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ABSTRACT

The advent of digital computer technology has made
possible analysis and computations Yhich would be
prohibited if undertaken by hand. The Fourier analysis
of a periodic function of time can easily be done by
modern computer techniques; thus making this method

feasible.

An electrocardiogram consists of several distinct waves
with different electrophysiological significance. Such
an analog electrocardiogram can be analyzed by means of

the Fourier analysis.

This thesis investigates the frequency domain analysis
technique in analyzing electrocardiogram. Using this
technique the frequency spectra of normal and abnormal
cardiac waveforms are obtained., These various spectra
are then discussed-and an attempt is made to show that
the frequency spectrum can be used to characterize the

cardiac waveforms and hence to detect the heart diseases.
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CHAPTER 1

INTRODUCTION

The medical importance of most electrocardiologic signals
is due to empirical relations established between them

and the disease.

The technique of recording of the electrical activities
6f the human heart and the technique of analysis are

developed rapidly since the advént of computer.

Tﬁomas R. Taylor [1] has discussed the technique in computer-
assisted ECG analysis. Hubert V. Pipberger [2] presented
a paper in the automatic analysis of the P-QRS-T complex

of the electrocardiogram by digital computer, and the use
of computer in interpretation of electrocardiograms. L.

F. Staples, J. E. Gustafson, G. J. Balm and W. A. Tatel 3]
have joined together to extract the method of computer
interpretation of electrocardiogram. Robert J. Dobow [4j]
and Patrick A. Gorman have investigated the accuracy of

the electrocardiographic measurement by computer. ‘H. V.-
Pipberger [5] also presented a paper in the use of computer

in ECG interpretation.

In the interpretation of electrocardiogram [1-16] the computer



is used to identify the wave from formation and calculate

the amplitudes and time intervals-of the component

waves., By a comparison of these calculations with the

stored ideal standards a diagnoé}c report can be given.

The ideal standard§ wae produced by a large well-documented
library of electrocardiogram records with suitably esta- |
blished abnomalities confirmed by autopsy. The electrocar-
diogram records were stored in the computer and ideal

average for each condition was produced, eventually providing

the diagnéﬁic standards.

As for the frequency domain studies in the electrocardiogram,
J. V. der Groeben [1I] has studied the spatial frequency
distribution of the QRS Loop. Lee D. Cady and Leo J.

Tick [12] have investigated that 34 frequencies (up to a
maximum of 5 frequencieg)qre needed to reconstruct an
electrocardiogram signal. Paul H. Laugner [13-15] has
denonstrated the high-frequency components in the
electrocardiogram given by the beading and notching of the
QRS complex not recorded by the conventional electrocar-
diography in common use. A. M. scher [16] has analysed

the electrocardiogram and concluded that none of the curves
studied had the amplitude at 100 Hz or at any higher
frequency greater than 4 percent of the amplitude of the

fundamental, and in each individual studied and in the:

s..



entire data, the contribution by frequencies over 70 Hz
was less than 2% of the total curvé area. Noel P, Thompson
[1i] has determined the frequencies.which must be passed by
an electrocardiograhpic amplifier to keep from disturbing
the electrocardiographic signature. He found out that none
of his records required a harmonic which had a frequency
above 51.6 cycles, and he concluded ;hat 51.6 cycles per
second is sufficient as an upper cut-off frequency in all
cases, but at worst, it would not tend to exceed this value
by much. E. K. Franke E@é] has studied the high frequency
components in electrocardiogrém by power spectrum analysis.
A. J. Kerwin E@i] has discussed the effect of the frequency

response of electrocardiograms and vectrocardiograms.

However, the frequency domain analysis and the discussion
of the various spectra of the electrocardiogrems  con-
tained in this thesis have not been studied in the works

already mentioned.
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CHAPTER 11

ELECTROCARDIOGRAM

2.1. Electrocardiogram

The electrocardiograﬁ [}8-2ﬂ is a graphic recording of the
electrical potential associated witq the heart beat. The’
heart muscle is unique among the muscles of the body in
that it possesses the property of automatic rhythmic

contraction. The impulses which precede contraction arise

in the conduction system pf the heart. The impulses result
in excitation of the muscle fibers throughout the myocardium.
Impulse formation and conduction produce weak electric
currents which spread through the entire body. By applying
electrodes to various positions on the body and connecting
these electrodes to an electrocardiographic apparatus the
electrocardiogram is recorded. The connections of the
apparatus are such that ;n upright deflection indicates

positive potential and a downward deflection indicates

negative potential.

The electrocardiogram,heldps in the diagnosis of most
cardiac arrhythmias. It yields information about the
state of the ventricular myocardium e.g. myocardial
infraction, bundle branch block etc., atrial and ventri-

cular hypertrophy, effects of cardiac drugs and disturbances

in electrolyte metabolism. 5



-4 -
CHAPTER 11

ELECTROCARDIOGRAM

2.1. Electrocardiogram

The electrocardiograﬁ [§8-2ﬂ is a graphic recording of the
electrical potential associated witq the heart beat. The’
heart muscle is unique among the'muscles of the body in
that it possesses the property of automatic rhythmic

contraction. The impulses which precede contraction arise

in the conduction system pf the heéggu The impulses result
in excitation of the muscle fibers throughout the myocardium.
Impulse formation and conduction produce weak electric
currents which spread through the entire body. By applying
electrodes to various positions on the body and connecting
these electrodes to an electrocardiographic apparatus the
electrocardiogram is recorded. The connections of the
apparatus are such that gn upright deflection indicates

positive potential and a downward deflection indicates

negative potential.,

The electrocardiogram“helkps in the diagnosis of most
cardiac arrhythmias. It yields information about the
state of the ventricular myocardium e.g. myocardial
infraction, bundle pbranch block etc., atrial and ventri-

cular hypertrophy, effects of cardiac drugs and disturbances

in electrolyte metabolism. 5



The electrocardiogram, however, tells nothing about the
functional capacity of the heart,“gives little or no
information about the prognosis in the individual case,
and does not replace clinical knowledge, experience, and
judgment of the doctor. The variations of normal and

abnormal electrocardiogram show considerable overlap.

Each portion of the electrocardiogram is associated with
a specific ziatomical or physiological portion of the heart,
and an abnormality of a wave or complex indicates an

abnormality in that portion of the heart.

An illustration of the electrical conduction system through

the heart is shown in Fig 1.

A normal diagram of electrocardiographic complexes, intervals,

and segment is shown in Fig 2.

The amplitude of a complex is measured vertically in
millimeters and is a measure of voltage, thus 1 mm may

equal 0.1 millivolt.

The duration of a complex is measured horizontally in
seconds, from the point where the wave begins to the point

where it returns to the base line.

The P-wave represents atrial depolarization, the ifitation
of the impulse in the S-A Gino atril) node, its spread

through the atrial walls, and contraction of the atria.
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The initial spread of the stimulus through the muscle is
known as depolarization and the return of the stimulated
muscle to the resting state is known as repolarization.

An abnormality of P-wave indicates that the impulse has
spread in an abnormal fashion, or that the atria are
abnormal. P-waves are abnormal if they are more than 2.5 mm
tall, or are different from the normal for that individual,
or are superimposed on the preceding T-wave (Fig 2). The
atrial repolarization is usually not seen in the average

12-lead electrocardiogram.

The P-R interval shows the time taken by the stimulus to
travel from the S-A node to the A-V (atrioventricular) node.
Prolongation of the P-R interval means delay or blocking

of this spread, Shortening of the P-R interval indicates that

the impulse has followed a path shorter than usual or that
the ventricles has been stimulated before the normal impulse
reached the A-V node. Abnormal P-R intervals are less than

0.1 sec or more than 0.2 sec in duration.

The QRS complex represents the spread of the stimulus

through the interventricular conduction system and sti-
mulation.of the ventricular muscles. This is the ventricular
depolarization. Prolongation of QRS indicates delay of
conduction through the bundle of His and its arborizations

or origination of a new stimulus in an abnormal ventricular

P
-



focus with resultant abnormal spread. The amplitude of
ORS is due to the mass of active, ventricular myocardium
plus the cardiac position. An abnormal QRS complex is

more than 0.1 sec in duration (usually 20 mm).

Abnormal Q-waves are indicative of destruction of ventricular
tissue. Q-waves are abnormal if they are longer than 0.04

sec or are abnormally deep.

R-wave is the first positive deflection during the ventricular
depolarization. S-wave is the first negative deflection of
the ventricular depolariiatioh following the first positive

deflection R-wave.

T-wave represents the ventricular repolarization. S-T
segment and T-wave are associated with contraction of the
ventricles. An abnormality of either or both indicates
some physiological, organic or chemical change in the
ventricular muscles. In the 3 standard leads (see section
2.2), S-T is abnormal if it is elevated more than 1 mm or
depressed more than } mm, T-wave is usually abnormal if

it is less than 1 mm in amplitude in lead I or II.

The U-wave is a rounded wave which follows T-wave and may
pe fused with it. The U-waves have not been proven of
great clinical importance, and their physiological cause
is not certain. It may be a result of the failure of res-

toration of the normal membrane resting potential -at com-
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pletion of repolarization.

2.2, The Lead Systems

Different electrodes with leads [}B,ZZ,ZG,Z@ on
different position of the human body to pick up the
electrical signals generated by the heart, and to show

the electrical activity of the heart as viewed from
different directions. An electrode picks up the electrical
activity of those cardiac structures which it faces., When
electrodes are placed on.the extremities as in the 3
standard Leads, Lead I, Lead II and Lead III, Figure 3,
and the Augmented Unipolér Extremity Leads aVR, aVL and
aVF, Figure 4, the activity of the heart is viewed from
its lateral aspects. Wheﬁ the electrodes are placed on
the anterior chest wall as in the 6 Unipolar Precordial
Leads v;, vz, V,, V~, Vs and Vb, Figures S5a and 5b, the
activity of the antirior and posterior surfaces of the
héart is explored. Thus the 12 Leads are necessary in
order to view the heart in all three dimensions. Each
lead shows the difference between the voltages picked up

by each of the two electrodes employed.

The Leads I, II and III are called the standard Leads
because they have been in general used since the beginning
of the electrocardiography and have become the standardé.
Additional leads have been added in order to correct the
shortecoming of the standard Leads and add to the infor-

-

mation obtained from them,
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Connected to Ecg

R.A. Lead L.A. Lead

R.A. Lead L.A. Lead

Connected to Ecq +}

IIiFonnected to Ecg

L.L. Lead L.L. Lead

Figure 3. Connections for Bipolar

standard Leads I, II, and III.
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Figure 4. Augmented Unipolar Extremity Leads.
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Figure 5a. Location of Unipolar Precordial

Leads.
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Figure 5b. Transverse section of thorax

illustrating position of the

Unipolar Precordial Leads.




- 15 -

In the Standard Leads system electrodes are applied to the
right forearm left forearm and left leg and connected with

the appropriate leads from the elebtrocardiograph.

The standard bipolar leads represent the difference of
potential between two points. The selection is made by the
electrocardiograph switch as follows:

Lead I = LA-RA

Lead II = LL-RA

Lead III = LL-LA

where: RA = right forearm
LA = left forearm

LL = left leg

Algebraically:
Lead II = Lead I + Lead III
and:

RA + LA + LL= 0

The Augmented Extremity Leads are recorded from the right
forearm, left forearm and left leg. One electrode is
applied to the desired limb and the circuit is completed
through the other two electrodes. Thus the Augmented
Extremity Leads can be expressed as follows:

aVR= RA - { (LL+ LA)

= RA+ } E(Lu+ 1a]



- 16 -

=RA+4 RA

=3/2 RA

similarly:
aVL=3/2 LA

avF =3/2 LL

The Unipolar Precordial Leads are used to obtain the
electrical activity of the anterior and posterior surface
of the heart by placing the exploring electrgde on the
anterior surface of the precordium and pairlEQ it with the
three-tailéd indifferent Electrode (RA+LA+LL) as shown in
Figure 6. The limb leads primarily reflect only the

potentials developed on the lateral, superior and inferior

borders of the heart.

Accessory leads are sometimes taken further to the right,

or at the back,or in higher interspaces etc.

2,3, Recording of Electrocardiogram

The body surface electrocardiogram is generally recorded
with direct writing galvanometers capable of responding
linearly to signals at frequences up to 20 to 40 Hz. The
mirror galvanometer recorder can have a frequency response
up to 20 Hz, The cathode ray oscillographic recording ié
capable of responding to much higher frequencies, 1,300 Hz
to 20,000 Hz depending on the amplifier in the oscilloscope

»

system,
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L.A. LEAD

Figure 6. Unipolar Chest Leads.

| ECG
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CHAPTER III

FOURIER ANALYSIS

3.1. Introduction

In order to analyse the electrocardiogram one approach is
to fit a mathematical expression to the waveform [}Q .
Advantage is taken of the fact that ‘any curve may be fitted
by a mathematical equation as long as this equation has
erough terms in it. One such popular quantitative expres-
sion of the electrocardiogram is obtained by the use of
Fourier analysis, which tﬁkes‘advantage of the electrocar-
diogram's cyclic nature. With this technique, it is possi-
ble to express any periodic waveform as a sum of simusoidal
waveforms. The number of terms in the resulting expression
(Fourier series) will then depend on the complexity of the
waveform and the degree of fidelity the user wishes to
attain. In the case of electrocardiogram an adequate

Fourier series would contain roughly 35 terms.

3.2. The Advantage of the Application of Fourier Analysis

An individual electrocardiogram can be accurately expressed
in a mathematical form (e.g. a Fourier series). Electro-
cardiogram can be classified by comparing the parametric.
.constant ¢, of the corresponding Fourier equations and can
be grouped statistically (e.g. discriminant analysis). The

“
»
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comparision of a few key Fourier coefficients is much

more efficient than the point by point comparision of

the waveform digits. Approximatel§ 35 Fourier coeffi-
cients are sufficient to reconstruct a electrocardiographic
waveform. Thus instead of the storage of large amount of
waveform digits, the storage of these few Fourier coe-

fficients which represent the waveform saves a lot of

computer storage space.,

3.3, Fourier Series

If £(t) is periodic and satisfies the Dirichlet conditions

50-35] , then the Fourier series[§0,32,3ﬂ is

f(th:f?-+ %% (a_cos wnt+b_sinunt) -(1)
n=1 n n

where:

wn=nwo

wo=2Mfq

T-fundamental period
An 2 .7
=2 -(2
%h__T /o £(t) cosyntdt (2)
n'—o, 1’ 2 ese

b=2 f £(t) sirontdt -(3)
T 0

n:l’ 2, see
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Equation (1) can be written compactly as:
£(t)= F(n) &Mt ‘ - (4)
where:

b
F(n)=} (3h-jb0)
:}cn

BV IRICE

dt ~(5)

-(6)

lcnl is the amplitude and f#, the phase of the nth

harmonic.

For a finite equispaced sampled data x(t) with even number
of data samples and initial point value to be zero, the

Fourier series is:

( N/2 (N/2)-1
x(k)=A 4> A cos (2mk) + B sin (2ank) (7)
0 n=1 n N n=1 n N
vhere:
1 X
Arﬁélk

-1 g X cos 2mnk (8)
A== fadoldidd
N k:lk N

a
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N
£ X sin 2mnk (9)

n=l, 2, ..., (N-1)
2

x(k)=data value at time kh
k'=' 1,2, con,N

e .y 14 ;

3.4, Fourier Integral

Let F(n)==£!Tf(t)e-3wntdt-lf(wn)
T 0 T

As T+, v =W—s W -
0 n

We have the Fourier transform pair:

£(t)=1 / Fl)etatn (10)
2n -0
Flw) =fmf(t)e-jwtdt (11)

Subject to the requirement on f(t) that

HEIRS

3.5, The Shifting Theorem

By the Fourier Integral Theorem a time function f(t)

starting at t=0 and ending at t=1 has the following Fourier

%}
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transform |§8,30,iﬂ
T -jut
Flw,0)=/ £(t) e " gt

If £(t) is delayed by an instant t=To then the Fourier

Transform becomes

T ~jut
Flu,m0)=f ey o 9%
| T
0

-jw (t+T
Julet O)dt

-f:f(t)e
. B

_e JwTUof(t) e Wty
=e-ij°F(w,0)

Thus the shift of a time function along a time axis gives

an exponential factor (delay) in the Fourier transform.

3.6. Power Spectrum

1f f(t)=% r(n) ejmrlt
N=~%

then the average power of f(t) is

T 2
P =1/ f (t)at
av 7

-7

2

2 2
=F(0]"+2 ¢ IF(n)I
n=1
The power spectral density or power spectrum P(wn) of

“
»



- 23 -

£(t) is
2
P(wn)==2T‘F(n)l

c 2

n

=TI (12)
2

3.7. Fast Fourier Transform

The fast Fourier Transform [55-42] is an efficient method
for computing the discrete Fourier Transform of a time
series with N data points. It saves computer time appro-

ximately by a factor of H , where N=2F,
N

The fast Fourier Transform was discovered independently
by Danielson and Lanczos (1942) , Good (1958) and Cooley

and Tukey (1965).

The Fourier transform of a sampled periodic function of

period T is

-j21 (k) /N
e

T N1 x (k) (13)

F=§ o0

n=0’ llooo, (N-l)

x (k)=sampled data value at time tk
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Equation (13) can be represented in matrix form as:

_ [ nkj
o] = [y 090

Nu\l

where
-321/N
U=e

T/N is simply a scaling term and will be eliminated for

clarity of presentation,

For example, if we have N=4 then

- 9T 2 T

ro) [0 o® o ° X, (0)
0

F(1) U ul 02 U3 X (1)

F(2) U v U u xo(z)

F(3) u0 03 ub 09 X (3)

s B 4 ool

Equation (14) requires N2 complex multiplications and

additions.

The following shows the principle of the fast Fourier

Pransform with no repeated indentical computation.

Since Unk::UE‘k mod N), nk mod N is the remainder upon

division of nk by N, Equation (14) can be written as:
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K T |
F(3 l U U4u X (3
PO %P
;(0) 1 6?0 ol [1 o v0o X, (0)
[T;f1 'p(z) y 000 lo1o 0 Xy (1)
F(n)| = —— (15)
)l o oo 1ol (1o vPo| [x (2
3 2
PO o1 w010 v x)

0 and 1 are used to develop a generalized final result.

- 1 r - -
0
xl(O) 1 0 U o0 xo(o)
xl(l) 01 0U Xg (1)
X, (2) 1 0 U°O xo(z)
2
X, (3 01 0 U X, (3
* B[ 1 %o

e have

_ 0
x1(0)——x0(0)-+ U xo(z)

0

In order to develop a generalized result, U x0(2) is

considered as one multiplication ( although Uo==l o
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_ 0
X (M=X,(1) + UX,(3)

That an advantage is taken of the fact

o™= ek 4 y)2)

Therefore

U°== U
9

2
X1(2)—-X0(0) +U XO(Z)
- T
XO(O) q XO(Z)

X1(3)= XO(O) t LPXOU)

— _q0
—-xo(l) U X0(3)

Thus Equation (16) requires only four additions and two

nultiplications without repeating the identical computation.

From Equations (15) and (16) we have

S L
ro)l 11 u0o o7 x, (0)
A F(2) 1 020 0 xl(l)
=L

F(1) 0 01 Uu| X1(2)

F(3) 01 U3 X1(3)

0
L1 L IR

(17)

Similarly Eq. (17) requires two multiplications and

four additions.
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Therefore, it requires only a total of Nlog2N==8 complex
additions and §N10g2N==4 complex multiplications instead

of N2 complex multiplications and additions to compute

vector E‘(ni] .

The fast Fourier transform algorithm is a method of fac-
toring a NxN matrix into r NxN matrices to minimize the

number of calculations.

The vector .E(nﬂ can belobtained by replacing the argu-
ment n in [i(nﬂ with its binary equivalent and then

bit-reversing. For cxample:

F(0) F(00) F(00) F(0)
F(1) F(01) F(10) F(2)
—— —_— —_—
F(2) F(10) F(01) F(1)
ro| oy poyl o)

There are general rules to obtain a signal flow graph

representation of the factored matrices.

Figure 7. is the signal flow graph representation of factored
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xo(00) x1(00) ~ %,(00)=F(00)

R0
\ ] \
\ ‘/'

N\

N\

o

) \ % (0)=F(10)

\
X, (10)/ / % (10) x, (10)=F(01)
0 (JL AW j yt SN
LY
! \ R
; N

x2(11)==F(11)

Figure 7. Signal flow graph representation of

factored matrices.
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matrices for N=4.

First column represents the sampled data xo(k) , second
column represents the vectos @l(kﬂ and third column
represents the vectos ﬁz(kﬂzﬁigﬁ. Each node is entered
by a dashed and a solid line, and within each node is an

integer. R

The solid line brings a‘quantity from one of the nodes in
a previous column, multiplies the quantity by uP, where

P is the integer in the circle, and the product is added
to the quantity brought.by the dashed line. Therefore,
Figure 7 is a graph of the computational procedure of

the factoral matrices, and each vertical column computed

corresponds to one of the factored matrices.

The three rules for éstablishing a signal flow graph for
N=2T are:

1) The sample values Xo(k) , where k=0, 1, ... N-],
of the time function Xg(t) constitute the first vertical
array of nodes. Argument k is expressed as a binary

number with r bits (N=2L),

Successive arrays [?;]are drawn to the right. Nodes on
the same horizontal level have the same binary address.
A circle with a number in it is drawn at each node as ex-

plained in rule (2).

[S3
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2) At kth node in & th array the number in the circle
is found by: a) writing the binary number k.
b) sliding this no. (r-%) places to the right
‘and filling the newly opened bit positions
on the left by zeros.
c) reversing the order of the bits.

g s

3) In the % th array, node k, in binary from kr-l
ki, kg, has a solid line drawn to it from a node in the
(2-1)_th array. The address of the node in the (&-1)_th
array is the same as node k,‘except that bit kr-z must

be a one. The dashed line comes from a node in the

(4~1)-th array whose address is the same, but bit k

must be a zero.

Finally, the finite discrete Fourier Transform places
three restrictions upon the data:

1) The data must come from one cycle of a periodic
function, and the very favorable situation is when the total

number of data N is some power of 2.

2) The number of imput data and the number of transform

values must be the same.

3) The data must be equispaced in each dimension.

The computational savings depend on the number N and the

programming method used.

x>
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Since it was not the purpose of this thesis to investigate
the fast Fourier Transform and the intent was to discuss
the use of the frequency domain analysis in electrocar-
diograms the classical way of calculating the frequency

spectrum was employed.

For further information about the fast Fourier Transform
the reader should refer to the references already given

at the beginning.
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CHAPTER IV

DIGITIZING CONTINOUS DATA

4,1, Introduction

Digitiﬁg is a sequence of transformations applied to

a continuous function of time. The time function i§ first
sampled to a set of discrete points of time, next the
sampled function values are quantized into a set of amplitude
values. Finally each quantized amplitude is counted into

a binary number representation in the computer.

4,2, Sampling

Given a continuous function f(t) over a time interval,

the sampling process consists of choosing a set of times

51 ty oo tnwithin the interval. The function £(t) is

then sampled and represented by the values f(t,), £(t;), ...

£(t,). Usually the sampling is equispaced.

The well known sampling Theorent[§3.i£] considers the
possible error, or loss of information, resulting from
preserving only the sample values {f(ti)}.  The sampling
Theorem states that at least 2f;, (f, is the desired maximum
frequency) uniformly spaced samples are needed every

second in order to reproduce the function f(t). If sampling
rate is too slow the sampling values could represent either

low or somé higher frequencies in the original data. This

-
#
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phenomenon is called "alising", * 'E

R T

. 1\."\‘ v

l by .
FrmnEquation*%ﬂj) the frequencies between 0 and fn H,

are clearly distinct from one another, but the frequencies

in the data which are higher than fn Hz will be "folded"

into the lower frequency range from 0 to fn H,- This

13

can be seen from the following:

for t_;%_f ’ n=0, 1' XX
n

cosgﬂft=0052n«2nfﬁ£f)§£ﬂ?ﬂ)

=cos2t(ntf )
Zf,

=cos (7f)
n

Therefore the cosine function cos(mf) could have come
from any data at frequencies (2nfﬁi?). These frequencies
(£), (an'f)r (2f5+f)r (4fn-f), (4£3+£) and so on are
aliases of one another. The freguency fn is called the

Nyquist frequency and the frequency f is called the prin-

ciple alias.

4,3, Quantization

The purpose of quantization @5,33 is to obtain the
discrete amplitude values from a continuous time function

at the sampled points. Figure 8 shows that no matter

~
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— = = — = —i41l)th level

— __.&\_ + - ith Level

£(t)

X, t¢

L emamae e sem e —- B I TR S, .-,._.__>

Figure 8.Quantizing error.
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how fine the scale, a choice between two consecutive
values is required. Qmean-squarcd error value due to
quantization can be calculated. The instantaneous value
of the function will be x+€, with -q/2{¢{q/2. repre-
sents the error between the instantaneous actual function
value and its quantized equivalent.

Let P(¢) be the quantization error probability density

function defined by

Ple)=1  for -q/2¢€{q/2

=0 - otherwise

The mean value H=0, since P(e¢) is symmetric about ¢=0.

The mean squared value (variance) of ¢ will then be

e == € de==—

2 1jq/2 2. g2

The rms value (standard deviation) of the quantization

erroris
q2 q
.= T scale unit
This represents the rms "noise", If the full range of

f(t) is quantized into N levels then the rms noise to

signal ratio will be 3N

<
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Thus the quantizing process introduces some error in ‘the
eventual reproduction of the original time function.
Once quantized, the instantaneous values of the original

function can never be restored exactly.

a
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CHAPTER V

NORMALIZATION OF THE ELECTROCARDIOGRAM

5.1 Amplitude Normalization

In studying the frequency amplitude spectrum, amplitude
normalization is required for two re;sons. rirst the
amplitude of the cardiac waveform varies with sensiti-
vity of the recording apparatus, even though one attempts
to keep the instruments's ;ensitivity constant, In addition
the recording techniques obvioﬁsly vary from one laboratory
to another, further complicating the studies. Second,

the amplitude of the records varies with the thickness

of the chest wall of a patient. Thin wall normal indivi-
duals give rise to large amplitude than those with

thick wall, even though the chest wall contour may be

similar.

Each digitized amplitude could be divided by the largest
aamplitude encountered in the record. All reconstructéd
curves would then have the same maximum height and
would lose any variations in amplitude change. Thus
another procedure was chosej which appears to minimize
the two variables mentioned, but retains to some extent

the variations in amplitudes which may be due to di-

sease.The area under the waveform is obtained by adding

.
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up all digitized values. The mean area is then found by
dividing the area by the number of points digitized in
" the waveform. Each digital amplitude is then divided by

the mean area under the curve.

5.2. Time Normalization

Time normalization is not necessary in the frequency
domain studies, since we are not concerned akout point
to point amplitude comparison at a given time in the
carodiac cycle to those oflanother case with a different
heart rate or different wave dﬁration. The changes of
heart rate and duration have no effect on the shape of
the spectrum envelope. The variation on the spectral
amplitude due to the change of heart rate or wave dura-

tion can be climinated by the amplitude normalization.

5.2.1 Different Repetition Rate

Let us assume a triangular equally spaced pulse train
with period 2L, base L/c and height A as shown in Figq.

%9a.

From Equations (1),(2)and (3) we have

x>
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2L

Figure 9a., Wave with period 2L

FANANS:

L

f.

~—

figure 9b, Wave with period L

s
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Since the function is zero at all times within any one
2L cycle except in a time interval L/c, we may divided

this interval into equal parts which correspond with the
rising and falling portions of a triangle.

Then we have

1, L/ (2¢) - L/c nt
a= -[J Stcos (— )dt+5 2Acos (——)dt
L/c
-j Stcos (n%t)dt}
L/2¢c
where S= L :ggé-
L/2c L
_nm
Let x_.L t
SL, nm/2c nt/c
a=——"— } xcosx dx - f xcosxdx
n n%q2|)o nt/2c
nw/c
- Eé& cosxdx
nt/nm/2c
nT/c nw/c
:ﬁlz‘j([xsinx - cosx] - [xsinx - cos:{l
nn 0 nw/2¢
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2A nt/c
+ —-I:sinx]

nm nT/2¢

Now if the same pulses are separated by interval L

instead of interval 2L (Fig. 9b ) we have

.

L
-2 2nut
alz Lgof(t)cos-———L dt

2 L
a =—g £(t)dt
Lo

L/ZC L/C ) nrt
a'=-§ Stcosggls-dt+ 2Acos—— dt
n L 0 L L

L/2c

L/c
- S Stcosgglz dt‘}

L/2¢c
sL r = (2n)7 /2¢ (2n)T/c
=2 3 z{ﬁsinx - cost - E;inx - cosﬂ
(2n)"w 0 (2n)T/2c

e can see that
| .

an__Za(Zn)

Similarly

t —
b =2b (9n)
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Thus the new coefficients are equal to twice the 2n'th
harmonic corresponding to the original rate. The 2n'th
order harmonic corresponding to the original repetition
rate of period 2L is of the same frequency as the ﬁ'th
order harmonic corresponding to the repetition rate of
period L. Therefore we may double the amplitude for
double the repetition rate, leaving the frequency un-
changed. Hence the changes in the heart rate should be
without effect on the shape of the spectral envelope.
The maxima and minima along the frequency axis are still
at the same position. Although the amplitudes éf the s-
pectra would alter with the change in the heart rate. This
effect on amplitude can be eliminated by the amplitude

normalization as mentioned before.

5.2.2. Different Time Duration

Consider two triangular waveforms A and B having the '
same slope but different time duration as shown in

Fig. 10. Since these two waveforms have the same slope and
AA/AB:=='1‘A/TB constant, the waveform A is just the
magnified graph of waveform B. Thus they will have

identical amplitude normalized frequency spectra.

Thus it proves that the time normalization is not ne-
cessary in the frequency domain studies and this would
simplify any interpretive technique which apply the

frequency domain approach,
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ACHE 5 A

Waveform A

Waveform B

Figure 10. Waveforms A and B with same

slope S but different duration.
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5.3. Determination of the Electrocardiogram Baseline

Thev Eﬁ,23] is constructed as the straight line con-
neggfﬁ;.two points on the T-P interval of two consecu-
tive cardiac cycles. These points are taken just prior
to the onset of the f-wave. All amplitudes of the elec-
trocardiogram are refered to that baseline. If no P-
wave is found, then the baseline is defined as the
straight line connecting the Q wave onsets of two
consecutive cardiac cycles., If no Q wave is present

the baseline is established between two consecutive R

wave onse¢ts.

A
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CHAPTER V1

THE WAVEFORM MODELS

6.1. Introduction

The electrocardiogram consists of several distinct

waveforms P, QRS and T waves. 4

For studying the spectrum contributed by each individual
waveform,i.e., the QRS complex, the P-wave and the
T-wave, we ahalyze some waveform models. The ORS complex
can be approximated by linear or trianqular functions

and the P-wave and T-wave by a sinusoidal function.

6.2,Inverted V Pulse

The Fourier transform of an inverted V pulse [30,45,4Q
(Fig. 11 ) is
1/2 A -jwt

F(w)= SO ',L./—z te dt+ ST/Z

at |, "Jwt

: =2
Let x=jwt, t"jw

jwt/2 -X WT -X
F(w)__zA S X 2A S X

: To.-e dx- 5— a.e dx
Wtlg W) sy ¥

wT -X
+‘%%SJ e dx
] jwt/2

x?
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X -Xx jwT X -x jwt/2
=TT (e 4e ) -(xe +te )
(jw) T |: Jw/2 0
X jwtT
t jwt(-e ) ]
jwt/2

—_4a  ["Iv2
— oo je (1~-cos(wt/2))
(jw) “T

~Jwt/2 1-cosWt/2 )
(wt/2)2

Therefore

1-cos (wt/2)

2|F(w)| =2AT o)

The sketch of the spectrum is shown in Fig. 11 for

T=0.04 sec.

6.3. Diphasic QRS Complex

Some QRS complexes may be approximated by two V pulse
with the first one inverted as shown in Fig. 12,
The Fourier transform [16] is

-jwWtT
F(w,0)-F(w,T) =(1l-e YF(w,0)

LSS

=t e (k=cos (uz/2),
(wt/2) '
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ii
{
!
!':
i
|

. 2 1 =jwe
= AT 5 in (w2
wt/4

2 IF(w,O)-F (w,TT)l = 21‘:[2El+;§)‘¥-z/—2l Isin(W':/Z)l

In Fig. 12 a sketch of this spectrum is given again
for T=0.04sec, - - B

Some QRS complexes are such that the slope of the

RS section is double of that of the QRS or ST section.
This feature is approximated by two V pulses with

the first one inverted and the second one advanced a
time T/2 ,and the summation of these two pulses gives

the approximate model (Fig. 13).

The transform is now

-jWY/2
F(w,0)-F(w,t/2) =(l-e )F(w,0)

W2 ginwe/d) 2 -jug
=ATe (W) (1-e ’f/

~t/N3/2) 2
—nte ) (ﬁ%%%@—) sint/2(we/2)

2 F(W,O)-F(w,t/Z)l

2

=2At(wr/2) 3

(1-cos (wt/2) ), sin,/Z)(w-r/Z) l

1%
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'Fig. 13 shows the sketch of the spectrum of this waveform

ot
i
|-
[
y
i
!
!
)
5
)

model.,

6.4. Triphasic QRS Complex

More generally,the QRS complex is triphasic with the
slope of the sides varying from top to bottom. This
QRS complex feature is approximated wit& thie model shown

in Fig. 4.

The Fourier transform [i§] of this triphasic QRS model is

7221\ 'th T ZA "'th
F(w,0)= -f —te dt- g (2a~ ¢ t)e dt
0 Y2
2A -jWT/Z
: (jwn) 2 ©
A .-

2(1-cos (w¥/2))

w a2, -jwt 0 —jut
F(w,~T)= -f (%3&) te dt-ff (2A- 1.%— t)e dt
-T -2

22T ( -x =x 0 -x =x -jwy2 -x 0
Xe -e
~jwy2 -jwtT -jwt/2

5 ) ~(xe -e ) +jw (-e )
(jw )

jwt/2
= 22T _ " 7 (1-jwD 2(1-cos (wT/2))

F(w,0) tF(w,~T)

-jw-c

vy
7 (jwt-l te )

2
=27 e (1-cos(wt/2))

(3w)

*




1 d N N
n HH et R
H | 4] H T T Pl B
(] Y 1981 M ———f e -
1 L 4 L HM HH JROS SR,
q " ; T ! !
0 R ¢ i Gt 4 W 4 AR
WML e HN N
. i I} 2R BEA o ERES i
b + 14 T M B PR
" H B8 B Hele
; S I
it . g + R
¢ g ABE } NI
i e iH WP IP
srrproo-
: 1 R ]
I 1 o P
1 eSS B
H -
1 M IS PR R
B! HH -1
A 0 R 9 R SR RN
H
) HIN v - -8 -
1t 4 311 i
it 11 MY (R 1 ceee ..
IH T8 .. .l
M P
I H
i 1 et Eaie
4 .
a4 +
¢ Hi i + -
MW 0@ n - - ‘0D UISSA W V134403

o.-.-,:...-n«lmZO.m.>.00hxr..Ju>Jﬂ wox
€129 97V DINHLINYDOTI-IWAS



[RUSTRD RIS SULIII U U

J

0N DRORS DO - IS I N IR A - 1 w - . !
00 SN DRI N S I T . m. B . .
I8 SUODS DN U N i bt CH- 1=+ . . N . i

:
el A Ir ' i Sy
e . . - e . N L . . - PN .
I 1 ’
| ! ! I
4 Il ]

LT s ALt A s e g




0 1 O AR PR
! B R

— 1 <
- 1 RS
1 e
PN
: : T
+ ﬂaw “ wﬂuv i [ +- : R
N SN ENE J e I e -
re Iy [6 IO G T NN S SO0 . P
1 1. Tt S S
I8 DO PUUUS D
! -
4+ 4 . .
4 B+ + .. . ..
- vh ’
. Y-
3 . '
¥ H ] : oot
1 hhl s e i . I
+ R ol s ] - -t '
1 1 cres - r3 - - . -
e EEEER BT - . . 1
i1 : 1
+ -~ - beeeof oo e ~t-- p
% et } 1\ PRI S .- . *
wou ++ ind natiiatd o R . [
NM_ .r: .“.Tl__r—w % SUNON SR P . .

f ’ N P P . . .- PO QU
J.v' " v~ feiag - -t e - -
t ! —ytf ¢ JERNY R . P P
. - - eiidb b o PR - - . .

| H | 1
i } %“w RS PR 000 1 o -
- Y R [ PN o I8 8N e
._ + 4 - Lo o w . ..
i Hlﬁ. .. Caia b . o .
; R
' t ~ T
4 ! P ! -
1 JoRS LIt Tlo i R
[ 1 0 H . 1 P
8] o I 181 B S0 M i
A3 | ! i
AW © n W « o~ —
-—
o~ -

OD MIBEI @ VAs4NIN

Q.Iﬁ”-Cll TVLO»V.\&-D(F,VU-JJ).’ur
€129 9% DIMNHIISVYOOT 1W3S Lo




g " ™ N T T
I TN JON RS DU R R S S . .. . “ - H R w
. B R B “ea . 1 .
- . B S RER R R I - . . H
iliviER s dE AU b o EE ;.ﬁu - rlo
~4 O DO . ; ;
[0S DRV S S S . . .. .
g P R - b i .
: 02| - 6D B
- Ld | 4] : .
ot 1SN 1l B AR v !
i 195 I3 j ; W._ " AT X 08 2 . 1 ' H
. . .. .e i PN SN ! . ;
I .m(' < I Ly D e o ; '
- TS SO 11 ot - o ' . ) .
- * N, s : .
P O . ..J.\ - S8 VURON PR S ! . i
- L -~ Y N A £ - B N T R o . '
- P I S . - I8 PO S . .. ' y f
T R . . \ . .
; T : '
. N AL PO PO | oo} .
, P 1§ FODE DI b i .
. 1l , " :«_ ate KSR ol o i
| , T T AR }
1 1 L4889 OF A8 B0 AR B O )
cefrre st -- '
A:;_ " .1”.1.. .t_.‘. t * - .
M - + T ¢
L S SRR = R .
vivedree oy 4 i
51 0%d ha s f i
N PONS PR re 4+ . “ f
e 2Tt
[P Tl s
PSP v i
ERES B \ 8
. ol IR ] . .
1 SO . .
. .. . + '
| R SOV DO . SR FOSTR U [ [ 5% S R o .
. = . :
[ ”ﬂ‘. R T . . S Vo N I J.rl -y .
. [ SO : ; R JR VPN DOV I O S i .
S PO R DU . . ﬂ.... e .l ‘ - ..ﬁ%i N :
0 Y
: e b ' .
; : .
ot el . .
* beedm B t .
H i ” v
.. I Sy .
b . . !
i _ B ,
. -
] 1 g '
_ I | ~
)
| !
—_— = L - AT




- 53 -

2 F(w,O)-F(w,-T)I -
-jw

“ //
=4AT(1-cos(wt/2)) ?1—)-2- (jwTl-14e ;’t”)
wT :

4A___ 2.1/2
= ( )2 (1‘°°S(Wt/2))[?(l-cOswt-wtsinwr)+(wt) ]
wT | |

In Fig. 14 a sketch of the spectrum is given,

6.5, T-wave and P-wave

The T-wave and P-wave can usually be approximated to
a half sin wave or the square thereof.
7 &
The P-wave contributes very little'the,spectrum. of the

electrocardiogram in comparison with the QRS complex.

For £ (t)=AsinI-t
1

'C | "th. '
F (w)::Af (sin?%t)e dt
1 0

e
:_A. e -e dt

S (M-t =3 (Te-w)ty
230[ ]

%3 0

A, SR -j(nvi-w)f]t
= e —_—
[j(ﬂ/t-W) j (m/e4w)

0
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(/<) =w

=3 (T/ -w)
+(74 -w) (e -lil

_ A/2. "ijE jwtT
=—7 e e t1)(2L)
(_”/_C)Z 2 T ]

-3 (/e -w)L
== —‘1——2“ (T/4 -w) (e =1)

putting w=2nf
2

Lo
Aﬂéf_i ’-e-ngrf j}nfcz(ejnfz,re-mfn)
(T/2) *-avf €2 Y |

-jnft
5-e cosnfT o,
(1-4£ T7) IR
!..“‘

Z‘F (w)| = cosfTT

1T(1 4£%2)

\b

/u

For f1=1/2, 2 lF‘(w)| —=5AT.

Similary for £ (t)=Asin2%t we have the Fourier
' 2
transform

F (w)=|( ) ( )
2 aut l-fzt.z

sinyft

A
et

sintft

IF (W)l— 1—;2_‘[-2

when £T=1, lF (w)| ———> —2‘—-2—1\2

L1




- 55 -

Fig. 15 and 1€ show the spectrum of f (t) and £ (t)
1 2
respectively with T =0.2 sec , the normal T-wave duration,

The frequency spectra of the waveforms previously dis-

cussed were plotted on the same scale for comparison,

The Fourier transform of the electrocardiogram F(w) is

therefore .

' ' ' X o
-JWTQ . -JWTT N
F(w)=F (w)+e F (w)te .~ F (w)
P QRS T
Taking the P-wave onset as the origin on the time

axis , T and T are the time delay of the QRS and T
Q T

waves respectively. With the phase shift the spectrum
of individual waveforms may be added to or subtracted

from one aﬁ%her depending on the phase angles.

=
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CHAPTER VII

INVESTIGATION OF THE ELECTROCARDIOGRAPHY

7.1. Introduction

The electrocardiogrems investigated were taken from the
synoptic electrocardiogram presented at the symposium
on Advanced Electrocardiography at the Emosy School of

medicine, Atlanta Eﬂ .

The electrocardiograms recorded from standard lead I

were chosen for studies, since standard lead I is the

most significant diagnostic single lead among the lead
system, and it is easy to apply in practice. -
Tia Q&erw s sTliad peva J.xfu(;co( awd (A wﬂm»krbf 4 {u:{
{‘J— [ LES7V AN fm MC{ hate ct/um

Appendlx U listed the cdses under study. The cases were

grouped into seven categories:

(1) Normal

(2) Left Ventricular Hypertrcphy
(3) Right Ventricular Hypeftrophy
(4) Right Bundle Branch Block

(5) Left Bundle Branch Block

(6) Myocardial Infraction

(7) Chronic Coronary Insufficiency

The magnified cardiac waveforms of the cases studied and

the corresponding frequency and phase spectra are shown

-
»

e
)
)

[ORPIUIES S - Wr i 5
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in Figures 17a to 36a, Figures 17b to 36b and Figures 1l7c
to 36c respectively.

The cardiac waveforms investigated were taken from the

onset of the P-wave to the end of the T-wave.

7.2. Normal (Cases 1 and 2)

L]
Case 1 (Figure 17a) is taken as a typical normal case

for comparison with the other abnormal cases.

In general the normal electrocardiogram has the QRS ’ i
complex with sharp peak and rélatively fast rise time in
R-wave portion while the P-wave and T-wave are slow. The

P-wave and T-wave, and the positioning of the P-wave,

T-wave and the QRS complex would favor the first five
harmonics. The higher harmonics are mostly contributed

by the QRS complex.

-1 Case 1 the spectral pattern (Figure 17b) of a small
first harmonic followed by harmonié peaks at the second,
fourth and seventh harmonics could be takeh as. a standard
normal case of spectral pattern for comparison with other
abnormal cases of spectral patterns. However, there
exists a wide waveform variations within the normal and

abnormal waveforms.

In Figure 18a, case 2, the wider and smaller R-wave and

the smaller Q and S-waves contribute to the third and
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fifth harmonics larger than those in Figure 17, case l.

7.3, left Vent;icular Hypertrophy (cases 3-6)

The commonest cause of left ventricular hypertrophy

E8-21, 24-26] is hypertension,

Many features of left ventricular hypertrophy overlap
normal values,pthat is, many records that meet various
criteria of ieft ventricular hypertrophy may be found in
normal individuals and individuals with left ventricular

hypertrophy may have reasonable normal electrocardiograms.

The left ventricle under normal conditions contributes
approximately three quarters of the potentidls which
produce the QRS deflection. The enlargement of the left
ventricle causes the left ventricle to exert extra effort
in order to overcome arterial pressure. With hypertrophy
of the left ventricle, this electrical predominahce of
left over right ventricle becomes all the more accentuated.
Thus the mean instant QRS spatial vectors in left ventri- ﬁ".
cular hypertrophy tend to increase in magnitude since the
wall of the left vehticlevis thicker than normal, the -
impulse will take longer to tréverse it and arrive at the
epicardial surface. Generally the left ventricular hy-

pertrophy pattern is not altered very much from the normal.

Py
>
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It is characterized by a tall sharp R-wave and some times
when left axis deviation is presented the R-wave will

be followed by a depressed S-T segment and a negative

- T-wave. left axis deviation means that the main QRS de-
flection in lead I is upward (positive) while the main
deflection in lead . II is downward (negative). Q-wave may
be just as normal or deeper than normal and the QRS
intervals towards upper limit of normal 0.1 second. These

evidences can be seen in Figures 19a to 22a.

Figures 19a and 20a are the querate left ventricular hy-
pertrophy cases. The steep R-wave slope contributes to
the high frequency components with amplitudes larger than
those in the normal case. The widened deeper S-wave in
Figure 19a causes a minimum at the nineteenth harmonic.

(see Figure 19b).

In Figures 19b and 20b there are peaks at the second and
fourth harmonics as in the normal case, but the seventh
harmonic is no longer a peak, and the amplitude in the

high frequency range are increased.

In Figures 2la'and 22a there is a taller R-wave followed
by depressed S-T segment and a negative T-wave. The wave-
forms produced the following effects on the frequency
spectrum: The ;pverted T-wave was evidenced in the first,

second and third harmonics and some effects also produced

”~
. [ rd
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on the fifth harmonic. The most marked effect was the .
variation in the relative magnitude among the first,
second, third and fourth harmonic; from the normal case
with a dramatic ihcrease in the first harmonics. The
peaks appear at the first and third harmonics. The depres-
sed S-T segment and the inverted T-wave have the effect

of canceling some of the contributions in higher frequen-

cy components produced by the tall R-wave. This can be !

seen in Figure 22b. 1In Figure 21b the remaining higher

v

" frequency components are produced by the notching in the

R-wave (see Figure 2la).

7.4. Right Ventricular Hypertrophy (cases 7-9)

The main causes of right ventricular hypertrophy [}s-zﬂ
are congenital le§ions. The normal electrocardiogram

is a levocardiogram, the reason being that the electrical
forces produced by the left ventricle determines for the
most part of the characteristics of QRS and. T deflections
in the normal electrocardiogram., Left ventricular hyper-
trophy simply exaggerates the normal electrical prepon-
derance of left over right ventricle. The general form
of the QRS deflection is not strikingly altered. Right
ventricular hypertrophy, on-the other-hand, tends to

cause a marked change in the balance of cardiac forces.

[%Y
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This change is accompanied by characteristic alterations
in the appearance of the QRS deflections. The increment
in the magnitude of the right ventricular forces must

be such that the normal electrical predominance of the
left ventricle is abolished or at least somewhat reduced.
The specific changes in QRS configuration or voltage
appear in the electrocardiogram, When the right ventricle
shows extreme hypertrophy it becomes the major ventricle
and the RS pattern appears over the now miror left
ventricle. The salient features of right ventricular

' hYpertropﬁy in lead I afe that the QRS interval is within
normal limits, small R-wave and a prominent S-wave of
long duration., Due to the small R-wave and the deepened
_ broad S-wave the frequency spectrum corresponding to
right ventricular hypertrophy pattern demonstrates most

variation in the low~frequency components.

In Figures 23b, 24b anq 25b there is a first harmonic
with a prominent large amplitude. In Figures 23b and

25b the peaks appear at the first, third and fifth
harmonics and the valleys at the second and fourth har-
monics. Figure 24a has a widened short S-wave compared
with those in Figures 23a and 25b, This small RS-wave
pattern contributes the large second and fourth harmonics
and a very small third harmonic compared with those

shown in Figureé 23b and 25b. In Figure 24b the peaks
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appear at the first and fourth harmonics and a deep

valley appears at the third harmonic.

7.5. Bundle Branch Block

Bundle branch block E.B-Zl, 24-26] occurs most commonly
when there is a pathological or physiologiéal lesion,

involving either right or 1eft‘bunéle branch.

The bundle branch block is a defect in the conduction

path from the atrioventricular node through the bundle

of His to the Purkenje fiberg and the ventricularwalls.

The waveform pattern of the bundle branch block in many
cases is simply an exaggeration of tﬁevcorresponding
ventricular hypertrophy, because the pattern may be produced
" not only by interruption of one of the main bundle
branches,'but also by diffuse §lowing of the impulse through-
out the conduction system §f one ventricle or by conduc-
tion disturbances in the ventricular wall, If one of the
branches of the bundle of His is blocked by disease,

then the impulse will travel down the branch to the other
ventricle first. Having activated this ventricle, the
impulse will spread through the septum to the ventricle

on the side of the block and in turn will activate it.

In other words, the ventricles will be activated one after

the other instead of simultaneously, in series instead of

~
»
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in parallel. There is prOlongaﬁion of the QRS interval.

. The QRS déflectioné in block are of lower voltage. In
left bundle branch block the norméi Q-wave is absent
because, as the left branch is blocked, no impulse reaches

this left bundle.

Bundle Branch Block is classified into complete bundle
branch block and incomplete bundle branch block. The
electrocardiographic criterion is that for complete bundle
branch block there is a delay of excitation and abnormal
spread of excitation through the ventricle whosé bundle

is blocked, resulting in an abnormal‘QRS configuration,
prolongation of interval to 0.12 seconds or longer and pro-
longed ventricular. Activation time; for incomplete bundle
branch block the same abnormalities are present except

that the QRS interval is less than 0.12 seconds and the
ventricular activation time is less than that seen in a

complete bundle branch block.

7.5.1. Right Bundle Branch Block (Case 10, 11)

The characteristic feature of a right bundle branch block
is the delay of the right ventricular depolarization. This
delay pfoduces the wide S-wave and small Q-wave. This
waveform concentrates the spectral compoﬁents toward the

low frequency end of the spédtrum. The first harmonic

“
»
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is larger in magnitude than the third harmonic, as shown
in Figures 26b and 27b., In Figure 26b the fourth
harmonic becomes prominent. In Figure 27b the fifth

harmonic is no longer a peak in the spectrum.

7.5.2. Left Bundie Branch Block (cases 12,13)

L}

Since fhe left bundle is "blocked" the excitation wave
will spread down the right bundle and through the right
veﬁtriculaf myocardium., The impulse will then pass around
the "blocked" left bundle to.the left ventricular myocar-
dium, producing a wide and slurred R-wave. The ventriculaf
activation time is prolonged ‘to 0.09.second or longer;

the QRS interval is 0.12 seconds or longer. Usually

the S-T segments are depressed and the T-waves sometimes
inverted. The electrocardiogram will vary with the

heart position. The wide and slurred R-wave tends to
concentrate the frequepcy components toward the low fre- .
quency end. The deformed T-wave should be evidenced in
the first, second and third harmonics. In Figures 28b
and 29b, there are much larger first apd third harmonics
than those in the normal case, Figﬁre 17b. The spectral
envelope drops rapidly to the very small sixth harmonic
in Figure 28b, and to the very small seventh harmonic

in Figure 29b. In Figure 28b the shape of the spectral

v,
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envelope after the tenth harmonic appears approximately
as a sinusoid. In Figure 29b the inverted T-wave con- -
tributes an extremely large first.harmonic and a smaller

second harmonic compared with those in Figure 28b,

7;6. Myocardial Infraction (cases 14-19)

- The disease of myocardial infraction [1s-21,24-2§] is
characterized by the ngg;aéis of a portion of the myoéa:-
dium resulting from a lackwof sufficient blood. supply to |
keep the muscle viable._ The most commoé caqis {9 complete
occlusion of é-coronary érteiy by arterfggéigfég%é coronary
thrombdéis. Infraction may also result from incomplete
occlusion of a coronary artery if this latter pfocess
slifficiently reduces the blood supply to that portion of
the myocardium, and if collateral circulation is insuffi-
cient. The infracted muséle may be considered electricélly.
inert. The left ventricle is in§olved in practically all
instances of myocardial infraction. The electrocardiograﬁ
may actually be normal in myocardial infraction or ﬁay .
show only nospecific changes which are not diagnostic'df
infraction. The most characteristic electrocardiographic
finding in infraction is an abnormal Q-wave and T-wave
inversion. Sometimes abnormal Q-wave may never appear,

instead there may be a reduced R-wave.

Loy
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In Figure 30a the postero-inferio myocardial infraction
and in Figure 3la the high positerior myocardial infrac-
tion cardiac waveforms show a smali R-wave. In Figures
30b and 31b the second and fourth harmonics are maximum
points whereas the first and the thir¢ harmonics are
minimum points. This situatiop is similar to the normal
case shown in Figure 17b. However }n Figure 30b there-
are peaks at the sixth and ninth harmonics and in Figure
31b there is a peak at the.sixth harmonic with some varia-

tions in the high frequency range. These are not present

in the normal case spectrum (Figure 17b).’

All of the Figures 32b to 35b have a large first harmonic
and the relative magnitudes of the first six hatmonics are
quite different from the normal case spectrum (Figure 17b).
These spectral features are due to the deformed T-wave

and S-T segment. In Figure 32a the notching in the R-wave
contributes some high frequency amplitudes larger than
those in the normal case (Figure 17b). In Figure 33b

the shape of the spectral envelop after the fifteenth
harmonic is a consequence of the smooth cardiac waveform

in Figure 33a.

7.7. Chronic Coronary Insufficiency (case:20)

Figure 36a shows the abnormalities of S-T segment and T-wave

)
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[18-2]] . The S-T segment is depressed and the T-wave is

ly}?{{{"v extremely small. These abnormalities are caused by the

very slow repolarization which can’ not be shown in the

xE electrocardiogram. As the T-wave normally is slow, the
removal of this waveform component should affect the low
frequency components. In Figure 36b the low frequency

components exhibit the most préfouda changes expecially

“%:: the first, third and fifth harmonics with amplitudes
much larger than those in the normal case spectrum (Figure .

17b). The fourth harmonic is the only peak in the spectrum.

L2
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CONCLUSION

The normal and abnormal electrocardiograms associated
with certain diseases vary with thé individual case
according to the age, sex, size of the body, the ﬁeart

size and its position etc.

The Fourier analysis gives quantitative measures of the
characteristics of the various periodic and random com-
ponents présént. It was not the purpose of this thesis

to derive specific frequency domain criteria for the
interpretation of actural electrocardiograms. This could
be achieved by the application of Fourier analysis tech-
nique to a large amount of clinical records. If a statis-
tically significant large sample of records were analyzed,
then it would be possible to establish a relétion between

the variation of certain harmonics and various diseases.

The frequency amplitude spectrum bf each available cardiac
waveform has been found. The deviation of spectrum from
the normal as related'to the waveform characteristics,
such as width, depth and duration of individual wave

portion has been discussed.

Generally, the P-wave, when compared with the QRS complex
and T-wave, is a small portion of the total waveforms,

therefore small variation in.the frequency amplitude

[
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spectrum would not be so evident from this_nané; If any
variation does oécuf in the P-wave, it would most likely .
appear in the fourth harmonic since it is largely this
harmonic which contributes to the P-wave, The T-wave
contributes energy mostly in the first three harmonics
and possibly the fifth harmonic. Any variation in T-wave
would primarily affect these harmonics. The high fre-
quency range components are mostly contributed by the
steep and tail R-wave. If the R-wave is sharper and taller,
the spéctral envelope would decay more gradually, since
it needs ﬁbre power in the high frequency components to

form such R-wave.

The significant mgximal, minimal, and the largest harmo-
nics are listed in Table 1. From this table one can

see the approximate spectral vériations iﬁ all the cases
discussed., Table 2 lists the highest harmonic for half
power and ninety percent power and fundamental frequency
of the frequency spectrum. The first ten harmonics con-
tribute between 78% to 99% qf the total power and there-
fore are the most significanf harmonics. From our limited
study of samples of electrocardiogram records it appears
that the harmonic analysis of an electrocardiogram may
éiVe some additional information about the disease invol-
ved. Hence we can say that harmenic analysis of the

electrocardiogram provides an extra tool in the diagnosis

>
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of heart-diseases.

The phase frequency spectra of the cardiac waveforms were
also computed. The phase relations need further inves-
tigation and a statistical study of the phase relation

might yield useful information in detecting heart diseases.

*»
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Appendix 1: List of Cases Under Study

Case i: Normal male, 26 years.

Case

Case

‘Case

Case

Case

Case

Case

: Normal male, 30 years.

Morderate left ventricular hypertropy. Male

33 years.Renal hypertension.

: Moderate left ventricular hypertrophy. Male

45 years. Valvular aortic stenosis.

: Marked left ventricular hypertrophy. Femal

43 years. Stenotic’'left ventricular subvalvular

myopathy.

:+ Marked left ventricular hypertrophy. Femal 37

years. Idiopathic hypertrophy.

: marked right ventricular hypertrophy. Femal .

22 years. Pure valvular pulmonary stenosis.

: Marked right ventricular hypertrophy and dila-

tation. Femal 37 years. Auricular septal de-

fect 11 type.

«
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Case 9: Marked right ventricular hypertrophy. Male 62

years. Progressive occlusive pulmonary thrombosis.

Case 10: Right bundle branch block, wilson type.

Male 53 years. Asymtométic%

Case 11: Complete right bundle branch block. Male 56

years. Asymptomatic,

Case 12: Complete left bundle branch block. Male 57

years. No definite heart trouble.

Case 13: Complete left bundle branch block plus my-
ocardial infraction. Male 76 years. Long
standing history of anginal pain with se-

veral acute episodes.

Case 14: Postero-inferior myocardial infraction.

Male 56 years.

Case 15: High posterior myocardial infraction. Male

40 years.

) «>




Case 16:

Case 17:

Case 18:

Case 19:

Case 20:

- 137 -

Antero-lateral myocardial infraction. Male

43 years,

Antero-inferior myocardial infraction, Male

60 years, )

Left ventricular wall infraction. Male 49

~ years,

Anterior wall myocardial infraction. Male

63 years.

Chronic coronary insufficiency. Male 63

years,

- —————
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Appendix 2:
Table 1: A list of significant Maximal, Minimal and
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Largest Amplitude Harmonics obtained from the

frequency spectra,

Minimal

Case Maximal Largest Amplitude
No. | Harmonics Harmonics Harmonics
1 2,4,17 '1,3,5 2

2 2,7 _ 1,5 2

3 2,4,6,27 1,3,5,19 2

4 2,4 1,3 2

5 1,3,5,23 2,4,18 3

6 1,3 2,22 3

7 1,3,5 2,4,17 1

8 1,4 3,15 1

9 1,3,5,10 2,4,8 1

10 2,4,6 1,3,5 4

11 2,4 1,3 2

12 2,8 1,6,12 2

13 1,8,16 7,14 1

14 2,4,6,9 1,3,5,8 2

15 2,4,6,21 1,3,5,;5 2

16 1,3,6 2,5,20 1

17 2 1,17 2

18 1,4 3 1

19 1,3,7 2,6 11

20 4 1 . *
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Appendix 3:
Table 2: A list of Highest Harmonic for Fifty Percent
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Power and Ninety Percent Power, and Fundamental

Frequency of the Frequency spectrum,

Case Highest Harmonic For

No. Fifty Percent | Ninety Percent Fundamental
Power Power Frequency (Hz)

1 5 11 e 2,22 N

2 4 10 2,03

3 5 10 1.96

4 5 13 1,58

5 4 9 1.74

6 3 8 1.65

7 5 11 1,72

8 4 9 1.99

9 5 12 1.69

10 5 10 1.80

11 4 9 1.70

12 2 4 1.61

13 1 3 1.65

14 13 1.72

15 4 9 2,15

16 5 12 1.85

17 3 7 1.61

18 2 9 1.81

19 3 8 2,12

20 4 10 1.91

L 23
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Appendix 4: Computer Program

FOFTRAN TV 6 LEVEl 1, MOD 3 MAIN DATE = 69083
C FREQUENCY NOMAIN ANALYSES IN ELecrnocannlosnans
acey DIMENSTON X
lC(lSO).HC(!OO)'POH(IOOD PPOH(IOO)oAPPOH(IOO)
o \F 20C  REAN(1410) MCASEoNoH
nees 710 T FORMAT(215,F12.10)°
0004 TFIN.EN.999) GO TO 100
neos 44 READ(1,20) (X(1)s1=1,N)
00c6 20 FORMATTIO(FT.2M)
nee? A=N
_neee . FFal. /A
neeo Sx=0
ccte D0 444 1=1,N
_hell 444 Sx=SKex(1)
TTofi? TTASK=SX /A
oc13 SAX=0
CCle DO 441 I=1,N
015 T 441 T SAXESAXFARS (XTI
016 N0 555 I=1,N
cC17 X(1)=X(1)=ASX
Adia 558 X{TT=X{TT/73AX
0019 L=(N/2)~1
L0020 . . .00SC Jsl,l
0621 ) SuNs=h
0022 SUMC=0
0023, DO 40 I=1,N
0C74 AT=1
0025 AJ=J
0026 S(I)=X(I)%SIN(6,2832%A1%AJ/A)
[T 6cet TTOCNI=X( 1 ¥C0S(6, 2ZHI2FRTFRITR)
n028 SUMS=SUMS+S (1)
0€29 40  SUMC=SUNC+CI(T)
0632 — POWTJV=TA#A7 2, TRTSUMS* SUNS+SUNT*SUNT)
W ED HC (J)=SQRT (POW(J)*2 ./ (A%H) )
. 0c22 T(J)=(SUMS) 7L SUMC)
T 70033 TANG (I (ATANIT ()T T*(TR0,.0/3,T416)
0C34 IF(SUMS) 1341414
035 13 IF(SUMC) 15416416
0036 15 ANMGIIY==ARSTANG(IT)
037 , 60 7O 50
___or3g 16 ANG(J)==90-ABSIANG(J))
0039 B ¢ o (Y H
ecac 14  TF{SUMC) 17,450,50
ne4l 17

ANG(J1=90+AB SIANG( J) )
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e me e i mmcemea

FORTRAN IV G LEVEL 1, MOD 3 MAIN DATE = 69083

\___._ 0642 _ G0_T0_50
' 0043 50 CONTINUE
3 0C44 SPOW=0
; 0045 S D0 111 Jslyl
! €C4b 111 “SPOW=SPOW+PON(S)
! €C47 DO 222 Jsll
____004R 222 PPOW(J)=POW(J)*100,0/( SPOW)
0C49 TAPPOW (11 PPON (1)
0cse D0 221 J=2,1
0051 _ 221 __APPOW(J)=APPOW({J=1)+PPOWLJ)
: 0C52 WPITE(3,60) NCASE,FF
I 0053 60 FORMAT(IHO,'CASE NOo*/{15410X4Fb6e4))
L--~~ 0054 WRITE(3,80) (HCIJ)sJ=1,L)
LG 80 FORHAT(IH“.'HARMONICS'I(STZXoFb.Bill)
nCs6 WRITE(3,99) {APPOW(J) yJs1,L)
_ 6657 99 FORMAT(1H0,'A. % POWER'/(5(2XsF6.20)/)
0cse WO TTE(3,90) (PPONIJ) ydsl L)
0059 90  FURMAT(1HO,'% OF TOTAL POWER®*/(S(2X,F643)1/)
___ece0_ _WRITE(3,70) (ANG{J),J=1,L)
0061 70 FORMAT{1HO, 'ANGLE' /{5(2X,FT42))/)
0062 Gh TO 200
L orel 100 RETURN _ . ___
0064 NN
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