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. ABSTRACT

This investigation is concerned witn the nrocessing of elactrocardio-
craphic (%C() signals using analog anu dirital computers. A review

of the work répor}ed in the literature on displaying and/or analyzing

the BCG signgl’analog and digital techniques is presented. Thé limit-
ations and difficultizs endountered in,avhumbér of anaiog instruments
raporied to date aré.diSCussed and suggestions for a more general approach

given.

The results of digital computer programs Writﬁen to éive the spherical
coordinate transformation (magnitude, azimuth and elevation), rate of
change of magnitude, lineaf velocity, rate of change of azimuth, rate
of change of elevation, and the magnitude of angular velocity of the
theart vector" is presented along with a discussion on preparing the

analog 5CG signals (x(t), y(t), z(t), Frank lead system) into a suitable

format for presentation to the digital computer input. No one has

previously reported all of these curves simultaneously. Angular velocity

has been previously discussed only briefly by Brinberg. The coordinate

conventions and notations presently in use are discussed.

-

Tn addition, the Fourier analysis of the TCG signal is considered along
with a recently proposed technique of analyzing the TCG signal using a
set of orthogonalized exponential functions which form the basis of a

multi-dimensional signal space.
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As a good portion of ithis jnvestigation is of a survey nature
indicating recent advances and the state of the art of elecirocardio-

author makes no claim to the orizin-

ct
[ay
()

eraphy and vectorcardiography,
ality of the material presentzd. The source of a particular idea or
comment may not at all times obe accredited to a particular reference.
The referasnce in question, however, could be traced through the biblio-
sraphy.

The material is of necessity drawn from a variety of fieldé and
disciplines. Conseguently, in the interest of helping to establish
a cormor. ground of communication between members of the medical scisnce
profession and other consulting orofessions, ‘some statements may at
times appear naive to a person thorougiily familiar with the material.

The author would ask the reader for nis patient understanding in such

instances as these may be quite foreign to the uninitiated persone.
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CHAPTZR 1

INTROUDUCTION - COMPUTER3 IN SLECTIiOCARDIOGRAM
1

ANALYSIS AND DIAGNOSIS

Summary

o

the purpose of this introduciion is toc unify and lend an integrated

insisht into the material in the chapters that follow, which otherwise

might cive the appearance of teinz disjointed or haphazard. An atviempt
is mace o achieve this purpose by presentiing a swmary of the chrono-
lozical devalopmant and overall philosophy of this study together with

irportant topics of interest in related theory and recgnt advances in
tha field. It is the author's hopne that the introduction will help

nlace the following chapters in propzr perspzctive.

Liebsterts Collegiate Dictionary, Fifth Zdition, 19LS.

Diagnosis is "the art or act cf reccgnizing disease from its
symptoms - also the decision reached.”
nthe separation of anything into constituent parts
or elements; alsc, an examination of anythirng to
distinguish its comrorent paris, separately, or
in their relation to ithes wholel.

Analysis is



kN
The electrocardiogram (2CG) $igure 1.1 is a strip chart =»ecord of’
the time variation of the potential £ield at the body surface arisinglvi

) a
fmom the electrocnemical activity of the heart. It has for sometime

een an invaluabls aid to the cardiolosist in diagnosing heart disorders.

o'

Tlectrocardiograpnic (T:CG)2 theory is somewhat emperical and qualitative.
Interoretation of the LIG demandé an'sxperienced eye. -

The FCG signal is normally recorded using German silver electrodes
ulacad on ithe body surface (1, 2, 3)3 and connecéed to 2 biological
amplifier and a direct writing strip chart recorder, or to a string or
moving coil galvanome ter and a moving photographic film recorder. The
frsquency response required of such an equipment is to this day an open
guestion (L); DC or close to IC, 1o several hundred cycles is generally
accepted as suitable for research wWork.

EGG analysis is a "black box technigue®, that is, the cérdiologist
attermts eitner to diagnose (i, pp; 132 - 133; 5, 6) the heart condition
by surface measurements on the body without making incisions or inserting
probes into the body, or to monitor externally the effects of treatment.

The theory evolved (1, 3, 7, 8) to explain_énd correlate the wave-
formlof tne SCG‘signal with the electrochemical anc muscular or mechani-
“Wea}hactivitymof-the.h@éEELWEqulﬁwﬁﬁg.PQQX as a homogeneous spherical

volume conductor coniaining a dipole current source at its center, Figure

1.2. A vector varying in both magnitude and orientation with time in .

three dimensional geometric space 1s used to characterize the electrical

activity of +the dipole. @mzww#— In

2 It will be cbvious from the context as to whether the abbreviation
%0G refers to electrocardiogram or electrocardiographic. Similarly,
725 will be used to refer to vectorcardiogram or vectorcardiographice.

3 impers in parenthesis rafer 0 the 1list of references.



RA - Right auricle Recovery process

1LV - Ieft ventricle , S of ventricles
RV - Right ventricle S h, :
Aurlcular |
activity @ -
S.A. Node —NG
A.V. Node 4
‘ 1
1
7, -y QOS SO 100
Ventricular Percent R.R. interval
activity
© Figure 1l.1

‘Components of;EGGfsignal and sites of origin-in the heart -

<

1.0 Millivolt Iedd {1

7;5' e

e % (0,2 Seco’ndbs o

Electrocardiograph

Wilson central
terminal

AN

-Figure l.2a

Standard electrodes R, L, and F connectéd'ffom’suﬁject to
an electrocardiograph. A typical Lead I recording for
three heart beats is also shown.
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<~ Spherical coundary

Homogeneous, 1sotrop1c,’,f
resistlve medlum o "

Figure 1. Zb .

Approxlmate model of the body and heart ﬂhich sasfthe basis
in developlng electrocardiographic theory. ‘Standard bipolar

Ieads I, II, and III developed by Einthoven and his associates.
are shoun.- S

L g

Figure 1.3

Relétionship between spatial vectorcardiogram and
planar vectorcardiogram
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addition; the dipole is considered to remain at the center of the spheri-
cal volume conductor at all times and any pfobes placed on the surface
of the sphere are sufficiently distant from the source such that the potent- 3
jal field is not disturbed by the probes.

Such a medel is obviously a first approximationb since the human
torso is an irregular surface, far from being a homogeneous volume, with
the neart (dipols) located considerably off center. The potential field
is not symmetrical. In addition, the muscular activity of the heart
suggests the signal source (SA node), which can be considered a nonlinear
negative resistance oscillator, is not stationary during the heat cycle.
Turthermore, probes placed on the chest or back near the heart are con-
siderably closer to the signal source than a lead at the extremitiés of -~
the torso. Though the assumptions and approximations seem quite drastic,‘
and it is easy to question their validity, they are necessary to establish: ”“’-
a theory in readily usuable form as a starting point upon which more

exact models and theories can be developed.

In three dimensional geometiric space, three components are required
to describe the heart vector, figure l.3. Considering one end of the
vector as being fixed at the origin of an X, ¥, 2 coordinate system the
tip of the vector traces out a space curve. ECG theory deals with the
projection of the vector onto an axis (lead) in the frontal plane. A
projection of the space curve onto the frontal plane yields 2 vector
loop, figure l.h. ECG theory originally used the Einthoven system of

leads (axes) I, II and III, figures 1.2, 1.l and 1.5. Presently, Goldoerger's

augmented

hThe heart vector can be considered as the resultant dipole vector
of all current sources and sinks in the hearte A generalization of the
dipole theory nas recently led to a proposed multipole model for electro-
cardiography (9) which is impractical because of the mathematical
expressions that require evaluatione
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g Frontal Plane Tc8 Loop -

a

-9

Vo3 v,
Figure l.ha

e Schematic diagram of vector loop
SR o for QRS 1nzerval .

Reference
Frame '

e 3

5 _ Figure 1. hb o 2.' b

" Derivation of the QRS deflectidhs in Teads I. - -

~ and aVF using" ‘the equilateral trlangle and - R ;

: hexaxlal reference frames. . (In actual practice S '
. more. than the 3 p01nts 1nd1cated,vou1d‘beAused) A‘f?.
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S2RVEN e;ect cde

form &

of vactor loops on the frontal, saglttaL, ané horizontal

Cla A

planes with .

. v e
the rbsllt that a mental thres dimsnsional picture of the lccus can be

formed ’rom any two cf these loops with relative =as2 as compared IC

¢sin3 the iwelve conventional T3 leads.

& time scale for the VCG is obiained by ! mocdulating tne

cathode‘ray f¥43

tube beam at approximately LOC c.o.s. giving time as parameter alonc the’

s-ace curva. The VGG,

howmvor, tends to cbscure infermation conualnod

? Sther "corrected orthogenal lead Ssystems" have been dovoLoued bvf
Senmist, and ec™2e. In ceneral, ortho~onal lz2ad systems werz deve‘ound
1L

b
orsc model studies to 1n'rove on such 1l2ad systems as Jilson's g,;‘
aie2 tetranedron, orisnman's cube lead system, ané others.. T
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Figure 1.6

Orthogonal lead system due to Frank.
Cn the right is shown the elecirical
circuit (weighting network) used in
recording electrocardiograms and
vectorcardiograms with the Frank lead
systen.
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Figure l.8a

Construction of vector loops from scalar ECG records
using orthogonal X,¥,2z components. The derivation of
the frontal and horizontal projection of the instan-
taneous vector at t = 0.2 seconds is shown. To
accurately plot the VCG loops, the indicated projections
would have to be carried out at time increments of

0.C1 seconds or less. (The scale of the above diazram
has been reduced for illustirative pUTrpPOSES. )
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frontal plane vector loop
nuS.corplex and T wave) and leads I, IT,
, av¥R, aV¥L and aVvF,
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in the P and T waves and conseguentl » the time squeﬂcefof events during
“re heart cycle is not as evicent as.in';heFSCG. Furthermofé; fheqﬁcéjq
orovides information for a‘single.heart cycle aﬁd so beat‘to~beat Vg;i--
ans and discrepancizs in rhytnym are not available to the obsérver.-
Thus, 3 disnlay using time as on2 Or rdinzte iz nreferatls to keep'the time

s2nuence 2% eventis in_tre h°dru cvc;e, bnat to beat war vaiorm. andé rnvthvm

variations clearl"-in‘ners;ectlve. nov1ously, «,G anc VCG rnco*ds are

derived from tne sam» source and so coqt=1n the sane 1nformat10n, thls

infermation is simply displayed in a different fbrmat, Dach Lormat r:av:.nb
jtst! advantagss and dloau\ “tages.i 

=

Since the basic cdel, as menulone nrévibus y is a homdgeneous*’w

TR

soherical volume conductor containinc a dlcole source at 1t; center 1s, o o
i 2 sense, ove 51mn11f1ed, oas L ECG tneory can . be con51der°a essont1-1>»'gi

2lly emperical. (The model. 1m013es that electrical conduc tion in the

Wt

body is & linear phenomena). Data has been accurmulated over the years = _.Q
on the behaviour of the normal and abnormal heart to the extent that
this field appears semi-scientific. However, the interpretation of the

307 still demands the experienced eye of a cardlolo st to detect

rerculizrities in the ZICG which often may be quite subtle. The inter-
; —_

sretation of the ECG, which is in 2 sense a pattern recognition tech-
e ' .

nioue {1}L), when correlated with clinical experience, autopsies, and

tha results of biological sxperiments and research, nazs served to ad-

vanc2 “ris discipline. Tt is nerhaps ap.ropriate tc mention thai con-

siuarzble werk aas yet to be done tc correlate the work of individuals

stuiring, on the micreoscopic level, the zlectrochesniczl or ionic

suolarization and rapolarization of isolatea neart muscle



fibars by means of microelectrode techrigues, and the work of cardio-

=

.t

locists observing the effects of heart activity as detected on thz body

surface anrd influenced by the intervenirs tissue and noise generated

.

P

-

v+ other zody functions such as respiration and muscle movement. ror
examplz, there is at present no gensrally acceptad relation between cell
sotential and the ICG signal resvltins from the activity of a gross

colléction of‘cells. In other words, it is still somewhat controversial
as to what degree of detail one can distinguish ;nd measure electrically
the contributions from various poriions or regions of the heart (15, 16).

Tn view of the comments in the above paragraph, the question could
he raised, "vhy use compulers esvecially relatively‘sophisticated and
expensive digital computers facilities aslsome individuals are currently
doing?" The foliowing discussion may nrovide a partial answer.

In an offort tc advance thne state of the art and establish %CZ and
702 analysis and theory, for many y=2ars a preven and useful diagnostic
tool, on a more qualitative (15), scientific and readily communicated
basis, a number of investigators and their associates ceveloped analog
instruments as aids in their research. Other workers have resorted to
digital computer techniques in tneir investigations. Computars are thus
useful as research tools in spite of the fact that a person, reviewing
the current literature, could initialiy gaih the impression that thes
use of.expensive computers are not warranted in investigzations relsting
to elzctrocardicgraphy and vectorcardiography, the uncderlying models
and theories of which are somewnhat ampirical.

The devaloprent of the vectorcardiography from electrocardicgraphy

can be interpreted as an attempt to reduce the number of variables
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isplayed and a search for tie best metnod of characterizing the heart

the record independent of various peculiarities
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and assumptions. It is an atiempt e Jdefine a "normal heart® or a

cowuron cencminator ic whicn all other hearts can ba conpared. Certainly
70N treory has served to 2xplaln was n2art vector and its projection on
the various leads or planes and thereby unify 2CG scalar records and VCG

loops. VC3 theory has also helped to place in perspective the importance

of lead olacement, the number of variables required tc describe the heart

+ector and thne assumptions made in the basic model. VIG theory is an
~vcellent aid for cormunicating information to the uninitiated and »ro-

ridine =2 unifyine link between electrocardiogranhy and vectcrcardiography.

-1tk the sketchy outline of the basis of slectrocardiogravhy and

vectcrcardiosraphy we will atterpt to review the highlights regarding

ecuipment and ideas for_methods of display attempted to date, primarily
rasearch wofk, and discuss advantages and disadvantages wiaere approp-
riaste. A4 literature search will reveal that there has been numerous
zttempts 4o display =CG signals, that is, the heart véctor, in a variely
of formats by utilizing an automatic analog computing instirument ci one
sort or another.. In a sense, depending on the year an anzlog device was
developed -for application to electrocardiography, the state of the art in
analoz computation and the availability of suitable electronic analog
components restricted development in that it was not always possible to
rzadily translate certain operations and ideas on paper into physieal
elesctrcnic hardware.

~he anzlogz -CC rrocessing instruments built to date are, compared
dicital computers, inflexible from the poinp of view of programiing,

rat is, ihey are usualiy “single ourposz". 4 rarticuiar instrument
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will display a magnitude curve (17), perform a coordinate transformation
onx, ¥y, Z, tor, e, § (18, 19, 20, 21); or effect a rotation of x, y, 32,
to x', y', 2" (22)e Such instruments are custom built for specific research
projects and generally circuit'design oroblems assume predominance over
systems design problems. A simple example is prbvided by Sayers! magnitude
computer {17) in which the design of circuits to achieve squaring and
square-rooting operations is relatively more important than the inter-
connection of circuits intec a system that will ﬁerform the desired cal-
culations. In the coordinate transformation instrument developed by Park
(20), the design of the required modulators (multipliers) using pentagrid
tubes (tubes with two control grids) and thereby eliminating the need for
transformer coupling is perhaps the single most important consideration.

In considering the possibility of developing an "ECG computer" at
the University of Ottawa, attention was devoted to considering a more
integrating approach to the instrumentation of a computer research facility
for electrocardiography. In view of the inflexibility or "single purpose"
restriction of the custom built computers referred to above, it would
seem reasonable to assemble an analog computer system utilizing commer-
cially avail;ble electronic analog computer components such as chopper
stabilized operational amplifiers, Hall effect multipliers, etc. The
' response of these components, from DC to several hundred cycles is admir-
ably suited for ECG signals. Furthermore, the use of electronic analég
components overcomes the frequency response limitations of electro;

mechanical analog components such as resolvers.



e

Discussions resulted in the proposaié to develop an analog compuier
facility to enable clinical investigation of éll possible displays
repcrted to date, namely magnitude ol the heart vector, X, ¥y, 2, to f, a, 4

coordinate transformation, linzar valiocity (orbit velocity), plus the
angular velocity display, witnh the visw thai a particular heari disordsr
may raveal itself more readily from a particular display, and thereby
‘enable diagnosis of the disorder rore directly.- Such a te¢hnique, of
course, 1is 5ased on the conveniicnal meihod of diagnosis, that is, setting
ug é one to one correspondznce by experience between a particular disorder
and a disclay éattern or characteristic in a dictionary format. The
empirical dipole theory and hearti vector, is the basis of the underlying
theory. Obviously, the total collsction of displays contains redundant7

informaticn. Thus, the problem is %o evaluate which displays are best

pe

n terms of diagnostic usefulness, keeping in mind that the diagnostic
usefulness of a display may be a function of the heart abnormality.
"he proposed analog system would be placed in cascade between biol-

ogical preamplifiers connected to the electrodes on the subject's body

surface and a multi-trace real time recordefs, figure 1.9.

g

/7 B

© The proposal was originated during discussions between Professor
e 7linski, Dr. F. Berkman and the author. See (23) re a proposal for
coordinating the instrumentation available at several centres of electro-
cardiograpny.

7 See (2i;) re an interesting attempt to estimate the amount or "
information in an ECG signal by means of information theory. Also, sse
(13) for corments re redundant information in the conventional twelve
lzad set of =CG signals as compared to the set of three ICG signals
obtained using an orthognal lead system. In addition see (29) re further
comments on redundancy.

n . .
’ The preamplifiers and multitirace recorders are commercially
available and form part of a facility already at Ctilawa General Hcspital.
See Chapter 6 for further details.

[ 20
2
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In such & system, as in current analog.computers, the analog components
are considered simply as units capable of performing mathematical operations
such as addition, subtraction, rultiplication by a constant (gain), multi-
nlicatien of %tws or mors time varyins functions, division, differentiation
and intszration. In conitrast to the custem bullt computers referred to
sraviously, the design of the internal circuitry of the individual analog
cormponents to achieve the desired mathematical operation is secondary tc
the system design. Jomponents would be providéd in sufficient nurber and
appronriately arranged so that an ICG technician éould insert a preratched
srogram board to yield cne of thz displays of immediate interest to the
cardiclogist. An important requirement of such a system is that any bal-
ancing, calibrating, or reprograﬁming operations can ve simply and guickly
carried out by an £CG technician with little or no electronic background.

A proposal for such a computer facility involves considerable expense
and warrants careful planning. Conseguently, tnis thesis concerns itself
with investigating the feasibility of establishing such a facility by:
assessing the state of the art re displaying 3ICG's and VCG's; suggesting
possible flow diagrams for the analog computer facility and components
best suited for performing the rsquired mathematical operations; ihvesti—
ratin~ related problems such as freguency rasponse required of the com-
- ponents; assessing the value of the displays suggested above using a
1 computer; and finally reviewing the application of digital com-
puters {13) anc signal analysis concepts used in comunications (25).

Tn chapter 7, a set 6f displays for a typical 3CG record, ootaired
with the aid of a dirital computer, is given. Along with x(t}), y(t),

z(t), the following displays are given: YCC loops, spnerical coordinates



of the neart vecotr, that is, magnitude, azimuth, and elevation, rate of

change of maznitude, linear veloclity, rate cf change of azimuth, rate of

change of eievaticn, and the magnitude of angular velocity. No one has

s~reviously r2ported all of these curves simulianeously. 7To the author's

3 wladzoe the maznitud £ ~ular vel 3 ey o Y nrotwl 1+ +
knowledzz, ihe magnitude of angular wvelociiy curve nas previously nou
tngular velocity has been previously discussed only briefly

oy Jrimberg (26). 1In this instance thz flexibility in programming the

mputer makes it an excellent tool to check out and assess

(")
ct
2,
Q
Q

oroblems associated with generating the desired displays without actually
vuilding an analog computer (12, c. 556). In addition, a Fourier analysis
was performed on x(t) to obtain a verification of published data. Chapter
£ zives the results along with a discussion.

¥ors recently, digital computers have be2n used to meet requirements
for statistical analysis of Z0G data (17) and also for monitoring physio-
lozical data {an :C3 signal being one pertion of the data) transmitied
to earth from manned space vehicles (27). Monitoring, in real time, the
physiological data transmitted from a space vehicle would not provide
sufficient lead time for corrective measures to be initiated to ensure an
astronaut's ghysical safety. Pregrasming the digital computer for these
two applications has led to the application of pattern recognition (28d»
(Chapter 5) concepis and signal analysis concepis (25) as methods for
sutomatically measuring a set of parameters wnereby the ZCG signal can be
characterized. These technigues, if used more extensively, will help to
advance SCC and VCG theory.

The signal analysis concept as used in communication enginzering and

other fizlds can be considered to be composed of two protlems; the
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classification problem and the reoresentation problem. Once a signal is
described in some definite terms, the classification problem can readily
be handled by established statistical methods and processing By digital
corputers. To eflect the classifica.ion prodblem however, the most efficient
representation of the signal must firsi be found. The représentation
croblem consists of attempting to find the most efficient sel of parameters
whereby an iCG sigﬁal can be completely characterized. A . ourler serics
renresentation is a possible répresentation but ﬁot necessarily the most
efficieni. Hugcins and 7oung have demonstrated the feasibility of using
a set of ortrogonalized exponential functions which form the basis of a
rulti-dimensional signal space as a method of effecting the representation
problam, with an efficiency, in iterms of the nurber of parameters or

ana T
dimensions in the 51gnal space reculrea to represent the QRSlportlonsof
the BCGC signal, considerably improved over that of a Feurier series
representation. This work is reviewed in Chapter 9.

Scher et al (29), in their analysis of ZCG signals made use of the
factor analysis9 technique. In studyins the =C5's of seventeen norrnal
individuals Scher et al concluded that 95% of all elec£rocardiographic
ninformation™ is accounted for by "ihree factors", that is there are nc
significant voltages at the body surface in normal individuals which

cannot be discussed in terms of a "three-function system.” luggins and

voung carried out analogous procedures in their investigations on ECG

signals. However, Scher et al have not atlached the same interpretation

? "Tactor analysis is a way of 2xamining mathematically a large
numoer of pieces of informatvion to determine the smallest number of
“factors" or independsnt variables which (in linear corbination) can
account for all the information." (29, p. 520)



to iheir results in terms of sicnal space concepts in the manner that
prgins and Young 5ave done.

Chacter 3 discusses some aspects of rrasent notation and coordinate
system conventions. 'vith the increasing effort to apoly analog and
digital computersbto 303 and VC5 diagrams, a need for a standardized no-

tation and reference svsiem has arisen. It is misleading and at times

jfiiculi to compare the work of various investigaters due to the myriad

»

of details that differ from rassarch project to research poroject as
raport2d in the literature; in any event more care could be taken by
researchers to specify their notaticn and rzference conventions more
comilately when reporting their work in the literature.

is already sugzested, programming flexibility is a decided advantage
in favour of digital computers provided the available computer nas suffi-
ciént storage capacity and speed to process the required problem, say
the signal analysis problem investigated by Huggins and Young, 1in reason-
able time a2t reasonable cost. In addition, the consulting services of
persons knowledgeable in programming anc especially in numerical analysis
techniques must be available. |

4 point that can be mentionad appropriately at this time is that tne
accuracy to which the cardiologist works in using the ECC record may be
anprooriste for analog instruments but not for digital computers. Cigmal
format reguirements for analog and digital computers are different. The
znz:lo:- corputer operates in the continuous time domain.

The f{requency resgonse of thé analog system musi be sufficient to

P

nz23z all freguency ccmponents of the input signal. 7The digital computer

n the discrete time domain. Consequently, the I05 signal

@]
3
(4]
2]
[
ct
W
4]
e
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racorzed in the continuous time domain must be sampled at specified time
arvals. The samnling rate must be sulficiently fast, at least twice
tra nizh:st freaguency of interest containad in the input signal, to faith-

ilv rarresent the analog or centinuous iimz domain siznal in thes discrete

PR VR

time dorain. Tn the discrete time domain, numerical analysis techiniques

inalog and/or digital coxrpaterc now serve as aids in research. fnce
the use »T computers is proven cut and sccer*ed in clinical diagnosis,
the cardiolegist would be released from routine ECG interpretation and
thereoy could direct his efforts to research or other aspecis of his dis-
cipline. Furthermors, automatic anzlysis of the ZICG provides information

-

on measurements normally not available or feasible in clinical work because
they are tedious or time consuminge.

tssuming it is only a matter of time that computers are used more
axtensively in botn uCQ research and clinical 3CG diagnosis, an analog or
digital comouter facility need not be ohysically located in the clinical
or rcsearch 105G recording room. 1Medical data sets are now available which
enabie ;0 records to be itransmiited over telephone lines o 2e recrcduced
for interryretation by a specialist at a distant location {30). GSuitably
modified, such data sets could transmit -CG records over telephons liness
for processing and analysis by a computer. Alternately, a magnstic tape

recorder could be used to record CC sisnals. The tape reccrding could

- -

then oe used to provide thes input data to a computer. In the case of a

digital computer faciliiy an analog %o digital coverter would te reguired

al

ct

i

).lc
G

1o translate the analog signal into a format suitable for the di;
4

comsuter. A digital plotting board would enable automatic plotiing of



the results of the computer program. ‘Such a system is expensive, but -
certainly feasible and enables a computer to be rented for.short periods
of time for ECG signal diagnosis purposes. -The ultimate purpose of
ndigital computer diagnosis™ is to assist the cardiologist in making more
reliable analysis of data and reduce as much as possible the routine

interpretation of analog ECG records.

To conclude this chapter, the unifying or common goal in all the
concepts discussed above is the attempt to discover the most advantageous
display technique or "best" set of parameters whereby the heart signal

can be characterized most efficiently or advantageously.
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CHAPTER 2

REVIEW OF THE APPLICATTONS OF ANALOG

INSTRUMENTATION IN SIZCTRGCARDIOGRAPHY

3 >
Summary

The following chapter is a review of the most notable contributions
reported in the literature concerning the application of fcustom built”®
or single pﬁrpose analog instrument8  for ECG clinical research work.
The analog instruments or computers were deveioped to perform various
functions such as evaluate the magnitude of the heart vector, effect a
cartesian to spherical coordinate transformation, or perform a coordinate
rotation. The purpose of designing the computers, their addvantages and
disadvantages and related points of interest are discussed. Referemce is
also made to a number of related investigations not using electronic

analog (or digital) computers.
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McFee - A Trigonometric Computer for SCG Applications

One of the first, if not the first, single puréose electronic amalog
computers develppéd for processing EC; signals was due to McFee (18)(1950).
McFze reported that during a study of the character of the eleciric field
of the heart it became apparent that computers could advantageously be.used
in the experimental application of ECG theory. The problem was twofold.
First, were electronic techniques and components sufficiently well developed
to enable the required specification to be met and; secondly, which system
of electrode placement should be used? McFee developed an instrument which
would effectively transform x, y, tor, e and'if two suéh instrumenté were
combined, an x, y, 2 to r, e, # coordinate transformation could be achieved,
The answer to the second item was investigated by McFee and others in later
work.

The ECG theory centered around the concept that the electric fields
in the body resulting from the electrochemical activity of the heart could
be considered as being caused by a varying electric dipole located at the
heart!s center and characterized by the "heart vector" was of limited
practical value at tge time (1950) for several‘reasons. First, not all
perséns in the discipline held to the theory, amd secondly, the heart vector '
was tedious to calculate. Thg more or less dogmatically specified electrode
locations/define the leads and thereby the heart vector were a partial
reason for this second difficulty which was removed with the accepﬁagce of
orthogonal lead systems such as the Frank lead system mentioned in -
swriier Chapter 1. If a computer were available to process the ©CG signals,
the calculations related to the heart vector could be accormplished auto- |
matically and displayed in graph form thereby eliminating tedious cal-

culations and rendering the heart vector theory experimentally more practical.



26

o~

Thrze components, x{t), v{t) and z(t) are Suffiqient to cqmpietel

. . PR N . - . =

descridbe the neart vector.  FHowever, the waveshape of these components are.
aitered by the oriéntation of the heart from subject to subject;-and there -

00ssibility that these relatively unimporitant changss in the pattern

hs

cr
(8]

(s

s

"';

in

@]
W

s3ignal could obscure information which might indicate a heart ab-.

normality. Also, angular information. about the position of the heart vector::

vonents.

ticiee's 1nstraneqt osuabllsned vn° fee51b111tv of bulldlng 2 computer ‘V T

NN -
that woul pnrform the cart931an to spherlcal.coordlnate transformatlon f{"
x{t), y{1) and z{t) te r(t), e’t) and ¢” T%e magn*tuce alsolav g
r{t) lv/xz(t) + y (t) + z (t) , - 2.1

should be independent of the anauorlcal or1°ntat10n of the subjeCt‘thea;}.

4y 1-50° = & £ 490%) ihe latitude angle, and e(t) (-180% e<+1800) the

longitucde angle, would yield angular information about the heart voctor.'j”

In addition %o disnlayinz the computesr outputs r(t), e(t)fand'd(;};;sz

functicns of time,
figure 2.1, te o2

pintes of a cathode ray tube and using r{t) to ccntrol tne intensity of
th? alaceor

on beam with the time parameter being introduced by modulaulng

the 2lactron beam at a known rate,.

e

The block dis ;rah of Y¥cFe='s computer is given in figure'2.2.3{TheJ
outputs are given by ST
r = XpJB1 * ©e2 ees

»
©
n
o

ke arc tan

©]
|2l AS]
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Sirmplifi=zdé block diagram of McFee's cormputer
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The computer makes use of an inalog between equations (Z.2) and {2.3) and
an equation which gives the phase and magnitude of the sum of two sinusoidal

voltage 90° out of phase with each other (31, Chapter 6)

vy ZQ + Vo 129 = Vl? + V22 /arc tan V1/V2 2oy

bs indicated in the block dizgram, e; and e, are modulated separately by

twd sine waves supplied by a master osciilaitor and 90° out of phase with
each otner. The_tw@fsignals are added anc fed to a detector for obtaining
a signal pfopqriionélifc the ampliiﬁdé. The phase is determined by com~ |
caring the suﬁmaiibg;éf the two signals with aL‘unmodulated output of“tpg.
oscillator (32); The computer determires er and e, two thousand timégfbéri
second with an accuracy of 5%.1 %

& more detailed block diagram, reproduced from (1§) in figu:e‘2,3;i:~_ fl

describes the system in more detvail, Interconnection of two instruments = . .°

RSP S
would be accomplished as shown in figure 2.Lk. Since en is always positive

eg will never exceed + 900. In addition to proving the feasibilityidfﬁif
puilding a computer to perform a cartesian to spherical coordinate

transformation in an attempt to obtain a magnitude display B LR

r
r(t) = \sz(t) + yz(t) + z2(t) 2.1
whick is independent of the coordinate reference system, and thereby

independent of the heart orientation, and to obtalin angular information5  3

Mcree suggested that a coordinate rotation x, y, 2, to x', y', z' would
possibly be a way of reducing "normal map displays" of his proposed'hearﬁA!l;i;

vector map to a "standard one".

Tt may be appropriate at this time to discuss the baselire of the ECG?h?
siznel in some detail. In figure 2.5 the baseline is indicated and corre- -

spords to the time when the heart is electrically inactive. That is, the

1, . : . - . s
+1% accuracy is suggested as a possible limit with careful cesign.
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Figure 2.5

Basohne and average levels for various <
' ECC signals
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x{t), y(t) and Z(t)}QbWPOﬁeﬁts of*the_heéf£2vect$;'éf;'éeféz; In MbFee's‘ 
.computer; a baséi;ﬁékélaha;gr is érévided to ﬁéke1thé‘8ﬁipuﬁs of the modu-
lators zero when the input signéls are at their baseiine leve13. If the
picxup eclectrodes are connected to an ac amplifier, the input to the

~ e

modulator differs from zero by the difference between. the baseline level -~ = =

and the average lsvel.- For the case. of dc amplifiers.a non zero imput ..

to the modulatorsffé$ulté fr6ﬁ_ﬁhbalancédﬁ?}éét o] ;i¢f§§ténﬁiaxfdiff3?*?T:i‘

L
\

o

ences at the pick upfele?trodesffSééf@iéQ*éO,;ﬁ;73&). '

- s

Sayers - 4 Spatial Magnitude:Zlectrocardiograph

Sayers (17) (1954) dévelbééd_aéféi;§§:;ﬁicfanéiqg cdﬁﬁﬁﬁerﬁéS@ﬁ§;é;§i

in studying the magnitude display of ‘the heart vectort. slthotgh ‘the.

magnitude of the heart vector éaﬁ_be'viéualized~frgm3vCngiSb1$j$§ thé VOG

gives time as a parameter along the vector loop;ffThns,'ﬁhg,timéiséqﬁﬁhb;ng;

of events in a heart cycle, éspecially around tﬁéﬁorigin-offthefVCGQ;igi3'  B
not as evident as in displays which are recorded as functions of =y

- such as x(t), y(t) and z(t), the components of the heart ve¢t°£‘.'51$§3§:”

"
A

due to the variation in writing rate of the VCG, a time scale adequate for

the QRS interval is inadequate for the remainder of the cycle. 1In additién;ﬂ;gﬁ

2In the VCG, the baseline corresponds to the.origih'of.the'vector;ldgg.‘i?i

[

Jicree suggests the use of such clampers for automaticaily"qenter%ng*; c
VC% disnliays. : ' : ST . B

l‘Provision was also made for obtaining the ventricular gradient (12, .
5.12) ootained by integrating, with respect ta time, the magnitude. function.
The veairicular gradient has physical meaning as related to the total un- -~ ..
Salanced crnarge developed in the body due to the ‘electrical activity of -
vne heart, that is, the polarization.and depolarization phenomena. . Ventri-
cular gradient has meaning only when'related to the electrical activity
cver ine duration of a complete heart beat. There is' some ccntroversy as -
*0 th: meaning and dimensions ofthe ventricular gradient (that is, volt-
second or amp-second) resulting from conflict of opinion whether current --
or wotentizi s the fundamental quantity recorded in an aCG. : :



to the loss of detail in the VCG around its origin, only one heart beat
is recorded thus precluding the study of disturbances in;the_héartfrétéidf'i j
raythm. Tt is worthwhile to repeat that the origin of the VCG7c§rfeépdnd§;ifj
to the baseline cf the ECG, that is, the resting potentizl or isoelectric -
interval. Displays recorded as a function of time are ofteﬁ reférred to
as linear or scalar cardiograms. Thus, to obtain a: magnltude d1splay as

2 function of time, Sayers developed a computer, the block dlagram of uh.ch

is reporduced in figure 2.6. The three inmput 31gnals x(%), y(%) and z(t)
are amplified, squared separately and then summed. The square root of the
sum is then evaluated and recorded. Th° square root of the sum may also ;g
be integrated if required. Reference (17) describes the c1rcu1try in detall.

- Some comments about the squaring and square root c1rcuits are approp-

riate. The squaring clrcult (33, 34) makes use of the multlpllcatlon law _:
2
i, = ky + k2eg1 + k3(egl) (2.5)

where ip is the plate current and egy is grid signal of a wvacuum tube.
If a pentode is used and the input signal e;, is applied to the suppressor

grid and a fraction of ejp is applied;tb the grid then the relation becomes

iy = kegjegy (2.6)

where egl and eg are the voltéges applied to the grid and suppressed
3

grid respectively. Under the condition that a pair of pentodes sharing

.

a common load is used, figure 2.7, the plate current is given by

iy = ky + Ky ein’ (2.7)

where the pentodes are driven push-pull to eliminate odd power terms. The:

circuit is tested and balanced by using a pushk-pull sine wave input so that
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Figure 2.6 (cont'd)

Notes:- ‘ v ‘
Pre-émplifiers - :designed for high insphase reJectlon ratlo‘
' - . use 6SU7 tubes- 1n push-pull conflguration
: (2 stages; - i
¥ain Amplifiers - provided wi *uh flne gain control
- use 6SL7 tubes in push-pull conflguratlon -
(2 stagns)
Squaring Unit ‘ é;vpush-pull £ed ‘ see flgure 2 7 for: c1rcu1t o
'Adding Un1t - triple input anoqg follower conflguratlon ?1»1fv

- uses 6AC7 tube

Square Root Unit - square root characterlstxc syntheszzed.w1th

Integrate. Unit - - manually operated feedback ampllfler ,;;f@f,
‘ - uses 6SL7 tube S s 1ru""”
+360 Av “ .

e
& \ _16597 150 » 6597]

E "
i Bt v & T
egr ) 7] i
+90 v
Balance
Figure 2.7

Squaring circuit used in Sayers' computer

multiple segments u51ng diode netuork ~'pl~.,;



the output, nealectlng dc components, oecomes a doubLe frequency 'sine wave'

ccordlnc to

. sin? wt = —(1-ces‘2%}t) f. o | -:__ (2. 5)

oot is obtained by geﬁe"atln? a semi-parabolic lnput-ou put

r
P
®
19}

0
-
w
H

cheracteristic synthesized in segments by using a set of approprlately

blaoeq dlodes connected in parallel. Only the p051t1ve nortlon o the

The‘accuracy of'

in the'computer. The squarlng and square rooting operatlons are the 1,ast

accurate, with square rootlng belng the most cr1t1cal. The accuracy of_ _

—~a T

the sguare roonlng unlt is a varlable quantlty 31nce the de51red charac—f'

teristic is made up o; a finlte nnmoer of segmentS'ana 51nce “the blgher

~ P

the 1nput 51gnal 1s, the less percentage dlstortlon 1t ulll suffer due to

the fact that the slope of the sqnare root'curve decreases w1th 1ncrea51ng

input signal. The input zero lsvel must be carefully set as small errors
in the zero setting can result in large output“errors, especially;fcr“leﬁL;
signal levels. Sayers quotes an accuracy-of the order of 10% for n§;£'"
maximum 1nput signals with the accuracy decrea31ng con51derably as the
maximum usable signal level is reached, the accuracy belng determlned by

the square rooting operation. He considerS'this'sﬁfficient when variatiqhslf n

in the ZCG due to the subjects attitude and respiration are taken intd

account.

The time constant of the apparatus is £.2 'sec and the upper frequency . -

il
0]

T3 = 4
437130 ey

10 ¥ cps.  3ayers does not comment on problems regarding the
difference between the ECG signal baseline (zero) and the average or dc -

component of the signal. The circuitry is ac coupled and it would thus
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seem that the dc component has not been taken into consideration in
generating the magnitude display.

Dower, Moore, Park, Poole and Yuan - A New Computer for Three-Dimensional

Zlzctrocardiography

o

A computer to effect a coordinate transformation from x, y, 2 tor
o, ¢ was developed (19, 20, 21)(1955) by the above mentioned group at the
“niversity of British Columbia. The initial stage of development (20)
resulted in a two dimensional computer comparable to McFee's except for
the mamnner in which the multiplication (modulation) was Egrformed. Multi-
plication in McFee's computer was performed in a circuit using tubés with
2 single control grid and transformer coupling, that is, in a balanced
modulator. The computer developed at the University of British Columbia
used a multiplier designed around pentagrid tubes, that is, tubes with two
control grids, and thereby eliminated the need for transformer coupling.
The second stage of development (21) resulted in a three dimensional com-
puter which achieves the cartesian to ‘spherical coordinate transformation in
a simpler manner than resorting to McFee's suggestion of combining a pair
of two-dimensional computers. The resulting computer, the block diagram
of which is shown in figure 2.6, is capable of an accufac& of approximately
5%.. The computer input can readily be modified to operate from any four-
electrode lead system.

Automatic calibration and stabilizing.features were incorporated
enabling unskilled personnel to operate the device. Clamping circuits
ensure a zero output corresponding to the baseline or zero level which
indicates the portion of the cycle during which the heart is electrically
quiet. The clamping, or gated feedback circuit, attempts to compensate
for interfering signals due to muscle movement, respiration, amplifier and

multiplier drift, and the fact that the 2CG signal has a dc component, by
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Je Cote and Horwath - ulectronlc Computer for ulecn*oca*d10~raphy

De Cote and Hor hatn (35)(19;6\ developod a computer to evaluate a

function of the form

th ~
| O RO IR (29
t1 . , o L

using electronic data nandling technigues. This integral is useful in the *

siudy of depolarization and repolarization of thé myocardium (heert musélég

tissue). The computation is tedious tc parform, however, with the computer

4 is feasible tc evaluate the integral for a voiume of cases tnau woald ?i

Fle

dever be attempted manually.
4 block diagram of this "caralac vector integrator" is glven in flgur?
2.9. ©Sach of the three invut signals is amplified and converted 1nto a-
1oau1ated pulse train, the pulse modulators beling fed from a common free-i{e
runniny olockinz oscillator to ensure proper time phasing for the three
channels. Tne rectified output of the modulators is fed to-the squaring,'
circuit. The output ef the three squaring circuits is summed in a summing ﬁj;'
amplifier and fed to an integration circuit. o
The squaring circuit uses five diodes in a voltage divider circuit to -
cttain a six-line approximation to a parabolic response curve. It operateé»um
on sach pulse individually to produce a new emvelope whose amplitgde is~
nroportional to the square of the input waveform. The theoretical accuracy._n
of the instrument as calculated for a triangular wave input signal of |
maximum operating amplitude is 3%, that is, the integral of the square of -
a triangular waveform will be witnin 3%. As the percentage accuracy of a ,3:;

squaring circuit increases for decreasing input voltages, 3% is the minimum o

0

error to be 2xpected. S
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»cFze, Parungao and Mueller - An Electronic Coordinate Transformer for

[

Zlecirocardiography

A computer to effect a coordinate transformation, or mbre properly, a
coordinate rotation frem x, ¥, z ¢ X', v', z' was devaloped by McFee,
Parungao and Fueller (22)(1901). To the author's knowledge, this is the
most recsai instrument developed o perform the coc;dinate;fdt#tion; the
firsy instrument dating pack to 1953 (38).° ifhélirotatid;';?of coordinates
resreseats another approach to the preblem of eliminating apparent diffem- -
ences in elesctrocardiograms of normal éubjéﬁtsiresuiting from thezorieﬁ;_j-
tation of the heart. McTee et al suggest that the problem of identifyiﬁghigjﬁ
diagncstic details cbscured by waveform changés due to variations in heartfrl
orientation is analagous in some ways to the problem of détecting weak.'jw
signais in noise.

The block diagram.of the resolver is shown in figure 2.10, and the
system has been designed according to the following equations. ' L

A Y

x' = k(x cos e - z sin e}
vt = k(y) (2.10)
2! = k(z cos e + x sin e}

x" = k(x') _ o
y* = k(3 cos ¢ - 2' sin ¢) -90° = 4 = 90° (2.11) e
z® = k(z' cos § + y' sin ¢) :

x = k(x" cosS- -y sinr)
y* = k(y" cos § + x" sind ) (2.12)
z" = k(z") _

The o, & and § knobs are adjusted appropriately to rotate the frams of

reference to the desired new position x™, y™, z' with respect to X, y, 2

"

hy "minimizing" the output of one channel. The system has been desigred

around th2 sine-cosine potentiometers as indicated in figure 2.10.

also (37) for work reporting on cocrdinate rotation using a
2 rasolver of the Schmiti type.
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Tovectications Using Other Than Blecironic Analog {or Digital) Computers

-

ibildskov, Ingersen and Hisey (32)(1956) were possibly the first

sroup to report on clinical,obsefvationsofAthe cartesian to spherical

+ 5

scordinatz transformation. follewing tne work aﬂd su ~g a3tions of cree

‘ A _
‘1o, Trang (7)), vayer et al \17, ,v,,let al recorded xit), v(t) and z(t)

simuitanzously and calculated the‘spherical coordinate transformation, for

7 subjects, u‘sim IBIi card n’u‘nc‘n alcu;ator..',::?i’gme. 3.6 illustrates

the coordlnate coavent&on and equatlons uscd. Th récbrdings'were taken

using iwo methoqs cP =l=ctrode placemenu, namelj the ecu1¢ateral tetrahnqron

systen and a svstem based on tre worx o  f F and Jonnston (407, Ab_ldskov c%fv
2t al, in discussing'and verifying~the accuracy of their.work regarding':
such items as the time phasing cfcthe cariesian components, indicate thaﬁ
VoG looos constructed for the 2RS interval using the calculated spherical
co"ponents repcrducec the actual VCG loops recorded with con51aeraole
nrecision. This comparison was possible cnily for the Q3S interval due to
th2 characteristic of VCG loops Previousliy meniidned in that information

rigin is difficult to identify. Mention was made of the fact

)}

22r th

-

[}

that when the magnitude curve was small in amplitude; the curves giving
angzular orlnntatlon information were somewnat unreliable. This was possibly
due 1O slight baseliné dri©t, in the original scalar cartesian reccrdings,
waich could 11flu°nce the apparent angles significantly. Among other con—
clusions arrived at,‘Abildskov et al claim that features of clinical
significance found in abnormal x(%), y(t), z{i) records were representedﬁ

in easily recognizable form in the svherical coordinate transformation ra-

cordse
It is of interest to note that Ablldsxov et al sugrest other clsplajc
such zs rate of change of magnitude and orientatio. and sab3°c ing the -

% E

waivezivas of the sariesian compoients to the same manipulations useu e



obtain the magnitude and orientation traces to obtain vector derivatives.

Such analyses were not carried out by this group due to limitations inherentﬂgi

in takinz. derivatives of curves plotted from a limited number of points.
Yowever, the suggestion made was that the displays be obtained/appropriately"'
crocassing (by computer) the cartssian components directly.

In spite of the significani contribution made by this group, they

suggest considerable further study is required to establish the most signi- " .

6

ficant measurements and methods of analysis for ZCG signals. In an attempt .

te give a partial numerical descrirticn of the spatial magnitude curve,
roilaskov et 2l measured the period of the QR3S complex (bztween points 10%

off maximum deflection), the kurtosis ratio (maximum amplitude/widih), the
/rise time - fall time\ n f.*h ARS T
\rise time + fall time/’ 0 ©'°2S Of ©he QRS and T waves

and their ratios, and in the ragnitude curves which exhibited notches, the

sikewness factor

ratio of depth of notch to maximum amplitude.

Another investigation of intérest was carried out by Hellerstein and
samlin (41)(1960). Their investigation was concerned with a study of the
QRS interval of the spatial vectorcardiogram, spatial magnitude and spatial
velocity cardiograms of the normal dog, and the correlation of these dis- |
plays with the scalar ECG, the cross-sectional anatomy of the heart and the
activation process. In the initial study the magnitude and velocity were
calculated from the x, y, z components of the heart vector as measured frem
th2 aporopriate VCG. The magnitude curve was calculated using ithe relation

M =jx2 + y2 + 22 {2.13)

for =acn instant of time, See figure 2.11. The velocity curwve, the

6& mors generzl interpretation of this suggestion would point the way
Lo guite different concepts in methods of analyzing 5CG signals. The work
21 the application of signal analysis concsots to be discussed in Chapter

- ad

; serves as an 2xample.
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“ Magnitude of an instantaneous vector.

: -1:,

’ ‘/(xa-xb)z + (’ya"yb)? * (za-zb)‘a‘—

Velocity of sratizl displac
of time of two consecutive vactors.

j?;a

2 2

-xp)  + (23-%p)

Figure 2.12

ement per unit
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z-nvial acisplacement between the termini of consecutive vectors per unit of
. : _

was obtained by measuring the projection.of the vectors fermed by. the

consecutive vectors on the three coordinate planes, figure 2.12,

2 . ‘ -t / -1
\/(xa-xb) + (.ya-yb)2 - (zg-2)° (2.14)

which is esculvalent to » e :
GX) (dv) ( ) R ’215)

yaryb) and_(za—zb) représent X, yand 2z or tne chanae in. xg :

(=% )

bl

v and z respectively per unit of time. Subsequent to the 1n1t1al stuay an: ;”;i,
analog computer was .constructed which performed the_necessary‘functionS’fpf*

obtaining the magnitude»and>veioéity curves electronically; DetallS‘O¢ tne~;

COmon€” are not given but an examole of the magnltude and veloclty chV°B,;T

recorded 31mu1taneously, was glven (hl, De 1060)
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CHAPTER 3

NOTATION AND COORDINATE SYSTEM CONVENTIONS

IN ZIECTROCARDIOGRAPHY AND VECTORCARDIOGRAPHY.

The following chapier discusses a number of points reliating to the
established convention and coerdinate systems ana to those presently
in use by relatively restricted groups of investigators. The general
tschniques and methods of approach currently used in ZCG=and VCG research
meet with good acceptance among the various investigators. Differences
in details, the individual investigator likely being biased by his irmediazte
research problem or equipment, however, ai times makes it difficult to
compare the results of different workers and creates confusion in that
errors or misinterpretationsare readily made. These differences arise
primarily because of the. somewhat varied notation and definition of
coﬁrdinate systems in use. Advantages, disadvantages and compariscns
are given in the following discussions where appropriate.‘ Various
critiéisms are made and suggestionsvgiven in order to establish some
degree of consistency in work that may follow. An effort has been made

to incorporate suggestions and criticisms given in the literature.
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In electrocardibgraphy gnd vectorcardioéraphy there is a lack of
uniformity of notation as used by various aufhors. This tends to create
confusion in that errors or misinterpretations are readily made. A dis-.
cussion regarding coordinate'system ana notation is thus in order if con-
sistency is to be maintained on this project. Suggestions made in subse-
quent paragrapns are recormendations for a standard convention;fof work
at Ottawa General Hospital and University of Cttawa until such time as the
conventions in the field of vectorcardiography are Sufficiently well
established and a standard orthbgonal lead system is chosen. In regard
tc lead systems, the Frank lead system currently seems the best.

The usual point of departure is Zinthoven's well established frontal
pliane convention in electrocardiography, Figure 1.2. This is the most
firmly fixed convention and so cannot be changed. No one has questioned
Einthoven's convention and historically, as well as practically, it would
seem best not to. The advent of vectorcardiography has led to a collection
of conventions similar in principle but somewhat varied with respect to
details. Whether a cartesian, spherical, or other coordinmate system is
used, a higher degree of standardization of notation among investigators
in this relatively new field of vectorcardiography would be desireable.

As already mentioned, the Frank system of electrode placement currently
seems the best, since, of the lead systems proposed to date, it yields '
close agreement between spatial vectorcardiographic loops recorded directly
and those reconstructed from temporal electrocardiograms (1,.3:;;¢5E%?.

In this work, the Frank system will be used with the modification that
Helm's suggestions L;:;) will be followed with respect to the point of

'~ view taken for observing the frontal, transverse (horizontal) and sagittal



vectorcardlographlc planes, and notation wlth respect to measurlng angles

in tnese nlanes, flgures 3¢ 3a and 3 3b.

Figure 3.1 shows the x, y; z coord;nate reference axes as used by

U ) 42)
Frank F=5—+=F. This is a right nandec cartesian coordinate system. The

ht}

. observers' position for viewing the vectorcardiographic planes, Figure 3.2,
hcwever, does. not correspond to that ussd in either of the two systeﬁs

prcposed by Helﬁ.;‘ff‘

Sinthoven's conventlon requlres a CWchw1se dlrectlon of rotatlon for : B

a positive angle w1th the refereqce or zero degree ax1s correspondlng to - E

5
g
]
.

the \suogect's) left end of the x ax1s, that is, lead I 1n ulntnoven's
equilateral triangle scheme. Helm made his proposals in order that mlnr -
thoven's frontal plane convention be retained in each of the 3 vector—¥
cardiographic planes and so obtaln a uniform conventlon for measurlng |

angles on each of the 3 planes, keeplng in mind, that tr1gonometr1c 51gn

should be preserved. Helm‘s suggestions correct dlscrepanclesvln osclllo-uf
scopic views advocated and preferred by the Committee in Electrocardio-

sraphy and Vectorcardiography of the American Heart Association and 6btain;;

as » .
. syrmetry of presentation (3%9). -

TABIE 3.1

e ‘ .
o, . % AN L '
i i B e § e A Tl RN

Observert's position for viewing vectorcardiographic planes S
{Subject is assumed to be upright) - ;§<& * 3

‘\\\\\Ezfﬁem Frank left Handed System Right Handed Svstem_
Helm - .hdm ’
Jectorcardiographic Figure 3.1 :
plane and 3.2 Figure 3.3a Flgure 3. 3b
#rontal ‘Front aspect front _ ‘ front i
Xy : ' of subject s
Sacgitial Ieft aspect right _ left
Xy of subject ' .
Transverse Superior superior - inflerior
Xz aspect of

iHorizontal) subieci =
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The system shown in figure 3.3a is left handed, the one shown in
fizure 3.3b is right handed. 'Since the Frank system of electrode place-
~2nt is defiinad with respect to a right handed coordirnate system, figure
3.1, anc since a right handed system is conventionally used by englneers

and scientists, it would seem reasonable to adopit the convention of figure

This suggestion, as seen by comparing columns 1 and 3 of Table‘35r>\
raquires that the transverse (horizontal) nlane viewed by Frank by obse;ving
the sup=rior aspect of the upright subject, snould insuvead be viewed by
observing the inferior aspect of the uprizht subject. The positions taken
ov Frank to observe the xv aﬁd zy planes {(frontal and sagittal planesv
respactively), correspond to those takern by Helm in the system of figure 3.3b.

It should perhaps be enphasized that a right handed system is convenient -
from the point of view that initial consultations with persohs not associ-~
ated with some aspect of cardioclegy, will not suffer from errors arising
‘rom the seemingly similar conventions, a closer inspection of which will
show they are in fact somewhat dissimilar.

It is appropriate to mention at this point that confusion often arises
vhen tne Lerm "horizontal plane" is used in referring to the xz or trans-
verse plane since the subject may be in an uprignt, prone or supine positicn.
Tlagittal plane® can be misleading unless gqualified by "left" or "rignht®.
"Tten, upon inspecting the definition of the reference system used in a
rticular publication, one finds that the information given is incomplete,
and inaporeoriately or insufficiently specified. Figure 3.4 shows one
exarple vhere the definition of angles in spherical coordinates is unclear

gure is carefully studied.

-4
e

uniless the
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