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-'Introduction I L , : A -

.~ The purpose of the paper is two-fold. In the first part we describe =~ '

: ; . the  generation of the electrocardiogram from a biophysical (bioengineering)' ¢
- . < - R v . . . . .
standpoint. In the second part we utilize this information to discuss its
. . : - ~ ° . ’
application to clinical instruction on electrocardiography. An importdnt

‘;~; ' objective is to illustrate the educatidnal contribution of biomedical, .

= , Zf engineering to the life sciences — with regard to a basically .
- . ~ ) ) ‘ . . /
engineering process.. I . '

. . \,v
I

' ' . | Electrocardiographic Biophysics ) .

The basic structure of -the heart is that of a stratified’ spiral—like

o

configuration of muscle fibers circumscribing the two ventricular cavities. '

_ On a microscopic level the individual cells are arranged in a bricklike

matrix. When a cell is activated it contributes a current density field

. ‘” _‘

throughout  the entire body. That is, thembody behaves as a passive'volume -

o : . _ : 5 » e

. - conductor with the cell a source of emf. The electrical events give rise

L. - : . \ - L] ’
i to contraction of the muscle so that the former may be diagnostic of pumping

s

7 capability, hence, the interest in the electrical activity of the heart.

O : Since electrical events in ‘nerve and muscle involve frequencies under
N - . '

.

lO 000 Hz the reSponse of body tissue to endogenous currents can. be examined

B Y

‘ through the application of a.c. signals over the range 0 - lO 000 Hz. s
wz\7 y"' Experimental results shoy it to be linear and resistive. Furthermore, for

N usual ﬂimensihns and this\\imiting freqélnoy, prOpagation effects can be ' - N

ignoreds.‘Consequently quasi—static‘formulationsgapply. Twoagmpprtant con~- 1‘"?*

clusions arenﬁ(l) that at any instant of time the ourrent;field resulting

e o ' , " : 3 ' N 3
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RV -from'maﬁyWactive-cardiac cells ¢an be found by superposition, apd (2) that .

the current field of a gingle cell.cad be found as‘a\solution to'LaplaQefs « e
1 . o . . —~ T . . ) . _4» ’
_%quation, subject to the boundary‘conditionsiimposed,by-the\cell and: £ts .
. environmenti‘ ‘ ., o . , . . T A

R

. ~With the latter conclusionyin‘mind, consider.the single cell, illustrsted :
ve . T - - "_ N . . . ) ,
~—1in Figure 1. We assume this cell to be lying in a uniform volume conductor

]

———

» Fio. 1 ’l‘ho singlo ccll in & volumo conduotor The pomn o surfaco normal and positive o
" “transmembrane purrent aro outward, The transmembrape potential V, equnls the '
mtmcellulnr surfoce potential relative to the extracelWiAT surface potentnal that is - -

‘ . . ! V = (bl 00 ‘fo Y .

- - . : =
. g . -

2 3 . ' Al

- ’ - . o8 ’ ~

- R

.. N i -
. . I

' ¢ ' . 0 .
5 of ihfinite Extent of conductivity 0 " and whose cytoplasmic conductivity is

. °i and with the potentials ¢ just outside and ¢ just ingidé the bounding

membrane. Now a cha%acteristic of‘an active cel* is that ¢i ¢o = Vm.(the _."
s

' . A v.
transmembrane.potential).must be non~zero and? in fact,. a. function Jf position
- . > S _
on the cell surface. .Since biological membranes are very thin they may be
.. considered as mathematical surfaces 8o that regarding the potential field. .
.. 1] [} s o '
SR ¢ ve muétlhave L - ¢ : :
. l . . \2' - ' 4 ;3 0'. ) o N -
7 T Vo= 0 (¢ satisfics Laplace s equation everywhere )" ¢S]

‘ @i ;”¢d * Vm = 0 (Over the membrane surface 8, Q'is discontinuous.) (2)
. . . . T . . ! . . . ' * .

° . . : ’ . A\ v
L3

1 T SR P 4
ol 0. . : . .
o n v . (continuity.of current across the membrane) (3) A

J=0E=-~gV0  {Ohms Law in differential form). - o a




'

. ) . / “ 4 ' . '
In the above, n'is\the outward normal to the cell surface.'prw*define ' 7
. ¥ = ad. Then 2 - L e . L «
. . ’ . 2 ' ) N ‘ ‘g - ) - . ‘ B
V ¥ =0 (everywhere) T ERE 4) -
<. o —_ | ;
. ‘_"wi'. Y % 0 (on S) . . o (5) .
. ! . l
, | 9 « ‘ ’
(} '3‘1’1 '.3‘1’0 ‘v'\,&’} e, . A . . L . .
an on (on S) ot - o - (6)
- ~ !

’*From potential ‘theory the function ¥ satisfying the above conditions

-

‘(solution to’Laplace 8 equation, continuous derivativ everywhere, discon—
;

tinuity over the surface S) must be related to the discontinuity over’

) ‘ 7 Y

5 ‘. ‘e
< .S! .

-8, name}y,
. . ) . . E}’."-»}‘

. ‘ ) . "., b
o f(w \y)—-(—li’ilds‘ S N R

' where r is the distance from the source point to the field point, Solving -

. L]
v &

for ¢ gives o ST ' B R
J 1 ' a(L/ g | '
) O e—— | * r) . ‘l
e ¢ . 4o é (°o¢o o i)'_ng_- ‘ (®)
. . /l > * . V ) .

and ¢ takes the'vslue'qixfor internal and'oo'for external fields, . Equation

(8) permits, in principle, the determination of the electric field (hence

the current field) from knowledge of..the cellular conditions. The sourceﬁ
R
in engineering‘/erms, is described as a double layer (dipple fioment per unit
?

area) function‘lying in the- membrane, oriented along the outward normafgfhnd
e . &

- of strength (oo¢o~01§il' . : L _' -

- ’ \v ’ - V

. , . . . ,
A determination of the double layer source for a cardiac cell from the ”

. biophysics of cell membrane pracesses is not possible with-the current knowledge

r

o . T : . ’
o o - : : N
. : .




. - of the field. 'iIn fact; spatial measurements of the’ electrical potential ovef
. 1 ' ¢
N . a cell 8 surface have never been made. However, macroscopic measurements

.
. ’

of fields within the heart muscle suggest that the sum effect of such ' v v ®

3

double layers of many ¢ells is itself a uniform electromotive (double—,

. / layer) suiface which p‘ppagates uniformly from the inner to outer wall’ of
. /-

A,

s.the heart (roughly). If one imagines that excitation can freely paSs frou ‘

.
.

. "' one cell to those adjpining it, as if.there were intercellular contacts

)

.o that oermitted unimpeded flow of current hetween'cells, then the double -

. . layer source of individeal cells could combine to produce such an electro- B :
- . ,M ? - . . . ot
- motive surface. In fact, utilizing a freely interacting model, one predjcts

LA )
]

the resultant'eléctrbmotive;surface'to have a finite thickness and for it

'to consist-of a dipole moment density that varies‘as an error function, and
- A ¢ A .
thfs'is consistent with the macroscopic measurements. Unfortunately, this

ot

model is not completely consistent with known hIstolpgy. ‘The Pasic process
S—— .

of‘spread of activation as a wavelike phenomenon is, at least; an experimental

: \.fact. The .Jocation of sdch surfaces at ‘successive instants of time has been .o J

determined from recordings from multiple-electrode needles inserted into the N

beating heart. An experimenéLl determination shown in erosSdsection for the

% L

S — \ human heart is illustrated in Figure 2. - ‘ '

. e A} ] . Ll ' 'R
? From an engineering standpoint, one -should be able to evaluate the current
- ) , . . T
;»‘Eield in«the torso at some instant of time, given the geome'try of the activation

. surface(s) at that moment and the geometry and conductivity'of all elements
L a & . ’
making up the volume conductor ofnthg body. The effects of inhomogeneities‘

-

, ean, in fact, be considered by applying equatiqns (4)& (6) at eacl? interfacc

-

between regions of ‘different conductivity -~ in which case one can confirm that,

\ K . ] ..
e

4
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' FIGURE 2 Isochronous Lines of activation of the hbman heart. (From Durrer, D et al., Total excitation of the human ) -
heart, Girculation, 41, 899, 1970). -~
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» ’ - ) . ‘. . . - .” |
’ N [ %
e s .
due to gurfqge Sj, a potential field ] - Lt . a
- L ° h . . N . ‘
. * : "o A . . B )
- .1 W -9 (/e Lo o
¢, = o ¢,(c" -~ o! s : '
. i 4uo £ j(,j j) on d . ) . q(g)
N ) ‘ - - ’ - . ”‘K ' ¢ “n
LR - . . -
o . . .
results. In this equation og is the conductivity on one sidé:and o! that
. . . ’ ! . P . »

\
\
\
|
|
.
| gEee
on the other side of 'the interface while n 'is oriented from prime to double
"+ ptimg region. The effect of the discontinuity in conductivity is the intro- |
. ' ‘s g ’ B -,

dudtion of secondary double layer sources of Strengtﬁ,pgsportiona} to the

3 B L N .

potential tdmes the discontinuity.in conductivity. An important such _ |

y} T . . .
. . ﬁ ' . )
L B . U : ' ’
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N S

discontinuity is that at.the torsoc surface, since this is’an intérfaoe

- L+
Al

" . with the external-(totally,non—conducting)_surroundings.'

Although there are gaps in.our knowledge, the aforementioned descrip-

tion of the generation of the electrocardiogram fthe;:forward problem") . ~

v

‘- . . R “
.is reast;ably well understood. -While this“matter is of great.interegq\to

thehcard ac physiologist and of indirect interest to the cardiologist, it

v - N . - ' ’ i‘ : , ’
does not exactly address’the problems of the latter. For the clinician,
/ '
P . 3 : ] .
. s - .

the electrocardiogram is the ' given infofmation and it is the sources in

14

the heart which must be determined therefrom (the ”inverse problem Y.,

Unfortunately, more than one sohrce can-(theoretically) give rise ‘to the

-

sgaie electrodardi&gram ?o that the inverse problem is ambiguous. And for

a given signal ~tto~noige ratio, the ambiguity is further increased. Much_

-

present effort is being directed to a study of this problem "1If one is
content to’determine the net agtivity in a limited number of zones of the
heart, and if one imposes fwom the outsetvsome}physiologicalvconstraints»

(e.g., activation surfaces are directed outward from the heart), then some

limited succesg, can be obtained. But more work is needed to sharpen oyr

‘quantitative understanding of the capabilities and limitations of such
N H

multiple ‘source inverse electrocardiography.
’ \ ' v . . .
Simplifications and Approximationsv ’ . - o, b

[

The inverse problem can be simplified immeasurably if one is willing .

to make two assumptions. The first 1s that the torso is homogeneous. The
[

second is to ignore the distributinn of dipole elements in the’ activation

i
surfaces and consider the generator as the vector sum of all momentarily !
, . . « ..‘ ) . N " ] ’ W

[ o

\.

B
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L existiné dduble Iayers,'that is, as a single dipole (whose orientation
and‘magnitude is free to vary as a function of the progreseing activity).
In this"case'a simple 'felationshin exists between the heart‘digole

‘ source (call it H) and the voltage, measured between two points (say.a and

b) on the body surface (V ) For suppose that H = 1a (unit magnitude'
in the x direction) produced a voltagg 1 in "leads" (a »b), ind H= lﬂy

a voltage 1y’ and H = 1az a -voltage 1 z*. Then,.because the medium is

1inear,.yhen i Q'h a_ + hyay +-h az, X . { . ‘£: ‘
qu = hklx + hyly o+ hzlz . ) (10)
- . ¢ N , B
Since this is in the form of a vector dot productvone can write, simply
. s A I :

. O . . -

¢ L Vap " HL : oy
where o . .
4 .
N - - - - , s ’
: L lxax + 1yay +~lzaz _ (12)
// 4 . : ° L.

The 'vector L’ is known as the lead vector and it-is a*property of the 1ead

°

(i.e., electrode pair a b) location as well as the heart vector locatipn --

the unknown but desired, hedrt vector components (h ’ hy’ h ) can be fou d\

Special 1eads can be located Yor éknstructed by linear combination) such £ at -

- —

JLl = a_, L2 = ay,~F3 f az and hese\constitute ah orthogonal lead system ~-‘

)

,the components of i are then obtaiped directly. Since the heart vector is, B

y ‘. \ o . y
in fact, a distribution of dipoﬁe ¢lements it is desirable that the lead

:




" - .. 4 - o,
il = a be- independent of position of the dipole source within the region

of the heart. This criterion can be satisfied only approximately with

practical leads. Several clinical systems of "vectorcardiographic" leads

are in use today and they include the McFee-Parangao, Frank, “ sVEC IIT,.

¢

cube, and tetrahedron. - s )

~

’

Most clinical electrocardiograms are'bbtained ysing leads whose lead
vectors have not been optimally chosen - but have been adopted out of
historical précedents.; The lead formed from the”left arm (left wfist
is roughly at,the game potential and electrodes are easier to attach at

this point) relative to the right arm is VI and ‘the lead vector turns out &

* )

: R
(from torso tank studies) to be roughlx along the anatomical direction

from right (arm) to left (arm) ﬁhis corresponds Eo the vectorcardiographic

X direct}on.' The “precordial lead" formed from an electrode in the fourth.

interspace just to the left of'the sternum relative to a reference electroﬁh

derived from the mean potential of left and right arms and left leg (the 4
Wilson central terminal).is Vz. It is roughly in the anterior-poéterdér

direction which is the vectorcardiographic z axis. 5, a precordial lead

a

from the fifth interspace and anterior axillary line relative to the certral
VAR o

terminal is another x ‘lead. The left foot ‘relative to ‘the central terminal

.-(\y e -

“correaponds to a superior~inﬁ/rior, or y~oriented lead vector. In thia
T ] v
way the’scalar leads of conVentional electrocardio raphy ‘can be put into a
A

,'more contemporary form as co\szituting an uncorreéted (with regard tdcmagni-

tude) but roughly orthogpnal d syatem permitting some quantitative L

FRINY

state ments. about- the heart vecjor.E One majbr difficulty with' vectorcardio-
A

graphi use of the ECG is that ‘linicar records are frequently taken sequén~

IR

\iallly thus pcrmitting only g !88es regarding isochronous events, -




The lead vectorskporrequnding to left and right arms (V ), left leg

k;,w

_41\;\

P L
L and left arm (VIII

an equilateral triangle (Einthoven triangle) From torsc tank e%periments
the ‘triangle is seen to deviate considerably from this idealy There is, of
course, no reason to expect the lead vector to correspond_to the vector -

joining lead locations —~ in ‘fact, the magnitude of the lead wegtor depends

on the relative location of the source. = . .
, ’ . “

The above details are set iﬁ§thE-larger electrocardiographic process.
- This begins with the automatic depolarfzation of cells in ‘the heart's SA -
. ’ > k4 . : - -

nodé until their threshold is reached. A consequence of ‘their firing is the

]

" initiation of local currents which cause the activation of adtacent cells so

¢, - that the process spreads throughout both atria. Special conducting cells

S (tracts) convey the activity to the ‘AV node (the sgle interconnecting link *
~ with the ventricles). Activity passes into the specialized conduction
tissue of the common bundle and emerges, considerably delayed, in the ven-

a

tricular septum -- thence.to follow righn'apd left bundles, and finally to
reach the inner surface of the right and left free walls, as well as. th§7p
septum, via the arborized Punkinje tissue. This initiates the activation

U S of the ventricular walls and septum and gives rise to the activation wave

. ~ already commented on. " The temporal sequence of events is quite definitc~
~. ' . :

illustrated in Figure 3, the P; QRS;‘and T waves are reliable features
which characterize atrial and ventricular activity and ventricular recqvery,

respectively. Their. time intervals and durations arelrelatively easy to

), and left 1eg and right arm (V ) were considered to form

physiologically gnd the surface electrocardiogram reflects this. Thus, as

Can

.

4




PR S
interval ———={ . .
(0.16 scc)

ST '
R egment ’ N
QRS complex
4————(0.15 scp)————3t¢—e(0.15 sec) ———>~ ¢

. QTinterval
< — (0.30 scc) —>

»
.

Fig. 3  Significant features of standard (cenlar) clectrocardiogram.

+

.

measure and, when outside the normal range, are amenable to s#raightforward

=)
7

explanations_bascd on the normal pattern describeg above. 0
. ’ LT ; ]
The Clinica} Electrocardiogram> T '
R a - T )
While it ia not the*purpose of this paper to congider clinical diagnOsig
P

of electrocardiograms we do wish to congider how the above ‘material ‘can be

-

presented’ as useful background for-such clinical ‘studies. The description of
the heart as a complex source is not useful since we do not yét have the tools

to evaluate it in inverse electrocardiography.’ However, the single heart

°
. .

vector (heart dipole) ic realizable and this should’ (and doéa} form thznbaaio.

o . ’
‘for clinical ‘treatments. >

- - '

By heart vector we mean a single dipole with a certain orientationvand

The nature of a dipole source in an unbounded rcgion can be |

-

‘deacriﬂbd by a graphical preSentation of its current flcw fiald as shown in

strength.

Figure 4. This is useful for a graphical appreciation of the dinole field.

. . .
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WA i vex provided oy enic [

-~ (heavy a.rrow) shows the oncntatlon of the battcry and, correspondingly;’f the field. Under

N % 4 . . .
vide versa) such construction as, shown im Figm:“e 5 is useful ,fl‘hat th,.e iea_d -

A -018° .. s
-

. "'.“o'ﬁ'""_g.~ ) S .
- \Fla “ A dry cell ‘battcry is submcrgcd in a.conducting ﬂuxd Currcnt ﬂoWs out.of the
. ‘, positj ve terminal and returns to the negative terminal along the paths shown. The vector

_th ¢ condmons since the battcry prowdcs a source-sink cbrmbination 4 is charactcrchd

as'a dlpole The yeetor rcpnscntmg this (dipole) property. of {he: battery has orientation PR
(from negative to positive within the battery) and magnitude (strength of the dipole related
. o ‘the battéry emf). ‘Several mtcrruptcd lines of chIpotcntlal and their relative valucs,
# " % "areshown, ‘o, =
. . " - This physica] cxamplc is analogous to the clcctro*cardlographlg: snuatlon ‘In the Jatter .
" L case, the act ve musclc in the heart cohstitutes the dipole. gchcrator. Current flows away T
"from the positive region (leavcs the heart) into the torso volume conductor and returns to: "
thc ncgatlvc region of the heart. Since the region of activity shifts from moment to moment, . .
.o the dipole charact»cnzmg it is continually changing orientation and magmtudc the currcnt . :
X, flow ficld and assocmtcd surface potentials changc:concomnanﬂy , NI R .

o N

. SO R £ ":__' .

FoE oA N . " L - . o . s,
. -

v . i - v

L, - K }' : ) . B

Rl -

; ionship to—thevheart Vec—tsp‘—wq'he— locus of the heart; Vect r—-isfhe»fvector

4

oo_p wh1ch is, An - fact the goal of conventional inverse elect\rocardiography f

/
N 5 .: /

As‘practice in construction of le}d voltages fg:oﬁWa known heart vector (or

. .4’ - " ’}"I'
voltage is the dot product of heanzt vect%‘r aﬁ@

*
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Klead - cyg)  Zlead \ ./
. - " Fig. 5 (Legend) In (a) several successive heart vectors are depicted as.well "
. = . as the locus of the tip of the heart vector-:(b) thé vector loop alone is shown, '
h . the arrows indicate the .direetion of inscription.. The heart vector at the
B ~ instant ta is drawn from the origin.to the point corresponding to ta. (c) -
: "~ Electronically the-vectorca§diogram'can be blanked at regular intervals (mormally’
.002 seconds'apart) for timing purposes. 1In addition each segment is given a
o teardrop shape by ‘electronic means 'inscription being revealed-in this way (from
“-. - pointed.to blunt end). (d) The voltage that would be measured by an x or z
“w ' . directed lead is the projection of the loop (the heart vector, actually) on the -
‘ - lead vyector. 0X or 0% as a fumction of time. Point 1 is the beginning (see (b)).
At point (2) the 'heart vector is directed to the right, comiseqyently the ,
projection on x is maximally necgative while there.is zero projection on z. '
At point (3) the heart vector is .in the .anterior direction so'that 0z is
positiyve while 0X is. zero.' At 4 the maximum positive projeétion on z is reached. = ., ,
. Wwhile the x voltage is still increasing. At 5 the x.component is maximum "
' .. - positive (vector to-the left) and, no z voltage is attained. At (6) the x .
e voltage‘is'rcdﬁceq‘while the z voltage is maximally negative, '

-~

of vector prdjectibnl Explanations for positive or negative going voltages

> °

s

[ v ~

o JCéq be given in terms;of the neceséary~oriéntéﬁion of the heart vector..
' At this point it is useful to review the normal activation sequence.

' N - : ‘. ) . : . . r ; o )
»Excitation:begins on both septal surfaces, although a bit earlier in the left.

.

.. . . - . . .

»
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Thus, within the septum, activation (hence dipole surface orientation)
‘ 3 o
" from both right fb left and left to right exists, but the predominance LT

is left to r1ght. (This means that the net heart vectoft should have a°

. -y

‘7 negative x component initially ) The activity starts about two thirds'

of, the distance,down ‘the septum, near the termination of the right and,
Y

:: ° left septal bundles (consisteht with the known anatomy) Aftervseptal
AR 'vexcitation has begun, activity'moves out to the inside of the free ‘'wall
and to the apices (via the Purkinje system) On the right side this is

.mainly anterior, jollowing the Purkinje spread whereas on the left it is -

-

both anterior and»posterior. The septaltactivity spreads slowly up ‘the
7o, , .
septum. The first large mass of ventricular tissue to be depolarized

Y

fqllowing the septum, is the inferior, anterior leftward portion of the

R

.yfght ventricle. Although pOSt%fior spread in the left ventricle b¢gin3 :
Felatively early, mest °f the Posterior left ventricle remains to“%e ST

o ,;depolarized after apical depolarization is completed After:the apical .

DT ‘ﬁ myocardium has. been excited much of the remainder of the excitation wave
Lt . 3 - s
‘is outward. The lateral Walls of the right ventﬂicle are depolarized

yahead of the thicker left ventricle., The final areas to "be activated are i

vthe posterior'left ventricle, the posterior-basal left ventricle and the
s superior septum.. A T S |

b . . ' - - CN

‘From this electrophysiological picture the normal locus of heart

- )

' vector can be roughly correlated with the underlying double layer sources.

'.In this way vectorcardiographic interpretation need not be entirely empirical
. Y .

ibut can rest on a realistic physiological picture. " The consideration of a

" .net heart vector as the resultant of separdte vector.activity in the right




A

[ N " . . .
. r 4 : . -

and left ventricles is an approximation since the vector regions are

. “ ¢

clearly separated and not at the same point' This is the Basis of the ; .

- approximate nature of\the dipole representation-of heart activity and__."—g

’

-4is important to point out. (It explains the non-dipolarity'pf the. heart,_'

particularly qg&iceable in mid-QRS). 'The mechanical counterpart of a i. s
force couple applied to a rigid body yields. a net zero resultant force’ /

but nevertheless, a torque exists. This has its: counterpart when summing

~

.

isolated acthation vectors in the heart ta produee a net heart vector, a ‘

. Y
. . . .

process that ignores the higher order moments thatvcanwsignificantly contril'
:bute to the electrocardiogram. ,

The nature of lead vectors -- their approx mate relationship to the

physical location of electrodes--— can be explained.“ It can then be

o

pointed out that the Einthoven triangle (see Figure 7) is, indeed an,

o

. idealization. The actual leaﬁ vectors arising from electolytic tank

studies can be provided-as a contrast -~ as we show’ in Eigure 6. In ‘this -

wav some further appreciation of care in the interpretation of -the vector

loop can be introduced.

! .
Electrocardiography has provegmits value as an empirical tool. Bfo-

physical studies in electrocardiography have as their goadl ‘the develppment

!/ " "’"} B )
tws Of increased diagnostic capabilitiesl sing sophisticated engineering techniques.

Some ‘of these developments and concepts are useful to the frameWork of

L -

clinical electrocardiography, as we have attempted to~point out in this paper._

R




a4V
v "o Leg
6 Burger triangte, scalene

Figure 6. The Burger triangle.
The_sides of this triangle- are
the lead vectors for V., V.., -
- II
- a8 determined from an
e{ectrolytic tank measurement.

THe triangle, actually, is not

9 . . e v’
7 Emthoven tnangle, equilateral - o
; . S ' . )
Figuxe 7. The Einthoven triangle.

‘This is an ideglized equilateral
triangle composed of the lead -
vectors of the limb leads.

! ’ . . s ‘

i

in the frontal plane. .
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