potential (AP).

The morphology of the AP varies from one cell to another depending on
their location. A general characteristic of the AP in the cardiac cells is its
long duration, ranging between 150 and 300 ms, in contrast with the skeletal
muscle and neurons, that present a duration of 1-5 ms. This long duration
has important functional consequences, as it allows the overlapping in time
of the action potential (electrical phenomenon) with the contraction of the
fiber (mechanical phenomenon). As a consequence of this lengthened time,
the refractory periods will also be lengthened, ensuring that the muscle can
not be re-excited at any time, except at the very end of the contraction.

The two most differentiated APs in the heart are the AP of cells with
slow response and the AP of the fibers or cells with fast response. In the SA
node and AV node cells, the resting membrane potential is not maintained in
a stable level, but presents a series of rhythmic fluctuations that result in the
automatic generation of action potentials. In all other cardiac fibers (atrial
and ventricular) the AP presents the following phases, which are shown in
Fig. 1.3:

e Phase 0: Fast depolarization with an initial fast upstroke due to the
opening of the inward fast Na™ channels that allows a rapid inflow of
Na™ ions into the cell.

e Phase 1: Brief repolarization occurring simultaneously with the inac-
tivation of the fast Na™ channels.

e Phase 2: This phase is called the “plateau” phase, in which the AP
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Figure 1.3: Action potential of the ventricular cells of the heart and the most
important ionic currents involved in the different phases (phases are marked
by numbers at the top graph) generated using a model by Ten Tusscher and
Panfilov!®¥ from the Cellular Open Resource (COR) software.
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duration (APD) of the cardiac cells is prolonged. The main event here
is the entry of the slow currents of Ca?t ions. This event triggers the
release of calcium from the sarcoplasmic reticulum, an essential event
for electromechanical coupling.

e Phase 3: Fast repolarization mainly due to the massive outflow of KT
ions outside the cell and the marked decrease in the inflow of Ca?*
ions, thereby returning the cell to its resting state.

e Phase 4: Resting membrane potential. In basal conditions these fibers
exhibit a high permeability to potassium, which makes its resting value
close to its equilibrium point (—90 mV’). The cell remains in this state
until activated by an electrical stimulus, which typically comes from
an adjacent cell.

Propagation of the action potentials in tissue and ECG generation

The propagation of the electrical stimulus trough the myocardium results
in the generation of APs at different intervals in time and space, which
originate a variable electrical field on the body surface. The sum of those
AP gradients along the entire cardiac cycle measured on the body surface is
is reflected in the ECG.

Figure 1.4 shows the shape of different APs corresponding to different
types of cardiac cells. Likewise, the final ECG signal obtained by the sum
of all these APs at a particular placement of the body is shown.

Action potential

Common bundle

PR —— _ _ _ .

Bundle branches

L T 1OQRS 1
0.4 0.6

0.2
Time (s)

Figure 1.4: Shape of different APs corresponding to different cells found in
the heart. Modified and reproduced from Ganong et al.*4
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1.2.2 Lead systems and ECG acquisition

The first electrocardiograph was developed by Willem Einthoven in 1903.
Einthoven used a galvanometer to record the first ECG leads (I, IT and III)
known as standard or Einthoven leads. These three leads are peripheral and
measure the potential difference between electrodes located in the members
as described below:

e Lead I:. potential difference between the electrode of the right arm
(RA, -) and the left arm (LA, +).

e Lead II: potential difference between the right arm (RA,-) and the left
leg (LL,+).

e Lead III: potential difference between the left arm (LA,-) and the left
leg (LL,+).

Peripheral electrodes form the angles of what is known as Einthoven’s tri-
angle, which is shown in Fig. 1.5. From the three points of the Einthoven s
triangle, an imaginary point Vyyor (the centroid of the triangle, called the
Wilson’s central terminal, or WCT), located in the center of the chest and
above the heart is defined. These three peripheral leads are bipolar, i.e. they
have a positive and a negative pole.

Figure 1.5: Einthoven’s triangle and representation of: (left) the limb leads,
(right) the augmented limb leads. Reproduced from Jones['?!,

At present, twelve leads are commonly used to record an ECG for clinical
diagnosis: limb leads, augmented limb leads and chest leads. The limb leads
are the ones previously described, whereas the augmented limb leads and
the chest leads are defined as follows:

1. Augmented limb leads
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e LLead aVL= —-1I — %
e Lead aVR= =I5l
e Lead aVF= —1II — %

2. Chest limb leads or precordial leads: They consist of six unipolar leads
called V1-V6 whose electrodes are placed directly on the chest as shown
in Fig. 1.6. Specific electrode placements are summarized in table 1.1.
Due to their close proximity to the heart, these leads do not require any
augmentation when acquired. These unipolar leads measure voltage
variations of electrodes V1-V6 with respect to the WCT reference,
Vwer, which is represented as Viyor = %( RA + LA + LL).

Midclavicular
\ line

Anterior
axillary line
Midaxillary
line q ’ ‘ ’ ‘ ’ ~
Vi V2

V3 V4 V5 V6

Figure 1.6: Position of the electrodes used to record the precordial leads V1-
V6. Representative waveforms of the QRS complex in each precordial lead

V1-V6 are also shown (bottom). Reproduced and modified from Jones 7.
Table 1.1: Standard chest leads electrode placements.
Lead amp; Positive electrode placement amp; View of heart
Vi amp; 4-th Intercostal space to right of sternum amp; Septum
V2 amp; 4-th Intercostal space to left of sternum amp; Septum
V3 amp; Directly between V2 and V4 amp; Anterior
V4 amp; 5-th Intercostal space at left midclavicular line amp; Anterior
V5 amp; Level with V4 at left anterior axillary line amp; Lateral
Vé amp; Level with V5 at left midaxillary line amp; Lateral

Another lead system commonly used in the clinical setting is the vector-
cardiographic (VCG) lead system, composed of orthogonal leads. In particu-
lar, the Frank’s lead configuration is the most popular (6] The placements
of the electrodes is defined by the points A, E, I, and M, which correspond to
the left, front, right, and back, respectively. The point C, close to the heart,
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Figure 1.7: Frank’s lead system configuration.

is defined located between points A and E. In addition, a point on the neck
(H) and one on the left foot (F) are included. The resistor matrix employed
by Frank in order to establish a normalized three-lead vector, with the leads
denoted by X (back-to-front component), Y (right-to-left component) and Z
(foot-to-head component) is illustrated in Fig. 1.7.

A way widely used in the literature to reproduce the orthogonal Frank “s
lead system, is the one in which a transformation matrix is used to synthesize
the Frank’s leads from the standard 12-lead ECG and viceversa. Among
the most commonly used transformation matrices are highlight the Dower
inverse matrix 17 and the Kors matrix 8.

1.2.3 ECG waveforms

1.2.3.1 Features in the temporal domain

A normal cardiac cycle is reflected in the ECG signal as illustrated in Fig.
1.8. Different positive and negative deflections can be observed due to the
atrial and ventricular activity. Such deflections are named by the consecutive
letters P, Q, R, S and T, which are repeated in every cardiac cycle. The
meaning of each of those characteristic ECG waves are described in the
following:

P wave: It reflects the depolarization of the atria. This wave usually
presents a positive polarity with amplitude lower than the rest of
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waves. If this wave is absent, it may indicate, for example, the ex-
istence of a ventricular ectopic focus prevailing over the SA node that
makes the depolarization of the atria coincide with the depolarization
of the ventricles.

Q, R and S waves: These three waves together form the “QRS complex”.
The QRS complex represents the depolarization of the ventricles, form-
ing a peaked waveform in the ECG. The complex appears after the P
wave and, considering that the ventricles have much more mass than
the atria, the QRS complex is larger than the P wave. A normal QRS
complex has a duration between 60 — 100 ms and a voltage no greater
than 3.5 mV. Not all QRS complexes contain the three waves, Q, R
and S. Convention dictates that any combination of these waves can
be referred to as a QRS complex. Some authors use lowercase letters
to designate a small wave and capital letters for larger waves. For
example, a complex Rs would be predominantly positive (the R wave
being much higher than the S wave), while a rS complex would be pre-
dominantly negative. In Fig. 1.9 different morphologies of the QRS
complex and their corresponding nomenclature are shown.

T wave: It reflects the repolarization of the ventricles. In most of the leads,
the T wave is usually positive with a duration of around 150 — 350 ms.
Negative T waves may be a symptom of disease, although an inverted
T wave is normal in lead aVR and sometimes in lead V1. The T wave
amplitude is quite variable from one lead to another, but should never
exceed 0.6 mV. Symmetrical inversion of the T wave, especially in left
precordial leads, is usually characteristic of myocardial ischemia and
mechanical overload of the ventricles.

From all the above characteristic ECG waves observed in each cardiac cy-
cle, some important time segments and intervals are defined. The segments
are normally isolelectrical and the intervals combined waves and segments.
The most important segments and intervals used in the development of this
thesis are:

PQ interval: At the end of the P wave there is an electrically silent pe-
riod due to the delay suffered by the physiological stimuli in the AV
node, whose duration varies between 120-220 ms. Lengthening of this
segment indicates AV conduction disturbances (AV block) while short-
ening below 120 ms is typical by a syndrome of accelerated AV con-
duction (Wolff-Parkinson-White and Lown-Ganong-Levine).

QRS duration: It is a measurement of the duration of the QRS complex
that indicates the total time required for ventricular depolarization.
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Figure 1.8: Characteristic ECG waves and commonly measured segments
and intervals. Reproduced from Sérnmo and Laguna 9.
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Figure 1.9: Different morphologies of the QRS complex and their associated
nomenclature. Figure based on the image https://commons.wikimedia ...
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ST segment: The ST segment connects the QRS complex and the T wave.
It covers from the end of the QRS complex (J point) to the start of
the T wave. The ST amplitude is measured as the displacement of
the ECG signal at (or the J point plus a set period of time) the J
point with respect to the isoelectric line. From a clinical point of view,
positive or negative deviations of the ST segment larger than 1-2 mm,
measured at 60-80 ms after the J point, can be in most cases clear
indicators of myocardial ischemic disorders.

Other typical intervals of the ECG are:

RR interval: It measures the distance between the peaks of two consec-
utive R waves. This interval is used to evaluate the heart rate (HR:
defined as 1/RR) variability (HRV) by the analysis of the RR series.
The heart rate is normally between 60-100 beats/min. A reduction in
the HRV may be a predictor of mortality after MI.

QT interval: It is a measure of the time interval between the beginning of
the Q wave and the end of the T wave. The QT interval is dependent
on heart rate (higher HR corresponds to smaller QT interval) and must
be tailored to HR for its interpretation. The standard correction uses
the Bazett’s formula'?!, in which the corrected QT interval, QT¢, is
calculated as:

Qre — 9L (1.1)

VRR
This equation is not normally very accurate, because of the overesti-
mation and underestimation of the relationship between the QT and
RR intervals at high and low frequencies, respectively, so that alterna-
tive equations are frequently used, including the Friderica formula [20]
and the Framingham method[!). Those methods are expressed in
equations 1.2 - 1.3 described below:

QT
QTc = QT +0.154- (1 — RR). (1.3)

STT interval: This interval comprises the ST segment and the T wave.

1.2.3.2 Features in the frequency domain

The ECG frequency components are approximately between 0.05 and 70 Hz.
The frequency components corresponding to the P and T waves achieve up
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to 15 Hz, while in the case of the QRS complex they reach up to 40 Hz.
In Fig. 1.10 these different frequency components are represented. Never-
theless, other higher frequency components have also been associated with
the different ECG waves. For example, in the case of the P wave, such fre-
quency components can be useful to predict certain types of atrial arrhyth-
mias. Likewise, high frequency components present in the latter part of the
QRS complex have been used to investigate late potentials 22 In addition,
frequency components in the band 150-250 Hz of the QRS complex have

been widely used as a marker for detecting acute myocardial ischemia [23-26],

QRS complex

0 5 10 15 2 25 30 3 40
Frequency (Hz)

Figure 1.10: Frequency components of the different characteristic ECG
waves. Reproduced from Sérnmo and Laguna 9.

1.2.3.3 Interferences and noise in the ECG signal

The noise can be classified depending on whether it is deterministic or ran-
dom, or according to their origin, external or internal to the measurement
system. The term “noise” is normally used when its source is internal to the
measuring system and its nature is random. In contrast, the term “interfer-
ence” applies to the case of signals external to the measuring system, whose
time evolution tends to follow a pre-established law that can be known in
advance, although its value at any given time may come characterized by a
random variable. For example, interferences may come from the power line,
or produced by electrical or electronic equipments close to the measurement
system.
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Sources of noise and interferences that are commonly found in the ECG
are described below.

e Noise sources:

Electromyographic (EMG) noise: The EMG is the main source of noise
in the ECG recording. Its origin can be found in the action potentials
associated with the muscle activity of the skeletal muscles. Noise reduction
is difficult in this case and requires the cooperation of the patient or subject
in which is being measured. Various techniques for EMG noise reduction
have been described in the literature 27.

Baseline wander: The baseline wander consists of a low frequency signal
superimposed on the ECG, making the isoelectric line not to be well defined.
This variation may be due to respiration, body movements or bad contact
between the electrodes and the skin. Its frequency content usually remains
below 1 Hz. There are different signal processing techniques for baseline
wander removal.

Electrode-patient interface: The electrodes are the major element in the
measurement chain. Therefore, the noise generated by the electrodes is es-
pecially important. The electrodes acts as a transducer. They must convert
the ionic currents that are the driving mechanism of the bioelectric signals
in the tissues into electrical currents. This transduction should not disturb
the signal to be measured. The most important parameters are, therefore,
the impedance and the noise. The impedance should be as low as possible
to minimize the loading effect of the post-amplification phase of the acqui-
sition equipment and the effect of common mode interference appearing at
the input.

Measuring system: The amplification and recording of biopotentials are
often accompanied by problems caused by the power line network. The
presence of the power line network leads to the development of electric and
magnetic fields that interact with the measuring system and the patient. As
these are low frequency fields they will always be in near-field.

e Interference sources:

The interferences of internal origin come from the measurement equip-
ment itself and the underlying causes are varied. The most common cause is
the power supply when the equipment is connected to power line network. A
distinction can be made: interferences caused by the electric field, capacitive
coupling, and interferences caused by the magnetic field.

Interferences produced by the electric field include:

- Capacitive coupling to the measurement leads

- Capacitive coupling to the electrodes

- Coupling on the patient

Interferences caused by the magnetic field include:
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- Interferences caused by the differential mode voltage across the thorax
by the currents induced within the patient by an external magnetic field.

- Interferences induced in the loop measured by an the presence of a
magnetic field.

Another effect that occurs with relative frequency in ECG signal is the
superposition of an interference signal from the power line network (50-
60 Hz). To reduce the effect of that interference there are a number of
techniques!® based primarily on the design of various types of filters (e.g.
a band removal filter centered at the frequency of the interference network
and with a bandwidth sufficiently narrow as to not impair the remaining
signal components).

1.3 ECG manifestations of myocardial ischemia and
infarction

Ischemic heart disease is the most common form of heart disease and, with
few exceptions, is secondary to coronary atherosclerosis. In this disease,
the development of blockages at the level of the coronary arteries result
in a limitation on the blood flow to the myocardium. When this flow is
not sufficient to satisfy myocardial oxygen demand, tissue ischemia occurs.
Ischemia produces a series of alterations in myocardial tissue that are re-
sponsible for notable clinical and electrocardiographic features. Ischemic
changes are initially reversible, but when ischemia becomes acute and sus-
tained, those changes can be irreversible and result in death or necrosis of
the myocardial tissue.

In patients with coronary atherosclerosis, MI can be present on a chronic
basis, in the event that the coronary flow is insufficient even under basal
conditions, or episodically, when the coronary flow is sufficient in resting
conditions, but not in circumstances that increase oxygen demand (physical
exercise, infections, etc.) or that cause a decrease in oxygen supply (hypoxia,
anemia, etc.). In the case of acute coronary syndromes, there is a sharp
decrease in coronary perfusion as a result of the rupture of an atherosclerotic
plaque and thrombus formation. In these cases, acute ischemia occurs, which
may or may not cause necrosis depending on the severity and duration of
the blockage in the affected vessel.

From the electrocardiographic point of view, typical changes can be ob-
served, which vary according to the severity of the ischemia and the presence
or absence of necrosis. Such alterations are called picture of ischemia, injury
and necrosis, which correspond to successively higher degrees of ischemia.
There is not an exact correspondence between the electrocardiographic pic-
ture of ischemia, injury or necrosis and clinical ischemia. The latter can be
present without apparent changes in the ECG, and on the other hand, an
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ECG may show changes not necessarily due to ischemia (false positives).

Additionally, the electrocardiographic changes may be displayed tran-
siently or permanently, which corresponds to the nature of episodic or chronic
myocardial ischemia. Those changes occur characteristically in electrocar-
diographic leads facing the area suffering from myocardial ischemia, which,
in turn, depend on the obstructed coronary vessels.

1.3.1 Picture of ischemia

The electrocardiographic picture of ischemia is characterized by the pres-
ence of T wave abnormalities. Those alterations are the result of a late
repolarization in the ischemic zone and vary depending on whether the area
affected by the ischemia is mainly subendocardial or subepicardial. When
the ischemia is transmural, the subepicardial area prevails.

Subendocardial ischemia: In this case, repolarization of the subendocar-
dial area is delayed and creates a vector that is directed from the suben-
docardium to subepicardium, resulting in the development of a positive T
wave in the leads facing the ischemic zone. That T wave is usually peaked
and higher than normal in amplitude, and tends to be symmetrical (Fig.
1.11 a).

SUBENDOCARDIAL ISCHEMIA TRANSMURAL ISCHEMIA

Resting Depolarized Repolarized Resting Depolarized Repolarized

WAL N Y

Dn\V_._.A-/..\._ _/\_/\_ ! ._/\_/.‘_ omV— . 0mvs . i

Figure 1.11: ECG alterations according to the ischemic zone in the my-
ocardium. Reproduced and modified from www.cvphysiology ... changes.gif.

Usually this picture is detected in a transient and fleeting way, in con-
nection with acute ischemic processes. Outside this context, the differential
diagnosis is very difficult with similar morphologies found in other circum-
stances, including normal variants, pericarditis, hyperkalemia, and others.

Subepicardial ischemia: Subepicardial or transmural ischemia causes a
flattened or negative T wave, wide base and usually symmetrical, an ex-
pression of a repolarization vector directed from the subepicardium to the
subendocardium as a result of the delayed repolarization in the subepicardial
area (Fig. 1.11 b).


http://www.cvphysiology.com/CAD/CAD012.htm#nameddest=ggg
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This picture may occur in cases of acute or chronic ischemia, being often
persistent, and it is commonly accompanied by the appearance of a mirror
picture (symmetric positive T) in the frontal plane, in those leads opposite
to the ischemic zone. Similar manifestations arise in various other situations:
normal variant (hyperventilating, adolescents, mostly women), pericarditis
in chronic phase, pulmonary embolism, myocarditis, stroke, alcoholism, left
ventricular hypertrophy, etc.

1.3.2 The injury current

Ischemia has a complex time dependent effect on the electrical properties of
the myocardial cells. Acute and severe ischemia reduces the resting potential
of the cell membrane and shortens the action potential duration (see Fig.
1.12). Those changes determine a voltage gradient between the normal and
ischemic areas. Consequently, current flows appear between those regions.
Such current flows are called injury currents and are represented in the
surface ECG as a ST-segment deviation.

Normal AP
A Ischemic AP
20 mV —

— 300 ms
— »
4 ] 100ms

-90 mV |
7] 200 ms

Figure 1.12: Representation of normal and ischemic APs.

ST segment elevation is usually a sign of severe subepicardial injury
with frequent involvement of transmural myocardium and subsequent devel-
opment of necrosis except in the case of vasospastic angina (see Fig. 1.13 b).
ST segment elevation in two or more contiguous leads during the acute phase
of MI represents the main finding to indicate the need for an early reperfu-
sion (fibrinolysis / primary transluminal coronary angioplasty (PTCA)).

On the other hand, ST segment depression is usually a sign of lower
subendocardial injury (Fig. 1.13 a). The subendocardial myocardium is
particulary susceptible to ischemia. An established significant criterion for
diagnose subendocardial ischemia is a ST segment depression of at least 1
mm below the isoelectric line and 80 ms after J point.
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Figure 1.13: ST-segment deviation caused by severe subendocardial (ST
depression) and subepicardial (ST elevation) ischemic injuries.

There are multiple factors that modify the amplitude of acute ischemic
ST segment deviations. Deep ST elevation or ST depression in various
leads usually indicates very severe ischemia. From a clinical perspective, the
division of acute myocardial infarction in two types (presence of ST segment
elevation and no segment elevation) is useful, since treatment based on acute
reperfusion is only effective in the first case.

1.3.3 Necrosis

The necrotic area is electrically silent, i.e. it is typically not depolarized.
Necrosis is commonly and is represented by pathological Q waves. To differ-
entiate QQ waves with pathological significance from those without different
criteria are established including:

e Duration (width) of the Q waves gt; 0.04 sec.nbsp;

e Greater amplitude of QQ wave with respect to the R wave:
> 25% of R wave amplitude in leads II, III and aVF.
2> 15% of R wave amplitude in leads V4-V6.
2 50% of R wave amplitude in lead aVL.

e () wave only present in lead V1 or III has not significance, unless it is
accompanied by other signs in close leads.

o (Q waves with ST-T alterations are more significant than without them.

1.3.4 Localization of the ischemic zone

Changes in ECG leads are useful to locate ischemic regions (see different
ischemic regions in Fig. 1.14). For instance, acute transmural ischemia of
the anterior wall is reflected in ST segment elevation or in an increase in T
wave positivity in one or several precordial leads (V1-V6) and in leads I and
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aVL. Ischemia of the inferior wall induces changes in leads II, III and aVF,
whereas ischemia in the posterior wall is recognized indirectly by reciprocal
ST segment depression in leads V1 to V3. Prominent and reciprocal ST
segment depression in these leads is also recorded in some infarcts of the
inferior wall, especially in those with extension to the posterior and lateral
wall.

Anterior wall Septal wall Inferior wall
Anterior view Anterior view Posterior view

Figure 1.14: Different localizations of MI based on the ischemic zone
and viewed from both the anterior and posterior walls. Reproduced from
Jones 19,

Right ventricular ischemia usually produces ST segment elevation in the
right precordial leads. When the first sign of acute infarction is ischemic
ST-segment elevation, within a few hours or days, this anomaly is accompa-
nied by T wave inversion and often of () waves in the same leads. Reversible
transmural ischemia due, for example, to coronary vasospasm (Prinzmetal’s
variant angina) may cause a transient elevation of the ST segment without
the development of Q waves. ST segment elevation may disappear com-
pletely in a few minutes or be followed by T-wave inversion persisting for
hours or even days, depending on the severity and duration of the ischemia.
Patients with ischemic chest pain showing a deep inversion of the T wave in
variousnbsp; precordial leadsnbsp; (eg., V1 to V4), with or without elevated
cardiac enzymes, usually have an obstruction of the coronary arteries of the
anterior descending branch. In contrast, those with a basal anomalous inver-
sion of the T wave sometimes exhibit a normalization (pseudonormalization)
of the T wave during episodes of acute transmural ischemia.

Severe ischemia of the anterior wall (with or without infarction) can cause
a significant inversion of the T wave in the precordial leads. This pattern is
sometimes associated with severe stenosis of the anterior descending branch
of the left coronary artery.

Changes in the depolarization phase (QRS complex) that occur in my-
ocardial infarction often accompany repolarization (ST-T) abnormalities.



1.3. ECG manifestations of myocardial ischemia and infarction 21

A ECG sequence with anterior Q wave infarction
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I aVR aVL aVF

Vs

Early

AEE
Sl

203

Evolving

v
ki
ik
ks

Figure 1.15: Sequence of depolarization and repolarization changes corre-
sponding to (A) infarction of the anterior wall with Q-wave and (B) of the
inferior wall with Q-wave. In the anterior wall infarction, ST segment ele-
vation in leads I and aVL as well as in precordial leads is accompanied by
a reciprocal depression in leads II, IIT and aVF. By contrast, patients with
acute infarction of the inferior wall (or later) is associated with reciprocal
ST depression in leads V1 to V3. Reproduced from Fauci et al. 28],

Sufficient necrosis of myocardial tissue determines a reduction in R-wave
amplitude or quite abnormal QQ waves in the anterior and inferior leads (see
Fig. 1.15). Abnormal Q waves were formally considered as a marker of trans-
mural infarction. Subsequent studies have proved that transmural infarcts
may develop without Q-wave and that subendocardial infarcts sometimes
are accompanied by Q waves. Therefore, it has been suggested to classify
the infarct as “with Q-wave” or “without Q-wave”.

The loss of depolarization strength due to either a posterior or lateral
infarct determines a reciprocal increase in the R wave amplitude in leads V1
and V2, without diagnostic Q waves in any of the conventional leads. Atrial
infarction is associated with PR segment deviations (produced by a current
of injury), changes in the morphology of the P wave or atrial arrhythmias.
During the weeks or months following the attack, these ECG changes persist
or begin to resolve. The complete normalization of the ECG after infarction
with Q wave is uncommon but can occur, especially with smaller infarcts.
In contrast, ST segment elevations that persist for several weeks or months
after infarction with Q wave usually correspond to a serious deterioration of
wall motion (akinetic or dyskinetic area), but are not always a manifestation
of ventricular aneurysm.
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1.4 Imaging techniques to quantify myocardial is-
chemia and infarction

Knowledge of the myocardial area at risk, size of myocardial infarction, and
myocardial salvage is fundamental to understand the pathophysiology of
ischemia-reperfusion injury, as well as to assess the efficacy of treatments
aimed at improving myocardial salvage. Figure 1.16 illustrates how the area
at risk, the infarct size and the myocardial salvaged can be determined with
imaging techniques. Today, the most relevant and widely used techniques
for cardiovascular imaging are single-photon emission computed tomogra-
phy (SPECT) and cardiac magnetic resonance imaging (MRI) as reviewed
recently by Florian et al.[2%, Arail39 and Ishida et al.[3%.

Area at Risk Infarct Size Myocardial Salvage
Myocardium

Figure 1.16: Diagram basis on how is evaluated the area at risk, infarct size,
and myocardial salvage by MPI. Based on image of the Fig. 1 in Arai (3%,

1.4.1 Magnetic resonance imaging (MRI)

MRI characterizes tissues based on specific nuclear magnetic properties such
as T1 and T2. In brief, T1 relaxation time (spin-lattice relaxation time) is
the rate constant describing how quickly protons realign with the main mag-
netic field. T1- weighted images can differentiate tissues showing differences
in intrinsic or pathological T1. T1-weighted images are commonly used to
image the tissue distribution of “gadolinium Gd” contrast. Currently, in the
routine clinical setting MI imaging after Gd administration is done by an
inversion-recovery T1-weighted sequence, which achieves an increased con-
trast between normal and pathological tissue (dark vs. bright). Using this
technique, infarcted myocardial tissue weighting as low as 1 gram can be
visualized (vs. 10 grams with SPECT). On the other side, T2 relaxation
time (spin-spin relaxation time) is the rate constant describing how long
protons remain synchronous or in-phase after being tipped perpendicular to
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the main magnetic field (i.e., in the transverse plane). T2-weighted images
generally show fluids as having high or bright signal intensity, while solid
tissue, like the myocardium, has intermediate signal intensity (see Fig 1.17).
An increase in free water content of tissue increases the signal intensity on
T2-weighted images!?). Thus, in the case of myocardial edema associated
with acute MI, the area at risk appears slightly brighter than remote my-
ocardium when imaged with T2-weighted methods. While this summary
cannot cover the subtleties of MRI, it provides hints of why some tissues
or part of them may be bright or dark depending on the intrinsic char-
acteristics, pathologic changes in tissue magnetic properties, or differential
accumulation of gadolinium contrast.

Figure 1.17: Reproduced from Florian et al.2%): MRI study in an 18 year old
male with acute chest pain in which acute myocarditis was diagnosed. Mid
ventricular short axis T2-weighted short-inversion-time inversion-recovery
(T2w-STIR) image shows edema (increased signal intensities) in the lat-
eral wall (arrows, a) and short and vertical long-axis ce-MRI show typical
subepicardial enhancement in the lateral wall (arrows, b, c).

Clinically available Gd contrast agents are injected into the intravascular
space and rapidly distribute into the extracellular space. Due to the size
and charge, these contrast agents are excluded from the intracellular space.
Acute MI is enhanced because cell rupture allows Gd into a higher fraction
of the tissue than in viable myocardium. Chronic infarcts are enhanced
because the collagenous scar that forms is relatively acellular and thus has
a high-effective extracellular space. Myocardial contrast wash-in and wash-
out are dynamic processes, so one of the most important factors in imaging
post contrast administration is timing. The optimal time window for infarct
imaging is between 10-25 minutes post contrast administration, which is
referred to as late contrast enhancement ce-MRI (or late Gd enhancement,
LGE images), opposed to early ce-MRI (or early Gd enhancement EGE
images).

Regarding infarct size, late ce-MRI is a well-validated, accurate and re-
producible tool for sizing acute, healing and healed infarcts3334. Due to its
high spatial resolution, enabling depiction of small MIs, late ce-MRI is con-
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sidered the reference imaging modality for infarct sizing and is increasingly
being used to determine the relationship between infarct size, ventricular
remodeling and patient outcome [3335-37),

1.4.2 Single photon emission computed tomography (SPECT)

SPECT is a nuclear medicine technique that uses radiopharmaceutical sub-
stances or radiotracers, a rotating camera (single or multiple-head) and
a computer to produce three-dimensional (3D) images representing slices
through the body in different planes[®8). SPECT images are functional in
nature rather than being purely anatomical such as ultrasound, computed
tomography (CT) and MRI.

Single-photon emission computed tomography has been applied to the
heart for myocardial perfusion imaging (MPS) (see Fig. 1.18). It is an
effective non-invasive diagnostic technology when evaluating patients for
clinically significant coronary artery disease (CAD) in the following circum-
stances: diagnosing CAD in patients with an abnormal resting ECG and
restricted exercise tolerance; or assessing myocardial viability before referral
for myocardial re-vascularization. Thus, when SPECT is performed to look
for damaged heart muscle following a heart attack, injury or infection, it is
called myocardial viability testing. When SPECT is performed to assess how
the heart pumps blood out to the rest of the body, it is called wventricular
function scanning.

Normal

Diagonal LCX+RCA

LCX

Figure 1.18: Pattern of ischemia in various coronary artery territories in
SPECT images. Reproduced from Fuster et al. 39

The U.S. Food and Drug Administration (FDA) has approved several
radiotracers that are used for SPECT cardiac imaging, including:

- Thallous chloride - Thallium-201

- Technetium Tc-99m sestamibi (also known as methoxyisobutylisoni-
trile) - Cardiolite®

- Technetium Tc¢-99m tetrofosmin - Myoview ™
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Also the FDA has approved pharmaceutical agents that are used to stress
the heart during testing, including the following:

- Adenosine

- Dipyridamole

- Dobutamine

Once a cardiac specific radiopharmaceutical is administered, the heart
rate is raised to induce myocardial stress, either by exercise or pharmacologi-
cally (adenosine, dobutamine, or dipyridamole). SPECT imaging performed
after stress reveals the distribution of the radiopharmaceutical, and therefore
the relative blood flow to the different regions of the myocardium. Diagnosis
is made by comparing stress images to a further set of images obtained at
rest. MPS has been demonstrated to have an overall accuracy of about 83%
(sensitivity: 85%; specificity: 72%)!40 and is comparable with (or better
than) other non-invasive tests for ischemic heart disease.

1.4.3 Comparison between SPECT and MRI

Despite the fact that there are other accepted alternative imaging modal-
ities for differentiating and sizing the jeopardized and the infarcted my-
ocardium in patients with suspected/stable CAD, SPECT and MRI are the
ones mostly used in clinical trials and animal experiments, and hence, in the
studies described in this thesis.

Myocardial perfusion has been evaluated by SPECT, but patients are
exposed to radiation and the diagnostic accuracy is sometimes limited by
relatively low spatial resolution and artifacts from photon scatter and tissue
attenuation. In the case of MRI, the spatial resolution is substantially higher
than that of SPECT, allowing visualization of subendocardial ischemia.

Over the past 5 years, a large number of articles have documented that
MRI can non invasively determine the area at risk, infarct size, and my-
ocardial salvage. While T2-weighted imaging has been the method most
commonly used, precontrast T1-weighted images and EGE images can also
determine the size of the area at risk. All three of these MRI methods detect
the area at risk based on myocardial edema resulting from ischemia. LGE
images provide a well-accepted reference for infarct size quantification.

1.5 Objectives and outline of the thesis

Analysis of the standard 12-lead ECG is a valuable tool in the clinical eval-
uation of suspect acute MI, in both pre-hospital and hospital settings. In
addition to ischemia detection, the ECG recorded in the acute phase of my-
ocardial infarction (both “snapshot” ECG and ECG retrieved from a mon-
itoring system) can also add further information about prognosis and risk
stratification to improve early triage and tailoring of the acute treatment
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for better outcome. To achieve that, other information within the ECG sig-
nal than the conventional ST-T analysis needs to be evaluated. Myocardial
ischemia in more severe stages also affects the depolarization phase. Some
of the depolarization changes are considered to represent already necrotic
areas (Q waves), but other, potentially reversible changes in the QRS com-
plex also appear, although they are less well understood and are usually not
considered for clinical decision making. These changes have been reported
to be stronger predictors of clinical outcome than ST measures alone. To
facilitate clinical implementation, more robust and clinically feasible meth-
ods of QRS complex analysis are needed, as well as better understanding of
the pathophysiological bases of the depolarization changes.

In the present thesis a number of ECG signal processing methods are
developed to investigate ventricular depolarization in ECG recordings ac-
quired during PCl-induced ischemia. The main objective of the thesis
is the characterization, detection and quantification of the ischemia-induced
alterations in the QRS complex. Two different ischemic models, describing a
short-term model of myocardial ischemia in humans and a long-term model
of myocardial infarction in animals, respectively, have been studied using
the proposed methods.

The thesis is organized as follows:

In Chapter 2, the three main slopes within the QRS complex, the
upward (Zys) and downward (Zps) slopes of the R wave as well as the upward
(Z1s) slope of the terminal S wave, were evaluated as to represent a robust
measure of pathological changes within the depolarization phase. The full
methodology for quantification of Zyg, Zps and Zpg, which incorporates a
dynamic ECG normalization so as to improve the sensitivity in the detection
of ischemia-induced changes, is presented. Furthermore, the method is also
applied on leads obtained by projection of QRS loops (obtained either from
the VCG or from orthogonal leads derived from the PCA technique) onto
their dominant directions. ECG recordings both in a resting state and during
elective PCl-induced transmural ischemia are analyzed using these methods
for their characterization in the temporal domain.

e D. ROMERO, M. RINGBORN, P. LAGUNA, O. PaLuM, E. PUEYO.
Depolarization changes during acute myocardial ischemia by evalua-
tion of QRS slopes. Standard lead and vectorial approach. IEEE
Transactions on Biomedical Engineering, 2011, 58(1), 110-120.

e D. ROMERO, E. PUEYO, M. RINGBORN, P. LAGUNA. QRS slopes for
ischemia monitoring in PCI recording. In World Congress on Medical
Physics and Biomedical Engineering, September 7-12, 2009, Munich,
Germany (pp. 1695-1698). Springer Berlin Heidelberg.
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e D. ROMERO, M. RINGBORN, P. LAGcuNA, O. PaHLM, E. PUEYO.
An3lisis Espacial en la Evaluacion de Cambios de la Despolarizacién
Cardiaca durante Isquemia Aguda de Miocardio. In V Congreso Lati-
noamericano de Ingenieria Biomédica, CLAIB2011, pp:1-4

Chapter 3 comprises the spatial characterization of the changes in the
proposed QRS slopes indice during ischemia with the objective of assessing
whether the slope changes hold spatial information regarding coronary oc-
clusion site. Since the amount of myocardial ischemia induced by elective
PCI is available (as quantified by MPS), the QRS slope changes are corre-
lated to the extent and severity of ischemia and compared to other conven-
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A new angle-based methodology applied to the QRS complex is proposed
in Chapter 4. Those QRS angles, denoted by ¢ (R-wave angle), ¢y (up-
stroke angle) and ¢y (down-stroke angle), are evaluated in the same study
population analyzed in chapters 2 and 3, as another way to quantify mor-
phologic changes within the QRS complex due to ischemia. Under the hy-
pothesis that the R-wave angle ¢y can be a robust surrogate of QRS width,
it was involved in a correlation analysis with the ischemia markers as quan-
tified by MPS. The other two remaining angles are used as a trigger of acute
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ischemia in a designed ischemia detector, which is based on a laplacian noise
model considering the shape of acute ischemia changes as a step-like change
with a gradual transition.
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Chapter 5 extrapolates the QRS-based analysis performed in chapters 2
and 3 to an experimental model of myocardial infarction in pigs. This model
consists of a long PCI-induced ischemia produced by 40-min coronary bal-
loon inflation inside the left anterior descending (LAD) artery. Characteri-
zation of the dynamics of the depolarization indices during balloon-induced
ischemia is carried out in the precordial ECG leads (V1-V6), normalized
leads and QRS loop-derived leads. SPECT and MRI images acquired at the
end of the experiment allow quantification of myocardium at risk (MaR) and
the final infarct size (IS), respectively, and these two markers of ischemic
damage are correlated with changes in the ECG-derived indices.
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P. Pratonov, E. PUEYO. Characterization of ventricular depolar-
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Chapter 6 summarizes the conclusions of the thesis and describe future
lines of research to expand the work of this thesis.



Chapter 2
Depolarization ECG markers
for quantifying acute MI

2.1 Introduction

Changes in the repolarization phase of the ECG (ST-T complex) are most
widely used for detection and localization of acute myocardial ischemia. Sev-
eral prior studies have additionally reported changes in the depolarization
phase both in humans and animals when suffering ischemia. These include
changes in QRS amplitudes [41-43] ' QRS duration*¥, Karhunen-Loéve trans-
form derived indices#9], intra-QRS potentials??l and “distortion of the ter-
minal part of the QRS complex”[*6) in the standard ECG. The latter, in
addition to relating to more severe ischemia, also correlates to worse clini-
cal outcome in a large cohort. Changes in high-frequency QRS components
(in the frequency band 150-250 Hz) of the high-resolution signal-averaged
ECG have been reported as well[2347:48] These methods have, however,
not been implemented clinically. Among various limitations, one is the dif-
ficulty of correctly delineating the end of the QRS complex when there is
pronounced ST elevation. In recent studies more reliable methods for char-
acterizing changes in the QRS complex due to both amplitude and duration
changes have been proposed 2449 In[24 Pueyo et al. quantified changes
in the QRS complex during myocardial ischemia induced by elective PCI
by measuring the up-slope and down-slope of the R wave. In that study,
the variability of the QRS slopes in the control recording was used as a
reference for quantification of the ischemia-induced changes. However, the
stability of this reference was not further explored by means of the normal or
intra-individual variation within or between different recordings, nor was an
analysis performed to properly characterize factors that affect the measure-
ment of the QRS slopes by modulation of the QRS amplitude. Another way
to evaluate depolarization changes during ischemia is by analyzing different
shape features derived from the electrical heart vector loop obtained from

29
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the orthogonal ECG leads as in®® and®!l. Prolonged PCI provides an ex-
cellent human model to investigate the electrophysiological changes during
the initial minutes of transmural ischemia 4%, [47), During this procedure, a
balloon is inserted and inflated inside a coronary artery to induce controlled
ischemia due to the balloon occlusion. After deflation the blood flow is im-
mediately restored. During the PCI the occlusion site is perfectly defined in
space and time and therefore allows to study the ischemia-induced changes
in both domains.
The specific aims of this chapter were to:

e Evaluate the normal variation of the QRS slopes in the 12 standard
leads at resting state (control recordings) in a large population, with
the purpose of determining reliable limits of significant QRS slope
changes due to an ischemic pathophysiological process.

e Apply a normalization procedure to both control and PCI recordings to
attenuate low-frequency variation in the slopes and stabilize the slope
reference for better quantification of pathophysiologically significant
changes.

o Test the performance of this improved method in monitoring QRS
slope changes along the dynamic ECG recordings during PCI-induced
ischemia on the standard 12-lead ECG and leads derived from the
spatial QRS loop.

e Determine the timing of significant changes during PCI.

2.2 Materials and Methods

2.2.1 Databases

The total study population analyzed in this chapter comprised 152 patients,
73 of whom were referred to the Department of Clinical Physiology at Lund
University Hospital, Sweden for exercise testing (STRESS dataset). The
other 79 patients were taken from the STAFF III dataset, with patients
admitted to the Charleston Area Medical Center in West Virginia, USA, for
prolonged, elective PCI due to stable angina pectoris[*!), 5], Further details
of both datasets are described in the following section.

ECG acquisition: All ECGs were recorded using the same equipment
provided by Siemens-Elema AB, Solna, Sweden. Nine standard leads (V1-
V6, I, IT and IIT) were recorded and digitized at a sampling rate of 1 kHz
with an amplitude resolution of 0.6 V. The precordial leads V1 to V6 were
obtained using the standard electrode placements. For the limb leads, the
Mason-Likar electrode configuration was used to minimize the noise level 2.
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The three augmented leads aVL, -aVR and aVF were then generated from
the limb leads to yield the complete standard 12-lead ECG.

Inclusion criteria: The following inclusion criteria had to be met for both
subpopulations: no clinical or ECG evidence of an acute or recent myocardial
infarction, no intraventricular conduction delay with QRS duration equal to
or more than 120 ms (including left bundle branch block (LBBB) and right
bundle branch block (RBBB)), no pacemaker rhythm, low voltage, atrial
fibrillation/flutter or any ventricular rhythm at inclusion (or during the PCI
for that subpopulation). Patients were also excluded if either they underwent
an emergency procedure, or presented signal loss during acquisition.

2.2.1.1 STRESS dataset

The STRESS dataset comprises a total of 73 patients who were admited for a
stress testing using an ergonomic bike for the test (see Fig. 2.2 ). Five ECG
recordings (a-e) of 5-min duration were acquired during the entire protocol.
The first three recordings (a-c)are control recordings acquired at different
times prior to the stress test. The fourth (d) recording was acquired during
the recovery of patient starting just after the end of the stress test. The fifth
(e) recording was an additional control recording acquired after the recovery
phase. No ECG recording was taken during the stress testing because of the
persistent electromyographic noise caused by the movement of the patients
while pedaling. For this particular dataset, the first two control recordings
acquired before the stress test (b and c) were used for the analysis that will
be described later.

Figure 2.1: Typical ergonomic bicycle used for exercise stress testing.
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2.2.1.2 STAFF III dataset

The original population of this dataset comprises 102 patients undergoing
prolonged PCI (> 100 sec) in one of the major coronary arteries. This
occlusion period was considered to be larger than usual PCI procedures be-
cause the protocol included a unique prolonged occlusion instead of a series
of short occlusions. The study was approved by the local investigational
review board, and informed consent was obtained from each patient before
enrolment. Balloon inflation was maintained for 5 minutes or more when-
ever clinically feasible.

Figure 2.2: Representation of an angioplasty (or PCI) procedure. A) Plaque
formation inside the coronary artery; B) Balloon inflation and C) Blood flow
restitution. Reproduced from Fauci et al.[28].

Control recordings: For each patient two or more control recordings were
acquired continuously for 5 min, at rest in supine position prior to the PCI
procedure, during clinical stable situations, with a time interval of maximum
one hour. At least another additional control recording in the same condi-
tions was also acquired after the PCI procedure. The two control recordings
acquired just before the PCI procedure are those used for analysis.

PCI recordings: In the subset of 79 analyzed patients, a continuous
ECG was acquired during the PCI, starting before and ending after balloon
inflation and deflation, respectively, for the analysis of QRS slopes during
ischemia. The duration of the occlusions ranged from 1 min 30 s to 7 min 17
s (mean: 4 min 26 s). If more than 1 balloon inflation was performed during
the procedure, only the first one was considered, to avoid possible bias due
to either ischemia-induced collateral recruitment and preconditioning within
the area of a previous inflation or persistent ischemia in the myocardium.
The occlusion sites of the PCI procedures were: left anterior descending
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(LAD) coronary artery in 25 patients (mean occlusion duration: 3 min 54
s), right coronary artery (RCA) in 38 patients (mean occlusion duration: 4
min 37 s), and left circumflex artery (LCX) in 16 patients (mean occlusion
duration: 4 min 51 s). In Figure 2.3 are represented the number of patients
who remain under occlusion, determined every 30 seconds, for the whole
population (n=79) as well as for the different occluded artery subgroups.
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Figure 2.3: Number of analyzed patients of the STAFF III dataset who
remain under occlusion at specific time instants.

For each patient of the two datasets, two control recordings were acquired
continuously for 5 min, at rest in supine position prior to the stress test or
the PCI procedure, respectively, during clinical stable situations, with a time
interval of maximum one hour. The electrodes were either retained on the
patient between the recordings, or removed and their positions marked, to
enable accurate comparisons of the ECG variables.

These control recordings from all 152 subjects were later used for deter-
mining the intra- and inter-individual variation of the QRS slopes.

2.2.2 Preprocessing

All ECG signals involved in the analysis were preprocessed before evalu-
ating the investigated indices as follows: (1) QRS complex detection, (2)
selection of normal beats according to!3], (3) baseline drift attenuation via
cubic spline interpolation and (4) wave delineation using a wavelet-based

technique 4.
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2.2.3 QRS slopes in single ECG leads

To quantify ischemic QRS changes the following indices were evaluated for
each beat and lead:

e Tys: the upward slope of the R wave.
e Tg: the downward slope of the R wave.

e T;g: the upward slope of the S wave (in leads V1-V3).

b'(n)

np

0 50 100 150 200 250
time (ms)

Figure 2.4: a) Example of an ECG beat with the delineation marks used to
evaluate the QRS slopes; b) ECG beat derivative with the marks of relative
maximum and minimum values within the QRS complex.

A three-step procedure was applied to compute the above indices. First,
the time locations of the Q, R and S wave peaks were determined, denoted
by nq, nr and ng, respectively. Beats for which ny could not be success-
fully determined were rejected from further analysis. Beats for which the
delineator determined a valid ngy, but was unable to determine nq or ng due
to the absence of the Q or the S waves, a second search was performed to
delimit the reference points used in the QRS slopes calculation. For the Q
wave, the interval ranging from 2 ms after QRS onset, non, to 2 ms prior
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to ny was examined and the time instant associated with the lowest signal
amplitude was identified as nq. Analogously, ng was determined consider-
ing the interval from 2 ms after ny to 2 ms prior to QRS offset, ngpp. It
should be noted that the determination of nq, ng and ng is not critical since
they just delimit the interval over which the maximum and minimum slopes
are reached for 24, Importantly, Z.s, corresponding to the upslope of the S
wave, was only computed for leads V1-V3, where the S wave is usually more
pronounced. In addition, during more pronounced ischemia, the final part
of the QRS complex might get highly distorted, thus making it difficult to
delineate the S wave, or it might disappear. In those cases, the Z;5 measure
was discarded.

The second step consisted of determining the time instant: ny, associated
with the maximum slope of the ECG signal between ng and ng (global
maximum of the ECG signal derivative between nq and ng); np, associated
with the minimum slope between ny and ng (global minimum of the ECG
signal derivative between ng and ng); and finally ny, corresponding to the
maximum slope between ng and the QRS complex offset nopr (see Fig. 2.4).

Finally, three lines were fitted in the least squares sense to the ECG
signal in 8-ms windows centered around ny, np, and nr, respectively; the
resulting slopes of those three lines were denoted by Zys, Zps and Zrg (see
thick red, blue and green lines in Fig. 2.4-a).

2.2.4 QRS slopes from spatial QRS loops
2.2.4.1 QRS loop from the vectorcardiogram (VCG)

From the standard 12-lead ECG, [ly(n),...,l12(n), it is possible to gener-
ate the three orthogonal leads z(n), y(n), and z(n) by applying the Dower
Inverse Matrix (D) over leads V1-V6, I and IT['"], contained in the vec-
tor 1(n) = [l1(n),la(n),...,ls(n)]T. These three orthogonal leads can be
represented in a 3D space so that one can observe the variations of the elec-
trical heart vectorcardiogram (VCG), given by vyec(n) = [z(n), y(n), 2(n)]T
which is computed as:

Vvea(n) = D71 1(n) (2.1)
where the D~! matrix is:

—0.172 —0.074 0.122 0.231 0.239 0.194 0.156 —0.010
D! = 0.057 —0.019 -0.106 —0.022 0.041 0.048 —0.227 0.887
—-0.229 —-0.310 —-0.246 —0.063 0.055 0.108 0.022 0.102

In order to enhance the sensitivity of the QRS slopes for detecting
ischemic-induced changes, a new lead obtained from spatial QRS loop is
proposed here as an alternative to the standard single leads. During depo-
larization, the dominant direction u (see Fig. 2.5) of the QRS loop (QRSvcc)
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Original ECG leads Orthogonal leads

Figure 2.5: Representative diagram of the transformation used to obtain
the VCG from the standard 12-lead ECG signal as well as an illustration of
the main direction within the QRS loop determined to generate g(n).
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points to the QRS loop tip, called the mean electrical axis. Thus, determin-
ing the main direction of the QRSyc¢ loop, the new lead can be obtained
by projecting the loop onto that vector. For this analysis we first searched
for the main direction u by maximizing the following equation:

u= [uz,,uy,uz]T = [x(no),y(no),z(no)]T,

with
ny = arg mgx[acQ(n) +y%(n) + 2%(n)] (2.2)

where n spans over the samples of the running beat from 10 ms before noy
to 130 ms after nox. Then the new projected lead g(n) was calculated by
projecting the points of the QRSyc¢ loop onto the u axis :

- # (2.3)

The indices described in the previous section were then evaluated on this
new lead.

2.2.4.2 QRS loop using PCA

Principal component analysis (PCA) is a technique commonly employed in
signal processing. One way to implement PCA is by applying singular value
decomposition (SVD) on the standard 12-lead ECG to generate a new lead
system that concentrates the most energy of the signal in a small set of
leads[®®). Specifically, the SVD was applied over leads V1-V6, I and II to
obtain 8 transformed leads wg(n), k = 1,2,...,8, by using the following
transformation:

w(n) = UT 1(n) (2.4)

where U is the matrix containing the right singular vectors (or the principal
components) obtained from matrix L decomposition according to:

L=vxu”l (2.5)

being L= [ly,...,lg], with I = [lx(1),1x(2),...,lx(N)]T and N the number
of samples in the recording, V represents the matrix containing the left
singular vectors and X a nonnegative diagonal matrix containing the singular
values. The columns of the matrix U represent the principal components
(orthogonal components), ordered by importance according to the variance
of the data in the new orthogonal system, whereas each element of the
column vectors represent the contribution of each lead.

Figure 2.6 shows this lead-reducing transformation. It is evident that
the energy of the original leads is mostly concentrated in the first 3 of the 8
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transformed leads wg(n). The new lead system given by the first three or-
thogonal transformed leads wq(n), wa(n) and ws(n) was subsequently used
to represent the QRS loop in a different way, called the QRSpca loop. Anal-

Original ECG leads Transformed leads

>
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Figure 2.6: Left side: Standard 12-lead ECG signal (only {1(n),...,ls(n) are
displayed); Right side: Transformed orthogonal ECG leads obtained from
the PCA technique.

ogously to the process described in section 2.2.4.1, the same methodology
was applied here to compute a new lead by projecting the QRSpc4 loop onto
its dominant direction using equations (2.2) and (2.3). The only difference
with respect to 2.2.4.1 is that vyce(n) was replaced with vpea(n), defined
as:

Veoa(n) = [wi(n), wa(n), ws(n)]? . (2.6)

Examples of the two approaches described above are presented in Fig.
2.7, where three consecutive beats in three orthogonal leads are shown, cor-
responding to each of the two vectorial techniques (VCG or PCA) used in
this study. Corresponding QRS loops are shown as well. The QRS slopes
were evaluated in the new leads obtained by projection of QRS loops in
order to compare these results with those obtained from individual leads of
the standard 12-lead ECG system.
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Figure 2.7: a) Orthogonal X, Y and Z leads derived from Dower Inverse
Matrix in a time segment, and their corresponding loops; b) Transformed
orthogonal ECG leads obtained from the PCA technique, and their corre-
sponding loops.

2.2.5 Quantification of ischemic changes

The ability of a certain index Z to track PCl-induced ischemic changes in
relative terms with respect to the normal variation measured at resting state
was characterized by the parameter R745. This parameter, evaluated at
time instant t, taken in increments of 10 s from ¢t = 0 (occlusion start)
until the end of the occlusion, was defined as the ratio between the change
observed during PCI up to time ¢4, denoted by Az(ts), and the normal
fluctuations observed during the control recording immediately prior to the
PCI, as defined by the standard deviation (SD) of Z in this control recording
denoted by oZ:

Az(ty)

~ (2.7)

Rz(ty) =

2.2.6 ECG normalization

When large physiological variations occur in the ECG signal at resting state,
the potential value of Rz as a marker of ischemia is highly reduced because
of the increase in o7 in the denominator of Rz (2.7). This occurs when
respiration or other low-frequency modulations of the ECG affect the

QRS complex amplitude and the slope estimates. To compensate for
this, an ECG signal normalization procedure was employed 5%, In brief, the
normalization uses a running window of 15-s duration centered around the R
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wave of each processed beat b;(n), with ¢ denoting beat index. The median
of the R wave amplitudes corresponding to the M (or M + 1) beats within
the 15-s window was computed: R,,, = median{R};_ps/a], -, Rjit-a1/2]}, and
the normalized beat b;(n) was defined as:

Ry,

bi(n) = R;bi(n). (2.8)

Figure 2.8 shows this ECG normalization procedure. This procedure was
applied to both the control and PCI recordings in all the processed leads,
either standard ones or derived from the QRSyce and QRSpca loops.
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Figure 2.8: ECG normalization used to compensate for low-frequency os-
cillations. The gray rectangle represents the analyzed beat and the dashed
lines the boundaries of the 15-s window.

2.2.7 Normal variations of the QRS slopes

Intra-individual variability analysis: To assess the intra-individual variabil-
ity of QRS slope variations, Zys and Zpg were measured on the normalized
beats of each of the two control recordings analyzed per patient. The SD of 7
(Zus or Ips), denoted by of (j), was computed for each patient j = 1,...,J,
and lead k = 1,...,12, in each of the two control recordings (¢ = 1,2). The
difference between the SDs of the two control recordings was quantified:

di (7) = 0%1(7) — 0k 2() (2.9)

A statistical test (1-sample t-test) was applied to the difference dZ ()
evaluated for the whole set of patients, and each lead k& and index Z, with
the purpose of contrasting the following hypothesis:

e Hy: the intra-individual change (df)is =0 .
e 7;: the intra-individual change (df) is # 0.
where

J
_ 1 .
aF == 2 k). (2.10)
j=1
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Inter-individual variability analysis: To assess the inter-individual vari-
ability of QRS-slope variations, the mean of the two SDs a%, ), c=1,2,
was computed for each patient j, lead k, and index Z:

o) = {oFa () + oFali)} (211)

Then the SD of a% (7) over patients was quantified, and denoted by sf’i.

Additionally, the SD of the Jf} .(J), ¢ = 1,2, for each patient j was also
computed and denoted by sg’ﬁ( 7)

1 1

Ly T ( T (s L

s = —|o -0 =—|d . 2.12

k (]) \/5‘ k,l(]) k,Q(J)‘ \/5‘ k(])} ( )
A statistical test (1-sample t-test) was applied to compare the intra-

individual variability, sf’H(j), j =1,...,J, with the inter-individual vari-

. . 7,1
ability of the whole population, s;”*.

2.2.8 Time course of QRS slope changes during ischemia

Absolute Az(t) and relative Rz(t) ischemia-induced changes during occlu-
sion were computed for each patient j and lead k. These values were av-
eraged over the whole population as well as over each of the three groups
defined according to the occlusion site. In addition, determination of signif-
icant changes in the QRS slopes due to the induced ischemia during PCI,
and their timing, was performed by applying a statistical test of the type
described in section 2.2.7. In this case, differences were computed between
the mean, Zygy, of the analyzed index Z (Zyg or Zps) during the first five sec-
onds of the PCI recording (taken as a reference) and the current values of Z
in the PCI recording, Z(t), evaluated at time instants ¢ taken in increments
of 3 s from the onset of occlusion (¢ = 0), in each lead k.

2.2.9 Calculation of ST-segment change

The ST level measured at J point, Zgr, was also quantified in all of the
analyzed recordings. Subsequently, the corresponding absolute Az, and
relative Rz, changes during PCI were calculated, and compared with those
corresponding to QRS slope indices.

2.3 Results

2.3.1 Methodological analysis

An example of the effect of the normalization technique described in sec-
tion 2.2.6 is presented in Fig. 2.9, which shows sequences of Z,g values
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measured before and after application of the ECG normalization. It is clear
from the figure that normalization attenuates the low-frequency oscillations,
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Figure 2.9: 7,4 values measured in lead II in a control recording of a patient
from the STAFF III dataset before (top) and after (bottom) applying ECG
normalization.

most likely generated by respiration or other very low-frequency components
of uncertain origin, which affect the slope measurements through modula-
tion of the QRS amplitude. In those patients presenting this low-frequency
oscillatory behavior (31 out of a total of 152) the mean of the oscillation
frequency was 0.04 + 0.01 Hz. As a consequence, the variability observed in
Tus, Ips and Zrg in any recording at rest becomes substantially lower after
applying the normalization procedure (e.g. for Zps a reduction of 20.3%
was observed among the 12 leads in the STAFF III dataset, with maximum
of 33.4% in lead II), thus making those measurements in normalized ECG
suitable for assessing ischemia-induced changes through evaluation of the
relative ratio Rz.

Figure 2.10 shows the QRS slope series evaluated in two control record-
ings and the PCI recording for a particular patient in lead V2 (LAD occlu-
sion). It can be observed from the first two columns (control recordings)
that the three QRS slopes show high stability. More importantly, their de-
gree of variation in the two control recordings is very similar between them.
During PCI, the amount of change in Zys was much lower than in Zpg or
Trs.

2.3.2 Intra-individual variability of the QRS-slope variations

The low intra-individual variability of the QRS-slope variations is confirmed
by the results of the statistical test described in section 2.2.7. In all the leads,
except for V3, I, -aVR and II, the p-value is < 0.05 and the hypothesis Hg
of the intra-individual variability of QRS-slope variations being negligible
is accepted. In leads V3, I, -aVR and II, despite the p-value being > 0.05,
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Figure 2.10: QRS slopes in normalized ECGs of a patient in lead V2. On
top, representative beats during control and PCI (LAD occlusion) are shown.
Each row corresponds to an evaluated index (Zys, Zps, and Zrg), whereas
each column represents a different recording. Gray vertical lines in the right
column mark the beginning and end of the occlusion.
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the differences between the two control recordings were very close to 0. To
illustrate that, Fig. 2.11 presents averaged results and dispersion of d% ()-
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Figure 2.11: Mean 4+ SD over patients of the intra-individual variations
d%(j) for Zys and Ips.

2.3.3 Inter-individual variability of QRS-slopes variations

The inter-individual variability of the QRS-slope variations as a representa-
tion of how the SDs of Zyg and Z,g at resting state vary within the whole
population is presented in Fig. 2.12.

The statistical test described in section 2.2.7 confirms that, in all leads,
the differences between intra-individual variations sf’H(j) and the SD si’$

of the whole dataset are highly significant (p < 0.05), being sf’i > §£’H in
J
1
all cases, with §£H =73 S%H(J)
j=1

Inter-individual variability of Zys and Zpg variations
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Figure 2.12: Mean + SD over patients of the variations 0% for Zys and Zps.
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2.3.4 Dynamic changes of the QRS slopes during ischemia
in standard leads

2.3.4.1 Global analysis

Relative changes of the QRS slopes measured during PCI, and averaged over
patients, were computed for the standard 12-lead ECG. First, the perfor-
mances of the three QRS slopes (Zys, Zps and Zrg) were analyzed for the
precordial leads V1-V3. In these leads, we found that the two last slopes
within the QRS complex (i.e. Zps and Zrg) present a similar behavior along
time, but not so for Zyg. Figure 2.13 shows the relative factor of change (Rz)
for the three slopes during 5 min of coronary occlusion in leads V2 and V3.
It is clear that there is a strong relationship between the slopes. In all the
other leads, where the Z¢ index was not evaluated, the Zpg slope presented
higher sensitivity to the ischemia-induced changes, with maximum values
reached in leads V3 and V5. In lead V3, the maximum averaged factors of
change of Zps and Zyg, quantified by the parameter Rz, were found to be
9.31 and 5.11, respectively. In lead V5, the maximum factors of change were
8.06 and 6.01.

Lead: V2 Lead: V3
15 90 15 90
—— Zug —4— Tyg
—v— Tpd180 —v— Tpd 180
—— Ty, >—Irsly,
10} 160 10 60 0
g g
Ié, 1508 50.8
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Figure 2.13: Relative changes Rz of the three QRS slopes (Zys, Zps and Zrs)
in leads V2 and V3. The black lines represent the number of patients that
remain under occlusion at each time instant.

This means that QRS slopes are very sensitive to the ischemia-induced
changes, and their values during PCI change by at least a factor of 5 (in
leads V3 and V5) with respect to their normal variations during control.

The amount of relative change, Rz, averaged for all patients and leads
was found to increase by 27.3% when the ECG normalization described in
section 2.2.6 was applied prior to measuring Zys and Zpg.
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2.3.4.2 Analysis restricted to the occlusion site

The results described in section 2.3.4.1 were obtained from the total popula-
tion without separating into groups according to the occlusion site. In order
to see whether changes in the slopes vary as a function of the occlusion site,
the same analysis described in 2.3.4.1 was performed, but clustering patients
in three different groups according to the occluded artery. Fig. 2.14 presents
the three leads with the largest sensitivity to the ischemia-induced changes
for each group, both in absolute and relative terms. For the LAD group
the greatest changes were found in the anterior leads V2-V4, being V3 the
most sensitive one with maximum values of Az, = 47.11 gV /ms and Rz,
= 28.7 times their normal variation in the control recordings. For the LCX
group leads V4-V6 presented the largest changes, with Az, =10.41 xV/ms
and QIDS = 8.05 in lead V5. Finally, in the RCA group the largest changes
were found in leads II, aVF and III. Although lead III showed the largest
absolute change, AIDS = 7.02 ©V/ms, the greatest relative change, 7§’IDS =
8.61, was seen in lead II.

2.3.5 Dynamic changes of QRS slopes during ischemia in
loop-projected leads

2.3.5.1 Slopes evaluated from QRS loops

Figure 2.15 shows averaged QRS loops (QRSycq and QRSpc, ) for the control
recording of a particular patient as well as their evolution during PCI. For
the control recording the loops corresponding to all beats contained within
the last minute of the recording were averaged and shown in the left panel
of top and middle rows (Fig. 2.15 (a) for QRSyce, and (b) for QRSpca).
The evolution of the loops along the occlusion time using both approaches
is presented in the remaining panels of Fig. 2.15 (a)-(b). Fig. 2.15 (c) shows
the beats obtained by projecting QRSyce and QRSpcs onto their dominant
directions. It can be observed how the magnitude of the loop varies while
increasing the degree of ischemia, and how it looks very similar to the control
loop in the first 30 seconds of the PCI process.

In the same way that the shape of the loop varies, so does its dominant
direction and, consequently, the morphology, duration and amplitude of the
projected beats. In Fig. 2.15 (c) a reduction in the QRS amplitude and a
prolongation of the QRS duration can be observed at the different stages of
the PCI as compared to the control.

Sequences of the slope values (Zys and Zpg) evaluated on the projected
leads during PCI are shown in Fig. 2.16 for a representative patient of
the STAFF III dataset. As can be observed, the magnitudes of the slope
changes measured in leads projected from QRSpcs are greater in absolute
values than those obtained from QRSy¢q, which can be confirmed by looking
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Figure 2.16: Sequences of Zys and Zpg during the PCI recording of a rep-
resentative patient evaluated on the new leads obtained by projecting QRS
loops (PCA and VCG). Dash lines mark the beginning and end of occlusion.

at the heartbeats shown in Fig. 2.15 (c). However, the variability (o) of
the slopes during the control recording is smaller for VCG projected leads
than for PCA ones (see numbers at the top of Fig. 2.16), thus compensating
somehow the quantification of the relative change (Rz) during PCIL.

2.3.5.2 Standard 12-lead ECG vs QRS loop methods

In order to corroborate whether the new approaches based on the QRS loop
provide QRS slope measurements that perform better than those directly
measured on the standard 12-lead ECG system, we compared the relative
slope changes averaged over the whole population in lead V3 and the two
leads obtained by projection of the QRS loops (QRSyce and QRSpca). As
can be observed in Fig. 2.17 (a), the methods based on the QRS loop seem
superior.

Regarding Zyg, the PCA-derived lead was more sensitive to the ischemia-
induced relative changes (Rz) than the VCG-derived lead, with their max-
imum values being 10.5 (103% higher than in V3) and 7.87 (54% higher
than in V3), respectively. In the case of Zpg the two loop methods showed
very similar behavior, with maximum relative factors of 12.4 and 13.7 for
PCA- and VCG-derived leads, which were 36% and 47% higher, respec-
tively, compared to lead V3. Despite the fact that the maximum absolute
change for Zps in the VCG-derived lead was slightly inferior to that of the
PCA-derived lead, its variation in the control was substantially smaller, thus
explaining the slightly superior relative factor of change found for Z,g in the
VCG-derived lead.

2.3.6 Comparison with ST level

Relative changes of the ST level (Rz,) were superior to those of the QRS
slopes in most of the standard leads, even when the comparison was per-
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formed for the different subgroups, where in lead V3 for LAD subgroup and
lead IT for the RCA one, the relative change of Zg were around three times
greater with respect to the Z,g change. Correlation between Zgp and Zpg
changes in leads V3 and II were, 0.36 and 0.38, respectively, corroborating
that both measures represent different underling physiological phenomena.
However, in those leads with lower projection of the ST-T complex, like V6,
I and -aVR, a clear superiority of Zpg with respect to the ST level was ob-
served , which was accentuated for Z,s measured in loop-derived leads (see
Fig. 2.17 (a)-(b)).

V3: 2.05 £ 1.68
PCA: 3.79 + 6.59
VCG: 1.63 + 2.51

V3: 3.53 £ 4.53
PCA: 4.45 £+ 7.82
VCG: 1.81 £+ 2.92
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Figure 2.17: Evolution of the relative factor of change Rz during PCI for:
a) Tys and Tps; b) Zsy . Mean 4 SD of o over patients in the control
recordings are displayed on the right of each graph.

2.3.7 Timing of significant QRS slope change during PCI

Figure 2.18 shows examples of the time course during PCI of the p-values
computed for the statistical test described in section 2.2.8. A p-value <
0.05 implies that significant changes in the QRS slopes occur due to the
induced ischemia. In leads V4 and V5 significant changes in Zyg and Zpg
were found to occur between 1 and 2 min after initiation of the coronary
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occlusion. In lead V3 significant changes were already seen at around 30
sec. In leads V3 and V4 significant changes occurred in Zpg earlier than in
Tys. This performance was representative of most of the other leads. Notice
that, as time progresses, there is a decline in the number of patients that
remain under occlusion and, consequently, the p-values shown in Fig. 2.18
are computed for a different number of patients at each time instant.
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Figure 2.18: Significance of changes in Zys and Zpg along time during PCI
as evaluated by the p-value of the statistical test described in section 2.2.8.
The threshold for significance, p = 0.05, is shown in black solid line.

2.4 Discussion

In this study we measured the slopes of the QRS complex (Zys, Zps and
Zrs) and assessed their performances for evaluation of myocardial ischemia
induced by coronary occlusion during prolonged PCI. QRS slopes were first
introduced in!*% and 4 as a method for characterizing ECG alterations due
to myocardial ischemia on the standard 12-lead ECG system. We propose
an improvement for the quantification of QRS slope changes with the pur-
pose of providing more sensitive and reliable estimates of the occurrence of
significant changes in the depolarization phase during ischemia. Our pro-
posal is to dynamically normalize the QRS signal amplitude so as to avoid
low and very low-frequency oscillations that directly influence the variabil-
ity of the estimated slopes. Results obtained after applying normalization
provide measurements of relative QRS slope changes, Rz, during PCI that
are 27.3% larger than those measured without normalization in the stan-
dard 12-lead ECG. The reason for that improvement is that the SD of the
QRS slopes in normalized control recordings is substantially reduced, while
absolute changes during PCI are of the same magnitude, thus leading to an
increase in the relative ratio Rz and, thus, in the sensitivity. In the present
study the QRS slopes were also evaluated in leads derived from the QRS
loops. The results obtained using the methods based on the QRS loop far
exceeded those obtained in the standard 12-lead ECG system, reaching up to
a 103% improvement for Zys and a 46% for Zps measured in Rz with respect
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to lead V3. The superiority of the QRS slopes evaluation using loop-derived
leads as compared to standard leads holds also true when the analysis is
separately performed in each of the three patients subgroups. That supe-
riority is justified by the fact that the slopes measured from the QRS loop
show higher absolute values, since the loop-derived leads result from the
projection onto a dominant vector with maximized amplitude, either gen-
erated from the VCG loop or the PCA loop. In addition, by definition of
the loop-derived leads, the timing of the Zyg and Zpg will always be in the
first and the second half, respectively, of the QRS complex, so this potential
drawback when dealing with single (and interchanged) leads will not appear
when dealing with loop derived ones.

Regarding the dynamic analysis for the different groups according to
the occluded artery, the LAD group showed the most pronounced changes,
reaching a relative factor of change three times higher than that of the other
two groups, particularly when analyzing lead V3 (see Fig. 2.14), a finding
suggestive of a correlation to the amount of ischemia. In any case, the index
Irs proved to be the most sensitive of the slope indices, as evaluated either
using absolute or relative change. It also presents the advantage of being
possible to be evaluated for any possible QRS morphology regardless of the
analyzed lead or occlusion site. Analysis of changes in the S wave slope Zg
for leads V1-V3 in LAD occlusions showed a similar pattern and amount of
change compared to Zps.

Analysis of the intra-individual slope variability in different control record-
ings showed that the QRS slopes present high stability for each patient, thus
providing a reliable reference for the evaluation of ischemia-induced changes
in the QRS complex. On the other hand, the inter-individual variability
was significantly larger, thereby supporting the proposal of having a patient
dependent normalization of the Rz index, Rz = Az/ oL, provided that the
reference o used in the proposed method is taken from the same patient
so as to be able to assess ischemia variations. The same observations were
corroborated from the loop derived leads.

Significant changes in QRS slopes during PCl-induced ischemia were
found to occur around 30 s after initiation of the artery occlusion in some
of the analyzed leads and up to 2 min in other leads. The Z,¢ index showed
earlier reaction than Zyg to the induced changes in most leads. In both
cases a kind of rebound or backwards behavior (see Fig. 2.18) was observed
between 30 s and 2 min after the start of the occlusion that can be jus-
tified by a remarkable R wave amplitude increase during that period that
compensates the QRS widening 57,

Analysis of the time evolution of Zps showed an oscillatory behavior
after balloon release (Fig. 2.16). This behavior was observed in several
recordings resulting from oscillatory QRS amplitudes, which are very similar
to those one reported for the ST-T segment where, in most cases, have been
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associated with unfavorable outcome 58-6% In Fig. 5 of the study by Laguna
et al.58 similar oscillations can be observed when analyzing the shape of
ECG waveforms on the same database used in this study.

The applicability of the slope indices for ischemia detection is limited
by the fact that the QRS slopes present high inter-individual variability,
which implies the need of a reference baseline measurement to be used for
computation of relative ischemia-induced slope changes. On the other hand,
the fact that intra-individual variability of QRS slopes is minor suggests that
the slope indices could potentially be used for monitoring ischemia over time
in scenarios like chest pain units, intensive care units and as monitoring in a
pre-hospital setting. This applicability, however, needs to be tested in future
studies, since issues like the sensitivity of the slope indices to body postural
changes deserve further analysis. The use of slope indices evaluated in leads
derived from spatial QRS loops could not only lead to higher sensitivity
to the ischemia-induced changes, as reported in this study, but also to a
minor dependence on other factors such as body postural changes. Another
limitation to this study is the fact that PCl-induced, short-time ischemia of
5 minutes might not produce severe enough ischemia to give rise to more
pronounced changes of the QRS slopes. The clinical information within the
QRS complex additive to that of the ST-T changes could be used for risk
stratification of STEMI patients with more severe ischemia and also evolving
infarction, which could guide treatment and give prognostic information.
Future studies are planned to further evaluate this.






Chapter 3
Spatial analysis of
depolarization ECG changes

3.1 Introduction

In addition to ischemia detection, localization of the ischemic area and esti-
mation of its severity are clinically relevant and may provide very valuable
information for risk stratifying patients and for tailoring their treatment.
Beyond conventional ST-T analysis important ischemia-induced changes oc-
cur in both the depolarization and repolarization phase, which might add
further information for risk stratification. Several studies in the literature
have quantified ischemia induced changes in the ECG during PCI, and have
investigated the relationship between those ECG changes and the occlusion
site. In Garcia et al.lfl global ECG indices derived from the Karhunen-
Loeve transform were compared with local ECG indices, and combinations
of both types of indices were used for identification of the occluded artery.
In>4 analysis of T wave alternans (TWA) was used to provide spatial dis-
tributions of ischemia induced ECG changes as a function of the occlusion
site.

Prolongation of the QRS complex has been described as a marker of
more severe ischemia with slow conduction, both in animal studies and in
humans during PCI and acute MI#462-64] " Also, in a large cohort of STEMI
patients, Wong et al reported an independent, positive relationship between
QRS duration on admission ECG and 30-day mortality for anterior infarct
location (%5661 Prolongation of QRS duration is, however, difficult to de-
termine correctly, because ST elevation commonly obscures the delineation
between the end of the depolarization and the beginning of the repolariza-
tion. In the Sclarovsky-Birnbaum ischemia grading system, distortion of
the terminal part of the depolarization, in addition to pronounced ST ele-
vation (grade 3 ischemia), has, in several studies, been found to be a sign
of more severe myocardial ischemia and to predict larger infarct size, lesser

95
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degree of ST segment resolution, impaired microvascular patency, and worse
clinical outcome after revascularization by either thrombolysis or primary
PCIM6:67-69] - Those changes have been reported to be stronger predictors
of clinical outcome than ST measures alone. The ischemia grading system
or any other method of assessing depolarization changes has not, however,
been implemented in clinical practice. To facilitate clinical implementation,
a more robust and clinically feasible method of QRS complex analysis is
needed, as well as better understanding of the pathophysiological bases of
the depolarization changes.

During coronary artery occlusion by PCI, the QRS slopes introduced in
the previous chapter became considerably less steep than in the control sit-
uation, particularly the downward slope (Zpg) of the R wave, as a combined
result of both changes in the QRS amplitude and duration. In this thesis,
the method for computation of QRS slopes was developed further from its
original definition,?4 making it more robust, as associated with very low
intraindividual variation in a control situation. Additionally, calculation of
the most terminal slope for leads with an S wave (Z1g). Changes in the QRS
slopes were temporally characterized in the previous chapter, however, they
were not spatially characterized in terms of the occlusion site, nor correlated
to the actual amount of ischemia or compared with other conventional ECG
indices of ischemia.

In the present chapter the same ECG recordings (a control recording
just prior the PCI, and the PCI recording) from the STAFF III database
were analyzed, with the purpose of assessing the lead-by-lead spatial profiles
of the ischemic changes in the ECG, with emphasis on depolarization. The
following ECG-derived indices were analyzed: ST elevation, QRS duration,
R and S wave amplitude and QRS slopes, evaluated in groups of patients
clustered according to the occluded artery (LAD, LCX and RCA).

In a small subset of patients of the total study population, MPS im-
ages were available[7%71  as a reliable method for detecting and quantifying
myocardial ischemia induced by elective PCI. For this particular subset of
recordings, the specific aims were to:

o Test if the amount of QRS slope changes correlates to the extent and
severity of ischemia as determined by MPS and to compare the cor-
relation to that of conventional depolarization parameters (R wave
amplitude change and QRS prolongation).

e Evaluate the extent to which QRS slope changes add information to
conventional ST elevation analysis in the correlation to the extent and
severity of ischemia.

e Assess whether the slope changes hold spatial information regarding
coronary occlusion site.
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3.2 DMaterials and Methods

3.2.1 Study population

In addition to the 79 patients analyzed in the previous chapter, which were
also involved in the study described in this chapter, the subset of 38 patients
with available MPS data were considered to carry out further spatial anal-
ysis. The average age for this subset of patients was 63 + 12 [range 33-80]
years, from which 25 (66%) were men. The distribution and mean duration
of coronary artery occlusion was as follows: LAD, 8 patients (mean occlu-
sion duration: 4 min 45 sec); LCX, 9 patients (mean occlusion duration: 4
min 47 sec); and RCA, 21 patients (mean occlusion duration: 4 min 52 sec).
For these 38 patients, MPS was performed during the PCI and the following
day, as a control, to provide a means for quantifying the ischemia.

3.2.2 Radionuclide images
3.2.2.1 Acquisition

Approximately 30 mCi (1100 MBq) of sestamibi was injected intravenously
in each patient after confirmation of total coronary artery occlusion by the
balloon. The scintigraphic imaging carried out by a single-head rotating
gamma camera (Elscint, Haifa, Israel) was obtained within 3 hours after
completion of the PCI procedure. The acquisitions were made with a high-
resolution collimator in a 64 x 64 matrix, 6.9-mm pixel size, using 30 pro-
jections (25 seconds/ projection) at 180° (from 45° right anterior oblique
to 45° left posterior oblique). Using filtered back projection with a But-
terworth filter, transverse sections were reconstructed, without attenuation
correction. Short-axis sections were reconstructed for further analysis (72

For the control study, another injection of approximately 30 mCi (1110
MBq) technetium-99m-sestamibi was administered, and imaging was per-
formed 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. Examples of this technique are shown in Fig. 3.1.

3.2.2.2 TImages evaluation for ischemia quantification

The Cedars-Sinai and Emory quantitative analysis programs (CEqual; ADAC
Laboratories, Milpitas, CA) [73,74] were used for making volume-weighted
bull’s eye plots from the short-axis slices. Any loss of perfusion during the
PCI study compared with the control study was determined by an auto-
matic procedure by comparing the bull’s eye plots of the 2 studies for each
patient ("2 and was expressed as both “extent” and “severity” of the my-
ocardial ischemia, as described earlier. ™ Reduction of perfusion by 25%
or more was used as the threshold for indicating significantly hypoperfused
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Figure 3.1: Examples of scintigraphic images taken for different patients of
the STAFF III dataset, occluded at different vessels. Representative ECG
patterns during occlusion are also shown (reproduced from Persson et al. [72})
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myocardium (™. This area in the bull’s eye plot was delineated as an “ex-
tent map”, representing all added slices (or volume) of the left ventricular
myocardium, expressed as a percentage of the left ventricle and defining the
extent of ischemia. The total pixel count difference (or local perfusion loss)
between the control and occlusion study within this delineated hypoperfused
area in the “extent map” was the severity, expressed as a percentage of the
total pixel count in the control situation within the same area.™ The ex-
tent and severity of the ischemia were calculated for each patient. All the
scintigraphic data analyses were performed at the Department of Clinical
Physiology, Lund University, Sweden, blinded to the ECG data.

3.2.3 Depolarization analysis
3.2.3.1 QRS slopes indices

Using the same methodology described in chapter 2, the two main slopes
of the R wave of the QRS complex, Zys and Zpg, and the upward slope of
the S wave, Z;g, were evaluated here from the standard 12-lead ECG. The
absolute delta change of QRS slopes at the end of the PCI was calculated
(AZLS", AZES', AZES"). In contrast to section 2.2.5, the delta values were
just calculated at the end of the occlusion (t = tp¢;) rather than during the
entire PCI process, and it was denoted as:

AVpcr = - tper (3.1)

where / is the slope obtained from fitting in a least square sense the values
of index Y (¥ = Zuys, Zps, Zrs), from the beginning (¢=0) to the end of the
occlusion. A graphic representation of this strategy is shown in Fig. 3.2.
Among the 12 standard leads, the maximal positive change (AYhu,) of the
s deflection (positive change: Zps slope getting less steep) and maximal
negative change (AYmay) of the Zyg deflection (negative change: Zys slope
getting less steep) was determined for each patient. The sum of all positive
delta changes of the Zp,g deflection (Ayfﬁfn) and negative changes of the Zyg

deflection (AYg) were calculated as to quantify the changes.

3.2.3.2 R- and S-wave amplitude:

R~ and S-wave amplitudes were automatically measured using the PR seg-
ment as the isoelectric level. Delta changes of the R- and S-wave amplitudes
(ARpc; and ASpc; ) were determined in the same way as that used for the
QRS slopes (described in previous section) in each lead at the end of the
PCI recording.
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Figure 3.2: Representation of the strategy by which a line is fitted (red
line) to the averaged Zps values during the PCI procedure in a least square
sense to reduce the effect of possible outlier measurements on the 7,4 change
computation.

3.2.3.3 QRS complex duration

The QRS duration was determined by taking a global measurement from
the 12 standard leads. In each beat, the earliest QRS onset and the latest
QRS offset among leads (see Fig. 3.3 ) 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
multilead detection rule was applied to reduce the risk of misestimation, for
example, due to large simultaneous ST-segment deviation or noise"®. In
brief, with this multilead detection rule, the earliest mark of the QRS onset
and the latest mark of the QRS offset, respectively, in any of the 12 leads
were accepted only if they did not differ from the 3 closest corresponding
marks in other leads by more than 6 and 10 milliseconds, respectively, for
each beat. The automatically determined QRS onset and offset were also
manually validated, with no disagreement about the delineations provided
by the two methods. Finally, the absolute delta change of the QRS dura-
tion, AQRSpc1, was determined using the same methodology applied for the
above indices.

3.2.4 Repolarization analysis: ST-segment

ST-segment measurements were made automatically 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, the maximal ST elevation ASThax
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Figure 3.3: Example of the multilead detection rule used to determine the
QRS duration. Empty circles represent the onset and offset marks for one
arbitrary beat in the 12 standard leads. Red and blue solid triangles indicate
the 3 closest marks determined under the rules and the x mark the rejected
one. Black solid triangles represent the final marks accepted as onset and
offset of the beat.

and the sum of ST elevation ASThy,, (positive values for ASTpc; ) among
all leads at the end of the PCI recording were determined for each patient.

3.2.5 Spatial analysis related to the occlusion site

All the indices described above were evaluated on the standard 12-lead ECG.
However, to study the three-dimensional profile of the changes in the ana-
lyzed indices across different projections (sagittal, frontal and transverse),
the inverse Dower matrix (see section 2.2.5) was applied in two different
ways:

1. The inverse Dower matrix was applied to generate the three orthogo-
nal leads X, Y and Z from the standard 12-lead ECG signals and the
absolute ischemia-induced changes AYpc; at the end of the occlusion
were computed over those X, Y, and Z leads.

2. Ischemia-induced absolute changes AYpc; were evaluated over each of
the 12 standard leads (I = 1,2,...,12), and the inverse Dower matrix
was then applied on the resulting 12 delta values to generate three
transformed orthogonal delta values AjJPCI representative of those
changes.
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Figure 3.4: Diagram used for the two orthogonal transformations. a) Trans-
formation where D! is applied over the original leads to generate the or-
thogonal leads X, Y and Z. b) Transformation where D! is applied after
calculation of the absolute delta values.

Figure 3.4 illustrates the diagrams used for the two different 3D tech-
niques previously defined.

In order to spatially characterize myocardial ischemia the mean Aypm(l)
and the standard deviation o5 (l) over patients of the absolute changes
AVoar (Y = Tys,Ins, R, S, ST) were computed. Computations were per-
formed for the standard and orthogonal leads as well as for the transformed
orthogonal deltas. For this analysis, patients of the whole study population
were clustered into three groups according to the occluded artery (LAD,
RCA and LCX).

3.2.6 Statistical methods and prediction of the amount of
ischemia

Results obtained for the subset of 38 patients with available MPS data are
also presented as mean + SD, as made for the whole study population.
Because of the small number of patients in this subset, nonparametric tests
were used. Spearman rank correlation coefficient (r) was used for correlation
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analysis with the extent and severity of the ischemia. Mann-Whitney U
test was used for comparison between groups. Multiple linear regression
analysis was also used to evaluate additional value of different QRS changes
to ST changes in predicting the amount 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).

3.3 Results

3.3.1 Spatial distribution of ischemic changes
3.3.1.1 Measurements in the whole study population

Spatial characterization of ischemia-induced changes across leads for the
whole population (n=79) is presented in Figure 3.5. Each of the rows in that
figure shows AYpq(l) +05Y (1) for each lead I, when computed for any of
the indices ST, S and Z5. Each of the columns corresponds to an occlusion
group (LAD, LCX, and RCA). It can be observed that the three indices
present similar spatial profiles and that those profiles are highly dependent
on the occlusion site. In the LAD group the most prominent changes were
seen in leads V2-V4. In the LCX and RCA groups the most pronounced
changes were noticed in leads V4-V6 and II, aVF and III, respectively. If
relative changes Ry are used for the spatial characterization, comparable
lead-by-lead profiles are obtained. Table 3.1 shows averaged values of AY
computed for each of the occlusion groups in those leads identified as most
sensitive to ischemia-induced changes. The averaged relative changes over
patients and leads were Rgr = 14.5, Rg = 15.2 and Rz,4 = 6.2 times their
normal variations in control. Two of the other analyzed indices, R and Zyg,
show similar profiles between them, but those are weakly distinctive in terms
of the occlusion site.

Figure 3.6 shows the frontal, transverse, and sagittal projections of the
3D spatial Zpg vector computed at the end of the occlusion for each artery
group (LAD, RCA and LCX). In figure 3.6-(a), where the inverse Dower
matrix is applied to the ECG signals, the RCA group shows smaller aver-
aged vectors than those of the other groups, while the LAD group presents
the largest averaged vectors. In Figure 3.6-(b), where the inverse Dower
matrix is applied over the AZpg values, the LCX and RCA groups are less
overlapping than in Figure 3.6-(a) and the three occlusion groups can be
separated in a better way.

3.3.1.2 Measurements in the subpopulation with MPS data

The extent and severity of the ischemia produced by PCl-induced coronary
occlusion, as estimated by myocardial scintigraphy, are presented in Table
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Figure 3.5: Spatial distribution (expressed as mean + SD) across leads of
(a) AZpg, (b) AS and AST in the LAD, LCX and RCA subgroups.



3.3. Results

65

Table 3.1: Averaged AY and Ry values of ST, S, and Zps in each of the
occlusion groups and leads identified as most sensitive to ischemia-induced

changes.
Changes LAD (V2-V34) LCX(V4-V6) RCA(II-aVF-III)
mean = SD mean + SD mean + SD
AST(uV) 234.8 £+ 66.4 54.7 £+ 50.9 123.2 + 31.1
AS(uV) 890.8 £+ 165.8 81.6 £ 55.3 216.9 + 47.9
AIDS(MV/ms) 48.9 + 11.5 7.5 £+ 4.1 8.6 + 1.7
RsT 29.8 £ 7.74 10.7 + 4.55 24.4 £ 5.49
Rs 39.2 £ 8.12 13.7 £+ 4.05 21.4 £ 5.01
RIDS 16.1 + 3.25 5.08 £ 1.28 6.13 £ 0.98
LAD
YZ Plane XY Plane RCA YZ Plane XY Plane
(sagittal) (frontal) Lox (sagittal) (frontal)
heégo A hea&so
: X
> é ° " XZ Plane > é 0 . XZ Plane
~ (transverse) ~ (transverse)
legs 50 legs 50
right” y bzcc)k -rsight C@
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Figure 3.6: Averaged 3D vector AZyg for each of the three occlusion groups

in the frontal, transverse, and sagittal projections: (a) D~! applied over 12-
lead ECG; (b) D~! applied over delta values. The lines represent the group

average vectors, with circular sectors covering once the standard deviation
in magnitude and angle of the axis.

50
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3.2, for the subset of patients with available MPS data (n=38) and subgroups
of it according to the occluded artery. Among all patients, the extent varied
between 0 and 65% of the left ventricle (mean + SD, 20% + 17%) and the
severity between 26% and 63% (mean + SD, 38% =+ 8%).

Table 3.2: Myocardial ischemia during PCI expressed as extent and severity
in the subset of patients with available MPS data and subgroups based on
occluded coronary artery.

Coronary artery | Extent (% of LV) Severity (%)
occluded mean + SD (range) mean + SD(range)
Total (n = 38) 20 + 17 (0-65) 38 + 8 (26-63)

LAD (n = 8) 43 + 15 (15-65) AT + 9 (33-63)

LOX (n = 9) 19 + 14 (4-45) 35 £ 5 (20-43)

RCA (n = 21) 12 + 10 (0.1-32) 35 + 7 (26-51)

In Fig. 3.7, mean + SD of QRS slope changes for LAD (anterior leads)
and RCA occlusions (inferior leads) are shown, respectively. Changes in Zysg
and Z,g were statistically different in leads V2 to V4 and in II, aVF and
III for the two ischemia locations, whereas differences between Zpg and Zrg
changes in the LAD group were non significant (NS). The overall amount
of slope change was greater in the LAD group than in the RCA group. In
Fig. 3.8, changes in Zpg are shown for patients with LAD, LCX, and RCA
occlusions, respectively. The spatial distribution of Z,s changes was most
evident for anterior and inferior ischemia, with the most marked changes
found in leads V2 to V5 and leads II, aVF, and III, respectively. In the
LCX group, the most pronounced changes were noted in leads V5 and aVL.
Because of the present finding of Zrg being less or equally affected by the
ischemia as compared with Zpg (in line with the results shown in the previous
chapter) and the variable presence of S waves in most leads except from V1
to V3, only Zys and Zps were considered in the following correlation analysis.

3.3.2 Correlation between depolarization changes and ischemia

3.3.2.1 R-wave downslope (Zps) change

Changes in Zpg at the end of the PCI were found to be positive in 299 (66%)
of the total analyzed leads by 14.8 + 18.2 (0.1-124.9) 1V /ms and negative in
157 (34%) leads by 8.6 + 11.2 (0-58.8) 1V /ms. The quantitative distribution
among the patients of the maximum positive Zpg change in any lead, the
sum of all positive Zg change, and the sum of all Z,y change regardless
of direction, respectively, are presented in Table 3.3-A. In addition, the
correlation between the different quantifications of Z,g change and the extent
and severity of ischemia is shown. For all Z5 measures, there were significant



3.3. Results 67

LAD group
o A ‘%US
60t % Y IRe
N I T .
E
3 B4 ¥
2 20 +
-40 i i ‘ i i i
VI V2 V3 V4 V5 V6
Leads
RCA group
201
A Tyg
15t ¥ Ipg

Meanz SD (uV / ms)
o 5
A
—
——

o
-
o

I avF i
Leads
Figure 3.7: Mean £ SD of QRS slope changes for LAD (leads V1-V6) and

RCA occlusions (leads II, aVF, and III). Changes in Zs are shown only for
leads V1 to V3 in the LAD group.

" LAD group " LCX group " RCA group
G }{ 2 15 }
g I = 15 1%
5 40 { 0 { 10 . {{
SR T B T2 LTS T
+ (IR RS o b } L
g & 5 { -
= } 0 5 ' {

Leaadsra E Lea‘adsra E) V1Vv2V3Vva \i\éG;\ésl—aVR I avFll
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LAD, LCX and RCA subgroups, respectively.
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correlations to the amount of ischemia, with the highest Spearman rank
correlation coefficient found for the sum of positive Zg change among all 12
leads (r = 0.71, p < 0.0001 for extent, and r = 0.73,p < 0.0001 for severity).

3.3.2.2 R-wave upslope (Zys) change

At the end of the PCI, the Zys showed a negative mean change by 7.6 +
10.2 (0-94.2) 1V /ms in 301 (66%) leads, whereas 155 (34%) leads presented a
positive change by 7.8 &+ 13.1 (0-94) 'V /ms. In Table 3.3-B, the correlations
between corresponding quantifications of Zyg change and amount of ischemia
are presented, as well as the distribution of the different patient specific Zyg
measures. A comparison between Zyg change and Z,s change with respect
to correlation to ischemia is presented in Fig. 3.9, where the Zpg change
shows the strongest correlation.

3.3.2.3 R-wave amplitude (R) change

The R-wave amplitude at the end of the PCI decreased in 284 (62%) leads
by 115.3 £+ 128.7 (0.7-851.9) 'V and increased by 120.5 + 158.8 (0.2-866.3)
pV in 172 (38%) of the total analyzed leads. In Table 3.3-C, the Spearman
rank correlation coefficients are presented regarding the correlation between
R-wave amplitude changes (sum of all R-wave increase and decrease and
sum of all R-wave changes among the leads, respectively) and the measures
of ischemia. All correlations were significant, with the sum of total R-wave
amplitude change among all leads showing the highest correlation coefficient
(r =0.63, p < 0.0001, and r = 0.60, p < 0.0001 for extent and severity, re-
spectively). In the same panel, also the distribution of the R-wave measures
among the subjects is displayed.

3.3.2.4 QRS duration (QRS) change

At the end of the PCI, 24 patients (63%) showed a prolongation of the
QRS duration, whereas 14 patients (37%) showed a decrease as displayed in
Table 3.3-D. For both subgroups, the correlation between AQ RSpc; and the
amount of ischemia was very weak and non significant.

3.3.2.5 ST-segment analysis

The maximal ST elevation in any lead, ASThay:, and the summed ST el-
evation among all 12 leads, ASTk.m, are presented in Table 3.4, with the
largest changes in the LAD group followed by the LCX and RCA group,
respectively. The correlation between maximal ST elevation, ASThay, and
extent and severity of ischemia was r = 0.73 (p < 0.0001) for both ischemia
measures. The corresponding correlations for summed ST elevation were
r = 0.67 (p < 0.0001) and r = 0.73 (p < 0.0001) for extent and severity,
respectively.
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Table 3.3: Quantitative distribution of depolarization changes

QRS Mean + SD Extent Severity
index (range) (% of LV) (%)
r (p) r (p)
(A)
ATZns (1V/ms)
ATpshoas 35 + 28 (3-125) 0.60 (<.0001) 0.58 (<.0001)
JAV NS 5 116 + 97 (8-125) 0.71 (<.0001) 0.73 (<.0001)
ATpgtot 154 4 114 (17-552) 0.62 (<.0001) 0.62 (<.0001)
(B)
ATZys (uV/ms)
ATysmar 15 + 13 (0.9-54) 0.50 (=.0015)  0.47 (=.0032)
ATZyssim 60 + 60 (1-295) 0.62 (<.0001)  0.55 (=.0004)
ATyt 92 + 74 (16-319) 0.39 (=.0155)  0.33 (=.0390)
(C)
AR (uV)
AR, 701 + 862 (39-3291) 0.41 (=.0110)  0.46 (=.0040)
AR 871 =+ 811 (79-3668) 0.52 (=.0010)  0.45 (=.0040)
AR 1574 4+ 1377 (190-6291)  0.63 (<.0001) 0.60 (<.0001)
(D)
AQRS (ms)
QRS widening | 8.4+ 6.6 (0-23) 0.17 (NS) 0.30 (NS)
(n=24)
QRS narrowing | 4.0 £ 5.0 (0.3-17.1) 0.39 (NS) 0.28 (NS)

(n=14)

Table 3.4: Delta changes of ST expressed as maximum ST elevation in any
of the 12 leads and sum of ST elevation among all leads (pV).

ECG | LAD RCA LAD
index | (uV) (1V) (1Y)

ASTES, | 567 + 459 (25-1384) 150 & 133 (0-486) 214 + 239 (18-727)
ASTEY, | 1622 + 1514 (36-4858) 520 = 561 (0-1979) 552 =+ 540 (52-1557)
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Figure 3.9: Correlation between QRS slope changes (AZyssusm and AZpsbum)

and amount of ischemia (extent and severity). LV indicates left ventricle.
Red color: Zpg changes vs Extent/Severity; Blue color: Zys changes vs Ex-
tent /Severity.
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3.3.3 Association between QRS slope and ST segment changes

The correlation between QRS slope (Zys and Zp,s) changes and ST-segment
changes considering both maximum ST elevation and sum of ST elevation is
presented in Fig. 3.10. The correlation between Zy,¢ changes and AST %oy, or
ASThu: was stronger than that of Zyg (r = 0.75 and r = 0.69, respectively,
for Zpg, compared with r = 0.44 and r = 0.61 for Zys ), all highly significant.

»=0.19 p=0.0063 »=0.57 p<0.0001
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AST o (uV)
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Figure 3.10: Correlation between QRS slope changes (AZyssum and
AZpsbum) and sum of ST elevation ASTEY,, (top panel) and maximal ST
elevation ASTE, (bottom panel). Red and blue colors indicate the scatter
plots of Zps vs ST changes and Zyg vs ST’ changes, respectively.

To evaluate if depolarization changes provide information to predict the
extent and severity of the ischemia in addition to the conventional ST eleva-
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tion analysis, a MLR was performed. The results obtained for Zys and Zpg
are displayed in Fig. 3.11, which provided the largest increase above and
beyond that of the ST segment.
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Figure 3.11: Regression analysis when adding QRS slopes changes to ST
changes for explaining the extent and severity of the ischemia.

Regarding the extent of ischemia, the portion of the dependent variable
explained by the independent variables, R?, increased by 12.9% after adding
Zys and by 12.2% after adding Zpg as illustrated in Table 3.5. A combination
of the 2 increased the prediction of the 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 the R-wave amplitude change was lower.

3.4 Discussion

In addition to conventional ST segment changes, ECG-derived indices from
the final part of the QRS complex (Zps and S) show high sensitivity for-
characterization of PCI-induced ischemia. Spatial profiles of the ischemia-
induced changes for the indices ST, S and Zpg, either when computed using
absolute values Ay or relative values Ry, are clearly different for the three
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Table 3.5: Results of the MLR. Prediction of extent and severity of ischemia
by adding QRS slope ( Zys and/or Zpg in pV/ms) changes or R-wave
amplitude changes (R in pV) to sum of ST changes in leads with ST
elevation (ST in mV’). LV indicates left ventricle; arrow, increase of the
explanation of the dependent variable by the added independent variable/s.

ECG Dependent variable Dependent variable
indices Extent(% of LV) Severity(%)
R*(p) R*(p)

ST 0.593 (<.0001) 0.665 (b.0001)

ST, Tys 0.722 (<.0001), 1+ 12.9% | 0.705 (<.0001), 1} 4.0%
ST, Ins 0.715 (<.0001), f 12.2% | 0.736 (<.0001), f+ 7.1%
ST, Ips, Tus 0.738 (<.0001), 1+ 14.5% | 0.736 (<.0001), f 7.1%
ST, R sum neg | 0.688 (<.0001), f# 9.5% | 0.693 (<.0001), 1} 2.8%
ST, R sum pos | 0.593 (<.0001), f# 0.0% | 0.669 (<.0001), 1} 0.4%
ST, R sum tot | 0.644 (<.0001), f# 5.1% | 0.673 (<.0001), 1 0.8%

occlusion site groups. In each group, the spatial profiles show the largest
changes in the leads closest to the ischemia region, in agreement with results
reported by Martinez et al.®¥ and Garcia et al.[®!] when investigating other
indices in the same study population. The occlusion site clustering is more
pronounced when indices are analyzed in a 3D space generated by Dower
transformation of the 12-lead ischemia-induced changes rather than when
the indices are computed on the X, Y, and Z leads and ischemia-induced
changes are subsequently evaluated. The presented analysis of depolariza-
tion changes presented hence allows the spatial characterization of regional
ischemia, where the marked and distinctive spatial profiles in both 3D and
across standard 12- lead ECG system could be considered for occlusion site
identification.

The other important finding in this chapter was that changes in the
downward slope Zpg significantly correlate to both the extent and sever-
ity of ischemia. The correlation coefficient was higher than that between
conventional QRS parameters and ischemia and similar to that of ST el-
evation. The sum of positive Zpg change among all leads showed higher
correlation coefficients than other QRS slope quantifications. The change in
Tps correlated to simultaneous ST elevation but also gave separate, additive
predictive information about the amount of ischemia beyond that provided
by conventional ST-segment changes alone. The severity of ischemia and,
hence, risk of fast development of irreversible myocardial necrosis due to
a sudden, total coronary occlusion, depend on a number of local factors
such as the presence of collaterals and ability of the myocardium to adapt
to anaerobic metabolism (preconditioning). Fast development of new acute
treatment regimens for STEMI (more aggressive antiplatelet therapy and
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especially invasive strategies with primary PCI) have improved clinical out-
come. It has, however, also resulted in a higher number of referrals to more
remotely located PCI centers as well as early, often pre-hospital ECG-based
triage. Using as much information as possible from the standard 12-lead
ECG is essential for early ischemia detection, risk stratification based on
ischemia severity assessment, and prediction of outcome. In addition to ST-
T changes caused by the injury current, more severe ischemia affects the
myocytes and conduction system, thus slowing down the conduction and
affecting the depolarization phase of the ECG. Localized conduction delay
may lead to the loss of cancellation effects from opposite electrical forces,
changing the QRS-wave amplitudes and slightly increasing the QRS dura-
tion. Depolarization changes are more challenging than ST-T changes to
measure and quantify. In the study of this chapter, we apply a new robust
method to evaluate changes of the slopes in the QRS complex in a well-
defined situation of ischemia due to coronary occlusion. We have shown
in the previous chapter that the downward slope Z,g is more sensitive to
ischemia than the upward slope Zyg in a larger patient population using the
same ischemia model. Although Z,s in different leads represents different
timing during the depolarization phase, we here show its dynamic change as
a sum of all leads to correlate to the amount of ischemia and also display lead
specific, spatial information with respect to coronary occlusion site. In the
Sclarovsky-Birnbaum ischemia grading system, loss of anteroseptal S waves
during anterior STEMI and changes in the R-wave amplitude/ST-J point
ratio in inferior STEMI, respectively, indicate more severe ischemia, less sal-
vage, worse microvascular flow, failure of ST-segment resolution, and worse
prognosis. 6769 In a canine model of ischemia, QRS prolongation was a sign
of less myocardial protection and more severe ischemia. 63] The QRS slope
changes and especially changes in the Zpg evaluated in the present study
represent variations in the R- and S-wave amplitudes, as well as changes in
the total depolarization duration. The slope measurement is not affected
by simultaneous ST elevation and J-point drift, making it stable to calcu-
late. In this study, there was a correlation between the ST elevation and the
sum of Zpg change; however, it was not high enough, implying that changes
are most due to exactly the same pathogenesis, but instead suggesting Z;g
to be influenced by reduced conduction due to the ischemia. By regres-
sion analysis, we also found the Z,g change to add another 12% and 7%,
respectively, for predicting the extent and severity of ischemia quantified
by myocardial scintigraphy, although this is observed after just 5 minutes
of ischemia. It could be hypothesized that longer ischemia duration would
produce even more pronounced depolarization changes in addition to ST
changes. Therefore, it is plausible to suggest that depolarization analysis
presented by Zpg change could add relevant information about the severity
of ischemia in addition to the conventional ST-T analysis.
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3.5 Limitations

The study population used in the correlation analyses is small, and there-
fore, the statistical finding must be interpreted with this in mind. This
human model of about 5 minutes of controlled ischemia by PCI with my-
ocardial scintigraphy as the criterion standard is unique. Nevertheless, it
just represents the first few minutes of ischemia, and the method should
also be applied to situations with longer periods of ischemia, where even
more severe grades of ischemia could be expected, possibly affecting the
QRS complex in a more extensive way. This method is applied on continu-
ous ECG recordings with calculations of dynamic changes and it is suitable
for sequential ECGs recorded in a monitoring situation rather than a snap-
shot ECG without known baseline values.






Chapter 4

A QRS angle-based method
for detecting acute MI

4.1 Introduction

As pointed out previously, the ST deviation has been traditionally considered
as the most sensitive marker to diagnose ischemia in clinical practice. Hence,
most of the ischemia detectors are mainly based on ST segment-derived
indices!""8, ST-based are developed should be able to distinguish between
ischemic and non-ischemic episodes, however, nowadays this task is still a
challenge because ST segment changes may also result from other causes
such as changes in the heart electrical axis due to body position changes
(BPC) and heart rate-related events, among others.

Ischemia detectors are commonly applied in long-duration ECG monitor-
ing (using Holter monitors, typically 24 hours), which are used to evaluate
patients with suspected or known CAD. Several techniques to detect my-
ocardial ischemia in long-duration ECGs have been reported, being most of
them based on the identification of ST segment deviations and changes in the
T wave morphology. However, when ischemia becomes acute, ECG changes
start to be reflected also in the QRS complex, and thus, those changes could
be used to trigger an alert indicating the presence of a more severe ischemia.

In chapters 2 and 3, a reliable method for characterizing changes in the
QRS complex due to both amplitude and duration changes was proposed
by measuring the two main slopes of the QRS complex, i.e. the upward
and downward slopes of the R wave?4. The method was strengthened by
incorporating a normalization process to attenuate the normal variations of
the slopes at baseline, thereby increasing its sensitivity to ischemia-induced
changes!®! and its correlation with ischemia characteristics.

As an evolution of that method, three QRS angles were evaluated in this
chapter, which were obtained as the angles of the triangle formed by the
lines of the QRS complex shown in Fig. 4.1 b). The main objectives of the

7
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present chapter were to:

e Assess the dynamics of those indices during coronary occlusion.

e Characterize the spatial distribution of their changes in relation to the
occlusion site and correlate such changes with the amount of ischemia.

e Test their performance for acute myocardial ischemia detection using
a Laplacian noise model with gradual transitions.

4.2 Methods

4.2.1 ECG data

The study population analyzed in this chapter was the STAFF III dataset
(n=79) already described in chapter 2. Most of the analyses were carried out
in the total study population, while others focused on the subset including
SPECT data (n= 38).

4.2.2 QRS angle-based indices
The QRS angles proposed in this chapter are illustrated in Fig. 4.1:

e the R wave angle ¢y: the angle opposite to the R line .
e the up-stroke (U) angle ¢y: the angle opposite to the down line .

e the down-stroke (D) angle ¢p: the angle opposite to the up line I.

These three angles were calculated from the URD triangle, which was
built by the intersection of the three lines Iy, Ip and Iz shown in Fig. 1. The
specific methodology use to compute the angles ¢y, ¢r and ¢p inside the
URD triangle was as follows:

1. The lines Iy and I, were obtained by least square fitting the ECG
signal, z(n), in 8-ms windows centered at points of maximal inflection
ny and np, respectively:

ly(n) =a1 -n+ap, n=ny—4,..,ny+4 (4.1)
Ip(n)=p1-n+ B, n=np—4,..,np+4 (4.2)

where n represents time measured in samples, and «g, a1, By and (;
are the coefficients obtained from the fitting. The slopes of the fitted
lines Iy and [, were given by the coefficients a; and (1, respectively.
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Figure 4.1: a) Conventional ECG printouts calibrated for a speed of 25
mm/sec and gain of 10 mm/mV. b) Example of QRS angles computation
for a particular beat of a recording analyzed in this chapter.
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2. Il was the line obtained by joining the points [ny, z(ny)] and [np, z(np)].

The slope 6 of [ is given by:

z(np) — z(ny)

0= (4.3)

. The angles ¢y, ¢r and ¢, were subsequently calculated in the following

order. First, ¢ was assumed to be an acute angle (i.e., ¢ < 90°) and
was calculated using the angular expression:
> . (4.4)

The above expression is the general equation assuming a two-
dimensional (2D) euclidean space coordinate system. In this study,
the units of the horizontal axis (time) and vertical axis (voltage) were
re-scaled to match the particular case of conventional ECG tracings in
clinical printouts, where a speed of 25 mm/s and a gain of 10 mm/mV
are used. Equivalently, in clinical printouts 1 mm represents 40 ms in
the horizontal direction and 0.1 mV (i.e. 100 V) in the vertical one.
Thus, in the equation for ¢y, both slopes a1 and (8; were multiplied
by the factor 0.4 to convert from pV/ms to mm/mm (1 pV/ms =
0.01 mm/0.025 mm = 0.4 mm/mm), resulting in the following;:

a; — By

— arct
arctan (’ 0.4(6.25 + a131)

a1 — B
1+o1-6

¢ = arctan (‘

0.4(a; — 1)

= t
¢n = arctan (' 1+ 0.16a131)

).

Second, depending on the sign of the slope 8, we first calculated ¢y or
¢p-

If6 >0,
. a1 — 0
$u = arctan (' 0.4(6.25 + a10) D ’
¢p = 180° — (¢u + ¢r). (4.5)
else,

_ pr—0
¢p = arctan (' 0.4(6.25 + f10) ’) ’

¢u = 180° — (¢p + ér). (4.6)
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The above distinction was made to guarantee that the angles ¢y and
¢p were well-evaluated, as equation (4.4) that uses “arctan” was only
valid for the smallest of the two angles generated by the interception
of two lines (I and I or I, and I, respectively). This was particularly
relevant considering the different QRS complex morphologies found in
the study, some of which are illustrated in Fig 4.2.

V4 V5 Vo6

aVL 1 -aVR
Figure 4.2: Different QRS morphologies corresponding to the same beat in
different leads taken from one particular patient of the analyzed dataset.

4.2.2.1

Similarly to chapter 2, the QRS angles were also evaluated in those leads
derived from the spatial QRS loops described in section 2.2.4. Other new
leads derived from the PCA technique, using three contiguous leads rather
than 8 leads (V1-V6, I-1I), were also generated in this chapter, and described
in detail in section 4.2.6.1. Those leads were considered to be used in an
ischemia detector developed in this thesis and fully described in ?7?.

4.2.3 ECG-derived indices for comparison

To assess the sensitivity of the QRS angles to the ischemia-induced changes
in comparison to other depolarization indices, the upward slope (Zys = sy)
and downward slope of the QRS complex (Zps = sp) were evaluated as de-
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scribed in chapter 2. The R-wave amplitude (R) and ST-segment deviation
at J point (ST) were also determined in all patients as in chapter 3.

4.2.4 Spatio-temporal and statistical analysis

Absolute AZ and relative Rz changes during the PCI procedure were tracked
for each angle Z = {¢g, ¢y, ¢p}. AZ(t) was calculated every 10 s from the
start of occlusion (¢ = 0) until the end, by subtracting from the current
value Z(t) the initial reference Z,.y, which is given by the averaged value of
the index Z during the first 5 s of the occlusion. As can be noted, the way
to compute absolute delta changes AZ in this chapter was different to that
used in previous chapters, since, as it will be presented later, the evolution
of the angle series during occlusion was less linearly gradual than that ob-
served for the QRS slopes. Rz(t) was calculated as the ratio between the
absolute change observed during PCI, AZ(t), and the normal fluctuations of
T observed during the control recording prior to the PCI (see equation 2.7).

Results for absolute and relative changes are presented as mean 4+ SD.
For correlation analysis between the ECG indices and measures of ischemia,
the Spearman rank correlation coefficient (r) was used because of the small
number of patients. All statistical tests were 2-sided, and significance was
defined as p < 0.05. Multiple linear regression (MLR) analysis was used to
evaluate the additional value of QRS-angle changes to ST-segment changes
when predicting the extent/severity of ischemia. Statistical analysis was
performed using SPSS, version 19.0 (SPSS, Chicago, IL, USA).

4.2.5 Ischemia detection using a GLRT-based method

The behavior observed in the QRS angle series during coronary occlusion in
patients of the STAFF III dataset was considered as a potential candidate
to be used for detecting acute ischemic episodes. Particularly, the angles ¢y
and ¢p were observed to have a sudden change in response to the induced
ischemia, especially in those leads close to the ischemic region. Leveraging
this particular phenomenon in the QRS angles, we extrapolated an approach
used in a body postural change (BPC) detector 82 to our case due essen-
tially to the similarity between the signature of the changes occurring in
the QRS angles and other ECG-derived indices during BPC and during the
induced ischemia. Indices used for BPC detection included Karhunen-Loeve
transform (KLT') coefficients for QRS and ST-T intervals, indices related to
loop rotation angles evaluated over the VCG 8] and QRS-vector difference
(QRS-VD) and ST change-vector magnitude (STC-VM) also obtained from
the VCG B4,

The QRS angles presented a clear pattern of change in response to the
induced ischemia during the PCI procedure and after balloon release. Those
observations were translated into a detection problem where a step-like pat-
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tern, but with a linear gradual transition rather than an abrupt switch, was
searched for in a running observation window through the whole recording.

The angle series represented here as ¢;[n], and computed for each lead I,
were considered for determining whether an acute ischemic episode occurred
(hypothesis H1) or only noise was present (hypothesis Hy). The beginning of
the observation interval was set at a running time instant n = ny. Here, an
acute ischemic episode was assumed to be represented by a unitary linearly
gradual signature h[n|, which was scaled by a lead-dependent amplitude a;
and distorted by an additive, lead-dependent noisy signal w;[n] with mean
value m; (Laplacian noise model). The m; value can be interpreted as the
DC level of ¢;[n] within the observation window. The signal model was
represented as follows:

”Hg:gol[n]:wl[n} n=ng,...,ng+D —1

Hi = @i[n] = ay[no] - h[n — no] + wy[n] n=mng,...,ng+ D —1 (4.7)

where [ = 1, ..., L represents the lead number and D represents the length
of the observation window, being D an even-valued integer.

The acute ischemic episodes were here modeled as a step-like change
with a gradual transition of a duration T' (even-valued integer):

1 n=0,.., 2% -1,
hnj=1-2(n—-25L+1) n=25T  DiT_ (4.8)
-1 n:%,...,D—l
T
| S—
aj - |
a
or -
—alA PR ; B
0 D-T | D+T_, D-1
2 2

Figure 4.3: Step-like change with a transition of duration 7.

The noise w;[n] was assumed to have a Laplacian probability density
function (PDF):
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V2

exp "oy lwi[n] — my[no)| (4.9)

1
plln]) =
with mean m[ng] and variance o?. All variables were assumed to be mutu-
ally independent and uncorrelated to the observation signal ¢;[n].

The generalized likelihood ratio test (GLRT), based on the Neyman-
Pearson theorem, was used as the basis to design the ischemia detector.
Basically, the GLRT allows to replace the unknown parameters of the signal
model, under both hypothesis Hy and H;p, with their maximum likelihood
estimators (MLE). Thus, using the Laplacian distribution, the GLRT votes
in favor of H; if:

p(‘P; &l,’H1 ) ml,?‘h ) Hl)
p(p; 1340, Ho)

Aa(p) =

exp[ 2B T ] - mz,ﬂl—az,m-h[n—mn]

exp |- /B S0 ool = |

where a;3,, and 77, denote the MLEs under the hypothesis #;. The
unknown 7 3/, is regarded as a nuisance parameter.

>~ (4.10)

4.2.5.1 Calculation of the MLEs of 7 3,, ™3, and a; 3,

The maximum likelihood estimator of m; s, under the hypothesis Ho was
obtained by maximizing the related log-likelihood function of the Laplacian
noise model (see equation 4.9) with respect to my -

My 3, = arg nlgzilx In p(er;mi ) (4.11)
s 710

The above maximization was equivalent to minimizing the following cost
function:

no+D—1
T(miag) = Y leudn] — mugl (4.12)
n=ng
no+D—1
8.J (my24,) ol
st/ — 4.13
—— 2 sl —mi) (4.13)

whose minimum is reached when m; 3, takes the same value as the median
of the observed data. This is because the sign function alternates between
1 and -1 depending on whether the expression inside is positive or negative,
respectively. Thus, the MLE of my 4, is:

13, = med(ei[nol, ..., pi[no + D — 1)) (4.14)
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Under the hypothesis H1, the MLEs of m; 3, and a;7, were obtained
by maximizing:

[, in,) =arg  max  Inp(@;mim,, an,) (4.15)
T H Q3

or, equivalently, by minimizing the cost function:

no+D—1
T(mugg,aip,) = Y leunl = mupy — ag, - hin — nol| (4.16)

n=ng

To obtained the MLESs both partial derivatives BT (mu, iy a1y ) and BT (mi, a1y )

omy 34, Oay 3,
were set to zero. In the case of m; 3,
D-1
OJ (mupy, arm !
Wirtas i) _ 5™ san(aln] — mup, — anm, - hn— o)) (4.17)
Omy g, -
’ n=ng
which, when set to zero, yielded the following MLE:
1y, = med(pi[n] — apy, - h[n — ng)) (4.18)

with n = nyg,...,ng + D — 1. The signal ¢;[n] — a; 3, - h[n — ng| inside the
median operator represents, under the hypothesis 1, the Laplacian random
noise signal wj[n], which is centered at m; (see PDF in Fig. 4.4 (b)). One
way to correctly interpreted this signal, is considering ¢;[n] as the noise
signal wj[n] shifted +a; in the first part, shifted —a; in the final part and
modified in the intermediate part by a transition that includes a gradual
displacement from +a; to -a;. This will be manifested in the PDF of the
signal ¢;[n] as two sub-PDFs connected by a symmetric transition. Then,
we can see the PDF of ¢;[n] — a; 3, - h[n — ng] as the PDF of ¢;[n] shifted
+a; and —a;, and something proportional in the transition, as illustrated
in Fig. 4.4 a and b. Thus, the median of ¢;[n] — a; 3, - h[n — no] may be
replaced by the median of ¢;[n], since no knowledge of q; is needed.

Regarding the partial derivative of the cost function with respect to a; 3,
was:

OJ(my 44y, 01 9,) e,
MO — N hn—no] - (aln] = mu, — ara, - hln—ng)) (4.19)
0ay 34, n=mo

Inserting the definition of h[n] (see equation 4.8) in the above equation:

n0+D/271
=— > hln—ng] - sgn(@ln] — Mz, — aip, - hln — no))

n=ng

OJ (my 34y, w3y )
aal,Hl
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Figure 4.4: Schematic representation of: a) PDF of ¢;[n], b) PDF of ¢;[n] —
aiy h[n — nol.

no+D—1
— Z —hin —ng| - sgn(—¢i[n] + myy, —ary, - (—h[n —ngl))  (4.20)
n=no+D/2
=S i = ol s (Lo (4.21)
= P n—"ng sgn h[n — no] ap 3, .

As the internal part of the sign function in equation 4.21 under hypoth-
esis H1 is equal to (w;[n] —my 3, )/hin — no|, whose sign is uncorrelated to
|h[n — ngl|, the MLE of a; 3, is:

131, = med (%) (4.22)
being n = ng,...,ng + D — 1.

As both MLEs 19, and a;3, needed to be estimated together, an
alternating optimization was applied. A suitable initial estimate for m; s,
was previously shown in Fig. 4.4, resulting as the median of ¢;[n]|. This was
included in 4.22 to estimate a;7,,. The obtained value was then included
in equation 4.18 and so forth until convergence. Typically, stable values for
my 34, and a; 3, were achieved in less than 10 iterations.
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4.2.5.2 Design of the GLRT detector T(y;)

Considering the MLEs for the unknown parameters 1 3;,, 7,3, and a; 3,
and applying the logarithm to both sides of equation 4.10:

\/§ no+D—1
n Aglno] = == D (lulnl =i —auge- hln—no]l = leuln) = 1o )

n=ng

\/5 no+D—1

== > (euln] =] — leuln] =1, —ai,u, - hin—nol|)

n=ng
(4.23)
which led to the following expression for the developed detector:
no+D—1
T'[no] = o > (lpulnl =1 a,| = loiln) =1 0, — g, - hln—nol|) 23 ¥
n=ng
(4.24)

being v/ = Iny. The standard deviation o; of the Laplacian noise was deter-
mined from an interval containing N, samples located at the beginning of
@i[n] (no = 0) using the MLE:

2 .
o=~ Zo lpi[n] — 1y 34, [10]] - (4.25)

The detector output given by T'[ng] in equation 4.25 can be interpreted as
a difference between the area A;=q;-h[n] and D times the standard deviation
o of the noise, D - ;. If the constants in equation (4.25) are omitted, under
hypothesis H1, the first term of the summation, i.e., |¢;[n] — 1y 3, [n0]l,
can be viewed as an estimate of the signal area, whereas the second term
lp1[n] =1y 94, — 134, - h[n—ng]| can be viewed as an estimate of the residual
noise accounted for D times, thus, when both terms are subtracted we have
an estimated values of A; — D - oy.

A simulated example is illustrated in Fig. 4.5 in order to visualize how
the GLRT detector works. The involved parameters were selected to have
values close to the real ones obtained from the analysis of the QRS angles.
The step-like change with gradual transition was set with an amplitude of
a; = 50 occurring at the time instant n=300. It was then contaminated
with an additive Laplacian noise with mean m;=0 and standard deviation
01=b. Three different time instants were selected to obtain the corresponding
detection outputs before, just centered at the timing of the step-like change
and after it. The sliding window duration for the GLRT filter was set at
D =100 s with a transition duration of T=20 s.

To generate a random variable with Laplacian PDF and parameters p
and b, w ~ L(u,b), the following equation was used:
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w = p—b-sgn(¢) - In(1 — 2|¢]) (4.26)

where ¢ is a random variable with uniform distribution in the interval
[—%,1]. The value of 1 was determined from the median m; estimated
from the data as i = med(w(n)), and b was calculated in relation to the
variance: o2 = 2b%, leading to b = 07/4/2, which can be estimated from the

data as:

b= ¥ > fwln] - 4. (4.27)

4.2.6 Blocks of the ischemia detector

To design the ischemia detector, we measured the ischemia-induced changes
during the occlusion reflected on the QRS angles (¢y and ¢p) not only in the
standard 12-lead ECG, but also in composite leads obtained after applying
the PCA technique over several contiguous standard leads. As ischemic
changes are mainly reflected in those leads close to the ischemic region,
applying the above GLRT-based detector to all standard leads may not
provide valuable results. Even if we analyze all the leads, it is quite plausible
that the step-like signature appears at different timings from one lead to
another in the same patient. Therefore, the summation of the different
GLRT detector outputs obtained for each particular lead (as considered
in? for BPC detection) may not result in a unique event but in a mix
of events occurring within a time interval rather than at a specific time
instant. As an alternative the QRS angle series can be evaluated in those
leads derived from the spatial QRS loop (as described in chapter 2) in order
to have a unique, global input, to be supplied to the GLRT detector. The
final design of the ischemia detector applied to any lead is represented in
Fig. 4.6.

4.2.6.1 QRS angles block

Composite leads derived from the PCA technique were obtained by learning
from three contiguous leads of the standard system (V1-V3, V2-V4, V3-
V5,...). Then, the first transformed lead associated with the first principal
component was selected. Ten new leads, denoted by I, (n), ..., lcy, (1), Were
thus involved in this block of the GLRT detector.

lo, (n) = ul -1 (n), k=1,..,10. (4.28)

where uy, is the first columns of the matrix Uy, (see equations 2.4 and 2.5),
representing the first principal component from matrix Lj; decomposition
and lx(n) the three original leads.
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Figure 4.5: Example for three different positions (no=225, 250, 275) of the
observation window (D=100, T=20) selected from the original input signal
¢1[n]. ¢i[n] represents a step-like change with gradual transition occurring
at n=300. The additive Laplacian noise has a median of m;=0 and standard
deviation of 0;=>5.
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Figure 4.6: Block diagram of the designed AMI-GLRT detector.

In addition to this new PCA-derived leads, the standard and the loop-
derived leads described in section 2.2.4 were also used to assess their perfor-
mance for ischemia detection.

4.2.6.2 AMI-GLRT block

All QRS angles series evaluated on different standard and composite leads
were filtered for outliers rejection, using a median absolute deviation (MAD)
method 3%, Then, they were resampled to 1 Hz to have equidistant sample
times.

For the GLRT detector the total length of the step-like change was set
to 70 seconds, with a transition duration of 20 seconds in the middle part.
This length was selected considering that the smallest occlusion duration is
slightly above one and half minutes. Finally, as both QRS angles ¢y and ¢,
are considered to be involved in the detection procedure, the same weight
was assigned to each of them due to their complementary behavior. Then,

Telno] = Apy - Ty [nol + Agp - Top (0] (4.29)

with Ay, and Ay values being equal to 0.5, and T, and T}, being calculated
following the equation (4.24).

4.2.6.3 Noise estimation

The estimates 6; in equation 4.25, were obtained for each lead [ at the be-
ginning of the recording, taking the first 30 seconds. This implies that, even
when the signal amplitude is very similar between leads, the estimates of the
noise in each lead will determine the final amplitude of the corresponding
detector outputs. With this in mind, the three individual detector outputs
with the largest amplitude in T¢[n] were selected to apply the final decision.
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4.2.6.4 Decision stage

After lead selection (in the cases of the standard leads and PCA-composite
leads), a threshold § was selected so that the estimated amplitude of the
change a; was § times greater than the standard deviation o;. This criteria
ensured the presence of a significant change due to the induced ischemia.
The above condition was imposed to be satisfied in at least two of the three
selected leads. As the time positions determined for each lead differed the
median of the three time instants was taken as the timing for the detected
ischemic change.

4.2.6.5 Performance evaluation

To evaluate the performance of the proposed ischemia detector, the sensi-
tivity (Se) and positive predictivity value (P;) were assessed. Sensitivity
measures the percentage of the actual positives (ischemic events) which are
correctly identified or detected, and positive predictivity measures the per-
centage of detected episodes which correspond to actual positive ones:

TP
TP+ FN
TP
Po=—"
tT TP+ FP

where T'P represents true positive, F'N the false negative and F P false posi-
tive. For evaluation, all the PCI recordings were considered to have ischemia
while all the control recordings were considered not to have ischemia. The
performance evaluation was individually computed for each subgroup of pa-
tients according to the occlusion site. The Se and P, values were evaluated
for different values of the threshold 4/ in the ischemia detector, and the
optimum one was selected.

Se % 100 (4.30)

x 100 (4.31)

4.3 Results and Discussion

4.3.1 QRS angles characterization

Figure 4.7 (a) shows an example of the QRS angles ¢y, ¢r and ¢y, evaluated
for a particular patient in lead V4. Figure 4.7 (b) and (c) display the QRS
slopes Zys and Zpg and the R wave amplitude R,, used here for comparison.
As can be observed from Fig. 4.7, the QRS angles are stable at baseline (be-
fore of the start of coronary occlusion). In the beginning of the occlusion,
¢y and ¢p in particular show an abrupt change with an almost complemen-
tary behavior. The angle ¢, on the other hand, presents a more gradual
change compared to ¢y and ¢, during the occlusion period. From Fig. 4.7
it is possible to appreciate that the absolute variation of ¢y is approximately
around 2.5°, whereas it is 155° for ¢y and ¢p. The QRS slopes and R wave
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amplitude, evaluated for the same patient and lead, show notable changes
during occlusion as well, with their evolution being similar to that of ¢g,
however slower as compared to the angles ¢y and ¢p.

At baseline, the mean values of ¢r computed in each lead and averaged
over patients, ¢ (1), were 3.6 &+ 1.7° for lead V4 and 20.3 4 13.3° for lead
III, which represent the lowest and highest values among all leads. Normal
variations given by the SD of ¢y at baseline, averaged for all patients, G4y (),
ranged between 0.17° and 2.74°, depending on the lead.

Regarding ¢y and ¢p, mean values ¢y(l) and ¢p(l) and normal vari-
ations 74, (l) and G4, (1) in control were considerably higher than for ¢g.
¢u(l) varied between 66° (lead V6) and 163° (lead V3), while 74, (1) ranged
between 3.29° and 10.01°. ¢ (1) varied between 7° (lead V3) and 105° (lead
V6), while 64, (I) ranged between 3.51° and 8.70°.

4.3.2 Evolution of ischemia-induced QRS angle changes

The evolution of changes observed for the QRS angles ¢y and ¢y, is shown
in Fig. 4.8. Absolute AZ(t) and relative Rz(t) changes, averaged in the
total population as well as the LAD subgroup, are displayed along 4 min
of occlusion in leads V2 and V3. Maximum, relative changes of the three
angles are shown in Table 4.1. In the LAD subgroup, maximum relative
change of ¢y and ¢p were substantially larger than for the total population
and for the other two subgroups RCA and LCX.

Regarding absolute changes AZ(t) for these two indices along the coro-
nary occlusion, it can be observed from Figure 4.8 that the angles varied,
in mean, around 75-90° in the LAD subgroup, whereas for the whole study
population, the variation caused by the induced ischemia was around 15-23°.
The variations observed for ¢y were considerably smaller as compared to ¢y
and ¢p, which can be explained by the lower changes observed in the slopes
of the lines Iy and I, as compared to the [y line.

The results obtained for the QRS angles, especially for ¢y and ¢p, far
exceeded those obtained for other QRS-derived indices like QRS slopes, Zyg
and Zpg, and the R-wave amplitude R,. Maximum relative changes reached
up to 9.3 (lead V3) for Zs and 6.01 (lead V2) for Zys as previously reported
(see chapter 2). In the case of R,, the maximum relative change was achieved
in lead II, achieving up to 7.7 times their normal variations at baseline.

4.3.3 Spatial distribution of ischemia-induced QRS-angle
changes

Figure 4.9 shows mean =+ standard error of the mean (SEM) for ¢y and ¢p
in each lead computed for each of the three subgroups, both considering the
whole study population (a) and the smaller subset (n=38) of patients with
SPECT imaging data (b). The spatial distributions of A¢, and A¢p, were
very closely related, as the behaviour of the two angles during occlusion was
almost complementary. Lead V1 is not represented in Fig. 4.9, as in several
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Table 4.1: Maximum relative change Rz and corresponding lead, evaluated
for the three QRS angles (Z = ¢x, ¢u, ¢p ) during the occlusion in the total
study population and in the three artery subgroups.

Rz | Total LAD LCX RCA
du V2: 56 V3:266 V5:11 III: 17
for V3: 656 V2: 354 V5: 10 III: 38
or V3:18 V3:63 V6: 18 II: 19

patients the QRS angles could not be measured in that lead due to the
QRS morphology (usually QS complex). Those leads showing remarkable
negative delta values (as leads V2-V4 in the LAD subgroup, Figure 4.9-a)
indicate that the angle ¢y goes from higher values at baseline to lower values
during occlusion. The opposite behaviour was found for ¢, in those cases.
According to the QRS-angle results shown in Figure 4.9 the LAD sub-
group could be separated from the LCX and RCA subgroups by evaluating
¢u and ¢p changes in most of the leads except for V5, aVL and -aVR. The
three subgroups could be separated using the same two angles in leads aVF
and III. These results suggest that identification of the occluded artery is
easier when distinguishing between the LAD subgroup and the other two
subgroups (LCX and RCA) than when separating LCX from RCA.
Regarding changes of the angle ¢y, a less remarkable spatial lead pro-
file was observed when absolute changes at the end of the occlusion were
averaged. This could be due to the smaller range of variation presented by
¢r. However, when relative changes were analyzed for ¢y, the spatial lead
profile showed more specific patterns, as illustrated in Figure 4.10. Also in
this case the LAD subgroup could be easily distinguished from the other two
subgroups, while separation of LCX and RCA subgroups was less clear.

4.3.4 Association between QRS changes and ischemia prop-
erties measured by SPECT

Properties of the PCl-induced were quantified by SPECT as extent and
severity. Evaluation was made for the subset of patients (n=38) with avail-
able SPECT data as well as for subsets according to the occluded coronary
artery. Absolute and relative changes of the QRS angles measured at the
end of the occlusion were correlated with the extent and severity of ischemia.

4.3.4.1 Correlation using single-lead angle changes

Absolute changes of the QRS angles measured at the end of the occlusion
were correlated with the extent/severity of ischemia, in each of the three
subgroups (LAD, LCX and RCA) separately. Table 4.2 shows correlation
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Figure 4.9: Lead-by-lead spatial profile of the averaged absolute changes for
the angles ¢y and ¢, and for ST a) in the total population; b) In the subset
of patients with available scintigraphic data (n=38).
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Figure 4.10: Lead-by-lead spatial profile of the averaged relative change for
the angle ¢r.

coefficients between absolute changes in ¢y and ischemia in leads with a
significant correlation within each artery group.

Table 4.2: Spearman rank correlation coefficients between absolute changes
in ¢ and ischemia measures in the different subgroups according to the
occluded coronary artery.

Coronary artery | Extent (% of LV) Severity (%)
occluded r(p) r(p)
LAD V3: 0.91 (=0.002) | V4: 0.91 (=0.002)
V4: 0.74 (=0.037) | V5: 0.86 (=0.007)

I: 0.83 (=0.010) | V6: 0.86 (=0.007)

LCX V5: 0.86 (=0.004) | V5: 0.73 (=0.026)
V6: 0.83 (=0.005) V6: 0.75 (=0.021)

RCA V5: 0.67 (=0.001) | V4: 0.43 (=0.044)
V6: 0.71 (=0.001) V5: 0.71 (<0.001)

IL: 0.61 (=0.003) | V6: 0.67 (=0.001)

IIL: 0.85 (=0.001) | aVF: 0.85 (<0.001)

4.3.4.2 Correlation using composite-lead angle changes

Additional correlation analysis was performed by combining changes mea-
sured in different leads. In particular, the sum of absolute changes in ¢y
among leads and the maximal absolute change in ¢y in any lead were consid-
ered. The same correlation analysis was also performed considering relative
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changes in ¢y. For relative ¢ measures (max and sum) significant corre-
lations with the extent of ischemia were seen in all 3 subgroups, with the
highest correlation coefficients found in the LAD group. When consider-
ing the sum of absolute ¢y changes, however, the correlation coefficients
were considerably lower. For the total population, the correlation coeffi-
cients were r=0.45, p=0.005 for extent and r=0.39, p=0.015 for severity.
Only the LAD subgroup showed a significant correlation with the extent
of ischemia, however not with the severity. None of the other subgroups
showed any significant correlation regarding the absolute ¢y changes (Table
4.3). The other two QRS angles, ¢y and ¢, whose absolute and relative
changes far exceeded those obtained for ¢y during coronary occlusion did
not show any significant correlation with ischemia, either when measuring
absolute or relative changes. Nevertheless, the obtained correlation coef-
ficients were substantially higher when using relative changes rather than
absolute changes.

Table 4.3: Spearman rank correlation coefficients between the ischemia mea-
sures and both maximal, positive single-lead change in ¢, as well as the sum
of positive changes in ¢ among all leads. Results are shown for both relative
and absolute changes in ¢g.

Relative changes

Absolute changes

Coronary Extent Severity Extent Severity
occluded (% of LV ) (%) (% of LV ) (%)
artery r(p) r(p) r(p) r(p)
Total (n=38)
Max_pos 0.68 (<0.001)  0.62 (<0.001) | 0.25 (=0.128) 0.20 (=0.231)
Sum_pos 0.79 (<0.001) 0.86 (<0.001) | 0.45 (=0.005) 0.39 (=0.015)
LAD (n=8)
Max_pos 0.81 (=0.015) 0.81 (=0.015) | 0.88 (=0.004) 0.38 (=0.352)
Sum_pos 0.95 (<0.001) 0.71 (=0.047) | 0.81 (=0.015) 0.50 (=0.207)
LCX(n=9)
Max_pos 0.73 (=0.025)  0.48 (=0.194) | 0.13 (=0.732) 0.09 (=0.814)
Sum_pos 0.87 (=0.002) 0.66 (=0.053) | 0.42 (=0.265) 0.20 (=0.604)
RCA (n=21)
Max_pos 0.51 (=0.019)  0.36 (<0.108) | 0.11 (=0.642) 0.24 (=0.298)
Sum_pos 0.64 (=0.002) 0.56 (=0.009) | 0.22 (=0.348) 0.31 (=0.166)

The other two QRS angles, ¢y and ¢p, whose absolute and relative
changes far exceeded those obtained for ¢r, did not show significant cor-
relation with the extent and severity of myocardial ischemia either using
absolute or relative changes during ischemia.
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Figure 4.11: MLR analysis adding relative changes in angle ¢y to Max ST
or Sum ST as predictor variables for explaining the extent and severity of
ischemia (dependent variables).
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4.3.4.3 Regression analysis involving both QRS-angle changes
and ST-segment elevation

The sum of ST elevation among all leads and maximal single lead ST eleva-
tion were also considered for correlation with extent and severity of ischemia.
Moreover, those two ST measures were used together with the same combi-
nations in ¢y to evaluate their complementariness by multiple linear regres-
sion analysis. Table 4.4 summarizes the results of the regression analysis
and shows the improvement in the prediction of ischemia when ¢y changes
are added to the ST changes in each artery subgroup. In the LAD subgroup,
no significant additive effect was seen as regards severity of ischemia either
by absolute or relative ¢y changes. However a slightly higher additive effect
by 11-12% was noted for extent when adding sum of relative ¢y changes
to the respective ST measures. Furthermore, no extra value in the RCA
subgroup was seen when adding absolute ¢y changes. However, an additive
effect of between 22.6% and 24.6% was observed when adding sum of rela-
tive ¢r changes (Table 4.4). The most striking add-on effect of ¢r to the
ST measures was noted for the LCX subgroup, in which the increase was up
to 42.2% (absolute change) and 50.0% (relative change) for extent, whereas
it was 15.8% for severity (relative change). When considering all occlusions
together, regardless of location, the added value of ¢y was less noticeable,
with corresponding percentages of improvement of 4.3% for the extent and
2.3% for the severity when considering absolute changes. When consider-
ing relative changes the percentages of improvement were of 16.7% for the
extent and 7.9% for the severity. Figure 4.11 illustrates the MLR analysis
performed for all different combinations involving both relative changes in
¢r and changes in ST as predictor variables.

4.3.5 Ischemia detection

The ischemia detector described in section 4.2.6 was applied in a subset of
patients (n=48) of the STAFF III database whose associated PCI recording
presented at least 20 seconds before the start of balloon inflation to avoid
early ischemic episodes. Both control and PCI recordings were used for
each analyzed patient and labeled as non-ischemic and ischemic recordings,
respectively. Figure 4.12 illustrates an example of the angle ¢y measured
in leads V2 (panel a) and V3 (panel b), as well as of the detector outputs
for the 12 standard leads (panel c), in a patient belonging to the LAD
subgroup. As evidenced from the figure, the three outputs with the highest
peaks corresponded to leads V2-V4, while the rest of leads showed lower
values, close to zero, which could be a hint of which artery is occluded (in
this case LAD). Likewise, it is clear that the abrupt change associated with
the onset of ischemia occurs at different timings in different leads.

The performance of the ischemia detector was separately tested for each
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Table 4.4: Results of the MLR for prediction of the extent and severity of
ischemia by combining maximal positive, or sum of changes across leads in
the angle ¢y and the ST level. The increases, expressed as %, are referred to
the value obtained using just the ST change (Sum ST or Max ST). Max ST=
maximal ST elevation in any lead; Sum ST= summed ST elevation among
all 12 leads; Max pos = maximal in any lead; Sum = summed among all 12
leads.

Extent Severity
Predictor Absolute Relative Absolute Relative
variables ¢r change ¢r change ¢r change ¢r change
R?, (p-value), increase % R?(p-value), increase %
LAD (n=8)
Max ST + Max ¢r | 0.767 (.026) 0.768 (.026) 0.738 (.035) 0.759 (.028)
3.2% 3.3% 0.0% 2.1%
Max ST + Sum ¢r | 0.777 (.023) 0.848 (.009) 0.759 (.028) 0.759 (.029)
4.2% 11.3% 2.1% 2.1%
Max ST 0.735 (.006) 0.738 (.006)
Sum ST + Max ¢r | 0.727 (.039) 0.807 (.016) 0.769 (.023) 0.735 (.036)
0.3% 8.3% 2.5% 0.0%
Sum ST + Sum ¢r | 0.728 (.039) 0.845 (.009) 0.735 (.036) 0.759 (.029)
0.4% 12.1% 0.0% 2.4%
Sum ST 0.724 (.007) 0.735 (.036)
LCX (n=9)
Max ST + Max ¢r | 0.617 (.056) 0.691 (.029) 0.389 (.229) 0.435 (.180)
24.0% 31.4% 6.7% 11.3%
Max ST + Sum ¢r | 0.799 (.032) 0.877 (.002) 0.504 (.122) 0.596 (.066)
42.2% 50.0% 18.2% 27.4%
Max ST 0.377 (.078) 0.322 (.111)
Sum ST + Max ¢r | 0.729 (.020) 0.771 (.012) 0.541 (.097) 0.555 (.088)
22.4% 26.6% 6.5% 7.9%
Sum ST + Sum ¢r | 0.768 (.013) 0.873 (.002) 0.555 (.088) 0.634 (.049)
26.3% 36.8% 7.9% 15.8%
Sum ST 0.505 (.032) 0.476 (.040)
RCA (n=21)
Max ST + Max ¢r | 0.324 (.029) 0.449 (.005) 0.300 (.041) 0.465 (.001)
0.6% 13.1% 0.1% 16.6%
Max ST + Sum ¢r | 0.318 (.032) 0.550 (.001) 0.311 (.035) 0.525 (.001)
0.0% 23.2% 1.2% 22.6%
Max ST 0.318 (.004) 0.299 (.010)
Sum ST + Max ¢r | 0.371 (.015) 0.531 (.001) 0.335 (.025) 0.539 (.001)
0.5% 16.7% 0.1% 20.5%
Sum ST + Sum ¢r | 0.365 (.017)  0.610 (<.001) | 0.342 (.023) 0.576 (<.001)
0.0% 24.6% 0.8% 24.2%
Sum ST 0.364 (.004) 0.334 (.006)
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Figure 4.12: Evolution of the angle ¢y in leads V2 and V3 during the PCI
recording for a particular patient. The bottom panel displays the different
outputs given by the GLRT detector for each 12 standard lead. Vertical
dashed lines indicate the start and end of occlusion.

artery subgroup, varying the threshold ¢ in each case. Results obtained
for the loop-derived leads were poorer than those obtained for the stan-
dard leads. Basically, the reason for that was due to the fact that, in
some patients, no change was observed in the angles series evaluated in
the loop-derived leads, despite notable changes being present in some indi-
vidual standard leads (see Fig. 4.13). This masking of changes makes the
detector unable to determine if there is a change and thereby producing a
FN, and thus, a lower sensitivity. In table 4.5 the values of S, and P, in
the different subgroups, using a threshold that makes the estimated index
change (2q;), at least, 6 = 6 times greater than the standard deviation oy,
are summarized. The results for the LAD subgroup are better than those of
the other two subgroups in terms of S, and Py which is expected since it is
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the group with the largest changes in the QRS angles.
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Figure 4.13: Time course of the angles ¢y and ¢ evaluated in the loop-
derived leads (top panels) and standard leads V4 and V5 (bottom panels).
Vertical dashed lines in black indicate the start and end of occlusion.

In the case of the ischemia detector applied over the PCA-derived leads
lc, described in 4.2.6.1, the lead combinations involving V1-V3, V2-V4 and
V3-V5 achieved values of S, above 60% (maximum 70.9%) and Py ranging
between 91.7 and 100% in the LAD subgroup. On the other hand, the RCA
and LCX subgroups presented poor values of S, and Py in most of the
combinations.

4.4 Discussion

In this chapter three new indices, ¢gr, ¢y and ¢p, quantifying angles within
the QRS complex, have been proposed and evaluated in 12-lead ECG record-
ings during myocardial ischemia produced by prolonged, elective PCI. The
computation of these angles is straightforward and robust as to measure al-
terations within the QRS complex during ischemia. The three angles showed
high stability at baseline, as assessed by their standard deviations measured
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Table 4.5: Performance of the ischemia detector for the three artery sub-
groups in terms of sensibility (S.) and positive predictive value (Py).

Coronary artery | S.(%) Pi(%)
occluded

LAD 82.3 93.3

LCX 12.5 100.0

RCA 21.7 100.0

in the recording prior to the PCI. If absolute changes during the coronary
occlusion are made relative to fluctuations at baseline, the QRS angles turn
out to be very sensitive indices to the ischemia-induced changes as compared
with other QRS-derived indices like QRS slopes and R wave amplitude, al-
ready analyzed in chapter 2. Regarding the temporal evolution of the QRS
angles during ischemia, an important difference was noted between the an-
gle ¢r and the other two angles, ¢y and ¢,. While ¢y presented a gradual
change, ¢y and ¢, developed a larger and very abrupt change some time
after the start of the occlusion, reaching a maximal value at a given time and
remaining stable from that time on. The differences observed between the
three angles can be attributed to the fact that ischemia-induced changes in
QRS amplitudes and/or QRS width have larger effects on the Iy line (which
determines ¢y and ¢p) than on the [y or I lines (defining ¢g). Results ob-
tained in most of the analyzed leads suggest a widening of the QRS complex
due to the induced ischemia.

The spatial distribution of changes in the QRS angles suggest that their
lead profiles could distinguish between the LAD subgroup and the other
two subgroups (LCX and RCA), particulary considering the notable differ-
ences found in leads V2-V4. Discrimination between the LCX and RCA
subgroups was more challenging, with the largest differences found in lead
ITI. Similar results regarding the distinction between artery groups were
reported by Garcia et al. using ECG indices derived from the Karhunen-
Logve transform in the same study population 61, These results suggest that
ischemia-induced depolarization changes may be tracked by leads overlying
the ischemic region, however, they do not seem to be more sensitive than
ST-segment changes in terms of localization of ischemia.

The relationship between absolute changes in the QRS angles and scinti-
graphic ischemia measures was evaluated by correlation analysis. A positive
correlation was found between lead specific changes in the angle ¢y and the
quantified ischemia for the different occluded arteries, indicating that a lo-
cal increase in the ¢ value could indicate larger extent and severity of the
ischemia. For RCA occlusions, however, the non-significant correlation be-
tween changes in the inferior leads aVF and III and the ischemia measures
was somewhat surprising, however significant correlation to extent was seen
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for lead II and anterolateral precordial leads in these patients. When pa-
tients were separated into groups according to their occluded artery, only
changes in a few leads from the twelve standard leads were significantly
correlated to the ischemia measures.

Despite larger changes in the angles ¢y and ¢ along PCI, no significant
correlations with ischemia were observed. A possible explanation for that
may be that changes in ¢y (and ¢p, respectively) were clustered into two
groups of either very low or very high values, depending on the patient and
lead, showing a clear non-linear relation with the ischemia measures, which
are more evenly distributed along their respective ranges.

By presenting the QRS angle ¢y as maximal positive, single lead change,
or sum of positive changes among all leads at the end of occlusion, relative
changes proved to be better predictors of ischemia as compared to absolute
values. The significant association between ¢y and the amount of ischemia
by SPECT in the present study is interesting in comparison to our earlier
findings regarding correlation between ischemia and QRS slopes as well as R
wave amplitude changes, using the same dataset (see chapter 3). In chapter
3 the maximal correlation with the extent and severity of the ischemia was
found when considering changes in the downward slope of the R wave, with
the highest correlation coefficients (Spearman) being of r=0.71 (p<0.001)
and r=0.73 (p<0.001) for extent and severity, respectively. In the study
of this chapter, relative changes in the angle ¢ led to maximal correlation
coefficients of r=0.78 (p<0.001) and r=0.73 (p<0.001), respectively. This
suggests that the R wave angle seems to be at least as good predictor of
ischemia as the down-slope of the R wave. The improvement with respect
to other depolarization indices is especially true for LAD occlusions, both
regarding extent and severity of the ischemia. In LCX and RCA subgroups
there was either no correlation or low correlation to severity if considering
either the maximum or the sum of ¢y values among all leads, although sig-
nificant relation to extent was seen. More severe ischemia in the LAD occlu-
sions and thus more evident slowing of the regional depolarization wavefront
through the ischemic region could possibly explain this difference between
artery subgroups.

By regression analysis relative changes in the angle ¢ used in conjunc-
tion with ST changes led to highly variable performance in the additional
prediction of extent and severity of the ischemia as compared to the ST
changes alone. The additive effect was modest in the LAD group, but more
evident in patients with RCA occlusion. However, the largest and most
striking improvement was seen in the LCX subgroup. In this group the
additional value of absolute ¢y changes was high. In general, considering
the 12-lead standard ECG, the evaluation of ischemia produced by LCX
occlusions is difficult in terms of ST segment deviation. The present find-
ing of the additive value of ¢y changes to that of ST changes, concerning
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particularly the LCX occlusions, raises interesting questions of whether this
may have important clinical implications for ischemia prediction within this
region. The results of our study corroborate the importance of using several
indices corresponding to different phases of the ECG to better describe the
amount of ischemia. Comparing the results of the present study with those
reported in chapter 3 for the QRS slopes and the R wave amplitude, the
added value of using ¢y changes was found to be slightly lower than that of
the downward QRS slope when combined with ST changes.

The results of the ischemia detector proposed in this chapter, based on a
Laplacian noise model, showed that changes in the angles ¢y and ¢, could
be potentially useful in the detection of acute ischemia episodes, as both ¢y
and ¢p present very abrupt transitions after the start of ischemia. Despite
the fact that the LAD subgroup was the most sensitive to the acute ischemia,
with higher values of sensitivity and positive predictive value (specially in the
standard leads), the detector was to some extent able to track acute ischemic
episodes in the other artery subgroups. Our results suggest that it could be
suitable that the values of the design parameters in the ischemia detector
(threshold, transition and length of the step-like function) were set according
to the level of change occurring in each ischemic site. Also, the ischemia
detector could be used to identify the occluded artery, as the leads with the
highest amplitude in the detector output tend to correspond with the leads
close to the ischemic area. The performance of the ischemia detector was
lower when using the loop-derived leads, where sometimes ischemic changes
were not reflected even if there was a substantial change in the standard
leads. Nevertheless, the use of PCA-derived leads obtained from contiguous
standard leads improved the performance of the ischemia detector compared
with that of the loop-derived leads, with the added value of using a lower
number of leads.

As a conclusion, the QRS angles ¢y and ¢ can be used for ischemia
detection and for identification of the occluded artery, particularly in distin-
guish the LAD subgroup from the LCX and RCA subgroups. On the other
hand, the angle ¢, which may be seen as a robust surrogate measure of
particularly QRS duration, could be used for prediction of the extent and
severity of the ischemia.

4.4.1 Limitations

This particular database represents a unique human model of about 5 min-
utes of controlled ischemia by PCI, and also provides myocardial scintig-
raphy as the gold standard for the amount of ischemia in a subset of pa-
tients (n=38). The latter subset is small, in particular when considering
artery-specific results. Therefore, the statistical findings regarding multi-
ple correlation analyses between ECG changes and ischemia must be inter-
preted with this in mind. Besides, generalization of the present results to
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other clinical scenarios is not straightforward, as there is not usually a base-
line ECG recorded immediately before ischemia followed by another ECG
recorded throughout the ischemic process, and thus relative ECG changes
are not often possible to assess, and only absolute changes can be measured.
Therefore gradual QRS changes may be most likely evaluated in monitor-
ing situations, such as during pre-hospital transport of STEMI patients to
primary PCI (pPCI) in-hospital evaluation of patients with acute coronary
syndrome including post-revascularization evaluation of recurrent ischemia
as well as in stress test situations. However, further analysis is required to
assess the effect of additional factors such as movement artifacts, among
others.

The developed ischemia detector has been designed using a fixed win-
dow duration for the step-like change function, with a specific transition.
However, the observed transitions vary from one patient to another, as well
as between leads of the same patient, so an optimal detector would be one
able to estimate the transition duration, so that the final window size can
be updated as appropriate.






Chapter 5
Analysis of ischemia by
depolarization-based ECG
methods in a porcine model
of myocardial infarction

5.1 Introduction

The ST-elevation myocardial infarction (STEMI) criteria are based solely
upon changes in the repolarization phase of the ECG. However, severe my-
ocardial ischemia due to lack of ischemia protection in the myocardium (such
as collaterals and/or metabolic preconditioning) causes slowing of the con-
duction through the ischemic myocardium, thus producing changes also in
the depolarization phase (QRS complex). Since longer time is needed for
the activation wavefront to propagate through the ischemic area, the nor-
mal, balanced ventricular depolarization is altered, thus producing changes
in the QRS complex. The more severe ischemia makes the progression of
irreversible necrosis due to evolving myocardial infarction faster over time
compared to a situation when the myocardium is more protected. By also
considering changes in the depolarization phase (QRS complex) in the early
triage of patients, important risk stratification can be made, adding prog-
nostic information as well as enabling tailoring of the acute management.
More studies are needed to understand the pathophysiological bases of
these QRS changes, but also to develop robust and validated methods to
correctly characterize and quantify them. In chapter 2 a method was pro-
posed for evaluation of depolarization changes by analyzing the slopes of the
QRS complex: upward slope between Q and R waves (Zys) and downward
slope between R and S waves (Zps), in both standard leads and leads derived
from the spatial QRS loop. During coronary artery occlusion by PCI in hu-
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mans, the QRS slopes became considerably less steep than in the control
situation, in particular for Zpg, as a combined result of both changes in the
QRS amplitude and duration. The method showed very low intra-individual
variation in a control situation, and both changes in Zyg and Zpg during the
ischemia significantly correlated with the amount of ischemia determined by
myocardial scintigraphy, as reported in chapter 3.

A number of animal experiments have been carried out to investigate
whether changes in the ECG, mostly in the ST-T interval, are related to the
amount of ischemia assessed either by different image techniques or by his-
tochemical analysis. In pigs, during regional ischemia produced by clamping
one of the coronary arteries (mainly the LAD artery), changes were reflected
as T-Q depression, decreased action potential amplitude and upstroke ve-
locity 86-88] Also, changes in QRS vector (magnitude and direction) 39 and
ST vector® have been reported, and have been shown to correlated with
the myocardium at risk during the initial minutes of ischemia.

In this chapter the slope indices of the ventricular depolarization phase
have been further evaluated by expanding the model from short-term is-
chemia in humans to an experimental porcine model of myocardial infarc-
tion. The specific aims of this chapter were to:

e Characterize the dynamic and temporal behavior of depolarization and
repolarization indices during balloon-induced ischemia in pigs in the
12 standard ECG leads, normalized leads and QRS loop-derived leads.

e Correlate changes in the indices to the amount of ischemia given by
myocardium at risk (MaR) and to the final infarct size (IS) determined
by MPS.

5.2 Materials and Methods

5.2.1 Study population

The study population investigated in this chapter comprised 13 domestic
male and female pigs with a weight range between 40-50 kg. During anes-
thesia, ischemia was induced by a long occlusion of the LAD artery achieved
by inflation of a percutaneous transluminal balloon placed in the middle
part of the vessel. MPS was used to evaluate the amount of myocardium
at risk as well as the size of the infarct achieved during the experiment. A
detailed description of the experimental setup is described below 9.

5.2.1.1 Description of experimental protocol

The total duration of the occlusion period was 40 minutes. To verify the
complete occlusion of the vessel and the correct balloon positioning, a coro-
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Figure 5.1: Top panel shows the global design of the experimental model
with specifications of the different connections. Bottom panel shows the
duration of the different stages of the experiment.

nary angiography after inflation of the balloon and before deflation was
performed. A subsequent angiogram after balloon deflation was performed
to verify the complete restoration of coronary flow in the previously occluded
artery. Before starting of occlusion, a continuous 12-lead ECG monitoring
was initiated, which lasted during all the experiment (around 5 hours). At
the 20" minute of occlusion, Tc tetrofosmin was injected for subsequent
SPECT acquisition. The reperfusion period lasted 4 hours. Just at 30
minutes before the end of the experiment, gadolinium was injected for sub-
sequent MRI acquisition. After termination of the experiment, the heart was
explanted and SPECT and MRI were performed to assess the MaR and IS,
respectively. Further details of the experiment preparation are documented
inlU. A global schema of the experimental model and protocol is shown
in Fig. 5.1 while a real view in the laboratory is displayed in Fig. 5.2.

5.2.1.2 ECG recording

A standard 12-lead ECG recording was continuously acquired during occlu-
sion by using a digital ECG monitor (“Kardiotechnica-04-8m", Incart, St.
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Figure 5.2: General view of the experimental laboratory.

Petersburg, Russia) with a sampling rate of 1024 Hz and amplitude resolu-
tion of 1.4 pV. In addition, both a baseline ECG recording before occlusion
as well as a 4-hour reperfusion recording after the 40-minute occlusion were
acquired, thus achieving a total experiment protocol duration of 5 hours. In
this chapter only the 40 minutes corresponding to the occlusion period were
considered for analysis.

5.2.1.3 Assessment of MaR by SPECT

Approximately 1000 MBq of Tetrofosmin Tc-99m was injected intravenously
in each pig at 20 minutes of occlusion. The MPS ex-vivo imaging was carried
out by a dual-head camera (Skylight, Philips, Best, The Netherlands) at
32 projections (40 seconds per projection) with 64 x 64 matrix yielding a
digital resolution of 5 x 5 x 5 mm. A low resolution Butterworth filter with
a cutoff frequency of 0.6 of Nyquist and order 5 was applied for iterative
reconstruction using maximum likelihood-expectation maximization. Short-
and long-axis images were reconstructed (1.

The MaR was defined as the perfusion defect size, determined by the
area within the left ventricular myocardium with counts lower than 55% of
the maximum (normal) counts, and expressed as a percentage of the total
LV myocardium.
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Figure 5.3: Reproduced from Demidova et al. %2 Images representing MaR
and final IS after experimentally induced ischemia. Left column: MRI per-
formed for visualization of the ant infarction. Dark gray indicates viable my-
ocardium and white indicates infarction. Middle column: SPECT used to as-
sess MaR by visualization of the anteroseptal perfusion defect. Warm colors
indicate adequate perfusion and cold/absent colors indicate decreased/lack
of perfusion. Right column: Fusion of MRI and SPECT images. Endocar-
dial and epicardial borders of the left ventricle were manually delineated in
the MRI images and fused with the co-registered SPECT images.
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5.2.1.4 Assessment of IS by ex vivo MRI

To assess the IS, cardiac MRI was used, as described in detail in previous
works. 93795 In brief, a gadolinium-based contrast agent (Dotarem, gadoteric
acid, Gothia Medical AB, Billdal, Sweden) was administered intravenously
(0.4 mmol/kg) 30 minutes before removal of the heart. MRI was performed
using a 1.5-T MR scanner (Intera, Philips) after removal of the heart. T1-
weighted images (repetition time = 20 milliseconds, echo time = 3.2 millisec-
onds, flip angle = 70°, and 2 averages) with an isotropic resolution of 0.5
mm covering the entire heart were then acquired using a quadrature head
coil. The endocardial and epicardial borders of the LV myocardium were
manually delineated in short-axis ex-vivo images. The myocardium with a
signal intensity greater than 8 SD above the average intensity of the non-
affected remote myocardium was defined as the infarcted myocardium. The
size of the infarcted myocardium, IS, was then quantified as the product of
the slice thickness and the area of hyperenhanced myocardium. The IS was
expressed as a percentage of the LV myocardium.

To analyzed the MPS data and assess the MaR and the IS (see Fig.
5.3) the freely available software Segment v1.700 (http://segment.heiberg.se,
Medviso, Lund, Sweden) was used [96],

5.2.2 Preprocessing of the ECG signals

All the ECG recordings analyzed in this chapter were preprocessed before
computing depolarization and repolarization indices. QRS complexes were
automatically detected by using a wavelet-based technique ®¥, and were then
visually checked using the BiosigBrowser tool®”). This software was also
used to manually classify the abnormal beats (ectopic, supraventricular,
etc) from the automatic QRS complex detection, and discard them from
further processing. This step was crucial in the analysis of this dataset due
to the large presence of ectopic and other abnormal beats in the signals.
Additionally, ECG segments presenting VT /VF episodes as a consequence
of the sustained ischemia were also discarded (see Fig 5.4, bottom panel).
Subsequent steps of the preprocessing included baseline drift attenuation via
cubic spline interpolation and delineation using a wavelet-based technique
as in previous chapters. Only leads V1 to V6 were considered for further
analysis.

5.2.3 Depolarization indices and lead configurations applied

5.2.3.1 QRS slopes and R-wave amplitude

For each pig the following depolarization indices were evaluated in the stan-
dard leads V1-V6:
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Figure 5.4: ECG tracing for a particular pig, lead V3, taken at different
time instants during occlusion.

e Tys: the upward slope of the R wave.
e T,s: the downward slope of the R wave.
e R,: R-wave amplitude.

The full methodology used to compute the QRS slope indices Zys and
Tps was described in chapter 2. The R-wave amplitude R, was measured as
described in chapter 3. Zygs and Z,,5 were also evaluated in the lead derived
from the spatial QRS loop built using the vectorcardiogram (VCG), as in
section 2.2.4.1.

In addition to the standard and loop-derived leads, other normalized
ECG leads were generated. In brief, the maximum vector magnitude within
the spatial QRS loop was used as a normalization factor for each correspond-
ing beat. This maximum vector magnitude was denoted by QRSy,44;, Where
i1 represents the beat index used to normalize each i-th beat in each lead [
(V1-V6), b;;(n), and the normalized beat b;;(n) was computed as:

- _ b“(n)

b“(n) QRSmaI. . (51)
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Details on how to estimate QRSy,qz; are given in the next subsection.

The six normalized leads, obtained from precordial leads V1-V6 and de-
noted by nV1-nV6, were used to evaluate the Zys and Zpg indices as a way
to investigate the relevance of slope changes generated just by QRS width
changes, avoiding R wave amplitude influence. In this way it is possible to
ascertain whether the slope-relevant information comes mostly from varia-
tions in QRS width or amplitude.

5.2.3.2 VCG-derived QRSmax and QRSmean

Other indices reported in the literature derived from the VCG were also
evaluated in this study (8

e QRS 4 maximum spatial QRS vector magnitude.

® QRS ean: mean spatial QRS vector magnitude.

QRSynq, was obtained for each beat ¢ by identifying the sample index ng ;
associated with the main direction within the loop, as formulated in equation
(2.2). Then QRSmaqz; was calculated as:

QRSmaIi = \/xf (n(),i) + yf(no,i) + ZZ-2 (noyi). (5.2)

QRS mean Was obtained for each beat ¢ by calculating:

norr,; —1

QRSmean = ———— 3 /@) +2(n) + (). (53)

n . — N .
OFF; ON; n=nox;,

where noy,; and nopg, are the QRS onset and offset of beat <.

5.2.4 Repolarization indices
5.2.4.1 ST level

Conventional ST level deviation was also determined in the precordial stan-
dard leads V1-V6. For this particular study, and following the same line as
in previous studies performed on this database, the ST level was measured
40 ms after the J point, with the PR segment used as the isolectrical level,
and denoted by STyg.

5.2.4.2 VCG-derived STVM and STCVM

Two additional indices related to the ST segment were also calculated using
the orthogonal leads X, Y and Z as described in[®%!. The first one represents
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the spatial ST vector magnitude (STV M), calculated from J point at a
position ngg (J + 20 ms) in the X, Y and Z leads according to the equation:

STV M; = \/ﬂvf(nm,i) + y2(n20,i) + 22(n20,i)- (5.4)

The second additional index represents the spatial ST change vector
magnitude (STCV M), determined by the magnitude of the vector difference
between the reference (mean of x;(n20,i), ¥i(n20,) and z;(ngo,;) in the first
5 seconds of the occlusion, denoted by xg, yo and zg, respectively) and the
current ST vector at J + 20 ms of the i-th beat:

dz; = zi(n2 ;) — o,

dyi = yi(n20,i) — Yo,

0z = zi(n20,4) — 20,

STCVM; = /622 + 8y? + 622, (5.5)

where the subindex i represents the current beat and the subindex 0 denotes
the ST reference vector. STV M and STCV M indices, as well as the other
indices described in 5.2.3, were evaluated on a beat-to-beat basis during the
whole occlusion period.

5.2.5 Quantification of ECG changes

The absolute change during the coronary occlusion was calculated for each
analyzed index Y (¥ € {Zys, Zps, Ra, STa0, QRSmaz, QRSmean, STV M,
STCVM}) in each lead I (I =1,...,6 for leads V1, ..., V6) by the parameter
AY(t). This parameter was computed every 10 seconds from the beginning
of the occlusion (¢ = 0) until the end (¢ = 40 min) in each lead I, and was
defined as the difference between the index value at time instant ¢, Y(t),
and the reference value ),y given by the mean of ) in the first 5 seconds
of occlusion, AY(t) = V(t) — Vres-

Delta changes AY(t) during the occlusion were averaged over pigs for
each index ) to assess global behavior. Values for maximum delta change
AY!  for each index were determined in each lead I for the relevant peaks
along the occlusion period. Their corresponding timings #., .. were identified,
in both individual subjects and as mean for the whole population.

Different combinations of changes were defined and were correlated with
MaR. Maximum change regardless lead, AYnq., was defined as:

AVmaz = mlax{m?X{Ayl(t)}} for positive peaks,

AV ez = mlin{mtin{Ayl (t)}} for negative deflections,
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l=1,...6; t=0,10,20,...,2400 s. (5.6)

The timing associated with AY,,q: Was denoted by £,,4,. Other types of
changes were computed as:

A.’ypos/neg = Z Ayl(tmaw)7

lep

P={l;,j=1,...,6|AY, (tmaz) > 0} for positive peaks or

P={lj,j=1,...,6|]AY, (tmaz) < 0} for negative deflections. (5.7)

6
AYups = Z |Ayl(tmax)| . (5'8)
=1
6
A:y'real = Z Ayl(tmax)~ (59)
=1

The latter three defined combinations of changes represent: AYps, sum
of positive or negative changes among leads; A)Y;s, sum of absolute changes
for all leads; Ay eq, sum of all changes over leads keeping their original
sign. Particularly for equations (5.6) and (5.7) there are two possibilities
depending on whether the peak observed in the index is positive or negative.

In addition to the above combinations of change defined in equations
(5.6) - (5.9), AYL .. and t\ . values were also correlated with MaR, both
individually and in combination (AY! . /t\ ——and AY! .. -t\...), each of
them taken separately for each lead I. The definition of AY! — and its
corresponding timing ¢/, is analogous to that of equation (5.6), but just
for an individual lead I. For those indices that presented more than one
remarkable peak along the occlusion, the time lasted between both peaks
was also used for correlating with MaR.

All depolarization and repolarization indices, evaluated either in original,
normalized and loop derived leads or derived from VCG, as well as the
different combinations of change defined above are summarized in table 5.1.

Because the relationship between acute ischemia, quantified by MaR, and
the final size of the infarct, determined by IS, is not exactly proportional,

since there are many factors involved in the rate progression of the necrotic
process.
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Table 5.1: A) Summary of the ECG indices of the depolarization and
repolarization phases and in which leads they were calculated. B) Different
ways the dynamic changes of the parameters were expressed (either as a
single-lead maximum value or as a summation among leads), and later used
for correlation analyses.

A) Index () Description Lead configurations applied
Tus Upward slope of the R wave V1-V6, nV1-nV6 and LDL
Ips Downward slope of the R wave V1-V6, nV1-nV6 and LDL
R, R-wave amplitude V1-V6
STso ST level at J + 40 ms V1-V6
QRS max maximum QRS vector magnitude VCG (vectorcardiogram)
QRSmean mean QRS vector magnitude VCG
STV M ST vector magnitude VCG

STCVM ST change vector magnitude VCG

B) Different combinations of changes

AYmaz (*): maximum change regardless lead

AVpos/neg (¥): sum of the positive/negative changes among leads evaluated at tmaz
AVaps (*): sum of absolute changes for all leads evaluated at tmaq

AYreqr (¥): sum of all changes over leads keeping their original sign

AV an, 1 =1,...,6 (leads V1-V6) or another transformed lead (LDL or from VCG)
thhas, | = 1,...,6 (leads V1-V6) or another transformed leads (LDL or from VCG)

(*) Only evaluated for Zus, Zps, R, and ST,y measured in standard leads V1-V6.

5.2.6 Correlation analysis along occlusion
5.2.6.1 Individual ECG variables vs MaR /IS

In addition to the correlation analysis described in previous section where
MaR/IS were related to ECG changes computed at time instants associated
with relevant peaks and valleys during occlusion, additional correlation anal-
ysis was performed where ECG changes were calculated every 10 sec from
the beginning of the occlusion. In brief, the absolute value for each index,
AY(t), was measured every 10 sec in each lead (V1-V6) and in each pig
(n=13) and was correlated with MaR and IS. Determining the correlation
in this way allows to estimate approximately when each marker (MaR and
IS) achieves its maximal relationship with ECG changes.

5.2.6.2 Combined ECG variables vs MaR /IS

A more powerful way to figure out the existing relationship between acute
myocardial ischemia/infarction, as quantified by MaR and IS, and the ischemic-
induced ECG changes can be provided by considering MLR, in which changes
observed in different ECG indices are analyzed together. The rationale for
this is given by the fact that the analyzed indices, some of them related to
depolarization and others to repolarization, are affected by different mecha-
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nisms so that ischemia-induced changes can begin to manifest in some cases
before than in others.

To find the combination of indices (independent variables) that can bet-
ter explain the quantified ischemia as well as the size of the final infarct
(dependent variables), the following model is used:

Vp =by+b1A); (t) + bQAyQ(t) + ...+ bnAyn(t)(5.10)

where b = [bg, b1, ..., b,]T are the coefficients obtained for the model indicat-
ing the weights corresponding to each predictor variable, and n represents
the number of predictor variables YV (Y € {Zys, Zps, Ra, STio}) used for
each particular set. MLR analysis was performed in this study considering
each of the independent variables measured every 10 sec in each lead V1-V6.

5.2.7 Statistical methods

Results are presented as mean £+ SD. Because of the small number of sub-
jects (n=13) in the study, nonparametric tests were used. Spearman rank
correlation coefficient (r) was used for correlation analysis. All statistical
tests were 2-sided, and significance was defined as p < 0.05. Statistical anal-
yses were performed using SPSS, version 19, for Windows (SPSS, Chicago,
IL).

5.3 Results

5.3.1 Time-course evolution of ECG changes

Slope indices: An illustrative example of the evolution of QRS slopes during
coronary occlusion is shown in Fig. 5.5 (a). The displayed Zys and Zpg
series correspond to precordial leads V1-V6 of a particular recording without
any VT /VF episodes. That behavior is representative of most of the PCI
recordings analyzed in the study.

For the case of the Zyg index, the highest absolute changes were indi-
vidually achieved between the 11! and 24" minute (related to the second
remarkable peak shown in Fig. 5.5 (a)) after the start of occlusion. Mean
+ SD and range for the timing of Zys peaks in the leads with the great-
est changes (V2-V4) are summarized in Table ??. In relation to this, two
different incremental phases (two marked positive peaks) were found in Zyg
during the occlusion. The first peak was less prominent than the second
one (see Fig. 5.5 (a)). During the second half of the occlusion (approxi-
mately from minute 20), Zys normally started to decrease until the end of
the recording, where it reached approximately the value observed before the
occlusion started.
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Figure 5.5: (a) Time course evolution of Zyg, Ra and STy (left axis), as well
as Zpg (right axis), during 40-minute occlusion for one particular recording,
evaluated in precordial standard leads V1-V6. Odd rows display heartbeats
recorded every 2 minutes in each precordial lead, and even rows present the
series of the analyzed indices along the occlusion. (b) Time course evolution

of indices derived from the VCG: QRS nean, @RSmaz, STV M and STCV M.
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Table 5.2: Average values and range for the timing of predominant peaks
observed in Zyg and Zpg in standard leads showing the largest changes (V2-
V4) as well as in the lead derived from the QRS loop.

Lead Timing of 1°% peak Timing of 2" peak Timing of 15 peak Timing of 279 peak
Mean + SD (range) Mean + SD (range) Mean + SD (range) Mean £ SD (range)

(min) (Zys) (min) (Zus) (min) (Zps) (min) (Zps)
V2 4.6+1.3 (2.3:6.7)  18.3+2.4 (14.5:24.2) 4.941.6 (3.5:7.7)  14.944.0 (10.5:19.9)
V3 45+15 (2.3:6.7)  18.243.2 (14.7:23.5) 5.742.7 (3.7:12.6) 14.5:+3.1 (10.4:19.8)
A 16.3+2.9 (11.3:19.9) 5.643.1 (3.1:13.3) 14.744.0 ( 7.1:19.7)

LDL — 16.54+2.5 (13.9:21.5) 4.7+1.2 (3.0:7.5)  13.844.0 (8.4:19.8)

The time course of Z,5 was substantially different to that of Zys. The
main difference was observed in the first half of the recording, where Zyg
became lower in absolute value tending to zero (flatter slope) during the first
2 to 13 minutes of the occlusion. Then, Z,g started to decrease, achieving
either a large negative peak or sometimes just a small negative deflection.
The timing for the largest negative peak of Zps ranged between the 7t and
20" minute after the start of occlusion. Mean 4 SD and range for the timing
of T peaks are summarized in Table 5.2.

Regarding results obtained for the slopes evaluated in leads derived from
the spatial QRS loop, mean £ SD of the timing corresponding to maximum
(second positive peak) for Zys and both maximum (first positive peak) and
minimum (second negative peak) for Zpg are also shown in Table 5.2. In
addition, Fig. 5.6 presents the time course of QRS slopes evaluated in the
loop-derived lead for the same recording illustrated in Fig. 5.5. As can
be observed from Fig. 5.6, the first positive peak in Zys was found to be
less pronounced than in precordial leads (illustrated in Fig. 5.5), while the
second one was the most pronounced. In some cases, the first positive peak
in Zys became negative, which is due to changes in the direction of the
maximum magnitude vector within the QRS loop. In the case of Zyg, the
initial increase leading to the first positive peak was more relevant in the
loop-derived lead, and then Z,g remained quite flat until the start of the
negative deflection, keeping from that point on a similar behavior to that
observed in precordial leads.

The time course of QRS slopes evaluated in normalized leads nV2-nV4
during coronary occlusion is displayed in Fig. 5.6. It can be observed that
Ips evaluated in these three precordial leads shows a similar behavior to
that observed in the loop-derived lead. Nevertheless, while in the origi-
nal leads V2-V4 the evolution of Zpg is quite flat at the beginning of the
occlusion, the normalized leads show a remarkable increase in 7y during
the first five minutes of occlusion. Subsequently, the 7,5 index remains ap-
proximately constant during several minutes, which are followed by a large
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Figure 5.6: QRS slopes evaluated in the loop-derived lead (LDL) and in the
normalized leads nV2-nV4 for the same pig of Fig. 5.5. Top panel displays
representative beats in the loop-derived lead every 2 minutes during the
coronary occlusion.

negative deflection. This behavior suggests that two important increases of
QRS duration occur during the coronary occlusion in accordance with the
two Zpg increases observed in normalized leads. In contrast, the behavior of
Zys in normalized leads was quite different from that observed in the origi-
nal leads (Fig. 5.5 (a)) and in the loop-derived lead. In fact, only one clear
positive peak was observed during the occlusion, which normally occurred
in the time interval between the two positive peaks observed in the original
leads. The observed differences in the evolution patterns of Zyg and Zpg
when analyzed in normalized and original ECG leads can be explained by
the normalization process applied to the original leads, which separates the
changes that occur in the slopes due to changes in the QRS duration and
due to changes in the QRS amplitude.

Conventional ECG indices: R-wave amplitude, R,, and ST level de-
viation, STy, used here as conventional depolarization and repolarization
indices, respectively, are shown in Fig. 5.5 (a) for leads V1-V6. As can be
observed from the figure, the R, evolution during ischemia presents a simi-
lar behavior to that observed for Zyg. In this case, a remarkable increase
in R, quickly developed at the start of occlusion, due to the fact that the
rS complex configuration observed during the initial minutes turned into a
monophasic, giant R wave. The initial R, increase was transiently reduced
until a second and more pronounced increase developed between the 11**and
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24" minute. In the case of STy, a clear and unique positive peak was ob-
served in most of the analyzed leads. This main peak in STy, indicating
abrupt ST elevation, occurred between the 5 and 12" minute after the
start of occlusion.

Vectorcardiogram-derived indices: In Fig. 5.5 (b) four indices evaluated
by using the VCG loop generated from orthogonal leads X, Y and Z are
displayed. The left panel presents the QRS and QRSpeqn series and
the right panel, the STV M and STCV M series. A strong relationship was
observed between the evolution of QRS,,.. calculated from the VCG and
R, evaluated in leads V1-V6, with two distinct phases clearly distinguished
(see Fig. 5.5). A strong similarity was also found between STV M /STCV M
and STy, with a predominant positive peak occurring during the first 10
minutes of occlusion.

5.3.2 Quantitative and dynamic ECG changes

The amount of changes induced by balloon inflation, as expressed by the
parameter A)(t), was determined. Averaged values of delta change for all
pigs, AY(t), (¥ € {Tus, Ips, Ra, STy}), were computed in the precordial
leads V1-V6. Similarly, A)(t) values corresponding to those indices eval-
uated in leads derived from the QRS loop, Y € {Zys, Ips}, and the VCG,
Y € {QRSnaz, QRSmean, STV M,STCV M}, were also calculated.

The leads with the most substantial changes during occlusion were V2-
V4 for the indices Zys, Zps, Rq and STyo. In Fig. 5.7 (top panels) averaged
values, expressed as mean + SD, for these four indices in lead V3 are shown.
The first two panels at the top also display the averaged delta values for
Tys and Zpg evaluated in normalized lead V3. Bottom panels of the same
figure display the averaged delta values for Zys and Zpg evaluated in the

Table 5.3: Distribution of the largest changes across leads averaged over pigs
for the different indices, expressed as mean + SD. Zys and Zpg delta values
are shown in both precordial and QRS loop-derived leads.

Lead V2 V3 V4 LDL VCG
Mean &= SD Mean +£ SD Mean &= SD Mean + SD Mean & SD

AZus (uV/ms) 473 £ 322 634 +362 439 £39.6 1.79 + 34.6 —
AZps (uV/ms) 3124+ 25.5 51.6 4+ 31.4 53.7 + 364 38.4 +27.3 —

AR, (mV) 1.04 £ 049 1.36+0.72 0.96 +0.78 — —
ASTyo (mV) 0.59 + 0.33 0.74 + 0.36 0.57 + 0.34 — —

AQRSmaz (mV) — — — — 0.36 + 0.41
ASTCVM (mV) — — — — 0.66 =+ 0.29

loop-derived lead as well as QRSyq: and STCV M indices evaluated from
the VCG. It is important to mention that, due to the presence of VT /VF
episodes during occlusion, abnormal beats were discarded and it is thus
possible that, at some time instants, not all pigs analyzed in this study
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Figure 5.7: Top panels display mean + SD of delta changes AY, Y €
{Zvs, Ips, Ra, STyo} for all pigs in lead V3, calculated every minute from
the start of occlusion: (a) Zys in the original (dark blue) and normalized
lead V3 (red); (b) Zps in the original (dark blue) and normalized lead V3
(red); (c) Rg; (d) STy. Bottom panels display mean + SD of ), with
being: (e) Zys evaluated in QRS loop-derived lead; (f) Zpg evaluated in QRS
loop-derived lead; (g) QRSpmaz; (h) STCV M.
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are involved in the averages shown in Fig. 5.7. A summary of the most
prominent changes found for all the indices shown in Fig. 5.7 is presented
in Table 5.3.

5.3.3 Correlation analysis between ECG changes and MaR

5.3.3.1 Correlation with MaR using absolute ECG changes dur-
ing occlusion

Changes in the ECG indices during the occlusion were correlated with the
MaR marker defined in section 5.2.1.3. The averaged value and range of
MaR in the study population was 39.0 9.9 (28 : 57)% of the LV.

Upward slope change: Correlation analysis was performed considering
ATys evaluated at the two prominent peaks identified during the occlusion
in all the recordings. Results of the correlation analysis in the standard
leads V1-V6 were non-significant for the second prominent peak, while for
the first one a significant correlation was found between AY,;s (¥ = Zys) and
MaR, r = 0.69 (p = 0.0167). Table 5.4 presents the correlation coefficients
obtained for all combinations of change defined in section 5.2.5. Additionally,
correlation analysis was performed for Zyg evaluated in the loop-derived lead,
and poor correlation values were obtained between MaR and the maximum
positive change A)Yynq. for the two peaks.

R wave amplitude change: The R-wave amplitude changes, AR,, in the
two relevant peaks, were separately correlated with MaR. Correlation was,
however, non-significant for any combination of change, as shown in Table
5.4.

Table 5.4: Correlation values between MaR and AY, Y €
{Zvs, Ips, Ra, STao}, evaluated at the timings corresponding to the relevant
peaks observed for each of those indices during the occlusion.

MaR vs AY

Aymaz
r(p)

A:);pos
r(p)

Ayabs
r(p)

Ayreal
r(p)

Zus 1°% peak
Tus 27¢ peak

R, 1% peak
R, 2™ peak

IDS 1St peak
IDS 2nd peak

STuo peak

0.54 (0.0850)
0.42 (0.1929)

0.21 (0.5353)
0.28 (0.4230)

-0.75 (0.0045)*
-0.67 (0.0237)*

-0.25 (0.4351)

0.52 (0.0971)
0.44 (0.1774)

0.43 (0.1825)
0.34 (0.3025)

-0.65 (0.0220)*
-0.71 (0.0345)*

-0.34 (0.2814)

0.69 (0.0167)*
0.41 (0.2092)

0.51 (0.1115)
0.32 (0.3307)

-0.63 (0.0265)*
-0.08 (0.8101)

-0.34 (0.2805)

0.26 (0.4312)
0.36 (0.2692)

0.44 (0.1724)
0.20 (0.5628)

-0.66 (0.0184)*
-0.77 (0.0054)*

-0.34 (0.2828)

Downward slope change: As can be observed in Table 5.4, there was a
significant, negative correlation between this index and MaR. In the case of
the first positive peak, these negative correlation values mean that more pos-



5.3. Results 127

itive AZpg values (Zps becoming less steep) correspond to smaller MaR. For
the second negative deflection, these negative correlation values mean that
lower AZ,g values (Zps becoming steeper) correspond to larger MaR. Re-
garding the first positive peak in the evolution of AZyg during occlusion, the
most significant correlation was found between MaR and AYae, 7 = 0.75
(p = 0.0040), whereas for the second negative deflection in AZ,g, the most
significant correlation was found between MaR and AY,eq, r = —0.77
(p = 0.0054). The delta value corresponding to the second negative deflec-
tion following the initial first positive peak takes either negative or positive
value depending on the evaluated subject, and in average is close to zero, as
can be appreciated in Fig. 5.8, which shows AZ,g averaged over pigs every
10 sec during occlusion in lead V3. The correlation results obtained for all
combinations of change in AZ,s are shown in Table 5.4.

120 T T
Vmaz = -0.75 (0.0045) -0.80 (0.0028)
100 | Ypos/neg =-0.65 (00220) -0.82 (00021) 4
Vuvs =063 (0.0265) 18 Eg-ggggg -0.46 (0.1580)
real =-U. .0184 e " -0.84 (0.0013
—~ gol 1 =-0.66(0.0184) ;75 (0.0035) ( ) ]
g -0.81 (0.0026)
=
X eof
B
g “°r -0)67 (0.0237) r
- -0.71 (0.0345)
8 20} -0.08 (0.8101) i
4 -0.77 (0.0054)
£ o0 i
(]
= -0.75 (0.0079) T beaks
o0l n \-0.67 (0.0251) i DS Peaxs|
20 0.75 (0.007 0.80 (0.0028) X Tyg peaks
-0.79 (0.0038)\_"0-67 (0.0251) 077(0.0049) g o
-0.79 (0.0038) \0.67 (0.0251) 028 (0.4068) San ;
40 I .0.79 (0.0038) -0.83 (0.0015) peak 4

L
0 5 10 15 20 25 30 35 40
Time (min)

Figure 5.8: Average delta values of AZ,g (mean + SD) evaluated every 10 s
from the start of occlusion. Red marks indicate the timings of the relevant
peaks found for each of the other indices, i.e. Ry, Zys and STy9. The blue
circles indicate the timing of AZpg positive peak and negative deflection.
The numbers inside the graph express the correlation values obtained for Zpg
combinations of change (ordered like in equations (5.6)—(5.9)) at specific time
instants, which are pointed to their corresponding marks by black arrows.

ST level change: The positive peak observed in STyy during the first
10 minutes of occlusion is the most prominent one for this index. Similarly
to the results obtained for AZ,g, correlation between STyy and MaR was
negative, although non-significant, as summarized in Table 5.4.
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Fig. 5.8 shows the time course evolution of AZg averaged for all pigs and
expressed as mean + SD. Correlation values between MaR and the different
combinations of change evaluated for AZyg, but at the timings corresponding
to the peaks found for each of the other indices, are displayed in the figure in
association with their positions in time. Increased correlation between AZpg
and MaR was observed at some of those other temporal positions. Similarly
to the results presented in Figure 5.8 for AZpg, correlation analysis was
additionally performed for all the other indices, i.e. R,, STy and AZys,
considering their delta changes evaluated at time instants associated with
relevant peaks observed in the rest of the analyzed indices. Correlation
values with MaR did not increase with respect to the results shown in table
5.4, except for Az for Y = AZys, evaluated at the timing of the positive
peak corresponding to Zpg, for which correlation with MaR was r = 0.76
(p=0.01).

Evaluation of the correlation between MaR and AZys and AZpg in nor-
malized leads did not lead to higher correlation coefficients. For both in-
dices, this correlation was non-significant in all cases. Evaluation of AZyg
and AZpg in normalized leads but considering the time instants correspond-
ing to relevant peaks observed in the original leads did not increase the
correlation values directly obtained for the original precordial leads.

Table 5.5:  Correlation values between MaR and changes observed in
STCVM, QRS mae and QRS ean, at their most relevant peaks during oc-

clusion.

Index
STCV M (max) 0.19 (0.5219
QRS maz 1°% peak 0.47 (0.1661

r(p)
01600
QRSmaz 2™ peak | 0.42 (0.2202)
( )
( )

QRS mean 15" peak | 0.45 (0.1920
QRSmean 2™ peak | 0.45 (0.1920

Finally, correlation analysis carried out for QRS;az, Q@RSmean and
STCV M indices are summarized in Table 5.5. None of these indices showed
any significant correlation with MaR.

5.3.3.2 Correlation with MaR adding the temporal aspects of the
peaks

The timings of relevant peaks in any lead and for any of the indices analyzed
in this study did not correlate strongly with MaR. However, differences
between the timings of the two more prominent peaks of R, significantly
correlated with MaR in lead V3, r = —0.62 (p = 0.04), indicating that
shorter time between the two marked peaks was associated with larger MaR.

Indices combining absolute ECG changes occurring at prominent peaks
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with their corresponding timings, quantified by AY. ¢! —and AL ./t
were also correlated with MaR. In lead V3, both indices showed a nega-
tive correlation with MaR when AZ,s was taken at the second negative
peak (r = —0.72; p = 0.01 for AY, - t\ ~—and r = —0.68; p = 0.02

max
for AV, ../t Likewise, the correlation was significant in lead V2, but

mazx*

just for AYL Jth . with r = —0.62 (p = 0.04). In all other cases the
correlation was NS.

5.3.4 Correlation between ECG changes and IS

Table 5.6 summarizes the correlation coefficients obtained for the same com-
binations of ECG changes presented in table 5.4, but correlated to IS rather
than to MaR. Results show that the indices that best correlate with IS are
the ST level deviation STy and the downward slope Zps (first positive peak),
suggesting that changes developed in the latter part of the QRS complex and
in the ST segment are more associated with the final size of the infarct than
changes observed in the early part of the QRS complex. Similar to the re-
sults obtained for MaR, there is an inverse but strong correlation between
Ips or STy and IS. Changes in STy were significantly correlated with IS in
all possible combinations of changes whereas for Zpg only AY,,4. (1= -0.65,
p=0.0217) and AY,eq (r=-0.53, p=0.0265) were significantly correlated.

Indices derived from the VCG (STCV M, QRS 4. and QRS eqn) Were
also correlated with IS but low, non-significant correlation was found in
all cases.

Table 5.6: Correlation values between IS and AY, Y € {Zys, Zps, Ra, STao},
evaluated at the timings corresponding to the relevant peaks observed for
each of those indices during the occlusion. The (*) mark indicates significant
correlation (p < 0.05).

IS vs AY

Aymax
r(p)

A))pos/neg
r(p)

Ayabs
r(p)

A:)}'rea,l
r(p)

IUS 1St peak
Tus 2™ peak

R, 1°% peak
R, 2™? peak

Ips 1% peak
Ips 2™ peak

ST4o peak

0.51 (0.1099)
0.20 (0.5573)

0.30 (0.3710)
0.26 (0.4345)

-0.65 (0.0217)*

-0.42 (0.2695)

-0.59 (0.0431)*

0.46 (0.1543)
0.18 (0.5952)

0.17 (0.6144)
0.26 (0.4345)

-0.51 (0.0923)
-0.13 (0.7435)

-0.67 (0.0162)*

0.61 (0.1518)
0.24 (0.4854)

0.25 (0.4512)
0.20 (0.5575)

-0.49 (0.1085)
-0.13 (0.7435)

-0.68 (0.0157)*

0.25 (0.4512)
0.07 (0.8388)

0.18 (0.5952)
0.12 (0.7342)

-0.53 (0.0265)*
-0.13 (0.7435)

-0.67 (0.0168)*
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Figure 5.9: Dynamic correlation along the occlusion period between the
changes in the ECG indices and A) MaR, B) IS.
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5.3.5 Dynamic relationship between ECG changes and MI

The evolution of the dynamic correlation between each of the indices Zysg,
Ips, Re and STy and MaR/IS throughout the occlusion was analyzed in
precordial leads V1-V6. Fig. 5.9 shows the time-course of the obtained
correlation coefficients in leads V3-V5. As can be observed, all correlation
values obtained for Zps during the occlusion were negative, corroborating its
inverse relationship with MaR and IS. A similar observation can be noted for
the ST level, but in this case correlation is non-significant at any time. The
timing where changes in Z,g start to be significantly correlated with MaR
and IS lies within the interval between the first 3-4 minutes after the start
of occlusion and minute 22. The maximum correlation values were achieved
around minute 9 for IS (see Fig. 5.9 B), while for MaR the maximum
value was dependent on the lead (see Fig. 5.9 A). For the rest of indices,
correlation was non-significant along the occlusion.

AY vs MaR AY vs IS —— QRSmax
[ —— QRSmean

p-value

0 10 20 30 40 0 10 20 30 40
Time (min) Time (min)

Figure 5.10: Time-course correlation between changes in the VCG-derived
indices and MaR (left column) and IS (right column).

The same analysis was performed for the indices derived from the VCG
(STVM, STCVM, QRSmae and QRSpean) and results are shown in Fig.
5.10. From the figure it is clear that QRS 4z and Q RS yeqan better correlated
better with MaR while STV M and STCV M better correlated with IS.
The timing of maximum correlation between STV M/STCV M and IS was
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Figure 5.11: Results from the MLR analysis compared with the single linear
regression analysis between ST changes and A) MaR, B) IS.
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around minute 9-10. After that moment, correlation begins to decrease and
only some fluctuations can be observed at the end of occlusion. Regarding
QRS and QRS neqn and their correlation to MaR, two important peaks,
with significant correlation values, can be observed in the first 20 minutes
of occlusion, which may be associated with the two peaks observed in the
time-course evolution of those indices.

As can be observed, all correlation values obtained for Zpg during occlu-
sion time were negative corroborating its inverse relationship with the MaR
and IS. The same is also noted with the ST level but being not significant
at any time. The timing where changes in Zg start to be significantly cor-
related with MaR and IS are found in the first 3-4*"* minutes after start of
occlusion, and lasted until minute 22", The maximum correlation values
were achieved around minute 9** for IS marker (see Fig. 5.9 B) since for
MaR is more changing depending on the lead (see Fig. 5.9 A). For the rest
of indices, not significant correlation was observed during occlusion.

The results described above are restricted to the analysis of the correla-
tion between a particular ECG index and MaR/IS. However, if more than
one ECG index is analyzed to explain the ischemia or the size of the infarct,
better results are obtained. Fig. 5.11 shows the evolution of the outcome
from the MLR analysis during occlusion considering different combinations
of ECG indices. The ST level (ST4o) was firstly correlated with MaR and
IS independently (Pearson correlation coefficient, 72). Subsequently, QRS-
derived indices were added one-by-one, individually and also in combination.
Increases in the percent of explanation of the MaR and IS markers is clearly
evident when adding QRS changes on top of ST changes. Also in this case,
after approximately minute 22 the strong correlation achieved between ECG
changes and MaR /IS markers gradually begins to fall and only some fluctua-
tions can be observed at the end of the occlusion. The combination involving
changes in all indices (Zys, Zps, R, and STyo) explains the developed MaR
and IS.

5.4 Discussion

Ischemia-induced ECG changes in depolarization and repolar-
ization

In this study several indices derived from the ECG signal during both de-
polarization and repolarization phases were evaluated in an experimental,
closed chest porcine myocardial infarction model produced by 40-minute
coronary balloon inflation.

Depolarization changes observed in R,, Zys and QRS presented tem-
poral patterns during the coronary occlusion that showed two well-defined
phases, with two marked positive peaks. These two phases have been de-



Chapter 5. Analysis of ischemia by depolarization-based ECG methods in
134 a porcine model of myocardial infarction

scribed for other electrophysiological indices and have been related to the
incidence of arrhythmias®$99. In the present study population, the largest
changes of these QRS-derived indices, especially for Zys and QR.Syqz, Were
seen during the second phase rather than the first one, and were located in
time between the 11*"* and 22"¢ minutes of occlusion.

QRS ez and Zyg are directly influenced by the R wave amplitude. As
illustrated in Figure 5.5, a giant R wave quickly developed during the first 4
minutes of coronary occlusion, and also later in time around 11-22 minutes.
This particular finding has been reported in previous studies carried out
in experiments with pigs 86] and also in humans!*%. However, those other
studies did not focus their attention on the two different peaks in R, evolu-
tion. Chang et al.18% studied the presumable genesis for this giant R wave
during transient transmural ischemia and hyperacute phase of transmural
myocardial infarction by the analysis of different factors. They concluded
that the origin of the giant R wave is the slowed conduction velocity into the
ischemic tissue, which led to the formation of a homogeneous and discrete
wavefront advancing toward the center of the ischemia from its lateral and
subendocardial areas. These two local wavefronts do not cancel but instead
complement each other. Thus, the activation of the ischemic tissue remains
temporally isolated from the non-ischemic one giving rise to the develop-
ment of a giant R wave. This appreciation was confirmed by Birnbaum and
Drew 191, who additionally mentioned that many other factors influence the
R wave amplitude, so that this parameter is not helpful in determining the
amount of the developed myocardial ischemia, as corroborated in our study.

A somewhat different behavior was observed for the Z,g index, which
presented a biphasic pattern, starting with a substantial decrease during
the first 5 minutes (positive peak in AZyg) followed by an increase until
around the 12*" minute, reflected in AZps by a negative deflection. Subse-
quently, a second gradual decrease in 7,5 was observed until the end of the
occlusion (Figure 5.7 (b) and (f)). That biphasic pattern was even more
marked when Zpg was evaluated in normalized leads, suggesting an evident
increase in the QRS width during the first minutes of occlusion, despite
the fact that the QRS amplitude also increases during those first minutes.
Figure 5.7 (b) shows how the normalization procedure applied to the QRS
amplitude emphasizes the first positive peak in AZpg of the normalized leads
with respect to AZpg evaluated in the original precordial leads. Some min-
utes later during the occlusion and after the second negative deflection in
ATy, Ips became less steep again, even though QRS amplitude (see R, and
QRS2 indices in Figure 5.7 (¢) and (g)) increased until around minute 20
and ST elevation became less marked. Finally, the further diminution of the
R wave amplitude combined with the remaining ST elevation from minute
20 until the end of occlusion led to the continuous decline of the Zg index.

ST-segment elevation, a classical index traditionally used for detecting



5.4. Discussion 135

transmural ischemia, developed a clear peak during the first 5-12 minutes
of the occlusion in almost all the analyzed leads. After this time, the ST
level started to decrease until the end of the occlusion, reaching around
50% of its maximal developed change (see Figure 5.7 (d) and (h)). The
maximum peak of ST elevation at approximately 5—12 minutes as well as
the latter decrease until the end of the coronary occlusion was similarly
reported by Kjekshus et al.[192. Likewise, ST elevation was postulated as a
valid marker of myocardial ischemia only in the first few minutes following
the coronary occlusion, confirming that it became maximal around the initial
10-15 minutes with a subsequent decline after this time 193, As described
earlier 14 a plausible mechanism underlying the subsequent decline (after
minutes 15-20) may be related to an increase of resistance between adjacent
cells, affecting the gap junctions and leading to cell-to-cell uncoupling. This
cell-to-cell uncoupling has been suggested to be triggered by a change in
intracellular [Ca2*][105-107],

Regarding the amount of change quantified by the parameter A)Y for all
the analyzed indices, Y € {Zys, Zps, Ra, STa0}, it was found that lead V3 was
the most sensitive one, even more than leads derived from the spatial QRS
loop, in contrast with our previous results in patients undergoing PCI 8,
This finding can be associated with the marked rotation observed in the
maximum vector magnitude direction within the QRS loop, also reported
in[®, which is used to project the VCG onto its dominant direction to
obtain the QRS loop-derived lead. Care should be taken when interpreting
changes just looking to electrophysiology and not realizing of the geometrical
implications.

Correlation between ECG changes and the amount of ischemia

In the correlation analysis the only parameters showing a significant corre-
lation to MaR were the QRS slope changes. Of the classical ECG indices,
neither ST elevation nor R, showed any significant correlation to the amount
of ischemia. However, in contrast to our previous findings in a human model
of shorter transmural ischemia produced by PCI[1%8] this longer, porcine ex-
perimental infarction model showed negative correlation between changes in
the R-wave downslope, Zps, and MaR. This finding cannot be fully explained
and further studies are needed to elucidate its underlaying basis.

Changes in the R-wave upslope, Zyg, showed a significant, however pos-
itive correlation to MaR, as quantified using the sum of absolute change
AYups in V1-V6 in the first peak, as well as the maximum change AYqz
at the timing of the first, positive peak of Zpg.

The correlation between MaR and Q RS),4., which is a spatial projection
of the maximum amplitude of the QRS complex, was also positive, a finding
consistent with the results reported in®9, although in the present study it
was non-significant.
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As shown before, the QRS slope changes are dependent on both changes
in the QRS amplitude and duration?¥. This is furthermore supported in
this study by the results of the R wave normalization, with loss of significance
when correlating AZng with MaR in the normalized leads, indicating that
the combination of both QRS amplitude and duration variations reflected
by AZps better correlate with MaR than changes in Z,g due to the QRS
width only. Additionally, it was shown that correlation was non-significant
between AR, and MaR.

Another important finding of the present study was that all significant
correlation values were found in standard precordial leads V1-V6. No extra
value was added by using loop-derived leads, or vector-based QRS or ST
indices.

Negative, non-significant correlation coeflicients were obtained when STyq
changes were correlated with MaR, in agreement with the results reported
by Demidova et al.®!) when investigating ST level changes in a subset of
the present population. Many other studies, however, have shown opposite
results when correlating ST level and MaR, both in humans and in animal
experiments102109:110] " Oyr finding of negative correlation between MaR
and STy cannot be clearly explained and needs to be further explored in
future studies. One possible explanation could perhaps be that all subjects
in the present study developed large anterior MaR (mean 39 + 9.9, range
28 to 57 % of the LV), and within this range and location the correlation
between ECG indices and MPS might be different from the one evaluated
for a wider range of ischemic areas including also much smaller areas as
well as different locations of ischemia. However, this hypothesis needs to be
confirmed in future studies.

Although the ST segment elevation during acute myocardial ischemia
has been widely studied by many authors in both humans and animals, the
relationship between alterations in depolarization and later signs of ischemic
damage have been less studied. This study has shed light on that relation-
ship.

Correlation between ECG changes and the infarct size

As in the correlation with MaR, the Zpg and STy changes negatively cor-
related with IS, being in this case significant for the STy index as well. All
defined combinations of change for STy strongly correlated with IS whereas
only AVpaz and AY,.eq referred to the first peak did so for Zpg. On the other
hand, neither R, nor Zyg presented any significant relationship with IS for
any of the combinations of change. These results suggest that the IS marker
could be better related to changes in the ST segment and the second half
of the QRS complex than with the changes occurring at the beginning of it.
To confirm this statement, changes in all indices, taken every minute, were
correlated with MaR and with IS throughout the occlusion. As expected,
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indices associated with the QRS complex like QRSyqr and QRScan Were
better related to MaR than indices related to the ST level (STV M and
STCV M), while the latter were better related to IS (see Fig. 5.10). In pre-
cordial leads V1-V6, the changes in the ST level showed strong correlation
with IS, however, changes in the R-wave amplitude and the upward slope did
not strongly correlated with MaR. Meanwhile, the downward slope showed
a negative, but very good correlation with both markers, mostly with IS (see
Fig. 5.9).

Timing of ECG changes

One of the main observations of this study is that ST elevation peaked ear-
lier in time than QRSpq. and Zys (referring to the second peak of those
two indices, of larger amplitudes than the first one), indicating that more
changes are still occurring during depolarization when changes at repolar-
ization have already reached their maximum levels. Thus, changes in depo-
larization occurring some minutes later during occlusion could be in better
correspondence with MaR or IS as determined by MPS.

In relation to that, the correlation between 7,5 and MaR was strong
when the changes were evaluated at the most relevant peaks (positive and
negative) observed in Zpg, but even stronger for the second peak occurring
later in time. Furthermore, the correlation between 7y changes and MaR
was not only significant when evaluated at its own peak values during the
occlusion, but also when evaluated at the timing of the peaks of other indices,
as displayed in Figure 5.8. All the above arguments postulate the downward
slope Zpg, which combines both QRS amplitude and duration, as a potential
predictor of the ischemic process.






Chapter 6
Conclusions and future
extensions

6.1 Conclusions

In the following the most important contributions of this thesis are summa-
rized.

6.1.1 QRS slopes for ischemia monitoring

In this thesis a robust methodology was developed to quantify the three main
slopes within the QRS complex, namely the R-wave upward slope (Zys), the
R-wave downward slope (Zps) and the S-wave slope (Z1s). The methodology
includes a normalization step that improves sensitivity of the QRS slopes
to ischemia-induced changes, caused by elective PCI in patients with stable
angina pectoris.

The first study of the thesis, presented in chapter 2, showed that QRS
slopes and their variations at resting state after normalization present a
high intra-individual stability, thus being suitable for characterizing dynamic
changes due to ischemia. The downward slope of the R-wave, Zps, was the
one with the most marked changes due to ischemia, however with a similar
behavior to that of the S-wave slope, Zrg, confirming that the effects of
ischemia are most likely to be found in the latter part of the depolarization
phase. Evolution of QRS slopes in leads obtained by projection of spatial
QRS loops led to improved sensitivity to the induced ischemia as compared
to evaluation of QRS slopes in the standard ECG leads.

Temporal analysis during PCI showed that significant changes in QRS
slopes Zys and Zpg occurred between 30 s and 2 min after initiation of
the coronary occlusion, depending on the analyzed lead. Changes in the
downward slope, Zg, usually occurred earlier than in the upward slope Zys.
Our findings point out that QRS slope analysis could be used as a robust
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method of depolarization evaluation, providing additional information to
that from the repolarization phase for risk stratification during monitoring
of patients with acute ischemia.

6.1.2 Spatial profiles of QRS slope changes

The QRS slopes evaluated during ischemia additionally showed remarkable
spatial lead-by-lead profiles for each of the analyzed sites (LAD, RCA and
LCX), suggesting that they could be used for identification of the occluded
artery. In particular, the downward slope Z,5 presented a spatial profile
similar to those obtained for the S-wave amplitude (S,) and the ST level
(ST), indicating a strong dependence of Zg on those two indices. Dynamic
changes of Ty during coronary artery occlusion strongly correlated to the
extent and severity of ischemia assessed by myocardial scintigraphy, provid-
ing information beyond that obtained by conventional ST-segment analysis,
as corroborated by a multiple regression analysis involving changes in both
indices.

6.1.3 Ischemia detection by a QRS angle-based method

A new QRS angle-based approach was proposed for evaluation of ischemia-
induced changes during PCI. The approach involved the evaluation of three
angles within the QRS complex: the R-wave angle (¢y), the up-stroke angle
(¢u) and the down-stroke angle (¢p). Changes in the R-wave angle (¢r),
seen as a surrogate marker of QRS duration, were suggested to be used as
predictors of the extent and severity of the ischemia, both by themselves and
in conjunction to ST changes. The suggestion was based on the fact that
changes in ¢, particularly when evaluated in relative terms with respect to
baseline, strongly correlated with ischemia characteristics.

On the other hand, the angles ¢y and ¢, showed a sudden and very
abrupt change in response to the induced ischemia, as compared to the
more gradual change seen in ¢y. The behavior of ¢y and ¢, suggested
that they could be used in the development of an ischemia detector. The
detector was implemented by modeling ischemia-induced changes as step-
like changes with a linearly gradual transition plus additive Laplacian noise.
Results showed a high sensitivity and positive predictive value in the detec-
tion of ischemic events, particularly in patients with LAD occlusion, as they
presented the highest ECG changes following coronary occlusion.

6.1.4 Depolarization analysis applied to a porcine model of
myocardial infarction

The ECG indices analyzed in chapters 2 and 3 were subsequently evaluated
in a porcine model of myocardial ischemia and infarction. Analysis of ECG
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recordings acquired during 40-min LAD occlusion in pigs revealed that in-
dices associated with the earlier part of the depolarization phase (upward
slope Zys and maximum QRS vector magnitude QSR,,4,) presented tem-
poral patterns of variation during coronary occlusion similar to that of the
R-wave amplitude (R,), and did not correlate with the myocardium at risk.
On the other hand, indices associated with the latter part of the depolariza-
tion phase (downward slope Zpg), reflecting changes both in the amplitude
and width of the QRS complex as well as distortion in the final part of the
complex, are better predictors of the myocardium at risk in acute myocardial
ischemia. The first 4-21 minutes of coronary occlusion represented the most
significant ones in terms of correlation between changes in ECG-derived in-
dices and the myocardium at risk. Despite species differences, the findings
in the animal experiments analyzed in this thesis served to understand the
electrophysiological changes occurring following long periods of ischemia.

6.2 Future extensions

6.2.1 Evaluation of QRS slopes in other clinical settings

A robust method for quantification of QRS slopes was developed and eval-
uated in two different ischemia models, based on a human and pig popula-
tion, respectively. The sensitivity of the QRS slopes to the ischemia-induced
changes and its relationship with ischemia properties was reported. How-
ever, the method could have a potential application in monitoring stress
tests, where ischemia develops as stress progresses. The main challenge in
this application is the high level of noise present in that type of recordings.
Specific filters to avoid or attenuate such noise could be considered alongside
with the QRS slopes calculation.

Another aspect of QRS slopes that deserves further attention is its po-
tential use for identification of the occluded artery. Both the 2D and 3D
spatial lead profiles presented in chapter 3 indicated that the QRS slopes
could be used for that purpose. Different classifiers should be evaluated
and their performance should be tested for separation of the different artery
groups, particularly for distinguishing RCA and LCX, which is the most
challenging one.

6.2.2 Ischemia detection

Robust ischemia detectors are required to identify ischemic events in clinical
situations. The ischemia detector proposed in chapter 4 of this thesis used
the QRS angles as trigger inputs and showed good performance in the spe-
cific model of PCI-induced myocardial ischemia, particularly in patients with
LAD occlusion. Additional validation should be provided by evaluation in
other databases, such as the European Society of Cardiology ST-T database
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(ESCDB) and the Long Term ST Database (LTSTDB), which contain ECG
recordings of 2-hour and 24-hour duration, respectively, and a considerable
number of annotated ischemic and non-ischemic ST-segment changes in real
situations.

The ischemia detector could be further improved by including a step
in its design in which the duration of the ischemic changes transition was
estimated, and thus the size of the analysis window could be set accordingly.

On top of providing information on the timing of ischemic events, the
detector could additionally inform about the site of the damaged/occluded
artery. Since the leads where the ECG changes are the largest, are those
close to the ischemic region, the detector could quantify the outputs for
the different analyzed leads and assess the most probable site of occlusion.
Alternatively, three independent detectors could be designed each working

on the set of leads usually affected by one of the three main coronary arteries
(LAD, RCA, LCX).
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3D
AF
AFL
AP
APD
AV
BPC
CAD
CT
CVD
ECG
EGE
EMG
EPS
FDA
FpP
Gd
GLRT
HR
HRV
IS
KLT
LA
LAD
LBBB
LCX
LGE
LL
LV
MAD
MaR

Three-dimensional

Atrial fibrillation

Atrial flutter

Action potential

Action potential duration
Atrioventricular node

Body postural changes
Coronary artery disease
Computed tomography
Cardiovascular disease
Electrocardiogram

Early Gd enhancement, equivalent to early ce-MRI
Electromyogram
Electrophysiology study

Food and Drug Administration
False positive

Gadolinium contrast
Generalized likelihood ratio test
Heart rate

Heart rate variability

Infarct size

Karhunen-Loeéve transform
Left arm

Left anterior descendent artery
Left bundle branch block

Left circumflex artery

late Gd enhancement, equivalent to late ce-MRI
Left leg

Left ventricle

Median absolute deviation
Myocardium at risk
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MBq Megabecquerel, 10° becquerel (Bq). Unit of radioactivity
MI Myocardial infarction
MLE Maximum likelihood estimator
MLR Multiple linear regression
MPS Myocardial perfusion imaging
MRI Magnetic resonance images
PCI Percutaneous coronary intervention
pPCI primary percutaneous coronary intervention
PCA Principal components analysis
PDF Probability density function
PSVT Paroxysmal supraventricular tachycardia
PTCA Primary transluminal coronary angioplasty
QRSyce QRS loop obtained from the VCG
QRSpca QRS loop obtained from the PCA technique
RA Right arm
RBBB Right bundle branch block
RCA Right coronary artery
SA Sinoatrial node
SCD Sudden cardiac death
SEM Standard error of the mean
SD Standard deviation
SPECT  Single photon emission computed tomography
SPCs Supraventricular premature contractions
SPSS Statistical Product and Service Solutions
STEMI ST segment elevation myocardial infarction
SVD Singular value decomposition
SVT Supraventricular tachycardia
TN True negative
TP True positive
TWA T wave alternans
VCG Vectorcardiogram
VF Ventricular fibrilation
VT Ventricular tachycardia
WCT Wilson’s central terminal
WPW Wolff-Parkinson-White syndrome
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Que te parece desto, Sancho — Dijo Don Quijote —
Hay encantos que valgan contra la verdadera valentia.
Bien podrdn los encantadores quitarme la ventura,
pero el esfuerzo y el nimo, serd imposible.

Miguel de Cervantes
1I parte del Ingenioso Caballero
Don Quijote de la Mancha
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