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ABSTRACT

The nature and origin of the electrical activity of
the heart could not be understood fully due to the fact th-
at the underlying principle of bicelectric phenomenon rela-
ted with cardiac (heart) activity is a very complex one. -
The complexity arises due to many factors. The bodj in wh-
ich heart is situated is not a simple homogeneous médium,
rather inhomogeneity arises in different parts of the body.
The potential recorded on the body surface due to clrdiac
activity and its interprefation ¥nown as ECG plays %n impo-
rtant fole in clinical diagonsis. This diagonsis dépend31

on different pathologic condition and on large voluﬁe of

statistical déta.

The ultimate goal of the study of electrocardiography
is to know the conditions of the heart under different cir-
cumstances. Keeping this in view many mathematical models
that may represent the electrical activity of the heart were
developed. In this wbrk an attempt has been made to study
the various mathematical models considered so far; Sincela
knowledge of electrophysiology is a basic need for the un#-
erstanding of the electrical activity of biological system,

the electrical activity of different types of cells (espec-

ially cardiac muscles and cells) is reviewed.



Among the mathematical model of electrical activity
of the heart the most simple oﬁe is the dipole model. But
experimental evidence shows that this model is a crude
one. So if a proper correction is made to dipole model
by introducing quadrupole and octopole termé, then it is
observed that this model to some extent resembles the act-
ual charaéteristic of the heart. Another proposed model
is the muitiple dipole model., But the fact is that none
of these ﬁodels developed is an exact one and thesehmbdels

are subjected t% various limitations.
! ,

! |

An éxperihental investigation %as been carried out
in order #o study the effect of blood flow constraint on
electrocafdiographic records. 1t is seen from the experi-
mental data that there are noticeablelchanges.ﬁamely in
heart beats, QRS complex amplitude and QT intervals. To
make fhese data useful as help to clinical diagonsis large
volume of data for different individuals at different pat-

hologic condit%on would be needed.

i
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Introduction:

Electrocardiography is concerned with the measurement and
interpretation of the time variation of potential at the surf-
ace of the body due to the electrical activity of the heart.
At any instant the system consists of some distribution of cu-
rrent dipole sources (the active cells in the heart) located
in a passive volume conductor (the remaini%g body tissue). Fr-
om theoretical stand point the external effect of a source wi-
thin an arbitrary sphere that contains the heart, including
all secondary effects which arise  as a copsequepce of electr-
ical inhomogeneities such as intracavitaryiblood; can be repl-
aced by equivalent multipole source. This%equivalence is with
respect to. the region external to the arbitrary enclosing sph-
are. The present electrocardiographic prectice is based on a
dipole representation. The dipole is capable of yielding good
approximation of the body surface potentialrhas been shown by
Frank. However, othegg_ggve raised doubts that this simple

dipole model is - Rather inaccurate, Taccardi, Horan &
Brody and others haee shown on a qualitative basis that nondi-
polar potentials do exist . So the cardiac actiﬁity can be
best repreéented-by multipole expansion. In thﬂs case the no-
ndipole terms in the multipole expansion provides a convenient
correction to the conventional heart source. In the represen-

tation of equivalent cardiac generator by summation of multip=-

ole source, the surface potential distribution is copsidered

as the sum of contributions from individual multipole fields.
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The diﬁole is the first term in the sum and can be measured
by orthogonal lead system. The quadrupole is the next term
in the series. If the surface potential distribution is

approximated by a dipole, then approximation is enhanced by

the addition of quadrupole.

4 knowledge of electrical activity in individual cell
is the very basis towards the understanding of the complica-
ted phenémenon of the electrical activity of the heart.
Keeping this in view a description of the cell and its mem-
bra%e, development of membrane potential, action potential
anditheir propagation through different types of muscle, is

!
given in Chapter 2.

Chapter 3 describes the physiology of cardiac (heart)
muscle and .the mechanical activity of the heart controlled
by the electrical activities of the different parts of the

heart.

In Chapter 4, the recordings of the body surface poten-
|
tial (known as electrocardiograms ) and its nature of varia-
| )
tioé with time and process of such recording by attaching

'dif%erent leads on body, is described.

|

vity of heart, is reviewed considering the heart as an elec-

In Chapter 5, mathematical analysis of electrical acti-

trical source placed in homogenous medium. The case of inho-

mogeneity is also considered. The drawbacks of dipole
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representation of heart and the multipole representation as

a correction to dipole representation is also discussed.

Chapter 6, contains a discussion on the experimental

results of the effect of blood flow constraint on electro-
cardiographic recordse. |
!
As a cohcluding remark of the project in chapt%r 74
a discussion on the limitations of electrocardiograpﬂy and
the scope of magnetocardiography and the scope for further

research in this field is given. i
i
|
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Chapter 2

”~

Cell and its electrical activity

2.1.1 The cell and its function :

A cell may be defined as "a unit of bioclogical activity
delimited by a semipermeable membrane and capable of self rep-

roduction in a medium free of other living system.”

Organisatio£ of the cell:

A ty%ical cell as seen by the electron microscope is
illustrated{in Fig 1. Every cell contains a very pfominent,
Spherical sFructu;e, known as nucleus.: Another major part of
the cell is}cytopﬁasm. The nucleus is:separated from the cyto-
piasm by a %uclear membrane and the cytoplasm is separated from
the surrounding-fluids by a cell membrane. The different subs-

tances thatzmake up the cell are collectively called protoplasm.

Protoplasm:

411 living cells are composed of protoplasm, a viscous
fluid consisting mostly of water and composed principally of

t

carbon, hydrogen, oxygen and nitrogen, although other elements

. | . A
such as calcium, potassium, sodium and sulfur are also present.

The protoplasm of nucleus is termed "nucleoplasm.”

The concentration of inorganic compound in protoplasm is
very similar to that of the concentration in sea water. There
are also many organic compounds. The carbohydrates range from

the simple sugars such as glucose and fructose, upto the very
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complex molecules like glycogen. “It also contains differenﬁ

types of amino acids and numerous fatty acids. Protoplasm of
mbst enimal cells contains about 80 percent water, 15 peréent
protein, 3 percent fat, and 1 percent carbohydrate, with ele-

ctrolytes making up the remaining 1 percent.

2.1.2 Physical structure of the cell:
|

Besides the fluid!and chemicals, cell contains highly

|
|

organized physicél strucqures called organelles. Some prin-

cipal organelles of the @ell, ére the cell membrane, nuclear
membrane, endoplasmic reﬂiculu%, mitochondria lysosomes,
' i

Golgi complex, centrioleé, cilia and microtubules.

|
i
'
1
i
1

Cell membrane:

Essentially all pﬁysical structures'of the cell are
lined by a membrane composed primarily of lipids and proteins.
The cell membrane is extremely thin and difficult to measure
in most cases. The thickness of the membrane is approximately
about 70 to 150A°. Cell membranes appear to be a double layer
of fat molecules set between t%o layers of proteiﬁ. Pores

about 8A° in diameter pierce the membrane.

The nucleus :

Most cells contain a small spherical mass which, beca-
_use of its somewhat different consistency compared to the rest

of the protoplasm, igs clearly seen in most preparations. This
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mass is termed the nucleus. It is surrounded by its own
membrane; the nuclear membrane. If the nucleus is removed
from a ceil, the cell dies. This indicates fhat the cell

cytoplasm is dependent upon, and regulated by the nucleus.

The most important constituent of nucleus is nucleic
acid. There are two nucleic dcids : deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). They are vital to cell
replication in that they control the amino acid content and

arrangement in protein synthesized by the cell.

Endoplasmic reticulum :

Thé endoplasmic reticulum forms a series of small can~-
als through the cytoplasm. It is thought that various subg-
tances pass through these canals in moving from membrane to
nucleus. Closely associated with the membranes which line
the canals are tiny granuals termed microsomes. Because
they contain high coneentration of RNA, they are often term-

ed as ‘Tibosomes. They are essential for protein synthesis.

Mitochondria:

The mitochondria are seen to be relatively large str-
uctures dispersed about the cytoplasm having a diameter of
about 0.5 n and a length of about 1.5 R o The mitochondr-
ia are enveloped by a double membrane. The inner membrane
sends branches inward thus forming many connecting compart-
ments. The inside of the imnerlayer and outside of the out-

er layer are covered with tiny granuals which measure not more
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than 50 to 604° and they play a major role in the function of

mitochondria.

Cells do many things and for all these activities energy
is required. The mitochondria have been termed the "principal
power plants of the cell", This energy is liberated in the

following way. The many infoldings of the inner membrane form

~shelves onto which the oxydative enzymes of each cell are att-

ached. In addition the inner cavity of the mitochondrion is

" filled with a gel matrix containing large quantities of disso-

|
energy
lved enzymes that are necessary for extractingAerm nutrients.

These enzymes operate in association with the oxidative enzymes
|

| !
on the shelves to cause oxidation of nutrieﬁfs, there by form-

ing carbon dioxide and water., The liberated energy is used to

synthesize a high energy substance called adenosine-triphosphate
(ATP). ATP is then transported out of the mitochondrion, and is

diffused through out the cell to release its energy whereever it

is needed for performing cellular functions,

1
i
i
|

|

The Golgi complex (or apparatus) is a netw?rk of threads

Golgl Complex:

in the cytoplasm of the cell and consists of seve%al large, spp-
arently empty vacuoles surrounded by a membrane. The precise
function of this structure remains uncertain. It has been sugg-

ested that it is some sort of intracellular pump that regulates

the movement of fluids in the cell and the expulsion of secretory
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products from the cell. It may well be necessary for the
secretion of very large molecules by the cell. Recent evidence
indicates that the Golgi region is the site where carbohydrate

are linked to protein.

Centrosome:

In some cell the centrosome can be seen as a clear area
near the nucleus in which there is a very small granule, the
centriole. It is generally seen that the centriole is visual=-

izediduring cell division,
|

!During cell division the centriole divides. The two prod-

ucts of this division then move away from one another until

: they lie on either side of the cell with the nucleus between

them. The centrimose and the : centrioles play an important

role in cell division.

Lysosomes:

In many cells, lysosomes can be identified as roughly

sphe%ical bodies about a half micron in diameter and they have

ca fi%e granular makeup. The granules within lysosomes are app-

roxi$ately 754° in diameter.

Lysosomes apparently serve at least four functions : -

(i) the digestion of large particle that enter the cell,

(ii) the digestion of intracellular substances,

1
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(iii) the digestion of cell itself,

(iv) the digestion of substance external to the cell,

Cilia and Flagella :

Some cells have hairlike processes capable of vibra-
tory or'lashing movements, Numerous shot processes are term-
ed cilia. If there is a long taillike structufe it is aifla-
gellum. Both cilia and flagella serve to propel the celis
through a fluid medium. But there are also ciliated cells

comprising stationary tissue, in which instance the cilia

gserve to clean the surface.

2.1.% Transport through cell membrane: g

The cell membrane is essentially. a sheet of lipid mater-
jal, called lipid matrix and partially covered on each surface

by a layer of protein. A cell is surrounded by such a membrane.

The fluid inside cells of the body is called intracellu-
lar fluid and is different from that outside the cell called
extracellular fluid. The extracellular fluid circulates in tﬁe
space between the cells and also mixes freely through the cap*-
llary walls with the fluid of the bloed. It is the extracellﬁ—
lar fluid that supplies the cells with nutrients and other subs-

tances needed for cellular function. But before these substance

is utilized they must be transported through the cell membrane.

o
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The table 2.1 gives the representative composition of
both extracellular and intracellular fluids. - It is noted that
extracellular fluid contains lafge quantities of sodium but
only small quantities of potassium. Exactly the opposite is
true of the intracellular fluid. Similar is the case with
other components also. These differences between the componen-
ts of the intracéliular and extracellular fluids are extremely

important to the |life of the cell.

Substances are transported through the cell membrane
I

by the two major proce%ses, "diffusion” and "active transport”.

. . | ' .
Diffusion means the free movement of substance in a random fa-

shion caused by ?he normal kinetic motion of matter, where as

active tran8port%means movement of substance in chemical combi-
nation with carrier substance in the membrane and also movement
against an energy gradient such as from low concentration state
to a high concentration state, a process that requires chemical

energy to cause the movement.

Diffusion:

All the molechles and ions in the body fluids, including
both water molecules and dissolved substance are in constant mo-
tion,each particle moving its own separate way. The continual
movement of molecules among each other in liquids or imn gas is

called diffusion.
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Table 2.1

Chemical compositions of extracellular and intrace-

llular fluids.

EXTRACELIULAR INTRACELLULAR

FLUID FILUID
Nat - —— 142 mEq/L 10 mEq/1
 Q— | -- 5 mEq/1 141 mEq/1
ca*t - — 5 mEq/1 1 mEg/1
Mgttt - _— 3 mEq/1 58 mEq/1
o) pi— —— 103 nEq/1 4 mEq/1
HCO5 - -- 28 mEq/1 10 mEq/1
Phosphates — 4 mEq/1 75 mEq/1
so;‘ - 1 mEq/1 2 mEq/1
Glucose ~= 90 mgm.% 0 to 20 mgm.%
Aminoc acids - 30 mgm.% 200 mgm.%?
Cholesterol _ |
Phosphalipids -—— 0.5 gm.% 2 to 95 gm.%
Neutral far
P02 - - 35 m.m.Hg. 20 mm.Hg ?
PGO - —— 45 mm.Hg 50 mm.Hg 7

pE - — 7.4 7.0




-13%~ L

The rate of diffusion of a Bubstance from one area to

another depends on the following factors.

(1) The greater the concentration difference, the greater is
the rate of diffusion,

(2) The less the molecular radius, the greater is the rate

. of diffusion,

(3) The shorter the disténce, the greater is the rate,

(4) The greater the Grosé-section of the chamber in which
diffusion is taking ?lace fhe’greater is the rate of
diffusion, l‘ i _

(5) At higher tempe:aturé the diffusion rate is higher.

Considering all the factoré we can write,

(Concentration differenceXCross-sectional
Diffusion rate o¢ Aarea X Temperature)

(Molecular radius X Distance.)

Net Diffusion Through Cell Membrane & The Factors That Affect it:

A cell membrane is essentially =a sheet of lipid material,
called lipid matrix, partially c#vered on each surface by a layer
of protein. The fluid on each s%de of the membrane are believed
to penetrate the protein poftion‘of the membrane with ease, but
the lipid portion of the membrane is an entirely different type
of fluid medium, acting as a limiting boundary between the extra=-

cellular and a intracellular fluids.
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The two different methods by which the substances can
diffuse through the membrane are : (a) by becoming dissolved
in the lipid and diffusing through it in the same way that
diffusion occurs in water or (b) by diffusing through minute
pores that pass directly through the membrane at wide inter-

vals over its surface.

It is noted that the substance that diffuse in one di-

. . . i . .
rection can also diffuse in other direction.
I
I

I
It is not the total quant%ty of substance diffusing in

both directions through the cel} membrane that is important
' i :

' I
to the cell but instead the 'neF quantity' diffusing either

into or out of the cell. i

The following factors determine the net diffusion of
substance: Permeability of the membrane, concentration diffe-
rence of the substance across the membrane, the electrical
_potential difference across the membrane and the pressure

difference across the membrane.

a) Perﬁeabilitz: The permeabilityican be defined as the
rate of transport through the membrade for a given concentra-
‘tion difference. The permeability of membrane is not constant
under different condition. For instance excess celcium in the
‘extra cellular fluid causes the permeability to decrease and

diminished calcium causes considerably increased permeability.
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(b) Effect of Concentration Difference:

Let C, and 02 be the concentration of substance in out-
side and inside of the membrane. The diffusion of substance
from outside to inside depends on 01 and those from inside
to outside depends on 02. If 01 is greater than there will

be a net diffusion from outside to the inside of the cell

(Fig. 2.2 ).So0 we can write,
Net diffusion o P (G, = C5 )

where P is the permeability of the membrane.

(¢) Effect of an Electrical Potential Difference:

If an electrical potential difference is applied across
the membrane, ions because of their electrical charges will
move through the membrane even though no concentration differ-
ence exists to cause their movement. In the fig (2.3 ) there
is equal concentration of negative charges in inside and out-
side the membrane. If an electrical potential difference is
applied with inside positive and outside negative polarity
then negative ions from outside will be repelled by its nega-
tive polarity of the applied field and at the same time will
be attracted towards inside due to the positive polarity of
the applied field. After some time the concentration of ions
will be greater in inéide of the membrane. The developed co-
ncentration difference fends to cause the movement of ions

towards outside which is opposite to that of due to the
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electrical potential applied across the field. When the con-
centration difference rises high enough, the two effect exac—

tly balances each other.

(d) Effect of Pressure Difference:

At times considerable pressure difference develops bet-‘
ween two sides of the membrane. This occurs,: for instance, at
the capillary membrane, which has a pressure ?pproximately 23mm
Hg greater inside the capillary than outside.I In this case inc-
reased amount of energyris available to cause net movement of

: - |
molecules from the high pressure side towards|the lowpressure

side thereby causing a net diffusion through the meﬁbrane.

|

Net Movement of Water Across Cell Membrane:

The most abundant substance to diffuse through the cell
membrane is water. Usually enough water ordinarily diffuse
through cell membrane per second in each direction which is
100 times the volume of the cell itself. Normally the amount
that diffuses in two directions is so precisely balanced that
not even the slightest net movement of water occurs; Therefore
volume of the cell remains constant. However, undﬁr certain
condidtions, a concentration difference of water can develop
acfoss the membrane, just ss concentration differences for
other substance can also occur. When this happens, net moveme-
nt of water does occur across the membrane of the cell, causing

the cell either to swell or to shrink, depending on the direction
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of net movemenc. This process of net movement of water caused

by concentration difference is called "Osmosis".

Active Transport‘:

From the data given in table 2.1 it is seen that concen-
tration of potassium in extracellular fluid is very low and its
concentration in intracellular fluid is very high yet there is
a continuous transportation of patassium from outside of the
ceil t;wards inside of the cell. Conversely, qﬁher substances
freque#tly enter the cell and must be removed even though their
concen%ratio%s inside are far less than outside. This is true

| .

of sodium ions. But it is seen that no substance can diffuse

l

against a cohcentration gradient 6r "aphill". To cause movement
of sub;tance uphill, energy must be imparted to the substance.
When there is movement of molecules through membrane against a
concentration gradient (or uphill against an electrical or pre-
ssure gradient) the process is called "active transport". Among
the different substances that are actively transported through
the cell membrgnes are sodium ions, potassium ions, calcium ions,
iron ions, h?drogén ions, Chloride ions, iodide ions, urate ions,

|
- ! ) . .
several different sugars and amino acids.

Basic Mecha&ism of Active Transport:

The mechanism of active transport is believed to be similar

for all substances and to be dependent on transport by carriers.

Fig. 2.4 illustrates the basic mechanism, showing a substance S
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entering the outside surface of the membrane where it combines
with carrier C. At the inside surface of the membrane, 5 sepa-
rates from the carrier and is released to the inside of the cell.

C then moves back to the outside to pickup more S.

Here the energy is imparted to the system incourse of the
transport, so that transport can occur against a concentration
gradient (or against an electrical or pressure gradiené). It is
supposed that the carrier has a natural affinity for the substa-
nce to be transported so that at the outer surface of the membr-
anme the carrier and the substance readily combine. Then the
combination of the two diffuse through the membrane to!the iﬁner
surface., Here an enzyme-catalyzed reaction occurs, utilizing
energy from ATP to split the substance away from the carrier.
But the released substance, being insoluble in the membrane, can
not diffuse backward through the lipid matrix of the membrane.
Therefore it is released to the inside of the membrane while the

carrier alone diffuse back to the outside surface to transport

s5till another molecule of substance in the inward direction.

Active Transport of Sodium and Potassium:

From the table 2.1 it is seen that the sodium concent%a—
tion outside the cell is very high in comparison with its coLcen-
tration inside, and the converse is true for potassium. Sodium
and potassium ions are positively charged ions and for this reas-

on they can pass through cell membrane with extreme difficulty

whereas negatively charged ions can pass through the cell membrane
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pores much more easily. So minute quantities of sodium and

potassium can diffuse through the ﬁores of the cell. If such
diffusion should take place over a ;ong period of time, the

concentration of the two ions would eventually become equal

inside and outside the cell unless there were some means

to remove the sodium from the inside and to transport pota-

gsium back in,

Furtunately, =a systemifor active transport of sodium
and potassium is present probably in all cells of the body.
The mechapism is illustraked in tPe Fig 2.5 which shows sodi-
um (Na) inside the cell combininé with carrier Y at the membr-
ane surface to form a largeiquantities of the combination Na Y.
This then moves to the outeisurface where sodium is released
and carrier Y changes its chemical composition slightly to be-
come carrier X. This carrier then combines with potassium K to
form EX, which moves to the inner surface of the membrane where
energy is provided to split K from X under the irfluence of en-
zyme ATPase, the energy being de:ived from Mg-ATP. At the same
time carrier X is reconverted inﬁo Y, which transports a new
sodium ion to the exterior, the cycle continuing indefinitely.
The transport mechanism state above is believed to be more eff=~
~ective in transporting sodium than in transporting potassium,
usually transporting one to three sodium ions for every one po-
tassium ions. The carrier is probably a lipoprotein and it is

likely that this same lipo-protein molecules acts as the enzyme
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ATPase to release the energy required for tramsport. The

sodium transport mechanism is called the sodium pump.

2.2 Membrane Potential :

One of the characteristic property of the cell membrane

is its ability to maintain an unequal distribution of ions be-

tween the inside and outside?the cell, This creates a potential
difference between the two areas. Because this potential derives
from the membrane characteriétic, it is termed the membrane pote-

ntialo

The twé'basic means by which membrane potentials can deve-
lop are : (1) active transport of ions through the membrane thus
creating an imbalance of negative and positive charges on the
two sides of the membrane and (2) diffusion of ions through the
membrane as a result of a concentration difference between two

sides of the membrane, this also creating an imbalance of charges.

2.2.71 Membrane Potentials caused by active transport:

Fig 2.6 illustrate the process how active tfan5port can
create a membrane potential. In this figure equal concentrations
of anions, which are negatively charged, are present both inside
and outside the nerve fiber However the "Sodium pump" has trans-
ported some of the positively charged sodium ions to the exterior

of the fiver. Thus more negatively charged anions than positively
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charged sodium ions remain inside the nerve fiber causing
negativity on the inside of the fiber. On the other hand,
outside the fiber there are more positively charged sodium
ions than negatively charged anions, thus causing positivity
outside the fiber. A pump such as this, which causes the de-

velopment of a membrane potential, is called an electrogenic

pulmpe.

In most nerve cells and muscle cells potassium is pumped
into the cell at the same time that sodiumiis pumped outjusually

however two to five times as much sodium as potassium is pumped.

!
2.2.2 Membrane Potentials caused by "Diffusion"::

Fig 2.6 1illustrate the nerve fiber under another condition
in which the permeability of membrane to sodium has increased so
‘much that diffusion 6f sodium through the membrane is now greater
_in comparison with the transport of sodium by active transport.
Since sodium and anion concentrations are great outside the cell
and slight inside, the positively chafged sodium ions now move
rapidly to the inside of the membrane, leaving aplexcess of nega-
tive charge outside, but creating an excess of %ositive charges
inside, ‘

When a concentration difference of lons acLoss a membrane
causes diffusion of ions through the membrane, thus creating a
membrane potential, the magnitude of the potential is determined

by the following eguation. At body temperature(BSOC) potential
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is determined from the following formula :

EMF (in millivolts) = 61 log,, Concentration inside L (1)
Concentration outside

This equation is called Nernst equation.

_ However, two conditions are neceééary for a membrane
_potential to develop as a result of diffusion : (1) The membra-
he must be semipermeable, allowing ions of one charge to diffu-
;e through the pores more easily than ions of opposite charge.
k2) qu concentration of the diffussible ions must be greater

| }

%n on% side of the membrane than on the other side.
i hhen a membrane is permeable to severél different ions,

the diffusion potential that will develop depends on the foll-
bﬁing-three factors : (1) the polarity of the electrical charge
of each ion (2) the permeability of membrane (P) to each ion

and (3) the concentration of the respective ions on the two sides
of the membrane. Then, for ions of-biological interest(namely,
potassium, sodium, and chloride), in the intra- and extracellular

(1)
media the followlng equation’ may be used to evaluate the poten-

|

tizal.
p . Tl * Prallralor Poa(Cor)i

1ln .. . (2)-
POl + Pru(Cygly* P5i(Coy 0, '

v

n

*zjl.';ﬂ

where P is the permeability coefficient and C denotes the concen-

tration of each of the ions inside and outside the membrane.
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The term R = kL, is known as gas constant and L is the Avo-
-gadros number and F = eL, where F is the Faraday and e is

the electronic charge and k is the Boltzmann's constant.

2.2.3 Origin of the cell membrane potentials:

In order to explain the origin of the cell membrane

potential the following basic facts mneed to be understood.

(a) The nerve membrane is endowed with a sodium pump jand

a potassium pump, sodium being pumped to the exterior and '

potassium To the interrior. i |
|

(b) The resting nerve membrane is normally 50 to 1OOEtimes

as permeable to potassium as to sodium. Therefore potaséium

diffuses with relative ease through the resting membrane,

wnere as sodium diffuses only with difficulty.

(e) Inside the nerve fibre and large numbers of anions
(negatively charged) that cannot diffuse through the nerve
membrane at all or that diffuses very poorly. These anions
include especially organic phosphate ions, sulphate ions and

|
|
]
protein ions. 7 1

Now considering the above facts the formation of membr-

ane potential is as follows:

First sodium is pumped to the outside of the fiber, while
potassium is pumped to the inside, However, because two to five
sodium ions are pumped out of the fiber for every potassium ion

that is pumped in, more positive ions are continually pumped
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out of the fiber than into it. Since most of the anions inside
the fiber are nondiffusible, the negative charges remain inside
the nerve fiber so that the inside of the fiber is electronega-
tive, while the outside becomes electropositive. It is illﬁst—
rated in the fig 2.7 . As progessively more sodium ions are pu-
mped out of the nerve fiber, they begion to diffuse back into
the nerve fiber because of the fact thét a sodium concentration
gradient develops from the outside of thé fiber toward the ins-
ide and ainegative membrane potential develops inside theffiber
and attraLts the positively charged sodium ions inward. Eventu-
ally ther? comés a point at which inward diffusion eguals the
outward phmpiné by the sodium pump. When this occurs, the pump
has reached its maximum capability t6 cause net transfer of so-
dium ionsfto the outside. This occurs when sodium ion concent-
ration ingide the nerve fiber falls to about 10 mEq/l (in cont-
rast to 142 mEq/1 in extracellular fluid) and membrane potential
inside the fiber falls to approximately -85 millivolts. Therefore

-85 mv is also the resting potential of the nerve membrane,

2.2.4 The hction Fotential:
T
|

S0 long |as the membrane of the nerve fiber remains comple-

tely undisturb%d, the membrane potential remains approximately
-85 millivolts which is called the resting potential, However,
any factor that suddenly increases the permeability of the memb-
rane to sodium is likely to elicit a seguence of rapid changes

in membrane potential lasting a minute fraction of a second,
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followed immediately there after by a return of membrane
potential to its resting value. This sequence of change in

potential is called the "action potential”.

The factors that can elicit an action potential are

electrical stimulation of membrane, application of chemicals

to the membrane to cause increased permeability to sodium,

mechanical damage of the membrane, heat, cold or almost any
other factor that momentarily disturbs the normal resting

state of the membrane.

Depolarization and Repolarization:

The action potential occurs in two separate stage ca-
lled depolarization and repolarization which may be explained

from the figure 2.8. Fig. 2.8a illustrate the resting state

of the membrane with negativity inside and posivivity outside.
When the permeability of the membfane pores to sodium ions
suddenly increases, many of the sodium ions rush to the inside
of the fiber, carrying enough positive charges to the inside

to cause complete disappearence o6f the normal resting potential
and usually encugh positive charges accumulates actually to dev-
elop a positive state inside the fiber instead of normal negati-
ve state, as illustrate in Fig 2.8b. This positive state inside
the fiber is called the reversal potential. This changes in po-

tential is also known as depclarization,
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Almost immediately after depolarization tﬁkes place,
the pores of the membrane again.. becomes almost totally imp-
ermeable to sodium ions. Because of this the positive revers-
al potential inside the fiber disappears, and the normal res-
ting membrane potential returns. This is called repolarizat-

ion. (Fig 2.8¢)

The action potential is caused by & sequence of changes
in the membrane permeability for sodium and potassium. The
first event is a tremendous increase in sodium permeability.
Because of the very high concentration of sodium outside the
fiber, sodium ions now diffuse rapidiy to the inside,; carry-
ing positive cﬁgrges and changing -the inside-electrical pote-

ntial from negativity to positivity.

The second event is an increase in potassium permeability
coupled with simultaneous decrease of the sodium permeability
back to normal. This allows large ouantities of positively ch-
arged potassium ions to diffuse out of the fiber, 2 diffusion
which returns the inside membrane potential back to its negati-

ve resting level,

The third even is a decrease of the potassium permeability

back to normal.

The fourth event is active transvort of sodium backout of
the nerve fiber and, concurrently,‘both active transport and di-
ffusion of potassium ions back into the nerve fiber, thus re-es-

tablishing the original state of the fiber.

")
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Propagation of action potential:

The concept just outlined emphasizes that to iﬁitiate an
action potential there must be sufficient alteration of the me-
mbrane so as to permit the inward diffusion of sodium, If this
alteration is adequate, a sequence is started which produces a
hrief reversal in the membrane potential. The outside of the
cell becomes negative in relation to the inside.é But the ent-
ire cell does not participate in these changes sgmultaneéusly.
The changes first occur at the point of stimulation. In that
area the outside of the membrane becomes negative whilb conti-

guous areas of the membrane are still positive (Fig 2.?). The
positive charges are therefore attracted to the gegati&e ones.
This area of the negative charges is said to be é sink into
which the positive charges flow. The removal of positive cha-
rges reduces the potential difference of the two sides of the
membrane at that point. That is the resting potential at that

oint is less negative; therefore ermeability increases and
g H s D

sodium quickly moves in. This part of the membrane then unde-

.rgoes polarity reversal and the cutside becomes negat#ve. The

sequence 1s now reday to be repeated. Accordingly th%re results
a progressive series of action potentials which move ﬂn the both
direction =zlong fhe neurons from the point of stimulation. The
action potential so generated constitute whét is termed the im-

pulse,
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Direction of Propegation:

It is now obvious that an excitable membrane has no sin-
gle direction of propagaticn, but that the impulse can travel
in both directions away from the stimulus and even along all
the branches of a nerve fiber-until the entire membrane has

become depolarized.

The All-or-Nothing Principle:

Once an action potential has been elicited at any point

on the membrane of a normal fibery the depolarization process
will travel over the entire membrzne. This is called the all
or nothing principle and it applies to all normal excitable
tissues. Occasionally when a fiber is in an abnormal state -
the impulse will reach a point on tThe membrane at which the
action potential does not génerate sufficient voltage to sti-
mulate the adjacenf area of the membrane when this occurs the
spread of depolarization stops; Therefore, for normal propag-
ation of an impulse to occur, the ratio of action potential to
the 'threshold' for excitation, called safety factor must be

greater than unity.

- Propagation of Repolarization:

Repolarization normally occurs first at the point of ori-
ginal stimulus and then progressively along the membrane, movi-
ng in the same direction that depolarization had previously

spread.

iy - et T - .- [ .. . ; . _{J
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The Spike Potential and the After potential:

The figure (2.10) illustrates an action potential with

a much slower time scale.

The Spike Potential:

The initial very large change in membrane potential shown
i
in figure 1is calledithe spike potential. The duration of this

spike potential is ébout 0.4 millisecond. The spike potential
I

ieg also known as ne%ve impulse.,
o
The negative after-potential:

At the termination of the spike potential, the membrane
potential fails to return all the way to its resting level for
another few millisconds. This is called negative after poten-

tialo

The Positive after-potentisl:

Once the membrane potential has turned to its resting
. -
value, 1t becomes a lltt1F more negative than its normal rest-
ing value; this excess ne%ativity is called the positive after
i

potential, I

Plateau in the Action Potential:

In some instances the excitable membrane does not repol-
arize immédiately after depolarization, but, instead, the pot-

ential remains on a Plateau near the spike sometimes for many

C - e e E
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milliseconds before.repolarization begins. Such plateau is il-

lustrated in the fig. 2.11.

Special Aspect of Impulse Transmission in nerve:

So far we have discussed about the propagation of action
potential is valid for unmyelinated nerve fiber. But if there
is myelin the situation is some what different. The myeline
acts ag insulator but this insulation is broken at the nodes
of Ranvier. Accordingly the positive charges flow from one
node over the myelin to the next node when that node becomes
negative. Because the charge leap from node to node, this .
form of propagation is termed saltatory propagation, saltatory

means dancing.(Fig. 2.12).

Excitability Threshold:

During the period of time reguired for the upswing of -
the spike potential, the cell will not respond to another sti-
mulus no matter how intense. This is an "absolute refractory
period". The duration is of about O.4mSec in mammalian nerve
cell. It is followed by "relative refractory period" during
which an above threshold stimulus will evoke a response.‘There
is then a sudden reversal of excitability. During the period
of negative after-potential the excitability threshold is lower
than normal so that, at this time, the nerve cell may be more
easily activated. Another reversal occurs during the positive

after-potential period in which the excitability threshold is
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once agains higher than normal,.

The absolute refractory period limits the number of
impulses that can be propagated per unit time, that is, the
frequency of response., If the nerve cell has an absolute
refractory period of O.4 mSec then the maximum impulse freq-

uencj can not exceed 2500/Sec,

Velocity of Propagation:

I The velocity at which a nerve cell propagates an impul-
] ge is a function of its diameter. The fiber of greatest diam-
| ‘ eter have been ﬁﬁund to propagate impulses at a velocity of

; | up to 150 m/Sec. Very small mammalian nerve cells have a
propagation velocity of less than ‘im/sec. In mammalian car-

diac muscle the impulse propagates a approximately 0.5m/Sece.

Chronaxie:

- The chronaxie is a measure of the irritability of the
cell. Irritability means the ability to respond to a change
in the environment. Typical responses are the propagation of

an impulse in a nerve, ¢ontraction of a muscle, or secretion

of a gland., 7he chronaxie can thus be used to compare the
responsiveness of various cells and it proves more satisfact-

ory to use action potential as an indication of response.

In order to calculate the chronaxie, a excitability cur-

ve is constructed for a merve fiber as shown in the figure 2.43.
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-To obtain the curve ﬁ high voltage stimulus (4 Volt, in this
instance) is first applied to the fiber and the minimum dura-
fion of stimulus fequired to excite the fiber is found. The
voltage and minimal time are plotted as point A. Then a sti-
mulus of % volt is applied and the minimal time required is
again determined , the results are plotted as point B. The
same 1is repieated at 2 volts. .1 volts, 0.5 volts and so forth
until the léast voltage possible at which the membrane is sti-

mulated,hasibeen reached. On conpection of these points, the
excitabilit% curve is determined. It can be seen that the we-
aker the st%mulusL the longer it must éct on the ce}l in order
to evoke re%ponseL The 1east.possib1eivoltage at which the
fiber will fire is called the "rheobase" and the time required
for this leést voltage to stimulate the fiber is called the
"utilization time". Then, if the voltage is increased to twice

the rheobese voltage the time reguired to stimulate the fiber

is the chronsaxie,

Diphasi¢ and Monophasic Action Potential:
. ..
If two recoFdlng electrodes are placed upon the surface

of a nerve cell (Fs shown in the fige 2.714) which is theh. sti-
mulated to propagate an impulse, the resulting recording will
be a diphasic action potential, That is to say, there is =a
deflection in one direction when the area under the one elec-
trode is depolarized, and then there is a deflection in the op-
posite direction when the areapnder the 2nd electrode bacomes

depolarized. By the time +the depolarization under the second
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electrode occurs, the area under the first is repolarized,
resulting in a deflection in the opposite direction. However,
when the impulse is between the electrodes, both areaé have
the same polarity and thus fhere is no deflection. It is
often desired to eliminate the second deflection and the
potential so recorded is kmown as monophasie action potential,
This can be achieved in at leasﬁ 2 ways : (1) With one elect-
rode inside and the other on thé outside of the membrane, a
single deflection from the restﬁng position will result when

the membrane is depolarized; (2) With|the two electrodes on

the surface of the nerve and an iarea between the two electro-
: ,

des blocked by an anesthetic or by injury and(3) With one of

the electrodes on an injured area,

2.2.5 Typas of Muscle and Their hiction Potential:

There are three types of muscle such as skeletal muscle,
smooth muscle and cardiac muscle. A muscle basically consists
of numercous individual fiber (cell) that are arranged parallel
to one another, In higher animal for%s, the ability to change
position is solely the function skele%al muscle. But muscle
is also vital for other purpose. Cardiac musclé servesg to pump
the blood through the circulatory system. Smooth muscle 1is
essential to bladder contaction, to the regulation of the size
of the pupil of the eye, to activity of the gastrointestinal

tract, as well as to many visceral function,
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2Skeletal Muscle:

Skeletal muscle is generally excited by direct stimula-
tion; it rarely contracfs spontaneonsly as smooth and cardiac
muscle do. In the intact organism execitation of skeletal mus-
cle is under the control of the nervous system. In man, for
example, hundreds of nerve fibers innervate each muscle. Usu-
ally the nerve fiber arborize into many branches, each of whi-
ch terminates on an individual muscle fiber., All of the musc-
le fibers thus controlled by a single neuron (nerve cell)cons=-
titute one motor unit. There is no protoplasmic continuity
between the neuron and the muscle fiber. There remains'a poten-
tial gpace between the two cell membranes called the myoneural

junction,

When the impulse pfopagated by the neuron reaches the end
of the motor neuron, acctylcholine is liberated which alters
the end-plate potentizl so as to give rise to an action poten-
tiale The fig (2.15) shows the typical response of skeletal
muscle. Two significant event occurg: there is an action pot-
ential, and the muscle cantracts. It is to De noted that the
action potential ocecurs first and only about ZmSec after the
muscle is stimulated does it begin to contract. This delay

is termed the "lLatent Period".

Cardiac Muscle:s

The most characteristic aspect of cardiac muscle is that

it possesseg inherent rhythmicity. 4 detail discussion is
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presented in next chapter.

The action potential associated with the contraction of
"cardiac muscle differs considerably from those recorded from
nerve and skeletal muscle. In figure 2.16. the action poten-

tial recorded from cardiac muscle is seen to be very prolonged.
During activation there is a typical rapid upswing of the spike,

an over shoot, f} then the process of repolarization begins,

i
|
Smooth Muscle: !

The physiology of}the smooth muscle is very inadequately
understood. The action ﬁotential associated with contraction of
smooth muscle var#es frém moment to moment aﬁa muscle to muscle,
In some smooth mu;cle the action potential resembles that of a
skeletal muscle in that there is rapid repolarization. In others,
the action potential more nearly resembles that of a cardiac mu-
scle. 1In addition resting potential also varies greatly. GQuite
often a progressive change in resting potential is noted between
contractions. 1In figure (2.17) it is to be noted that followng
repolarization there iséa slow depolarization which is culmina-
tedlby the omnset of the{action ﬁotential. This preliminary slow

. . - L ‘
depolarization is terme? as "prepotential',

Smooth muscle contracts spontansously. Prepotentials app-
ear to be characteristic of all muscle that contracts spontaneo-

usly.
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For example, a specific area of the heart has this property;
the part which initiates the beat. Accordingly, it is refe=-
rred to as the "pacemaker". If action-potentials are recorded
from this area, typicél prepotentials are seen to be present,
where as action potentials from other areas of the heart donot

show them,




ity
Chapter 3

HEART MUSCLE; HEART AS A PUMP

The heart is a pulsatile, four chamber pump composed of
two atria and two ventricles. The atria functions principally
as entryways to the ventricles, but they also pump weakly to
help move the blood on through the atria into ventricles. The
ventricles supply the main force that pro?els blood through

.
the lungs and through the peripherial circulatory system.

|
|
I
|
|

%«1.1 Physiology~-of Cardiac luscle:

|

The heart is composed of Three majoi types of cardiac
muscle. Normally a muscle consists of numerous individual
fibers (cells) that are arranged parallelzto one another. The
types of cardiac muscles are : atrial muscle, ventricular mus-
cle and specialized excitatory and conductive muscle fibers.
The atrial and ventricular muscle contract in same manner as
skeletal muscle fibers. On the other hand the specialized
excitatory and conductive fibers contract only feebly because

they contain few contractile fibriis; instead they provide an
I
i
|

excitatory system for heart and a transmission isystem for rapid

conduction of impulses through out the heart. i

Cardiac muscle is similar structurally, in same ways, to
skeletal muscle. For years cardiac muscle was described as be-

ing a syncytium. That is protoplasmic continut; was thought to
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exist befween the individual fibers. ZElectron microscopy,
however, fails to support this conclusion. Practically all
of the fibers are seen to be surrounded by a membrane and
seemingly well insulated from contiguous ones. It remains

a fact that even though cardiac muscle not be a syncytium,
it contracts as one expects a syncytal muscle to contract.
For example, in skéletal muscle individual fibers may cont-
ract while neighboring ones remain quiescert. In cardiac
muscle this does not normally occur. Stimulation of any part
of cardiac muscle generally causes all of the fibers to con-
tract. Thus graded response is not possible. In skeletal
muscle the individual fibers exhibit all -or~ none prin~-
ciple; in cardiac muscle the entire mﬁscle responds in this

way.

Characteristic of cardiac muscle is the presence of
intercalated discs (Fig. 3.1). These are thicksned and tor-
tuous membrane wnhich usually cross the muscle in a stepwise
manner. it 15 thought likely that intracellular current is
vransferred from one cardiac muscle fo another at the inter-
calated discs. Thus, even though cardiac muscle is not now
"considered to be a syncytium, it probably acts like one beca-
use of ease of the spread of current from cell to cell at the

site of the discs.

5c the heart mey be thought to be composed of two sepe-

rate functional syncytiums, the atrial syneytium and ventricu-

lar syscytium, These are separated from each other by the fibrous
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tissue surrounding the valvular rings, but an action potential
ecan be conducted from atrial syncytium into ventricular syncytium

by way of a specialized conductive system, the A-V bundle.

3.1.2 All or Nothing Principle as Applied to Heart:

i

The stimulation of any single atrial muscle fiber causes
the action potential to travel over-the entire artrial mass and
similarly, stimulation of any single ventricular fiber causes
excitation of the entire ventricular muscle mass. If A_V bun-

dle is intact, the action po?ential passes also from the atria
E

to the ventricles, but becauée the cardiac muscle fibers are inbem.
: | _

connected with each other, the all%or none-principle applies to

! ! '
the entire functional syncytium of the heart rather than to sip=-

gle fiber.

2.4.3 Action Potential 'in Cardiac lMuscle:

The resting membrane potential of a normal cardiac muscle
is approximately-B80 to-85 mV and approximately -390 to -100 milli-

_ N P s e . P o) s ae o F oo
volt in the specialized conductive fibers, the urkinje I1ipers.

The action potential record%d in the cardiac muécle, shown
in Fig.3.2 is 90 to 105 miilivot Jhicq means that the meﬁbrane
potential rises from its normally |very negative value to a sligh-
tly positive value of about +20 mV. Because of 1its change of
potential from negative to positive, the positive portion is call-

ed the reversal pctential,
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Cardiac muscle has a.peculiar type of action potential.
After initial spike the membrane remains depoiarized for 0.15
to O.3 Seconds exhibiting a plateau, followed at the -end ofrthe
plateau by abrupt repolarization. The presence of this plateau
in the action potential causes the action potential to last 20

to 50 times as long in cardiac muscle as in skeletal muscle

and causes a correspondingly increased period .of contraction.

3.1.4 Contraction of Cardiac Muscle:

|
|

wWnen the action potential travels over the muscle, 1t
also causes flow of action potential to the iqteriof of the

! |
fiber by the way of T tubules. This T tubules action potenti-

als in turn, are believe to cause relezse of calcium ions which
diffuses rapidly into the myo-fibrils and thefe catalyzed the
chemical reactions that promote sliding of actin and myosin
filaments along each other : thus inturn produces the muscie
contraction. Immediately after the action potential is over

the calcium-ions are transported back into the jcngitudinpal
tubules of the sarcoplasmic reticulum, so that within few milli-
seconds the density of the relezsed cselcium ions around the

|

myofibrils falls below that needed to maintain cont%action, as

a result, the muscle relaxes. ' !

|

2.1.5 The Cardiac Cycle:

The period from the end of ome heart contraction to the

end of the next is called the cardiac cycle. The cardiac cycle
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consists of a period of relaxation called diastole followed by

a period of contraction called systole.

3.2 Rhythmic Excitation of the Heart:

2,271 Mechanicél Activity of the Heart:

Figure(3.3) illustrates the major anatomical parts of inter-
estof h=human heart. Blood is returned to the heart through the
inferior and superior venae cavae where it enters the right atria
(RA). The blood then flows into the right ventricle (RV) from
which it is forced into the lungs, oxygenated, and then returned
to the left atria (LA). From there, it enters the left ventricle
(- LV), where-upon the fresh blood is then forced back into the

system through the aorta.

The physical activity of the heart is rhnythemic and consists

1)

of the following recocgnized intervals:

1. Diastasgsis: This corresponds to the end of the main pressurs
pulse in the system. The atrioventricular valves (tricuspid &

mitral valves) have been open for sometime and all chembers have
filled with blood. This condition may be thought of as the ini-

tial or resting state of the heart,

2e Atrisl Contraction: Diastasis ends with the beginning of

atrial contraction. This causes only a relatively slight rise
in intra-atrial pressure. The ventricular volume and pressure ine

creases as a result of the entrance of blood from the atria.
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3. Ventricular Isometric contraction: The first phase for

ventricular contraction corresponds to an increase in pressure
but not in volume. The increase in pressure closes the AV valves,
hence preventing the initial change in volume. At the outset of
ventricular contraction, the pressure in the discharge vessel

of the right ventricle (pulmonary artery) is 7 mm Hg, while that
in the aorta ( the artery carrying blood from left ventricle) is
80 mm, The aortic and pulmonary valwes remain closed until a
sufficient pressure is builtéup.

4, Ventricular Ejection: ﬁhen t?e ventricular pressure builds

up to a value which exceeds %hat i# the aorta, the aortip valve
opens and the left ventricle:rapidiy discharges blood through the
aorta into the system. A peék pressure of about 125 mm Hg. is
reached. After the major portion of ejection, the ventricular
muscle fibers are shortened and can no longer contract forcefully.

The ventricular and aortic pressures begins to drope.

Se Isometric Relaxation: When ventricular pressure falls suff-

iciently the aortic and pulmonary pressures exceed that within

" the chembers and the aortic and puimonary valves close, At this

!
point ejection ceases. As the vent#icle continues to relax, the

pressure falls still further; but &hile the pressure exceeds that

in the atria no exit 1is provided for tapped blood, so that the

relaxation is characterized as isometrice.
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6. Ventricular Filling: When the ventricular pressure drops

below that of atria, the AV valves opens and rapid ventricular
filling begins. This phase is foilowed by a slowing down of the
filling as the ventricle reaches a maximum diastolic size. This
is the period of diasﬁasis and this is the completion of one cy-
cle followed by the next cycle upon the jinitiation of atrial

systole.

%.2.2 Btroke Volume Cutput of the Heart:

The stroke volume output of the heart is the quantity of

blood pumped from each ventricle with each heart beat. Normally

it is about 70 ml, but under conditions compatible with life it
can decrease to as little as few ml. per beat and can increase
to about 140 ml. per beat in the normal heart and to over 200 ml,

per beat in persons with very large heart, -such as in some

'athletes.

3.2.3% Work output of the Heart:

The work output of the heart is the amount of energy that
the heart converts to work while pumping blood into the arteries.
This is in two forms; First; by far the major proportion is used
to move the blood from the low pressure veins to high pressure ar-
teries. This is potential energy of pressure. Second, a minor
proportion .of energy is used to accelarate the blood to its velo-
city of ejection through the aortic and pulmonary valves. This is

Kinetic energy of blood flow.
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»

Energy Expended to create Potential Energy of Pressure:

The work performed by the left ventricle to raise the pres-
sure of the blood during each heart beat is equal to "stroke vol-
ume output" X (left ventricular mean ejection pressufe minus left
atrial pressure). Like wise the work performéd by the right ven- -
tricle to raise the pressure of the blood is equal to (stroke vo-
lume output") X( right ventriéular mean ejection Pressure minus
right atrial pressure). Whén pressure is %xpressed in dyne per

|
square centimeter and stroke volume outputJin milliliters, the

work output is in ergs. Rignt ventricular’output is usually =zbout
t ;

one seventh the work out put of the left v%ntricie because of the
i

differsnce in systolic pressure against which the two ventricle

must pumpe.

The kinetic Energy of blood flow : The work output of each ventri-

cle recuired to create kinetic energy of blood flow is proportion-
al to tne mass of the blood ejected times, the sguare of the vel-
ocity of ejection. That is,

mve

2

Kinetic Energy =

when the mass is expressed in grams of blood ejected and the

velocity in centrimeter per second the work output is in ergs.

Ordinarily, the work output of the left ventricle required to
create Kinetic energy of blood flow is about 1 percent of the

total workoutout of the ventricle,. Mcst of this energy is requirecd
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to cause the rapid accelaration of blood during first quarter

of systole.

Z.,2.4 Electrical Activity of the Heart:

The heart is endowed with a special system (a) for genera-
ting rhythmical impulses to cause rhythmieal contraction of the
heart muscle and for (b) conducting these impulses fhroughout the
heart  (Fig. 3.4), Major share of the ills of the heart is based

! .
on abnormalities of this special excitatory and conductive system.
i ;

f

‘The adult human heart normally contracts at a rhythmic rate
! |
of about 72!beats per minute. The figure shows the special exci-
tatory and conductive system of the heart that controls these car-

diac contractions. The figure shows,

(a) the SA node in which the normal rhythmic self excitatory
impulses is generated.
(b) the AV node im which the impulse from the atria is delayed'

before passing into the ventricle,

(c) the AV pbundle, which conducts the impulse from atria into
the véntricle. |

(d)  the L!eft oundles and right bundles of Purkinje fibers
which‘conduct the cardiac impulse to all parts of the

*ventricles.

The mechanical activity described before is acccmpanied
by electrical activity in the heart. This activity begins in the
sino-atrial (S-4)mode, which is consequently known as the pace

maker, ©Oells in this region have the characteristic that the

~ L]
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resting potential is not maintained but continually diminishes
until the cell 'fires'. Upon recovery, the process is repeated

so that a periodic excitation results.

As noted heart rate is basically determined by the pacemak-
er activity in S.A. node, which operates in a sense, as a free
running multivitrator. The rate, however, is modified by the
competing effects of the parésympathetic and sympathetic nerves.

The effect of the vagus nerv? is one of the slowing the heart,
while the sympthetic nerves increase the rate. Cutting both
!

nerves to heart results in an incrgased rate, so that vagal eff-
ects appear to be domilnant uLder résting conditions. it should
be noted that the cardiac output depends on both heart rate and
stroke volume, so that an increase in heart rate, for example,

does not .necessarily results in an increased output of heart.

The activity initiated by the SA node spreads through the
muscle of the atria at about 1m/Sec. For the human, about 80 mSec
is required for the complete activation of the atria. Toward -
the end of this period, the electﬁical activity reaches the AV

i
node, which is the sole mascular connection between atria and

ventricles. The propagation iﬁ tge AV node is very slow, &about

0.1 m/sec. upon passage through this node, the excitation travels
at about 2 m/Sec. through the specialized right and left bundles
and then through the arborized Purkinje fibers. This system ser-

ves to initiate electrical activity in the ventricular musculatu-

re., An illustration of the system is given in schematic diagram.

———— v ————
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The heart muscle (myocardium) behaves in many ways as if ;
it were a single cell. Excitations spreads at about 0.5 m/Sec.
and causes mechanical contraction in an efficient synchronous
way. Cardiac muscle is divided into its many elements by verti-
cal and-horizontal‘double membranes. The latter are actually —
irregular tongulike process. Theseboundaries they from between

muscle "domains" are known as interealted disks, and constitute

the basis for discarding the concept of the syncytum in the

anatomical sense. ;

Studies of heart excitation have Eeeﬁ carried out in an
effort to elucidate the pathways of activation. IIn general .
these have involved insertion of the bipolar electrodes into
the beating heart of a dog and measuring the difference of poten-
tial. The result in genrneral monophasic wave. This is interpreted
as arising from the passage of 2 wave (double layer ) of activity,
and the time of passages at the midpoint of the electrode pair is
the time when the signal reaches its peak. Through measuTsanient
at many points throughtout the heart ' and with ECG (Electrocard-
iogram) as a time reference, one can establish t%e location of
the activation wave fronts at successive instant% of time. It is
seen that the activation pattern is fairly compl%x even for the

normal heart.
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Chapter _4

Electrocardiogram

4.1, The Normal Electrocardiogram:

As the depolarization: wave or Cardiac impulse passes through
the heart, electrical currents spread into the tissues surroundi-
ng the heart and a small portion of these spreads all the way to
the surface of the body. If the electrodes are placed on the bo-
dy on opposite sides of the heart, the electrical potential gene-
rated by the heart can be recorded, the recording is known as an
electrocardiogram. A normal electro-cardiogram is illustrated

in . fige (4e1)e

4,2 Characteristic of Normal Electrocardiogram:

The naormal electrccardiograr is composed of a P wave, a
QRS complex and a*Twave. The GRS complex is actually three sep-
arate waves, the § wave, the R wave, and the 5 wave illustrated

in fig.(4.2).

The remarks concerning the tracing are§16)

1e The P wave corresponds to atrial activity.

2. - 'The QRS (Complex) is the result of ventricular activity.

De The T wave corresponds to ventricular repolarization., Atrial
repolarization is masked by the QRS, |

4, PR interval is a measure of AV conduction time, and disord-

ers of the conducticn are related to this interval,
5. The base line is established by the TP segment of the wave.
The relative level of ST segment is an important diagonstic

measure. Normal ST segments are at the base line, while
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coronary insufficiency results in a depressed segment.

6. The QT interval gives the total duration of the ventri-
cular systole. It should be less than half the preceeding

RR interval,.

7o The T wave is caused by the currents generated as the

ventricles recover from the state of depolarization.

4.3, Voltégerand time calibration of the Electrocardiogram:
i

I

All the recordings of electrocardiograms arefmade Lith

1

appropriate calibration lines on recording paper. 'As illustra-

ted in fig. (4.1). The calibration lines are so afranged that

10 small divisions in the vertical direction in thé standard ele=-
ctrocardiogram represents 1 millivolt, with positivity in the
upward direction and negativity in the down ward direction. Each
inch or 2.5 cm in hnorizontal direction is 1 secomnd, and each inch
inturn is broken into 5 segments by dark vertical lines; The
interval bpetween each dark vertical lines represents 0.2 seconds.
These intervals are then broken into five smaller intervals by

thin lines and each of these represents C.04 second.

|
!
i
Normal voltages in the Electrocardiogram: ' I

The voltages of the waves in the normal electrocardiogram
depend on the manner in which electrodes are applied to the surf-
ace of the body. When one electrode is placed directly over the
heart and the second electrode is placed else where on the body,

the voltage of the QRS complex may be as much as 3 to 4 millivolts



Even this voltage is very small in comparison with monophasic
action potential 120mv, recorded directly from heart muscle.
When the‘electrocardiograms are recorded from electrodes on

the two arms or one arm and one leg, the voltage of QRS complex
is approximately 1 mV from the top of R wave to the bottom of

5 wave, the voltage of the P wave between 0.1 and 0.3 mV; and

that of the T wave between 0.2 and 0.3 mV.

The P-Q or P-R Jnd Q-T Interval:
|

The duratﬂon of ;time between the beginning of the P wave a
and beginning of the éRS wave is the interval between the contra-
ction of atrium?and the beginning of the contraction of the ven-
tricle., This period of time is called PQ interval. The normal
PG interval is approximately 0.18 Second. This interval is somet-

imes also called the P-R interval because Q wave is freguengly

absent.

Contraction of ventriclzss lasts essentially between the be-
girning of the Q wave and the end of the Twave. This interval of

time is called the QT interval and oridimarily is spproximately

Rate of the Heart as Aetermined from Electrocardiogram:

O&s Seconds.

The rate of heart-beat can be determined easily from =zlec-
trocardiogram. The time interval between two successive beats is

the reciprocal of the heart rate.
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Usually pen recorder and Oscilloscope may be used for

recording the electrocardiogram.

4,4  Electrocardigraphic. Leads:

Usually different electrodes are placed on different point
on the body surface for the recording of electrocardiograms. This
arrangement of electrodes for recording or electrocardiogram are
called electrocardiographic leads. The different types of leads

are discussed below.

The Three Standard limb leads:

In earliest work in electrocardiography . Einthoven deve-
loﬁed a system of lead (elactrode) placement at the extremities
of the body on the assumption that this would enhance the vali-
dity of the so called idipole. heart model. This system of leads
are called standsrd or limbleads. This system constitutes the

most common c¢limical system.

VII; Vipr as follows

We define the 'Standard' leads, VI’

in (fig. 4.3a.)

Vi = Vg (lead 1 ) ‘ ee (1)
VII = Vcb {lead 2 ) ' .s (2)
VIII= vca . (188.(1 5 ) 7 s (5)

In the above ‘a’'corresponds to the wrist of the arm (LA), b to
the wrist of the right arm (RA) and to the lower portion of the

left leg.
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& ' .
In the equation (1) to (%) double subscript notation is used

for representation of voltage and is read as V _, = Q(a)—g(b)
where ¢(a) and ch) represents the potential of a and that of

(b) respectively. So vab represents the potential of (a)

minus potential of (b).
L ‘
From Kirchoff's Voltage, we have

Vea * Vab = Vob

hence;, VIII + VI = VII e 00(4).

|
The equatlon (4) can be represented by the following "Vector"

relatlons in the Elnthoven equilateral triangle illustrated in

! the Fig.(#.%b). The origin is the centre of the triangle, while

"the origin for each lead- is the -projection-on the corresponding

side. Positive directions are taken as indicated on the figure
and corresponds to a reversal of the double-subscript notation
(by convention). If the lead voltages are plotted along the
sides of the triangle, each from its respective origion, then

i

projections of their termini define the unique vector V as

illthrated in the figure.

) It can be shown that all the three projections meet in a
common point. To do this let us assume the existence of the res-

ultant vector V. As a consequence, the sealar leads must be,

- = - 0— =v 3
Lead II = VII = V Cos(120" =t ) <§ Coscll - J;:V SincC ..(5).
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¢ Lead III = Vppp = -V Sin (o< + 30°) = = ( % Coset +\§ Sine«)
.-....(6).
Lead L = Vo = V Cos el (7) .
we see that; Vypp + V. = -g-Cosoc- V3 V Sinet = V.
. 2 I

Hence, construction satisfies the relation (4).

]
From the figure it is seen that the vector V contains all the 1
information of the three . separate lead components. Its direct%on
plotted at charagteristic instants in the cardiac c¢ycle has been
found to have diagnostic significance. If positive is measured
clockwise from the horigontal (the usual ECG convention) then it
is called the electrical axis. In normal ECG O Lol Z 90°. Iﬁ
the above figure K would be described as negative, a conditi;n
referred to as left axis deviation. For OQ7M9O°, the condition

is right axis deviation,

The electrical axis noted above is actually calculated from
~the effective lead voltages-vq, VE'VB' The later are determined

as follows:

V1 =Q,|+R,1+S,1
V2 = Q2 + 32 + 82

= Qz + R S
V3 3+ 3+ 5,

where Qi, Ri and Si are taken as peak values, they are not neces-

sarily simultaneous. Thus the Eivthoven construction may
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not be unambiguous.

Precordial Leads:

An important reference lead has been arbitrarily establish-
ed by connecting the 'limb lead' (that is RA, LA, and LL) together,
each through a S5000-ohm resistance. The reference formed is known
as ‘the Wilson central terminal. If with respect to this the
"exploring glectrode“ ig placed over the chest at each of six

_ |
standard locations, theiprecordlal leads Vq, V2, Va, V4, V5 and
|

v, are established. Fig. (4.4) shows a.normal recdrd for each
precordial (chest ) lead and |also indicates the Chest positilon
for each lead. 1In thisisystqm the reference is weil defined and
therefore, consistant r%sultg from patient to patient can be

'obrained.

In addition to the precordial leads, augmented unipolar li-
mb leads are used where two limb leads are connected through 5000
ohms each to form a reference and the relative potential of the
remaining limb lead is measured. If the positive terminal is
the right arms,the lead is aVR. The left arm(with respect to RA
and LL tied through SKohms e%ch) is lead aV,. Similarly, the

L
left leg gives aVF. ‘ }

The three standard leads plus vq,vz,VE, V4,V5’V6 and aVp

aVL and AvF constitute the standard 12-lead ECG.
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Chapter 5

Mathematical Analysis of heart as a bioelectric source

From the previous discussion, the mechanism of nerve
propagation can be described as resulting from the depolari-
zation effect of action currents on the suffouﬁding resting
membrane., Through this mechanism the site of depolarization
is capable of spreading contiguously untill all parts of an
excitable fiber, and in some cases adjacent fibers, have be=-

en activated.

‘While the current density arising from membrane activi-
ty is strongest in the immediate vicinity of the active region,
there will be current every where in the surrounding region.

This region is called volume conductor and designate there by

the aggregate of passive tissue which supports current from
active sources. It is desirable to relate the measured poten-
tial difference that characterise a current flow field to the

sources of that field.

5.1  Quasi-Static Formulation:

In order to describe mathematically, the potential fie-
1d or current flow field in a volume conductor, dﬁe to the di;
stributed time varying bioelectric sources we shall apply the
concept of electromagnetic theory. Due to the electrical prop=
erties of phyéiological system, a simplified mathematical model

of the source can be obtained with the assumption that the time-
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varying bioelectric source can be considered as if Bteady state

conditiona exists at any instant of time.

We start with general formulation for the electric field

in an infinite volume conductor due to an applied (impressed )

cﬁrrent density 31 y whose temporal behavior is harmonic at an
angular frequency &>. The medium is assumed to be linear, homo-
genous, isotropic and characterized by physical parameters M , ¢

and ¢ .
With an applied (impressed) current density ji we can
write the Helmotz equation as

%A + E*A = - M g (5.1.1)

where A is the vector magnetic potential’ and K is the propa-
gation constant., In order to evaluate E and H it is advantage-
ous to calculate first vector magnetic potential 4 and scalar

potential @.

The vector potential A and scalar potential @ are given

oy O

A(x', 3, 2 ) =

]
>
é‘"*\
<y
H
~
s
b
]
p
(4]
.
%

g (x',y',2"'" ) = 1 I, (x,y,2)e
417w (o +jwe ) v R

* = (501.5)
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where A

R AVx-x Te (- 7+ (2= .. (5.4 ),

The unprimed variables referring to the source point, the pri-

—

med variables to the field point and<7.Ji = = I, The last

~ expression constitute the definition for volume current densi-

ty IV.
We also have from the wave eguation
— > = =
VE = M € 2E

' o
M 6—_ L ] lﬂ. L J
with ha%monic time variation:

TE = -MEEWE + jw MEE = (-pecdr jwMoo)E

ViE = -

where K* = Mewr = JwaLO

JW o~
= - JWMGE - e s w (5-’]-6 )
Here §; = ¢ ( 1+ %;E ) is a complex conductivity that

includes pure conductive effects, dielectric losses and diel-

ectric displacement.
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Finally the electric field is found from vector and scalar

. potentials A and ¢ by

—

E = jwhA - g . : .. ( 5.1.7 ).

—

The quantities A, E, Q,.IV,CE and Ei are all complex and are

functions of spatial co-ordinates and w. To obtain physical

quantities it should be multiplied by ed¥Wt and considering only

real or imaginary parts.

The usual implication of quasi-stationary involves the
following assumptions, which simplify the above eguations, for

the bioelectric-materials, source and the surrounding medium.

Electrical properties of biclogical materials:

The value of the conductivity O for biological mater-~
ial is ‘- chosen to be 0.2 mho/ﬁ;which represents a mean value
(Table—5.1)(q). The highest component frequency of signific-
ance in bioelectric system is of fhe order of 1KHz., This pr-
obably relates the rise time for action potential in the order
of 1 msec. So 1KHz is chosen as the maximum value of freque-

necy in any computations regarding biocelectric phenomena. The

complex conductivity ¢~ (1 + Qgg ) should also be considered.

The term J¥€ is the ratio of capacitive to resistive current

o~
should be considered. The maximtm value of distance R corres-
ponds to an over all dimension of typical physiological system;

for simplicity Rmax = 1 meter.




Table-1

Tissue_ § Mean Conductivity mho/m.
Blood 0.67
Lung 0.05
Liver T 0.14
Fat 0.04
Human trunk ' 0.21
Taﬁle—2
Average ratio of Capacgtive to resistive current

for various frequencies and body tissue.

10 Hz | 100 Hz | 4KHz 10KHz

Iung | 0.15 - 0.025 - 0.05 0.14
Fatty - 0.01 0.03% 0.15
tissue ‘
Liver 0.2 0.035 0.06 0.20
Heart 0.10 0,04 0.15 0.32
MU.SCle- :

|

|

ey
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— Capacitive Effect:

The nature of the conductive medium is described by its
conductivity and dielectric permittivity. The mathematical ex~-
pression in eq. (5.1.3), where the Co-efficient (g + jwe ) can
be written as o ( 1 + jwe ) and the conductivity viewed as a

a-

complex phasor quanity. 1In quasi-static approximation, a pure-

ly resistive medium is required. The quantity (1 +'%§$ ) will

" be real so long as \iggé\ {L g Consultation of Table (5.2)
o

revels that this condition is fairly satisfied. So for bioelec-

tric system the conductivity may be considered as real.

Propagation Effect:

The time;required for the changes at the source to "pro-

pagate” to a field point is represented by the phase delay e—ij

in (5.1.2) and (5.1.3).

. 2 >
Since e B . 4. o+ (R KRBT 5 4g)
2\ 3 |
the propagation effect can be ignored if |kR\{{1 ,
since e-JkR is then approximately unity. The wumerical value
of k Rmax, =~ even for (1 + Jwe ) equals as high as 2 at
0‘\
frequency of 1KHz and with Rmax equals to 1meter gives.
(1=3 ) =7 .
kRmax = —m 0 2W X 1000 X 4 X1 X 10 'X 0.2
Ve
= 0.0397 (1-§ )

Thus the magnitude of e~IER ig unity to within a 4 percent error,

while the phase-angle error of 0.0397 rad (2.30) is clearly
negligible.




A

>

Inductive Effect:

The inductive effect corresponds to the component of
electric fieid that arises from magnetic induction. This is
given, mathematically, in (5.1.7) by the term jwA . We wish
to compare the importance of this term relative to that expre-
.8sed by I @. We sﬁall do this by considering the specific ca-
se of differential current element source and assﬁme that if
Iwﬁ\ é‘<J$;¢1 y then the distributed source suchimight arise
in electrophysiolpgy and which are the superposit%on of such

elements would also satisfy the in-eguality.

Thus, for a source element Ei dV we have, from(5}1.2)

L o= M i

!
!
M J.4v . |
S |

(5.1.9)

Since 4 ‘and. @ in(5.1.2) & (5.1.3)must satisfy the Lorentsz

equation
Via = -jwe (1 + % Mg .. ee 5(5.1.10)
JWE
o -_ - — . :
where NV = a éL_}+ ay‘é_ﬂ. + a, o __ we havg
ox 2y’ > of E
= l
g = M <. EJ_l__l .. vet (B1.11)
JAmwe M
c R
_ av I. a.
- 3.9 () s o 1:R
JL?T!wec ‘ JHW ¢ R2

ceseas(5.1.12)
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a_nd e = 1 +* = Y
¢ € ( jwe )

The unprimed del operator is defined by

V='5,LB .,,"a+-é-a
- B ayby zéz

operates on source co-ordinate only. The following identity

is also used in deriving(5.1.12) .
|

1 fe 1
V(ﬁ_)k- VCE)-
F

} -—

If we let z axis coincide with the direction of J,, then

g = I.. LI ( 5-1.13)
j4 w € !R |
T ldv | '
and |7 @] = i .. e ( 5.1.14)
f+n‘chR3

Phe ratio of interest is then\ @lg \w}qecp':[
4’2

- kR|° .. ( 5.1.15)

Thus inductive effect to be negligible \lejZQ must be satis-
}
fied. So long as proPagatiFn effeel 15 ignored this condition is

automatically satisfied.

Boundary Conditions:

Since the total current (conduction plus. displacement)
is solinoidal, the normal component at the interface between

two media must be continuous. The boundary condition between
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" different tissues is given by

. -w _
: 2
o, o

=

If we neglect the displacement current at the boundaryj5.1.16)
is reduced to
S E = CiEy - .. (5.1.17)

1n

where 6, and O] are the conductvities of regions 1 and 2

respectively and Eﬂn and E2n the respective normal component

of electric fields.

. For electrocardiography, the space which surrounds the

human body has conductivity o;_=0 which results in Eﬂn = 0O,

The meaning of the above critérion may be clarified by
noting that boundary conditions serve to take into account
secondary surface sources (at the boundary). The field in
the conductive medium can be thought of as containing a comp-
onént which arises from thé primary sources Eo and a portion
due to the aforementioned secondary source ES; the total field
in the external medium is designated-ﬁe. Application of (5.1.16)

gives,

+ 60+ TS ) Egp = Jv <2 Een
a \ ' .
- eee (5.1.18)

Row E,n, Egn and Egn are in the same order of magnitude,

so that if \jwe1/o?|<:<‘1 , -then

v
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(5.1.19)

61(1 + Y€ ) Bop = - q-(1+ Ve, ) Eqp =+

a "7

i.e. the total normal current due to the applied field is
equal and opposite that due to the secondary field. Equation

{5.1.19)is equivalent to the requirement

(Bo +Eg), =0 .. e (5.1.20)

which corresponds to the stationary condition.(E ,=©).

Now utilizing the above simplication the expression for
scalar potential is, i
!

1 (%, ¥y 2 ) ‘ .
g —_j__ v dV ; - | (5'1'2’] )
4Mo ' R

E= -<g@ .- (5.1.22 )

The total current J is the sum' of the source current Ji and

the conduction current g E ; consequently

-J_ = Ji + O FE . ! (5-'1.25 )

i
Since J is solenoidal
|
VF =0 = VJI. + V6E .o F ('5-"-24)

and .-for homogeng€ousmedia we have,utilizing (5.1.22) and

(5.1.23),

V3= N8 (5.1.25)
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Taking the Laplacian of (5.1.21) we get,

v2¢ = - Iv L e (5-1.26)
ag-
Where I = - .V‘.J—:- .
v 1

The equation (5.1.26) represents the conventional, basic, qua-
si-static mathematical formulation with (5.1.16) as boundary
conéitioné. Although homogenecus condition have been assumed
in %his analysis, the results are readily generalized to a re-

gion consisting of phase inhomogeneities,

Inl the material that follows we shall utilize Possion's

equation gé stated in (5.1.26) and electric field is derived

! i L
from (5.1.22). Furthermore from (5.1.25) and (5.1.26) the volu-
me source density is also expressed interms of the impressed

current by

V'ji = =1, .. | .o ( 5.1.27 ).

and finally the current flow field will be related to the

potential field by virtue of (5.1.23%).

5.2 - DipOle Representation of Electrical Activity in
Heart as a bioelectric source: i

It is shown in previous discussion that the total inst-
antaneous current density cohsists of ohmic and non-ohmic com-
ponents. With this decomposition the total current density J

is given by _
+ Ji - . (5-2.1 ).

bt

J= c
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where Ei is the.non-ohmic part. The term G‘E is a differen-'
tial expression of ohm's law and evaluates the current dens-
ity that arises in a pasiive conductive medium of conductiv-
ity ¢ because of the presence ofan electric field E. The
electric field and the current associated with it (¢E ), are
a response to the primary sources represented by Ei' This
latter component designates the "impressed" current density ;
and is a consequence of the conversion of energy to an elec-

tric form.

(11)

In Nerst equation y Within membrane the current den-

sity is described as a sum of conduction current and diffusion:

current. The diffusion current is a contribution to the impr-
essed current density and results from conversion of chemiczl |
energy into electrical form. For cardiac muscle, the capacit-
ive displacement current, in addition to the different ionic
contributions to the impressed current, may not be neglected and

and both diffusion current and capacitive displacement current

constitute the basic impressed current.

In equation (5. .1 ) J , since it includes all possible
contributions, must be solenoidal. Conseguently we obtained

earlier in (5.1.24).

T = 0 = (oE) + 31 ; ve (5.2.2.)

If we consider a homogeneous region of conductivity g« in which

impressed current exists then equation (5.1.25) can be written
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as

g Y5 . (5.2,
¢ = . .o (5 3 )

and is an expression for Poisson's equation. The role of Ji

as a source function is clearly seen in (5.2.3) which is a

partial differential equation for ¢ with ( <7-3i)/0\as a

nonhomogeneous(source) term,
|
In electrostatic|fields, the potential due to the cha-
rge density £ (x, ¥, 2 ) in a uniform dielectric medium of

permittivity € is l
|
|

g (x'y 3y 2" ) = 1
4rre

&
I”O
.
-«
Y
&
P
&
L

where (x', y', 2' ) locates the field point and

e =\/1x_x-)2 NG AN C I L (5.2.5 )

is the distance from the source point ( x ¥y 2 ) to the field
N\

point. But @ (x, y, 2 ) also satisfies the Poimson's equati-

on, namely

) o :
Vg = - = |
Y/ c ’

If (5.2.6) is compared with (

.. .. ( 5.2. 6)

.5.2.3), it can be noted that
these equations are interchangeable if € is replaced by o,
and O by - ¥ Ei. If this duality is applied to (5.2.4),

then we can obtain

J.
g (x', y', 2' ) = __'1____5-— YL_E_]'_.dV ee (5.2.7)




._85—

as a solution to (5.2.3%). We note from equation (5.2:7) as
well as duality of =Y. Ei with @ , that (- ty-ﬁi) plays the
role of a divergence-type source density. Utilizing the des -

ignation of (5.1.27), we have
- .vO.JTi - Iv .( 5l2l8 )

where Iv hag the dimensions of current per unit volume. With

this notation

g (x', y', 2" ) = 5 _I—V—_dv ..(5.2.9 )

Fa

The equation (5.2.9) is a solutioﬁ to (5.2.3) can be demones-
trated by considering a point source é , where S =0 except
at the origin, where it is infinite, but M{yé dv = 1. Let

QU be the solution to the following partial differential equ-

ation:

<7L¢O - 5 .. (5.2.10).
g~

Because of the spherical symmetry, ¢O depends only on r and

writting the Laplaccian in spherieal co-ordinates, we get

08 (P & .e(5.2. 11).
r dr damr o~

If we integrate with respect to r» , then

ol Wo . —’G—\S Sr¥dp

~an
1 4t gy
4T o~

n
l

11
zﬁ%o S.Stiv
/'I

= .. (5.2.72).

4o

o
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A second integration yields

g, = - L ee (5.2.13)
4 Mo

In the notation used in above equation, we have
1 L
r= L;'z +y 2+ 2'212 and ( x', ¥', 2' ) is the point at whi-

ch Qo is evaluated, the delta source being at (0, O, 0O, ).

Now for a source ( {7.5i /o~ ), wWe can co#sider it the
superposition of delta sources typified by (Vﬂjifd.)dv at
(x, ¥y, 2 ) whose contribution to the potential fileld dﬁo(x',
v, i') at (x', y', 2' ) is given by \_using ( 5.2.15)iwith

origin at (%, y, z) and field point at (x', y', 2' )] |

g (x',5',2') = = ( V. dav L (sumam

47w o1

and r =\/Qx'—x)2 + (y'-y)2 + (z'—z)2 . Integration of(5.2.14)

gives (5.2.7) as required.

[t often proves convenient to represent the bioelectric
_sources as volume source density function I . On this basis,
the potential field is found as a solution %o Poisson‘g equa-
tion 1

. I
Voo - v .. (Ji;.e.ﬁ)
o~ !

On the other hand, representation of the sources as an impfe-
ssed current density Ei pernits an identification with physi-

cal processes in the membrane. Still another interpretation
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of Ji is obtained through the vector identity:

L]

T o _
V)= 195, . 3.V (1) .. (5.2.16)
T

If the integral of both sides of (5.2.16) is taken, which ex-
tends throughout the total volume in which sources are located,

and if the divergence theorem is used, then

Ji 43 s

The surface [integral evaluates to zero since ji = O over the

bounding surface ﬁhich lies beyond all sources. Consequently,

o

|
J | . M
j -V!_i'—'_' dV = J j-. 'v (Il—- )d\? o.( 502.18)
V I ; ’ i T
| v
where ¥ ('__ ) == 2 ) a, and ap is & unit vector

from the fleld to the source point. Substituting (5.2.18) to

.(5'2'7) gives

g (x'y 7'y 2') = 'QI—J Ji dV-VC"‘ﬁ) (5.2.19)
v

g

But we know that the potential field of a dipole source of

;
g(P) = e ! P v( ) .. (5.2.20)

strength P is

If (5.2.20) is compared with (5.2.19) then J; dV mey be inter-

preted as elemental dipole source. Put in another way 3ihas
the dimensions of a dipole moment per unit volume. Since the

isolated point source with fields as given by (5.2.13) can not
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exist in electrophysiological systems, the characterization
of a bioelectric source as a dipole distribution is a natural

D

Cnee.

5.3.1. Centric Dipole Model of Heart:

There is abundent evidence that the depolarization
(electrical activity) of action potential spreads uniformly
through the myocardium in a wavelike manner(at least in the
outer two thirds of the wall). The width of the wavefront enc-
ompasses five or more cardiac cells. The actual source in the
wave width can be replaced by an averaged dipole moment per unit
volume designated by Ei and is averaged from the physical source
entities in the same way as the mathematical charge density is

related to a physical cloud of point charges.

If the source density Ei is ﬁniform over a surface normal
to the direction of propagation, which is usually assumed, then
the field setup by the activation wave can be obtained from the
following analysis. So a simple approximation that will repre-
sent the electrical activity of heart is to simply find the ve-
ctor summation of all dipole moments jidV. That is, we form the
vector P = .gv EidV and let this single dipole represent the
heart electrically and it can be designated as a equivalent heart

vector.
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Surface Potential.Due to the Effective Dipole(Heart) Source:

.n

One of the important ECG problem is to obtain the surface
potential due to the effective dipole(heart) socurce. The follow-

ing 1:cr:c:hx:d.que(3>

can be used to compute the surface potential due
to the internal current source in three dimensional, finite and
homogenous media. The effects of inhomogeneitics is also consi-

dered in subsequent discussion,

Problems in homogeneous Media: i

The relationship between current density source Iv(—Y%Ei)

F
: !
and @, the potential is given by Poisson's eguation W@= 1y
| 0‘\
:

where ¢ 1is the electrical conductiviﬁy. In an infinite homoge-
| I

neous medium of conductivity ¢~ , a solution to the Poisson's

equation is |

L, ()
g (X) = ;],:r? -__r?((g;) / -0(5'3-" )

where the integration is over all the spacé.(Fig. 5,%.a)

To find the relationship within an arbitray surface S, We can

use Green's threrem:
((@VW WY~3) dv’ —j(gwkp qu)ds (5.3.2)

where qﬁ andlp are scalar functions of pOSlélOD. The two fun-
ctions are choses as q) the functlon—%-and’gé as the electric

potential. bubstltutlng-ﬁ for q) in (5.3.2) and integrating

4TU_(IU )d\9+ 5(_¢ -f-'v¢>cl5 (5.3.3)
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The potential @(x) and its different component is shown in
fig. 5.3b. These integrations are now only over the boundary
and inside the surfacesg. If the normal component of ©@ is
zero on the boundary, a very good approximation in electrocar-

diography, (5.3.3) becomes

?( m . (LOD 4 (R Is
|¢ ) 4”0‘S = dv’ =+ VE: SQZ’ 3 . L (.3
|

However f-_a.ds is identical with a differential element of solid
Il

|
angle da .
; |
That 1s,

SDC)_LWJ e gy L g an

N (5-5»5)
This is shown in Fig. (5.3%.c)

The expression (5.3.5), could eguivalently, be written as:

=1 (L) A .- €5.3.5)
¥ ‘PrrG‘S d &l ‘;]:ocziqngb AL (
: J

Since the summation is over the bounding surface 5, each

C,D(*x)is the potential on the jth segment of that surface, and
each AJLj is the increment of solid angle of the jth segment

when viewed from the point = .

A finite summation approximates the limit as j approaches
infinity. That is
N
[ S P I B g N5 @ A0
? ~4no~g v.r- A + = r G A%

g (5.3.6)
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»
The @(x) on the left side is the‘pbtential at an artitray poi-
nt inside the surface, but since #(x) can be located at an
arbitrary interior point, one may -choose an especially favora-
ble location. In particulars we choose the location of @(x)
inside the ith element and very close to the outer surface
of theith element. However, since ¥V ¢ normal to the surface is
zero, a point very close to the surface point has the same po-
tential as[the surface point, and @(x) equals to Qi .

|

The&efore, with @(x) just inside element i,

|
t I
|

' N
D= = —— |1 d A . . o
P =3 AR -;;-:- dv’ -+ _Z—Jci; I 9’? Ay - (5.3.6)

The summat&on is over all n of the surface elements. One term of
of the sumﬁation is for j equals i. This term is i;‘ﬂ:ﬁflc

The Qi in this - term is same as ¢i on the left side .of the .equa-
tion. The AQ,; represents the solid angle of the ithelement as
seen from the observation point at x. Since the observation point
1s just inside theith element, the solid angle of the | thelement
as seen from the-observation point is about 20 . That is, there
are many surfac% elements; each is there by approximately flat.

From & point ju%t inside theith element, this element obseures

a solid angle oﬁ QT .

Therefore,
\ N :
(%) = R L ALL _':’___ﬂ: .
P9 P = hfe —IY—‘;'-“\’!‘*' > I % J+4n’ %
J=i, 371
N oy ,
— i . ¢, AN .. (5.3,

on, o= 05 v (Lo gy 4+ ST ."ng"‘ e (5.3

Jzi, Tl
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0 osgr 3= C2E)G = [ L a
J=1,0#F L

The equation (5.3.7) directly relates the surface potentials
to the internal charges, and by choosing i successively Jjust
inside surface element one, two, three and so forth, one gene-
rates a series of simultaneous equations. If A is (- %%?)
as observed from a point just inside the ith element (i not

equal to j ) and A;{; is one half, the» these equations are

the set of equations

! f
Aud + Augyt - -+ And=ge [ ay (5.3.8)

where r is the distance from an increment of current source

dendity to the ith surface element.

Let

T 4o r v et e (5-309)

Then using matrix notation (5.3%.8) becomes

(a1tel =8} IR B (5.3.10)

The matrix [ 47 depends only on the characteristic of the sur-
face while matrix{Bldepends on charge inside. Ip fact B; is
just the solution for an infinite medium for the potential at

the element i from the internal charges.
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_t (W (gdn
¢(1)"21'Fc-§ dV+4n)¢

"Fl1&.5.3C. POTENTIAL |NSIDE AND
ON A VOLUME.,

FIG. 5.34. A VOLUME S, CONTAINING
AN INHOMOGENEOQUS REGION S, .
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Problems in Inhomogeneous Media:

If the media contains regions of different cbnducti\fity,
one must modify the equation (5.3.2) to include the interfaces
between these regions. A generalization of equation (5.3.2),to0
inélude the effects of regions of different permittivity, can

(3)

be made as follows:

A .
L1y g ou ) mipronl _ g oy

P (e 2% O+ (Y 2% — g 0% 3] ds
P=1 5p 2ny P ong e —b_v%«_{’ ¢ _B—H—?u] F

! szs?“i%g“ 9{3@";%37%5 :S‘—L\JV'CCTV?))%V'-CO'V‘%’)CN'
, o |

)

(5.3.11 )

where ;np' and np“ represents the unit normal vectors drawn
into the pth boundary that encloses all the regions. This is

shown in the fig. (5.3.d4)

Let, y = j\’_D and o' go. from S, ko 5, + For simplicity, comnsider
ornly two regions of different conductivity as shown in figure

5.%.d, Equation (5.%.11) can now be written as

(a"i_?){?.{ )] pag"
J FP-——-E"Hj\?lﬁr-%-)dsF——SLD" IQQL

w o
_J]___( 6\0” _}_B)ﬂ_@fa‘_‘l’_ L3
Y50 LP Dh, OBhEF)]dS"—i—_S LUP O_ﬁ - O\@%(lﬁﬂ <is:
t i K
p— A .
EVL v V- (OovVe) —@'Vrv{:lh)] dv’

(5.3,12)
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whgre 6 1s a variable having either the wvalue GF”QP gF’ and

¥ is a vector to the location under consideration.

Furthermore, at the interface between regions of different
ent conductivities the normal component of current is continu-

ous and uéing the following relations:

(5.3.13)

a) o ¢,/ He v e
P — — 0p a¢” 1n integral 1
¥ " e
Ne
b) Ghv'v?j - ~-I, 1in integral 5 (5.5.’14‘)
Poisson's equation in | |
inhomogeneous media ] :
|
c) U= %’Cﬁ) in the integral 2 (5.3,15)
14
and (d4)
' S SN, . o vn @ ds L‘fﬁ;o - AT e e
5 Ta .__' O\S:‘T — 1 H /

! I, g, ek

in integral 4 ..(5.3.16)

the equation (5.3.12) may be written

@ (A y,7) =

|

|

i [jégdd4:5@i€” T - ‘

4Gy D _F_P;P clszﬁn,, cisp ‘
-+ O\P”\S% E._}.% dS.,]

r ces(5.3.17)

\ . it . . :
anywhere 1in c@ region. dJust as 1n the homogeneous case, -

g (x'y, y', 2' ) may be located arbitrarily close to the boundary
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and, since ¢ is zero on the Dboundary, ¢ (x', ¥', 2' ) arbi-
trarily close to the boundary is equal to ¢o on the boundary.
Replacing the SO surface integral by N finite area elements

and the Sp integral by M area incrementdg(3317) may be rewritten

as N _ . ™M ! ;
bog + = CEEIE - = %% an, @,
SRR ket ATG
= zreu S & dv’

! e T (5.3.18 )

| | |
Equ.(5-3.13) represents' N equations but there are N plus Il unknowns.
|

i |
M more equati?ns result from repeating the steps used in obtain-
ing (5.3.17)but locating the observation point & (x', y', z') at

the (0?’_— ') surface interface.

P

The result is

Cb(z)‘”b —/-HTG}” LS-LU v _._50;_ = cﬁ r g dso-k-é“j‘g

[
i

J&

f_.ria]
mr %

1 ! LN
Qat Op-06p interfoce -

|
1’ . | . ..(5.3.19 )

Replacing the ihtegrals in (5.%3.19) by the same area increments

used to obtain (5.3.18) gives the needed M eguations.

[Hli(%’—,%j”ﬂsﬁ Z Slbig 'Z %-%" a0 P,
G\‘n ‘,\ LO"FHF-V
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5.3.2 Potential Due to Centric Dipole Model:

For anidealized torso that is represented as a uniform
conducting sphere, and with a heart model that consists of cen-
tral dipole (Fig. 5.3.e), the surface potential can readily com-

puted. We have for potential ¢ ,

_v’)-gb:o o ..(5.5-.2-1 )
9| =o
OFR | p=R

«.(5.3.2.2)

Solution to (5.3.2.1 ) in spherical co-ordinates with 2 — O
oF

due the symmetry, are of the form
Q = > la r" P_(cos®) + b r—(n+1)P (cos8) (5.3.2.3)
E n n n n i
n

3ince the potential near the origin must vary as jr , We chooSe
n=1, { Other terms in positive powers of r are nbtrixcluded on

this ground, but one can confirm, when applying (5.3.2.2),that
since b, = 0 (n=£1) it is necessary that a = O] . Conse-

quently, since P, (Cos8 ) = Cos8

¥

) = ar cosd 4 = cosH .. e (5.3.2.4)
T
2
@52‘: a cosB - ° = co88 . o ee (5.3.2.5)
=R
Hence
A = 2b/R°

@ - ° P‘Ecose —2-5-4- (%)2J -- (5.3.2.6)
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The potential over the surface isr(Bb/RE) cos® and this is
three times what it would be if the body were infinite in

extent,

If we adopt the fiction that the points 6 = 30°,
g =03 ©=12"° g=180°; © = 180° are LA, RA and LL, respec—
tively, then the potential produced by a central dipole of
arbitrary orientation and magnitude are precisely those given
by the Einthoven triangle. The Einthoven system tacitly
assumes that the "heart dipole" lies in the frontal plane, here
defined by (¢ =O°, ﬂ80°). This can be confirmed by reference to
fig. (5.3.f) where the case of unit dipole vector(}b/Re=1) at

an angle o« with the horizontal is described.

Applying (5.3%.2.6) to evaluate the potential at the 'limb’

locations, we obtain

_ o 3
= COS (O{ - 50 ) = — coso + }é sin oL ..(5.3.2..7).

g
LA >

@ = cos (150° = &« )= --—g cosx + ¥ sinw  ..(5.3.2.8).

gr7 = co8 (90° 4+ &€ )= - Sinx «e(5.3.2.9).

For a vector amplitude V/ 3

V1 = Vecosw .o ee(5.%3.,2.10a)
-V :
Vi1 = - cosx - ‘g VsinoC .. «.(5.%.2.10Db)
v ,
VIII = '2"" COS« — Jg‘— V simg{ .o ..(5.5.2.100)
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5.4 Lead-Vector Concept:

One of the most important developments in electrocardio-
graphy is the lead vector concept. A relationship between the
heart dipole source and the resultant surface potentials can
bé established by the lead vector concept. The initial assum-

ptions are :

a) Body is heterogeneous, resistive and linear.
b) Electrical activity of heart can be represented by
a dipole fixed in position but variable 1in magnituqe

and orientation.

¢) Actual body shape is to be used.

Let us suppose that heart dipole current scurce has a ﬁector

magnitude p. For the medium assumed above, the potential at

an arbitrary surface point Q, relative to a chosen reference,
must be proportional to the magnitude of p. The proportiona-
1lity must exist also with respect to the component of p. If

the rectangular components are D_, D, P, then the potential

X N
¢Q at Q, can be expressed as

|

QQ = Cx p + C py T+ Cz pz .a 00(5-40’] ).

where Cor © c_ are proportionality constants which are valid

NARNE/
for condition specified. A some~what simpler notation results

if Cys cy, c, are considered to be components of a vector ¢

which is known as the "lead vector".
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This gives

.o oo (5.4.2)

ol
L ]
o

QQ =

The value of ¢ depends on the location of Q and the equivale-
nt heart dipole, the body shape, the electrical characterist-
ics of the body tissues, etc. If three different surface po-
ints Q; are choseP and their respecfive values of c; are det-
ermined, then the|d1pole moment p c&n be found from a specif-
ic simultaneous potentlal measurements at each point. For

example we might measure
! I

v, - k.b S .. (5.4.3a)
L - .. .+ (5.4.3b)
Virp = B .D
v = T.p .o .. (5.4.3¢)
III
- - . oo (5.4.3d)
= D .
Vop P

where Vyo is the back to right arm lead. The value of D can be

found since ( 5.4.3 ) includes three independent linear equati-

. | L. .
ons. From the above eguations P, and other compoents can be
evaluated., For example the value of p, can be written with

VI + VIII= VII as;

Py & —

V. (B_ D, - B, D
A [ I V% 72 Z

¥ )+ VII(AZ Dy -

where A = A BD - BD + A BD.-BD + A(BD<=BD
 (BD, =BD)+ & (BD-BD) + & (5D -BD)
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or A = A+ B XD

In current ECG practice, the positive x direction is
chosen as right to left positive z front to back and positive
y is top to bottom. The Co-ordinate system ig thus an orthog-
onal right handed system. The frontal plane corresponds to

Xy, the horizontal plane is xz and saggital plane is yz.

It is possible to determine the co-efficients A,ﬁ,a,ﬁ

of equation (5.4.3) from the measurements in an electrolytic

‘tank model of the human torso.

Lead Fields and Reciprocity:

For a given electrode pair on the body surface, we could
map the behavior .of the lead vector .as a function. of position
of the heart dipole, thus generating a'lead vector field'. In
view of the assumption of homogeneity it might be expected
that this field would be mathematically 'regular'. In this
connection the lead field, as defined by McFee & Johnston,
plays an important role in conceptualizing (and computing)
lead vectors and alsoc permits a generalization to the lead
tensor and compound lead fields, The lead field arises from

the general reciprocity theorem which is developed first.

Let us consider an arbitrarily shaped volume conductor
V with conductivity o~ ( x, ¥, 2 ), where o~ is assumed to

be a well-behaved function of position. If we further assume
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" that the medium satisfied ohm's law, then

3 = 66EF .. e (5.4.4 ),

Fa

where J is the current density and E is the electric field
intensity. Since the electric field is conservative it may

be derived from a scalar potential @ so that

E = =~ ¢ .. ee (5.4.5 ).
and heﬁcé

I = - v ee (5.4.6 ).

Let us designate the volume sources of current Iv ; Lioen

from (5.4.6) we must have

I, = I =+ p(ow @ - (5es7.

v 1

gonsider an arbitray volume V bounded by the surface S, as
illustrated in the figure 5.4.a. Let Qq‘and QE be any two
scalar fields defined in V. Then if & is the conductivity

within V, the following vector identities must be satisfied.

V'gq ( G\V 92) gfl-V'( o~V Q2) +

O'\v quv%— : -e (5-4-8 )

i
Ay
q
G)
q
_\'Q
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If we subtract (5.4.9) from (5.4.8) and integrate term by term

over the volume V, and use the divergence theorem, we get

S (6V¢) ds _§¢ CO‘\‘/Q) ds

s
f[¢vcovgb> - CO‘V?”]
e o . . - ( 5_4.10).
Now let us assume that ¢1 is the scalar potential in V
due to the sources within V specified by Iv = -~ Y- Ei .

We shall further assume that 92 solely arises from currents
" caused to flow across the surface S; we designate the latter

by K (emperes per unit area). We require

_des = 0 (5.4.11).

Since, the current is solencidal. The following constraints

must then be satisfied by 91 and 62

V- (oVE,) = -1, .o (5.4.,12 )

o) vge- ds = K ds (taking positive Kas in-flow )..
(5.4.13)

when Iv 1s the source, no currents crosses the boundary sur-

face; hence

V g . d5 =0 .. (5.4.,14)
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For the sources K at the surface, the current must be solenoi-

dal everywhere in V; hence
V(oVE,) = 0 .. (5.4.15)

Using (5.4.11) to (5.4.15) the equation (5.4.10) becomes

j‘ ¢, Kds = j;zei I av . .. (5.4.16)
Vo

S

which is the desired form of| reciprocity theorem.

Let us consider a specific I& which consists of a point

current source of magnitude Fo a‘c}f',1 and a point sink of equal

magnitude at r2 where T4 Epd ;2 are the respective position

vectors. Thus

I - Lgu(;ﬁ ST ) - O r,-T )] 1, (5.4.17)

v

and SL(E ) is a three-dimensional delta function. Consider
further that ¢2 arises from specific distribution K which is
that of a surface electrode o tﬁat provides an inflow of a
unit current while electrode b h{s an outflow of a umit curr-

ent. If the position vector of a‘ is jg and that of b is %’,

then from very small electrodes, we have
E = CSS (J:'Q -T) - 55( r - ) (5.4.18)

where 55 is a two-dimensional delta function. If (5.4.17) and

(5.4.18) are substituted in (5.4.16), then we get



~-108-

LLgeh - RG] - @@ )
In words, (5.4.19) signifies that the difference of poten-
tial between two surface points a and b [_that is the lead
voltage @& (r2) — ?—ﬁCﬁb)] due to a unit source of curr-
ent{s1supplied internally between 1 and 2 equals the diff-
erence of potential between these same source points (1 and
2) due to a unit current applied between a and b. The geo-
metry for this two termlnal pair is shown in fig. 5.4. b.(g)
|
: If the séparatién of T, and T, approaches zero, the
source described by (5.4.17) becomes a dipole with moment

I (51_52) « The value of 92 (51 ) can be described interms

of field at 52 by means of Taylor series expansions as follows.

3 (o) - & Cr, ) -+ Ve, ()

+(h1gner order terms):--(5.4.20)

‘Thus if we let (r - ;q) approach zero then a dipole moment

Io r - r.) = g 1is created and the potential[ﬁ1 (Ea) -

2 0

)J can be written as follows

|
|
o
5

1

@(RY-¢ ) = v (r-T,) 575(@ % (fy) (5.4.21a)

i Vab

(5es.21b)
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In (5.4.21), @5 is the potential due to "re;iprocally
energizing" the pickup leads ab., The scalar field ¢2 has
been designated the "lead field" by lMcFee and Johnston. By
comparison with earlier nomenclature we see that ¢2 is the
"

lead vector (field), while m, corresponds to the "heart vector
and Vab is the lead voltage. The lead vectors are physically
realizable as they are derived as the gradient of scalar field
i

f) = B %)L g

which satisfy Laplace equation.

If we apply the relation $C(%)~ %L
can be determined for three independent 1$ads b% means of an
electrolytic tank. With this information,k%tcan‘be calculated
along with measured values of Vab the effectlve heart wvector
ﬁb can be found in the fixed dipole electpocardlographlc model.
Another use would be the determination of the current density
due to external active leads. Thus with uniform spheriaal
conductor with unit current inflow atfiand outflow at h, we
have a potential field ¢2 set up which according to (5.4.21.b)

causes a current density of

J =-0vg=-0{Madz g, Vo)., &y + Wasdsp j (5.4.22)
\"n-g' m
:j h‘l%
where m, ., my, M, are the x,y, 2 components of m, and

Vawyx . Vaw)y .(Va,), 8Te the lead voltages by the respsctive
- 2

componentsa
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For a volume distribution of dipoles ji’ then lead
fields Vab is given by following relation (assuming m, eguals

to Ji dv.)

Vab =jv g, J; av ( 5.4.23)
v
By utilizing the lead field concept, we can consider a

lead system that is made up of more than two electrodes which

are connected together by a suitable resistance network with

two terminal output.
; |

|

|

The lead field is also useful in indicating the relative

' contribution to the total lead voltage from each dipole elem-

rents of a distribution of sources.

5.5 Orthogonal Lead System:

¥ we analyse the conventional limb lead it is seen that
- the expressions for standard leads I and II has the following
expression, with the assumption that heart can be modeled by

a central dipble,

VI = a P .e e (5.5.1).
' X X _

Vip = B B + B8R, - o (3+5-2)

The activation process that takes place in heart is

three dimensional but the electrocardiographic 1leads are
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placed on the frontal plane Xy plane, Naturally the heart
vector components of (5.5.1) and 5.5.2) do not represent the
physical situgtion satisfactorily. In order to over come the
short-comings of the standard limb leads another lead system
is devised. It uses the concept of lead fields. If we desire
to setup three lead fields, each of which is uniform fn the
heart region and where the gradients are mutually orthogonal,
then such a lead system is known as "orthogonal lead system".
This system directly measures the x, y, and z components 6f
heart vector. DMNMore excactly it measures the linear superposi-

tion of the distributed x, y, 2z components of EidV as evid=--

ent from ( 5.4.23). i

1

In the design of orthogonal lead system a human torso mo-
del(a plastic model filled with electrolyte) is utilized so |
that the lead voltages can be calibrated with.respect to active
artificial dipole source. Active dipole source, oriented in
either the %, y, or z direction are placed at the approximate
anatomical centre of hearf within torso model. One nowrseeks
& lead which responds to the x dipole but not y or z. This

corresponds to the realizing of c, and c components ( lead

N
vector) eguals to zero. In three dimensional space, this

lead vector is then in x direction and yields the x component
of heart vector. ©Similarly, y and z leads are found that
respond to the y and z component of heart dipocle. If the act-

ive dipole is displaced from anatomical centre, the lead system

will alsoc give satisfactory result.
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Because of the linearity of the system, it is not nece-
ssary that the x component be obtained from a single electro-
de pair. It is possible to combine the potentials at three
or more points on the body surface through resistance networks
such that across the output terminals the voltage is proporti-
onal to Py and independent ?f py and P, Thrgugh this mechan-
ism the selection of electréde location is quite.satiéfactory
and it minimizes the sensitivity to imprecise electrode posi-
tioning and to body shape. }By suitable resistance networks

it is also possible to adjuét the|lead-vector magnitudes to be
!

equal. This gives rise to &hat is designated as corrected or-

thogonal lead system. Suchia system is shown in figure 5.5.a.

(1)

is known'as Frank lead system The number of electrodes

used here is seven .rather then a theoretical minimum of four. -

In the SVEc III, system fourteen electrodes are used.
The translation of dipole should cause no change in lead vol-
tage and both Frank and SVECIII systems performs quite salis-

faétorily in this respecf.
|

The outputs of the x, y, anfi 2 orthégonal leads are inde-
pendent and in visualizing the th?ee signals, they may be comb-
ined "vectorially" to form the hear vector. The tip of the hea-
rt vector contains all the informations as the component signals.
The three lead signals themselves are referred to as scalar rec-
ords while their composition into vector constitutes the subject

of Vectorcardiography. The- trajectory of the vector tip.is:-
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referred to as vector loop and since ECG is cyclical, the

vector loop 1s closed.

One interesting aspect of vectorcardiography is that,
having determined the heart vector, one can project this on

any lead vector, thereby synthesizing other lead outputs.

From a c¢linical stand point, essentially all clinical

~information contained in the 12« standard system can also be

found in the corrected orthogonal lead system provided lead
resolution is used in doubtful cases. The use of lead reso-
lution appears to improve the diagnostic ability of the cli-
nician since the records are displayed in standard form.
Even though no information is created by lead resolution,
the ability to recognize patterns appears to be enhanced

by this operation.

In electrocardiography the main interest is in ventri-
cular activation (QR3) and in vector cardiography it forms a
closed loop and lies, in most cases, in a plane in space., The
projection puts the vector ECG in a form which is independent
of standard x, y, and z axes and rather more closely related

to the physical 'axis( of the heart itself), Such projection
is knogn as "polar projection". That is, since the plane of
the vector loop should rotate with the heart, the polar ECG
projection should be approximately independent of the orien-

tation of (physical) heart in the chest cavity. Since the
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physical orientation of the normal healthy heart is a
variable, this procedure, at least in principle, removes

this factor from the ECG.

On the basis of these ideas, "normalized electro-
cardiogram" is defined by McFee, by specific procedure of
cordinate axes rotation. These are chosen so that deflec-
tions in one lead are a maximum, are a minimum in sgcond
(this is normal to the plane of the loop) and are e%ually
negative and positive in the third lead. The justifﬂcation

:
of these technique depends on validity of the dipole model.

5.6 The Dipole Hypothesis:

In the previous diséussions about orthogonal iead system,
axis rotation and for vectorcardiography we assuced -that the
heart model can be represented by a dipole fixed in position
but free to change its direction and magnitude. There are so-
me evidehce that the dipole representation is a satisfactory

one,

One of the evidence that dipole representation is s%tis-
factory is seen in the evaluation of resolved leads. 'If, {ind-
eed, arbitray leads are obtainable as linear combinations iof
only the x, y and z components of an orthogonal lead system,
then the dipole basis of cardiac activity is established. Ty~
pical computations shows that there is a peak to peak dicrepe-

ncies. In a study of 19 normals as a percentage of average of
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actual and synthesized signal the discrepencies is about 23

percent with SD of + 7%.

A comparison of surface potential with true dipole ex-
citation in torgo model and equipotentials plot on the surf-
ace of the torso shows that the two results are in good ag-
reement during ventricular activation. This comparison was
made by Frank. But in recent experiments it is seen that

there is a deviation from dipolarity of the heart model with
i .

heart disease.

|

Surfaceipotential maps of human and dogs display a pa-
tterns of cha&ging complexity that appear dipolar at certain
times during Ehe QRé and nondipolar at other times. A4 meas-
‘ure of nondip&larity is the appearance of more than one maxi-

mum or minimum (or both). All investigations show evidence

of multipolarity during some portion of the QR3.

The above study of the dipolarity of heart is & fairly
direct one. Another approach, which 1s some what inferenti-
al, is that of “cangellation". To explain this technique we
note that the poten#ial is Q: c-p and‘using © the linear

|
combination of components we can write

ViR = ¢ pW + Cia PB) + Cia P®

\ ee. ... (5.6.1)
Vi = €y P + Qo R e B '

v, = Ca P +Cyy B +Cas ()




~117—

where Pqs Po> p5 are the three orthogonal components of the
assumed heart vector; Vq, V2, V3 are the lead voltages at
three arbitrary (and assumed independent)leads; and c;; are

J
geometrical constants. Now the above equations can be used

to solve for P4q,Po P3 in terms of V17V2 and VB, giving
i ?
P = oLV + o, Volby + iz Vol

P = ol vi@ + Ay Va o+ Ay, VB

' (5.6.2)
PB@) = Aavip) -ro(“_\"-ﬂ't) t 3V

If we now consider an arbitrary fourth lead V4(t), then it

can be written as

Caz Py
Vally= € e + Csa P +Caz b
* ) (5.6.3)
and substituting (5.6.2) for Pq(t) and Pe(t> and B (t) in
(5'605)1 we have 7

where A, 4, and A5 are geometrical constants and independent
‘of time. - Thus a necessary condition for electrical activity
of heart to be accounted for by a dipole generator is that
any arbitrary lead be a linear contribution of any other 3
linearly independent leads. Equation (5.6.4) is true at any

instant of time; it is an identity.

In the "cancellation" experiments three arbitrary leads
are led into amplifiers with variable gain, summed, and subtir-

acted from a fourth- arbitrary lead., 1If the difference can be
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made essentially zero through an appropriate adjustment of.
the gain controls, then cancellation has been efrected and
the results considered a substantiation of the dipoie hypo~
thesis. But "cancellation" is shown to be an impercise te-
chnique in many experiments and that good cencellation can
be effected even in studies where sources are clearly non-
dipolaxr.
i
Determination of souface potentialifrom current dipoles

has already been discussed and it is seeﬁ that dipole approx-

imation is fair.

|
|
1
!

5.7 FMultipole Theory:

From the experimental result it isiclear that the dipole
representation of electrical activity of the heart, is in gen-
eral, too crude. The actual heart source are specified by a
dipole moment density function Ei. This function has the dim-
nsion of dipole moment per unit volume and is space and time

dependent. A multipole theory is applied to such arbitrary

t
source distribution. In this case, nondipole t%rms in a . multi-

|

correction to

|

the conventicnal heart source model representeh by dipole. In

pole expansion provides a convenient additive

addition it provides a useful mechanism for evaluating general

properties of electrocardiographic source,
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Let us consider a infinite region of uniform conductivi-
ty & which contains an arbitrary distribution of current so-
uroe Ei' The current source density (Iv = - 31) is located
at (?rl.'?f Ye The contribution to the potential at an arbi-

trary point p ( X, ¥, z ) due to the current source Iy dV 1is

given by

dg = — (5.71 )

The geometry is illustrated in the figure 5.7.a.

g ‘ Ty dv
d = : 5. 71
4o \/Cx 17+ (8- + (2 Fy~ (571

The denbminator of (5.7.1) can be expanded about the origin in

the powers of 'E,rl,"j’ oy the Taylors series:

’

!

{TF1-T 0205 + 3+ Y20

+L T L. IR AC TR S Syt
ALL:O—LYLP)T ,L)‘* E(fﬁ fkax%rﬂ
oy < 2¥E 8w

V\ 33’32-7 _a——b_z )] . 3

s e (5.7.2)

The series will converge, provided that ¥ >a , where o
is the radius of the sphere which encloses all the volume so-

urce.

Now putting (5.7.2) in (5.7.1) and integrating with

respect to ( f‘“' ¥ ), through out the entire volume source
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distributions %ields the total potential as the sum of terms

each of which corresponds to the terms of (5.7.2).

I Lvdy . .7,
Thus ¢p rrept = - (5.7.3 )
ol
or g, = = & - - (5.7.4 )

iz o

where bn is the total contribution from the terms whose radi=-

al dependence is r_(n+1). The first term in (5.7.4) is ¢°
and is given by
(o)
o l 4n o P
o _
where I(?).ﬁ ‘flvdv and is the net algebraic sum of all the

I : . . . .
current source., This term is zero since there is no net sou-
i .

rce due to the electrophysiological generators.

The next term of (5.7.4) is dominant when the net char-

ge is zero and is given by

g, = - 17 9%) (5.7.6)

(1)

where Ix

il

SLfdw s L= (nondv 5 1= [Ty -(5.2.7)

That iSfI(q) is a vector dipole moment whose rectangular com-

ponents are given in (5.7.7). From (5.7.6) and (5.7.7) we can
say that the potential due to any distribution whose net char-
ge is zero may be approximated at‘large distances by the pote-
ntial of a dipole located at the origin whose components are

given above,
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In similar way the partial potential @, arises from

a "quadrupole"

W

oA I 2k )+I%55’— +3_'-_:za
ga 4o .—_'5_- a3 04 (ra) 'r(

(R 9" L T2 2 (4 1.2 & A
+ I = =L t2: o + 1z ©_
¥ 5734 D+ =K Sy (5.7.8)

The components of the quadrupole are

(2 ) ~
Ix'-x' = ‘SquwAU 5 I:j(;-) = SI.UVivdV * IE'(:- = SIU? O‘V

OJ )
S EPL‘JV Y I:;;?-—-jl V\\Sd" P 1 Q—j =SID’S’de

..andare known. as the components of a tensor of second rank and

(5.7.9)

¢2 is the quadrupcle term,

The multipole terms of higher order determined from sub-
sequent terms of the expansion(s73)involves successively high-

er inverse power of r as noted.

Let us derive the expression for potential of general

(),

multipole of nth order having moment of

The potential due to a single positive point current so-:
urce is given by [ zero order having moment I(o)]

- i

{assuming source at origim) - (5.7.10)
© 40 P

Then for a positive and negative source which are displaced by
an infinitesimal amount in the arbitrary E direction, the po-

tential is given .by

-




23

\ 1(\3

G, = - ire S - (5.7.11)

-

such a source is a dipole whose axis is &L .

Now if two dipoles with opposite orientations are dis-
placed infinitesimally in the direction ¥, then

(2) '
I M

g, = Eln—cr 2 BLQ'BL,G?') | , (5.7.12)

Then by induction the potential of a general multipole of nth

order is given by

(n) “ } :
= uéh—ilgn 1 ol (%) ... R 13
gn qn-c\ Vll aLoa!Ll_..’aL:h-l (5 7 ‘ )

|
For a quadrupole source, the geometry is illustrated in fig.
. i
5.7+ be =
's_
The magnitude of a multipole of order (n+1), I(n+1) is
defined interms of nth order mulfipole by the relationship(e)

1) ey, | (5.7.14)

(n)

where ln 0 and I' 2, o¢ , such that|their product is finite,
It can be noted that for n = o the cpnventional definition for

- the dipeole magnitude results, I

The volume integral of (5.7.3) with the substitution of
(5.7.4) can be interpreted as the contribution to the total

field from an equivalent multipole component Source The finite
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component of each multipbh:source produces field which is ide- -
ntical with actual sources for vyYa . The terms of equation

(5.7.8) each of which can be treated as quadrupole source.

The quadrupole terms in (5.7.9) contains six undetermin-

ed parameters. It is seen that one term is redundent. For th-

is let us consider a single dipole source; fﬂ), for which exp-

ression for ¢1 reduces to

R
By = e U |
1 I > (L 2 (L 2
B, = "o L% SR rRsG) +R S ] (5.7.15)

. . . - { -
In (5.7.15) %o, B, , Yo are direction cosines of TI.’= f%Ha

where <5L= o lx + ooy + Yo Oy Garrying out the differen-

tiation of (5.7.15) gives

Ul
I N R
g = Prapgir (Ao + oy +9, 2) (5.7.16)

If we put z = rcos® | Yy = rsin® sing |, x = psing cos@, then

(5.7.16) results in

[ I_U)

¢1 = :}:T;\_p_.,; (o(oCtjgg_i,BDS{ybg) Sine -+ Y, cose] (5.'7.1?)

o _
or @, = Ang T [Cdoctrsgz “+RoSIn &) P‘, (tse) + 3, ﬁtzbﬁse)] (5.7.18)
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where the function pﬂ (cos8) are the associated Legendre

Polynomial defined by

BT @se) = sins 4" P (o) (5.7.19)
& ((eze)™
Between four constants 19), Ao ﬁ, and ¥, in (5.7.18)

there exists one relation o(: —+ "+ ¥, =1 and there

. remains three arbitrary constants. to be determined, : -
|

Similarly for quadrupole term we obrain the equati$n

with characteristic E;sz-tiod; + [,ay T Yo Oz and
p“/ﬂ.: R0+ B0y —+ Y, Ga and magnitude 1(2) \ i

@ - e o o I.
v [ Qns P (58) + ((Q,Con b+ byt 8) Py (Gs0)

P
+ (Qnlesag + baaSineg) BGeo) |

1

There are only five constants to be determined in equation

(5.7.20).

In genral if the sources are confined to the region
T L_ro, then for r > r_,
Ve =0.
The following are the general expressions for the potentiai

@ in equivalent series expansion;

oL n . "
4rogp = 2. > “}5@ (Gam@sm@ s bum Snm® ) P (s ©)
m=0

Y=o

- = (507.2)
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- n Y i ‘ .
AT OB = = ™ey © (%) - (5.7.22)
hso hl ‘})L“I?Lhi,--' Bl.,m
of W h-L L)h C ?h (1 )
= : = L ' —t- v
‘hzt)%% Lt (hetmdl B 282" r

- - - - (5.7.23)

m
In the general expressions for multipole expansions Fm is

an associated Legendre Polynomial, and

Y , :
Dlat Zni Ere + P-"m, %3 + an{ %—2 - - (5.7.24)

where o , {3 and > are direction cosine, as stated earlier,
|

which satisfy the relation

- - “tv .
i+ Bag + Vog = 1

(5.7.25)

!
The n = O term constitute a monopole; n = 1 a dipole, n « 2,

a quadrupcle, ete.

It is to be noted that in representation (5.?.21j bio
vanishes and there are (2n+1) parameters for nth order multi-
pole. 1In (5.7.22)'I(n%'may be interbreted as the magnitude
of the nth order multiﬁole, which has associated with it 3n
direction cosines. Howjver, there are n relations (5.7.25)

among the direction coﬁines again leaving 2Z2n+1 independent

parameters, Representation (5.7.23) apparently has %—(n+1)

»(n+2) parameters. - However, there is redundancy present due.

to the fact that for r > O




-127-

%

SV

)rg =0

l

Yl — B > - |
Vi) = (55t 5y (5.7.26)

o/

E'V

and this redundancy reduces the member of independent paramet-

ers once more to 2n+1(8).

The multipole expansion given by (5.7.21) can be written
in the following form

< n

P@) = = 2 [0 Y, (09) + bum YD (0.0) | (5727
where o "
Yoam = R\(CUEG) (oo @ -
(5.7.28a)
and Yom = P (Gse) snmp . (5.7.28b)

are known as even tessral harmonic ( Y.& ) and odd tessral

harmonics (Y;ﬁ )} respectively.

The co-efficients CGnm and O"m can uniquely be determined
by a specification of the potential over a closed surface. The
potential field of an arbitrary source has the representation
(5.7.27) only when the medium is infinite in extent. The effect
of a finite spherical boundary, at r=R, generates additional’
terms which are source free, i.e., solutions of the Laplace

equation. The total potential consists of a superposition of
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both expressions, and the result is

£ S (a n G, -
y £ 2 (S ) Vg o

h=4 M=o Yyt

+ (b s P o (00)

oo (5.7.29)
where source free terms are identified by the primed co-effi-

cients. l

By virtue of the boundary condition that %Z_f - 0 at
P

r = R, we require that

/ |
' N+ Qi . N+l bV\m o
Q_nm — " —Em y b\nm — -—YT— r)?.{n'tl (5-7-30)
N ' BN
So that the surface potential is | .
_ AL N —(h+[),j
FR0) = ST S vt o La“m\(h%n (60>
hl:l tA=0 n .
—+ bnm\’mom (Qq))]
- - (5.7.31)

"Now if the left hand side is kmown, theg we see that G, m
and b,;,are readily found by utilizing the or#hogonality of

the tessral harmonics.

In the electrocardiographic problem the information ava-
jlable is the potential field over the torso surface. It is

geen that this is ipadequate to determine the underlying



-129-

bicelectric sources. However, it is sufficient for the unique
determination of multipole coefficients of the spherical-harm-
onics form given by (5.7.27); the gregter the number of coeff-
icients that can be determined, the more the aspects of the
source that become known. The limitations in obtaining higher
order terms of multipole coefficients lie in the higher order-
inverse power of r that is involved and hence, in general, sm-
allgr signal to noise ratio at the surface(s). From a practi-
.calistand point the multipole representation permits a quanti-
tative dilscussion on the nondipolar contribution to the surfa-
ce potential field. And even if some other physical model is
.ult;matery-toube employed,.thelmathematical.formalism of..the,
tra%sformation of the surface data to the multipole represen-

tation may be very useful.

The multipole formalism is clearly appropriate for quan—
titative examination of the dipole hypothesis. For experimen-
tal purpose, by measuring the resultant potential field over
the surf%ce the multipole co—efficients of cardiac source can

be evaluéted.

i
|

5.8 : InHomogeneitics:

In the previous discussion we assumed that the bio-elec-
tric source was surrounded by a uniform homogeneous medium. We
shall now consider a distributed source in a honhomogenous to-

rso composed of regions each of which is assigned a uniform

)
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conductivity. This model will permi% taking some account of
the conductivity and shape of lungs, fat, muscle, bone, blood

etc.

Each region is considered to have uniform conductivity

and each region is assumed to be isotropic also.

The body surface in Fﬂgure 5.8.a 1is depicted by 85, and
this represents the'externaé shape of the human , dog, or other
vertebrate. The volume V_ iis spherical and is .chosen 'so that
it completely enclose the heart; E% is the bounding surface.
The surface S, and S, repreﬁent the arbitrary shapes of inter-
- nal media of differing condthivi?y such as the lungs, ?pinal
column, etc. i :

’ |

Now at any instant ofitime,:the priﬁary source consists
of current éeneratofs due td electrophysiological actiﬁation
of the myocardium. We shall add to this the induced surface
source which arise at discontinuties within So. The latter
sources Qccur because at such discontinuties in conductivity,
a surface charge &ccumulates at tﬁe interface in order to
satisfy the requirement that the_ ormal component of current
density'be continuous. The charg s so set up become a secon=
dary source for potential field. One can combine this source
with the primary current source sinée the expression for scal-

ar potential due to each is of the same form.
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The surface charge density'{é at the interface between
two media of conductivity 6, and 6, in the presence of a nor-
mal component of applied field En’ results in a total normal
(1)

field of E  + 54, on one side and E,~ /¢ on other side

Applying the continuity of normal current, O,(E,+ sﬁ2e>::

GLCEM..Ei)leads the relation,
(Gi-ow

- - € ,
6= 2R s

(5.8.1 )

If we designate the combined primary and secondary sou-
rce by a volume source distribution Iv(which includes surface
sources as a limiting case) then
—_— : | :
VT = -1y (5.8.2)

|
where J is the current density. The major contribution from

secondary sources within So is from the surface boundary, the
intraventricular blood, which has much higher conductivity

than surrounding cardiac tissue.

The potential at any point within or on S5 can be fou-
nd from the superposition of contributions from all séurces,
both primary and secondary. Corresponding to the afo%ement-
-ioned volume-source.Iv-within So’ induced sources:app#ar-on
the discontinuitj surface 81, 82 and 55’ which éati%fy

_(5.8.1) and which are designated (1|’f§1_{13re5pectively.



133

‘The potential at P, within S5 is then

= 1 (I 1 £, ‘
25 4“°‘jv,,—‘§ dv. +4ITE[J;'_SFZ a4 4+ 5

3
P53
L]

R

@ﬁ_ dg
v K&

T (5.8.3)

where R is the distance from the field point p to an element

ofsource.

Thusi the electrocardiographic problem of a distributed
! .
\ . X
cardiac so?rce ln an inhomogeneous body can be replaced by one
in which aﬁ equi?alent source Ive lies in an.uniform conducti-

vity & ; It Las shown in previous;section that the multip-
ole expans%on co-efficients can be determined from the measur~
ment of surface potential. Similarly if the geometry of the
inhomogeneitics and their conductivities are known, then the

multipole expansion of the heart source alone, I_ , can be

v
obtained. In this case the equivalent source Is can.be recog;
nized as
I = Lot 2 5y | (5.8.4)
| / |
where .I%j|is a double layer on the jth surface of

sfrengfh (OE-GZ)53 « The determinatidn of the co-efficient
of multipole'expansion due to the secondary source is possible.
Several investigations have been conducted to .determine the

importance of various inhomogeneitics. The effect of an insu~-

lating sternum and a lung of four times body resistivity for
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two dimensional problem was-investigated and result shows - an

quantitative differences with qualitative similarities.

An investigation of the effect of lung and blood inhomo-
geneitics on the image surface for two dimensional frontal-
plane model was performed with dipole as source at different
heart position. The result shows an significant asymmetri-
cal effects of inhomogeneitics. But the shape of both Dicelec-
tric source distribution and volume conductor deviate so
greatly from the two dimensionality that a gquantitative gene-
ralization is not possible with inhomogeneity taking into con-
sideration. Some studies of the effect of inhomog2neitics, on
lead' vector, utilizing three dimensional torso models show
‘ rela%ively little perturbation. Some additional evidence arises
from the studies where electrophysiological data were used to
compute the potential distribution at the surface of torso
model and the result shows that inhomogeneitics do not enter

in a meaJor way.

The study of the inverse problem 1in electrocardiography
reguirs the inclusion of lung and blood to have physiological

significance.

The inhomégeneities, due to the intraventricular blood
the conductivity of which is five times body conductivity, 1is
the most influential one. The ventricle is considered to be
spherical and surrounded by concentric spherical{heart)muscle

(1)

as shown in fig. 5.8.b., as an i1dealized model

- !,"
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If the intracar&iac blood is assumed to be a perfect conductor,
then itsueffect on a dipole source in the ;usdle wall can be
determined by utilizing image theory(4). Thus, for a radialiy
oriented dipole at the muscle-blood interface the image enhan-
ce the actual dipole, with the resultant being double in stre-
ngth, On the other hand, the tangential dipoles create an ima-
ge 1in the oppoéiste direction such that cancellation occurs.
For a dipole located within the muscle wall its mirror image
lies within the blood region, becuése of this spatial separa-

tion one speak only approximately of enhancement of radial and

reduction of tangential dipole strengths.

The effect of the high conduptivit? blood can be demons-
trated by a lead field approach. %or a ?niform applied field-
into which a spherical ventricularlblood volume is placed, the
resultant flow lines at the boundafy will be approximately
radial as shown in figure (5.8.c.). Now an orthogonal lead
system is designed precisely to set up such a uniform applied
lead field in a homogeneous heart and it 1s seen that the re-
sﬁltant lead vector field is radial. The éffect of intracar-
diac blood is the distortion of lead such that it is sensitive
to radial dipoles only. Speecifically, er a representation of
the heart muscle as a thin concentric séherical layer surroun-
ding the spherical blood, the field can Ae approximated by that fﬁ

which would exist in the absence of the heart muscle, In parti-

cular, a uniform field would exists within blood (Fig. 5.8.€ ).
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Since the normal component of current denéity are continuous
scross a conductive interface, the current density within tlie
mﬁscle at the front and back (i.e. points A, and B in figure)'
is equal to that within the blood mass. Alohg the sides

(C & D) the continuity of the tangential electric field requ-
ires that the ratio of current density in the heart muscle to
that in the blood equals the respective conductivity ratio.
Siﬁce the latter is, roughly, O.4, an enhancement'og*radial
to tangential dipole source of 2.5 results. The'effect is

I
reduced when anisotropy is considered. |

|

If we zssume the combined right and left ventricle to
be represented by a spherical conductor divided in #alf bé a
septum (dotted lines in 5.8.c) then to first order %he direc-
tion of the flow lines within the blood is not effegted by
the septum.Within a thin septum, as shown, the magnitude of
the current density is the same as in the surrounding blood
(continuity of the normal current); consequently, the lead
field in the septum exceeds that in the external tissue by
a factor 3/(1+2a) where a is the ratio of tissue to blood
conductivity. When a = O.4, then a lead vector enhancemenF'
of 1.7 occurs. On the other hand, if the direction of th§'.
applied lead vector field is parallel to the thimn septum,|
then the electric field in the blood and in the septum arf
approximately same (continuity of tangential component); both
are reduced from that in the externmal tissue by a factér of
3/(2+% ) or 0.67 for a = O.4. The ratio of the two is %i .

Thus for the septum also the radial dipole component is
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enhanced and tangential dipoles are attenuated.

Another inhomogeneity of importanece is the muscle layer
just beneath the skin., The conductivity in a direction para-
llel to the surface can be consideréd as isotropic with resi-
stivity 280 ohm-cm, while in the direction normal to the fibe-
rs (and torso surface) the resistivity is 2,300 ohm-cm. This
considefation!was-made by McFee and Rush. In their torso mod-
el, the heart?is surrounded by a 'lung' medium, with a resist-
ivity of 2,00@ ohm-cm, bounded by the aforementioned anisotro-
pic muscle la}er; the heart is imbeded in the lung medium and
of interest i§ the effect of the muscle layer on the lead fie-
1ld strength aé the heart. A planar model of the muscle layer
can be conver%ed intq an eguivalent isotfopic medium by a me-
thod of scaleitransformation €.g. lcm anisotropic muscle lay-
er with resisfivity becomes equivalent to a 3 cm-thick isotro-

pic layer with resistivity of 800 ohm-cm.

In the above model the le?d field for a stratified planar
conducting media is neded. This:}ound by the application of im-
age principle. For;example let us consider the following fig-
ures  5.8.d. _5.8.%, 5.8.f . Figure 5.8.d shows a unit point
current source in a region of resistivity ﬁ which has a planar
interface with a region of resistivityf& . Then, for fields
within region 1, the effect of discontinuity can be accounted

for by assuming all of space at £ and an image source located

at the mirror image point of strength (ﬂr'ﬁ)/%&&PB . This
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condition is illustrated_in figure 5.8.€. For the fields
within region 2, all of the space‘may be considered to have
a resistivityf; provided the actual source is replaced by an
equivalent one at an amplitude Ze/fﬂﬁgn » This conditioﬁ

is illustrated in the figure 5.8.f.
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Chapter 6

n.

_Egperimental Investigation of the Effect of
. Blood Flow Constrainton Electrocardiographic
record with comments and suggesgtion,

In order to invetigate the effect of blood flow constr-
aint in the limbs on ECG record, an experiment was set up
with human as subject. ECG recorﬁ. was taken from the body
surface by placing leads at diffe%ent standard positions.

The electrocardiographic records %o obtained is analyzed and
compared with normal electrocardiggram{

!
!

* .

In the analysis of the electrocardiogram in either no-
rmal condltlon or abnormal condltlon the following features
concerning the ECG record are examlned (1 6). These features

are 3

(1) Rhythm,
(2) Rate.
(%) Pwave.

(4) PR interval,

(5) QRS complex and intervel.

(6)“ﬁ 5T segment.

(7 Twave,
(8) QT duration.

rm el ererme f e AN e e e e § e e = e ——

4
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. . 1
“"Rate of heapt beat as determined from electrocmrdiogram

The rate of heart beat can be determined eaSiiy-from the electroc-
~ardiograms, because the time interval between two successive beats
is the reciprocal of the heart rate. The time interval is calcula-

ted between two successive peaks 6f the QRS complexfamplitude.

PQ or. PR interval:

‘The duration of time between the begining of the P wave to the
begining of QRS wave is the time interval between the begining of
contraction of the atrium and the begining of the contration of

ventriclse,

QRS Complex:

QRS complex wave occurs immediately before the begining contracti-

.on of ventricles,
. N

T-Wave: This wave corrresponds to the repplarization of the ventr-

icles, .

L]

QT-duratioﬁ:- Contraction of ventricles lasts essentially

between the begining of -the Q wave and the end of the T-wave,

This interval of tiﬁq is ‘called the QT interval,
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.Tne linear graph paper, on which ECG is recorded, has'horizon-
" tal axis as tlme axis and the time elapsed between two consecu-—
tive vertical line is 0.04 Sec. The vertical axis represents
the amplitude of the voltage and is calibrated in m.m. The
amplitude of voltage is compared with standard 1mv standard

signal,

The recorded electrocardiogram is shown in Appeﬁdix_ﬂ.

A comparison of electrocardiogram, which was recorded with
restricted blood flow, with that of normal ECG i& made. In
this comparison QRS complex amplitude, heart.beats and QT
interval are chosen as features to be investigated because
these features of electrocardiogram are related with ventricu-
lar polarization and repolarization and these are the dominant

characteristics of -ECG.

The differences between the normal value and the values
obtained for restricted blood flow condition for QRS complex

amplitude, heart beats and QT interval are presented in Table-

(6.1 = 6.3).

For this experiment seven sets of electrocardiogram were
recorded from seven individuals. They are of different age

group as recorded in the set.
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DESCRIPTION GCF TﬁE LzADS USED TO RECORD ELECTROCARDIOGRAM

.
1

In the experiment to record ECG either in normal conditién or in
restricted blood flow condition, we used 12 standardAléads of .~
present ECG recording system. The position of attachment Qf four
iimb electfodes\and six chest electrodes which cénstitute the 12

standaréd ECG system are as follows.

— T e S T ik T T — - . T T PO T . . o o St T e D D — e — o —— —— o i el .t St ftr

Right Left Left  Right Chest Chest Chest Chest Chest Ches
wrist wrist leg leg 1 2 3 4 5 )

e A . ik il — T E T g S S S T A SR S . -y P o S S S T . ol o T S S T oy T S T S . i e S A S T T S . S

:::T‘} Lg_;_ R.A '5;2 L.A

Fig-6. electrode placement and the formation of 12 standard
leads, I,II_'? III, QVR_, V., OWg, VioVy, Yy Ve, Ve Vg
___respectively, - .

From the above figure the electrode placement and their formatio:
of 12 standards lead show that only 10 electrodes are used to

obtain 12 leads.

e — e - —— .



1431

QRS COMPLEX AMPLITUDE IMEASUREMEINTS

In electrocardiogram QRS(complex) wave occurs immediately

before the contraction of ventricle.

Amplitude of QRS comﬁlex is measuréd from the peak of, h

R wave to the peak of S Wiawve. The vertical axis of thé
recorded.ECG représenys voltage amplitude and is calibrated in m,
m,

The.values of the QRS complex amplitude for different persons are

_shown in figures 6.1 - 6.7.

Table -1 showslthp‘diffe;ence of QRS complex amplitude from the

normal value for differrnt persons.
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DISCUSSICON ON THE EfFECT OF BLOOD .FLOW CONSTRAINT (ON RIGHT ARM )
ON QRS COMPLEX AMPLITUDE:

Standard deviation is calculated for the deviation of QRS complex
amplitude from its normal value in ‘i2 standards leads. The standa
rds deviation is highest in lead V5 and is 1.581 and the lowest
value is for lead III. Examination of sfandard deviation so
calculated shows that the deviation is greater for leads near |

' the chest e.g. V5, V2, and V1 respectively.



HEART BREATS MEASUREMENT

The rate of heart beat'is calculated from the recorded
electrocardiograms. The time interval between two successive
beats is the reciprocal of the heartv rate. The time interval

is calculated between two successive peaks of the‘QRS complex.

The heart beats cazlculated for different persons is

shown in Figs.(6.8 - 6.14).

Table 6.2 shows the difference of heart beats from its
normal value for different persons. This deviation of heart

beats are ca2lculated for 12 different leads.
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Discussion on the effect of blcod flow constraint (in righf

arm)} on heart beats.

standard deviation is calculated fro the deviation of heart
heart beats from its normal value. Standard deviation calculated
is seen to be highest in lead V3 ghere the'value‘is (SD = 11.05).
In lead V5 the value of the standard deviatiop is geen to be
9.27. Here it is seen that the verization of heart beats is of
high value in the Chest leads. The variation of heart beat is

high in comparison with QRS complex amplitude variation.
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QT interval Measurement

QT interval corresponds to the time of begining
of the Q-wave to the end of the T wave. This is the
total time required for ventrieular depolarization and

repolarization. It is measured is seconds.

QT interval calculated for different persons is

shown in Fig(6.15 - . 6:21.)

Table 6.3 shows the difference of QT interval from

the normal valué,for different persons.
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DISCUSSION ON_THE EFFECT OF BI.OOD FLOW CONSTRAINT ON QT INTERVAL

Standard deviation is calculated for the deviation of
QT interval from the normal value. From the table it is geen
that the deviation of QT interval from its normal value ig
zero in lead V6 for 411 persons, In other leads the variatin
is small in comparison with the variatioﬁ 0f QRS complex
amplitude and hea t beats. Here lead V1 shows the highest

value of the standard deviation (8D = 0.209),




From the discussion nf the éxpérimental results it is
seen that the change in values of QRS complex amplitude, hea-
ft beat and QT duration at constraint flow of blood in the
right arm from their normal is well reflected in precordial

leads than any other leads used for recording iof ECG.

Comments and Suggestion:

If the wave %hapes of the electrocardiogram fqr the above
said conditions are examined, it is seen that in some cases the
line traced on theEelectrocardigram recorded with blood flow
constraint is not ;s smooth as ‘on the electrobardiogram‘in nor-
mal case for a person recorded in the same lé%d.. The reason
for this somewhat Favy iine in electrocardiogram for restricted
blood flow in arm @ay be due to some difficulty (excess load 7)
in the pumping—fun;tion‘of the heart., A reliable conclusion
about the pumping load on the heart can be made with precision
if the number of persons examined is increased. Similar is the
case with QRS complex amplitude heart beats and QT interval be-
cause reliability of such comment lies on the volume of data
obtained for different éersons is differenf pathologic conditi-
on. Further detailed w&rk on this aspect may produce useful

information regarding d#sirable pumping effectiveness of the

heart.
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Chapter 7/

{7.1) " Discussion and Recommendation

Discussion:

A goal of electrocardiography is the solution of what
has become known as the inverse problem ie the determination
of the electrical activity of the myocardium from potential
measurement on the body surface. Unfortunately, theoretical
considerations indicates that this inverse problem can not be
solved uniguely . However, solution of the forward problem
can provide information about the inverse problem. The forward
problem is defined as the situation in which the electrical ac-
tivity of the myocardium as well ‘as shape of the other charact-
eristics of the body are known and it is desired to calculate
the potentials at the body surface. Because of the complex rna-
tures of both electrical activity of the myocardium and the
actual -human body shape, various simplified models representing
these guantities are employed in the study of forward and inver-

se problem.

Even if it were possible to ascertéin the electrical cond-
ition of each myocardial cell from the surface potential measur-
ements, the amount of data would be over whelming and, for clin-
nical purpose, certainly, be unwieldy. So, a finite number of
parameters, that represents the electrical condition of heart

is required. A first step in this regard is that the net dipole

activity at finite number of regions which subdivide the heart
may be specified, But this dipole representation is crude and

has great number of short comings.,.
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An eléctrocardiographic model can be formulated which
assumes the primary sources to be located in an inhomogeneous
medium, or the combined primary and secondary sources in a
homogeneous mediume. It is feasible in forward problem. How-
ever, in the inverse problem, as it is based on external me- .
asurements, it _will be difficult to distinguish the two. In -..
particular, this seems true when éonsidering the effect of
intracardiac blood, which depends critically on geometry that
can only be guessed at. Because of this difficulty, the equ-
ivalent cardiac generator is normally defined with respect to

a homogeneous volume conductor.

|
Measurements of the surfaceTpoten%ial do not contain su;
fficient information to permit a Aetermination of the distrib-
uted electrical sources in the heart., . .When the myocardial so=-
urce is describalile as a uniform double layer, it is difficult
to determine its shape from potenﬁial measurements over the su-
rface. Because the potential field produced by the double layer
depends only on the solid angle subtendgd by the field point,
thus measurements can determine only thé solid angle and not the
shape. That means surface measurements|record integrated effec~-

ts produced by the source and that therf are basic difficulties

in resolving the summation into its components.

It 1s seen that the intensity of field falls off with the

distance from the source. It provides a limitation in the

- .
o
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" ons, DBut the experiments, conducted by Plonsey
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»

determination of nature of two sources. Because of in-evita-
ble noise, signals that might be of importance in resolving
two different distribution could lie below the noise level.
Thus two sources may look alike from practical stand point,
given the ambiguity inlmeausrement. Multipole theory gives
some iﬁsigﬁt into this question because it shows that higher
order source components involﬁe higher inverse pdwers of r

and hence will, in general, have decreasing contributions to

the total surface potential. As the order of multipole incre-

~ases, the difficulty in detecting its contribution, in gener-

al, also increases, So there is also limitations on the*Equ-

i ivalent cardiac Generators’ represented by multipole expansi-

, Heppner and
others, show that the inclusion of quadrupole and octopole com-
ponent as an addition to:dipole model provides a close resembled

ECG record with actual ECG of beating heart.

The"multiple dipole distribution" as a heart model is a
useful choice amongskt the category. Such model permits direct.
physiological interpretations;e.g. ; the absence of excitation
of a dipole could be interpreted as an infraction in that region.
It is hoped that the lack of uniqueness can be reduced or elimi-
nated by adding known physiological constraints. Untill these
questions of urmiqueness are resolved, a conservative apbroach
is to choose an equivalent heart model that is uniguely defined
by surface potentials as a fundamental property. Such a model is

the spherical harmonic multipole model.
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In addition to the fixed-dipole, multipole and multiple_
~dipole cardiac representatioﬁs, ofhéf formulations have been
proposéd(B). One is the moving dipole; in this model, the dipo-
le locatioﬁ is permitted to shift so that some reflection of the
activation region may occur. The criterion for origin location
would be to achieve the best fit to the measured data. This
model has the disadvantage related to the uniqueness problem,
namely that no unique physical interpretation of the siénifican—
ce of the shifting origin can be given theoretically. Qn the
other hand, one could view this model as increasing the %eart
vector from three to six dimensions, there by providing deiti—
onal possibilities in the specification of heart conditiPn. i

‘ o

. , |

From the above discussion it is seen that the theo?eticgl
analysis of electrical activity of the heart.does not plhy a
dominant role in advancing clinicallEOG because the valué of
clinical ECG notv only depends on ECG data but also on théir

corelation with pathologic conditions(qo)

« The recordings of
the magnetic field created by cardiac current known as Magneto-
cardiogram are now a days . investigated in a number of labor-

atories to supplement the additional information about the con-

dition of heart but this depends Upore.. the accuracy and sensit-

1vity of the instrument used to record MCG.

So far as measurement is concerned, MCG is subjected to
less limitations than ECG as; MCG measurement is more localized
(above the region of chest) ; MCG is independent of the bounda-

ry between human body and sensor electrode; and theTre is no

4
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of contact impedance in MCG. There is a good

potentiality of its use for clinical diagonosis.

(7.2)

Recommendation:

The aim of the research work related with the ma-

thematiéal development of electrocardiography is to know

the conditior of heart during activation. The determin-

ation of the condition of conductive system of heart as

’

hezrt| mascl

0

cell depends not only on the poten-

tial obtained&frdm the body surface but also on patholo-

-gic .condition. There is a scope fqr investigation on

i ) )
" the efféect of external electric field on heart's electr-
1

ical activity and heart muscle itself.,  The effect of

external electric field on.the propagation of action po-

'in the cardiac muscle and their response: to such

external field mey be invastigated. Mathematiczl invest-

so far available considered cardiac source as

dipole and multipole. In actuel, cardiac potential socur-

. . ol : = . .
ce 1s dlstrlopted 2ll throughout. 50 a continuous distr-

ibuticn

|
ol popgentizal source within heart with certain

time lag will| give much more accurate mathematical mode-

1ling.
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