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Iepiinyn

210Y0¢ TG OMAMUOTIKNG AT €lvarl 1 O1e€00IKN HEAET, KOTOVON oY Kot
avamntuén oe Matlab tov alyopiBuov yio TV aviyvevon Kol LETPMNOT TOV PULVOLEVOL
KapdlokoV «alternansy (evoliaynq omv popeoloyio oe mpoétuvmo ABABAB) oto
énappo T tov HAextpoKapdol' papnuatog (HKI) evdc acBevolds. Xe avt v
JMA®UOTIKY, YIVETOL Yo TPAOTN GOPA, EPUPLOYN TOV OAYOPIOLOL Yoo TV HETPNON
Tov alternans o€ 24wpo. HKI mov mipape omd acbeveig tov I evikod Nocokoueiov t¢
Moooayovocoéttng (MGH). H duthopoatikn epyacio exmoviOnke £’ oAOKANpov 611G
eykataotdaoelc tov MGH, oto Charlestown tng Bootovng, e otevi cuvepyacio tov
EUTAEKOUEVOV gpELVNTOV amtd MV latpikn Xyoin tov Ilavemiotyuiov Xapfopvt Ko
tov EOvikod Metaofiov Tloivteyveion. To mAnpeg Kelipevo avtng ¢ epyaciog eivar
oV ayyYMKN YADOCGOO, EVEO GTO EAANVIKE LIAPYEL TO KOUUATL TOL QPOpd TNV O1KN
pag dovAetd. I T1g avaykeg g epyaciog ypnoyoromOnke 1o Aoyiopkd Matlab tg
etopeiog The MathWorks, Inc. kot ehedBepo Aoyiopkd yn eneEepyasio HKI™ and to
PhysioNet, o glevBepn BipArodnkn-kovotnta, mov mTpocPépel mTOAOTIHO EpYaLEio
Yo TNV HEAETT GUVOETMOV PLUGIOAOYIKAOV CTUATOV.

Apykd, mopabétoope 1o Bempnrtikd vroPfabpo mhve 6to 0moio PacIoTHKAUE
yw Vv avdntoén tov  aAdyopiBuov. 'Etcl,  avaeépovpe opiopéves  Pacikég
TANPOPOPIES Y10 TNV PLGLO0AOYIO TNG Kapdldg kot to HKI'. X1 cvvéyeln, divovpe To
IGTOPIKO TNG EPELVAG, TIG AUTIEG, TNV oNUacic Kot TV kVupto LEB0S0 VTTOAOYIGLOV TOV
alternans, OTOG OWTO TOPOVCIALETAL GE EYKVPES EMOTNUOVIKEG epyociec. 'Emetta,
TPOYWPAUE GTO KOPLO TUNUA TNG SUTAMUOTIKNG TOV 0pOPA TNV OIKN Hog Epyacio, TO
omoio ocvvoyileton oe éva Obypappo pong pe to PApata tov aiyopiBuov. O
alyoppog mov viomorove Paciletal 6Tov VITOAOYIGUO TOL alternans TOL EXAPUATOG
T og eminedo pV pe ™ goopoatiky] péboodo. Kabe Prpo avolvetor eKtEVDS Kot
TapdAANAa dlvovtar gikdveg Kot dtaypdppata ond v eneéepyocio Tov dedopévav,
OV ATOJEIKVOOLY T AeyOpeva pag. [TapdAinia pe v meptypoer| Tov fnudtov tov
alyopiBuov, mapovctalovtal Kot d1dpopo YoPaKINPIOTIKE 1) EMAOYEG TOV TPOCPEPEL
0 TPOypappd poc. Emmpocheta, 610 t€A0G TOL 0yyAKOD KEWWEVOL, EMIGLVATTETOL
o Alota pe tig 40 cvvaptioelg tov Matlab mov avartHEope, To OpiGHOTA KO TG
Aertovpyleg tovg. Téhog, yivovtor avagopég yio onueiot TOL AOYIGUIKOD HOG OV
UIopovV vo. BEATI®O0VV GTO HEAAOV.

Aé€erc — Khewora

Alternans Emdppotog T, HAlektpokapdoypaenuo, HAlextpopuoioroyio, Pneroknm
Enelepyacio EInuatwv, Kapdiakés Appuvbuieg, Matlab

Nikolaos Bonatsos — Diploma Thesis 5



Abstract

The goal of this thesis is to study extensively and develop in the Matlab
programming language the algorithm that calculates microvolt T Wave Alternans
(TWA) in long-term electrocardiographic (ECQG) recordings. Alternans involves an
‘ababab...’ pattern of variation in T-wave morphology in sequential beats. For
purposes of this thesis we attempted to locate and estimate T-wave alternans in 24-
hour data (first time ever in such large data files), which was obtained from holter
monitors (portable ECG electronic devices) from the Massachusetts General Hospital
(MGH). All the work was carried out at the MGH facilities in Charlestown, MA.
Moreover, there was close cooperation between the researchers at Harvard Medical
School and the National Technical University of Athens. The full text of this thesis is
written in English and there is also a translation of the piece concerning our own
work in Greek. For needs of our work, we used the Matlab programming language,
which is property of The MathWorks, Inc. and some free software tools from
PhysioNet, an online community that offers precious tools for the study of complex
physiologic signals.

Initially, we present the theoretical background that is the basis of our code.
Following this, we provide some basic information for the physiology of the heart,
the ECG and its processing. Afterwards, we present prior scientific work that is
relevant to the present one. This section includes the history, the causes, the
significance and the main method of calculation of T wave alternans. Next, we
present our own work, which is based on a flow chart with the steps of the algorithm,
and is considered to be the core of this thesis. The algorithm for detection and
quantification of microvolt TWA we develop is that of the spectral method. Each step
is analyzed extensively and at the same time images and plots from the ECG data
processing are given. Moreover, all the features of our program are illustrated along
with its parameters, which should be well defined prior to data loading. Furthermore,
in the end of the English text, there is a list of 40 new Matlab functions developed for
this thesis, their arguments and some comments regarding their usage. Last but not
least, throughout the text, we mention some useful points concerning improvements
that could be done in the future.

Keywords

T Wave Alternans (TWA), Electrocardiogram (ECG), Electrophysiology, Digital
Signal Processing, Cardiac Arrhythmias, Matlab, repolarization alternans
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Facts about the Heart, Chapter 1

Chapter 1
Facts about the Heart
1.1/the heart

The heart is a squared shape, muscular organ responsible for pumping blood through
the blood vessels by repeated, rhythmic contractions, or a similar structure in
annelids, mollusks, and arthropods. The term cardiac (as in cardiology) means
"related to the heart" and comes from the Greek kapdid, kardia, for "heart." The heart
is composed of cardiac muscle, an involuntary muscle tissue which is found only
within this organ. [1]

iml. The heart and lungs [1]
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Facts about the Heart, Chapter 1

1.2/structure

In the human body, the heart is usually situated to the left of the middle of the thorax
(although sometimes it is on the right), underneath the breastbone. The heart is
usually felt to be on the left side because the left heart (left ventricle) is stronger (it
pumps to all body parts). The left lung is smaller than the right lung because the heart
occupies more of the left hemithorax. The heart is enclosed by a sac known as the
pericardium and is surrounded by the lungs. The pericardium is a double membrane
structure containing a serous fluid to reduce friction during heart contractions. The
mediastinum, a subdivision of the thoracic cavity, is the name of the heart cavity. [1]

‘_ Human Heart Diagram |

incuspid valve

im2. Anterior (frontal) view of the opened heart. Arrows indicate normal blood flow [1]

The apex is the blunt point situated in an inferior (pointing down and left) direction.
A stethoscope can be placed directly over the apex so that the beats can be counted. It
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Facts about the Heart, Chapter 1

is located posterior to the Sth intercostal space in the left mid-clavicular line. In
normal adults, the mass of the heart is 250-350 g (9-12 0z), or about three fourths the
size of a clenched fist, but extremely diseased hearts can be up to 1000 g (2 lb) in
mass due to hypertrophy. It consists of four chambers, the two upper atria (singular:
atrium) and the two lower ventricles. The function of the right side of the heart (see
right heart) is to collect de-oxygenated blood, in the right atrium, from the body and
pump it, via the right ventricle, into the lungs (pulmonary circulation) so that carbon
dioxide can be dropped off and oxygen picked up (gas exchange). This happens
through a passive process called diffusion. The left side (see left heart) collects
oxygenated blood from the lungs into the left atrium. From the left atrium the blood
moves to the left ventricle which pumps it out to the body. On both sides, the lower
ventricles are thicker and stronger than the upper atria. The muscle wall surrounding
the left ventricle is thicker than the wall surrounding the right ventricle due to the
higher force needed to pump the blood through the systemic circulation.

The blood flows through a system, starting in the right atrium, the blood flows to the
tricuspid valve, then to the right ventricles that pump blood out, to the pulmonary
semilunar valve [psv], and on to the pulmonary artery which delivers blood to the
lungs. From there, blood flows back to the pulmonary vein to the left atrium, then the
bicuspid valve, and to the left ventricle, then on to the aortic semilunar valve. Then
the blood "forks off" and is delivered to the rest of the body through the aorta, then
the arteries, to the arterioles, and to capillaries where they go back to the heart to the
venules, to the veins, to the inferior/superior vena cava, and starts all over again. The
heart is effectively a syncytium, a meshwork of cardiac muscle cells interconnected
by contiguous cytoplasmic bridges. This relates to electrical stimulation of one cell
spreading to neighboring cells.

1.3/electrical conduction system of the heart

The normal electrical conduction in the heart allows the impulse that is generated by
the sinoatrial node (SA node) of the heart to be propagated to (and stimulate) the
myocardium (Cardiac muscle). After myocardium is stimulated, it contracts. It is the
ordered stimulation of the myocardium that allows efficient contraction of the heart,
thereby allowing blood to be pumped throughout the body. [1]

im3. The heart conduction system [1]
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1.4/requirements for effective pumping

In order to maximize efficiency of contraction and cardiac output, the conduction
system of the heart has [1]:

o Substantial atrial to ventricular delay. This allows the atria to completely
empty their contents into the ventricles, simultaneous contraction would cause
inefficient filling and backflow. The atria are electrically isolated from the
ventricles, connected only via the AV node which briefly delays the signal.

e Coordinated contraction of ventricular cells. The ventricles must maximize
systolic pressure to force blood through the circulation, so all the ventricular
cells must work together.

o Ventricular contraction begins at the apex of the heart, progressing
upwards to eject blood into the great arteries. Contraction that
squeezes blood towards the exit is more efficient than a simple squeeze
from all directions. Although the ventricular stimulus originates from
the AV node in the wall separating the atria and ventricles, the Bundle
of His conducts the signal to the apex.

o Depolarization propagates through cardiac muscle very rapidly. Cells
of the ventricles contract nearly simultaneously.

o The action potentials of cardiac muscle are unusually sustained. This
prevents premature relaxation, maintaining initial contraction until
the entire myocardium has had time to depolarize and contract.

e Absence of tetany. After contracting, the heart must relax to fill up again.
Sustained contraction of the heart without relaxation would be fatal, and this
is prevented by a temporary inactivation of certain ion channels.

1.5/electrochemical mechanism

Cardiac muscle has some similarities to neurons and skeletal muscle, as well as
important unique properties. Like a neuron, a given myocardial cell has a negative
membrane potential when at rest. Stimulation above a threshold value induces the
opening of voltage-gated ion channels and a flood of cations into the cell. The
positively charged ions entering the cell cause the depolarization characteristic of an
action potential. Like skeletal muscle, depolarization causes the opening of voltage-
gated calcium channels and release of Ca”" from the t-tubules. This influx of calcium
causes calcium-induced calcium release from the sarcoplasmic reticulum, and free
Ca®" causes muscle contraction. After a delay (the absolute refractory period),
Potassium channels reopen and the resulting flow of K™ out of the cell causes
repolarization to the resting state. [1]

Note that there are important physiological differences between nodal cells and
ventricular cells; the specific differences in ion channels and mechanisms of
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polarization give rise to unique properties of SA node cells, most importantly the
spontaneous depolarizations necessary for the SA node's pacemaker activity.

4 4

im4. The cardiac action potential has five phases

1.6/conduction pathway

Signals arising in the SA node stimulate the atria to contract and travel to the AV
node. After a delay, the stimulus is conducted through the bundle of His to the
Purkinje fibers and the endocardium at the apex of the heart, then finally to the
ventricular epicardium. [1]

Microscopically, the wave of depolarization propagates to adjacent cells via gap
junctions located on the intercalated disk. The heart is a syncytium: electrical
impulses propagate freely between cells in every direction, so that the myocardiam
functions as a single contractile unit. This property allows rapid, synchronous
depolarization of the myocardium. While normally advantageous, this property can
be detrimental as it potentially allows the propagation of incorrect electrical signals.
These gap junctions can close to isolate damaged or dying tissue, as in a myocardial
infarction.

1.7/pathology

An impulse (action potential) that originates from the SA node at a rate of 60 - 100
beats/minute (bpm) is known as normal sinus rhythm. If SA nodal impulses occur at a
rate less than 60 bpm, the heart rhythm is known as sinus bradycardia. If SA nodal
impulse occurs at a rate exceeding 100 bpm, the consequent rapid heart rate is sinus
tachycardia. These conditions are not necessarily bad symptoms, however. Trained
athletes, for example, usually show heart rates slower than 60bpm when not
exercising. If the SA node fails to initialize, the AV Junction can take over as the
main pacemaker of the heart. The AV Junction "surrounds" the AV node (the AV
node is not able to initialize its own impulses) and has a regular rate of 40 to 60 bpm.
These "Junctional" rhythms are characterized by a missing or inverted P-Wave. If
both the SA node and the AV Junction fail to initialize the electrical impulse, the
ventricles can fire the electrical impulses themselves at a rate or 20 to 40 bpm and
will have a QRS complex of  greater than 12ms. [1]
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Chapter 2
Electrocardiogram (ECG)

2.1/ Introduction

An electrocardiogram (ECG or EKG, abbreviated from the German
Elektrokardiogramm) 1is a graphic produced by an electrocardiograph, which
records the electrical activity of the heart over time. Analysis of the various waves
and normal vectors of depolarization and repolarization yields important diagnostic
information. [2]

o It is the gold standard for the diagnosis of cardiac arrhythmias

e It guides therapy and risk stratification for patients with suspected acute
myocardial infarction

o It helps detect electrolyte disturbances (e.g. hyperkalemia and hypokalemia)

o [t allows for the detection of conduction abnormalities (e.g. right and left

bundle branch block)

e [tis used as a screening tool for ischemic heart disease during a cardiac stress
test

e [t is occasionally helpful with non-cardiac diseases (e.g. pulmonary embolism
or hypothermia)

The electrocardiogram does not directly assess the contractility of the heart. However,
it can give a rough indication of increased or decreased contractility.
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im5. Normal ECG [2]
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2.2/history

im6. ECG as done by Willem Einthoven
Electromechanical technology [2]

111 1856 I{U}}lb}\cl Cllld }v{ucuc1 dibbUVUlUd t‘llU U}Ubtliba} a\,ﬁvit_y Uf thC thIt W}lCll d
frog sciatic nerve/gastrocenemius preparation fell onto an isolated frog heart and both
muscles contracted synchronously. Alexander Muirhead attached wires to a feverish
patient's wrist to obtain a record of the patient's heartbeat while studying for his DSc
(in electricity) in 1872 at St Bartholomew's Hospital. [2]

im7. The Cambridge Simpliscribe, a
popular ECG instrument of the 1950's
and 1960's. Vacuum tube technology [2]

This activity was directly recorded and visualized using a Lippmann capillary
electrometer by the British physiologist John Burdon Sanderson.

The first to systematically approach the heart from an electrical point-of-view was
Augustus Waller, working in St Mary's Hospital in Paddington, London. His
electrocardiograph machine consisted of a Lippmann capillary electrometer fixed to a
projector. The trace from the heartbeat was projected onto a photographic plate which
was itself fixed to a toy train. This allowed a heartbeat to be recorded in real time. In
1911 he still saw little clinical application for his work.

E L — "j
[ - . :_ . im8. The Cambridge VS4, a popular

ECG instrument of the 1970's and
1980's. Solid state technology [2]

- == Wil
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Netherlands, used the string galvanometer invented by him in 1901, which was much
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more sensitive than the capillary electrometer that Waller used. Einthoven assigned
the letters P, Q, R, S and T to the various deflections, and described the
electrocardiographic features of a number of cardiovascular disorders. In 1924, he
was awarded the Nobel Prize in Medicine for his discovery.

Though the basic principles of that era are still in use today, there have been many
advances in electrocardiography over the years. The instrumentation, for example,
has evolved from a cumbersome laboratory apparatus to compact electronic systems
that often include computerized interpretation of the electrocardiogram.

2.3/ECG graph paper

A typical electrocardiograph runs at a paper speed of 25 mm/s, although faster paper
speeds are occasionally used. Each small block of ECG paper is 1 mm®”. At a paper
speed of 25 mm/s, one small block of ECG paper translates into 0.04 s (or 40 ms).
Five small blocks make up 1 large block, which translates into 0.20 s (or 200 ms).
Hence, there are 5 large blocks per second. A diagnostic quality 12 lead ECG is
calibrated at 10 mm/mV, so 1 mm translates into 0.1 mV. [2]

2.4/filter selection

Modern ECG monitors offer multiple filters for signal processing. The most common
settings are monitor mode and diagnostic mode. In monitor mode, the low
frequency filter (also called the high-pass filter because signals above the threshold
are allowed to pass) is set at either 0.5 Hz or 1 Hz and the high frequency filter (also
called the low-pass filter because signals below the threshold are allowed to pass) is
set at 40 Hz. This limits artifact for routine cardiac rhythm monitoring. The low
frequency (high-pass) filter helps reduce wandering baseline and the high frequency
(low pass) filter helps reduce 50 or 60 Hz power line noise (the power line network
frequency differs between 50 and 60 Hz in different countries). In diagnostic mode,
the low frequency (high pass) filter is set at 0.05 Hz, which allows accurate ST
segments to be recorded. The high frequency (low pass) filter is set to 40, 100, or 150
Hz. Consequently, the monitor mode ECG display is more filtered than diagnostic
mode, because its bandpass is narrower. [2]
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relerence pulse

reprasants 0.2 seconds (200 ms)

time ard 0.5 mYV amplitude

One small 1 mm = 1 mm block
represents 40 ms time and
0.1 mV ampltude.
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Time

im9. ECG graph paper [2]

2.5/1eads

im10. Graphic showing the relationship between positive electrodes, depolarization wavefronts (or
mean electrical vectors), and complexes displayed on the ECG [2]

An electrocardiogram is obtained by measuring electrical potential between various
points of the body using a biomedical instrumentation amplifier. A lead records the

electrical signals of the heart from a particular combination of recording electrodes
which are placed at specific points on the patient's body. [2]

When a depolarization wavefront (or mean electrical vector) moves toward a
positive electrode, it creates a positive deflection on the ECG in the
corresponding lead.
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e When a depolarization wavefront (or mean electrical vector) moves away
from a positive electrode, it creates a negative deflection on the ECG in the
corresponding lead.

e When a depolarization wavefront (or mean electrical vector) moves
perpendicular to a positive electrode, it creates an equiphasic (or isoelectric)
complex on the ECG. It will be positive as the depolarization wavefront (or
mean electrical vector) approaches (A), and then become negative as it passes

by (B).

There are two types of leads—unipolar and bipolar. The former have an indifferent
electrode at the center of the Einthoven’s triangle (which can be likened to a ‘neutral’
of the wall socket) at zero potential. The direction of these leads is from the “center”
of the heart radially outward and includes the precordial (chest) leads and limb
leads— VL, VR, & VF. The latter, in contrast, have both the electrodes at some
potential and the direction of the corresponding electrode is from the electrode at
lower potential to the one at higher potential, e.g., in limb lead I, the direction is from
left to right. These include the limb leads--I, II, and III.

Note that the coloring scheme for leads varies by country.

Limb

i

Lead I

imll. Leads [2]

w‘mb«-—-«iwullrﬁ-m’m%'w

Lead 11

Leads I, IT and III are the so-called limb leads because at one time, the subjects of
electrocardiography had to literally place their arms and legs in buckets of salt water
in order to obtain signals for Einthoven's string galvanometer. They form the basis of
what is known as Einthoven's triangle. Eventually, electrodes were invented that
could be placed directly on the patient's skin. Even though the buckets of salt water
are no longer necessary, the electrodes are still placed on the patient's arms and legs
to approximate the signals obtained with the buckets of salt water. They remain the
first three leads of the modern 12 lead ECG.

e Lead I is a dipole with the negative (white) electrode on the right arm and the
positive (black) electrode on the left arm.

e Lead Il is a dipole with the negative (white) electrode on the right arm and the
positive (red) electrode on the left leg.

e Lead Ill is a dipole with the negative electrode (black) on the left arm and the
positive (red) electrode on the left leg.
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Augmented limb

RA = Right Amm | | FA LA

LA = Lefit Arm

RL = Right Leg

LL =Lefl Leg
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LA - Black
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LI - Red
im12. Proper placement of the limb leads [2]

Leads aVR, aVL, and aVF are augmented limb leads. They are derived from the
same three electrodes as leads I, II, and IIl. However, they view the heart from
different angles (or vectors) because the negative electrode for these leads is a
modification of Wilson's central terminal, which is derived by adding leads I, II,
and III together and plugging them into the negative terminal of the EKG machine.
This zeroes out the negative electrode and allows the positive electrode to become the
"exploring electrode" or a unipolar lead. This is possible because Einthoven's Law
states that I + (-II) + III = 0. The equation can also be written I + III = II. It is written
this way (instead of I + II + III = 0) because Einthoven reversed the polarity of lead II
in Einthoven's triangle, possibly because he liked to view upright QRS complexes.
Wilson's central terminal paved the way for the development of the augmented limb
leads aVR, aVL, aVF and the precordial leads V1, V2, V3, V4, V5, and V6.

e Lead aVR or "augmented vector right" has the positive electrode (white) on
the right arm. The negative electrode is a combination of the left arm (black)
electrode and the left leg (red) electrode, which "augments" the signal strength
of the positive electrode on the right arm.

e Lead aVL or "augmented vector left" has the positive (black) electrode on the
left arm. The negative electrode is a combination of the right arm (white)
electrode and the left leg (red) electrode, which "augments" the signal strength
of the positive electrode on the left arm.

e Lead aVF or "augmented vector foot" has the positive (red) electrode on the
left leg. The negative electrode is a combination of the right arm (white)
electrode and the left arm (black) electrode, which "augments" the signal of
the positive electrode on the left leg.

The augmented limb leads aVR, aVL, and aVF are amplified in this way because the

signal is too small to be useful when the negative electrode is Wilson's central
terminal. Together with leads I, 11, and III, augmented limb leads aVR, aVL, and aVF
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form the basis of the hexaxial reference system, which is used to calculate the heart's
electrical axis in the frontal plane.

Precordial

\ - )
- i\\ l'n.'l'-
- Vs
Vi V2 V4
V3

iml13. Proper placement of the precordial leads [2]

The precordial leads V1, V2, V3, V4, V5, and V6 are placed directly on the chest.
Because of their close proximity to the heart, they do not require augmentation.
Wilson's central terminal is used for the negative electrode, and these leads are
considered to be unipolar. The precordial leads view the heart's electrical activity in
the so-called horizontal plane. The heart's electrical axis in the horizontal plane is
referred to as the Z axis.

Leads V1, V2, and V3 are referred to as the right precordial leads and V4, V5, and
V6 are referred to as the left precordial leads.

The QRS complex should be negative in lead V1 and positive in lead V6. The QRS
complex should show a gradual transition from negative to positive between leads V2
and V4. The equiphasic lead is referred to as the transition lead. When the transition
occurs earlier than lead V3, it is referred to as an early transition. When it occurs
later than lead V3, it is referred to as a late transition. There should also be a gradual
increase in the amplitude of the R wave between leads V1 and V4. This is known as
R wave progression. Poor R wave progression is a nonspecific finding. It can be
caused by conduction abnormalities, myocardial infarction, cardiomyopathy, and
other pathological conditions.

e Lead V1 is placed in the fourth intercostal space to the right of the sternum.

e Lead V2 is placed in the fourth intercostal space to the left of the sternum.

e Lead V3 is placed directly between leads V2 and V4.

e Lead V4 is placed in the fifth intercostal space in the midclavicular line (even
if the apex beat is displaced).

e Lead VS5 is placed directly between leads V4 and V6.

e Lead V6 is placed horizontal with V4 in the midaxillary line.
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Ground

An additional electrode (usually green) is present in modern four-lead and twelve-
lead ECGs. This is the ground lead and is placed on the right leg by convention,
although in theory it can be placed anywhere on the body. With a three-lead ECG,
when one dipole is viewed, the remaining lead becomes the ground lead by default.

2.6/waves and intervals

(LS
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iml14. Schematic representation of normal ECG [2]

A typical ECG tracing of a normal heartbeat (or cardiac cycle) consists of a P wave, a
QRS complex and a T wave. A small U wave is normally visible in 50 to 75% of
ECGs. The baseline voltage of the electrocardiogram is known as the isoelectric line.
Typically the isoelectric line is measured as the portion of the tracing following the T
wave and preceding the next P wave.

Rhythm analysis

There are some basic rules that can be followed to identify a patient's heart rhythm.
What is the rate? Is it regular or irregular? Are P waves present? Are QRS complexes
present? Is there a 1:1 relationship between P waves and QRS complexes? Is the PR
interval constant?

P wave

During normal atrial depolarization, the mean electrical vector is directed from the
SA node towards the AV node, and spreads from the right atrium to the left atrium.
This turns into the P wave on the ECG, which is upright in II, III, and aVF (since the
general electrical activity is going toward the positive electrode in those leads), and
inverted in aVR (since it is going away from the positive electrode for that lead). A P
wave must be upright in leads II and aVF and inverted in lead aVR to designate a
cardiac rhythm as Sinus Rhythm.
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e The relationship between P waves and QRS complexes helps distinguish
various cardiac arrhythmias.
e The shape and duration of the P waves may indicate atrial enlargement.

PR interval

The PR interval is measured from the beginning of the P wave to the beginning of the
QRS complex. It is usually 120 to 200 ms long. On an ECG tracing, this corresponds
to 3 to 5 small boxes.

e A prolonged PR interval may indicate a first degree heart block.

e A short PR interval may indicate a pre-excitation syndrome via an accessory
pathway that leads to early activation of the ventricles, such as seen in Wolff-
Parkinson-White syndrome.

e A variable PR interval may indicate other types of heart block.

e PR segment depression may indicate atrial injury or pericarditis.

e Variable morphologies of P waves in a single ECG lead is suggestive of an
ectopic pacemaker rhythm such as wandering pacemaker or multifocal atrial
tachycardia

ORS complex

Rs _AI_
~ | 1)\

5
rsR’ : Qs

iml15. Various QRS complexes with nomenclature [2]

The QRS complex is a structure on the ECG that corresponds to the depolarization of
the ventricles. Because the ventricles contain more muscle mass than the atria, the
QRS complex is larger than the P wave. In addition, because the His/Purkinje
system coordinates the depolarization of the ventricles, the QRS complex tends to
look "spiked" rather than rounded due to the increase in conduction velocity. A
normal QRS complex is 0.06 to 0.10 sec (60 to 100 ms) in duration. Not every QRS
complex contains a Q wave, an R wave, and an S wave. By convention, any
combination of these waves can be referred to as a QRS complex. However, correct
interpretation of difficult ECGs requires exact labeling of the various waves. Some
authors use lowercase and capital letters, depending on the relative size of each wave.
For example, an Rs complex would be positively deflected, while a rS complex
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would be negatively deflected. If both complexes were labeled RS, it would be
impossible to appreciate this distinction without viewing the actual ECG.

e The duration, amplitude, and morphology of the QRS complex is useful in
diagnosing cardiac arrhythmias, conduction abnormalities, ventricular
hypertrophy, myocardial infarction, electrolyte derangements, and other
disease states.

e Q waves can be normal (physiological) or pathological. Normal Q waves,
when present, represent depolarization of the interventricular septum. For this
reason, they are referred to as septal Q waves, and can be appreciated in the
lateral leads I, aVL, V5 and V6.

e Q waves greater than 1/3 the height of the R wave, greater than 0.04 sec (40
ms) in duration, or in the right precordial leads are considered to be abnormal,
and may represent myocardial infarction.

ST segment

The ST segment connects the QRS complex and the T wave and has duration of 0.08
to 0.12 sec (80 to 120 ms). It starts at the J point (junction between the QRS complex
and ST segment) and ends at the beginning of the T wave. However, since it is
usually difficult to determine exactly where the ST segment ends and the T wave
begins, the relationship between the ST segment and T wave should be examined
together. The typical ST segment duration is usually around 0.08 sec (80 ms). It
should be essentially level with the PR and TP segment.

e The normal ST segment has a slight upward concavity.

o Flat, down sloping or depressed ST segments may indicate coronary ischemia.

o ST segment elevation may indicate myocardial infarction. An elevation of
>Imm and longer than 80 milliseconds following the J-point. This measure
has a false positive rate of 15-20% (which is slightly higher in women than
men) and a false negative rate of 20-30%.

T wave

The T wave represents the repolarization (or recovery) of the ventricles. The interval
from the beginning of the QRS complex to the apex of the T wave is referred to as the
absolute refractory period. The last half of the T wave is referred to as the relative
refractory period (or vulnerable period).

In most leads, the T wave is positive. However, a negative T wave is normal in lead
aVR. Lead V1 may have a positive, negative, or biphasic T wave. In addition, it is not
uncommon to have an isolated negative T wave in lead III, aVL, or aVF.

o Inverted (or negative) T waves can be a sign of coronary ischemia, Wellens'
syndrome, left ventricular hypertrophy, or CNS disorder.

e Tall or "tented" symmetrical T waves may indicate hyperkalemia. Flat T
waves may indicate coronary ischemia or hypokalemia.
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e The earliest electrocardiographic finding of acute myocardial infarction is
sometimes the hyperacute T wave, which can be distinguished from
hyperkalemia by the broad base and slight asymmetry.

e When a conduction abnormality (e.g., bundle branch block, paced rhythm) is
present, the T wave should be deflected opposite the terminal deflection of the
QRS complex. This is known as appropriate T wave discordance.

QT interval

The QT interval is measured from the beginning of the QRS complex to the end of
the T wave. A normal QT interval is usually about 0.40 seconds. The QT interval as
well as the corrected QT interval are important in the diagnosis of long QT syndrome
and short QT syndrome. The QT interval varies based on the heart rate, and various
correction factors have been developed to correct the QT interval for the heart rate.
The most commonly used method for correcting the QT interval for rate is the one
formulated by Bazett and published in 1920. Bazett's formula is:

QT

V RR, where QTc is the QT interval corrected for rate, and RR is the
interval from the beginning of one QRS complex to the beginning of the next QRS
complex, measured in seconds. However, this formula tends to be inaccurate, and
over-corrects at high heart rates and under-corrects at low heart rates.

T e =

U wave

The U wave is not always seen. It is typically small, and, by definition, follows the T
wave. U waves are thought to represent repolarization of the papillary muscles or
Purkinje fibers. Prominent U waves are most often seen in hypokalemia, but may be
present in hypercalcemia, thyrotoxicosis, or exposure to digitalis, epinephrine, and
Class 1A and 3 antiarrhythmics, as well as in congenital long QT syndrome and in the
setting of intracranial hemorrhage. An inverted U wave may represent myocardial
ischemia or left ventricular volume overload.

2.7/clinical lead groups

I Lateral aVR V1 Septal | V4 Anterior
II Inferior | aVL Lateral | V2 Septal | V5 Lateral
III Inferior | aVF Inferior | V3 Anterior | V6 Lateral

iml16. Diagram showing the contiguous leads in the same color [2]

There are twelve leads in total, each recording the electrical activity of the heart from
a different perspective, which also correlate to different anatomical areas of the heart
for the purpose of identifying acute coronary ischemia or injury. Two leads that look

30 Nikolaos Bonatsos — Diploma Thesis



Electrocardiogram (ECG), Chapter 2

at the same anatomical area of the heart are said to be contiguous (see color coded
chart). [2]

The inferior leads (leads II, IIT and aVF) look at electrical activity from the
vantage point of the inferior (or diaphragmatic) wall of the left ventricle.

The lateral leads (I, aVL, Vs and Vi) look at the electrical activity from the
vantage point of the lateral wall of left ventricle. Because the positive
electrode for leads I and aVL are located on the left shoulder, leads I and aVL
are sometimes referred to as the high lateral leads. Because the positive
electrodes for leads V5 and V6 are on the patient's chest, they are sometimes
referred to as the low lateral leads.

The septal leads, V; and V; look at electrical activity from the vantage point
of the septal wall of the left ventricle. They are often grouped together with
the anterior leads.

The anterior leads, V; and V4 look at electrical activity from the vantage
point of the anterior wall of the left ventricle.

In addition, any two precordial leads that are next to one another are
considered to be contiguous. For example, even though V4 is an anterior lead
and V5 is a lateral lead, they are contiguous because they are next to one
another.

Lead aVR offers no specific view of the left ventricle. Rather, it views the
inside of the endocardial wall from its perspective on the right shoulder.

2.8/axis
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iml17. QRS complex in leads I, I, and III can be used to
estimate the heart's electrical axis in the frontal plane [2]

The heart's electrical axis refers to the general direction of the heart's depolarization
wavefront (or mean electrical vector) in the frontal plane. It is usually oriented in a
right shoulder to left leg direction, which corresponds to the left inferior quadrant of
the hexaxial reference system, although -30° to +90° is considered to be normal. [2]

Left axis deviation (-30° to -90°) may indicate left anterior fascicular block or
Q waves from inferior MI.

Right axis deviation (+90° to +180°) may indicate left posterior fascicular
block, Q waves from high lateral MI, or a right ventricular strain pattern.

In the setting of right bundle branch block, right or left axis deviation may
indicate bifascicular block.
Apo:
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2.9/the ECG signal and its processing

Automated analysis of the digital 12-lead ECG involves signal analysis and
diagnostic classification. Processing of the ECG occurs in a series of steps, each of
which requires adherence to methodological standards. These steps include [3]:

1. signal acquisition, including filtering;
data transformation, or preparation of data for further processing, including
finding the complexes, classification of the complexes into “dominant” and
“nondominant” (ectopic) types, and formation of an average or median
complex for each lead;

3. waveform recognition, which is the process for identification of the beginning
and ending of the diagnostic waves;

4. feature extraction, which is the measurement of amplitudes and intervals; and

5. diagnostic classification. Diagnostic classification may be heuristic (i.e.,
deterministic, or based on experience-based rules) or statistical in approach.

2.9.1/the ECG signal

The ECG was regarded by Einthoven et al as originating in a stationary, time-
dependent single-dipole source that can be represented by a vector, the heart vector.
In this model, voltage in any lead was explained by projection of the heart vector onto
the straight line that defined the lead axis. Burger et al expanded this concept by
treating the lead axes as vectors. A lead vector, in addition to having a direction that
is not the same as that of the lead axis, also has a length. At any point in time, the
electrical activity of the heart is composed of differently directed forces. Accordingly,
the potential at any point on the body surface represents the instantaneous uncanceled
electrical forces of the heart, where cancellation also is dependent on torso
inhomogeneities. As electrodes move farther away from the heart, signal strength
decreases together with lead strength. According to solid angle theory, signal
magnitude can be related to both spatial and nonspatial factors. Nonspatial factors
include the magnitude of transmembrane potential difference across a boundary
within the heart. Spatial factors include the projected boundary of the difference in
potential relative to the area of a sphere of unit size; this will increase with the
absolute size of the area but decrease with distance of the electrode from the heart.
Simultaneously active wave fronts within the heart may confound the seeming
simplicity of these models. [3]

The fundamental frequency for the QRS complex at the body surface is ~10 Hz, and
most of the diagnostic information is contained below 100 Hz in adults, although low
amplitude, high-frequency components as high as 500 Hz have been detected and
studied. The QRS of infants often contains important components as high as 250 Hz.
The fundamental frequency of T waves is approximately 1 to 2 Hz. Filtering of the
ECG signal to within the band between 1 to 30 Hz produces a stable ECG that is
generally free of artifact, but this bandwidth i1s unacceptable for diagnostic recording
because it produces distortions of both high- and low-frequency components of the
signal. The high-frequency components of the ECG signal define the most rapidly
changing parts of the signal, including Q waves and notched components within the
QRS complex. Because QRS amplitude measurement depends on accurate detection
of the peak of an R wave, an inadequate high frequency response results in systematic
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underestimation of signal amplitude and in smoothing of notches and Q waves. On
the other hand, an inadequate low-frequency response can result in important
distortions of repolarization. Accordingly, the transfer functions of the filtering
algorithms of analog and digital electrocardiographs have a major effect on the
resulting ECG.

2.9.2/ECG signal processing

Processing of the ECG signal by a digital electrocardiograph involves initial sampling
of the signal from electrodes on the body surface. Next, the digital ECG must
eliminate or suppress low-frequency noise that results from baseline wander,
movement, and respiration and higher-frequency noise that results from muscle
artifact and power-line or radiated electromagnetic interference. As a result, the ECG
signal at the body surface must be filtered and amplified by the electrocardiograph.
Digital filters can be designed to have linear phase characteristics, and this avoids
some of the distortion introduced by classic analog filters. Once filtered, individual
templates are constructed for each lead from data sampled generally from dominant
complexes, from which amplitude and duration measurements are made. Global
measurements are made from individual lead data or from mathematical
combinations of simultaneously acquired individual lead data. Measurement error has
an important effect on the accuracy of ECG diagnostic statements. [4]

2.9.3/sampling of the ECG signal

Technology

Direct-writing electrocardiographs, which were preponderant until the 1970s,
recorded signals that were analog, that is, continuous, in nature. Nearly all current-
generation ECG machines convert the analog ECG signal to digital form before
further processing. Analog-to-digital conversion in modern digital ECGs generally
occurs at the front end, such as the lead cable module. The initial sampling rate
during analog-to-digital conversion at the front end is higher than the sampling rate
that is used for further processing of the ECG signal. Oversampling was originally
introduced to detect and represent pacemaker stimulus outputs, which are generally
<0.5 ms in duration. Front-end sampling has been performed at rates from 1000 to
2000 per second, but newer converters can routinely sample at 10 000 to 15 000 per
second or even higher; other converters are adaptive in sampling rate, with output that
is proportional to the energy detected. [3]

Clinical implications

The initial sampling rate used by the computer to transform the analog electrical
signal to a series of discrete digital points (generally described in the unit of samples
per second, or imprecisely as a sampling rate of x Hz) is most often many times
greater than required for further processing of the ECG signal. This is known as
“oversampling.” Pacemaker stimulus outputs are generally shorter in duration than
0.5 ms, and therefore, they cannot be reliably detected by ordinary signal processing
technique at 500 to 1000 Hz. Accordingly, a primary benefit of oversampling is the
detection of narrow pacemaker pulses. Pacemaker detection is not reliably or
accurately performed in all current systems.
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Oversampling can also improve signal quality at the high frequency cutoff. Separate
from difficulties caused by pacemaker spike duration, the very small amplitudes of
modern bipolar pacemaker stimulus outputs are often too small to be recognized on
the standard ECG, a problem that requires resolution without introducing artificially
enhanced pacemaker signals into the tracing. Oversampling by a significant multiple
of the upper-frequency cutoff is recommended to provide recommended bandwidth in
the digitized signal.

2.9.4/1ow-frequency filtering

Technology

The heart rate, in beats (cycles) per minute (bpm), when divided by 60 (seconds per
minute) forms a lower bound for the frequency content in Hertz (Hz, cycles per
second). In practice, this is unlikely to be lower than 0.5 Hz, which corresponds to a
heart rate of 30 bpm; heart rates below 40 bpm (0.67 Hz) are uncommon in practice.
However, with traditional analog filtering, a 0.5-Hz low-frequency cutoff introduces
considerable distortion into the ECG, particularly with respect to the level of the ST
segment. This distortion results from phase nonlinearities that occur in areas of the
ECG signal where frequency content and wave amplitude change abruptly, as occurs
where the end of the QRS complex meets the ST segment. Digital filtering provides
methods for increasing the low-frequency cutoff without the introduction of phase
distortion. This can be accomplished with a bidirectional filter by a second filtering
pass that is applied in reverse time, that is, from the end of the T wave to the
beginning of the P wave. This approach can be applied to ECG signals that are stored
in computer memory, but it is not possible to achieve continuous real-time monitoring
without a time lag. Alternatively, a zero phase shift can be achieved with a flat step
response filter, which allows the reduction of baseline drift without low-frequency
distortion. [3]

Clinical implications

Low-frequency noise, such as that produced by respiration, causes the tracing to
wander above and below the baseline. A low-frequency cutoff at 0.5 Hz, which was
once widely used in ECG rhythm monitors, reduces baseline drift due to the generally
lower frequency of respiratory motion but can result in marked distortion of
repolarization that may produce artifactual ST-segment deviation. The 1975 AHA
recommendations included a 0.05-Hz low-frequency cutoff for diagnostic
electrocardiography. This recommendation preserves the fidelity of repolarization,
but it does not eliminate the problem of baseline drift. Baseline drift suppression is
necessary for coherent alignment of the sequential complexes that many modern ECG
systems use in the formation of a representative PQRST complex, which is
sometimes called a template; otherwise, baseline wander can distort template
amplitudes. Newer digital filters can correct baseline drift while preserving the
fidelity of ST-segment levels, and these digital methods obligate revision of prior
standards required for analog filters. The low-frequency cutoff should be 0.05 Hz for
routine filters but that this requirement could be relaxed to 0.67 Hz or below for
linear digital filters with zero phase distortion.
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2.9.5/high-frequency filtering

Technology

The digital sampling rate (samples per second) determines the upper limit of the
signal frequency that can be faithfully represented. According to the Nyquist theorem,
digital sampling must be performed at twice the rate of the desired high-frequency
cutoff. Because this theorem is valid only for an infinite sampling interval, the 1990
AHA report recommended sampling rates at 2 or 3 times the theoretical minimum. A
series of studies have now indicated that data at 500 samples per second are needed to
allow the 150-Hz high-frequency digital filter cutoff that is required to reduce
amplitude error measurements to ~1% in adults. Greater bandwidth may be required
for accurate determination of amplitudes in infants. The European CSE group
recommended that waveforms should be recognized if they have amplitudes of at
least 20 uV and durations of at least 6 ms. This implies a high-frequency response in
the range of 150 Hz. A 2001 Dutch report showed that in order to keep amplitude
errors <25 nV in >95% of the cases, a bandwidth up to 250 Hz is needed for pediatric
cases and up to 150 Hz for adolescents. [3]

Clinical implications

The higher the frequencies contained in the filtered signal, the more accurate will be
the measurement of rapid upstroke velocity, peak amplitude, and waves of small
duration. Inadequate high-frequency response reduces the amplitude of QRS
measurements and the ability to detect small deflections. Because digital ECGs have
a temporal resolution in milliseconds and an amplitude resolution in microvolts,
recommendations for the high-frequency response of ECGs have evolved over the
years. A high-frequency cutoff of 100 Hz was considered adequate by the AHA in
1975 to maintain diagnostic accuracy during visual inspection of direct writing
tracings by electrocardiographers. Even so, it has long been recognized that higher-
frequency components of the QRS complex are present and that these components
may have clinical significance in patients with various forms of heart disease. To
measure routine durations and amplitudes accurately in adults, adolescents, and
children, an upper-frequency cutoff of at least 150 Hz is required; an upper-frequency
cutoff of 250 Hz is more appropriate for infants. An obvious consequence of these
high frequency recommendations is that reduction of noise by setting the high-
frequency cutoff of a standard or monitoring ECG to 40 Hz will invalidate any
amplitude measurements used for diagnostic classification.
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Chapter 3

T-Wave Alternans (TWA)

3.1/Introduction

Sudden cardiac death (SCD) remains a major challenge in developed countries; it
accounts for 11% of all deaths and approximately 50% of all cardiovascular deaths.
In the U.S. alone, nearly 300,000 patients (1 to 2 per 1,000 of population) experience
SCD. The vast majority of these cases are due to ventricular tachycardia (V'7T) or
ventricular fibrillation (VF). Over the past two decades, significant progress has been
made in the development of therapeutic modalities, such as the implantable
cardioverter-defibrillator (/CD); however, similar progress in identifying patients at
high risk has lagged behind. Large multicenter studies, such as the Multicenter
Automatic Defibrillator Implantation Trial and the Multicenter Unsustained
Tachycardia Trial (MUSTT), suggested that electrophysiologic (EPS) testing may be
useful in identifying patients who would benefit from ICD therapy. The MUSTT
suggested that EPS testing alone was not sensitive enough to identify broader groups
of patients at risk for SCD. Moreover, noninvasive markers of risk-stratification, such
as left ventricular ejection fraction (LVEF), frequent ventricular premature complexes
and ventricular late potentials (LP), though sensitive, suffer from low specificity and
positive predictive value. Determination of heart rate variability (HRV), especially in
combination with LVEF, ventricular premature complexes and LP, has significantly
improved risk prediction, but its positive predictive accuracy remains low. Recently,
assessment of repolarization alternans (T-wave alternans [TWA]) in the
electrocardiogram (ECG) has been suggested as a predictor of susceptibility to
malignant ventricular arrhythmias. The TWA 1is characterized by changes in contour,
amplitude or polarity of the T-wave, appearing with regular rhythmicity, usually
every other beat, unaccompanied by gross changes in the cycle length. [4]

3.2/history of cardiac alternans

Cardiac alternans has been divided into two general categories: electrical and
mechanical; electrical alternans arises from a fundamental change in the electrical
conduction pattern of the myocardium, and mechanical alternans arises from an
alternation of the mechanical activity of the heart. Electrical alternans is a pattern of
variation in the shape of ECG waveform that appears on an every-other-beat basis. [4]

T-wave alternans, which involves an ‘ababab...” pattern of variation in T-wave
morphology in sequential beats, is a phenomenon that has been recognized for around
100 years. Computer simulations have suggested that T-wave alternans is associated
with the development of re-entrant arrhythmias. The technique of measuring TWA
was developed to detect fluctuations in T-wave morphology at levels far below that
which can be observed on visual inspection of the electrocardiogram (Image 18). [5]
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im18. Visible and microvolt T-wave alternans [5]

(A) Visible T-wave alternans, showing ‘ababa ..." pattern, preceding the beginning of
ventricular fibrillation.

(B) Microvolt T-wave alternans is not apparent on visual inspection of the electrocardiogram.

In initial animal trials and human studies conducted in high-risk patients TWA was
shown to be an accurate predictor of susceptibility to sustained ventricular
tachyarrhythmic events. Currently, TWA testing is an established noninvasive clinical
technique for assessing susceptibility to ventricular tachyarrhythmia events that lead
to cardiac arrest and sudden cardiac death. The presence of TWA is believed to be
related to alternation in action-potential duration in localized regions of the
ventricular myocardium. This feature gives rise to localized delayed recovery on an
alternate-beat basis. The resulting spatial dispersion of recovery leads to the

fractionation of the polarization wave fronts and the development of re-entry (Image
19).
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Spatially discordant alternans leads
to dispersion of recovery,
wave-front fractionation, and re-entry

Action potential alternans leads
to T-wave alternans

im19. Mechanisms by which T-wave alternans is involved in the development of arrhythmias [5]
(A) Localized action-potential alternans is manifested as T-wave alternans on the surface
electrocardiogram.

(B) Localized regions of tissue exhibiting action-potential alternans are associated with delayed
recovery on an every-other-beat basis. These tissue islands of delayed recovery can lead to the
fractionation of depolarization wave fronts and the development of re-entry. APD, action-potential
duration
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T-wave alternans is highly heart-rate-dependent and, therefore, TWA is usually
measured while the heart rate is elevated for several minutes by means of exercise,
cardiac pacing or pharmacologic stress (e.g. dobutamine with or without atropine).

tablel. Abbreviations and Acronyms [4]

AP action potential

APD action potential duration

DCM dilated cardiomyopathy

ECG Electrocardiogram

EPS Electrophysiologic

FFT fast Fourier Transform

HCM hypertrophic cardiomyopathy

HRV heart rate variability

ICD implantable cardioverter-defibrillator
K alternans ratio
LP late potentials
LVEF left ventricular ejection fraction
MI myocardial infarction
MUSTT | Multicenter Unsustained Tachycardia Trial
NSVT nonsustained ventricular tachycardia
RR relative risk

SAECG | signal-averaged electrocardiography

SCD sudden cardiac death

SR sarcoplasmic reticulum
TWA T-wave alternans

| alternans magnitude

VF ventricular fibrillation

24 ventricular tachycardia

3.3/pathophysiology of cardiac alternans
Ionic currents, calcium homeostasis and alternans.

Several lines of evidence suggest that electromechanical alternans is linked to
alterations in cellular Ca’" homeostasis. Calcium homeostasis is not only important
for excitation-contraction coupling, but it also significantly influences the action
potential (4P) profile and duration (4PD). Excitation leads to the opening of voltage-
gated L-type Ca®" channels, allowing the entry of a small amount of Ca>" into the
cell. The small amount of Ca>" that enters the cell through the L-type Ca®" channel
triggers a larger release of Ca®" from the sarcoplasmic reticulum (SR) via Ca*" release
channels or ryanodine receptors (so-called calcium-induced calcium release),
activating the myofilaments and leading to contraction. During relaxation, Ca®" is
sequestered in the SR by the SR Ca®" adenosine triphosphatase and extruded from the
cell by the sodium calcium exchanger. The change in intracellular Ca®* during the
cardiac cycle or calcium transient has direct and indirect effects on a number of ionic
currents in ventricular myocytes, and therefore on the APD and profile. In addition to
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the profound effects on myocyte repolarization, intracellular Ca>" influences cell-to-
cell coupling and, thus, conduction of electrical impulses in the heart.

Although the precise cellular mechanism of alternans is not established, it has been
suggested that altered restitution of the calcium transient, a multistep process
involving Ca”" uptake into the SR, redistribution in the SR and release through the
ryanodine receptor, may underlie alternans. Furthermore, an indication that electrical
and mechanical alternans are mechanistically linked was provided by Orchard et al.,
who observed mechanical alternans in voltage-clamped isolated myocytes, suggesting
that AP alternans was rather due to calcium-transient alternans and not vice versa.
The profound cellular metabolic disturbances in ischemic hearts almost certainly play
a role in the induction of mechanical and electrical alternans. In support of a theory
that links the occurrence of cardiac alternans to decreased energy availability in the
ischemic cell, Huser et al. suggest that the occurrence of alternans may be associated
with the inhibition of adenosine triphosphate (A7P) production, thus affecting
excitation-contraction coupling, perhaps on an every-other-beat basis. [4]

Repolarization alternans and arrhythmogenesis

Whether TWA is solely an effect or a cause linked to arrhythmogenesis has been an
intriguing question. In both animal experiments and computer simulations the
presence of TWA 1is consistently associated with an increased susceptibility to
VT/VF; thus, it has been hypothesized that, in addition to being a marker of
vulnerability to ventricular tachyarrhythmias, TWA per se might be arrhythmogenic.

Suggested mechanisms of electrical alternans include excitation of alternating
populations of cells in sequential beats, alternation of the AP waveform and global
movement of the heart within the chest. The proposed mechanisms of mechanical
alternans include alternation of the loading of the heart, alternation in the contractile
state of the heart through alternation in the number of cells involved in systole, or
alternation in the strength of contraction of each cell. Currently, there are two
prevailing and closely linked hypotheses regarding the arrhythmogenic mechanisms
associated with TWA. One is based on the concept that prolongation of repolarization
favors re-entry when the prolongation is heterogeneous and dispersion of
refractoriness is significantly enhanced. This dispersion-of-refractoriness hypothesis
states that intrinsic dispersion of ventricular refractoriness prevents myocytes with the
longest recovery times from depolarizing, or from depolarizing completely, every
other cycle, resulting in a 2:1 behavior on the surface ECG. As a consequence, the
resulting inhomogeneity in dispersion of recovery may lead to myocardial areas
exhibiting prolonged recovery providing evanescent barriers to conduction (i.e.,
unidirectional block), which facilitate wavefront fractionation and reentry.

Indeed, computer simulations using finite-element models have shown that with
sufficient intrinsic dispersion of refractoriness some areas of the myocardium
depolarize only partially every other beat, leading to repolarization alternans in the
simulated surface ECG. Experimental support for this hypothesis is provided in
ischemia models in which ECG alternans during regional ischemia was generated by
alternating conduction block into the ischemic zone.
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In hypertrophic cardiomyopathy, which constitutes another form of structural heart
disease, myocardial fiber disarray alone— which decreases cell-to-cell coupling and
increases intraventricular conduction abnormalities—could lead to exaggerated
dispersion of refractoriness and of conduction properties that could facilitate the
occurrence of TWA and thus become a potential arrhythmogenic mechanism. The
second hypothesis suggests that AP alternans is the primary event in a series of events
mechanistically linked to arrhythmogenesis. Recently, this hypothesis was further
supported in a study by Pastore et al. in Langendorff-perfused guinea pig hearts; they
were able to show that increasing the pacing rate in the guinea pig ventricle
consistently induced concordant repolarization alternans at a critical threshold heart
rate, which led to the development of discordant epicardial APD alternans and to
increased susceptibility to ventricular arrhythmias. [4]

3.4/the FFT spectral analysis

ECG
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im20. T wave alternans measurement. spectral method [4].

The spectral method of measuring microvolt TWA uses 128 measurements taken on
corresponding points of 128 consecutive T waves to compute a spectrum. Each T
wave is measured at the same time relative to the QRS complex. Because this
spectrum is created by measurements taken once per beat, its frequencies are in the
units of cycles per beat (instead of cycles per second). The point on the spectrum
corresponding to exactly 0.5 cycles per beat indicates the level of alternation of the T
wave waveform (Images 20, 21). In fact, multiple spectra are generated, each
corresponding to a different time on the T wave. These spectra then are averaged to
produce a composite spectrum. This composite spectrum has the characteristic that it
is sensitive to any change in the morphology of the T wave even if the peak
amplitude does not change. The alternans power (uV?) is defined as the difference
between the power at the alternans frequency (0.5 cycles per beat) and the power at
the noise frequency band (calculated over the reference frequency band between 0.44
and 0.49 cycles per beat). This is a measure of the true physiologic alternans level.
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The analysis yields two measurements: the alternans magnitude (V) and the
alternans ratio (k). [4]

alternans voltage (V) = \/ alternanspeak — u .

alternanspeak — .,

alternans ratio =
where the alternans peak is the peak in the average power spectrum corresponding to
0.5 cycles/beat and the mean (unoise) and the standard deviation (onoise) of spectral
noise estimated from a predefined noise window. [6]
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im21. Representative example of the use of a computer algorithm aimed to detect microvolt-level
oscillations of intracardiac electrograms. A: Noise estimate (unoise + onoise) obtained in a
predefined noise window. B: Alternans ratio (in blue), alternans voltage (in red), and mean noise
(in green) estimated from bipolar intracardiac electrograms as a function of time immediately
preceding a tachyarrhythmic event [6]

The V,;, represents the magnitude of the alternating variation in T-wave morphology
compared to the mean T-wave. The alternans ratio is a measure of the statistical
significance of the alternans compared to the standard deviation of the background
noise.

The spectral method has a number of features that provide a robust measurement of
microvolt TWA. Use of a 128-beat spectrum provides for a very accurate
measurement of frequency in the beat-frequency domain. This allows for
differentiation of true physiologic alternans, which occurs at exactly one half of the
beat frequency, from movement or other repetitive artifact that may cause peaks at
close to half the beat frequency.

The use of a reference noise band (close to the alternans frequency 0.44 to 0.49 cycles
per beat) and the subtraction of the mean noise level from the alternans power makes
the alternans level relatively independent of mean noise levels. An increase in white
noise raises the noise levels of the entire spectrum; this is corrected by subtracting the
mean noise level from the power at the alternans frequency (0.5 cycles per beat). In
addition, use of the alternans ratio takes into account the variation of noise in the
spectrum and requires that the magnitude of alternans power is 3 SD above the noise
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levels, indicating that alternans is statistically unlikely to be an artifact. Finally,
measurements of many points over the T wave makes the alternans measurement
sensitive to all T wave morphology changes. The success of the spectral method in
identifying microvolt TWA requires profound noise reduction. In most patients with
microvolt TWA, the magnitude of alternans is on the order of several microvolts
(roughly 1/50th of a millimeter in standard ECG printouts). Microvolt TWA is a low-
amplitude and relatively low frequency phenomenon that can be obscured by artifacts
that include baseline wander and muscle artifact (noise).

Other methods. Besides the above-described FFT-based spectral method, several
other computerized methods have been applied for detection and quantification of
TWA, such as autocorrelation techniques, complex demodulation and autoregression
techniques. The motivation for developing these techniques is the desire to detect
rapid changes in alternans such as those observed during ischemia. Further
investigation is needed to show that these alternative methods are equivalent to the
FFT spectral method. [4]

3.5/clinical results

Importance of heart rate onset. Animal experiments have demonstrated that under
physiologic conditions a critically short cycle length is required for induction of AP
alternans, and that the heart rate onset required to elicit discordant alternans was
significantly reduced in the presence of a structural barrier.

Similarly in humans, a number of studies indicate that the magnitude of TWA is
strongly dependent on heart rate, with an optimal heart rate for measuring microvolt-
level TWA between 100 and 120 beats/min.

It does not appear to matter whether the threshold heart rate required to induce TWA
is achieved by exercise or atrial pacing. In a comparison of exercise- and pacing-
induced alternans, the average pacing rate at which TWA first became positive was
99+9 beats/min, whereas the average heart rate at which TWA became positive
during exercise in the same patients was 100+13 beats/min. This suggests that it is the
heart rate per se and not autonomic nervous system tone changes that appear to be the
main factor of determining the onset of TWA.

However, Hohnloser et al. showed that, in patients with sustained alternans, the
amplitude of alternans was greater at peak exercise than at the corresponding heart
rate during atrial pacing (exercise TWA 11.44+7.3 nV, right atrial pacing TWA 5.7+
1.8 uV). This suggests that sympathetic activation present at peak exercise modulates
and tends to increase TWA, thus potentially influencing the sensitivity of the test. A
number of studies have measured TWA in different patient populations. Interpretation
of these studies is complicated by different statistical metrics used to describe the
changes in risk based on the outcome of the test. [4]

Applicability of TWA testing. Several experimental and clinical studies have shown

excellent reproducibility of TWA determined by the FFT spectral method. Thus far
there have been only limited direct comparisons of TWA with other noninvasive
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measures of risk stratification, and a clear problem is that competitive tests have well
documented limitations as risk stratifiers.

Limitations on the use of TWA testing. Although TWA assessed during exercise
testing correlates well with measurement of TWA during atrial pacing, there are
differences and potential pitfalls in measuring TWA during cycling. These limitations
are both technical, including control of the patient’s pedaling rate and meticulous skin
preparation to improve signal-to-noise ratio, and biological, including differences in
the activation of the sympathetic nervous system with exercise compared to pacing at
similar rates.

Exercise-based TWA testing is particularly appealing because of its noninvasive
nature, but it may be impossible in specific subgroups of patients who are not able to
perform bicycle or treadmill testing, thus resulting in an indeterminate test. In such
cases, pharmacological stress testing using atropine or dopamine may be an
alternative approach for TWA assessment. The number of indeterminate tests in
patients includes all possible reasons for indeterminate TWA testing, such as the
inability to achieve an adequate heart rate, excess noise, frequent atrial or ventricular
ectopy or atrial arrhythmias. However, the indeterminate rate of TWA testing may be
reduced by prolonging the exercise protocol to reduce the likelihood that intermittent
noise or ectopic beats will obscure the TWA data, by efforts to reduce noise, and by
developing algorithms that enable one to measure alternans in the presence of a
higher level of ectopy.

Furthermore, the indeterminate rates are highly population dependent; they tend to be
highest in patients with the lowest LVEF. Atrial fibrillation and other frequent
arrhythmias, such as frequent atrial and/or ventricular premature beats, limit the use
of TWA testing, as they do in other noninvasive electrocardiographically based
noninvasive tests that have been employed as risk stratifiers.

3.6/perspectives

A major challenge, which is also the focus of a number of ongoing large clinical
trials, is the prevention of SCD in patients with structural heart disease. Invasive
testing (e.g., EPS testing) is impractical and has limited predictive power;
noninvasive testing methods thus far lack specificity and predictive power.
Implantation of defibrillators in all those at risk will place an unmanageable
economic burden on the health care system.

The clinical utility of TWA in predicting SCD appears promising, although still
unproven, for patients with; 1) symptoms suggestive of ventricular arrhythmias; 2)
congestive heart failure or ejection fraction <40%; and 3) a recent MI (TWA testing
should be performed three to six weeks post-MI). Because TWA has an excellent
negative predictive value, patients who have a negative TWA test are at low risk for
ventricular arrhythmias and SCD, whereas patients who test positive may be at
significant risk and should be considered for invasive testing and prophylactic
treatment. T-wave alternans testing has shown promise as a noninvasive predictor of
potentially lethal ventricular arrhythmias in initial studies of diverse patient
populations with structural heart disease.
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The ultimate role of TWA testing in the armamentarium of noninvasive predictors of
mortality awaits further large-scale prospective testing. Future studies should address
the reproducibility of TWA, the effectiveness of ICD therapy using TWA testing in
patients with a negative EPS test, the role of TWA in guiding therapy with beta-
blockers, angiotensin-converting enzyme inhibitors, aldosterone antagonists and

antiarrhythmic drugs. [4]
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Chapter 4

Developing the TWA estimation algorithm in
Matlab

4.1/Introduction

The basic frame of this chapter is going be the following flow chart (next page) that
contains all the steps of the T — wave alternans estimation algorithm. The main task
of this thesis was to write in Matlab programming language the algorithm for
microvolt T — Wave Alternans estimation, as described above. Almost all parts of the
algorithm are written in Matlab, except for a few Unix commands.

TWA has always been calculated for short data. Nevertheless, for the purposes of this
thesis we attempted to locate and estimate T-wave alternans in 24-hour data, which
was obtained with holter monitors from the Massachusetts General Hospital (MGH)
(holter: portable device for continuously monitoring the electrical activity of the heart
for 24 hours or more). Of course, we were very careful with issues such as data
sustainability and management.

As a result, we divided our recordings in hourly segments in order to handle them
more efficiently and make the most of the computer resources that were available. A
24-hour ECG data file is a large data file that contains approximately 120.000 beats
and 1.200.000 samples. Its size is 55mb and we load 3 channels every time, in order
to create the vector magnitude. One can imagine how difficult it is to handle such
data in a single shot. (The number of samples that an hourly segment contains is
calculated with the following formula:

samples

)

1 ® hour x 60 ® minx 60 e secx samplingfrequency ®
sec

The very first technical issue that was addressed was to convert the ECG data as
recorded with the holter monitor to proper format which could be processed with
Matlab. Fortunately, the holter manufacturer provided us with some software that
converted the ECG data to text files. Consequently, the first task was to convert all
data sets available to text files. Each data set is consisted of 3 channels — leads.
Actually, every txt file is a large vector (nx/) containing all samples available. All
three channels have the same number of samples.

In the very beginning of each channel there are approximately 2 minutes of
calibration pulses. Their scope is to calibrate our ECG signal, since their amplitude is
ImV. According to the figure below they are rectangular pulses and the zero point is
considered to be the middle point of their amplitude. Having those two in mind we
are going to calibrate properly all 3 leads later on.

Before explaining in detail the steps of our algorithm we have to say that there are
two operational modes offered by our program. We could both run it automatically
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and have it process the whole 24-hour dataset, or we could run each step manually by
pushing some buttons of our GUI and inspect the progress and plots of each step
separately. The latter was very useful while developing our code or for ‘difficult’
regions of the datasets. Those are ECG signals that contain ectopic beats or various
severe heart illnesses (example below).

im22. Weird Beats
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4.2/ Loading

ECG signal

The very first task that we perform after launching the graphical user interface (GUI)
of our program (depicted below), is to load a signal. Several options are offered such
as loading one channel, all three channels, all three channels plus Vector, or only the
Vector ECG signal. When we refer to the Vector we mean the signal that is defined

as: Vector = \/channellz + channel; + channel; . Obviously, the Vector signal will

always be positive (above zero) for the whole range. When we process a dataset for
the very first time we have to accomplish a couple of tasks that are carried out only
once.
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plot2. Graphical User Interface (main figure)

Calibrating and

upsampling initial
4.3/ ECG Signal

Calibrating the ECG signal involves the task of converting digital units to mV. At
first, we load each channel separately and we locate the maximum and minimum
point of the calibration pulses. The above actions are taken for all 3 channels of the
ECG data.

After having initially calibrated the three leads we build the vector signal. However,
we aren’t going to feed Ecgpuwave (the program that will determine the ECG
waveform characteristics) with this vector signal at 128Hz (128Hz is the frequency of
all the holter monitor data), but with its upsampled version at 512Hz. We choose to
do the QRS detection in the vector signal, as Ecgpuwave is much more efficient
there.

Sampling frequency is a very critical issue of our analysis and it must be properly
chosen. A low sampling rate may produce a jitter in the estimation of the R-wave
fiducial (=initial QRS peaks) point, which alters the spectrum considerably. The
optimal range is 250 to 500 Hz or perhaps even higher, while a lower sampling rate
(in any case 100Hz) may behave satisfactorily only if an algorithm of interpolation is
used to refine the R-wave fiducial point. The choice of QRS fiducial point may be
critical, since the closest to the real peak it is, the less iterations (for its correction) are
needed, and the more precise it is. [9]

Matlab offers a wide spectrum of choices as far as upsampling is concerned. Except
for creating extra points in the time domain, upsampling seriously affects the
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spectrum of our signal. In that sense, we have to take care of this, since we are very
much interested in working with its spectrum in later steps. We have selected to work
at 512 Hz, since at that frequency QRS complexes normally contain approximately 40
points instead of 9-10 at 128 Hz, and Ecgpuwave is very reliable here. This
enhancement in the signal’s resolution increases the probability of finding a peak
value correctly. However, computation time also grows big.
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plot4. ECG Signal (the above downsampled) at 128 Hz (ORS complex width: ~9 samples)
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There is no reason, to use a higher frequency, as more powerful computer resources
will be needed and no serious or critical advantage is gained beyond that point. Due
to the large data, in order to accomplish this upsampling process in our data, at least 2
gigabytes of RAM memory should be available. In that case, the initial signal should
be divided into smaller pieces and after upsampling each one separately, we would
have to concatenate them. However, this technique is prone to mistakes, as the
spectrum in the break points may differ from the real one, let alone potential flaws in
the breaking down and the concatenation of a large signal.

We used Matlab’s RESAMPLE function, which automatically applies an anti-
aliasing (lowpass) FIR filter to our vector signal during the resampling process, and
compensates for the filter's delay. The filter is designed using FIRLS. RESAMPLE
provides an easy-to-use alternative to UPFIRDN (general function for upsampling),
which does not require you to supply a filter or compensate for the signal delay
introduced by filtering. In its filtering process, RESAMPLE assumes the samples at
times before and after the given samples in our signal are equal to zero. Thus large
deviations from zero at the end points of the signal can cause inaccuracies in the
upsampled signal at its end points. Other Matlab functions have been tested as well,
but their results weren’t better in terms of the spectrum.

plot5. Plot showing the spectrum of the same signal once upsampled with RESAMPLE function at 512
Hz (the one on the top) and the other it was only padded with zeros in order to maintain the same
spectrum as at 128 Hz. As we can notice, in the dominant frequency and close to it, there is only a
slight difference in the two spectra.
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plot6. ORS complex at 512 Hz (we notice how smooth it is)
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plot7. ORS complex (the above downsampled) at 128 Hz (we notice how edgy and steep it is).
Ecgpuwave and ORS correction may specify as ORS peak the wrong sample.
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Signal conversion to
4.4/| Physionet data format

Ecgpuwave analyses an ECG signal, detecting the QRS complexes and locating the
beginning, peak, and end of the P, QRS, and ST-T waveforms. The output of
Ecgpuwave is written as a standard WFDB-format annotation file. The QRS detector
is based on the algorithm of Pan and Tompkins with some improvements that make
use of slope information. [10] Ecgpuwave is available as part of PhysioToolkit under
the GPL (http://www.physionet.org/physiotools/ecgpuwave/).

We have decided to perform QRS detection in the Vector signal, since it was proved
that Ecgpuwave performed much better there. If we had used one of the three leads
instead, we should have got the very same points for QRS peaks, but sometimes due
to the morphology of a single lead that was of smaller amplitude, Ecgpuwave could
provide an erroneous detection. Ecgpuwave can’t be fed with txt format data, but with
MIT database format data. That’s why we converted text file data to suitable data by
using some of Physionet’s functions (http://www.physionet.org/ ).

Run Ecgpuwave and create
4.5/| annotation files

We then save Ecgpuwave findings in text files, which are actually the annotation files
that were produced by the previous run.

Although this QRS detector can be regarded as an efficient one, it has two severe
drawbacks. Firstly, a many programs should be installed in a Linux based platform
(or at least one using Cygwin http:/www.cygwin.com/). Secondly and more
importantly, Ecgpuwave is extremely time consuming and not 100% efficient.
Consequently, it shouldn’t be implemented in real-time systems or ones of efficiency
close to perfection.

As soon as QRS detection (with Ecgpuwave) is completed, we calibrate each of the
ECG leads to mV and afterwards we build the fully calibrated vector (also in mV
level). Then, we save them to text files that are going to be used in the current and
future runs of the program. Due to the fact that the aforementioned processes (i.e.
calibration, upsampling, Ecgpuwave) should be performed only once for every
dataset, we suitably mark this dataset, if all these processes have been done, and the
program (in future runs) recognizes if this very first phase had been completed.

Creating Matrices for Vector

(Pmat, QRSmat, QRSpeakmat, Tmat
4.6/ and other files containing info for our
° ECG file)

Afterwards, we have to create matrices containing all the info that will be utilized
later on. Actually, this step saves most of the information of the annotation files (the
ones produced by Ecgpuwave) into proper format for mathematical processing
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(matrices). The output files of this step are 4 Matlab arrays, which are described
below:

Pnat (size: nx3): array containing the beat number, the starting and ending point
(sample numbers) of the P wave of every beat, wherever a P-wave exists.

QRSyat (size: nx3): array containing the beat number, the starting and ending point
(sample numbers) of the QRS complex of each beat, wherever such points are
located.

Tmat (size: nx3): array containing the beat number, the starting and ending point
(sample numbers) of the T wave of each beat, wherever a T-wave exists, since
ecgpuwave misses T-waves sometimes.

QRSpeakmat (size: nx3): array containing the beat number, the peak of the QRS
complex (sample number) of each beat as well as its RR-interval. (RR interval: period
of time between two consecutive QRS peaks)

Since we want to process the 24-hour ECG data hourly, we have to divide it precisely
in 24 segments. However, all segments have the same duration, but they don’t last
exactly 60 minutes. Furthermore, for the scope of our analysis we have to eliminate
the first 2 minutes of the calibration pulses, along with half an hour in the end of the
data. The latter should be done, because those data often represent noiseusefully data.
Moreover, we have defined that each hour should start with a beat having a proper P-
wave beginning (as specified by Ecgpuwave) and ending as well as a proper T-wave
end. If the previous conditions aren’t met we move some beats forward or back
correspondingly so as to locate such beats. All this book-keeping is performed
meticulously thus avoid losing any sample or beat.

The analysis — code, which creates the aforementioned matrices (Pmat €tc.), is based
on the fact that a beat exists, if and only if, a QRS peak is found (marked as N in the
annotation file). If an N exists, then after identifying the QRS complex’s beginning
and ending(if they also exist in the relevant annotation file) , we look for the P-
wave’s beginning and ending (if they also exist in the relevant annotation file).
Finally, we look for the T-wave’s beginning and ending (if they also exist in the
annotation file). However, our analysis cannot account for Ecgpuwave’s erroneous
derections. A sample annotation file is as follows:

table2. Ecgpuwave Annotation file

Time Sample Type
(hh:mm:ss.millisecs) number
33:19.326 1023655 (
33:19.359 1023672 p
33:19.425 1023706 )
33:19.447 1023717 (
33:19.505 1023747 N
33:19.539 1023764 )
33:19.810 1023903 (
33:19.863 1023930 t
33:19.945 1023972 )
33:20.070 1024036 (
33:20.103 1024053 p
33:20.152 1024078 )
33:20.177 1024091 (
33:20.251 1024129 N
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33:20.285 1024146 )
33:20.384 1024197 (
33:20.521 1024267 t
33:20.652 1024334 )

Our task is to place the elements of the third column in matrices, for the entire

dataset: “N” defines a QRS peak, “t” a T-wave peak, “p” a P-wave peak, “(“ the
beginning of a wave and *“)” the end of a wave.

The normal sequence should be as in the table above. However, sometimes, a p wave
index is missing; in such case, two or even three sample numbers are specified as a
QRS complex beginning and other similar erroneous detections are possible. Due to
the fact, that we should only assign one sample number as a beginning, peak or end
for each of a beat’s waveforms characteristics, we have constructed an algorithm that
determines the waveform characteristics of a beat with at least one erroneous
detection. .

In order to successfully develop this algorithm, we selected to work at 128 Hz firstly,
as Ecgpuwave is easier fooled in lower frequencies, and more ‘weird’ cases show up.
Another possible solution to boost the QRS detector’s performance, other than the
semi-calibrated Vector signal, would have been to use the 3 leads simultaneously.
However, this is far more time consuming and the results weren’t always better than
the ones acquired with the Vector signal.

This routine also saves in memory the number of beats in every hourly dataset as well
as the sample number of the beginning and the end of each memory. The above
numbers are used later in loading the hourly ECG segments. One could easily assume
when the patient is performing physical exercise or sleeping, from the number of the
hourly heart beats.

Although, Ecgpuwave is not a time consuming routine (even for 24-hour datasets),
one avoid running it \, once the above matrices and files have been created. For that
reason, our program, identifies if everything needed for a potential run was
accomplished once and moves on to the next steps.

4.7/ Plotting ECG signal (first hour,
J if it is 24-hour data)

At this point the analysis will repetitively follow the same consecutive steps(the
“Great loop”), every time we load new hourly data or whenever we load the same
patient data in the future. Therefore, if we have 24-hour data the following processes
are going to be performed 24 times, or if we have relatively short data (~1 hour or
less) our software offers the capability to complete the analsysis in one step. The
current step that loads and plots the ECG signal (the lead of our preference) is
completed as soon as the ECG pops up in our screen.
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plot8. ECG signal that has just been loaded

Initial QRS peak

4. 8 / Detection

The next step utilizes the findings of the previously created matrices. It actually plots
the initial QRS peaks of the ECG signal that is already plotted. This is done for the
whole hour each time. Moreover, the heart rate during the same period is also plotted
below and points where it deviates significantly from its mean value are characterized
as outliers and are marked with red circles.

We can check Ecgpuwave findings here, since we can notice how close to the true
peak the QRS peaks were assigned and where ecgpuwave makes mistakes. For the
latter, some extra functions were built in order to delete or add QRS peaks easily in
all false case scenarios. Extra care is needed in order to locate initial QRS peaks in
later hours, since the signal is loaded in hour segments and the QRS peaks samples
are specified for the whole signal.

Every hour ends with a “t)” meaning a proper T-wave end. Moreover, if there are not
enough beats available for processing by our program at the end of every hour (read
more on this below), we simply transfer all the unprocessed beats of the current hour,
to those of the next hour segment. Except for plotting the fiducial points, we save
them to a matrix, which will be one of the cornerstones of our further analysis, since
the TWA estimation algorithm is based on these fiducial points.
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From this plot, we can also check whether our signal was calibrated properly or
whether our choice to run ecgpuwave on the vector was a a proper one. The closer the
“x” marker (Plots 11, 12) is to the true peak of an individual QRS complex, the better.
Finally, it is obvious from the above plots that Ecgpuwave is much more efficient in
higher frequencies, since x markers are closer to the true QRS peak.

Creating 128 — 256(or other
4.9/ size) beats window

After having completed the first two steps of the Great loop, we enter another loop,
nested to the Great loop, which we call the main loop of our program. From now on
we will be working with a so called “beats window”, meaning that instead of running
our analysis steps for the whole hour, we will work with a pre-defined set of beats.
This number, which is usually 128 or 256 beats (can be verified from the introductory
section as well), represents the number of samples in the spectrum created later on,
where we see if alternans is present. This beats window will be shifted steadily to the
right (skipping a number of beats each time) till the end of the hourly segment, where
normally there are not enough beats (e.g. 78 beats left instead of 128), and they are
transferred to the following hour’s segment.

The number of beats that are skipped is critical to our analysis. The less number of
beats that are skipped each time the beats’ window moves to the right, the more time
is needed to process a 24-hour dataset and the more points we have in our output
plots after each run. The latter means that if alternans is present, we would very much
like to know how it evolves in time. In that case, if alternans is encountered in only
128 beats and we skip 128 beats every time, we will only have one plot containing
alternans. However, if we only skip 8 beats we will have more spectra and we could
measure it more precisely (obviously, we can’t skip more beats than the length of the
beats window, because in that case we will leave a number of beats unprocessed). As
a result, we always have to trade-off processing time and higher resolution analysis
results. Having this in mind, we recommend to process each patient at a medium
analysis depth each time (meaning skipping 32 or 64 beats) and if alternans is located
then go back and run it once again at a higher resolution mode (meaning skipping 16
or less beats).

Cross Correlation and QRS
peak correction
4. 1 0/ (Usually 2 iterations)

In this part the cross-correlation takes place. We do this for the whole beats window,
so as to obtain the corrected QRS peaks. Normally, after two iterations the peaks are
corrected and moved towards the real QRS peak of each beat. However, sometimes
this is not the case, especially if there is sufficiently high number of non-normal beats
in the beats window; however, from theory we know that, even in such a scenario, if
we increase the number of cross-correlation iterations the QRS peaks will finally
“reach” their true “value”.
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There are many cases that we should take into consideration prior feeding the cross-
correlation function for the QRS fiducial point correction. They are the following:

1.

2.

Case for the very first time: we have to load 128 + 8 beats the first
time, thus build a buffer containing 7 RR intervals.

Normal case: There are enough beats to feed the QRS correction
function with 128 or as specified beats.

Case where there are not enough beats left for our processing. In that
case, we save the beats remaining and we move on to the next hour.
Case where there are not enough beats left for our processing and we
are already in the last our (24™ hour). In that point our run is
completed!

In the Cross Correlation function we make use of some pattern recognition
techniques. What we roughly do is to calculate the average QRS complex for the
beats window with the use of initial QRS fiducial point estimates. With this average
as a template, the fiducial points corresponding to each QRS complex are shifted to
maximize the cross-correlation between each candidate beat and the template. The
template is now recalculated with the use of refined fiducial points estimates, and the
process is repeated until all fiducial points converge (normally, after 2 runs). [11]
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plotl1. Average QRS complex

The critical values here are the window length of the template and the sampling rate.

The higher the sampling rate, the more points comprise a QRS complex and therefore
it is smoother. What we do here, is to move a few samples (as specified from the
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window length) to the left and a few samples to the right of each fiducial point for
every beat of the beats window and then average them. We also remove the DC offset
from the average QRS complex. The output variables of this function are the
corrected QRS peaks (their sample numbers) and the cross-correlation coefficients for
every beat. [12]
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plot13. ORS Correction at 128 Hz (Due to the edgy peak, the corrected peak was misplaced)

Classifying beats as
4.11/| good or bad ones

The next step deals with beat classification. As it is written in the theoretical
background of this thesis, not all beats are suitable for alternans estimation. This is
because ectopic beats, arrhythmic events and noise effects may alter the estimation of
the Power Spectrum Density (PSD). Consequently, in order to decrease this error we
preferentially use beat sequences that are free of ectopy, noise and missing data.
Beats are classified as good or bad ones, depending on their behavior in two certain
criteria. The first and more crucial one is the so called morphology criterion, which is
strongly related to the cross-correlation coefficient. If this coefficient is greater than a
certain threshold we consider this criterion to be satisfied. The second criterion is the
RR interval one and is defined as the maximum percentage of the current RR
interval’s standard deviation from the median RR interval value of the seven previous
beats that can be accepted. The formula is:

RRinterval (currentbeat) —median(RR int erval( previous7beats))| <

< 0.1* median(RR int erval( previousTbeats))

We are using the median instead of the mean value because it has a better behavior in
regions of consecutive bad beats. However, it doesn’t have as good behavior as the
mean value for ordinary cases. Nevertheless, we prefer to use the median value, since
it is more critical for us to classify more efficiently beats in regions with frequent
abnormal electrical activity and not throw away dozens of beats as bad ones, instead
of losing a couple of beats as bad ones, whenever we have steep decrease or increase
to the RR interval values. The optimal solution would have been to design an
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adaptive algorithm that utilizes the median function in such regions and the mean
function anywhere else.

A beat is classified as good if it satisfies both the morphology and the RR-interval
criteria. We can build a Decision matrix that will help us to classify beats. If a beat is
classified as a bad one, we throw it away and do not use it for TWA estimation.
Moreover, as it is obvious from below in some cases we throw away and neighboring
beats, which aren’t suitable for TWA estimation as well.

table3. Decision Matrix for Beats Classification

Morphology | RR-Criterion | Outcome Thrown out Case
Beats
1 0 0 0 2 (present+next) Premature
Ventricular
Contraction
2 0 | 0 2 (present+next) | Supravecntricular
3 1 0 0 1 (present) Aberrantly
conducted sinus
beat (i.e. bundle
branch block)
4 1 1 1 0 Normal

In the matrix above, we mark 1 as long as a criterion is satisfied or we mark 0, if a
criterion is not satisfied. A beat is classified as good if both criteria are satisfied. The
beat classification is performed for all beats in the beats window. At that point, good
beats are summed up and if their number divided by the number of beats in the beats
window is greater than a “constant”, then we characterize this beats window as a
good one and we move on to alternans calculation. Otherwise, we characterize this
beats window as a bad one and depending on how big this deviation was, either we
add more beats to the beats window and start the beats classification once again (after
having completed once again, the cross-correlation step for the new and longer beats
window), or we skip it and go to the next beats window.

In our case, this “constant” is called beats quality coefficient and is equal to 91%.
Furthermore, if the number of the good beats in the current window is less than 85%
we skip it, after filling some matrices with its data and move on to the next window.
On the contrary, if their number is somewhere between 85% and 91% we add more
beats to the window, until it reaches the beats quality coefficient. We have set this
85% limit, because in that or worst cases the beats added to the window are numerous
and actually are often greater than the original size of the window.

In addition to that, not all patients are suitable for TWA calculation. If a patient with
premature ventricular contractions is tested for alternans, the beats window will
probably infinitely increase in order to reach 91% of good beats and the program will
run out memory as soon as 5000 beats are loaded. However, premature ventricular
contractions may only show up only in 2 hours of the 24 hour data. In that case, we
may lose significant amount of data. Finally, the number of beats added each time to
the beats window in order to reach beats quality coefficient is equal to
ceil(1.5*(beatsreachlimit-numendgoodbeats)), where
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ceil(X): rounds the elements of X to the nearest integer towards infinity
beatsreachlimit: minimum number of good beats in a beats window, which is
classified as a good one

numenedgoodbeats: number of good beats in the last 128, 256 or equal to the size of
the normal window, beats in the end of the beats window, that are now classified as
good ones

For example, if the length of our beats window is 128, then we should have at least
0.91*128=117 good beats, thus characterize it as a good window. If we have
0.85*128=109 good beats or up to 117 then we add proper number of beats in order
to reach the beats quality coefficient. For instance, if we have 110 beats, according to
the above formula we will now process ceil(1.5*(117-
110))+128=ceil(10.5)+128=11+128=139 beats and examine if there are 128
consecutive beats that satisfy the beats quality coefficient. If not, we will check how
many good beats are present in the last 128 beats of the 139 beats window and if there
are more than 110 we will add proper number of beats calculated as above. This will
be repeated until we reach 91% or fall below 85%.

We will now roughly explain the most important features of this critical routine.
Firstly, after feeding this routine, we create a vector containing 1 every time the
morphology criterion is satisfied and 0 where it isn’t. Obviously, this vector has equal
length with the beats window. Afterwards, we create the RR interval in msec vector,
which contains the RR interval of every beat in the window. Then, we examine if the
RR-interval criterion is satisfied and following this, classify a beat as good or bad and
decide how many beats we will throw out, following the rules listed in the matrix
above. Next, we calculate the number of good beats in the window and if it exceeds
the beats quality coefficient we move on to alternans calculation. If the size of the
window was greater than the normal size, we would only work with the ‘optimal’ 128
for example beats in order to calculate alternans. Moreover, at this point we calculate
the number of good beats in the latter 128 beats (in case it will be needed in the
future) and we mark 1 where a bad beat is in the optimal beats window and 0 if there
is a good beat.

After having completed beats’ classification we are going to create several matrices
that contain all the necessary info for alternans calculation and plots’ creation. Some
of these matrices (not those related to the plots) are filled in with data, even if the
beats window is classified as a bad one. The elements of these matrices are going to
be disclosed in the following steps of our algorithm.

Downsampling to initial
4.12/ frequency and creating output
files — matrices

In this step, which is actually internal part of the previous one, we downsample the
ECG signal that we are processing and the QRS corrected peaks at their initial
sampling frequency. This is done right now, since we need to save the sample number
of all corrected QRS peaks at the upsampled (512 Hz) and the initial (128 Hz)
frequency for all beats windows no matter if they are classified as bad ones. It is
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easily understood from the above that the main goal of this routine will be to
precisely match a corrected QRS peak at the upsampled frequency to each sample
number at the initial sampling frequency. In the final steps (alternans calculation and
plots) of our algorithm we will work at 128 Hz, since we don’t need all this additional
‘resolution’ any more.

After having completed the cross-correlation step, where we took advantage of the
higher resolution and specified precisely the corrected QRS peaks, there is no reason
to keep in memory with all this extra load of data. The output vectors of this function
include a vector containing the R wave sample numbers converted to the initial
sampling frequency (downsampled one), and a time QRS vector whose elements
specify the time in seconds of the existence of R wave in every beat.

Of course there is not always possible to specify with 100% precision the R-wave
location in the downsampled signal since its location in the upsampled signal may be
in a “new” point. Therefore, we have developed an approximation algorithm based on
the residue of the division sample number/sampling frequency ratio, where sampling
frequency ratio is the ratio of the upsampled sampling frequency to the initial one
(downsampled). This function is also used for other purposes such as specifying the
128 Hz value of the upsampled T or P-wave matrices (e.g. P wave start). This is
because their sample number values have also been calculated for the upsampled
signal. The current step is an extremely crucial function, since if we don’t match
correctly the sample number at 512 Hz to the sample number at 128 Hz, it will be like
not having located the QRS peak correctly at 128 Hz. Finally, it is responsible for the
proper aligning of the corrected QRS peaks that will be used for alternans estimation,
a feature that will be explained in detail later on.

At 512 Hz we have four samples for each sample at 128 Hz. When we downsample
the ECG signal here we simply throw out the new samples, or in other words keep
only the first of every four samples. A simple example that explains all the above has
as follows:

If we have sample 101 at 512 Hz and we want to match it to its sample number at 128
Hz we simply divide 101/(512/128)=101/4 and we calculate its residue. Here it is
equal to 1. Now we have to decide if this matches to sample number 25, 26 or 27 at
128 Hz. Normally, it should match with sample number 25 or 26. This is precisely
specified by checking the value of the ECG signal (the downsampled one) in samples
25, 26 and 27. If this value is bigger in sample 25 then this will be the match to
sample 101. Roughly the same rules apply and for other residues like 0, 1, 2 etc. The
time in seconds when this QRS peak takes place is easily calculated as
101/512=0.1973 sec.

In this step, we also save in memory, except for the QRS peak sample numbers at 512
and 128 Hz, the time when each QRS peak took place, the correlation coefficient, the
instantaneous heart rate (1/RR interval) and the RR interval for every beat. Moreover,
we save the bad beats percent, the average heart rate in the beats window and the
index number of every beat. Finally, we save the Decision matrix values for every
beat. The Decision Matrix is an array, which contains info for which criteria each beat
satisfies and whether it is classified as a good or bad one. The latter matrix actually is
the fruit of the beats classification routine.
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4.13/ Good

Dataset

Now we either exit the nested loop of the main loop, if this window was characterized
as a good one, or we enter it once again, for a bigger beats window or even a brand
new one. This loop may also be the ending point of the whole program if we are close
to the end of the 24™ hour and we are in a region of consecutive bad beats windows.
In that case the program will come to an end as soon as no more beats are available.

Baseline estimation

4.14/

As soon as we have completed the beats classification and it happens to locate a good
beats window (normal case scenario), we move on to the baseline estimation. The
baseline voltage of the electrocardiogram is known as the isoelectric line. The
baseline is located somewhere (usually close to the middle) between the end of the P-
wave and the beginning of the QRS complex. Normally, the voltage there is close to
zero. This can be noticed from the figure below:
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plotl4. Baseline values

We estimate the baseline value for every heart beat of the optimal window of each
beats window that is classified as a good one. The calculation of the baseline is done
in every heart beat by locating the median point of the PR interval (P wave end - QRS
complex beginning). Following this, we move some samples on the left of that point
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and some samples on the right of that point and we estimate the median of all these
samples (the median of their amplitude). This number is then assigned as the baseline
value of this heart beat.

Moreover, often the ending of a P-wave, the beginning of a QRS complex or both are
not available (in case that the Ecgpuwave has not located any of them for that beat).
However, even in that case a baseline value can be estimated, since we have created
some buffers that store the P ending, QRS peak, and QRS beginning of the most
recent good beats. Therefore, we make use of them and calculate approximately the
baseline value for a beat which has no P-wave. These buffers are updated regularly in
order to be close to the region of interest (current beat). They aren’t only updated
while this function is running (meaning for good beats windows only), but also
whenever we run this function after a bad beats window and we can’t use the values
stored from the previous run. In such a case we build these buffers from scratch. This
is because there may be significant variations in the PR and QR distance values
depending on the physical condition of the patient and if we are careless, we could
assign as baseline value the voltage of a sample far away from the middle of the PQ
segment.

In the end of this function we create a matrix where we store all baseline values
calculated along with other additional info such as the PR, QR and PQ distances of
course the baseline sample number for every beat. This was a very useful matrix
while debugging our program, since the estimation of baseline was a difficult task
due to the multiple cases involved.

Last but not least, baseline is only estimated for the good beats of the good beats
windows. This action will be justified later on. Nevertheless, we could add here, that
this saves us from a lot of trouble, as bad beats usually have very peculiar behavior
and morphology.

Align all beats

4.15/| under R-wave.

In this function we firstly downsample the ECG signal to the initial sampling
frequency (128 Hz in our case). Secondly, it prepares all the beats of a “good” dataset
to be aligned under their QRS complex peak sample number (R wave).

For the scope of this function and in order to define the beginning and ending of the
T-wave of each good beat, we take advantage of the previously developed
downsampling to the initial frequency routine. This is because this matrix was created
at 512 Hz. Since all this analysis was done in order to calculate alternans that is
present in the T-wave, we are very much interested in establishing a general way of
defining, which sample number will be the generic beginning of all T-waves in the
beats window and which will be the generic ending of all T-waves in the beats
window. This is accomplished by aggregating the distances from R-wave to T wave
beginning (as defined for every beat separately) and from R-wave to T-wave ending.
Then, we sort them and we call generic T-wave beginning the sample number that is
roughly equal to the first 2% of all the R-wave peak — T-wave beginning distances.
(For example if we have 128 good beats and all of them have well defined T-wave
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beginnings, after sorting the R-wave peak — T wave beginning distances, the generic
onset for the whole dataset will be the 3 value of the sorted vector). As far as the
generic T-wave end is concerned, we perform the same steps and we consider as
generic end, the number that equals to the 98% R-wave peak — T wave end value of
the sorted distance vector (following the previous example, this will be the 125
value of the sorted R-wave peak — T wave ending vector).

Afterwards, we create a Matlab array that has a size of nxm, where n equals to the
length of the beats window and m to the number of samples that we want to ‘save’
from every beat. This array aligns all beats under their R-wave and if we plot it
afterwards, we will notice that we have also saved for every beat some samples of the
P-wave (these are to the left of R-wave peak) and all the samples far to the right,
which are equal to the generic end of the T-wave as described above. At this point,
we could verify if the downsampling to the initial frequency was done correctly.
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plotl5. Plot showing good and bad beats prior to baseline subtraction
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plotl7. Plot showing the same beats that are now properly aligned under their QRS peaks
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Subtract

4.16/ Baseline

Following our previous work, we now subtract the baseline value for every row of the
previous matrix (of course only for the good beats’ rows, since only for them was the
baseline value estimated). Due to the fact that microvolt T-wave alternans is a very
low frequency phenomenon, we have to eliminate other artifacts which have the same
spectral effect. Since, baseline wander is one of them, that’s why we proceed to its
subtraction. If we plot the elements of this new matrix right now, we are going to
notice that all good beats will be sketched around the x axis.
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plot18. Plot showing good and bad beats after baseline subtraction

Create Odd and Even

4.17/| median beats

In this step we separate all the odd and even rows (actually beats) of the previous
matrix. However, this is only done for those containing good beats, as we are not
interested in the rest of them. Afterwards, we calculate the so called odd and even
median beats. This is because, we want to replace all the rows containing bad beats of
the previous matrix, with the odd median beat, if there is an odd bad beat or with the
even median beat, if there is an even bad beat. Furthermore, we count how many
times every median beat is used. Of course, their total is already known (=number of
bad beats).
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Replacing erroneous beats with the median ones is not significantly detrimental and
this is done in order to achieve the greatest accuracy of the final results. Finally, we
save in a matrix all the samples that belong to the T-wave (generic beginning —
generic ending) of the previous matrix, where the bad beats were replaced with their
median counterparts. At this point we are ready to use the latest matrix built and
proceed with the alternans estimation.
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plot19. Plot showing only good beats after baseline subtraction

70 Nikolaos Bonatsos — Diploma Thesis



Developing the TWA estimation algorithm in Matlab, Chapter 4

). Figure 7 (=X
File Edit View Insert Tools Desktop Window Help »

DesS &M@ |w 08B = O3

02 T T T

e S £ | <) oMaTLAE ! D Edtor - CRoygwimvey T goodbeatsonty pg WFW 710PM

plot20. Plot depicting a close up of the T-waves that are going to be examined for alternans

Calculate TWA and
4.18/ create Stats files

This function calculates several values for our beats window. The very first task
includes the loading of the matrix containing the samples of the T-waves of all beats.
Then, we count the number of samples that comprise the T-wave for all beats (this is
equal to generic T-wave ending — generic T-wave beginning +1). In order to locate
and calculate T-wave alternans, we may want to divide the T-wave into ’segments”.
These “segments” are called bins. Selecting one bin means that we will estimate
alternans for the T-wave as a whole. More bins, offer us more precision regarding the
origin of alternans (which part of the T-wave) and greater resolution as far as its plots
are concerned. The number of bins can’t exceed that of the number of samples of the
T-wave.

im23. T wave divided in 5 bins
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Afterwards, we are going to perform the following tasks. Initially, we estimate the
power spectrum for each point of the T-wave and across a beats window is estimated
using the Fast Fourier transform technique. The outcome of this action is a matrix
where, each row represents frequency (going from 0 to 0.5 beats/cycle-from top to
bottom) and each column represents an individual point (or bin) in the T wave
window.

After that, we calculate the aggregate spectrum for every bin, which is actually the
average spectrum of all the T-wave samples of that bin. Now, we are able to estimate
alternans. Moreover, we make use of the measurements, explicitly defined in the
theoretical background part of this thesis.

These include:

The alternans peak of every bin, which is the peak in the average power spectrum
corresponding to 0.5 cycles/beat. Instead of the peak at the alternans frequency (0.5
cycles/beat) in some cases the average power spectrum of the spectrum at
neighboring frequencies is used. These samples are the peak and its previous one or
two samples. In that case, we consider as alternans peak the mean value of those 2 or
3 samples.

The noise window is a predefined window that contains 8 samples from the 15/16
point in the aggregate spectrum. In a 128 beats window these are samples 113-120 in
the spectrum plot.

alternanSpeak ~ Hopise

The alternans ratio is defined as alternans ratio = and we

noise

calculate it for every bin. If it turns out to be negative we set its value to zero, since
there is no physical explanation of a negative alternans ratio. This occurs, where the
amplitude of the noise window is bigger than that of the alternans peak.
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plot21. K score plot for a patient with alternans

The alternans voltage is equal to: alternans voltage (uV) = \/ alternanspeak — 1.,

and is always a positive number.
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plot22. Alternans Voltage plot for a patient with alternans
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Finally, we calculate another positive value that we are going to plot. This is the noise
voltage, which is defined by the following formula:
Noise voltage («V) = square root of the mean value of the noise window
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plot23. Noise Voltage plot for a patient with alternans

All the above plots are for the same patient. Next, we save the aforementioned values
to files, since we may need to go back to them in the future. These statistical analysis
files are extremely useful for patients with alternans, as we can plot their variables in
the future in order to do further processing.
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plot24. All the 24-hour aggregate spectra of a patient with alternans are depicted above. The alternans
peak of every spectrum is obvious on the down right edge of the figure.
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plot25. Close up of the above plot as far as its interesting part is concerned (the right ending of it).
Obviously, this patient has alternans.
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Create Plots

4.19/

Now that all the analysis for the beats window was completed in the background, we
are going to plot its results in order to examine if our program detected alternans. In
this step a pop-up window shows up that actually contains four plots. These are (from
top left and clockwise):

1. Aggregate Power Spectrum - The aggregate power spectra of the beats
window (contains that many spectra as the number of bins)

2. Moving 128 Beat Window Plots - Shows 5 plots of values from the
moving beats window (mainly the values calculated above):

= Alternans voltage

= Noise Voltage

» The Alternans Ratio

= The percentage of bad beats

= HR(shaded underneath line if the alternans ratio is greater than
3)

3. Aggregate Spectra vs. Time - A 3-D graph showing the aggregate
spectrum of the moving beats window for all beats windows of the
data file.

4. Median Beat Plot - Shows the odd and even median beats of the beats
window (shaded underneath line if the alternans ratio is greater than 3)

All of the above plots are updated after the completion of the main loop of our code.
In other words, the plots are updated as long as a ‘good’ beats window is located. We
jumped to this conclusion, since the data that should be plotted is large, and we prefer
not to store them permanently as whole, but only some useful parts of it. As a result
plotting them in real time, may add some significant delay to our program, however it
saves us from other computer oriented problems. Last but not least, its bin is plotted
in a different color.

The plots window that is created after the very first run is shown below. The third

plot is empty because in order to create a 3-D spectrum we should already have
processed 2 ‘good’ beats windows.
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B T Wave Alternans Plot Figure for CAcygwinthome\Nikolaos testicalecgV.018., Channel 1.
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Pplot26. Plots figure after very first full run of the main loop

The plots window that was created after the second run (it also located a good beats
window) is depicted below. Now the 3-D plot has a 3™ dimension available, since
time has elapsed. Moreover, the resolution issue can easily be understood right now.
The higher the resolution, the denser our plots are (the time interval between two

distinct points is less).
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T Wave Alternans Plot Figure for Ccygwin\home\Nikalaos \testicalecgV.018.txt, Channel 1. [E=EEn
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Pplot28. Plots figure after completion of the data processing
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Next beats
window (if
available)

4.20/

Now that we exited the main loop of our program successfully we move on to the
next beats window of the current hourly - ECG segment. Of course, this is done, only
if there are enough beats available that they can form a beats window.

4 2 1 / Shifting defined number
. of beats to next window

In order to proceed to the next beats window we have to skip some beats to the right.
This number is specified in the ‘Define Parameters’ section of our GUI. Moreover,
this is the number responsible for greater or lower resolution of our T-wave alternans
estimation analysis. If we set it equal to one, which can provide us the maximum
possible resolution, and assume that only good beats windows (128 beats long) are
present, we will process beats 1-128 in the first run, beats 2-129 in the second run,
beats 3-130 in the third one and goes on.

If there are enough beats available, we proceed to the construction of the new beats
window and enter our main loop once again. If this is not the case, we load the next
hourly segment of the ECG, if we are not already in the last one.

Next hour (if
available)

4.22/

Prior to the loading of the next ECG segment we have to save some information
regarding our current hourly-data segment. This is because, the part of the current
segment that wasn’t used (as there weren’t enough beats present to form a beats
window), should be integrated into the next hourly-ECG segment and be processed
first. Furthermore, we should save the sample number of the last sample being used
(normally a proper ending of a T-wave) both at 128 and 512 Hz. The latter is done, as
the sample numbers enumeration starts from the beginning whenever we load an
ECG segment. However, all matrices and plots require the continuous and true
sample number values.

4.23/ END!!!

If there is no hourly ECG segment left, then we have reached the end of our run. Now
all plots are completed and we may inspect and evaluate the results of our analysis.
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4.24/Define Parameters pop up window

The following pop up window contains all the parameters that affect our analysis and
are properly define before every run. The values shown below are the ones used in
our runs.

<) Options Figure I )
File Edit View Insert Tools Desktop ‘Window Help £l

QRS Loading Parameters Beat Classification Parameters:
Min Cross Correlation Coefficient 085
Sampling Freguency 12 Hz Max RR-interval Dewiation from previous beats 10 %
Sampling Frequency for Fiducial point 512 Hz Percentage of good beats alowed: ] %

QRS Correction Parameters Spectral Analysis Parameters

Flip ECG for QRS Cor.. e - Mumber of Beats in Specira - am
Window Length for Cross Correlation  m | mssc Murmber of Beats to be shifted: 18

Murnber of lterations for Cross Correlation [ 2 | Mumber of bing in T-wave (type 1forno binningl 3
Center Template for Cross Correlation: Yes - # of spectrum samples in alternans estimation: 1

Set Analysis Parameters

e igure ‘ <) Options Fi... E VT “Editor- CL, | Splomatien | EN ¢ 36 HICHW] 337PM

im24. Parameters Window

We normally define the parameters values prior to the loading of a new ECG signal.
Of course, there are always some default values, in case we don’t want to proceed to
any changes.

4.25/Paced Data Option

This is a very interesting feature that our program offers. It can all process and look
for TWA in paced data. These data usually has a spike somewhere in the T-wave of
every beat. For that reason, we have to remove it prior to estimating T-wave
alternans. That’s why; we have developed a function where we manual remove this
spike. As soon as this task is completed, we perform the statistical analysis. However,
we should be extra cautious right now, since we have removed some of the samples
of the T-wave. Consequently, some bins may have different width than regular. For
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example, if we have 36 samples long T-wave, three bins, paced data and the spike is
located in the last bin, instead of having three 12 samples wide bins we will have two
12 samples wide bins and a third one, which is 9 samples wide. A figure of this pop-
up window 1is provided below. We simply mark the beginning and the end of the
spike on the screen and then the pop-up window disappears. The cross is the tool with
which we mark the beginning and the end of the spike.

Median Beats (Odd and Even one) of 128 Best Beats disglayed here

Baseline
Median Odd Beat
Median Even Beat

C  Calculated T Wave End

Calculated T Wave Start |---
\ QRS Odd peak

# QRS Even peak

.
|
|
|

0.8

Woltage(mv)

06

i
AN

0 100 200 300 400 500
Time(msec)

PN ¢ %6 E W) s35PM

im25. Paced Data Window
4.26/List of Matlab functions and their arguments

In order to calculate successfully and precisely T-wave alternans, we have developed
40 matlab functions (matlab files format). A full alphabetic list of them, along with
their arguments is provided below:

tabled. Matlab functions

Name Output Input
alignRR tstartwaveindex,tendwaveindex, | rrindex128,samplingfreq,optimalindex,numb
rrindex128window,medianEcgo | erspectrabeats,baselineindex,badbeatsoptima
dd,medianEcgeven 1,lastnumber,origsamplingfreq,pathname
all of the a ecg,pathname
bove
calc_alt noisevoltage,altvoltage,altratio, twavestartindex,chop_start,chop end,
powerspectra,aggregatespectra, numberbins,alternanspoints,pathname
noiseindex
control guil varargout action,varargin
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dbloop key
dialogboxtext newtext
endmark endmarker,startmarkerfinal samplingfreq,startmarker,datalength
find 128 bea | badbeats,rroptimal,loadmorebea | rrindexcoeffs,rrindex,samplingfreq,mincc,ma
tsv2 tsint,tstartwaveindex,tendwavei | xrrdev,numberspectrabeats,qualitycoeff,skip
ndex,medianEcgodd,medianEcg beats,origsamplingfreq,pathname
even,badbeatsoptimal
findbaseline baselineindex rrindex,numberspectrabeats,lastnumber,opti
NEW malindex,badbeatsoptimal,pathname,skipbea
ts,qualitycoeff
findhr hr imp, ecgSR, hrSR
get _chopped chop_start,chop _end twavestartmedian,twaveendmedian,origsamp
twave lingfreq,medianEcgodd,medianEcgeven
keycodev?2 QbegTend, TbegTend,RR —
load prev_he | parameters,data,origimphr,imph data,previoussamplingfreq
ader r,hr
loadecg data,dir parameters
loadvector filename,pathname,samplingfreq,origsamplin
gfreq,numchans
nextchan —
plotecg samplingfreq,imphr,origimphr,startmarker,en
dmarker
plothr movingwindowdata samplingfreq,hr,rrindex,outliers,numberspect
rabeats
plottwa twavestartindex,twaveendindex,samplingfreq
,badbeats,optimalbeatindex,chop_start,chop
end,numberspectrabeats,numberbins,badbeat
soptimal,medianEcgodd,medianEcgeven,alte
rnanspoints,origsamplingfreq,qualitycoeff,sk
ipbeats,pathname
powerspectru powerspectra data
m
prevchan mainfighandle
qrsgui fig —_—
qrsxv2 rrnew, coeffs, template flipgrscorrect,rrloc,SRin,win,centered
rrindexTOini rrindex128,timeQRS rrindex,samplingfreq,origsamplingfreq
tial
save ecg ch rrindex,hr,rrindexcoeffs,badbeats,tstartwavei
ar ndex,tendwaveindex,samplingfreq
save header parameters
set default p parameters
arameters
set_paramete parameters
rs
setaxes action,datalength,samplingfreq,hr
setuptwaplotf
ig
showtool parameters
slider2 ——
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slideredit result mainfighandle,samplingfreq,datalength
startmark startmarker,endmarkerfinal samplingfreq,endmarker,datalength
switch_mode — —
vectorproces startingpoint,endset filename,pathname,samplingfreq,origsamplin
sing gfreq
windowsize errormessage mainfighandle,samplingfreq,datalength
zclip timematrix,zclippedmatrix freqvector,timevector,zmatrix,zmax
zoomfull mainfighandle,samplingfreq,datalength
zoomtomarke mainfighandle,startmarker,endmarker,sampli
rs ngfreq,datalength

Below, there is also an alphabetic table of the routines developed with a short

description for every function.

table5. Matlab Functions and their Description

Name Description
alignRR T-wave alignment
all of the above Run code automatically till the end of the dataset
calc_alt Calculate alternans and perform statistical analysis
control_gui2 Main function calling all other functions
dbloop Function that can pause a full-run
dialogboxtext Dialog box that is created on the down right corner
of the main GUI
endmark End marker, which is used for zooming the ECG
signal

find 128 beatsv2

Classifying beats as good or bad ones

findbaselineNEW Estimating baseline value
findhr Calculating the heart rate of our signal
get chopped twave Function used for paced data
keycodev?2 Prepare data for PDM processing
load prev_header Load previous patient characteristics
loadecg Load new hourly ECG segment
loadvector Create vector and run ecgpuwave
nextchan Go to next channel
plotecg Plot ECG signal
plothr Plot hr signal
plottwa Create TWA plots
powerspectrum Calculate power spectrum using FFT
prevchan Go to previous channel
qrsgui Creates main GUI
qrsxv2 Cross-correlation
rrindexTOinitial Downsample data to initial frequency

save ecg char

Save current patient’s characteristics

save header

Create a header file of our analysis

set default parameters

Define analysis’ parameters automatically

set_parameters Define analysis’ parameters manually
setaxes Create axes for main figure’s plots
setuptwaplotfig Set up figure for TWA plots
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showtool Pop up window containing analysis parameters
slider2 Slider under window in main figure
slideredit ECG plot slider
startmark Marker indicating the beginning of an area, used for
zooming in

switch mode

Changing to manual mode

vectorprocessing Create matrices utilizing ecgpuwave’s annotation
files
windowsize Initial ECG plot window length
zclip Clip aggregate spectrum for 3D plot
zoomfull Zoom out to original ECG signal
zoomtomarkers Zoom in ECG to the area indicated by the markers

84
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Chapter S

Ylomoinon tov aiyopiOpov yio TovV VTOAOYIGNO
T0V alternans tov esndppotog T oe Matlab

5.1/Ewcaymyn

To «elpevo avtod tov Kepoaraiov Poociletar oto axdilovbo Sdypappo pong
(ewoviletar otV endpevn GeAMON), TO OTOI0 TEPLEXEL GLVOTTIKA OAa To friLata TOL
alyopiBpov v Tov LVIOAOYIGUO TOL alternans (evolloyn otV HOpQOAOYio o€
npoétvmro ABABAB, ewkova 18) oto émappa T tov HAektpoKapdiol pagnuoatog
(HKT) [onpeiowon: T - adyopBpog extipmong kopdtov alternans (TWA)]. O xoprog
oTOY0C OVTNG TNG OWMAMUATIKNG €pyaciag Mrav va ovarntuybel ot yAdooo
npoypoppaticpod Matlab o akyopiBpog v tov vroroyopd tov TWA og eminedo

piKpoPoOAT (uV).

2xed6v OAa o uéPM tov akyopiBpov €xovv avantuyOel oe Matlab, ekt0C amd PePIKES
YPOUUES TOL Kddwa mov givar eviodéc Unix. To TWA w¢ topa 10 vmoloyilope
oxedov mavta yio to. HKI™ pikpng owbpketog (Lepik®dv Aemtov g ®poag). Eviovtolg,
Y10 TOLG GKOTOVG OVTNG TNG SUTAMUATIKNG £PYOCIOG TPOGTAONGAUE VO, EVIOTICOVLE
Kol vo vtoAoyicovpe 10 T-wave alternans ce gikocttetpdopa dedOpUEVa, TOL OOl
Kataypaenoov pe o@opntovg HKI' tomov holter, oe acbeveig tov Tevikod
Nocoxkopeiov g Macocayovocsétne (MGH) (holter: popnti] NAEKTPOVIKT) GLOKELY|
HKI" mov katoypaeel cuveYms TNV NAEKTPIKN dpacTnPlOTNTA TG Kapdldg yio 24
MOPEC N KOl TEPICGOTEPEG, €V O 00OEVNG TPAYUATOTOIEL TIG QUOIOAOYIKEG TOL
KaONUEPIVEG OPUGTNPLOTNTEG).

Dok, Muaoctay ToAD TPooeKTKol pe (NTALOTA OT®G 1) ATOTEAECUATIKY dtoryeipion
TOV 0E00UEVOV Kol 1] Bed®pnon mTmG SOVAEVOVUE HE GTAGIO VIO TV gvpeia Evvola
onuata. To televtaio elvar amapaitmto vo copPaivetr, 510t dev glvar dvvatdv va
eEdryovpe YpNOIUO CUUTEPAGUATO OV LEAETCOVUE T 24®pol dedOUEVO GTO GHVOAD
TOVG, €POGOV, OVTO TOPOVLGIALOVY TEPACTIEG OLOKVUAVOELS Kol Jpopés (). O
acBevnc va KolpudTot KAmoleg mpeg ko vo, abAeitanl Kamoleg AAAES).

'V oo, yopicape to dedopéva pag o€ KATd cLVONKN ®plaio TUNUOTO TPOKELEVOL
vo to enefePYOoTOVUE EVKOAOTEPO KOl OMOTEAECUOTIKOTEPO Kol TEAOG Vo
a&lomomBovv mEPIGGOTEPO 01 TOPOL TV VITOAOYIST®V oL Ntav dbéool. ‘Eva
ewootteTpdopo apyeio dedopévaov HKI™ sivor éva tepdotio apyeio mov mepiéyet
nmepimov  120.000 moipove war 1.200.000 odetypoata (or apBuoi elvor kotd
npocéyyion). To péyebog tov eivar 55mb kot poptdvovue 3 amaywyég kdbe @opd,
TPOKEIUEVOD VO ONUOVPYNGOVUE TO dAYEPPIKO HETPO TOL onuatoc (oto €éng Oa
AVOPEPETOL OC LETPO), TO OTOI0 TEMKA AVTILETOMILETOL MG MO TETOPTN OTOY@Y.
E&attiag Tov peyéBoug tov dedopévav, n dwyeipion kot 1 enegepyacia Tovg elval Eva
dvokoro eyyeipnue. (O apBuog detypdtmv mov éva wpaio tpunpo HKIT mepiéyet,
vroAoyileTon pe Tov akdAovBo THmo:

oglyuara

le wpa x 60 e At x 60 @ SsLTEPOAETTA X CLYVOTNTOL ® -
OEVTEPOAETTTO
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To npdTO TEYVIKG {RTNUA TOV OVTILETOTICTNKE NTAV VAL LETATPATOVV T JEGOUEVDL
Hag, OTmG autd Kotaypaenoav pe to holter, oe katdAinio tomo apyeiov mov Oa
umopovoe va emefepyaotel pe 1o Matlab. Evtoydg, o katookevactig tov holter
TOPELYE OE HOG KATOL0 AOYIGUKO TOV UETUTPETEL TO OEOOUEVA GE apyEin KEWWEVOL.
YOVETMG, M TPAOTN OIKN LG €PYACiO HTAV VO UETATPOTOVV OAQ TO OEOOUEVE TOL
elyape ot dwwbéon pag oe apyeio keypévov. I'a tov kabe acbevn| Eyovpe 3 amaywyég
SLBECIUES, TIG OTOlEG KO TPEMEL VAL LETOTPEYOLLE GE apyeia KeyéEvov. OVCLOOTIKA,
KkéOe apyelo txt elvar Eva tepdotio dtdvooua (nxl) (nivakoag oTHAN) oL TEPLEXEL OAN
ta owBéotpa delypata. Evvoeitor 0Tt Kot ot Tpelg anaywyég xovv tov idto apiud
derypatov kébe popd.

v apyn kéBe amaywyne vdpyovy TEPITOL 2 AEMTA E10IKAOV TETPAYOVIK®V TOAUDY
Babuovoumonc. Xkomdg vapéng Tovg ivat va ypnopomomovv yia ) faduovéunon
TOV GNUOTOG KOl TV OMOTH UETATPOTN TOV YNOOKAOV HOVAS®V 6€ WV, 0E00UEVOD
6t t0 mAdtog toug givar ImV. Onwg sivar opatd kot and 1o ddypappa 1 (yio to
Sy PAUUATO — GYNUATO AVATPEENTE OTO QYYAIKO HEPOG) MG onueio undév, Bewpeitan
10 onueio mov avTIoTolXEl 610 GO Tov TAGTOVS Tovg. Me Bdon to TopATAVE,
HETOTPEMOVUE KOTAAANAL Ko TIG 3 amaymyEg o V.

[Ipwv amd 10 vo eENynoovpe AETTOUEPDS TO PriHOTo TOL aAYOpPiOUOL pHog TPEMEL VA
avagépovpe 6Tl aVTOG Pmopel va ekterectel gite avtopaTa Yo OAOKANPO T0 240pO
elte yepokivnta, OTOL TOTAUE KATAAANAO KOLUTLE VOTEPO AMO TNV OAOKANP®ON
Kd0e Ppatog Tov adyopiBuov. O debtepog TpoOTOG eneEepyaciog NTAV TOAD YPGILOG
KATA TNV avAmTuén Tov KMOKa, 00Tl UTOPOVGAUE VO ETOE®PNGOLUE TNV Topeia
KGOe PNUaTOg, CAAG Kol Yo TIG TEPLOYES TOV ONUOTOG TOL TAPOLGSLALOVV HEYHAN
wopopeio. Avtég apopotv kupiwg HKI', 6mov kataypdepoviol coPapéc appubuieg 1
dAdec kapdloroyikéc madnoelg (swkdva 22).
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- Babuovounon xou Metatponi 61lLaTog o€
DopTopa | avénon TOT0 d€dOUEVOV GLULPOTO
HKT | ovyvémyrac »| 1e o Physionet

ostyuoToinyiog
HKT"
\ 4
Anuiovpyio. Ilivexwv yia 1o Métpo Tpéyovue o Ecgpuwave koi
(Pmat, QRSmat, QRSpeakmat, Tmat | ONUIOVPYOVLLE TaL OpYElDL [LE
KoL ALV 0pyEiOV OV TEPIEXOVY h TOL ATOTEAEGLLOTAL TNG
mAnpopopies yuo to HKI pag) TOPATAV®D EVEPYELOG
v Apxuc(')'g EVTOTIGUOG A)TJ )tuovpygx o€t 1'28,’256 M
2yediaon HKI (npaing > giﬁz(igvuarog QRS > guvg;)éizlv:;t T}IT(;);“ZTLKOUG)
®paG LOVOo, oV 0popd
24wmpa dedopéval)
A v
A16pBwan opyikng
, . EKTIUNONG TV KOPOPODV
Y| 10YPIOOG KKM)Y AR (O
OO KQKOLG TAMHODG (2 emavonyelg cuvimg)

OMicOnon cuykekpyLévov optdpov
v TOAU®V (TALE GE VEO GET)

Meiwon f derypatoinyiog o
apyn £ detyp. kot dnpuovpyio
apyelov-TvlxKmy.

Kolo oet
TOALDV

Evbvypopyuon 6 av
TOV TOALDV KAT® P | .
o6 10 énoppa R < Yroloyiouog Baseline
\ 4
Agaipeon | Anpovpyio meptrTod Ko

Baseline "1 Gptiov drouéowv maludv -

Emduevo oet

A 4

roAucdv (ov
Yroloyiouds TWA ka Hopoaywyi vndpye))
eEay@yn oTATIOTIKMOV » I popnuaT@V
otolyelmv

O\icOnomn cuykekpévou
aplBpol mokpdv (mape oe véo
OET)

d
<«

Enduevny apa
(av vapyer)

—-’ TEAOX!!!
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DopTopHO

5.2/| HKT

AoV eeélBovpe 6To YPAPIKO S100PACTIKO TEPIPAAAW®Y TOV TPOYPAUUATOS HOG
(Owypappa  2), mpémet vo  @optwcovpe kamowo HKI.  Aldgopec  emAoyég
TPOGPEPOVTIOL OTMG M POPTOCT WO ATUY®YNG, 3 OTAy®Y®V TALTOXPOVES, 3
ATOYOYOV GLV TO HETPO, N POvo 10 péTpo. Otav avapepOUOOTE GTO GO TOL
alyefpikod pétpov M amAd p€tpov evvoovpe TO oNua mov  opiletal oG

Mézpo = \/ anayoy’ + arayop); +arayopi; . Ipogovég, To péTpo givar movia
Betcd (peyaAdtepo amd unodév). Otav emeEepyaldpacte Ta 0edopéva vOg achevn yua
TPAT POPE, TPEMEL VO TPOYUOTOTOW|COVUE HUEPIKES EVEPYEIEC TOV EKTEAOVVTOL
OTOPOLTHTMG LOVO TNV TPOT QLTI QOPA.

BaOuovounaon xou
avgnon

5.3/ | ovpvémyrac
osryroToANYiog
HKT”

H BaBuovéunon tov onfuatog pog a@opd OVCIUCTIKA TN UETATPOTN TOV YNOLOIKOV
povadmv oe V. Apywd, poptdvovpe Kabe amaymyn yoplotd kot gvtomilovpe 1o
HEYIOTO Kot €AGYIOTO OMUEID TOV TETPAYOVIKOV TOAR®V Babuovounons. Avtd
YIVETOL LE TOV VTOAOYIGUO TNG TPADTNG TOPOYDYOL TMV TOAU®Y avT®v. Eyovtog ta
péyloto kol e dylota onueioc TV ToAU®V Bafuovounong, TPOTOTOOVUE TO GO
Ka0e amaywyng, dcte TEAKA vo etvat yopm armd to 0 Tov aEova Tov ¥pdvov, aALL dev
T0 petatpémovpe o€ UV (dloupdvtog To HE TOV KATOAANAO TApAyovIO, OQOV TO
TAATOC TV moAumv PBabpovounong stvar codvvapo pe 1 pV). Avtd yuwri to
Ecgpuwave (aviyvevtig xopvewv QRS) dev Aeitovpyel yioo xovid oto pndév
dedopéva. Metd omd v ev pépel avt Pabpovouncn Ttov TPLOV Omoy®YOV
vroAoyiCovpe 10 péTpo.

Evtovtotg, dev mpodkettan va emeepyactodpe pe to Ecgpuwave to pétpo ota 128Hz
(128Hz eivor m ovyvotnto detypatoAnyiog OA®V TV Oe00UEVOV  UOG OTMG
Kataypaenoov ornd to holter), oAAd pe v avénon g ocvyvomtoag ota S12Hz.
[Tpotape vo kévovpe v aviyvevon QRS oto pérpo, 616t 10 Ecgpuwave givan
amodotikdtepo ekel. H ouyvomta derypatonyiog etvat £va mold kpicipo {fTnpa g
avOALONG HOG Kol TPEmMEL Vo, eMAEYEl KatdAAnio. M younAn ocvyvotnta
detypoatoAnyiog pmopel vor 0dNyNOEL 0E CNUAVTIKEG OMOKAIGEIS OTNV EKTIUNGOT TV
KopLO®V TV cvumieyudtov QRS (kopven endppotog R), yeyovdg mov emdpd oto
odaopo apketd. H Bédtiom meproyn cvyvotmitov sivor 250 éwg 500 Hz 1 iomg kot
Myo vymAdtepo, evd og yoaunAdtepeg ovyvotnteg ostypoatonyiog (m.y. 100Hz)
UTopEl Vo EYOVUE IKOVOTOMTIKY CLUUTEPLPOPA UOVO edv €vag adyopOpog avénong
™G oVYVOTNTOG OEYHATOANYING e TapEUPOAT], YPNOILOTOIEITOL Y10 VO KOBOPIoTOVV
ot Kopupég tv R emoppdtov (0nwg axpiPog oniadn, AapPdaver yopo otnv
TEPIMTOON HOG).

H apyuwn extipnon tov xopvedv tov QRS eivor kpiown, dedopévov 0t 0G0
Bploketon o KOVTE GTNV TPAYUATIKY] KOPLOT, TOGO AyOTEPES EMAVOAYELS (Yol TN
dwpbwon tg) oamoutovvtor, oArd kot mBovotata, sivon akpiféctepn M TEMKN
dopbopévn tiun. To Matlab npoceépel £va evpld EAGHO ETAOY®OV Yio TNV advénon
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™mg ovyvotnrag OstypotoAnyioc. Avty 1 evépyswn, €ktdg omd T Onpovpyio-
npocHnKn vEwv onuel®wv 010 TEdI0 TOL YPOVOL, £xEl GOPUPEC EMMTMOGEIS GTO PAGLLOL
TOV ONUOTOC HOC. XUVEMMG, TPEMEL VO, TO  PPOVTICOLUE, OeJOPEVOL  OTL
EVOLOQPEPOUACTE TAPO, TTOAD VO EPYUCTOVUE HE TO QPAGHO TOL ONUOTOS HOG OF
emopeva Prpato tov akyopibuov. Exovue emiééetl va epyactovpe ota 512 Hz, 16Tt
o€ avtn TV oVyvoTNTa T uUTAEYHaTo QRS amotelovvrol amd mepimov 40 delypata
avti 9-10 ota 128 Hz, kot 10 Ecgpuwave eivor moAd mo afdmioto €d®. Avtiy 1
avénon o1 GVYVOTNTA TOL CNUATOC, avédvel TV mhavotTa Vo, Bpebel o Kopven
pue oxpife. Evrodtolg, o ypodVOg TV VTOAOYIGUOV OLEAVETOL  ONLOVTIKA.
(owypappa 3, diaypappa 4, dSypoppo 6, Sdypoppo 7)

Agv  vmdpyer wavévag AOYOC VO EPYOOTOOUE OE  UEYOADTEPEG GLYVOTNTEG
detypatoAnyiog dedopevng G aLEOVOUEVNC OTOLTOVUEVNG VITOAOYIOTIKNG 10)VOG,
KOl TOV YEYOVOTOG OTL Kavéva coBapd 6@elog dev amokopileton Tépa and avTd TO
onueio. AOy®m TOov HEYAAOVL OYKOL T®V OEOOUEVMV, TPOKELUEVOL VO OAOKANPmOET
avt] 1 owdikacio avénong g ovyvOTNTAS JOEIYUATOANYiaG, TOLAd)loTOV 2
gigabytes g puvnung RAM mpénet va. ivar dtobéoipa. AlopopeTiKd, To0 apy ko ono
TPEMEL VAL TEPOYLIOTEL G TUNMUOATO KOl VO, ETEEEPYOCTOVUE KOOEVA YWPIOTE KOl GTO
TEAOG VO To. evdsovpe. Evtovtolg, autn 1 teyviky| glval emppenng o AdBn, apov to
(QAGLLOL OTO ONUEIN TOV CTACIUATOV UTOPEL VO SLAPEPEL OO TO TPOYUOTIKO KOl VO
&xovv yiver AaBn oty TeMKT GHVTUNGN TOV OEOOUEVWV.

Xpnotponomoope v ovvdptmon RESAMPLE tov Matlab, mov epapudlet
avtopato éva anti-aliasing (Babvrepatd) FIR ¢idtpo oto onua tov pérpov Katd
dubpkela TG dtadkaciog avEnong e ouyxvotTnTag deryLatoANYiag, Kot aviiotaduilet
KataAAnAa Vv Kabvotépnon tov eiltpov. To eiltpo oyedialeTor ¥pMOLUOTOIDOVTOC
v gviod FIRLS. H RESAMPLE e&ivar pia edypnom evaAloktiky] Abon og oyéon
pe tv UPFIRDN (yevikn cuvdptnon yio avénomn e ouyvotntag ety UOTOANYing
€vOC oNUOTOC), M omoia dgv amoutel TV mopoyn GiATpov M TV avtictaduion g
kaBvotépnong mov elchyetonr pe 10 QUATpdplopa, amd to ypnotn. Koatd to
outpdpiopa, 1 RESAMPLE vrobféter 61t ta véa deiypato mpv kot petd amd to
dedopéva apywd ostypata Tov onpatog pog eivar ioa pe to undév. Katd ocvvéneia,
peyOAes amokAioelg amd 10 undév 6To TEAOG TOL GNUATOG, UTOPOVV VO TPOKAAEGOVY
avakpifeleg oto teMKE delyloto TOV TPOKLATOVTOG GYUOTOG. AAAEC GUVAPTICELS
Matlab e&gtdomkay emiong, 0ALL TO ATOTEAEGULOTA TOVG OEV NTAV KOADTEPQ Y10, TO
(QAGLLO TOV CNUOTOG (TO OLAYPOUIA S5 ETMGNUOIVEL TIG LIKPES OOPOPES GTO PAGHLAL).

Metatponn 61lLoTog G
TOT0 dedopéEvav GLpLPaTO
5.4/ pe to Physionet

To Ecgpuwave enelepydletan évo onua HKI, eviomiler 1o cvoumAéypato QRS,
Bpiokel v apyn, TV Kopven, kot To TéA0g TV enapudtov P, QRS, kot ST-T. Ta
TOPATAVE amobnkevovial oe éva apyeio keWévov to Aeyduevo annotation file. O
aviyveutng ocvumieypdtov QRS esivar Baciopévoc otov odyopiBpo twv Pan kot
Tompkins pe pepikég Bertivoeic. [10] To Ecgpuwave eivar dtabéc10 o¢ Tunpoe tov
PhysioToolkit kdtw and to GPL (http://www.physionet.org/physiotools/ecgpuwave/).

"Exovpe amopacicel va mpoypatoromcovpe v aviyvevon tov QRS coumieypdtov
0TO PETPO, 0ed0UEVOL OTL amodeiyOnke O6tL To Ecgpuwave amodidet mold KaAdTepa
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exel. Edv elyope ypnoomomoel por omd TIg TPES AMAY®YES OvVT' aLTOV, TPETEL VAL
Bpiokape ta 101 onueio yio tic Kopveég Tov QRS, aArd pepikég @opéc Adym g
LOPPOAOYIOG TV CNUATOV TOV OTAY®OYDV, TOL £X0VV Kol KPITEPO TAUTOS OId TO
pétpo 1o Ecgpuwave éxave cvyva Aabrn. To Ecgpuwave doev pumopel va eneéepyaotel
apyela Keyévov, aAAd KotdAAnAov TOTOL apyeio mov ovoudloviolr apyeio THTOL
MIT (MIT data format). 't avtd petatpéyoape To 000UEVO TOV OPYEIOV KEWLEVOL
OTNV KATAAANAN HOPQY| HE TN XPNON UEPIKMOV amd TIG cuvaptioelg Tov Physionet
(http://www.physionet.org/).

Tpéyovue 1o Ecgpuwave koi
ONUIOVPYOVLLE TaL OpYELDL [LE
5.5/| w OMOTELEGLLOTAL TNG
TOPATAVOD EVEPYELOG

Tpéyovpe 10 Ecgpuwave yio To onpo Tov HETPOL Kot GMCOVIE TO OTOTEAEGILOTA GE
apyeio kewévon. Av kot ovtog o oviyveutng QRS umopel va Bewpnbel o éva
TPOYUATIKE amodoTIKO epyaieio, €xel dVO ONUOVTIKG UEOVEKTAUATO. ApPyiKd, Lo
OAOKANPN GEPA TPOYPUUUATOV TPETEL VO £XEL €YKATACTAOEL, TO LEYAADTEPO UEPOG
NG omoiog efval dypnoTo Yo TNV TEPITTOON HOC, KOl TPEMEL VO EPYOCTOVUE GE £V
Bacwopévo oe Linux Aertovpyikd ovotua. (1 TovAdyiotov kTl ovtioToryo
ypnowonowwvtag to Cygwin http://www.cygwin.com/). Ag0TEPO KOl GNUAVTIKOTEPO,
10 Ecgpuwave givar e€apetikd ypovoPopo kat oyt 100% amodotkd mdvta. Zovenag,
Oev TPEMEL VAL EQPOPUOCTEL GE TPAYUATIKOV Y¥POVOL GULGTHULOTA 1) GE OVTO OV
arortovv 100% axpifeta.

Mol 1 aviyvevon tov cvoumieypdtov QRS (pe to Ecgpuwave) olokAnpwbet, gueic
LETATPETOVUE TIG OTOYMYES Hog 6€ MV Kot KATOTY VITOAOYILOVE €K VEOU TO TANP®G
Babuovounuévo onua tov aiyePpucod pétpov (emiong oto emimedo TV mV).
Koatémv, ocolovope ta ofuato avtd o apyele. KEWEVOL, €POCOV TPOKELTAL VA
YPNOoLoTOOoVV Ge TpEYoVTa Kot peAhoVTIKA Tpedipata Tov mpoypaupatos. E&outiog
T0V yeyovotog 0Tt ta mopamdve (Babpovounon onupdtov, ovénon ocvyvotnrtag
derypotoAnyiag, Ecgpuwave) mpénet va yivouv povo g eopd ywo ke acbevn, to
TPOYpoppd pog (oto péAAov) Ba avayvopiler edv avtd £xovv mpaypoatomondel 6to
TOPEADOV.

Anaovpyio Ilivarxwv yio. 1o Métpo
(Pmat, QRSmat, QRSpeakmat, Tmat
5.6/| M@V apyeiov mov TEPEYOLY
mAnpogopies yro to HKT pog)

Yotepa, mpénet vo. ONMOVPYNGOVUE TIG HNTPEG-TIVOKEG TOV TEPLEYOLV OAEG TIG
mAnpogopieg mov Ba ypnoyomombovv apydtepa. Xe avtd to Pripo cdlovpe TO
HEYOADTEPN HEPOG TOV TANPOPOPIOV TOV OPYEl®V HE TO OMOTEAEHOTO TOV
Ecgpuwave, oe katdAAnAn popon yia ) podnuatikn enegepyacio tovg (untpeg). Ot
utpeg mov mapdyovion eivan 4 Matlab mivokeg. EmimAéov, dnpovpyodvton Kot pepikd
Ao mpocheTa apyeio younAdTEPNS oNUOCiag HE GLVOJELTIKEG TANpopopiec. Ot
KOpLEG pNTpes tvan ot:

90 Nikolaos Bonatsos — Diploma Thesis


http://www.physionet.org/
http://www.cygwin.com/

Ylormoinon tov alyopiBuov yio. tov vroloyiouo tov alternans oc Matlab, Chapter 5

Pnat (Ol00tdoelg: nx3): untpo mov mePEXeL Tov aplud ToL TOAUOV, TO OPYIKO Kol
TeMKkoO onpeio (apBuol detypdrmv) Tov kopatog P tov kédbe maipnon, omov BEPara Eva
TETO10 EMAPLOL £XEL EVTOMIOTEL.

QRSpat (Olaotdoels: nx3): uiTpa ToL TEPIEXEL TOV aPlOUO TOV TOAUOD, TO aPYIKO Kot
TeMKO onueio (apBuoi derypdrmv) tov cvumiéypatog QRS tov kdbe maipov, omov
BéPara Eva TéTO0 cVUTAEYL £xEl EVIOTMIOTEL (TAVTA VILAPYEL, OAAG LITOpel v unv
éxel evromotel 1 apyn M 1O TEAOG TOL).

Tmat (0100TAGEIC: 1X3): UNTPO. TOL TEPLEYXEL TOV aPBUd TOL TOAUOD, TO OPYLIKO Kot
TeMKO onueio (apBpoi derypdrmv) Tov kopatog T tov kGbe TaApov, omov BéPata Eva
TETOL0 EMAPLLOL EYEL EVTOTIOTEL.

QRSpeakmat (Staotdoels: nx3): pntpo mov mepéyel tov aplpud Tov TAANOD, TNV
Kopuen (apBpog derypdrog) tov ocvumiéyuatoc QRS tov kdbe moApod Ko tO
ypovikd ddotnua RR. (Audommua RR: ypovikn mepiodog peta&h Vo dtadoyikmv
Kopve®v QRS)

Agdopévov 011 BéAove va enelepyactovpe ta eikoottetpdwpa HKI™ avd dpa, Tpénet
va ta tepayicovpe akpPag og 24 tpunqpota. Olo ta Tuipata £govv Ty 0o didpkela,
aAAG dev Olapkovv mavta akpPmng 60 Aemtd. EmmAéov, yia v opbn avdAivor| pog
npEnEL va amoPdAovpe To TPOTA 2 AETTA TV TOAU®OV Badpovounong, Kot on opo
0710 TEAOG TV dedopévav. Ta televtaio mpémel va amopakpuvBohv, ENEWN GLYVA
avtd elvar povo BopvPoc. Emmiéov, éyovpe kobopicer 611 kdbe mdpa dedopévav
nmpémel vo, apyilel pe o katdAANAN apyn enapuotog P (0nwg avtr opiletarl amd 1o
Ecgpuwave) kot vo tedewdver pe éva katddinio téhog emdppotog T. Edv ot
TPONYOVUEVOL OPOL OEV 1KOVOTTOOVVTOL, UeETOPaivovpe eUmPOG 1N TIC® avTioTol O
®ote va BpeBovv tétotot madpoi. Evvogitar 0Tt OAd o TPOMYOUUEVO EKTEAOVVTOL LE
TPOGOYN, DOTE VO aoPeLYHovV T AdO.

O xwoowag, 6mov mopdyovtar ot mpoavapepBeioceg ptpeg (Pmat KAT.), eivon
Baciopévog 610 yeyovog 0Tt €vag maApdg opiletar-uvmdpyel edv kot pdvo €qv €va
ovumieypa QRS evromiletat (kwodikomompévo g N 610 0pyelo amoteAecUATOV TOL
Ecgpuwave). Eav éva N vrdpyet, katomy petd amd v €0PECT] TS OPYNG KOl TOL
TéAovg (€bv VILdpyovy - GLVNOMG VITAPYOVY TAVTA), YEYVOVUE TNV OPYN KOl TO TEAOG
T0V KVpatog P (edv vapyovv oto apyeio tov arotelespdtmv). Télog, wayvoupe v
apy kot to TéAOG TOL embppatog T (ebv vmbpyovv emiong oto apyeio
arotelecpdtov). H avédivon pog oev aviiotaduiler to AdOn tov Ecgpuwave. ‘Eva
apyeio amoterecudTmv diveton otov mivako 4.

O o16y0¢ pog gtvon va torofetoovpe o otoryeion TG TPiTNG GTNANG TOL TivoKa GE
LNTPES YL OAOKANPO TO GVUVOAO TV dedopévev. To “N” kabopiletl ) Kopven tov
ocvunAéypatog QRS, 10 “t” 1t kopven tov emdppatog T, to “p” 1N KopveN TOL
emdppatog P, m “(* mv apyn evog emdpuartog kot n <)’ 1o téhog evog emdppatog. H
Kavovikn - opn axolovbia mpénet va eivon Omtmwg otov mivaxka 4. Eviovtolg, pepucéc
Qopéc, éva kKopo P Aeimet, dVo 1 akdpo kot Tpetg aptBpol derypdrov eppaviovior mg
apy” evog ovumiéypatoc QRS kot dAleg mapopoleg TapaEeveg TEPIMTMOELS £ivart
duvatég. E&attiag Tov yeyovotog, 01t mpémet povo va opicovpe évav aptBpd detypdtog
®G apyn, Kopuen Kot TEAOS yio kB Eva Ta emdppata evog TaApov (6ca evromilovrat
KaOe Qopd), &yove KATAOKELAGEL Evay aAyOpBpo mov taSvopel KATAAANAG TV
akoAovbio towv mopevhicemV Kol TOV AOWMOV GTOXEIV TOV apyeiov aVTOD GTOVG
npoavagepBévieg 4 mivakes. Ilpokeyévon va avamtuybel emtuy®dg Kot AETTOUEPDS
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avtdg o odyopiBuog, emdé€ape vo gpyoactovpe ota 128 Hz apywd, O6mov 10
Ecgpuwave kdvel mepiocdtepa AaOT Kot 1010LOPPES TEPMTOCELS TAPOVSIALOVTOL.

EmnAéov, molvdpiBueg evolopépovcses OOKIUES £YOLV YIVEL OTMOC L EVOEYOUEVT
ypion tov Ecgpuwave vy kébe wploio cvvoro dedopévev, Omov LEApPyoLV
TPOPAAUATO LE TOV TEAELTOUO KO TOV TTP®OTO TWOAUO 1 Omote 10 HKI' mopovciolet
cofapéc Wwiopopeiec. Mo AAN mBavy Adon yio v avénon g anddoong Kat g
OTOTEAECUATIKOTNTAG TOL aviyvevt] QRS, extdg amd v emefepyacio Tov péTpov,
etvan m eneéepyocia tov 3 anayoydv Tovtdxpova. Evtovtolc, avtd sivor mold md
YPOVOPOPO Kot Ta, ATOTEAEGHATO OEV EIVOL TAVTO 1) TOAD KAAVTEPQL.

AVTO TO TUNHOL TOV KOOTKO OMEL EMIONG GTN UV TOV aplBpd TV TOAU®V o€ KAOE
wptlaio e dedopévev, kKabmg eniong kot Tov aplBpd tov deryudTov TG apyns Kot
Tov TéAOVG ovToL. Ot ovotépom aplBuol ypnoomoovvTol apydtepa, OTAV
eoptdveTol Kabe wplaio tunpa. Evkola @aivetal, €dv o acBevig kdvel coUATIKN
doknon 1N Kodror amd Tov aplfud TV ToANdV kKabe dpag. EmmAéov, mepiocotepeg
WOOUOPPES TEPIMTMOGELS 0T Hopeoroyia tov HKI avopévoviol oto TURUOTO LE
TOAOVE TaAoVG. TELOC, Yo otaTioTikovg Adyovs, amodnkedovpe pepikd apyeio
KEWWEVOV OV TTEPEXOVV TANPOPOPIES Yo TOVG TaAUovS yopig P 1 T emdppata ko
AemTOUEPELEG YO0 TN HOpPoAoYia Tev emapuatov T, onwg kabopiloviow amd TO
Ecgpuwave.

Av ka1, oot d0ev eival pio ypovoPopa poutiva (akOUN Kol Yo EKOCITETPAOPO
dedopéva), UTOPOVLE VO ATOQVYOVLE TNV EXAVAANYN TOV TAPUTAVE® GTO HLEALOV Yo
TOV 1010 060V, €0V Ol AVOTEP® PNTPEG Kot T apyeia Egovv oM dnpovpyndel oto
mopeABov. T'a avtd 10 TPHYpapud pag, umopel vo avayvopicel €4v ol TopoTavm
amopaitnteg Oepyaciec €yovv oAokAnpwbel emtuy®g o©T0 TOPEABOV Kol vo
npoywpnoet katevdeiav ota endpeva fuata tov aryopifuov.

2yeoioon HKI (mpdtng

®OPOG OV, AV apopa
5.7/ 24mpo. dedopévar)

Topa eioepydpocte otov peydro Bpodyo tov mpoypaupotds poc. Avtd onuaivel 6tTL n
avdAivon pog akolovBel ta idta dtadoykd Pripata and tdpa kot 6to e&Ng, kdbe popd
OV POPTMOVOVLE VEX ®Plaio TUAHATO 1| OTOTE POPTMOVOLLE Tal {010 oTotYElDL aoBEVDY
oto péEAOV, péxpt To TEA0G TG emelepyaciog TV dedopévmv. Emopévmg, edv Exovue
EIKOGITETPAWOPA OEGOUEVA TO TOPAKAT® TPOKELTOL VAL YIVOUV 24 pOopEG HEYPL TO TEAOG
TOV TPOYPAUUATOS, OLOPOPETIKE €dv £YOLUE GUVTOUNG OAPKELNG dedopéva. (Le
dapkela pikpotepn g 1 dpag) , pia eopd eivon apketn. To tpéyov Prua, optdvet
Kol opdyel To ypdonua tov @ploiov tunpatog tov HKI. ®dvoikd, oty oBovn
amewovileTal HOVO o amoymyr KA0e opd, aALd av €xovpe ETAEEEL VO EPYOGTOVLE
pe 3 M 4 anoywyéc pmopodue vo dovpe Kot T vroromes, aAAdlovag tnv puduon
v oo OEAovpe va arekoviletan kKaOe popd. (ddypappa 8)
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Apy KOG EVIOTIGUOG

5.8/ KOPLO®V

ovopmAgyporog QRS

To endpevo Ppa aglomotel Tig punTpeg mov Exovv ompovpyndel TponyovUEVMG Ko
AmEWOVILEL TIG EKTIUNGELS Yo TIC KOPLYES TV cvpmieypdtov QRS apyikés anypég
010 HKI" mov givon 10m otnv 006vn pog. Avtod yivetrat yio oAOKANPO T0 oploio TUNHa
dedopévov kdbe popd. Emmiéov, oyedialetor n ypoeikn mopdotact Tov Kapolokon
pLOUOV KaTA TN dLapKELD TG 1d10C TEPLOJOL Ko ToviCovtor Ta onueio (e KOKKIVOLG
KOKAOVG), OOV TAPEKKAIVEL GNUOVTIKA otd T péom Tiun g (Odypaupa 9).

Mmnopovpe voa eréyéovpe ta amotehécpato tov Ecgpuwave ce ovtd 10 Prua,
J€OOUEVOL OTL UTOPOVUE VO TOPOTNPNCOVUIE TOCO KOVTIO oIV oAndvi] kopuen
Bpiokovtal, ot apyKéS EKTIUNGELS Yo TIG KOPLOES TV cvumieyudtov QRS. Onov
VILAPYOVG TEAEIWG AOVOAGUEVES EKTIUNGELS 1] TOPUAEIYELS, TO TPOYPOUULO TOPEYEL TN
dvvatotrta TpocsnKng N dypagng kKopvedv QRS pe to ¥épt kot ) dopbwon pe
avtd T0V TpOHTO TV AabdV Tov Ecgpuwave.

Xperdletar peydAn mpocoyn Yo TNV GMOOTH OVIIGTOI(IoN TMV OTOTEAEGUATOV TOL
Ecgpuwave ota dedopéva Kabe dpog Kot ovTod yloti ol EKTIUNACELS YL TIG KOPVQES
&xovv Bpebel pe apBpotg detypdtov 24mpov, eved oe kGBe GPA TOL POPTAOVETOL M
apifuion Tov derypdtov EEKvael Tl omd To UNoév.

Kabe opa tedeudver pe pia akoilovdia t), yeyovog mov amodelkviel TRV VTapEn evog
Kovovikoy T€AoVs Yo o Emappo T evog maipov. Emmiéov, edv dev vapyovv apketol
moApot owbéool yuo emelepyacio omo t0 TPOYpappd poc 6To TEAOG KABe Mpog
(meplocodTepa Yo avTO TO Opo TOPOKAT®), TOTE OMAL LETAPEPOVUE TOVG
EVATOUEIVOVTEG TOANOVC 6TO €MOUEVO mploio Tunuo dedouévev. Extog amd
oxedlaon TOV EKTIUNGEOV Yid TIG KOopueés tv QRS cvumieypdtov, oto vrapyov
HKTI" mov Bpioketar oty 006vn pag, 11 o®lovpe Kot 6€ mivaka, Tov amoTeAEl Kot
&vav amd Tovg aKpoymVIoiovg AlBovg g mepaltép®m avAAVONG Hag, dedopévou OTL
oAo otov aAyoplBpo ektipmong TWA apyilovv amd avtég TIC apykég EKTIUNGELC.
(odypoppa 10)

Anpovpyia oet 128, 256 (1
aAlov emtBopunTod UKovg)
5.9/ GUVEXOUEV®V TOAUDY

Metd Vv OAOKANP®ON TOV TOPATAV® EIGEPYOUACTE TAEOV GTOV OMOKAUAOVUEVO
KOPLo BpOYo TOL TPOYPAUUATOS LG, TOV OVCLUCTIKA OTOTEAEL POAOGUEVO PpOYO
T0V peYGAov PBpoyov. Amd tdpa kot oto €&ng Ba epyaldpocte pHE GET €VOG
npokafopiopévou aplpov cuveyduevav Kapdlokav toipov. Emnpocheta, to mapodv
Kol To, EmOpEVa Ppata Tov aAyopifpov emovorlapfavovior moAAEG POPEC KATA TN
JLpKELNL LG MPOS Kot Oyl Lovo po eopd. To Tumkd pnkog evog T€Toov GET givat
ocvvnBwg 128 1 256 maipol (Yo mepiocotepa avaTpéEte 6to BempnTiKd TUNHO TOL
AYYAIKOO KOUUOToL NG SwmAopatikig). O aplBudg tov pnkovg &vog T€Tolov
KWVOOUEVOL TapafOpoOv TOAUDY, OVLGLICTIKA OVIITPOCSHOTEVEL TOV OaplOUd TV
JEYUATOV GTO QAGLO TTOL TTapdyeTal apyoTepa, omov PAémovpe edv vrdpyet TWA.
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To o1 tOV cLUVEXOUEVOV TOAU®OV XOPOUKTNPIOTNKE G KIvoOUEVO Tapdbupo, yioti
petoxkiveiton otafepd mpog to TEAOG TOL ®Ploiov TUAUATOS (Votepa amd TNV
oAokAnpwon ¢ eneEepyaciag kKabe 128adag), oAchaivovtag katdAinAio apBud
TOAUOV KAOE Qopd, HEYPLG OTOL Vo PNV VIAPYoLV apkeTol maApol dbéoiotl yio
eneepyacio, omoOTE HETAPEPOVTOL OTNV EMOUEVN Dpa. (TT.). 78 TaApol avti yio 128).

O apBudc Tov ToApdv mov oAchaivel To kivoduevo Tapdbupo og kdbe yopo, sival
oAV KPioIog Yoo TV avaivon pog. Oco pkpdtepo givar to Prpa g oAicOnong,
1060 PEYOADTEPOG YPOVOS amoTeiton Yio va, eneEepyacTovpe to 24mpa dedopUEVA Kot
EYOVUE TTOAD TTEPLGGOTEPO, GNUEID GTOL YPOPT|LLOTO TTOL TOPAYOVTOL ETA TO TEAOG TNG
eneepyaociog kKabe oet. To televtaio elvar mOAD ONUOVTIKO, KOOMG OV LEIAPYEL
alternans, 0é\ovpe va EEpovpie pe T PEYIOTN duvatnh akpifela Tmg eEeMoceTol 6TOV
xpOvo (av ewvor dvvatdv yia kdbe malpd Eexwpiotd). o mapddetypa, av vrapyet
alternans 16vo o€ o 1286400 molpov kot omcBaivovpe 128 maApote mpog ta 0e&id
Kd0e popd, tote Ba Exovpe povo Eva ypapnua (0VGLICTIKG GNUEID GE YPAPEN L) TOL
nepiEyel alternans. Evtovtolg edv oMoBaivoope poévo 8 mokpovg m eopd, Oa £xovpe
neplocOTEPO PAcpata Kot B petprioovpe v eEEMEN g akpiBéotepa (TpoPavac,
dgv UmopovpEe va oAlcOaivovpe TEPIGGOTEPOVE TOAUOVS TPOS To. Oe&ld amd TOV
aplBpd TOV TOAUDV TOV OET, E€MEWN o€ ekelvn v mepintwon Oo aproovue
SLAPOPOVS EVOLAUETOVS TAAUOVS diymg emelepyacia). Katd cvvéneia, mpénel mévta
va anopacifovpe TL emBopodue kdbe Qopd peyodvtepn okpifeln — avaivon 1
puikpotepo ypdvo emeCepyosioc. ‘Exovtac 1o mapandve xoatd vov, eneéepyalopaote
apykd kdbe acBevn pe o péon avaivon apykd (oAcBaivovrag 32 1 64 mTokpovg
KkéBe Popd) kot av aviyvevcovue alternans, 101 T0v enelepyalOUOOTE €K VEOL UE
cap®g LYNAOTEPN avdivon (oAcBaivovtag 16 1 Arydtepoug madpovg).

A16pBwon apyikng
EKTIUNGNS TV KOPOPDV

5.10/ ovumléyuoros QRS

(2 emavaryelg cuviBwg)

e avtd 10 PHEPOG AapPavel ydpa 1 dSOPH®ON TN APYIKNG EKTIUNONG Y1 TIG KOPLOES
TV ovumAieypdtov QRS. Eival avtovonto 61t o mapoandve yivovtol yio GAovg Toug
TOALOVG GTO KIVOOUEVO TTapaBupo TV Kapdlak®v maipmv. To mapdv Prpa umopel
vo emavoAapPavetol PEXPIS OTOL OAEC Ol EKTIUNGELS TOVTICTOOV HE TIG TPOYLOTIKES
Kopueéc. Kavovikd, petd and dvo emavainyels, Exovue 010pbmon oyeddv OA®mV Twv
exktyuoewv. Evrtovtolg, pepikés @opég avtd dev ocvpPaivet, €0kl gdv vrdpyovv
apkeTol mpoPAnuatikoi maipol oe kdmowo oet. Ilop’ OAa avtd, aviavovtag TV
aplBpd Tov eravoinyewny, Beopntikd, Oa £(OVUE Kol GE QLT TNV TEPITTOON TANPN
dopbwon.

[Ipwv ewodyovpe TIG KOTAAANAEG METOPANTEG €1G000L OGNV APUOS.  POVTIVAL
dopbwong, mpémel va AaPovpe v OYIV HOG, APKETEG TEPITTAOGCELS. AVTEG giva:

1. Tlepimtwon ywo v TPOTN QOPA MOV EKTEAEITOL TO TPOYPOUUO: TPETEL VL
eoptdoovpe 128 + 8 TaApovg TV TPAOTN POPd, Yio Vo ONLOVPYGOVUE EVal
nivako oTHAN mov va mepéyel ta daotnuatoe RR tov 8 mpdtov maAipdv
(TpoPovmdG TOV TPDOTOL dev Elvarl S1aBEG10), MOTE VO TOEIWVOUT|COVIE TOVG
TOAROVG G€ KAAOVG KOt KOKOVG,.
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2. Zuvnong nepintoon: Yrdpyovv apketol madpol StaB€ctpot Yo E10aymyr| TOVG
070 KOPL0 BPOYO TOV TPOYPALULOTOS HOG KOL ApYIKA GTY povuTiva d1opHwong.

3. H nepintmon 6mov dev vdpyovv apketol Todpol dStobEcot Yo TV cuvEYLIoN
™G emeéepyaciog Hag. e aUTN TNV TEPITTMOOT, UETAPEPOVUE TOVE TOALOVS
OV OMOUEVOLV GTNV ETOUEVT] DPOL.

4. H mepintwon 6mov dev vapyovV apKeTol TaAUOT SIOEGIOL Yl TV GUVEXLIOT
mg  enefepyociog pog kot gipaote RO oto televtaio (24°) opaio TUAUA
dedopévav. OvolooTikd, TO TPEEWO TOV  TPOYPAUUOTOS HOG YL TO
OLYKEKPIUEVO acBev LOMGS £pTace 6TO TEAOG TOL!

Méoca ot povtiva 510pBmoNG TOV apYIKOV EKTIUNCEDV YPNCLUOTOOVUE UEPIKES
TEXVIKEG AVAYVOPIONG TPOTVTTMOV, OTMG 1] GLVAPTNON £TEPOSLOYETNONG. [lepAnmTikd,
kataokevalovpe t0 péco QRS cOumieypo 6Ang g 12840ag pe tn ypnon twv
apyK®OV ekTuncemv (Owdypappa 11). Xt ocvvéyelo OAeg ol apylkég EKTIUNGCELS,
LETAKIVOOVTOL TPOG TI GMGTH KOPLPN TOL KAOe maApov, Kot avtd yivetal pécw g
dladKaciog aENONG TOV CUVTEAEGTMOV TNG GUVAPTNONG ETEPOGVOYETNONG TOV LEGOV
QRS ocvumiéypatog kot tov kdbe moApod Tov mopabOpov. XN CLVEXELW,
Kataokevalovpe to véo dtopbwpévo péco QRS coumieypa kot emavoiappdvovpe
Jwdkacio pe TIg SopBmpéveg exTIUNGES, HEXPLS OTOL OAEC Ol EKTIUNGCELS VO
OLYKAIVOLV UE TIG TTPAYUATIKES KOPLPES. ZuVNOmG, aVTd eMTLYYAVETOL LETA OmO 2
emovoAnyels. (Sdypappo 12)

O kpioieg TopdpeTpotl oG TG povTivag Eival To PNKOG ToL TapaduPov TOL HEGOV
QRS ocvumiéyparog ko n cvyvotnta dstypatoAnyioc. Oco vynAdtepn n cuyvotTa
(evvoovlpe TN cvuyvotTTa OV gUEiC opicape MG cuyvOTNTO detypatoAnyiog [512 Hz]
Kol Oyt v opyikn tov onuatog [128 Hz], owypappa 13), 1600 mepiocoOTEPQ
detypoto mepthapPdaver éva ooumieypo QRS kot emopévog eivar mo opadd kot dev
TOPOVCIALEL YOVIEG.

Xmv apyn oG NG povtivag, moipvovpe Tn pEoM T TOV OEYHATOV TOL
Bplokovton Atyo apiotepd g kot Alyo 6e&id (dtevkpvilovtor ta TPpoNyovLE OO THV
mopdpetpo unkog mopadvpov yo péco QRS cHumieypna) amd Tig apyikés EKTIUIGEL
HOG, Yo OAOVG TOVG TaALOVG ToL oeT. EmmAgov, apatpovpe to DC offset and to péco
QRS ocoumreypa. Ot petafintéc e£600v avTNG TG poVTIVAG Elval 01 GUVTEAECTES TIG
GUVAPTNGCELS ETEPOCLGYETIONG KO O1 OLOPOMUEVEG EKTIUNGELS YO TIG KOPLOES TV
QRS ocvumieypdrov (apfuoi derypdtov) yio kabe TaApnd Tov GET.

Aroywpiopog KooV
511/ oo KaKoOS TOAROVS

Avtd 10 Pua aeopd Tov J®PIoUd TOV KOA®V 0md TOLG KOKOVG TOALOVG.
[Tpopoavmdg kol dev elvalr OA0L Ol TOAROL KATAAANAOL Yl TOV VLTOAOYICUO TOL
alternans (nopandve oty Beopntikny ecaymyn). Avtd cvpPaivel, yoti didpopeg
appuBuiec vy mapAdEypo, OT®G Kol TEPWTAOOCEIS OMOL VRAPYEL EVIGYLUEVOG
00pvPoc, pmopodv va aALAEOLY CNUAVTIKE TO GACUA 16YXV0G TOV GET. ZVUVETMOC, Y10
va eEahelyovpe KATL TETO0, YPNOUYLOTOIOVHE TOALOVG dlymwe appuBuies, B0pvPo kot
OVETOPKT] OEOOUEVAL.

O YopaKTNPIGHOG TOV TOAUMV GE KOAOVG Kol KOKOOG yiveTtow ovédAoyo pHe T
OLUTEPLPOPE TOVG Ge OVO Kpltnpla. To TP®TO €lval TO HOPPOAOYIKO KPITHPLO, TOL
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oyetiletal e TO GVVTEAEGTY] £TEPOGVGYETIONS. Eav 0 de0tepog elvan peyadvtepog amd
€av Kat®OM, T0TE Bepove OTL TO KPITHPLO OVTO IKAVOTOIEITOL Y10l TO GUYKEKPLUEVO
naApd. To dedtepo kprmplo oyetiCetanr pe to dwdomuo RR, ko opiletanr wg to
HEYIOTO TOCOGTO TNG TLMIKNG AMOKAIONG TOL TPEYOVTOG dtootuatog RR amd
Jlpeco TV T®V Tov dotuatog RR tov entd mponyovpevemv moAp®v, Tov
umopet va yiver amodektd. O tomog eivar:

|5zo’c amyaRR(rpé ;(ov) — o psoog(ow.ornuaRR(7T rponyod uevw v))| <
< 0.1* Swiapsoog(ow.ornuaRR(7 rponyodusvav))

Xpnowonoobpe T Odpeso avii g HEONG TWNG, EMEWN EYEL  KOAVTEPN
CLUTEPLPOPE OTIC TEPLOYEG LE OLAOOYIKOVG KAKOVS TOALOVG. Avtifeta, dev £xel TOGO
KOAN ovumeplpopd 6Go M péon TN Yo TS cLVNOIOUEVEG TTEPIMTMOELS TUAUMV.
Qot6c0, TPOTIUANE VO YPNOULOTOUW|COVUE TN OlUESO, Oedopévoy OTL  elvor
KPIOIUOTEPO Y10 PaG Vo TAEIVOUEL TOVG TAALOVG OMOTEAECUATIKOTEPA OTIS OVGKOAES
TEPLOYES, amd TO va yopaktnpilel dekddeg TAANOVG MG Kakos ympic va gival, avti
G OMAOAENG HEPIKDOV TOAUDV, TOL YopoKTnpiomrov Katd AA00g ¢ KoKoi, o€
QLOI0A0YIKEG TTEPLOYES ToL HKI (Omote €xovpe amdtoun peimon 1 avénon otig Tiég
tov olaotnuatog RR). H Béltiom Ao Ba ftav va oyediactel £vog TpocaprocTiKog
alyoppoc, mov ypnotponotel T SIAUECO GTIG SUGKOAEG TEPLOYES KOl TN WECT TUN
omovdnmote aAro¥. ‘Evag madpdg yopaxtnpiletor og koAdS av wovomotel Kot to 2
kpunpa. ‘Exovpe opioet éva mivaka aindelog, mov pog fonddet oto dwywpiopd tov
moApv (mivaxog 5). Toug kakovg maApovs, Kabdg emiong Kol YEITOVIKOUS TOLG
UEPLKEG POPES, OEV TOVG YPNGLUOTOLOVUE Y10l TOV VITOAOYIGHO Tov TWA.

Ytov mivaxko 5, €ovpe 1 €¢' 6cov wavomoteiton €va KPUMplo 1N €vag TOANOS
taSvopeitonr @g koAdg kot 0, dv €va KPLTPlo deV IKOVOTOLEITAL KOl GE QLT TNV
nepintwon o moAndg Ba yapaxtmpiotel Giyovpa ¢ kakos. O YopoKTNPIGUOS TV
TOALOV YIVETAL Y100 OAOVG TOVS TOALOVS TOV GET. £TO TEAOG, OV O OPlOUOC TOV KAA®V
TOAUGV Ol TOV aplBUd TV TEAUMV TOV GET givol peyoAdTtepog and po otabepd
(ovvtedeotig modTNTOG TOAU®V), TOTE YOPOKTNPILOVUIE TO GET ®C KOAO Kot
TPOYWPALE GTOV VITOAOYIGUO TOV alternans. A@opeTikd, yopaktnpilovpe TO GET MG
KoKO Kot avérloyo pe v omdkMorn omd v otabepd eite mpooHiTovue
TEPICCOTEPOVS TAALOVG KOl TPOYLUATOTOLOVUE €K VEOL TO OYWPGUO (apol €yovv
vroAoylotel opBd or dopBopéveg kopveés QRS vy 1o peyoAvtepo Kivoduevo
napdBupo mAEOV), gite TAPATALE TO TPEXOV GET Kot oAlcBaivovpe PeptkoVs TaALOVS
®G TO EMOUEVO.

Epeig ypnowonomoape cvvieheotn nodtntog naAudv ico pe 91%. EmmAéov, edv o
aplOuodg TOV KOADV TOAUOV o €va oet etvon pikpdtepog and 85% tote 1O
yopaxtnpilovpe ®¢ KOKO Kol TAUE OTO EMOUEVO, HETO amd TNV amobrkevon
opopévav dedolévov e peptkég UNTpes. Avtifeta, €dv o oplBudg TV KoAdV
TOALOV TOVG gfvar Kamov petacy 85% won 91% mpoohHitovpe meptocdTEPOG TAALOVS
610 apdBupo, Emg GToL TETOYOLUE VO £xOVLE TOVAdLoTOV 91% KOO TaANOVS GTO
pakpovtepo mapdbvpo. ‘Exovpe Bécel avtd to 6pro tov 85%, emedn oe avdioyn 1
YEWPOTEPEC TEPUTTAOGELS Ol TPOSTIOEUEVOL TOAUOTL Elvan GLYVE TTEPIOCOTEPOL OO TO
apywd péyeboc tov mapabvpov! EmmpocHitmg, Oev eivar OAot o1 acBeveig
KaTaAANAoL Yo Tov vtohoyiopd tov TWA. Edv évog acBevic pe mpowpn Kook
OVLOTOAY| e£eTaoTel Yo Ta alternans, vdpyel TOAVOTNTO Y10, KATOLO GET, VO EXOVLE
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ouvveyn mpocOnkn vémv maAumv Tpokeévon va eBdoet to 91%, pe anotéiecua vo
unv givol apkeTn M VAU TOL VIOAOYLoTY, Otav Ba poptdvovionr S000 maApol Yo
éleyyo... Evtovtolg, 1 mpoéwpn KOWMOKY] GLGTOAN pUmopel udvo vo mopovctdletol
CLOTNUOTIKA UOVO GE 2 dpeg TOV 240pwV OEO0UEVOV. XE AT TNV TEpinTmon, Ha
YAoovUE ONUAVTIKO PEPOS TV dedoUEVOV Ywpig va €xovv emeepyaotel. Télog, o
ap1Ouog Twv mpooTBEpEVmY KABE pOopd TOAU®Y, OGTE VO PTACOVE TO GLVIEAESTN
oot ToG etvat {60g Le:

(ve axépato 6pro(1.5* (6pro KOADY TAAUGV-LIAPYOVTES KOAOL TAANOl OTO GET))),
omov:

Avew axépaio opro(X): otpoyyvromotel to X 6TOV KOVTIVOTEPO aKEPOLO OPlBUO TPOG
10 ATEPO

OpILO KOAV TOAUDV: 0 EMAYIGTOG OPLOUOG KAADY TOAU®DY TOV TPENEL VO VITAPYEL GTO
OET, Y10, VO, YOPOKTNPIOTEL G KAAO

DIOPYOVTES KAAOT TOAUOT 070 GET: O OPIOUOC TOV KOADV TOAUDV GTOLG TEAELTAIOVC
128, 256 1) icov e 10 péyebog To0v GET, TAAUDV, GTO TEAOG TOL TAPABVPOL, TOV £YOVV
YOPAKTNPLOTEL O KOAOL.

Hopdderypa:

Edv 1o punrog tov oet pog givanr 128, mpémel va Eyovpe tovAdyiotov 0.91*%128=117
KOAOVG TOAUOVG, (MOCTE Vo yopaktnplotel g kald oet. Eav &povpe petald
0.85*%128=109 wonr 117 xorodg maipovg, mpocBétovpe KOTAAANAO aplBUd TOAUDV
TPOKELUEVOL VO PTAGOVLLE TOV TOLOTIKO cLVTEAESTY|. [0 Tapadetypa, ebv Exovpe 110
KOAOUG TAALOVS, GCOUPMOVO, LLE TOV AVAOTEP® TOTO B0l TPETEL VO ENEEEPYOTTOVLE TOPAL:
dvo aképaro opo(1.5* (117-110))+128=dvew axéparo 6pro(10.5) +128=11+128=139
TaALoVS Kot va eEgtdoovpe edv vdpyovv 128 dtadoytkol TaAol Tov tKavomroteital o
mo10TIKOG cvvtereotng. Edv Oyt Ba eAéyEovpe mOcO1 KoAol TOALOT VTAPYOVY GTOVG
tedevtaiovg 128 maApovg and tovg 139 ko av vrdpyovv nepiocdTepotl and 110, Oa
npocOécovpe KATGAANLO aplBud vEoV TOAU®OV, dpAOVTAS OO avaOTEP®. AVTd Oa
emovaAneOet £mg 0tov pBdoovue t0 91% N Técovpe kdT® and 85%.

Topa o e&nynoovpe TEPIMTTIKA TO. ONUOVTIKOTEPA oMueio. AVTNS TG KPIGUNG
poutivag. Apykd, onpovpyovue €va dtavoopo tov eptEyel 1 kdbe popd (TaApd)
TOV IKOVOTIOLELTOL TO KPLTNPLo popporoyiag kot 0 émov dev wkavonoteital. [Ipopavac,
avtd 10 Ohvocpa €xel ico unkog pe to oet. Katdmv, onpiovpyodue tov mivaxa
omAn ue ta dwotipate RR oe msec, 1o omoio mepiéyet to ddotnua RR tov ke
TOALOV TOL ©€T. ‘Yotepa, &Eetalovpe €dv 10 Kpumplo vy to dwdotnuo RR
KOVOTOLEITOL Ko HETA O avTd, TOEWVOUOVUE TOVG TOALOVG GE KOAODS KOl KOKOVG
Kol amo@acilovpe pe Toovg B EpYOGTOVUE GTN GLUVEYELD GOUPMVO, LE TOV TTIVaka S.
"Emerta, vroAioyilovpe av o apluog tov KoAdv moApmy 610 mopddvpo vrepPaivet
TOV TOL0TIKO GUVTIEAESTN Kot v avtd cvuPaivel mpoywpdpe GTov VTOAOYIGUO TOV
alternans. EGv 10 péyebog tov mapabvpov Ntov HEYOADTEPO OO TO KAVOVIKO
péyebog, Ba epyactovpe povo pe tovg PBértiotovg 128 maApovg mpokeévon va
vroAoyioovpe alternans. EmmAéov, ce o térolo mepinmtwon vroroyilovpue tov
aplOpd TOV KOADOV TOAUGV 0TOVG TeEAevTaiovg 128 maApnodg tov oet (Yol pmopel va
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etvan amapaitnto oto pEALOV, OTMG €ldape 6TO Tapddetypa mTpv) Kot tomobetovpe 1,
omov vdpyovv Kokoil moipoi otnv PéAtiotn 128400 ko 0, émov vrdpyovv KoAoi
naApol oty Pértiot 1284da.

Téhog, amobnkedovpe oe mivakeg OAeg TIC omapaitnTeg TANPOPOPIEG Yo TOV
VTOAOYIGUO TOV alternans ko T Onpopyiol TOV YPAPIKOV TapooTdoewy. Mepikég
amd avTES TIG UNTPES (Ol ekelveg Yo Ta ypagnuata) amodnkebovv otoyeio, akdpo
KOl Y10l KOKG, GET.

Meiwon f derypatoinyiog o

apyucn £ deryp. Ko dnpuovpyio
5.12/ apyelov-mvakov.

Ye autd tOo Prua, wOL E€ivol OLCLOCTIKG EC0MTEPIKO WEPOG TOL TPONYOVLEVOUL,
LEWOVOLUE TNV GLYVOTNTA JEIYHATOANYiaG 6TV apyik TS Ty (amo ta 512 Hz ota
128 Hz) wor avrtictoyilovpe T1g dopbopéves TéG vy TG Kopveés tov QRS
ocvoumieypdtov (apdpol detypdtwv) and ta 512 Hz, 6mov vroroyiotkav, oto 128
Hz. Avtd 10 Priupa Aoppdvel yopo topo, 0£00UEVOL OTL TPEMEL VO GMOGOVUE TOV
apBpd tov delypatog OAmv tov dophopéveov kopvedv QRS kot ota 512 Hz wot
otV apywkn (128 Hz) cuyvotrta yioo 6OAovg Toug mTalpovg (Kadobg 1 Kakovg). I'iveton
KaTavonTd 0KoAo amd To aveTEP® OTL 0 KHPLOG GTOYOG OVTNG TG pouTtivag Ba eivat
va avtiotoyndel o dopbopévn kopvery QRS ota 512 Hz, otov cwotd apBud
delyparog (mepimov vroteTpanidoto), ota 128 Hz. Xta tedikd Pripota (vToAoyiopog
alternans xou ypognuota) Tov oAyopiBpov pog Oo epyactodpe ota 128 Hz,
dedopévon 0Tt dev ypealdpoote OAN avt) TV TPoOchetn TANpoopia - avaivon
mAéov. Metd and 1o 61do10 TG d1OpOBmOoNG TOV KOPLP®V, OOV EKUETOAAEVTNKOUE
™V peyorhTepn ovyvotnta kot opicape akpiPag tig kopveéc QRS, dev vmapyet
Kavévag Adyog va £xovpe TpocHetn TAnpopopia 6t S1dbeon oG,

Avt n povtiva teMkd divel €va mivoka oTAAN Tov TEPEYEL TOVS OPLOUOVS TV
detypdtov tov kopvedv QRS ota 128 Hz, kot éva devtepo mivako GTHAN, TOL
nmepriapPdvel Tov xpovo gpedvions kabe QRS coumiéypatog (tng Kopueng tov) ce
devteporenta. Duoikd, dev eivar mavta dvvatdv vo aviiotoricovpe pe 100%
axpipeta Evav apBuo deiypotog amd to 512 Hz ota 128 Hz, dedopévov ot avtd £xet
75% mBavotnTa va glval o€ Koo «vEo» delya, TOV TPOEKLYE Ue TV avénon g
ovyvomtog ostypotoAnyiog. I avtd, €ypovpe  avamtdger €vov  adyopBpo
TPocéyylons Paciopévo 6to LITOAOUTO TG daipeong Tov aplBpov delypartog/avaroyia
OLYVOTNTOV OEYHATOANYIOG, OOV 1 AVOAOYIO GLYVOTHTOV dEIYUATOANYiag givor iom
pe 512/128=4. Avt 1 poutiva ¥pNGILOTOIEITOL ETIGNS YO TNV EDPECT TOV OELYUATOV
ota 128 Hz ywo ti¢ THéG TV TVAK®OV Prat Kot Trat. ATO €m€101 01 THES TOVG £YOVV
VToAOYIoTEL €MioNg Yo TO peyohdtepng oviivong onpa. To tpéyov Prpo eivon
eEAPETIKA ONUOVTIKO, OEOOUEVOL OTL EAV OEV OVTIGTOLYICOVUE CMGTA TOV aplOUd TOL
delypartog amd to 512 Hz ota 128 Hz, 1codvvapel pe kakd eviomopd TG KOpLueng
tov QRS ocvumiéypotog ota 128 Hz. Téhog, eivar vmevBouvo yio v koA 1 KOKN
evbuypappion tov dophopéveov kopvemv QRS mov Ba ypnoyomombodv yia v
extiunomn tov alternans, yeyovog mov Oa e&nynbel Aemtopepdg apyotepa.

>ta 512 Hz épovpe 4 detypota yia kaOe detypa ota 128 Hz. Otoav emotpépovpe moi

oto 128 Hz metdpe ta véa deiypata, f pe dAio Adylo Kpatape pdévo 1o TpdTo omd
ké0e 4 detyparta. 'Eva andd mapdaderypo mov e€nyet OAa ta avotépom £xel ¢ eENg: Eqv
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&yovpe 1o detypa 101 ota 512 Hz ot 6€hovpe va Bpodpe tov aptBud deiypatog oto
128 Hz dwpovpe amdd 101/(512/128) =101/4 xou vworoyiCovpe 10 vrdiouro. Edm
etvan ico pe 1. Topo mpénetl va anopacicovpe v avtd avtiotolyel 6to detypa pe
apOuo 25, 26 1 27 ota 128 Hz. dvciloloyikd, TpEnel va avtioTolyel 6to detypa pe
apBpd 25 1 26. Avto devkpviletor akpPdg pe Tov EAeyy0 ™G TIUNG TOV CHUOTOG
HKT (ota 128 Hz) ota dstypata 25, 26 ko 27. EGv avty n tun elvatl peyaivtepn
oto delypa 25, avtd Ba avtiotoryel oto detypo 101. Katd mpocséyyion ot idiot
Kavoveg 1oxvovy Kal yio To GAAa vrorouto 6mwg to 0, 1, 2 k.Am. O ypodvog oe
devtepOrenta mov Exovpe Kopveés QRS vmoloyiletor edkora wg 101/512=0.1973
sec.

Ye avtd o Prjpa, cdlovue emiong ot UVIUY, EKTOG 0O TOVG OPlBUOVS dELYHATOV
TV Kopue®dv QRS ota 512 kot ota 128 Hz, 10 ypdvo mov eppoaviomke kdbe Kopuen
QRS, 10 cvvtereot etepocuoyEnong, Tov Kapdlakd TaAud (1/otdotpa RR) kat 1o
dtommuo RR vy k60e moApd. Emmiéov, amobnkevovpe 10 TOGOCTO TOV KOKAOV
TOALDV, TO HECO KOPIOKO pLOUO TOL GET Kot TOV avEOVTa aplOnd delkT®dV KAOe
naApov. Téhog, odlovpe T cvuneplpopd kdbe moApod yioo To 2 KPITHPLOL Kot oV
TeEMKE yapoaktnpiotike KOAOG 1 Kakog (unTpa doaywpicpov). H untpa dtoaympiopon
etvar évog mivokag, Tov TEPLEYEL TIC TANPOPOPIEG Ylo. TV KOVOTOINGN 1 UN TOV
kpupiov yie kédBe moApd. OvolooTikd OMANOT, TEPLEYEL KMOTKOTOINUEVO Kol
OCLYKEVIPOUEVA, TO OMOTEAEGUOTO TOV OlOYMOPICHOD TOV TOAUDV o€ KOAODS Kot
KOKOVG.

5.13/

Topa eEepyopaote amd 10V €0MTEPIKO Ppdyo TOL KOplov Ppdyov, €dv avTd TO
TapdBuPo YAPOKTNPIGTNKE MG KOAD, 1| E10EPYOLACTE €K VEOL, Yo £vaV UEYOADTEPO
0T TAAU®V 1 €va VEO GET. AVTOC 0 PBpoyog umopel emiong va eival To onpeio, 6mov
OAOKANPAOVETOL 1] OVAAVOT) OAOKANPOL TOV TPOYPAUUATOC, €4V EILOOTE KOVIQ GTO
TENOG NG 24NG dpac Kot EIHOCTE G Lo TEPLOYN OLUO0YIKAOV KOKMV GET TUAUDV. €
avt| TV 7mepintwon to TPOYypaupe Bo tepuatiotel dtav dev LEAPYOLV AAAL
SlBéc1a GET TOAUDV.

Yroloyiouog Baseline

5.14/

MOMG 0OAOKANPOCOVE TOV OOYOPIGUO TOV TOAUDV KOl EVIOTIGOVUE EVO KOAD GET
(obvnBeg oevdpro), TpoxwpovLE GTOV VITOAOYIGUO TG Pactkng Ypauung (baseline). H
thon ™G PacKNg YPOUUNS TOV MAEKTPOKAPOIOYPAPNLOTOS Eivol YveoTn ©¢
ooniektpikn| ypouun. H Baocikn ypapun Bpicketon kdmov (cuvnbmg kovid otn péon)
peta&d tov téAovg Tov P-kvpatog kot g apyng tov QRS cvpmiéypatog. Kavovikd,
N téomn ekel eivor kovtd oto undév. Avtd pmopel vo yivel aviiAnmtd amd To
Swypappo 14.
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Yroioyilovpe t baseline v k40e maApud tov PBEATIOTOVL GET Yo kKAOE KOAO OET
moApdv. O vroloyiopuog g baseline yivetal oe k0be TOAUO LE TOV EVIOTICUO TOV
pecaiov onueiov tov Tuqpotog PR (téhog emdppatog P - apyn QRS cvoumiéypotoc).
Metd and avtd, KIVOOLOoTE PEPIKA OEYIATO OTO APLOTEPD EKEIVOL TOL GNUEIOL Ko
peptka detypata ota 0e€ld exeivov Tov onpeiov kot vroroyilovpe ™ dbpeso dAwv
aVTOV TOV OeypHdatov (1 SAUESOG TOL TAATOVG TOVG). Avtdg 0 apBudc opileton
énerto wg baseline 0vTOD TOL KAPSOKOD TOALOV.

Emumiéov, ocuyva 10 téhog evog emdppatog P, n apyn evog QRS coumiéypatog 1 ko
T, 500 dgv glval dabéotpa, dedopévou 0Tl To Ecgpuwave dev eviomice KAmolo amd
avtd Yo avtd tov maApd. Eviovtolg, n baseline pmopei vo vohoyiotel akOpo Kot
TOPO, 0E00UEVOL OTL Exovpe amodnKevoel TvaKeS e TO TEAOG TOL emdppatog P kot
™mv oapyn Tov cvpmAéypatog QRS tov mo mpdseatwv Koddv mtoipodv. Eropévac,
TOVG YPNOLUOTOOVUE Kol VoAoyilovpe kotd mpooéyyion 1 baseline. Avtol ot
TIVOKEG  EVNUEPDOVOVTIOL TOKTIKG TPOKEWWEVOL VO €lval KOVIO OTINV  TEPLOYN
EVOLOPEPOVTOC (TOV TPEYOVTA TAAUO). AEV EVIUEPOVOVTAL LOVO OTOAV 1) POLTIVA OVTN
etvan og eEEMEN Tpéyel (mov onpaivel 0Tt vtoroyilel Tig TWES baseline Tov GET), OALY
KOl OTTOTE TPEYOVUE QTN TN POLTIVA PETA A0 £vOL KOKO CGET KO OEV UTOPOVLE VO
YPNOCLOTOCOVUE TIG TIES TTOL ATOONKELTNKOV GTNV TPONYOVUEV KANON TNG. €
QLT TNV TEPIMTOOT, ONUOVPYOVUE AVTOVG TOVG TTIVOKES amd TNV apyn. Avto yoti,
umopet va vdp&el oNUAVTIKY d10popd 6TO VP0G TOV TIUAOV TV TUNHATOV PR kot
QR avdioyo pe 1 @UOIKY KOTAoTOON TOL 0a0BeEVr), HE GLVEREIWL €dv ElpAOTE
anpOGEKTOL, Vo opicovpe g baseline v Taom evog delyuatog pakpld and to HEGo
Tov tunuatog PQ.

210 T€AOC OVTNG TNG AELTOVPYING dNUOVPYOVLE U0 UATPO. OOV amoBnKevOVE OAES
T1G TWég baseline mov vrmoloyilovron pali pe dAieg tpocheteg mAnpopopies, OTMG TaL
ukn tov tuqpotov PR, QR kot PQ kot guowd  tov aplBud tov Ositypatog mov
Bploketon n baseline, yio k60e maApnd. Avti ftav po ToAD ¥PAGIUN UATPL KATA TO
debugging tov mpdypappatdg pog, dedopévov 0TL N ektipnomn g baseline ftav éva
TOAOTAOKO TPOPANUA AdY® TV TOALOTAGV €WdKdV mepmtocewv. H baseline
vroAoyileTon pHOvo Yoo KoAovg TaApovs. Avt 1 dpdon Ba dikatodoynBel apyodtepa.
Evtovtolg, Ba pmopovoape vo mpocsBécovpe €3®, OTL aVTO HOG YALTOVEL Omd
moAMaTAG TtpofAnpata, yroti or kakol maApol £xovv cuvnB®G WTEPOTNTEG GTNV
GUUTEPLPOPA KO T LOPPOAOYIO TOVG,.

Evbvypipypon 6Aov

TOV TOALDV KOT®
5.15/ ond to Emapua R

X€ QTNV TNV PoLTIVA, APEVOS ETAVOPEPOVLE TO GNUOL LOGC GTNV OPYIKT cLYVOTNTA
detypatoAnyiog (128 Hz oty mepintmwon pog) Kot apetépov, tpoetotpdlovpe OAovg
TOVG TOAUOVG EVOG «KOAOV» GET va, VOLYpaUUIcTOVY OA0 poll KAT® amd TV KOpLEN
tov ovumAéypatog QRS tovg (émapua R).

[Tpokepévov va kaBopiotohv M apyn kot to téAog Tov endpuatog T Kabe kalol
TOALOV, EKUETOAAEVOUAOTE 0L POLTIVOL 7TOL avamTLXONKE TPONYOLUEVOS Kot
avtiotoryilovpe Tovg aptBpovg TV derypdtmv (Tov vroAoyiotnkay yia ta 512 Hz) og
avtohg TG apykng ovyvotntag (128 Hz). Aedopévov 01t OAn vt N avdivon Eywve
TPOKEWEVOL VoL vItoAoyicovue alternans oto émapua T, evoloeepdpocTe TApa TOAD
v TV KabiEpmon evdg yevikov tpdmov, o omoiog Ba opilel Tov aptOud tov delypatog
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nmov Oa eivor M yevikn apyn Yo OAo to emdpuato T TV TOAUGV TOL GET Kot
avtiototya tov aplBud tov delyuatoc, mov Ba elval To yevikd TEAOC Yoo OAO TOL
endppota T. To mopamdve EMTUYYAVETOL LLE TNV GLAAOYN TOV OTOCTACE®Y OO TO
énapuo R eog v apyn tov endppatog T (dmwg avt) opileTon yio tov KGO oAU
Eexymprotd) ko omd 10 Emappo R emg 10 t€hog tov emdpuatog T. Kotomwv, Tig
TaEIVOHOVUE KOl KOAOVUE YEVIKNY apyn Yo OAa ta emdppata T TV TOAUGV TOV GET,
TNV amOCTOCN 7oL &lval Kotd mpocEyylon ion He TO GTOXEl0 OV AVTIGTOLXEL GTO
TpOTO (LKpOTEPO) 2% OA®V TV amoctdoewv émapuo R — apyn endppatog T. (m.y.
eqv €ovpe 128 kaAovg maApovS kot 0ot Tovg Eyovv emdpuato T, petd amd v
ocvAloyn tov amootdoemv R-T apyn yw 0A0 tOo GET Kol TV TAEWVOUNGT TOVG, M
YEVIKT 0pyn Yoo 0OAOKANPpO T0 oeT O givar 1 3" Tiun Tov TaEvounuévou dlavucuaTog-
nmivaka ot)An). o 10 yevikd téhoc yoo 6Aa to emdppato T, ektelovpe to i1
Brpota kot Bewpovpe g yevikd TEAOG, TNV OMOGTOCT OV £ival KATA TPOoEyyion ion
pe to otoryeio mov avtotoyel 6to 98% Olwv TV amootdcewv émapua R — téhog
endppatog T. (ywu 10 mponyoduevo mapddetypa, ovtd Oa givar n 125" tipn tov
TAEVOUNIEVOD SLOVOCUATOC TV 0mooTaceE®mV Emappa R — téhog emapuatog T).

‘Emetta, onuovpyodue éva mivaxa Matlab mwov €xel daotdoelg nxm, OTOL TO N €lval
{00 [E e TO UNKOG TV TOALMY TOL CGET KOl TO m pe TOV aplOud TV SEIYUATOV TOL
0élovpe va cdcovpe amd KABe TaApd. Avtdg 0 Tivakag TEPLEYEL OAOVG TOVG TOALOVG
evBuypapopéVoNG, Kdte amd to émappo R tovg, kot €xet ta deiypata kdbe ool
oL TePLEYovToL petalh kdmolov onpeiovv oto Emappa P wg 10 yevikd téAog TOL
emdppatog T yio kaBe waApd (Sidypappa 15). Awd ) ypopikn TapdcoToct oVTHG TG
UNTPOG, Umopovpe va eA&yEovpe €6V M avTioTol 1o 6TOVS aPlOUOVS JEIYUAT®OV TNG
APYIKNG oCLYVOTNTOG £Yve OOTA (ddypappato 16,17).

Agaipeon

5. 1 6/ Baseline

AZLOTOIOVTAG TNV TPOTYOVLEVT EPYACTL LLOG, OPOPOVLE TOPA TNV baseline and kdbe
YPOUUT TOV TPONYOVLEVOL TivaKa (QLGIKA LOVO OO YPOUUES TTOV TEPLEYOLY KAAOVS
TOALOVE, 0OV GAAMOTE HOVO Yol aVTOVG VToAoyiotnke). E&attiag tov yeyovoTog 0Tt
n microvolt T-wave alternans givor £vo TOAD YOUNANG GLYVOTNTOG PAVOUEVO, TPETEL
vo amoBAAOVUE OTOLEG TTAPEVEPYELES EYOLV TNV 10100 PUCHOTIKY emidpaoct). Emedn n
baseline kéBe molpov pmopel va unv eivon otabepn, v a@aipovpe and OAd To
delypatd tov. Eqv oyedibdoovpe ta otoryeic autng g vEag UNTPOS, TPOKELTOL VO
TOPATNPNCOVUE OTL OAOL O1 KOAOl TaAO1l £x0VV GLGGWPEVTEL YOpW amd Tov dEova X
(ta emdppota T Tovg) (Stdypappa 18).

Anpovpyia TepLTTon Kot
5.17/ APTIOV J1OUECOV TOAUDY

Y ovtd to Pruo  Swyowpilovpe TG TMEPTTEG Oomd  TIC APTIEG  YPOUMES
(avTITPOGMOTEVOVV TOALOVC) TNG TPOTYOVUEVNG UNTPOS. AVTO yiveTanl LOVO Y10 ALTEG
OV TEPEXOVY KAAOVS TOALOVG, OES0UEVOL OTL OEV EVOLAPEPOLAGTE Y10 TOVG KOKOVG
(drdypappa 19). Katodmy, kataokevdlove TOVG OMOKAAOVIEVOVG TEPITTO Kol APTLO
Jpecovg maApovs. Avtd emeldn], BEAOVIE VO OVTIKOTAGTIGOVE OAOVG TOVG KOKOVG
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TOALOVG TNG TPONYOVUEVNG UNTPOC HE TOV TEPITTO OLAUECO TAAUO, €0V VTAPYEL
TEPITTOC KAKOC TOUAUOC N UE TOV OPTIO OAPEGO TOAUO OV VRAPYEL APTIOG KOKOG
ToApog (YU autd kot dev vmoAoyicape ™ baseline yio TOUG KOKOVG TOALOVG).
EmnAéov, petpapue moéceg popég Kabe d1apnecog Tailpnoc ypnoyonomonke. dvoikd, to
oUVOLO TOV YPNCEMV TOVG Elvar NON YVOGTO (=aptBUdc KAK®V TOAUDY).

H ovtikatdotoon kok®vV TOAUDV omd TOLG OLAUECOVS TOAPOVG Oev  elvan
KOTOOTPENTIKN KOl 0VTO YIVETOL TPOKEUEVOL Vo emtevyOel n puéylotn okpifelo ota
teMKd omotedéopota. TéLog, amobnkevovpe oe éva mivako OAo To OElyHOTO TTOL
avinkovv oto Emappa T (Yevikn apyn - YeVKd TEAOC) TG TPONYOVEVNG UNTPAS, OTTOV
ol koKol TOApOl aVTIKATOOTAONKAY OO TOVS OVIIGTOLYOVG OIUUEGOVS TOALOVG
(owdypappa 20). Me Baon avt v puntpa Bo. EPELVICOVLE Y10, THV TOPOLGIN 1 1N
alternans.

Yroloyiouos TWA xon
eEay@yn OTATIOTIKMOV

5.18/ otolyelmv

Avt n povtiva vroAoyilel dtapopa peyEdn yio to oet TV ToAudv. H tpd epyacio
gtvar m eOpT®ON NG UNATPOG TOL TEPIEXEL Ta delypata Twv enapudtov T OAwv tov
oAUV Tov oet. Koatdmv, petpape tov oplfpd tov SEyUITOV TOL OmToTEAODV TO
émoppa T yio kdBe TaApd (avtog gival icog pe 1o yevikd téhog emdppatog T - yevikn
apyn embppoatog T +1). Ilpoxeywévovr va PBpebel kot va vmoloyiotel alternans
axpipéotepa, eivar kaAbtepo vo yopicovpe to Emapua T oe tunuata (ewkova 23).
Avtd to Tpuqpoato kohovvion bins. o kdBe bin vmoloyilovpe Egywplotd To
alternans. llepiocoOtepa bins, Pog TPOSPEPOVY HeYOADTEPN aKpifelo oXETIKA e TV
npoéhevon tov alternans (mowo PEPog tov emdppatog T) kol peyoddtepn avdivon
oTIg YpapKég mapaotdoels. Evvoeitat, 6t o apBpdc tov bins dev pumopei vo vrepPel
avTOV TOL 0PV TV derypdtmV Tov endpuotog T.

21 GLVEKELD, TPOKELTOL VO EKTEAEGOVLE TO. akOAovOa Bripata Yo kéOe bin. Apyikd,
vroAoyiCovpe 10 PAcpa 1oYLOS (LE TOYD HETOCYNUATICUO POVPL TG UATPOS Yiol OAML
ta. Oetypata Tov emdppotog T (exeiva ta delypata mov avikovy oto tpéyov bin). To
ATOTEAEG O, ALTAG TNG OpAoNS eivar pia vEa UNTPa OOV, KABE GEPA AVTITPOCMTEVEL
™m ovyvomta (mov mmyaiver amd 0 €wg 0.5 mOAROVG/KOKAO) Ko KAOe OTNAN
AVTITPOoMOTEVEL £va, Pepovopévo detypa oto Emapua T.

Metd, vrohoyilovpe 10 cLYKEVIPOTIKO QAcua Yoo KGOe bin, TO OTOIO OVGLOCTIKA
elval 10 péco @dopa tv detypudtov tov endppatog T yu to tpé€yov bin. Topa,
elpoote oe Béom va eviomicovpe Kol va PETpicovpe alternans (ebv vRApyEL).
EmnAéov, ypnoonolovpe ta peyédn, mov opifovior 6to Bepntikd HEPOS ALTAG TG
OMA®UOTIKNG.

Avtd Teptlapfavouv:

Tnv ayyun tov alternans k40 bin, mov €ivol 11 KOPLET OTO GLYKEVIPOTIKO (AGLLOL
10Y00¢ oL avtiotol el o 0.5 TOAROVE/KUKAO. AVTL TNG OLYUNG OTO GLYKEVIPOTIKO
QAGLLOL 15YV0G, YPNOCLLOTOLOVUE UEPIKES POPES TEPLOCOTEPO OELYHOTO GTNV EKTIUNON
tov alternans (Léxpt ko 3 detypota yoo g Kot 256 maApovg avd oet). Avtd ta
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delypata glvar n oy Ko too €va 1 600 delypota mpv amd avth. e vt TNV
mepintwon, Bewpovue g avyun alternans t péon TN LTOV TOV 2 N 3 SyHATOV.

To mapdBvpo BopvBov eivan Eva mpokabopicuévo mapdbupo mov mepi€yet 8 detypota
and 1o onueio 15/16 (e mpog ta miow ToW) 6TO GLYKEVIPOTIKO Pdoua. [ et
128 moAuwv to mapdabvpo BopvPov mepiéyel ta ostypata 113-120 oty ypoekn
TOPAGTOCT] TOV PAGUOTOG.

, , - oawyunAlternans — u,,
O Adyoc tov_alternans opiletar ¢ to mNAiko Gopifor. ko 10

O-Hopéﬁou
vroroyiCovpe yia kéBe bin. Edv Byet apyntikd 1o Bétovpe ico pe unodév, dedopévou
otL dev €yel euoikn onuacio. Avtd cvppaivelr, 6mov To TAATOC TOL TAPAOVLPOL
BopvPov givar peyoddtepo amd avtd TS aryung Tov alternans. (Sidrypoppo 21)

H tdon tov alternans civor ion pe \/az;(yﬁAlternans— Hoopspor  KOU ElVOL TAVTOL

BeTucog apOpog. (d1dypaypipo 22)

Téhog, vroroyilovpe dALo Eva BeTikd mavta péyebog mov mPAKELTAL VL GYEOIAGOVLLE.
Av10 glvar 1 tdon BopvBov, n omoia opiletar amd Tov akdiovho TOmOo:

Téon BopvPov (UV) = tetpaymvikn pila ¢ péong TNg Tov TAATOVS ToL TaPadHPOL
BopovPov. (dtbypappa 23)

‘Enerta, codlovpe to mpoavapepOévta peyén oe apyeia, dedopévov o1t pmopet va ta
YPEWOGTOVUE GTO PEAAOV. AVTA TO GTATIOTIKG apyeio TG avaAvong eivon eE0PETIKA
ypowa yw acBeveic pe alternans, 5edopévov OTL UTOPOVUE VO GYESIICOVUE TA
TOPATAVE PEYEDT Yo TEpaTEP® eMeEepyasia.

Surypappa 24 (acbevig pe alternans), dSuoypappo 25 (zoom)

Hopaywyi
5.19/| rpopnuizev

Topa mov OAn M avdAvon Yo T0 GET TOV TOAU®DV OAOKANP®ONKE, TPEmel va
TOPOUCTNGOVUE YPOUPIKA TO OMOTEAEGUOTA TNG TPOKEWEVOL VO EEETAGOVUE €AV TO
TPOYPOUU oG, aviyvebel M Oy alternans. e ovtd 10 Pruo, €voa mapdbvpo
avadVETOL OV TTEPIEYXEL TEGGEPQ dtaypappata. Avtd givar (amd mive aplotepd Kot
de&100TPOPQL):

1. 2vykevipwtikd pdouo 16y00g - T0 GUYKEVIPOTIKO AGHA 16YX0D0C TOV GET TOV
TOAUDV (TEPLEYEL TOGA PAGHLOTA OGA 0 aPBOS TV bins)

2. Awypaupozo. kivoduevov get 128 moluwv - mepiéxel S5 SaypaULOTO Y10 TO
pey€On mov opiotnrov TponyovUEVOS (Kot KAToo GALY):

e Tdon tov Alternans

Téon BopvPov

O AO6yog tov Alternans

To m060G6TO TOV KOKOV TAALODV GTO GET

Koapdrakodg pubudg (mov oxialetor KAtom amd ™ ypopur, €dv o Adyog

t0V alternans sivon peyolvtepog and 3)
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3. 2uykevipwtika @aouato 10005 ¢ TPOS TOV YPOvo - U0 TPLOOAoTOTN
YPOPIKN TOPAGTACT] OV TEPLEXEL TO OCLYKEVIPOTIKO QAGHO 1GYVOS TOL
KIVOOLEVOL GET Y10, OAQ T GET TAAUDV 610 24wpo HKI™

4. Awgypouuo. twv O1GUECOV TOAUDY — TEPIEYXEL TIG YPOUPIKES TOPAUCTAGELS TOL
TEPITTOV KOl TOV GPTIOL SIAUECHOV TOAUDY TOV TPEYOVTOG GET TOV TOAUDV
(emmAéov, okibletal KAT® omd TN YPOUUN, €0V 0 AOYOC TOV alternans sivon
peyoAvtepog amd 3)

OMlo o mapomdve Saypdppota evnuepdvovtol kaBe @opd Tov OAOKANPOVETOL TO
TpEEo Tov KVUPLOV PBpdyov TOL TPOYPAUUATOS HoG. Me GAlo A0y, Ol YPOPIKES
TOPOUCTAGEL GLUTANPOVOVTOL OTav evtomilovpe évo KaAd oet. Odnyndnkape ot
Abon g evnuépwong twv Sypouudtov votepa ond kdbe oet, kol Oyt otV
amoONKeLOT OA®V TOV SEOOUEVOV KOl TNV TOPOY®YT TOV GUVOMK®V S0y POUUATOV
010 Tél0C, yloti 0 OyKog TV docdopéveov Ba NTav tepdotioc Ko Bo eiyoue va
avTETOTicoVE TpoPAuata  dlayeiplong peydhov apyeiov dsdopévav. Katd
OLVETELN, OYeOAloVTaG TO GE TPAYHATIKO YpOvVo, umopel vo mpoohHitel kdmoln
onuovtiky kobvotépnon oto mPOypappd pag, evtovtolg pog odler amd dAlo
nmpoPAnuata. Télog, va onueidcovpe 0Tt kéBe bin oyedaleTol Le SOUPOPETIKO YPDLOL
(dwypappata 26-28).

To 6épa g avéddlvong pumopei va yiver Katavontd and to mopandve oynpato. Oco
VYNAGTEPT AVAAVLGT, TOGO TLUKVOTEPESG ELVAL O1 YPOPIKES TOPACTAGELS LG KAl TOGO
HKpOTEPO £ival TO YPOVIKO O1AGTNO HETAED OVO EVOAKPIT®V CNUEIWDV.

Ermduevo oet
woAucdv (ov
VIapyEL)

5.20/

Topo mov Pyirope emruydg amd Tov KVPLO Ppdyo TOL TPOYPAUUATOS LG,
TPOYWPALE TNV €K VEOL 16000 HOG O AVTOV, Y0 VEO GET TOAUDV, OUMOS OVTH TN
@opd. Dvoikd, ovTo yivetal, LOvo edv LIAPYOLVV apkeTol TaApol dabéoiuotl 6g avtd
10 opuio Tpuqpa tov HKT'

OAicOnon cuykekpyLévon
apBpod maApdv (mhpe og véo

5.21/{ =

[Tpoxeyévov va oyMUOTIGOVUE TO EMOUEVO GET TOAUMV TPEMEL VO OAICONGOLUE
HePKOVG ToAUoVS mpog ta Oe&id. Avtog o apBuog kabopiletar 6t0 OYETIKO
mopdOupo yio Tov KaBopIoUd TOV TOPAUETPOV TOL TPOYPALLOATOS, TOV YPOPIKOV
nepifailovioc pog. Emmiéov, avutdc eivor vmevbuovog yio 1t peyoddtepn 1
YounAoTEPN avéAlvon oty perétn pog. Edv tov Bécovpe ico pe 1o €va, To omoio pog
TOPEYEL TN PEYIOTN dLVATH OVOAVLGOT, Kol btoBEécovpe 0Tt Exovpe povo kald oet (128
TOAUGV), Ba emeepyactovpe Toug mTaApnovs 1-128 610 mpdTo TPEELO, TOVG TAAUOVGS
2-129 oto devtepo Tpé€ipo, Toug maApovs 3-130 oto Tpito Ko cuveyiler avdloya.
Edv vdpyovv apketol modpol 6100611101, TPOYOPAUE GTNV KOTACKELT TOV VEOU GET
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Kol €16EPYOUAOTE GTOV KVPLO Ppoyo €k veov. Edv avtd dev 1oyvEL, POPTOVOLLE TO
enopevo mpiaio tunpa tov HKT, o mepintwon mov dev elpacte 1101 61O TEAELTAIO.

Erduevn wpa
(av vhpyet)

5.22/

[Ipwv and ™ eopT®oN ToV €XOUEVOL ®PLoiov TUNUaToS Tov 24wpov HKI', mpémel va
OMGOVUE KATOLEG TANPOPOPIEC GYETIKA LE TO TPEYOV TUNMA. AT Yloti, TO HEPOG TOL
TPEXOVTOG TUNLATOG TTOL eV YPNOLOTOONKE (SEOOUEVOL OTL dEV VIPYAY OPKETOL
TOALOL Y100 VO GYNUOTIOTEL OAOKANPO OET), TPEMEL VO EVOOUAT®OEL GTO EMOUEVO
oplaio tuua tov HKI™ ko vo vroPAndel oe emelepyacio mpv amd to. vVIOAOLTO
dedopéva mov mepiEyovian o€ avtd. EmumAiéov, mpénel vo cddcovpe tov oplBud tov
delypatog tov TeAELTOioL delypatog (Kavovikd &ivar évo @UGLOAOYIKO TEAOG
enapuotog T) ota 128 kot ota 512 Hz. To tehevtaio yiveton, yroti n apibunon tov
aplBpdv Tov derypdtov apyilel amd v apyn Omote POPTOVOVUE €va VEO dplaio
tuquo tov HKI'. Tlop® 6o avtd, OAeg o1 PNATPEG KOl Ol YPOQPIKES TOPAUCTACELS
TEPLEXOVLV TOVG aPLOLOVG TV dELYHATOV TOL 24mpov HKT.

5.23/| TEAOX!!!

Edv dev vrépyel xavéva wplaio tuqpe tov HKI mov va givorl miéov dabéoyo, 10t
&yovpe aroiowg @BAacel 6to0 TéAOG TOL TpeLipatog poag. Topa OAeg ot ypapikég
TOPOCTAGELS OAOKANPOVOVTOL KOl  UTOPOVUE VO EMBOE®PNCOVUE KOl VO
aELOAOYCOVLE TO AMOTEAECLATO TG OVOAVGNG LLOG.

5.24/T1apaBvpo opropov TaPURETPOV TPOYPOIURATOS

To mapdBupo g ewkdvag 24 mepi€yel OAEG TIG TOPAUETPOVS TOV GYETICOVTOL UE TNV
avéivon pog kot Kabopilovror KatdAAnio mpwv amd kabe tpéEo. Ot TpEG mov
TEPLEXOVTOL GTNV EIKOVA 24 givorl avTég Tov YpnoyomomdnKay oty encéepyacio Twv
dedopévav amod epds mg todpa. Zuvinbmg, kabopilovpe TIC TYHES TOV TOPUUETPOV TPV
and 1  @oOptwon &vog véov onuotog HKI.  Quowd, vmapyovv mhvia
npokoboplopéveg TWEC, o€ TepimToN mov Ogv Béhovue va ecdyovue Timota
KovoOpY10.

5.25/Enelepyacio 0€00nEVOV 0o ac0eviig pe fuatodotn

AVt givar por TOAD EVOLAPEPOLGO ETAOYN TTOV LG TPOSPEPEL TO TPOYPOUUE LOG.
Mmropei va eneéepyaotel kot va gpevvioel yio TWA oe paced dedopévo. Avtd to
dedopéva £xovv cuVHBMG po oyl kémov oto émappa T tov kaOe modpov. I'a avtd
TOV AOY0, TPEMEL VAL TNV APOIPEGOVUE TPV Od TOV LITOAOYISUO TOV alternans. Etot,
gyovpe avamtHEEL Lo pOVTIVE, LE TV OTTOT0L XEWPOKIVITO APOIPOVLE CLTHV TNV OLYUN.
MOMG ™V aQaPECOVLE, TPOYWPAUE GTY OTATIOTIKN avaAvor. Eviovtolg, mpénetl va
elpoote 1010iTEPO TPOGEKTIKOL, OEdOUEVOL OTL £YOLUE QPAIPECEL PEPIKA Oamd TO
detypota tov emdppotog T. Zvvemmg, pepwkd bins pumopel vo €(ovv dAPOPETIKO
TATOG amd T0 Kovoviko. ILy. eqv éxovpe émappa T 36 derypdtov, tpia bins, paced
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dedopéva kot 1 oyun Ppioketar oto tedevtaio bin, avti g VYmapéng tpuwv bins
mAdtovg 12 derypdtwv, Ba Exovue dvo twv 12 derypdtov kat Eva Tpito, 10 omoio £xel
mAdTog 9 detypara.

Ymyv ewova 25 amewoviletal 1o mapdBupo mov avadvETOL Yoo TNV 0QOipESN TNG
aryune, To omoio e€apaviletor LETA TO TEAOG TNG OLOOIKOGIOGC.

5.26/Kataroyog Aietag cvvapticemwv Matlab

[Tpoxeévou va vToAOYIGOVE EMITLYMOC KO LE aKPiPELD TO alternans TOV EMAPUATOC
T, éyovpe avantoger 40 povtiveg Matlab. Evog minpng aleapntikdg KatdAoyog toug,
pali pe Ta opicpoTd TOVG LILAPYEL OTO AYYAIKO TUNHO TNG OMAMUATIKNG (Tivakag 6).
Téhog, vdpyel Kot Tvokag e TNV TEPLYPAPN TNG AELTovpyiog KGO cuvaptnomng
(mivaxog 7).
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