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ABSTRACT

The dissertation describes the design and
applicaﬁion of the vectorcardiogram — which is the
mani festation of the electrical activity of the heart
in the horizéntal; sagittal and‘transverse planes of

the body.

In the introduction the aipole concept to

describe the electrical activity of the heartvhas been
introduced. Some general definitions are also given

in the same chapter, Chapter 2 contains a description
of the various vectorcardiographic lead systems. A '
short review of the uﬁcorrected systems used eariief is
giveﬁ 2long with a comparison between the vectorcardio.
graphic loops obtained using various lead systems.
Design of the system to pick up the electrical signal
from the body and to process it is contained in
chap ter—3, Chapter—4 deals with the application of the
vectorcardiograph, The use of the derived vectorcardio-
gram to solve the “invérsé problem" is discussed in
detail. A review of some mathematical models of the
heart, as a generator, propocsed previously has been
done and a new model assuming the body to be a homoge-
neous, spherical conductor, has been proposed, Appendix
'A' deals with the mathematical analysis of 3 op-amp
differential amplifier, Appendix 'B! with the derivation

of surface potential due to the heart dipole and



Appendix 'C' with Ladigner's and Abildskov and
Wilkinson's two reference frames_ used to derive
the scalar ECGs of the limb and precordial leads

from the frontal and transverse plane vectorcardiograms,



AV

Appendix 'C' with Larngner's and Abildskov and
Wilkinson's two reference frames._ used to derive
the scalar ECGs of the limb and precordial leads

from the frontal and transverse plane vectorcardiograms,
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CHAPTER = 1

I N TRODUCTION

fEN @ms o eI exh Ot G e en meR W AnN

The heart is the most vitalkorgan of the human body.
This is amply/borne out by the fact that it is the first ma jor
organ to develop in the embryo. Tt works basically as a d§ub1¢
pump, providirg the force needed to circulate the blood‘through
the pulmonary circulation in the lungs and syétemio circulation
in the rest of the body. The blood in a normal individual

circulates through one system before being pumped by the other

section of the heart.

Elaboratlng slightly on themechanical pumping actlon
‘of the heart - it has four chambers, the two upper chambers,
the left and right atria - are synchraised to contract simul~
taneously, as are the two lower chambérs, the left and right
verticles. The right atrium receives venous blood from the body
and pumps it to the right vengicle. This ventlclc pumps the
blood through the lungs, where it is oxygenated. The blood then
flows into éhe left atriume. The’confraction of the left atrium
moves the blood to the 1eft\verticle which contracts and
pumps it into the general circulation; theblood_passes throughvl

the capillaries into the venous system and returns it to the

right atrium.
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1.1 .Blectrical activity of Heart -

hThis smodthgrhythmic3eontraetion of\the atria and- -
verticles has ah'underlyiné eleCtrical preeurser in tha‘
form of a well coordinated geries: of electrlcal events that
take place within the heart.‘ That this set of eleetrical
events ;s intrxnsig to the heart itselff it is interegtingl
to note, is well'demonstrataa when the heart is removed
from the‘body and placed%in a nutrient medium»(efg. glucoseé
Ringer Solution). The heart'eontinues to beat rhythmicaliy _:
for many hours. The caordinated contraEtion of the atria
and vertlcles is set up by a spec1f1c pattern of elettrical
.' actlvatzon in the mu scul ature of these structures. Moreover,
~the electrlcal actlvation patterns in the walls of the
atrla and ventlcles are 1n1tiated by a coordlnated series
of events in the “speclallzed conductlon system™ of the
heart., 1In relatlon to the heart as a whole, the spec1allzed
conduction system is very small, It constltutes only a
minute portion of the to.tal mass of the heart . The'..wall “
of the lefk venrtficle,ig’ 2.5 to 3.0 timee as'thick as the
wall of the right verticle, whiié the intravehtricuiar
’septum is nearly as thick as,the le ft ventricular wall.
The major portidnfof’the'musele mass of the ventricle
vcensiste of the freefwail,of the'right and left‘ﬁehtricles
_and the septum.r‘cbnéidéring the heart as a bibelectric
source, the strength of 'thlS source ‘can be expected to be
dlrcctly related to the mass of the active muscle (i.e. the

h
the number of walls and55eptum of the vent}cles
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Therefore the atria and the free walls and septum of the
n
VentIClLS ecan be considered the major contrlbutors to

external potential flelds from the heart. ,'

' The heart is comprised of several different types
’of tissue- Sino atrial and Atrioventricular nodal tissuez
atrlal, Purkinje and ventricular tissue. All three cells -
are electrlca‘_lly_,exciteble; with each type.of. 'E:eli |

exhibitingfits.OWn characteristic'action potcntiel.

The rhythmic cardiac impulsc orlglnates in pacemaklng
'cells in the sinoatrlel node, located at the junction of
_superior vena cava and right atriume ‘This 51gnal,in1tietes"
the.depo;arisation of the'nerves'and miscles of both atria,
~ causing tﬁetatriaAto contrect-énd pump biood into the
,‘venzc,{:a'.cle-s. | Réﬁolerization of atria follovts;. The impulse
theﬁ passes into the atrioventricular node where it is
.delaYed before paesing‘intouthe bundle of His,~the right
‘bundle branch, Purkinje network and other conductlng masses,
causing the ventrlcles to contract and force blood 1nto

the pulmonary,and,general c1rculat10ns; The ventrlcle
ﬁérvee and musclee then rebolarize’ahd;the sequence-#egins

again.

1.2 4The.Eﬁpole Cbncept—

In the previous paragraphs the sequence of events
'lnvolved in electrlcal actlvatlon of the ventrlcleshes been

>dealt with. This actlvation sequence leads to ‘the



production of closed line action currents that flow in

the thoracic wolume conductar  (which is considered to be

a purely passive medium containing'no electrical sources
Vor sihks). The heart ié viewed as anlelectrical equivalent
generator. Aa cbmmog assumption is that, at each insﬁant

of time.in the sequence of ventricular activation,; the
electriéai activity of the heart can be represented by a
net equivalent cgrrent-dipole located at a point that is
known as the "electrical centre" of the heart. This centre
is asSumed to lie withih the anatomical boundaries of the
heart. Of course, several regions of both ventricles may
be simulbaneously active.' In fhié case the electrical
activity of each region at any instant of time could be
thought of as being represented by a current dipole-and

a net dipolar contribution from all active areas determined .
at the electrical centré;_ The thoracic medium can be
considered as the resistive load of this equivalent
cardiac generator. There is also attneuation of the field
with increasing distance from the source. Following this
it can bhem said that the electrical poéentiél that we
measure on the body's surface is merely the instantanéous
projection of the electric dipole vector in a particular
directicn. As the vector changes with time, so does the
projected potential. Figure 1.3 éhows an electric dipole
vector along with the three eléctrocardiographic body .

planes.
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‘The modern concept of the equivalent cardiac dipole
and its special expression in theé vectdrcardiogram has been
- evolved over a numbexr of vearg: Einthovén, Falrr and de
Waart (1) indiéatedidiagrammatically by an a:rownthe
manifest orientation of the electricsl activity of the
heart,' They calculatéd the magﬁitude and orientation of
the arrqﬁ by projection frbm reference lines representing
an idealigzed spatiél relationship betWeén limb electrodes.
These reference line came to be known as the "lead axes"
and the arrow repi‘e‘senting manifest ventricular depolarizati-—-
on became known as the 'QRS~axist. Latér Burger and Van
Milhan (1) defined the source of electrical activity in the-
heart as the ‘'heart vector! and defined the characteé?ics
relating the électrical souice to a gpecific surfnce electrode
or electrode set as the "lead vector®. These tWwo vectors,
if known,'shoula permit prédicting the surface potential

of that lead from thelr scalar product.

. McFee and Johnston (1) extended the lead vector
concept'tb include variationlfrom site to site in the heart
region. Thus, in a'leadfieldf, the flkow lines of the
field in the region of the myocardium indicate the
orientation of the local lgad vector at each site, all
elements of the myocafdium firing at a given instant were
considered as local dipeole soﬁrces;ltheir véctor sum should
pregent the mean instantaneous heart vector. It became

3 .
. ob¥ous  that if this sum were the heart vector whose effect
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is faithfullynrepértea as‘é volfage in the surface electro-
-cardiographié leaas, theﬁ £he leadfield must flow with

? uniform direction_and inténsity throughout the whole region
of active myocardium. Put simply, all.of”the local lead
Qectors should be‘equal for all sites or clements of

myocardium to be reported correctly.

Two major féctors-prevent this simple state from
being attained: fifst, the human body is a volume conductor
with an lrregular boundary and secondly, the conductivity
of the body is not homogeheous. Both factors prevent
flow lines betwéen any two such electrodes from following
'straight, evenly speced paths through the heart. The
irregularity of body contour may be compenséted for in
part by intrcducing weighting resistances behind each of the
component electrodes, but the effect of inhomogeneity is
so difficult to define and to comnteract that it is usually

ignored, at least in vectorcardiography.

1.3 some pefinitions -

fhree instanteneous ‘source!. vectors, each with a
slightly different meaning and cperational utility may now.

be defined as follows -~

The 'heart vector'! — The vector whose moment is #®hae
resultant (véctor sum) of the individual dipoles represen-—
ting all the elements of the instantaneous wave of

myocardial activation. an 'element' may be considered
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an area of electromotive surface. Operationally, an
elehent should be small éncugh to yield a éurface voltage
distribution which can be '_-complétely" réproduced by a
single equivalent dipoie.. The locus of the heart vector
is the centroid of the actfi vation surface i.e. 1f the
surface is composed of clements of équal area, the locus

1s at the vectorial mean of the centre of the elements.

The fequivalent dipole'~ fhe single vector whieh best
reproduces the surface voltage distribution i.e. which
yields a surface'voltage di stribution with least departure

or errcr from the original wvalues.

The 'VCG vector' -~ the vector whose moment is
detemined by simultaneous voltage values in three suwfaez

vector leads, This vector moment is conventially

/
constructed electronically and represented as an image on
an oscilloscope face or plotted on an X -~ Y recorder. The

locus remains fixed and is usually assumed to be at the

centrdid of the heart.

1.4 The Normal Vectorcardiogram -

The vectorcardiogram is recorded in the transverse

(horizontal), sagittal and frontal planes of the body.

The B point is the zero point on the vectorcardiogram.
The X, Y and 2 axes as well as the three planes of the

body intersect at the E point.
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s
The letter E stands for the equivalent cardiac

© dipcle. The symbol g' is usea to represéent E as a
vector quantity and‘é% as a spatial vector quantity, Ihe' 
P loop is the loop of atrial depolarization, the QRS lo&p'
the loop of Ventricuiar depolarization:; and the T loop.

" the loop of ventricular repolarization.

B = /S Rré g 2 2
Py /Eéc +EY + B

where EXU!EY and E_ are the magnltudes Qf the

Projection of the spatial wvector on the X, Y and 2z leads.

l.4.1- Transverse Plane ~

The, QRS loop in the transverse plane is.ﬁsually
oval in shape. Inscription of the loop is in§ariably counter
clockwise, The initial ferces are direéted antericrly
and usually rightward; The 20 m-sec. vechbr is always
directed anteribrly; The main body of the loop is located
posteriorly. The avepage.max. ODRS vector 1s. at 327° ana
its magnitude is usuaily less than 2.2 mV. The terminal
deflection is directed posteriorly. However, less than
20 percent of thé loop area is located in the right

posﬁerior'quadrgntg )

l.4.2—- Left Saﬁittal Plane -

The QRS loop in the LSP is usually bval shapcd,
'Inscription of the loop is invariably counterclockwise.

The initisl forces are directed anteriorly and usually



S
superiorly, but sometimes inferiorly. The 25 m~seé. vector
S : . , .
is alwayk directed inferlorly. The main body of the ldop
is located inferiorly, The average maximum QRS vector is

at 48° and its magnitude is usually leés than 1.8 mV.

- 1.4.3 .Frontal Plane -

The QRS loop in the frontal pléne tends to be long
and narrow, Inscription of thge loop is clockwise in |
65 percent of~cases,"figureé of eight in 25 percent and .
counterclockwi se in 10'peréén£.. As a general ruleg, |
horizontal loops rotate counterclockwise aﬁd vertida;
loops clockwise., Tﬁe cbuntérclockwise inscription of a
.vertical loop is rare but clockwise inSCriptidn of a
hbrizontal_loﬁp sometimes occurs., The initial forces-are
usually directed rightward and.superiorly, but the
“findiﬁgs are veriable, The avérage max QRS vecfor'is
at 41°, and its magnitﬁde_is léss\than 2 mV. The direction

‘of the temminal forces is veriable.
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vertical lead by the letter Y¥i and the sagittal,

by the_leﬁter Zo

2.2 Uncorrected Lead Systems -

Before the‘corrected,orthogonal lead systems were
developed, the uncorrected lead systems were in use. Hence -
they'are.historicélly alder and are so called because tﬁe
éleqtrode”placéments were dgterminéd by convenience,Af

tradition, or the assumption that apparent fight»angle
~relationships between three lead axes on the surface would
préduce orthogonal'reporting of the héart vector or
equivalent dipolé.. No correction for boundary or lead
field éhape went into the design., On the basis of
consideiﬁable clinical experience with vectbrcardiography,
' 2)

\ - (
Sulzer and I:uehosalA

Although both gave sifpilar loops, they. preferred systém

advocated two electrode schemes,

shown in fig,(2.3fb) which became known as the double cube

system.

Wwilson et al (3), after studying potential
-di stribution Of:an electrically driven dipole placed in
a cadaver heart, introduced the'equilateral'tetrahedfal
' refdrence frame (ﬁig. 2:2). with this system, limb
electrodes and the central terminal (formed by joining the
three limb electroaes through equal resistances) were
used to.obtain the frontal plane projection. The relative

voltages appearing between the variqus el ectrode pairs



.
superiorly, but sometimes inferiorly. The 25 m—sed. vector
is alwaylk directed inferilorly. The main body of the loop

is located inferiorly., The average maximum QRS vector 1s

-at 48° and its magnitude is usually leés than 1.8 mV.

y 1.4(3 _Frontal Plane -~

The QRS loop in the frontal pléne tends to be long
and narrow. Inscription of the loop is clockwise . in |
65 percent of‘cases,ufigureé of eight in 25 percent and .
counterclockwise in 10'peréén£., As a general rule, |
horizontal loops'rotaté counterclockwise aﬁd vertiéal
loops clockwise. Tﬁe cbuntérclockwise inscription of a
'vertical loop is rare but'clockwise insériptidn of a
hbrizontal,lo?p sometimes occurs. The initial forces are
usually directed rightward and.superiorly, but the
”find%ﬁgsvare variable, The avérage max QRS vecforlis
at 41°, and its magnitﬁde.is less than 2 mVv. ' The direction

of the temminal forces is vari able.
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superiorly, but sometimes inferiorly. The 25 m—seé. vector
s -

is alwayk directed inferiorly. The main body of the loop

is located inferiorly. The average maximum QRS vector 1s

at 48° and its magnitude is usually less then 1.8 mV.

- 1.4.3  Frontal Plahe -

The QRS loop in the frontal pléne tends to be long
.and‘narrow.j Inscription of the loop is clockwise in A
65 percent oftcases,.figdres of eight in 25 percent and .
counterclockwi se in 10‘per¢én£., As a general rule, |
horizontal~loops'rotaté counterclockwise aﬁd vertiéal
loops clockwise. Tﬁe counterclockwi se inscription of a
Avertical loop is rare but clockwise inscription of a
horizontal lon sometimes occurs. The initial forces-are
usually directed rightward and.superiorly, but the
_,findiﬁgs_are variable. The avérage max QRS Vecfor’is
at 41°, and-its magnitﬁde_is less than 2 mV. ' The-direction

of the termminal forces is variable.
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superiorly, but sometimes inferiorly. The 25 m—seé. vector
s .

is alwayk directed inferilorly. The main body of the loop

is located inferiorly., The average maximum QRS vector is

at 48° and its magnitude is usually leés than 1.8 mvV,

y l1.4.3 _Frontal Plane -~

The QRS loop in the frontal pléne tends to be long
and narrow. Inscription of the loop is clockwise in |
65 percent of cases, figures of eight in 25 percent and .
counterclockwise in 10 percent, As a genheral rule, |
horizontal loops rotate counterclockwise aﬁd vertiéal
loops clockwise. Tﬁe counterclockwise inscription of a
Avertical loop is rare but clockwise inscription of a
hbrizontal_loqp sometimes occurs. The initial forces are
usually directed rightward and.superiorly, but the
“findiﬁgs_are veriable, The avérage max QRS veeﬁor,is
at 41°, and'its magnitﬁde.is less than 2 mv. The-direction

of the terminal forces is veri sble.



CHAPTER - II

" VECTORCARDIOGRAPHIC LEAD SYSTEMS

2,1 Introduction -

hr The poténtials of the'heart need to be tapped in
.thaﬁ;ianes - frontal, trahsverse and sagittal to obtain a
vectorcafdiographi¢'recording. for;this a system of leads
has to be developed in the three planes of the body. an
Aideal lead system for eléétrocardiography and vectorcardic-

graphy would consiét of: three leads with the following

characgeristicsi-

(1) The leads would be perpendicular to each other and

to the horizontal, vertical and sagittal axes of

the body.

(2) -The amplitude of the three lead vectors should
be equal-

(3) These leads would have the same strength and

di rection ., not only for a single pq_int within the
heart, but for all points in the heért where |
electromotive forces are generatéd. such leads
are cé;led corrected orthogonal leads. On
theoretical grounds, such leads éhould'contain

all the infommation contained in the usual 12-
lead electrocardiogfam. .By convention, the

horizontal lead is designated by the letter X; the
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were in neerly ell inetent theee piedieted)from thewgeometnfl
. of fhe torsc. ‘Wiﬁﬁ:euch evidende the'tetrehedral eystem |
gained?conside;éble support. Grishman et al, (3),'after"
obtaining'clinical recbrds with the Wilson tetrahedral and
'the Duchosal reference frames, were led to deveIOp the ‘cubic
arrangement (flg. 2 3), “Ihe‘Nb. 1 e;ectrode was placed:near
- the rlght posterlor.exllléry line at the}Leﬁel 6fhthe'first
andAsecond~lumbar'verebree, No, 2 in tﬁe left poétefior
ax1llary llne, no. 3 over the right aaterior ax1llary llne,
and no. 4 over the 1eft scapula With thlS arnangement the
authors clalmed that the heart was as equdlStant from
the electrodes as the thorex allowed.and that the electrddes
were easity located anatomically. |

3 2.3 . | : Corrected Lead>systems -

| Althoughea1¥ these reference ffameeaprovided
reasOnabie VCGs the QRS and T - loops derived'ffominormal'
-SubJeCtS exhlblted a remarkably w1de range of magnltudes
and orlentatlons even. when the same vectorcardlographlc
reference. frame was used - In addltlon the data obtalned
with dlfferent reference fremes were not ea31ly

I3

comparable,

‘Hence after’ thls attempto were made by Schmitt
and Slmonson (3) and Prenk (3) to 1dent1fy the variables by
: means of 1nvestygatlons ;n Whlch electrlcally drlven dlpoles;
wene’implantedrinto eiectrolyte”filieduhuman_toféo models,‘

"and the resulting body surface potential'distributions‘were
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studied, From their studies, both investigators developed
-orthdgonal leéd systems.fbr spatial vectcrcagdiqgraphy,

' Both these syétems are used clinically.

In_Scﬁmitt‘s system (£ig.2 .4) fQurteén activev

~ electrodes are employe d. - Ihe'voltage wﬁich’represents~the
‘X' component of the cardiac Qecto} is dérivéd from'thé

. right and left érﬁ electrodes, along with components derived
from chest and back eleétrodes,plaCGd atrthe level of the
fifthAiﬂtercostal spacé.' The 'Y' component is obtained

from the head and left leg electrodes,. and the ‘2t cémponenf-
__from eiéhf’electrodes‘ldcated on the chest and back atAthe.

third and sixth interspdce.

3

Seven acti&e electrodes aré used with Frank'é
system (£ig.2.5). The 'X' component is derived from an
. array of eledtrodeS'that'surround thé héd;t approximately
‘at the level of the_fifth‘interspace.(,Thé 'Y' component is
derived from neck and left leg electrodes, and the 'z!
,.¢Qmpbnent fromjthe voltage appearing’between‘anvarray of .
three eléétrodes‘on fhe-anteribr of tﬁe'chest and one
'electtode in'the back and one on the midaxillary line. To
provide'a'more'adcurate location of the level fo: the chest .
‘and ba;:k electmdeéﬂ F;:ank developed a three electrode

exploring tool and gave instructions for its use.

There is also the axial system of Mcfee and
Parangao (lj‘consisting of nine electrodeé and appropriate

resistances, They developed this system by adopting the
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.aﬁproach tﬁaf if the eléctrodes at a given lead ‘bracketed’
‘both ends of the heart region ahd_were.app:Opriately spaced,
’the field lines between the bracketing sets would approach
eéual Spacing and parallel orientation in the heart region,
Closer the relevant surfaces of,the particular lead to the
heart, mére is the‘need for weighting and separation of*
électrodes, thus, the head and foot electrodes were left
aioheﬂon the aééumptibn-that the greater distance increased
the likelihood of parallelism and uniform density in the

heart region,

Several systems with greater refinement of the
corrective principle should be mentioned, Rijlant (1) !
applied 72 electrodesland a complex resistive network '
presumably to obtain the effect of a surfaée integration,
Nelson et al.(l) employed three encircling Eelts Qf'eight
eleétrodeieach to obtain for each éoordinéte axis a surface
summation. Helm introduced large saline soaked éponges‘
applieq to the chest which cobtain either surface summation
or mniform lead fields - depending on one's point of view®,
Fischmann, Barber and Weiss (1) similarly presented the
chest with arrays of many electrodes precise in grid
formations. for each lead. The e@ual spacing of the elements
of the grig pérmitted edch electrode to apply to an‘element
of surface whose projectidn in the direction of lead equaled
the others. This.correctei for torso curvature and these
again ‘straighténéd} out the lead fields, While some of

these Systems appear simpler to apply than the rest none
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have recei?ed'gEneral élinical acceptance despite the
apparent increase in precision each offers over the tbasic® -
corrected systems.
2.4 Comparision between loops of dipole moment

and loops of various vectorcardiographic
systems - A . :

There have been several comparisons of the data
obtained With the various vectorcardiogfaphic referenqe
frames., In considering the merits of one reference frame
over anothei} it is useful to’;émember that most of the
carefully examihed‘reference framés were derived from
human torso models in which electrically driven dipoles
were implanted.: Although this is a good starting point,
the situation in the actual human subjeét is quite different.
th‘only dd human torsos dome,in a wide range of shapes
and sizes, but also fhe tissues between the heart and body
surface electrodes have quite different electrical
properties. BEven within a single tissue the resistivity
is not the same in all directions. Therefore there still
remains the need to conduct more cadaver experiments to
evaluaté'the magnitude cf the distortions produbed by the

intrathoracie contents.

With such a variety of reference frames and
the laék of clear cut clinical evidence to indicate the
supericrity of one reference system QQer another to identify
specific myocardial diseases, it is difficult to set forth

criteria which would lead to the adoption of a single method.
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To make a'eomparison between the vectorcardiographic iOOpS
- obtained ‘from different reference frames a comparison is
made of each VCG loob with the ﬁequivalent dipole:mbment";
It is possible to ebtsin a relatively good appro#imation of
.the equivalent dipole (assumingea homogeneous.volume |
-conductor) by surface sgmmation of the data used.in body
surface potential mSpping, provided the precision of
recording technique is sufficiently good and the spatial
Ageometry of the recerding sites and ﬁhoracic surface are‘
also known. Since veetercardiographicA5ystems are also‘
foibed‘to make tﬁé assumption of homogeneity, a eomparison
between loops of equivaleht dipole moment and of Qector—
.cardiographic loops is revealing. Figure (2.6) indicates
the comparlson between equivalent leOle moment and three_
‘seleceei systems (Cube, Frank and Amlal (fig.2.7) ) in a

healthy normal Subgeet.

.Tv\b aSpeC-tS are examined when this COnbarison
is made; frrstly, how faithfully does each vectorcardiographic
gsystem report the_equivalent dipole and secondly, how much
contamination with‘non dipolar cémposent does each system
permit.vahe relatively good dipolar reporting by Frank
~and aXiel Systems are reasonably prediceted, but the
discrepancies in the cube record could arise £rom su?réssion
of dipoler signal, from‘sensitivity to non—dipolar signal
or from both factors. . Sortiné out the roles of fidelity

and contamination in vectorcardiographic reporting may be

]
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approadhed by (a)_finding the surface disﬁribﬁtioh of the
vequiVaieﬁf dipble, (o) finding the surface distribution ofv
the non dipolar residual by subtfaetion of the potential
attributable to dipcle from that.actualiy recorded at each
.surfece site, and (<) examining the vectorcerdiogpaphicl
report of'all three potential sets; the actual, dipolar
and the non dipolar residual. Figures 2.8 and 2.9 illustrate
in different ways‘the effect of non dipolar contamination |
in the usually recorded VCG's, In Fig. 2.9 the loop of
dipole moment is conpared with the VCG's resultlng when
only the dlpolar component’of the‘electrQCdrdlographlc
signai was permitted to be "picked uwp" by the eystem
'elect:odes. We noticed that the cube VCG is much more like
the loop cf dlpole moment when non-dlpolzr contamlnatlon
is excluded Ihe magnltude of the non—dlpolar signal
vaulred by the three systems is shown in flgure 2.9,

The asymmetry of the human torso permits far more
‘dlscrepancy in the actually recorded. cube.' At-present;

it is very difficult to perdict the superiority of one
reference over another. Quantitative appraisal of all
systems, under the.prevailing conditions, is very difficult. -
But there may be some sort of "pattern recognition" atvwork
and one or more systems'may‘be pafticularly hel@ful in
dramatizing or emphasizing c¢linically significant patterns.
While objectivity has prevailed in the compariscn of the

physicalicharacteristics_of many lead systeﬁs, the
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inclination of the vectorcardiographer towards a
particular system and familiarity with it, has'prevented~
any large scale "objective" comparison of clinical

usefulness of the various systems.
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CHAPTER — III

DESIGN OF VECTORCARDICGRAPH

_3& Introduction :

A vecfbrcaidiograph shows a three dimensional or
at least a two dimensional picture of the orientaticn and
mAQnitude of the cardiac vector throughout the cardiac cycie.
It is.aifficult for practical maéﬁines to display the .
vectorcardiograph in three dimensions, but'it is relatively
simpie to display it in two dimensions or in othér words,

in a particular plané of the body.

Aslalreadyidescribed in the_previbus chap ter,
special lead systems have been developed that can provide
the 'X' 'Y' and '7' components of the BCG. Any two of these
can be fed into the 'X' and 'Yf déflection'cixcuits'of é
cathodeliay oscilloscope or an X ~ Y recorder., In each
heart beat a vector loop representing the'locus of the tip
of the cardiac vector with its tail g -at the origin is
then traced'on the oscilloscope screen, .But this type'of
diSplaf does not give.any informatiqn on how the
veétrocardioéréph signals are changing with respect to time.
- The scalar BCG is best able to pr§vide this information,
bﬁt it is ofuintérest to see the time course of the vector
loop as well, For this reason, thé“z (intensi ty) axistdf
the oscilloscope is modulated by a ramp genérator driven by

a precision clock. The ramp signals produced for every
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clock pulse givé a segment of tﬁe vector iooputhét
éorreéponds'to the duration of the'ramp."Ihe viewer can
tell the direction.of the vector loop, as well as its time‘
course, since the ramp causes one end'of the segmenf to be
at low ihtensity Qﬁiie the other is at high intensity-—
Figures 3.1 shows the block.digram of the VCG, Often
triggering circuits are included in the véctorcardiqgraph;
so that only one cardiac cyele is displayed, thereby
avoiding overlap, With the.type of vectorcardiograph
discribed .the VCG is displayea on the Qathdde ray tube
SCreen. 1f wé wish to get a permanént record of the VCG,

we must take é photograph of the pattern.

3.2 Electrodes —

\Erom the foregoing discussion it is evident that
ﬁﬁe primar§ réqui;enént of the vectorcérdiOgraph>is to pick
-ﬁp the biﬁLsignal froem the human body and this is done by

" the help &f electrodés. The electrodes éerve as an
interface between the body and the amplifying circuitry.
When a measurement of thelpofential is made,'cu:rent'flowst
in_the circhit._ Ideally this current should be very small.
However in practi®al situations, it is never zero. The
electrodes must therefore haﬁe the éapability“of conducting
a current across the interface bétween the body and the

electronic circuitry. In addition, the electrodes also.

carry out a transducing function, becuase current is carried



21

in the body by Qions,_whilg'it is carried in the glectrédé%,
and itsflead wire by electrons, ihus,.the’electrode must

- serve as a transducer to change én ionic current into an
electnonic'current.,fThis éhange is brought about by a '_
‘chemical reaction. |

s

If ordihary‘metals are used for electrodes,
_polarisation results from this chemical reaction as follows :—
40H= 2 _Hz'o + 0,4 + 4e; at the positive electrode.
.These ‘electrons flow from the negative to the
positive electrode.
At the negative electrode ‘
+ - A .o
4 H +4e —s 2 KT (Assuming platinum
T _ - electrodes) .,
Hence at one or‘both electrodés,'gas bubbles form
due to electrolysis, and the resulting-electrode to
selution interface is-electrically unstable. This instabi—.
lity producés electrical noise and drift which tay be much

. B ‘
larger than the BCG signal.

Jeldel Polarizable and non—pélarizable electrodes i~

Theoretically two types of electrodes are possible
those that are perfectly polarizable and thoée that are
- perfectly non polarizable. This classification refers.to
what happens to an eléctrode when & current passes between

it and the electrolyte. Perfectly polarizable electrodes
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are thesc in which no actual chargé crosses the eléctrodew
electrolyte interface when a current is applied.¢#fOf course,
there has to be curnent_acrbss the interface, bﬁt this
current is a diéplacement current and the electréde behaveé
as if it were a capacitor, Perfectly non-polarisablen
electrodeé.are‘those in whic h curren£ passes freé}y across
the electrode electrolyte interface, réquiring ﬁo energy to
make the transition, Thus, for perfectly non polarizable

electrodes there areée no overvoltages.

Néither of these two electrodes can be fabricated;
however, some practical electrodes come close to acquiring
their characterstics, Electrodes made of noble metal come
closest to behaving as"perfectly polarizable electrodes.ﬂ
Since the materials of these electrodes are relatively inert
it is difficult for them to oXidize and dissolve. Thus,
current passing between the electrode and the electrolyte
primarily changes the concentration of ions at the
interface. The electrical characteristics of such an’
elect;ode produce'a strong capacitive effect, The silver—
silver chloride (Ag — AgCIL eleétrﬁde is a practical
electrode that approaches the characteristics of a
perfectly nonpolarizable eléctrode and can easily be

fabricated in the laboratory.,

3242 ‘ihe silver—silver chloride electrode .

A reversible electrochemical reaction occurs at

the surface of the silver = silver chloride electrode,
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If the electrode is operated as one half of a cell, Ccl  is
deposited on the electrode When it is the anode and Ag Cl
on the electrode surface is reduced to Ag, and Cl. ions are

freed into the electrolyte solution when ik is the cathode.

The Ag — AgCl electrode is generally represented as,

Ag/agCl/cl .

It consists of a metallic silver substrate coated
with AgCl, and is in contact with an electrolyte solution
which contains a soluble chloride sﬁch as MNCl or KCI1.
Silver — Silver chloride elecfrodes are reQersible or
nonpolarizing, This means that the electrode can pass
electric current without changing the chemical environment
in the vicinity of the electrode, Since AgCl is slightly
soluble in water, the electric current ét the electrode—
electrolyte interface must be kept relatively smali to-

maintain an unchanged chemical environment, =~ '

3.2.3 Fabrication of Ag AgCl Electrodes :—

The electrodes to be used with the vectorcardio—
graph have to be placed on the chest in the level of fifth
intercostal space approximately,'bne in the neck and one at
the left foot. They should hence be small enough to fit
snugly into the intercostal spaces. Hence round plate
electrodes of one cenéimetre radius are fabricated from
high purity silver, A screw is provided on one side of the

round plate so that the lead wire can be attached tc
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the electrode; This silver electrode is, then chloridized
in an electrolytic cell as follows (fig.3.25. The electrode
is made the anode. The electrolyte is not critical and
either dilute sodium chloride or hydrochloric acid is
'frequently used. In this particular case 0,1 N hydrochloric
dciq was.used:-asithaced€ctialytes “Theicathed&:material is
also not critical, its only requirement is that it should
not enter into the reaction, because contamination of the
electrode can occur, Offner (4) even suggesté the use of
copper wire ﬁhough it is always better to ﬁse Q2 platinum
wire or a platinum plate for tﬁe cathode., The concentration
'of the electrolyte is not critical either, but to ensure a
stable electrode, doubly distlled Héo and reagent grade;
chemicals should be used in making the eléctrblyte. The
silvef anodelis fifst cleaned in aqua#egia and washed with
distilled HéO, taking care not to touch it by hand as~it
may become greased, Current in the cell should bé limiﬁed
to 1mA/cm2 of anode surface,

Radius of electrode = 1 cm,
.'.:area of electrode face = 7§r2:j 3 cm2 approk;

Hence in the given case, the current thrcugh the

(,
cell is limited to 3mA by adjusting the 10 K potentiometer.

The length of time that chloridizing is carried
out determines the depth of the AgCl layer. Generally from
10 to 25%.of the silver core should be converted to AgCl for
stable electrodes, These electrodes were chloridized for

5 minutes and this time was found to be sufficient,
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Since AgCl is photoreactive, the color . of the
finished electrode will depend upon the amount of lighg
present during its fabrication, The electrodes weie

fabricated in lamp light and turned out a grey colour,

Silver silver chloride electrodeS‘ére sensitive
to certain impurities in the eléctfolyte during their.
fabricatibn. Bromide is probably the most serious
contaminant, As little as 0,1% bromide in the chloridizing
‘electrolyte is sufficient to reduce electrode life and
cause failure, Hence great care must be taken to see that

this impurity is not present in the electrolyte,

3.2.4 Aging og Ag — AgCl electrodes :=—

Even with very careful preparation of the
electrodes, it is found that Ag—AgCl electrodes are
initially unstable and that intraeleétnode_potentials
occur. Stabilization can be accomplished by placing two
electrodes in an electrolyte solution and connecting a
short circuit between them. Electrodes normally stabilize
. in 24 to 48 hrs. In the given case, two electrodes were

placed in 0.01 NHCl acid, and short circuited for 24 hrs.

3.2.5 Use of Ag-AgCl Blectrodes:~—

There are several considerations in the use of
silver—silver chloride electrodes., In making the electrical
connection to it, one must be careful to see that if

solderingAis done, the sclder material should not come into
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contact with the electrolyte in which the elecﬁrode is
imméfsaﬂ. This is also true of the connecting wire,
otherwise, contamination of the electrode may occur because
of-chemical reactioh between the solder wire and the

electrolyte,.

Silver chloride is photosensitive (to ultraviolet
light) and is so decomposéd. It also produces a phoﬁovoltaic
potential, gehérally, Ag-ngCl eleétrodes should be stored
in the dark and'used in subdued light. Excessive
electrical noise produced by a given electrode may be
indicative of light damage.

Silver — silver chloride electroeés require c1~
ions for proper operation. W%hen ﬁsedvgféiological électrOﬁ
lytes, they have a sufficient supply of Cl~ ions available,
If they are used as skin’surface electrodes in suéh
applications as ECG or BEG recording, it is nécesséry to
use awetting solution or paste that contains cl~ ions,

In .the VCG, they are used with the Cambridge electrade

Ajelly.

‘These electrodes are current limited because they
are reversible electrodes. Sustained passage of high direct
current results in either conversion of the electrode to
pure silver ( if used as a e¢athode) or conversion of all
the silver to AgCl (if used as an anode). Generally, thése

electrodes are used for signal recording, as opposed to
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stimulation, and operate into a high input impedance

C N '
re@ording circuit, &lectrode current is usually

: :Lo,_9 Amperes.

Because &g — &gCl electrodes are thermodynamically
reversible, they exhibit (after stabilization) low noise amd
and theoreéically zero electrode polarization effect,

They do produce a steady electrode potential) however,

which produces a d.c, offset in direct coupled systems.

This rgquires compensation in the electronic circultry

used for signal processing. This éituation may cause‘
Iproblems in the sensing of low level d.c. potenﬁials.
Because of the electrochemical nature of these electrodes,
each one assumes an absolute potential, When two such
electrodes are used as a sensing pair; d.c. potential
difference exists (frequently of the order of & few V),

If this potential difference remains constﬁﬁt, any
measurement of a bioelectric potential is unaffected, except
for a steady baseline elevation. In the usﬁal case, byggver. 4
however, the resting potentials of the two electrodes ‘
change uneqgually with time and environmental temporature.

This may result in objectionable baseline drift in

experimental determinations leading to errors.

3.3 ‘Signal Processing -
The signal picked by the seven electrodes placed
on the subject's body is next fed to Frank's resistive

network (fig. 2.5) to separate out the three components
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of the cardiac poﬁential. But as already mentioned the
current through the electrodes should be 10—9 A o 4Hence
buffer amblifiers(unity gain, very high input impedance)
are placed before the resistive network to aﬁoid loading
on electrodes and the cardiac generator. The amplitude

of the signal obtained at the output of the Frank's
resistive network is only of the order 1mV, However, the
patient's body is capacitively couwled to the power lines
. and assumes a mucﬁ larger 50 HZ potential, This

‘potential is the same at all the electrodes. Hence the
circuitry following must perform two functions:—

(1) amplification, (ii) common mode signal bejection.A
Hence a differential anplifiéifizéihe next stage after

the resistive network it amplifies the differential signal
picked up by the electrodes and rejects the common mode a.c.
interference. This differential amplifier is fabricated
from three operational amplifiers with the differential
inputs given to the non—inverting_terminals of two opamps,

this greatly increases the input impedance of the amplifier.

The resistance of the skin varies in an
unpredic&abl$e manner and may differ at different electrode
locations., Thus even with a differential amplifier,
urbalanced skin resistdnces can convert common mode voltage
into a difference signal at the.amplifier input, This
objectionable signal can be reduced by increasing the inpﬁt
resistance and hence the differential amplifier should also

have a very high input inpedance of the order of 10 M or
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or greater, This can be illustrated mathematically
(Appendix—A). A high input impedance also prevents

leading of the electrodes which is very desirable.

The differential amplifier (fig.3.3) forms bhe
first stage of the ECG amplifier and itrmust have low noise,
sinée its output must be amplified through‘the remdining |
stages of the amplifier and any noise is amplified along
with the signal, It must also be directly coﬁpled to the
electrodes (no series capacitors))to'provide optimal low
frequency response as well as to minimize chaﬁging effects
on coupling capacitors from input offset current. Every
. attempt should be made to minimize this current, since even
without coupling .capacitors, i@ can polarize the electroges
resulting in polarizing overpotentials that produce a large
d.c., offset voltage at the amplifiers input. It is for thié
reason that the differential amplifier must have a relatively
low voltage Qain. Since the offset pbtential is coupled
directly to thé imput, it could saturate a high gain
differential amplifier.. The gain is hence kept at 50,
given by the relation,

v, = ( v,V ) (24 +1)b ..._....(3.1)

Iet use now examine the effect of common mode
voltage on the differential amplifier output. Suppoée
Vi oE VY, Then both the negative inputs of the two opera-—
tional amplifiers also assume_this potehtial (considering an

ideal case). This places the same voltage at both ends of
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R, and hence current through it is zero., Also, no current

can. flow from the ideal operational- amplifier inputs.

Hence current through both Rz's is gero. So V1 appears

at both op emps outputs and theccemmaon mode gain (CMG) is 1.

~ Now,

CMRR = —g§5~ ‘

where,

CMRR = Commcn mode fejection ratio
‘DG = differential gain

CMG = common mode gain

since CMG = 1 ,
CMRR = DG

High CMRR is achieved by varying the potentiometer R4.

The electrodes may produce an offset potential
and this being coupled directly to the input, could cause
saturaticns «.Ta.eliminate the saturation effect of the d.c.
potential, the differential.anplifier is capacitively
cou@led to the next stage which is the band pass filter
- (fig.3.4) (0.05 H, to 100 H, ) with gain=32:, This band
pass filter is used because the ECG signal has most of

the information content in the range of 0.05 Hz to IOO'HZ.

It also bklocks the high frequency noise present'due to muscle
artifacts, The d.c. blocking capacitor ofimicro farad
together with the 3.3M resistor forms the 0.05 Hz high

pass filter, according to the following relation :— -
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1 _

e T = ' ) ; . .
Z"RSCI CHP cut off freq .of high pass filter
or
1
o 6 o6 T femp
277X B.j x 10 x 1.0 x 10
or 1
— = T = 0+05 Hze«
6.6.f . CHP .

The feedback consists of a 0.01 micro farad capacitor
peralleled with 150 K resistance. This forms the 100 Hz low

pass filter according to the foliowing relation;-

.—»e}wrw- = f = but off freq, of low pass filtere.
MRz ~o
or ] ' 1
Bk WwCELLILY -,-,,'p»n.-,_—.l:-.;--u..—.-t.l i AL -y 1L R RS ) = fCLP
2% 150 x 10° X 0.01 x 107
or . :
e = f =100 Hz
4 CLP =
30 x 10 x T :

Galn is incorporated in the feed back by adding a
resistance RB = 4.7 k, from 150 K resistance to ground.'This}

makes the gain of the hand pass filter equal to, -

3§9w§;:;ﬁ;z,£ = 32
L7 K _ »
‘Hence the total gain is the circuit is:50 x 32 = 1600

Even though the differential amplifier reduces the 50 Hz.
common mode signal to nearly'zero, after amplification in
the band pass filter stagé it may still be large enough to
interfere with the ECG signal. Hence, a 50 Hz notch filter

(fige 3<5.) is included in the output stage of the
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amplifier to reject this common mode signal. The twin~T
notch filter using cperational amplifier is used. Positive
feedback is incorporated to improve the response of the

nctch filter.

" R and C are ‘arbi tarily chosen as' 47 K anc 0.01

micro farad.

K is defined as,

1
K——l-—-z-"

5 where Q = quality factor;,
Fo = 50 Hz
£ -
O HZue =— ¢

also, B%~ = g Hz. = &

= 10
: _ 1 39
-+ K=l =7

Hence (1-K) R 22 1 K

and KR = 47 K.

— 1 : 1' . ~
Ry = 7% ¢ T Twx0 x0.1 x 100 7 33 K

'Ry = R/2 = 415 K
| C, =2C x C.22 wicro faread.

As already mentiocned before, to see the direction of
rotation of the vectorcardiograph the 7z axif of the cathode
ray oscilloscope is fed with ‘a saw—tooth wa\;eform.

, Geording to dhe suthede zey tube mwpual The amplitude of
the saw toocth waveform should be at least 20 volts, peak

to veak. This saw tooth waveform is pfoduced from the:
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two transisﬁoyéircuit (fig.3.6a) in which one transistor(Tl)
works iﬁ'the switéhing mode and the other (TZ) in the |
active region. Base of Tl is fed with a clock pulse. The
emitter of T, isiconnected directly to the +20V supply and
the base always gets a current dri&eg Hence_this_tiansisfor
is inthe active region and the C,22 ﬁicro fared capacitor
charges upto”20V through the ccllector to emitter ;gsiétance.
As soon as Tl.geﬁs»a clock pulse, it goeé ON and the
collector is effectively grounded; The capacitor hence
dischargés bo earth through the collector and emitter of
Ty« A& saw tooth waveform is therefore obtained acrossi

" the 0.22 micro farad capacitor.

The square wave train (clock pulse).is obtainea
from a 555 timer using it in the astable mode (£ig.3.5)
The frequency éf the saw tooth wave forﬁ should be scme
multiple of the frequency of the QRS compdex, that is,

about 100 Hertz.

) 1 :
L) 2 10:) - -
R, = 10 K,.Rb = 470 K.
or 100 = L "3
2 (lo+47ex2) x 10~ xC
; MERwe C = 0.,00168 micro farad

Hence C %22 0.0015 micro Farad.
~The slope of the saw tooth waveform is controlled
from the 168 K presepit which changes the RC time ccnstant

\

and hence the charging time of the capacitor,

\
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CHAPTER IV

APPLICATION OF VECTORCARD IOGRAPH

4,1 Introduction :

-In the pfevious chapters a description of how the

vectorcardiograph can be s is given. We have seen

that the vectorcardiograph on all the three planés on the
body can be displayed on the cathode ray oscilloscopes By
looking at the vectorcardiogram of a.patient and comparing .
it with patterns of healthy:individuals certain cardiac
disorders can be identified by the physician. The vector;
cardiogram adds to the diagnostic aécuracy éf the
electroéardiogram. Iﬁ aids in differehtiating between
normal varients—right ventricular enlarmgement and right
bundle branch block which cannot be done by looking at the
electrocafdiogram because both disorders'reflect the same
patterns in the precordial leads. The vectoréardiogram may
:prove to be more sensitive &han the electrocardibgram inv
'the'earlf diagnosis of right and left ventricular enlargement
and in the diagnosis of biventricular hypertrophy. It can
help distinguish between ostium primum and ostium secundum
defects. It is likewise hélpful in the diagnosis of
myoEardial infarction, Patterns of myocardial infarcticn
mly be revealed more cleafly in the vectrocardiogram than
in the electrocardiogram.‘ Moreover, when the ele¢trocardio—
graphic diagnosis of infasction is equivoéal, the |
vectorcardiogram may establish the correct diagnecsis. But éll

this is of interest to the doctor rather than to the Engineer.

i
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In cardiac studies, an engineer is'mainlf
concerned with the "forward" and "inverse” problems. The
”forward problem" in vectrocardiography considers the
generation of potential field within'and on the torso
resulting from the electrical activity of the heart.
Specifically, it includes application of. cardiac ele;trophy_
siology to fhe determination of a quantitative‘meaéure of
the bioelectric generators and the determination of the:
current field set up in the torso due to these active
sources, taking into account bndy inhomogeneities,
anisotropy and shape. The availability of high speed
computers éo evaluate thése potential fields has provided
a powefful tool for the-investigétion of the forward |

problem.

The "inverse problem" relates to "determining
some thing about the internal electrical generatbr, from
ﬁeasurement of potential difference made on the body surface",
The vectorcardiograph ¢an be applied to the solution of

this inverse problem.

4.2 The inverse Problem

The objective in vector cardiography is to learn
some thing aﬁout the electriéal, hence physiological, state
- of the heagt from vectorcardidgrapﬁic surface pétential
recordings, The forward problem aside from its intrinsic

contribution to electrOphysiology'is important in electro—

cardiography since it permits the accumulation of evidence.
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-~ . s

relating electrical events in'the heart to the ;esultant
surface potentials. Now, While knowledge of the bioelectfic
sources, body shape, and conductivities Specifies-uniquely
the surface potentials, the reverse is not true. Ffom a
practical stand-pcint, it is not as yet completely clear
how serious a limitation exists on the extent to which
source information can Be obtained from surface data, This
is due to the fact that physiological constraints my

greatly narrow the general theoretical uncertainities,

‘Even if it i&s éossible to ascertain the electrical
condition of each myocardial cell from surface potential
med surements, the amount of data woﬁld be overwhelming, and
for clinical purposes, certain;y redundant, What is de-
sirable is-to define some finite'number of parameters that
represent the electrical condition of the heart. In general,
the net dipoie activity at a finite.number‘of regions which
subdivide the heart can be Specified. For a subdivision of
ufiity a great simplicity is achieved, but the descriptiocn is
relatively crude, and the finél dipole representation has |

several shortcomings.

an electrocardiographic model can be formulated
which assumes the primary source tc be located in an
inhomogeneous medium, ovr combined primary and secondary
soufcesAin a homogeneous medium, HOWever, in the invérse
problem, based sclely on external measu:eﬁents, it will be

~difficult to distinguish the two.
/
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The surface potential measurements do not contain
sufficient information to permit @ determination of the
distributed electrical sources in the heart. Wwhen the
myocardial source is described as a uniform double layer,
the scalar p8tential ZE(P)E over a surface §; of volume V,
subtending & solid angle of,fll"at the source, of the

cardiac vector is given by Plonsey (6) as,

I’ -, '
p (,P) = Vl‘..‘l 6 1 ) .onoo.o.(4.l)
177 4T o
Where, Ty = Conductivity in the internal part of
the double layer and & o = external conductivity.

This shows that the potential depends only on the
solid angle subtended by the field point and‘not'on the
shape. This example illustrates the fact that surface
measurements record integrated effects produced by the
sources and that there are basic difficulties in resolving

the summation intéd its components.

Another problem that affects unigueness in a practical
“way is that the intensity of the field falls off with
distance from the source. DBecause of inévitable noise,
signals that might be of importaﬁce in resoiving two
different distrubutions could be below the noise level;

Thus, two sourées may look alike from & practical standpoint
given the ambiguity iﬁ measurement, Multipole theory gives

some insight into this problem because it shows that



higher order source components involve higher inverse
powers of 'r' (distance of source from field point) and,
in general, have decreasing contributions to the total

surface potential.

In addition to the fixed dipole, multiple dipole
and multipole cardiac representations, other formulations
have been proposed, One is the moving dipole—' in this
model the dipole location is permitted to shift so that
sbme reflection of the activation region may occur; bpt in
this model, no unicjue ‘physical' fepreséntation of the itz
significance of the shifting origin can be giveﬂ

theoretically.

4.3 Review of mathematical models :

!

One analysis of the field due to electrical activity
of heart has been done by Mukhopadhyay and Sharma (7);
assuming the body to be homogencous and isotropic and
;ssinging different geometries like the sphere, circular
cylipder and elliptical cylinder to it., To desgribe the
generator, it is assumed that the current produced by each
cell is small compared té the total current producedvby
the heart, wae@ver}:no-net charge can build up and the
net current generated by a cell is zero. It is the initial
current generated in the cell that provides the first order
electric field at a distance from the cell, Iherefore, the

current produced by each cell unit can be properly
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designated by a current dipolé moment. Since these dipoles
are the ohly impoftant current generators in the heaat,

the heart can be fully pepresented by a distribution of
current dipole moments, edch identified wi£h the current
produced by a cell, A dipolar representation carried a
large part of all the information inherent in the ECG and
VCG. So the electrical activity is almost adequately.
represented by a single dipole located anatomically at

some fixed part.

4.3.1 BADY TAKEN AS A SPHERE
4.3.1.1 A dipole source at the centre .

The Iaplace's equation is given as ,

= 2 )
& ; & ‘
V :1- ._;\r{ =O ..900‘0(4.2)I

H[N

& 2 -l

(Where V is the scalar potential at & point in

the cardiac field.)

Since, due to symmety, V is independant of the

other two coordinates © and z .

In case of point source, I,

V:—--li. ©

r o .3.1005-(4-3)

Extension to @ dipole field may be carried out

: _ | e
by assuming sources +I and —I located at distances El—~
—r i r,
“i  In fig. 4.1a , OA -= OB ==t =«
3 i J | 2

and
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Using cgn.. (4.3), potential at P is obtained as,

1 1
V=1 |-~~~/ -~ - ‘
T TIi
L 2 2

eecens(4,4)

Taking ri¢£<.'r,_fj;<¢: 1, squares and higher corder

r

terms can be neglected, &nd pugting I.ri = p, dipole mement, -

% os © .
vV = a?g——é——'— D S e )
L

443.1.2: Strcetched Quadruple source at centre :

ceseas(4.5)

The sources +I, —2I and +I are assumed at A,0 and B

in fig. 4.1b.
The potential at P is,

Ir

_ - k1 1 o 2.3 _¥ i
V= I g ap T BP OpP % (3 cos
- 4r
) _
4.3.2 BODY TAKEN AS A CIRCUIAR CYLINDER:

Source at the axis: .

I

2 © -i)

Cee. (4.86)

In this case, the body is assumed to be a circular

cylinder, an improvement in the geometry over spherical one,

One single source is assumed at first at r=0, 20, in . r, =

coordinates, The potential satisfies the Laploce‘s equation,

In a point scurce lccated at r = 0O, the potential

V is independent of O and hence,

S%v 1

e e e e ——

P
; S
c,rZ r S

v 3
r

Ceeeca(4.7)



tet & E(r;2+zz‘)%z ‘Where % is-f»:her‘distance of a .
point from the origin.
Now," . 3\":=. ; 2;"iv
dr - (L£f+z9)7 O
r or ?* aé&
A2y A v 22 v
2 2 N 2 ' . 3 \
or 2" & &
\12V - 22 : 2‘V 3. ;:'2 5 A%
1 ~ B '\' o~
3 22 q2 &2 &‘3 CQ
. .2 - - ~
r‘[“husf-. b V + 'G_-l, =O -. ;-.;0(408)'

A
"3562 & &
This egn is identical to egn ('4..2) and hence the

o .- T :
sclution is written as, V=—% = I -
' : r“+z°)

In a dipoié field; sources Q‘i'eassun'ed to be piaced
symmetrically with respect to the centre as shown is fig.4.l0.
. The potential at point P where »coordin'ates are @,Jz)

miy be calculated as follows s—°
v =-

1
_ , :
((rh:i)2 + 22) e

Expansion of the above expressioﬁ'binomially vields, after

- ‘usual assump tions,

v o= LRIy cos 2 Ceeeanra{d.9

2 L
oy 22’52,,,_
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4.4 Present Mathematical model

In_thié'sectiqn a system for analytical-vectgr;i~
Scardibgraphy is prOposed. ,As we have alréady noted in thé
previous section that to f£ind a unique solution to the
inverse Vvectorcardiography problem somg basic aépecfs

have to be defined. They are s:—

(1) Selection of a model of the heart as a

genermtor of electrical current,

(2) seléction of a model of the body as a

conductor of electrical current.

(3) a method for expressing body-surface
. potentialidiffe;ence data, measured on a
particular individual, in terms of free

parémeters of the model (the inverse problem) .

The cardiac generator is viewed as a dipole in
this model and consists of a-sounce of strength +I and a
sink of strength _I; length of the dipole is ry and this
is muqh smaller than the distance; r Efrom ﬁhe‘origin at

which'the potential is measured,.

Iaplace's eqn in spherical coordinates is used to
calculate the potential., A time indepeﬁdént field is assumed
" since the frequency of the cardiac generator is very low.
The body is viewed as a sphere and assumed to be homogeneous

and isotropic , The dipole source is assumed to be centered

at the origin, but is not parallel to any of the axes,
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- Laplace's time - independent equation in spherical

coordinates is given as ,

22V 2 DV 4 cote & 2 1 32
S AR g L Lo, St
or r gr r 3% r®o¢® r%in‘ e o

4 r ; '
The source (+1) is placed at{-z—jé-, =L, 3.‘_) and sink

v s Ty .
(-I) is at (-5- 5%+, 3 ) the point opposite to the gource.
From eqn. (4.2), we know that potential at a ppint

distantt 'rt from the origin due to a generator of strength

I iS]

V= i_ﬁ 9 P = resistivity of medium

Pot‘ential at the point P ( r, & ¢ ) due to the dipcle is
given as, '

. ere o o L 1 o :
D J ‘distance of P from +I  distance of P from-I’.

Calculating the distances of the field point (r, €, )
from the .sou‘rcev and the sink,  the p'otential is shown

(appendix B ) to be,

PR AP '
Vo = l%——a(-sin( 6 sinel cos (@ -B) +cos@ Co8el) <...(4.10)
r-

This poten.tial function satisfies the Laplace's
equation (appendix B). But the exp'ression was derived
considering an infinitely extended coridpcting medﬂum?
whereas actually the. surfaée is bounded. v include this

boundary effect, the expression is modified to the following:-
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v %(Sin © Sincho‘s‘é @—' ﬁ')+ Cos © Cosek) +f (r).g(e ¢p ..(4.11)
_ where £(r) is a function of r, g( e,(p ) is a functlon of
gandi{)andK:Ifri ' '
At the interface of the body and air, there is no

net radial electr:.c fleld.

e LT -2
Hence at r = R, that is) at the surface of b@dy.
. . V _ ) -
gr. =G

R=R .
or ) -g—-\z’_ = -T%—- [Sine Sine€ Cos ((P—?').-G-COS ) COSo(:+f1 (r)

r =R

‘o | - .g( lp’I==0

AR -
a:::

where, fl('r) =
o Since this'equatioh is valid for all values of © and
¢, we have g ( o, ¢ ) =(.S~in e Sino'g Cos '((p—- (:S ) + cos © Cosa(,)

« 4 . 2 K
..'fl(r) o — _ .

Choosing the simplest form of £(r) satisfying the

above equation,
£ (r) = s

Ty . )L R B .
.. at}! r=R, that is’on jthé surface of the body_,



45

v= 3K (slnGSinchs(q -p )+ Cos € CosoC )

R2 |
Let V. Vy’ Vz‘ be the three components of V.along the

Thrée axes..
' T

én X axes; o= = ¢ Q =0 .
o w W
On Yy axes, €= “-'2"'"‘" ’ @ = —--2---—- P
on z ax®s, e =0
Hence, 'vx‘= ( 8in %-- J.nd., Cos (c P)#Co - Cos o )

\

Sin Lb(i COS ‘?J es e, (4l12 )

(I

<
. i
Rl A R g f

- N
(Sing-  Sin oC Cos (L = B)+cosg~ Cosex)

Y 2
= Sinel Sin ceee.s(4.13)
v, = Cos 0C - N S D I

From (4.12)and (4.13),

;;}%'—" Té\.n"a,

From the VCG, 'Vy and V, are known hence ‘3 can be found

pom  (4.13) and -(4.14) ‘:

V.. v

L = tanoc sin —l—-—-——

V -----—

z . Ly +V2 (tanc{*)

y

< . t,an.@Cé /;2 T2
V -

v
Z

substltutlng these values of & and(% in (4 13), the
value of 3? can be found also,
r R
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‘

4.5 - Derivation of the scalar ECG from the VCG
The Staqdard-ahd unipolar limb leads can be
derived with'reasﬁnable accuracy from thétfnontal plane

vectorcardiogram by use of the hexaxial reference

‘diagram devised by langer (Appendix C ), .. ‘

The precordial leads'can'similériy bé derived’
from the transverse plane vectorcardiogram by use of the
reference diagram éuggested by Abildskov ahd'Wilkinsdh

(Appendix C).
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CHAPTER -~ V

CONCLUSION.

The design, fabrication and application of

vectorcardiograph has been discussed in this dissertaticn.

The electrical activity of heart can be represen-
£ed by a dipcle consisting of a current scurce and a current
sink. Thz thorax represents the load on this cardiac
generator. For the analysis cf the electrical activity of
heart several geometries can be assigned tc the thorax,
and the cardiapgenerator represented by configurations
other than the dipble, such as multiple dipole or moving
dipcle etc. ode analysis of the cardiac generator has
been carried ocut assuming a dipole sourcé which is centred
at the origin but not aligned with any of the axes. The
thorax is considered te be a spherical conductor.
Expressions are derived relating the orthogonal components
of the scalar potential on fhe body's surfacé to the
cardiac dipole moment 2and the angles which the dipole makes
with the axes. These can be used to solve the '"inverse
problem" in vectorcardiography which is what an engineer

is mainly concerned with.

Frank's resistive network is used tc derive the
three orthogonal leads. This system is used in favour of
Schmitt's SVEC III resistive network mainly because of its

simplicity in comparison of the two.
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Silver;silver chloride electrbdes are used to
pick.up the VCG signal from the subject's body. These
electrodes have been fibricated in the laboratory by
chloridizing high purity silwver. The electrodes after

stabilization gave a.gocd performanece with no noise.

To minimize 50 Hz power line intcrference with
the ECG signal, a 50 Hz Twin -T notch filterlhas bae
incorporated in the ECG emplifier circuitry tc reject
noise. & ércuﬁd loop has alsc been provided in the
amplifier to minimize interference, the lead wires are
twisted together and an clectrode placed on the right leg

and grounded.

A few experiments were performed with the help of
the developed vectorcaraiograph and i1t was found that the
GRS lcocop, which is of main interest, was well defined in
all the three planes and the Pand T loops were slightly
hazy, perhaps ducs to the prasence of some noise. The
major picece of information that is presented in the VCG

is the direction of depolarization and repolarization.

The introduction of sagittal plane for complete
projection of all vectors of cardiac exéiation is one of the
most important advantages of this cocrrected orthogonal
lead systeﬁ. vVactors that run ventrally or dorsally in the
hecart afe Particularl§ well projected on the sagittal plane.

This is of advantage in the diagnosis of infarctions
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‘affecting the posterior segptum of heart.

Scope for further work :i-

The work prasented can be extended further on

the following lines :-

l. Schmitt's SVRC III orthogonal lzad system can
be used to derive the VCG loops in the three planes and
a comparison made with the lcoops derived from Frank's

systame.

2. ~ Use of Frourier series can be made for approximate
analysis of the VCG loop. Frequency analysis of the VCG locp
can be done and the coefficiants of the Fourier series

which are signhficant for some di seases can be determined.

3. By recording the VCG's of a large numbef of
subjects representing a cross-section of variocus age groups,
sex, etc. parameters such as Beat-to-Beat variation (BBV),
Day—-tc-Day variation (DDV), Constituticnal (wéight, height,
chest configurations, race) vériation, Y@ér—to—year
variations etc. can be studied. Computeér can used to

compute the data for this purpose.
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APPENDIX = A

DIFFERENTIAL AMPLIFIER

A.l  Use of a differential'amplifier to eliminate

common mode 50 Hz signal ¢

The amplltude of the typical ECG 81gnal is only
about 1mV. However, in a typical building the current
capacitively coupled into:the body from,the powef 1ine§
.can produce aimuch larger potential (fig; A.d). »The
amplifier used to record the ECG or VCG must be able to
eliminate interference ftom-voltages'induced in the body

- from such extermal scurces.

To avoid this 1nterference voltage, we may'use the
dlffercntlal ampllfler,‘whlch measures the difference in
the two 31ggals appearing at A and B (fig.a-=2) and is

insensitive to eny signal that is common to A and B,

Ai2  High Input Impedance of differential amplifier

v
to minimize interference:

The resistance of the skin is unequal a% dlfferent’

electrode locations (flg.A.2). Thus VA the interference

voltage at point A, is determined by con51der1ng the 20K
skin resistance and 1M input impedance as a simple voltage

. diVidero ! ‘ '

-

-~

- V = lQnV Qﬁq-:~§6§) = IQnV(Q.99) é 9.9 mv,
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FIG.A.l WHENTHEECG 1S MEASURED WITH ASINGLE ENDED 0SCILLOSCOPE
THERE ISMUCH INTERFERENCE FROMTHE 5§20V POWER LINE THAT
CAPACITIVELY COUPLES ABOUT 14 A INTO THE BODP Y. THIS
CURRENT SEEKS THE PATH OF LEAST RISISTANCE TO GROUND
THROUGH B TOPRODUCE AN EXTRANEOUS SIGNAL ABOUT
10 TIMES LARGER THAN THE ECG SIGNAL.

I——-@——IH

POWER LINE

"‘“‘"“‘“—r

lMSl

_ TAMPLIFIER 1

- — —— —— — — f—

FIG.A.2 USE OFA DIFFERENTIAL AMPLIFIER CAN MINIMIZE THE
INTERFERENCE OF CAPACITIVELY COUPLED FROMTHE .
POWER LINES.THE {1A CURRENT FLOWS THROUGH A
SEPARATE GROUND RESISTANCE (C). HOWEVER, AN UNBALANCE
INTHE SKIN AND ELECTRODE RESISTANGES T0O A AND B WILL
CAUSE COMMON MODE VOLTAGE ON THE BODY TOBE
- CONVERTED TO A DIFFERENTIAL SIGNAL IN THE AMPLIFIER.




Similarly,

1M _ | S o— »-' -

The differential amplifier measures the difference

between these signals.

Vg = V, = 9:9 mV = 9.8 mv = 0,1 mv

Thus, even with a differential amplifier; unbalanced
skin resistancesAcan'cénvert common mode'voltaée into a
di fference signal at the amplifier input. This 0.1 mV
interference is 10% of the BCG signal and is objectionable,
if the input impedance is.increased to 10M, the interference

is reduced to about 1% which is an improvement.
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"APPENDIX - B

Derivation of an expression for the scalar
potential Vv at (r, ©, @ ) from Laplace's

‘eguation 3

Potential Vv at A, q)) due to a dipole with source

at ( : oC (% ) and sink at ( &= ,o&r/\ ‘3) is given as,

- 2 1
v = If( dlstance of P from 41 = distance of P from T )_

where P is a fleld point (x,v.z ) or(r, Q). If

source and sink are at (x‘,y,z) and (x2, y2, 22) respectlvely,‘

v If’ S Tl
-xl) + (y—yl) + (z-24 ) 2

l _‘ s

SO SR S _—

»Ip i — . .:1: "

/(r sin © cos @ _s,anCco's.{'B)2+(r sin © sin ?"‘%}
C ri 2
-sinol,sinp)2 * (r cos & - 7 cosek )

1

/r sbn ® cos o g—l— sin(eC +R) cos g )2

(r son & sin@— = sin (& +T). sin"}),2 +(r cos © -
+ 2 ?

%’Jﬁ cos (:JC+T,‘3)2 ' §
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= T3 ; 1 —
=1p = —~ — _
/-;‘ ~rr; sin€ ccs <p sineC cos?—— rry sin © sin ¢

s

o, g

sin o¢ s1np-— rr:L cosé- coso(,
~ ‘o 1
| 42

h/r +Iry sin e-cos @ sinaC cos‘;’+ rri sin © s:.n LN

sin oC sinTa +rry cos & COS°C§

3

neglecting squareé and higher order terms since they

are small,

V= l_-— ( sin & SinBCCos (@~ B) + Cos & cose)

1%

§
.._r—Ii

{ sin &-éin@cos(q?—ﬁ) + cés(-j coé()C%.;s
é’ : .l
= = T %

T Sin © Singl Cos ((p-—ﬁ)' + cos 6.'cosa(‘,§

= —%—— %Sin & sin € Cos ((F-—’B) + Cos © coso(;i ..’..(B.Vl)
- .

. _ | | » ,
av K2l .. . s ‘
ST =73 i Sin ©- sinof Cos (q,-[s)_+ cos -© COSOC§

r -
2 ’ V L =4K L .;! : N K .
ST = 4 % Sin- & 51F1->(/Oos (‘f - F')+ cos & Cosa)e.s(B.2)

Cos © Ssincl Cos’ (\p -r:)-— Sin ® Cosog ;

%
'
H\\)‘?‘\'
PIeR—<

\mslne Sin o Cos((v f:)—cos@cosd% ..(_B.Li)

TN
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1 O
;—5 ae’é’ = Ezif g— sin © Sin.a(', Cos ((p -F)-—Cosecos'ilz
--no--"(Bi'S )
2
5—(*;—)—‘-2/— = -‘i%"' Slne S:LnOC Cocs ((D— ?) .
1 bzv — -—K Sin&CC)S (@"" la) f'.o'ooo (8.6 )
2ainle 3?2 4 Sin o

A Adding equations (B.2) to B.6), we get zero.

Hence the scalar potential .satisfies Laplacets equation.



APPENDIX = C

DERIVATION OF SCOLAR ECG FROM THE VCG

By making some implifying assumptions Einthoven -
gave the hexaxial reference diagram (fig. c-1l). But'Burger
and Van milan, by actual measurements showed that the
Einthoven triangle is not equilateral as éroposed by him
but scalene and does not lie entirely in the frontal plane.
Morecver, they deﬁonstrated that the scalar wvcltage
recorded by the standard leads is dependant not only on
the projection of the cardiac vector on the lead axes but
also on the length of the leads. Basing it on the Burger
triangle, Langnef devised.a corrected hexaxial reference

diagrame.

The standard and unipolar limb leads can be derived
by superimposing the frontal plane VCG lcocop on this hexanial

reference diagram (fig.C-2)

The standard precérdial ECG consists of six
unipolar leads, V,; through V, . &s with the standard and
unipolar extremity leads, a referenée.diagram may be
constructed for ﬁhe axes of the precordiél leads (fig.C.3)
whereas the axes of the limb leads are located in the
frontal plane, those of the precordial leads are located
in the horizontal (transverse) plane. The axes of each
unipolar precordial lead is on a line extending frem the

location of the exploring electrode to the digpole centre



RIGHT ARM LEFT ARM

— LEAD| +

C.I.A. THEEINTHOVEN EQUILATERAL
TRIANGLE SHOWING THE AXES"
OF THE STANDARD LIMB LEADS.
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C..C THE AXES OF THE UNIPOLAR
LIMB LEADS.

o
% . X

C.\. B. THE AXES OF THE LIMB LEADS
MOVED TOTHE CENTER OF THE

TRIANGLE, FORMING A TRIAYIAL
REFERERNCE DIAGRAM.

C.1.D. THE AXES OF THE STANDARD
AND UNIPOLAR LIMB LEADS

SUPERIMPOSED, FORMING A
HEXAXJAL REFERENCE FIGURE.

FIG.C.| THE EINTHOVEN EQUILATE RAL TRIANGLE,

THE AXES OF THE BIPOLAR AND UNIPOLAR

LIMB LEADS AND THE TRIAXIAL AND

HEXAXIAL REFERENCE DIAGRAMS.
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FIG.C2 DERIVATION OF THE QRS
COMPLEXES OF THE LIMB LEADS

FROM THE FRONTAL PLANE QRS
LOOP BY USING THE HEXAXIAL

~ REFERENCE DIAGRAM OF LANGNERS,




POSTERIOR

Ve (0°)
LEFT

\g -t22°)

| Vi N
(15%) (g\g) (5g3°>
. ANTERIOR

FIG. C.3 THE AXES OF THE UNIPOLAR -
| PRECORDIAL LEADS IN THE HOR\ZOHTAL
PLANE OF THE BODY
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1

_F1G.C.4 DERIVATION OF THE QRS COMPLEXES
OF THE PRECORDIAL LEADS FROM
THE TRANSVERSE PLANE QRS LOOP
BY USING THE REFERENCE SYSTEM OF

ABILDSKOV AND WILKINSON’S.




of the heart. 1In this horizontal reference figure the

axes of the various precordial leads are approximately

as follows:-

Vi +115°, Vo +94°, Vi + 58°, v4,' +47°, Ve +22° and
O

Vg, O
The precordial leads can hence be derived by
superimposing the transverse plane VCG on abildskov and

wilkinson's reférence diagram (Fig. C.4)



- APPENDIX - D

Vectorcardiogram of a normal 18 vear old male \sgbject'

* - Frontal Plane N
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