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DEDICAION TO FRANK MNORVAN WILSON

by Hans H Hecht
Cm v turc lege of Medicsne Salt Lake City Utat

On Februars 11 1750 a conference comened at the Barbizon Tlazz Hotel
mNew York N Y nan attempt 1o bung together saentists of sanous dyg
ciphines who shared t common interest m the electrical mantfestations of the
heartbeat Ty conference was held under the auspices of The New York
Academ)y of Soences Sectian of Biology and of the National Hearg Institute
af the Nanonsl Institutes of Health The present manograph recards the
thaughits evpressed dunng ths tno-day session of formal Presentations and
mformal discussians 1t does not deal with the empincism of chneal elee
trocarchography  but attempts to TCPTESCRL 10 cross section g branch of the
astural soiences fifty years after this field had recewved 15 Breatest simylyg
through the miroduction of the string gabanometer ingo Physiology ¥t
this monograph succeeds m reflecting basic concepts of cardiac clectmph,s
wlagy at the mid century fevel it will senve as a new foundation 10 5 future
electrucardiolage that w1l be based far more on the prnciples of Liophy sics
wd mathematics thin on empincal expenmentation and experience

o one was more awarte of the imitations and needs of eleclmc:trdmgraph}
than Frank Norman Wilson wha from 1914 1o 1952 was direcior of the Heart
Station of the Lanersity Hospral and Professor of Medicine of the Um\ersu)
of \lichigan Ann Arbor Vich  Wilson was bom Ined and died withn a
radws of a hundred miles but his deologrcal conceptions had a truly world
wide mpact  He was fortunate enough to see his fabors rewarded By the gen

i} acceptance of hus teachings and 1o hnow they would be camned ferther by
v mall band of disaples most of whom contributed heavily to the canference

n which this monograph is based  There 15 no rea} beginming how ever as
ttere 1s no real end  Wilson s contnbution grew from a prepared sof ¢ 15
apprpritte therefore to picture him n discourse with Waller Emthoven
Thomas Lewss and Avgostus D Valler as i the famous mural by Diego
Rnera at the “ational Insutute of Cardiology i exteo ity Even
further and transcending the boundanes of o disaphne ppe ™May recognse
the grext analyzers of the mneteenth century wcluding Hermany von Helm
tottz Wilham Fhomson € ustav harchhoff Max Plancl, and a hast of others
as godfathers of the ideas and statements contasned 1n the follown, Pages



GREETINGS FROM THF NATIONAI HLART INSTITUTE

L3 ] Iranklin Yeager

\atsonal Hearl Instittle Natomal Iv juntes of Health Public Health Service
Department of Health Idic: n ond W elfare Bethesds 31

Through recommendaticn of the N\ tional Advisory Heart Counail the Ma
tional Heart Institute of the National 1 1stituses of Health has had the povilege
of making re earch grant funds 2 ultble 1 | artial support of the conference
on which this monograph 1s ba el 1h New York Acidemy of Sciences s to
be congratulated upon the mam tine  nferences held under 1ts sponsorship
and on (he ensuing publications

We ate Ining m an age ot 1wt an i medical speciahizatson that has de
1eloped to such a degree Ui tr uently 1t is dufcult for scientists 1n one area
to communicate underst i I ny with those 1n other, even related aress
Conferences such as the «n resurting m this publication Teprescnt one way of
helping, to meet the yr !'cu ' I hope therefore that all readers of these
pages willacquire nes 0y his it the problems posed by the basic mechanisms
of cardrac function «r I th11 some may resume work 1n therr laboratories with
new 1deas tor experimental tachs upon these elusive problems
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Part] Cellular Events During the Cardiac Cycle
INTRODLCTION TO PART 1

by henneth § Cole

Nats nal Instet de of Nerr I grcal Diseases and Blinduess Nate nal Institutes of Health
T ublic Health Se vece Depirtment of Health Iducattn and Welfare Bethesda Md

Itisaven specnl privilege to ntroduce and to contnibute to this ection of
the monogriph and I feel very humble in Letng thus associated with those who
Lnow so much more about the heart than T particularhy wath Frank \ Wailson
and many of his students admirers critics and friends who are also represented
i these pages

1t was the late H B Wilhams of Columbia Unnersity New York \ )
who ntroduced me to Wilon first in the manuscrpt of the monograph he
wrote i collaboration with Mac'eod and Barker and later to Wilson 1n peron
for whom I dexveloped an ever ircreasing respect and affection

When that monogriph was published neurologists were busy trying to un
derst ind brun waves in terms of their expersence with ners es 1n moist chambers
and Wilson g1ve them = needed but not altogether painless introduction to the
comphcations of volume conductors to which Helmholtz Tinthoven and
athers had <ontnibuted for the benefit of electrocardiology

It 15 now particularly approprite that 1n turn neurophysiology should
affer the results of 1s sngulir good fortune and inspired hard work as sugges
tions 1nd guides for the better understanding of the cellular events dunn" lhc
cardine cvde  The 1vonologist mught thus be likened at the moment to the
rather unpletsant rooster who rolled an ostrich egg in front of his flock and
sad I don t want vou gutls to feel Tam entical or demanding but 1 do think
that you ought to know what has been done



BEYOND MEMBRANE TOTENTTALS

By Renneth s  k
National Inststutes of fleal i 1 1 sda Md

The difference of electncal potential across he membrane of the indisidual
cardiac muscle fiber~with tts vanation alon,. ¢ hber and dunng the cardizc
cycle—1sa basic umt of the electrophy<iology 1 the heart  Without adequate
knowledge of this cellular umit of actinity mar v | roblems of extracellular po-
tentials could be approached only 1ntwtively 11 terms of assumed properties

aswasdone foreuample by Wilsonefal! N\ that the membrane potentsals
have become directly measurable ? expenime ni +| ingenuity and diligence cou
pled with imagination and power of anaty < be expected to produce many

needed and probably surpnsing answers 1t membrane potential however,
1sonly an intermeduate step resulting from the + umulation of electrical energy
and the control of its release at the membrane  Ihe nature of these processes
hikesse 15 no longer a remote problem

The continuing accumulatton of expenmental ¢vidence? * with tncreasingly
paverful methods and used on an ever widenin,, number of trrtable cells seems
to emphasize the mpressive similanties of membrane behav sors rather than the
humerous individual differences  The pa sine electncal charactensics of
x‘l:gsttcellhmtmbmnes are so strhingly umiform as to direct considerable atte?
an;ln:lt“;:xut:p}l’mns The magmtudes of the resting and action I”“"ml;
o sugmen 1 ehenomem of excitation and 1ts propagation are similar !"“”gt
e :ﬂ:nomahes may provide the most valuable clues 70 lar
e that a;sun rities of properties and behayors are based upor sun:m
T mem{) :ew information 1s of course generally appheable  F "{ﬂc_
2nd alen apamculanT of the squid giant axon* holds a parycularh farore!

Becanse ot 11 ty vulnerable—position f
forts the gean ;:ze Dxfl the axon and as a result of nspired and "@;o‘fh;
actensties e 'm:tm 1e3 of 1ts membrane have been described and t ; been
approached for any uth:S ulr]ed wth & completeness that has oot ﬂf-mauun
Gan tand alpe 23 ST €8 membrane  The acquisition of this info s

major achievement but what may be more mportan

1210 m themsel f the widely
known and yp, mselves the necessary ingredients ol
whelming m]o;::;sZ?’ epted charactenstic phenomena® ¢ of the over

mt table tisues  Thus data constitute the
)sxsmalx:int?n:]o date the only break through 1nto al }éznslqll‘cx?el new level of ana!
erstanding 3 pletely
ven on so
* v10us nor &Isa)‘;];";le 2 cel) a5 the squid axon the procedure has been neither
©*5 A umiform p 2t resent  there 15 no ample substitute for these proc
e tquation and ‘hme fiber may be described 1n terms of the partial dnﬂerent
bt for some yumy, e[:l““alem arcuit (r1GURE 1) 1n which the jomc curre?
trn 1 longitug el en the only but crucial unknown  After the ebmind
Eitudmal currentg Propagation  capacity -displacement cm"ren(si
Ponse the 1omc currents followmg abrupt changes ob
membrane were found’ as shown 1n FIGCRE 2 Sud
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Fictre 1 Equivalent electnical aircwit and cabl equation for a single muscle or nerse
fiber

10nic current data as these are, of themsehves not only required 1n order that
the avon perform s major tashs but they are alo quite adequate for this
purpose  The corresponding information 1s not yet available for any cardiac
membrane but 1t most probably constitutes the necessary first step toward
any fundamental understanding

The 1onic currents were then analyzed?® into the princepal components carried
by sodium and potassium ons  The flow of each 1on was expressed as the re
sultant of three parameters (FIGURE 3) (1) the driving forces of its concentra
tion ratio across the b grven by the equnvalent electromotive forces
E\ and Ex (2) the impressed potential difference and (3) the permeabilities
given as conductances gy and gx

The conductances were found'® to depend upon the potential difference across
the membrane for both the speed and the extent of their change (PIGURE 4)
for three sudden decreases of the potential difference across the membrane
These charactenistics embodied in hal and Nat  are the essence of the
membrane properties and the points of concentration of 1ts complexities but
derrved as they are from the potential step data such as are shown FIGURE
2 they too are not yet available for cardiac or any other cell membranes

25

msec
Frovse 2 Membrane wmc currents after the indicated decreases of the membrane

potential

A
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Fictre 3 Equuvalent 1onic aircuit with conductance controls

The tome conductance data combined only with the axon dameter axoplasm
resistnvity membrane capaaity and ionic potentials have been shown'® U to
contain to a remarhable degree the following charactenstics of the squid axon
(1) passn e properties such as the resting resistance and rectification the anom
alous inductive and capaaitative reactances shown in impedance and transient

mmho em?
%
20 100
50mv
W]”,ZE/
Fo) 1 | J
¢} 2 4 6
msec

FiGTRE 4 Membrane conductances after the indicated decreases of the membrane po-
tential
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measurerments and tonte Gutes (2) the threshold of b ¥ ! for
excatatwn the strength-d 1 hup for threshold sumul the form
and amphitude of subthreshold and threshold Is amcd the &

tion phenomena of utihization tume and Limunal gradient (3} the refractary and
recarery phases and the repetttsve vesponse for continuing currents and (4)

the form and ampl of the action | 1 and the imped change the
weloasty of prop and the yon exch
Xt 15 unfe bur unf §5 tsue that although thns earray

of expenmental data can be computed from the sonic conductances the reverse
process~ that 15 the caloulation of the conductances from so mans and such
diverse data— has not yet been found possible

The properties of the squid axon that so completely describe so many aspects
of the passne, threshold and propag: perd ely are as
yet not known to apply to any other cell~nor are they 3 et known nat to apply
If indeed the underlying mecharasms of excitation are as sumtfar s the phe
nomena the propertses of the squd axon ought to be available for apphbeation
to cardhac problems  If the processes are fundamentally different then equally
adequate data must be obtaned directly for cardiac membranes

It 1s difEeult toasoid the conclusion that there can be little progress in umfy
mg and L the cardiac ph unb} an goalyss of cardiac celt
membrane such as has been done for the squid axon becomes posgible  Untd
then 1t may not he posable to know whether or not the squad data apply even
qualitatively to cardiac cell membranes and to the extent they do apply what
quantitative chifferences eust At present and perhaps wntd such tme as
sumlar cardsace cell charactensucs are asailsble the squd data must serve as
the enly gude

Obviously of course the 1ome permeabohiies satisfactory as they may be
are themseh es ro more than another intermediate step They m tum need
to be understood at another the molecular level and the squd avon data pro-
vide a hughly spectfic goat and & sharp enternion of aclievement  Here too
these has been encouraging progress but zlthough the potassium 1on conduc
tances can be gnen an app 1 bl ) expl there
has not been even an WAETeSUNR SBEgestion a5 1o the mechanism vesponsible
for the form of the sodmm conductances

‘Thus 1t appears that the squd axon data sepresent a corzelation of eleciro-
physiological phenomena the hke of which should be vigorously sought for the
cardiac celt membranes  This presents an efectrochemucal problem the sotw
tson of which may be the all important imual step toward the understanding
of the elecirophysiology of the heart at about tna stages beyond what is now
relatnvely simple straghtfornard and commonplace

Turmng to cardiac Bhers ¥ wish 1o emphasize that my admration for the
soth of S0 Wesdmann and his colleagues 15 not entirely acadermc A}
though I prosmsed him not to mention 1 this paper mucroelectrodes and other
sumlar objects I well recall our unsuccessful attempts of tnenty years 2g0 to
obtam the membrane potentials of hving cardiac tissue culyure cells 1 but
worse than that T must also condess to having chased paramecia with a pipette
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at the end of 2 Compton electrometer more than thirty yearsago It 1s, there
fore, very pleasant to note that W erdmann s also a contnbutor to these pages
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RESTING AND ACTION POTENTIALS OI' CARDIAC MUSCLE

by Sivioe Wedmann
Depa tment of Physiology nx ersity of Berne Berne Swut erland

During the second half of the past century a considerable amount of funda
mental mformanion in the ficld of electrophy siology was obtaned by using the
heart as the demonstrator organ  In 1871 Bowditch descnibed the all-or
nothing, lan of exatation 1n 18+3 Fngelmann ¢f al reported that the elec
trical force reserses 1ts sign duning, exotaton , tn 1876 VMarey established the
concept of refractoriness and 1 1883 Burdon Sanderson and Page obtaned
the first undistorted records of electrical activagy by means of 2 capillary elec
trometer The ntroduction of the cathode ray oscillograph deprined this
tissue of 1ts mamn menit 1ts slowness and dunng the past few years, most of
the fundamental discovertes have been made with nerve or, to be more precise
with 1solated fibers of Loligo and Sepra 1t 1s no commcidence therefore that
this section of the monograph has been introduced by K & Cole It 1smy
opimon that new deyelopments in nerve phy siology should serve as an incentive
to those concerned with the electrophy siology of the heart

The Ling-Gerard Electrode

A new recording technique has been one of the main factors responsible for
recent progress in the field of electrophysiology

Fiurr 1a shows a mucrocapllary drawn from glass tubing of about 1 mm
outside diameter as descnibed by Ling and Cerard (1949)  1f the tip diameter
of such capullaries 1s well below 1 & (FIGURE 1b} the capillaties can be made to
penetrate the surface membrane of many antmal cells wathout causing any
appreciable damage  The capiiiarncs are generally fitled vath a 33 K Clsolu
tion (Nastuk and Hedghin 1950)  Their open tip leads off from the inside of
a sinle fiber while a second electrode makes contact with the heart surface

Frouxe 2 shows the potentral changes that can be observed when a micro
electrode 1s introduced nto a spontaneously active furkinje fiber of the dog
heart The honzontal first part of the curve was obtawred with both electrodes
outside the preparation (subsequently used as a zero reference potentsal)
The microelectrode was then Jowered toward 2 single fiber and must have
entered the celf at the time marked by the first arrow  In the resting prep
aration the potential difference across the membrane had a value near 90 my
outside positive to mside  During activity the membrane voltage reyersed
the outside becomng pegative to the muide At the time marked by the second
artow the microelectrode was withdrawn from the fiber

Movement of the ssue 1S a major problem in microelectrode recording
Those who have so far recorded action potentials from mammalian bearts 1n
suu agree that this s a rather difficult undertalung (Woodbury ef o/ 1951
Hoffman and Suckbng 1952 Trautvem ard Zwk 1952)  New hope comes
from a paper recently publshed by Woodbury and Brady (1956) Thew
method 1s illustrated by FIGURF 1¢ An ordinary Ling Gerard electrode 15
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Froore 1 (A) Ling Gerard electrode 2 5 times natural size (B) tip of the mucroelec

trode 55000 trmes natural size—electron micrograph (Alexander and Nastuk 1933) (C)

rding  microelectzode leading off from mside a single fiber of a moving heart Method of
Woodbury & Brady 1956
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Fioure 2 Potential changes recorded when the tip of a Ling Gerard electrode 15 mtro-
duced 1nto a single Purkinge fiber of the dog beart and subsequently withdrawn
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80

. 1 msec
Fiouke 3 Upstroke of an action potentuat p

cye /e The flm was expored betneen the end of dastole ard the beight of systole Doy
Pur' e fiber e ystole Deg

hotographed at & 8 eep frequency of 1000

cut apart (FIGURE 1a} and by means of an extremely thin wire the tip part
15 then copnedted to the amphifier mput allo sing the electrode to morve up and
down rather freely

The Shape of the Monophasic 4etion Potential

The upstroke of the cardiac action potential 15 an extremely rapid event
In the ventacular conductin e system of the mammalan heatt 1t occupies only
2 fraction of 1 msec (FIGUPE 21 In cat ventrwe st takes about 1 msec
Trautwem ef af 1933, and m the frog heart st takes a fes moer (W oodbury
etal 1831) Repolan.ation lasts considerably longer and the potentsal tume
course homs great vanety (FIGLRE 3} Ventricwlar muscle asa rule _hovsa
long lasting ovewhoot {2 and 8) followed by a relatnely s'on return of the
membrane potential to the restsng level  In quickly beating ventncles {rat
) and 15 auriles {4} the action potentials have ne plateatt but look tnangular
Reco ds from the sentrular conductne system f¢) show an 1nstial * spihe
and aselatnely low platean  Forcompan on anaction potential of striated
muscle {rat duphrage) 13 reproduced (f)

The Distribution of Tons

Yonic order represents stored epergy Yon gradients make 1t possible for
strong membrane cusrents to fow during certain phases of actiaty while
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sapleem by 1 fretor af 2bout 30 while sodiam 1ons are present at a 16 tmes
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Yoy en, 199 Hiopdw 1951 Keogh of o 1944 Sherred, 1947)
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due to actnaty  Studies made with ridioctive potassum {Re) suppest that
the hot tame for potsssium exchange must Jie between a fed miautes and ene
huor (Bemgae and Dawdd 195, Hothind et - 1252, W S Wilde and J M
O Buen personal communuation)

Sahium wns must be extraded from 1) ¢ fibers apainst both 1 concentration §
padieat an 1 an electrical gradient 1ot thermody nama reasons the postulate !
ofa pump 1saneeessity  Howeser httle 1s known about the way 1 which
metabalic energy 15 used for denving this pump

Exteucion of Na* tons wanld tend ta create a potentiat difference, and this

; Wtummay be the cause for K sceumutition withun the tbers (Rebn 289,
Teorell 1935 Hodghin 1951}  An actsny ratio of

Tt inside R* outside = 30 1

1510 accordance 1 1th a potential difference of 92 my (at 37° C) a value that
}ies within the range of the measured resting potentials (F1GLRs 5)

While potassium accumulation may well be o passve  process a duwect
dependence of K+ uptake on a supply of metabolic energy cannot be ruled out
The problem 1s not without importante for heart clectrophy<iology o puze
sodiam pump {sith K+ jons moving passively} woukd contribute to the salue
of the membrane potential and some of the potennal changes observed in the
caurse of cardiae actss ity might be due 1o thanges in the rate of Nat extrucon
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On the other hand 1f heart muscle had a  coupled pump (1 Na* 10n extruded
for 1 K* 10n absorbed) the pumping rate should have no immediate effect on
the value of the membrane [otential  In frog ki the pump § 1s been 1dents
fied as & pure N\a pump (Ussing and Zerahn 1951) In the quid gant
axon both \a* outflow and A* inflow scem to depend airectly on metabohism
(Hodghin and Reynes 1955)  No nformation v this connection 15 available
for heart muscle

Tomc Mo ements Underlying the Cardiac Action Polential

Electrical evidence suggests that the surface membrane of resting cardiac
tibers 15 permeable predominanthy to jotassum tons  Thus an increase of
the extracellular K+ concentration lowers the resting potential (FICURE 5)
while a change of the \a* or (1 concentration has no appreciable influence

Dunng activity 1in order to change the j otental difference between mside
and outside an electric charge must be displaced ncross the  ber membr.ne
(Hodghin and Huxley 19+2b Cole elsewhere in this publication)

In heart asin squid nerve the upstroke of the action potent: | <cems to be
due to a permeability increase of the surface membrane 1o \a* 1ons allowing
positive charge to enter the fiber at a high rate  The evidence for this view 1s
as follows

(1) Heart muscle fails to conduct when more than 90 per cent of the extra
celtular NaCl s replaced by 1sosmotic sucrose (Overton 1902)

{2) Vwithanactivity ratio of

Nat inside Nat outside — 1 10
an evclustely sodium permeable membrane should be the seat of a potential

o 8 &
| DL
1

]

»
(<]
T

potential {mv)

40

Membrane

ool

500 msec
Fioure 6  Effect of sodium concentration on the size and shape of actian Foten(u] Kad

tracellular sodium content was (from left to 1 ht) 13 22 100 and
{;&;k;?cgmro( J\lc‘en;:n::lt ¢ uThe horizontal lines indicate expected changes in the height of
action potentials 1f membrane 1s assumed to be exclusively permeable to sodium ons
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difference of 61 mv  inside postrve to owtside  The value of the reversed po
tentl diference at the begmning of the action potential approaches this so-
dum enihbrum potental  but daes not reach 1t

(3) Replacing jart of the estracellular Nall by sucro e or adding sohid
“aCl to the bathing solution h1s no appreaable effect on the size of the resting
potental (Fioiwe 6} The height of the acuon potentiat however 13 affected
a5 1f (dunng the crest of the spihe) the membrane were predominantly permea
able to Nat wns (Cranetield ef af 1953 Drapes and Werdmann 19515

{#) At the wrest of 1he mual pike the membrane resistance of a Purkinge
fiber 15 fowered to about § per cent of ats diastohe value suggesting an snerease
wn jonic permeablity (FIGULRE 7)

Little 1s known about the wme tmavements that ace tesponsshle for repolanza
tion In the case of Purkine fibers the descending hmb of the smytial spike
may be due to 1 decrease i Na* permeabilits  This 1 suggested by the find
ing, that the membrane resistance wereases dunng that phase of the action
potentsal (r1c Lk 3 The question why there is no rapid repolanization as 1n
nerye and muscle (an probably be answered thus when Purkinge hhees are de
polanized jor everal seconds by external current thesr membrane resistance
does not undergo anv large deiresse (Wedmann 19>rb)  This is contrary
to the behavior of squid nerve (Hodghin and Huxley 1952b) or frog sheletat
muscle {Jenench  1923) and supgesis that the R+ permeabihity 1 cardiac
muscle does not rise to any derable extent 351 ¢ e of depolanza
tion 1t becomes difficut then 1o explam why the membrane repolenzes at
all  Ths problem @il be taken up agam Jater 1n this paper

20 [~
40 -

60 -~

®0 [
100 t
msec

Froise 7 Change of membrane resistance dunng electrical actiug,
A4t The few e attache | 1o che curve mdicat membrane res stance }:{Eg"lemm;e
Redrawn from B eidmann 1951 unsts
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Wilde and O Brien (1953) recently succeeded 1n showing that each action
potential of a turtle ventricle 1s 1ssociated with a relatively large discharge of
K¢ from the fibers into the vascular bed Ths result mght be expected on
the grounds of electrical data  During the action potential the electrical force
tending to keep K+ 10ns mside the cell disappenrs allowing R+ tons to flow down
their concentration gradient It should be stressed at this point that the find
ing of an increased K! outflon duning activity does not necessanly signify
an increased permeability of the surface membrane to K+ 1ons  The increase
1n flow may be due wholly to an increase of the driving force (Teorell 1949)

From the results of Wilde and O Brien (1953) 1t must be assumed that the
K+ concentration of the interspace nses toward the end of the action patentral
From the work of Yoshida (1926} 1t 1s known that the application of R* nch
solution to a frog heart shortens 1ts monophasic action potenttal  The question
then 15 asked whether 1n the course of the normal heartbeat the increase of the
extracellular potasstum concentration may be responsible for mitiating re
polarization (W exdmann 1956a)

Agamn the slowly beating turtle ventricle makes 1t possible to test this hy
pothesis At 10° C 1ts action potential has a duration of 3 to 5 sec while
substances admixed to the coronary perfusate reach the heart muscle fibers
with a delay of the order of 1sec making it possible to change the extracellular
solution 1n the course of 2 single action potential  In the experiment illustrated
1n FIGURE 8 an action potential was first photographed under normal perfusion

___ S5sec.

T1GURE 8  Shortening of the cardiac action potential due to an injection of RClinto the
coronary arculation of a turtle heart ‘The moment of mjection 15 marked on the Jowest
trace  voltage calibration lines from 10 to 10 mv
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conthiions  Dunng a sccond sneepesclen stug, of At nch solution nas made
te enter the coronan artery at & tume when a second action potentil had al
teady started  This resulted in an earher and mcomplete repolanzation, sug
pesting thit a high k concentration has a double action  repolanzation of an
active fiber and depolanization of a resting tiber

The action of &* 105 on resting fibers can be cxplamed on the assumption
that the ratio snside } > outside h* Jargely determines the value of the resting
potentsal (FicuRF ) The effect of h* 1ons on active fibers is cantrary to that
predictabile from the equations of a diffusion putential (Coldman, 1943 Hodg
Lm 12 1) Thesefore the repolanzing effect of K* tons must be expluned 1n
some more complnated way for example (1) stumulation of actnve Nat
extrusion {2} a decrease of the \a* pesmeabiity and therefore of \at 1n
ward current o {3) a mid ncrease of the h* purmeabihity and therefore of
R+ outward current

The by pothess that the sing extracetfular R* concentration outside the
extitable membranes serves as a signal for repolarzation seems attractne

500 msec

FiLyr @ Plateas of action potenhal 2 2 semistable level  Kid Purkmye fiix 3
1ction p tentials supecsmpased by sy nchronang Ayback of sweep aarcuit with u & ro 047
tor potential | leclric current was tuened on during the spihe of the actun bro
{arr w posnting dowmward) ard swatched off 10 the }eginnung of the plateay (atror oy
upward) Relatve cursent strengths 1 2 and 3 were subtheeshold  Steerp] o
the aclion potentialofl  Voltage calibration tines from 10 to 10 my

7
-
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but cannot be pressed Quantitative arguments suggest that a sufficrently
high K+ concentration could be reached only if the e caping 10ns met 2 second
duffusion barrier close to the excitable membrane leading to R¥ accumulation
1 a relatively small space
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The I hernomenon of {1l or Nothing Repolari.ation

In the expeniment 1illustrated i FIGURE 9 pulses of anodal current were
passed through the surface membrane of a Purhinje fiber (Wadmann 1921)
Relatively weak currents re ulted 1n  electrotontc potentsal changes und fol
lowing the break of such weak currents the action potential followed 1ts usual
course  With a stronger current however it was possible to termmate the
action rotential— the membrane potential returned to the diastolic level even
though the polanizing circurt had been broken

In188¢ B described a ph that 1s probably the mechan
cal consequence of all or nothing repolamization  He closed a polanzing
arcut dunng early systole the anede touching the surface of a frog heart
This resulted 1n relavation around the anode and 1f the current was strong
enough 1n a spread of relaxation acro s the surface of the contracted ventricle

It will not be an easy task to decide whether the normal process of repolanza
tton 1s a propagated phenomenon  The hypothess 1s attractive since such a
mechanism would provide for a synchronous end of electrical (and probabls

FIGuRE 11 Action potential from dutterent regons of the same frog heart
regron of the srus venosus. (b) nonpacemaker region of the s venome. ary B
From Hutter & Traut ven 1936
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mechamical) activity 1n the whole ventricle the region with the largest tendency
to repolanze triggening off the other parts (see pp 932-941 of this publication)

The Influence of the Resting Potential on the Upstroke 1 elocily
and Crest Heght of the Action Polential

With squd nerve Hodghin and Huxley (1952a) made the finding that a low
resting potential 1s associated with a low Nat inward current during activity
FIGURE 10 shows the results of similar experiments carried out with a2 Purkinje
fiber of the sheep Two Ling Cerard electrodes one of which was used to
record the inside potentinl were nserted 1nto the same fiber  Wath the help
of a feedback amplfier current could be passed through the second electrode so
as to heep the membrane resting potential at a predetermuned level At the

i
JOCCUAE

Ticure 12 Effect of vagus and sympathetic sumulition on pacemaker potentials
the smus venosus of the frog heart (A ;md B) vag sumulated during break in lower trace
and (O heart  Voltage calibration tn 20 mv
steps Time 1second  From Hutler L Trautwein 1955
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endefa dJamp perod lasting for about 100 msec the fiber was stmulated
If the resting, potential was kept abave 90 my (FIGLRF 10) the upstrohe veloaty
and the height of the overshoot were mavimal  Lower resting potenhals
resulted 11 lower rates of nse and Joser overshoots until with a resting po-
tentsal of about >0ty the fibers were unevaitable 1t wasassumed in Hedg
fun and Husley (1937h) that low resung potentals wmactvate the <odmum
transport mechanism so that u cannot be made avadable to cary Ma* sons
when the membrane 1s rapidly depolanzed

\Vhatever the esplanation the finding 15 of some snportance to those who
imestizate the effect of 1ons and drugs on the different parameters of the ac
tion potentral  Thus the decrease of the overshoot obsersed wath A+ nch
solutions was found to be entiely due to the decrease of the resting potentiat
(Wewdmann 173sa)  This became clear when by means of external current
the resting potental nas brought back to 1ts engmnal level and the overshoot
then reached s oniginal size 1n spite of the tigh extraceliular K* concentraton

Pacemaker Potentialy

Fiuure {1 sho s sction potentrals a» recorded from different regions of the
frog heart  Record ¢ 15 typical for the auncle or ventricle mn that the resting
potential stavs constant dunng, diastale  Record b shows some slow depolanza
tion { prepotential  Arvamtakr 1938} that suggests the pre<ence of pace
maher properties  Record @ shows an additional feature an upward comvex
part of the curve starting about 100 msec before the upstrohe of the action
potentusl and gying the impression of & gradual transition from rest to activity

Fmv
[ o F d

A

4 sec -

Froomn 15 Effest of ealenurs tong on paceriaker poteatidls Rewo ds supeniy
phase of repolanizttion  Same sheep Purkine Sher in Tyrode solution tuntan::l:g ’fcsx{d{,’ﬁ
3 tunes the noymal amount of CaCly From Vrendrann 1953h
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Such curves can be obtained only 1in hmited areas of pacemaker regions that 1s
n the part that fires first (Bozler 1943 Brady and Hecht, 1954 del Castillo
and Katz 195> Hutter and Trautwein 195%)

Beng 1ble to record these prepotentials  we thought 1t would be of interest
to learn 1n what way they would be changed under the influence of such agents
as are known to alter the cardiie frequency

I''currs 12a and 12b show the effect of vagus stimulition on the sinus
venosus of the frog heart A short series of stimuls (10 sec) when appled
during diastole decreased the slope of the prepotential and more time was thus
required to reach the finng level (the value at which the membrane potential
becomes unstable) Sy mpathetic stimulation had the opposite effect (FICURE
12¢) thit 1s the slope of the prepotential was increased  Prolonged vagus
stimulation as cen Jater in FIGLRE 122 not only decreased the slope of the pre
potential but led to hyrerpolanzation thereby preventing the pacemaker from
firng (Gashell effect Gashell 188,)

A different way of influenang the cardiac frequency is iliustrated 1n FICURE
13 Here the calaum content of the bathing solution was varted  This re
sulted m no appreciable change of the resting rotential nor was the mtal slope
of the prerotenual affected  An increase of the calaum concentration how
ever shifted the finng level away from the resting potential resulting i a lower
cardiac frequency or even cardiac standstiil
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SOME MOLYCUI AR ASPECTS O HEART BEHAVIOR

By Henry Lynng and Ransom Parhn
Department of Chemusiry Uns ersity of Utah Salt Lake Cuty Ulah

The heart cycle 15 conyventently thought of as beginmng with the excitation
of the picemiker cells in the sinoauncular node Begnning here the wave
of electrical depolanzation spreads over the auricles and finally over the ven
tricles  Depolanzation sets off the muscular contraction of the auncles then
of the ventricles This penod of systole ordinanly lasts about 0 4 sec and
the cycle 15 completed by a rest period of approumately equal length the
diastole  Dufficulties such as flutter fibnllation and congestrve heart failure
are disorganizations that anse because of changes in the individual heart cells

The cell with its nucleus and cyloplasm 1s surrounded by a membrane
about 100 A thick  The proteins and fatty matenals such as leathin are
packed in an erderly fashion with no unfilled holes that might contnbute to
thermodynamic instability The obsenved tendency of simple protens to
coil mto spirals may be expected to mamifest itself also in the proteins of the
membrane unless awkward side groups interfere  Troten sprals consisting
of 21 to 30 amino acads as in msuhn presumably sit like so many upnght
barrels upon a layer of fatty matera! that rests n 1ts tum on a second layer
of upright barrel lthe protein spirals to form the sandwichlike structure of the
membrane In general the spirals are onented so that the amino endgroups
with their positive charges are directed toward the negative charge m the cyto
plasm while the negative carboxyl end of the barrel 1s directed toward the
Positively charged cell exterior ~ As long as a potential in excess of the cnitical
threshold 15 maintained across the membrane 1t will be held 1n this orderly
Testing e structure  However whenever the potential falls below the threshold
value the barrels presumably tip over and onient themselves so that the posi
trve end of ene barrel 1s agaist the negatne end of a neighbor

This reorgamized membrane with its protem molecules in the state called
Supercontracted 1n contracted muscle or in shrunken woo! 15 marhedly more
permeable than the membrane 1n 1ts resting state  As a result there is an
mmward rush of sodium 10ns reversing the direction of the membrane potential
and the membrane enzymes are now more accessible to the substrate Con
sequently the onset of this permeable state mitiates a peniod of marked chemt
cal actity 1n which there 1s formed a metabohte that finally pumps out the
excess sodium that had entered the cell at the begmning of the action phase
With the restoration of the resting potential the cell structure again resumes
the resting state  However before the comparatively slow manufacture of
metabolie. pump substance makes much headway 1 expelling the excess so
dwm_ the potassium that 1> no longer held by the resting potential and 1s about

45 times as cancentrated mside the cell as outside begins diffusing out through

the permeable supercontracted membrane and thus spaths the trend back

toward the
One canesZ:::;‘el}f :::;gemte the importance of this outwardly directed po
679
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tassium current in contnibuting to the restoration of the resting state  With
out the outward potassiim current excessive elaboration of sodum pump
substance would be required to restore the resting state, and this would drain
the cell’s resources  Certan naturally occurring substances such as acety!
choline 1n cholinergic cells and, possibly norepinephrine 1n adrenergic cells
increase this outward potasstum current by increasing the membrane perme
ability to potassium  This speeds up the mtal stages of the return to the
resting state  Restoration 1s finally completed by the outward pumping of
the sodirm 1on  This sodium pumping results from a union of soditm with
a metabolically formed pump substance P (o form NaP* inside the cell  This
NaP* readily permeates the membrane and being much more concentrated
mside the cell than outside finally gres a strong outward positive sodum
current that restores the resting potential Undoubtedly contnbutions of
other lesser 10n currents will be identified m the future In recovering the
resting state some cells overshoot the resting potential The excess pump
substance formed during the active state while the membrane enzymes were
accessible causes the outward NaP+ current to build up an exees of positive
charge outside the cell  This excess potential present at the be mning cf the
resting state, then decays because of an mward potassium current as well as
a drop in NaP* concentration inside the cell this 1s due to a slowing of the
production of P as the enzymes in the membrane become less accesstble to sub
strate  In the pacemaker cells the drop mn positive charge outside the recov
ered cells carres the transmembrane potential below the threshold value and
this restarts the entire cycle

This spontaneous finng can be brought on 1n any type of cell by a lessening
of the stability of the resting membrane structure thatis by shifting the thresh
old potential by adsorbing appropriate types of molecules Thus the mole
cules we smell through our noses in effect transform our nasal end organs
mto pacemaher cells with spontaneous repetitive finng The mtensity of
the odor percerved 1s roughly proportional to the frequency with which the
nenes fire This sort of lesseming of membrane stabiiiey 1n the heart cells
by drugs or by any other causes may result in the firing of scattered cells ahead
of the usual pacemakers Depolarization spreading from such ectopic centers
may pass through the whole heart and introduce an extra beat that will be
wasteful and nefficent if the chambers of the heart have not had time to fill
with blood since the previous beat A more serious situation anses when the
spreading depolarization from an ectopic center 15 deflected from sections of
the heart that are still refractory hot yet having recovered excitabihty from
the last beat with the result that the wave of exaitation follows a crrewmt 1n
which only a fraction of the heart 1s exaited  Depending on the number of
such independent cirewmits and the consequent lack of muscular coordination
the heart 1s said to flutter or to be in a state of fibnllation  Only stmultaneous
depolanization of the whole heart by ma sive electric shock or by temporary
stoppage of the heart by chemtcal means as by bathing 1t with strong KCl
can restore an orderly depolanization dominated by the normal pacemakers 1n
the sinoaunicular node
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Stugle-Cell Membrane Permeability

As previoucly noted a single celt consists of a complex membrane <eparating
two salt solutions of different composition  Because of selective permeability
to sodsum and other 1ons a potential 15 developed across the membrane and
n turn this potential makes possible the sclectinity  The total behavior of
the cell in its environment 1s determined very speafically by the changes in
the permeability and in the associated alterations of potential as the cell passes
from the resting state to the active phase

From the pomnt of view of relaxation or rate theory, the simplest model of
a cell membrane that will reproduce the observed behavior may be desenbed
as follows ' without needing to specify in detail the chemical structure of
the cell wall we suppo e that there are a number (perhaps ten to twenty) of
potential energy barriers to molecular transport cach mimmum of which 1s
charactenzed by a molecular ropulation and each mauimum by an activation
free energy for transport In the absence of diffusing, molecules or 10ns the
relatine heights of these maxima may be presumed to be more or less arbitranly
distributed but when a flux of charged species 1s present the apparent free
energy differences between successiie mavima probably becomes very nearly
constant a higher barrter will tend to be lowered by the potential of the 10ons
trapped behind 1t while a low barpier will be unaffected

Assuming such a hnear decrease 1n the heights of the free energy maxima
the equation for the steady transport of the 1/ jonic species may be wnitten 1n
the form

Nkg |- A
Q== —):x’t [6))

where the subscript zero refers to one side of the membrane and » to the other
‘The A s are the average distances between potential energy maxtma £ 15 the
reaction rate constant for the first barner n the absence of any transmembrane
potential and # 15 the number of barners The quantity g 1s a correction
term that we shall generally take as umty mally ¢ 1s the concentration of
the species and x 1s defined as

v = exp ( F&/uRT) (1a)

where ., 15 the charge on the 1/ 1on (with sign) and & 15 the transmembrane
potenttal difference
From this equation we see that the flux of any species depends on three prn

apal factors (1) the permeabiity P = Mokig/n (2) the concentration differ

ence across the membrane and (3) the activity coefficients exp = ( F6/9RT)

givang the electnical drvng force on an ton  To a fitst approuimation the
permeability depends on the nature and thichness of the membrane Qo the
length of a yump and 7 the number of barners) and on the rate at which the
1on traverses the first barrier in the absence of an electrical field  On the other
hand the activity coefficients depend primanly on the electrical Ppropertie

of the system that 15 on the potential across the membrane and the number
of charges on the 1on
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tassium current 1n contnibuting to the restoration of the resting state  With
out the outward potassium current excessive elaboration of sodim pump
substance would be required to restore the resting state and this would drain
the cell s resources  Certamn naturally occurring substances such as acetyl
choline in cholinergic cells and possibly norepinephrine 1n adrenergic cells
ncrease this outward potassium current by increasing the membrane perme
ability to potassium  This speeds up the imtial stages of the return to the
resting state  Restoration 1s finally completed by the outward pumping of
the sodium 1on  This sodium pumping results from a union of sodum with
a metabolically formed pump substance P to form NaP+ mside the cell  This
NaP+ readily permeates the membrane and bemng much more concentrated
mside the cell than outside, finally gives a strong outward positive sodwum
current that restores the resting potential Undoubtedly contributions of
other lesser 10n currents will be 1dentified 1n the future In recovenng the
resting state some cells overshoot the resting potential The excess pump
substance formed dunng the active state while the membrane enzyme were
accessible causes the outward NaP+ current to build up an excess of positive
charge outside the cell  This exce s potential present at the be_inning cf the
resting state then decays because of an inward potassium current as well as
a drop in NaP* concentration inside the cell this 1s due to a slowng of the
production of P as the enzymes m the membrane become less accesstble to sub
strate In the pacemaker cells the drop 1 positive charge outside the recov
ered cells carries the transmembrane potential below the threshold value and
this restarts the entire cycle
This spontaneous finng can be brought on 1n any type of cell by a lessening
of the stability of the resting membrane structure that 1s by shifting the thresh
old potential by adsorbing appropnate types of molecules Thus the mole
cules we smell through our noses mn effect transform our nasal end organs
mto pacemaker cells with spontaneous repetttive firtng  The intensity of
the odor percenved 1s roughly proportional to the frequency with which the
nerves fire This sort of lessening of membrane stability 1n the heart cells
by drugs or by any other causes may result 1n the firing of scattered cells ahead
of the usval pacemakers Depolanzation spreading from such ectopic centers
may pass through the whole heart and introduce an extra beat that wiil be
wastefu} and neflicient 1f the chambers of the heart have not had time to fill
with blood since the previous beat A more serious situation arises when the
spreading depolanization from an ectopic center 15 deflected from sections of
the heart that are still refractory not yet having recovered excitability from
the last beat with the result that the wave of exaitation follows a airant 1n
which only a fraction of the heart 15 excited Depending on the number of
such independent circuats and the ¢ lack of ] 10n
the heart 1s said to flutter or to be 1n a state of fibnllation  Only simultaneous
depolanzation of the whole heart by massive electnic shock or by temporary
stoppage of the heart by chemical means as by bathing 1t with strong ACl
can restore an orderly depolarization domunated by the normal pacemakers m
the sinoauricular node
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Single Cell Llectrog and the Llee diog
In the method deseloped by Ling and Cerard « hollow glass electrode less
than § ¢ thick and filled with KCl salution 15 tnserted through the membrane
wto the wtertar of & cell wath the second electrode outside  An clectrogram
smtlir to the one shoun 1o FIGURF 11s the result  The potential difference
15 measured between the snside and the outside of the celt membrane
We shall non outhine briefly the standard caleulation of potentat 1 at an
clectrode due to a miscellineous collectton of membranes each a leaky con
denser such os are present 1 the heart  YWie first consider the petentiaf 81
a1 a pownt a distance 7 from the center of the near plate of a condenser  The
condenser 15 compased of 2 paraliel plates a distance d apart each of § { area
and carrying 4 uniform charge o per square centimeter @ measures the angle
between the normal to the near plate and the vector from the electrode to the
center of the near plate (Freure 2} We must thea have
PRI K )
e ir n cosf e \r (4 2rdcesd + P

3)

od¥w
- 2
.

We have wntten & for the sohd angle subtended by surface 34 about the
clectrode  Ior a collection of such condensers we have the potential

1= Luy - 2oL o

I an elecirode 1s yemoved far enongh from a vollection of fimite condensers
each sobd angle dw 1amshes se that the potential § must vamsh  Such a
neutral electrode with the potential § = 015 reahzed approvimately followng
Wilson by connecting 3 leads atiached to the 2 arms aud the lefrleg  The 3
Jeads are joned by wises of 5000 ohms resistance to farm the single neutral

M)

POTENTIAL,

TIME -~

FieosE 1 Smngle cell action potential
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Sv

Ficure 2 Potential due to a condenser

electrode  The potential difference between the neutral electrode and an ex
ploring electrode 15 thus grven by £QuATION 4 Let us apply Fouation 410
the calculation of the potental difference between the mside and the outside
of a cell carrying a umform charge of magmitude | o | over 1ts surface Fora
point outside the cell we have 1 = 0 smce 6w =0 Forapont mside the

el? ncene have> éw = 4r and the surface density

restingcellt = —
of the charge on the mside surface of the resting cell membrane 15 ~|o |
Thus the external resting potential of the cell 1s higher than the internal by
mq—‘d or 1 general we have for this relative external potential for the 1k
cell surface

v = 4m: d ®

In general 1f ¢ 1s the charge on the side of the membrane nearest the probing
electrode we have

e
L ©)
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POT?NT!AL,

v sl
! b 20 (b 28 —loElessd
TIME, sec ~
Frovze 3 Electrocardiogram VE  The neutral electrode following Wilson 15 2 triple

connection to the 2 arms 2nd the left leg wath 5000 chma remstance between each of the Jeads
The explonag electrode 18 placed on the left leg ¥

Substituting EQUATION 6 1 EQUATION 3 gives, for the potential ¥ at the probing
electrode (FIGURE 3} n terms of the v across the vk segment

dae
V=g m
Here one totals up all the membrane segments 1n the heart  For each mem
brane segment one needs to know the solid angle it subtends and its phase m
the cycle  hnowing the phase, one can read ¢ from the appropnate cell di
agram dlustrated m FIGURE 1

In the resting state of the heart the sum of 6w over membrane segments
having a potential +v 15 Just equal to the sum of the solid angles with —v¢
sothat 1 = 0 wherever the explonng electrode 1s sttuated  Suppose we place
our electrode sust over the part of the ventricle where polan.ation starts  As
polanzation begins to spread we can caleulate with reasonable approximation
the potential contributtons from only the membrane at the interface between
the testing and the exctted region  Thus 1s because the potential contribution
nsmde the resung regon ancels out while the contribution mnside the
evated region approximately cancels ewcept around the boundary Inte
grating over the surface of the exated region one assims 2 value of zero
10 an area newly excited while 1f depolanzation has been going on for a length
of ume ¢ theappropriate potential may be deduced from F1GURE 1 by choosing
the ¢ cotresponding to the appropniate vatue of /1t 1s evsdent that only the
boundanes of the exaited segion that have stopped advancing by coming ta
the end of escitable tissue as at the heart s surface, will contribute to the Do
tentral b Now ¥ at the begmning of excrtation will start ncreasing appros
mately proportional to ¢ until the excitation wave reaches the far side of the
heart when the difference between the out-of phase » values will cause 1 to
merease more bke the first dervative  Actually depending on the phase ve
latons on the surface of exatation region ¥ may increase hke higher denva
tives of the cell patentialz  Since ¥ murrors the changesins  one can onfy
hope te arme at a fund 1 und dmg of electrocard,

a clear undi of single-cell 1 graphy through
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FIIECTS OF SOPIUM AND POTASSIUM ON REI OLARIZATION
IN FROG VENTRICULAR FIBRERS*

by Allan J Brady and J Walter Woodbury

Department of Phystology and Brophysics Unste sity of W ashinglon School of
Medicene Seattle 1 ask

Recently Hodghin and Huley {1952) defined the roles of sodium and po
tassium 1ons n the electrical activity of the sqund mant axon  These findings
have prompted us to investigate the part these jons play mn other tissues  We
present here a summary of our expertments on the way changes in the 1onic
composition of the perfusate affect the size and shape of the action potentsal of
the frog ventricle  Werdmann (195} and Draper and Werdmann (1951) have
shown that in Puskinje fibers the properties of membrane conductance changes
are similar to those in the squd gant axon and that the phase of depolariza
tion 15 probably produced by a large mcrease in this conductance However
the repolart.ation phase of my ocardiat actron potentials takes 500 to 1000 times
longer than that of nerve and skeletal muscle  Changes in the external con
centrations of sodwum and potassium 10ns are known to alter mackedly the
duration of the ventricular action potential This 1on dependence suggests
that with appropriate modifications the nerve sodum patas wm hypothesis
13 appliable to cardiac muscle

The total sonic current through the fiber membrane can be estimated of 1t
15 assumed that the electrical airemt equivalent 1o the cell membrane 1s a re
sistance and & capacitance 1n paralle)  When the entrre cell 1s excited sumal
taneousty the longrtudmal current and total membrane current are zero so
the net membrane tonic current (7 ) must equal the negative of the membrane
capacitive current  The capacitive current 15 Cdb /df where C 1s the mem
brane capaaty and @) /d? 1s the time dernvative (slope) of the membrane ac
ton potential (1) Thus 7 = —Cdl/dl In these mvestigations § and
dV/dt 1 sigle frog ventncular fibers were simultaneously recorded The
change in membrane voltage and current effected by changes 1n Na and K
conceptrations give some mformation concernng the roles of these 1ons m
ventncular repolanization

Methods

A frog ventricle was exaised and perfused both mside and outside with a
Runger s solution whose Na and K concentrations could he altered  Intra
cellular potentials were recorded with a Ling Gerard ultramucroelectrode
flexibly mounted on a fine tungsten sure {Woodbury and Beady 1956)  The
tune dernatne of the membrane action potenttal was obtained by electneal
differentzatton {ime constant of 1 or 5 msec } and was recorde:

d simultaneoust
with the acton potenttal on a dual beam oscillosrape  The y

temperature was
This mvestigation was sugported 1n part by Research ( rants B462 and B!

National Insuitute of 1 D; d Blind; { the National Tnn '823‘{:&3‘1‘1?

Publc Health Service Department of Health Education and

delfare B
by the State of ¥ asi mgtin Fund for Rescarch m Biology and Mediune Secirne Saet™
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mamtamed at 17 t0 19°C  The ventricle was excited by passing a 20-mAmp
2 msec, rectangular pulse ridully outward through the ventricular wall In
low Na solutions the response was delayed sometimes as much as 50 msec
but no extracellular current that cotncided with the repolarization phase could
be recorded  Therefore 1t was vahd to use d¥ /d! as a measure of membrane
1onic current

Results

‘The supenimposed records 1n FIGURE 1 show the effects of changes in the
extracellular Na concentration on the action potential (4P} The time base
applies to each record but the voltage cahibration 1n some of the records 1s
shghtly mcorrect  The stimulus artifact 1n 20 per cent Na was visible approx:
mately 40 msec before depolartzation The delay 1n response was much
shorter 1n higher Na concentrations

At a constant stimulus rate of 20/mm the duration (T ,) of the ventricular

1P and external Na were hnearly related The mean control T , was 920
msec and the line had a slope of 10 msec /m3M Na/l  The ventricle rapidly
became mexcitable n 15 per cent Na solutions  This observation agrees with
findings 1n other tissues (Purhinje tissue Draper and Weidmann 1951
myehnated nerve Huxley and Stampfli 1951 skeletal muscle \astuk and
Hodghin 1950)

The action potential overshoot followed the Na concentration potential to
about 60-per cent Na  In lower extracellular Na concentrations the over
shoot rematned closer to zero potential than predicted from the Na concen
tratton  This behavior indicates a loss of ntracellular Na in Na poor external
media

FiGrRE 1 Superposition of action potentials recorded from a frog ventncle perfused
with Ringer s solutions contaiming various concentrations of Na  The zero potential and
voltage calibration are shown at the left of the record
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25% k'

Figtre 2 Superposition of action potentials recorded from a frog ventncle perfused

with Ringer 1 soluton contatmog varous concentrations of &

The aymufuy
{ob;\bk movement attifacts are visible a the beginning of repolanzation 1n lh:{tsx i;:: :,Tg
record

FIGURE 2 18 a superpositeont of 1P s altered by changes m evtracellular K
while the Na was muntamed at normat conceuttation  The two 425 wath
the shortest duration were consecutive beats recorded 1n 309-per cent K shorth
before the cell became completely mevaitable Yy

The T, plotted asa function of external & 15 roughly byperbohe and con
cave upward  Marked shortenmg of 7', occurted 1n high h and an clonga
tion accurred m lon K The resting potential (RP) wasnot a simple function
of the K concentration potential  In K free Ringer s sotution the mean RP
was 130 per cent of normal ~ The RP approached zero potential 1n concentra
tions above 32 times normal (80 m\f/t)  The ovesshoot of the action poten
tial saned almost hnearly with external K from 125 per cent of normat "
25 per cent h to 50 per cent of normal mr 200-per cent K With g redu ed
external Na and a vamation of external K velations parallel to th pe
normal Na but at Jawer overshoot voltages were obtamed 1

The membrane 1onic current proportional to —d¥ /d? 1s sh
as a function of the eviracellular Na and m F16URS 4 as 2 function of § ¢
centration  The first second and third phases of repolanization ate mrm(n "1
by the first mavimum rate of repolanzation (not always present) the i, t;
g mummum ate (dunng the plateau) and the final maximum rate mux
uvely (see the numbers on the dernative curve m Floure 3 myty A Pchr
etternal Na concentration was reduced from normal the outwarg ! ﬂ’r; }s the
current (defined s positrve) 10 the first and second phases incres oy ;mtxw
until 60-per cent Na was reached (F16URF 3)  Below ths concznu:wf,:’a\c

OWD I YicLRs §



690 Annals New York Acdemy of Sciences
1200 5) (59
(8) (27)

{
3rd phase

1000

«Q
Q
Q

V (mv/sec)
@
o]
o]

400

200

o Z"dphuse
0 20 40 100 120

60 80
% CONTROL [N,

Figure 3 Lxtreme values (three phases of repolarization) of the membrane 1onic current
as a function of the external Na concentratton  The nset shows the action potential and
1ts negative time dentvative obtained i 40-per cent Na  The three phases of repolanzation
are indicated by the numbers on the inset  Noise 15 v1 1ble on the denvauve record
number of records obtained in each solution 1s gven 1n parentheses  The vertical bars repre
sent two standard errors of the mean

early outward current (first and second phases) increased sharply In con
trast the late outward current (third phase) at first decreased with reduced
Na and then increased parallel with the first and second phases In many
cases the phases were indistinguishable when the solutions contained less than
40 per cent Na

Although the early outward current was hittle nfluenced by extracellular
K the late current (third phase) was strikingly dependent on K (rIGURE 4
the 100 per cent Na hne) This effect was markedly reduced by lowering Na
to 70 per cent but the effect was larger agam m 40 per cent Na  There 15
Tmited information on solutions in which both Na and K were vaned but a
matked interaction between Na and K 1s clearly shown

Discussion

The object of this study was to mvestigate the 1omc movements and con
ductance changes underlying the ventnicular AP particularly those changes
responsible for 1ts extreme duration The avaiable information 1s not suffi
cient to explain those changes defimtively However these data combined
with those 1n the literature do permit certain tentatnve conclustons and de
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Fiouze 4 Extreme values of the ime denvative of the action potential as a function of
external K with the Na concentration held constant at vanous values

Iimitations that may be of interest A smple assumption 15 that changes 1
the concentration of an 1on affect the AP only because the electrochermcal
gradient of that 1on 1s changed, mn other words because changes 1 1onic con
centration do not alter membrane conductance  The effects of Na alterations
are generally explicable on this basis (FIGURES 1 and 3) A reduction 1 ex
ternal Na reduces the inflow of Na ons consequently the amplhitude and dura
tion of the AP are reduced On the other hand changes n k produce Jarge
effects opposite to those that would be expected from the changes in the elec {
trochemical gradient  An mcrease i external K by increastng mward cur
rent supposedly would increase the duration of the AP Actually (FreuRE
2) high K shortens the AP markedly Similarly the slope of the third phase
increases nstead of decreases with K

Weid (1956) has d total brane conductance as a function
of time dunng repolanzation n Purkinje tissue  Relative to early dastole
the cond e during early repol. (phase 1) 15 high but 1t falls rapudly
to one third of the diastolic value during phase 2 and approaches the oniginal
conductance during phase 3 Assuming that this finding 1s appheable to the
frog ventricle then the course of events during the AP may be somewhat as
follows

Depolarization 1s probably the result of a sudden large increase 1n membrane
Na conductance  This increased conductance falls off rapidly 1n time but 15
sull greater than resting membrane conductance for about 100 msec  The
potential 1s near | dunng this period (phase 1)  Total membrane conduct
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ance falls to about one third of the diastolic value after 100 msec and since
the potential 1s near zero (phase 2), Na conductance must be greater than k
conductance and their sum during this period must be Jess than 1t 1s during rest
In other words K conductance has fallen  This statement 1s based on the as
sumptions that only N2 and K contnibute appreciably to membrane con
ductance and that current flow results only from Na and K 1ons moving along
their concentration gradients  This 1s the case for squd grant axon (Hodgkin
and Huxley 1952) During repolarization, however the membrane currents
are much smaller in the frog ventncle than in the squid axon and 1t 1s con
cervable that active 10n transport plays an important role  Dunng phase 2
the gradual potential fall merges 1nto phase 3 where the rate of repolanzation
increases greatly It might be evpected that the fast rate of repolarization 1s
a voltage dependent increase tonard the resting value of K conductance
However the dramatic increa e n repolanzation rate produced by mcreasig
external K 1s difficult to explan  heynes (1954) has shown that 1n frog sar
torius muscle an increase in external k increases the Na efflux  If active Na
efflux occurs as a charged molety then the increased rate of repolanzation
dunng phase 3 might be attributed to an increased outflux of Na  Thus the
K effect could be explained 1n terms of a2 hknown phenomenon  This explana
tion 15 sumple and understandably attractive but the difficulty of constructing
any mechamsm that will behave i this manner remamns A more complete
analysis must await further expenmentation

References

Drarek M H & S Wemusanw 1951  Cardiac resting and action potentials recorded
with an mtmct]lu]ar electrode ] Ihysiol 115 74 93

Hopokin A4 L & A F Huawey 1952~ A quanutative description of membrane current
and 1ts application to conduction and excitation in nerve ] Physiol 117 544

Huxtey \ F &R Sramprir 1951  Effect of potassium and sodium on resting and action
po(emla!s of smgle myelinated nerve fibers ] Physiol 112 496-508

RENES RZ 1954 The 1onic fluxes 1n frog muscle Proc Roy Soc London B142
359-38:

Nastex W L & A L Hoporin 1950 The electrical activity of single muscle fibers
J Cellular Comsp Physiol 36 39-73
WEmsawN S The effect of the cardiac membralne potential on the rapid avatlability

of the sodium carryne system ] Physiol 127 213
Wy S Huber Bern Switzer

Woonntws ] W & A J Brapy 1956  Intracellular Jecording from moving tssues with
a fieubly mounted ultramicroelectrode  Saience 123 N



THE PULSATILE MATURE OF THE RELEASE OF POTASSIUM
FROM HEART MUSCLE DURING THE SYSTOLE*

By \alter § Wilde
Department of Physology Tulane Uns ersity School of Medicune Aew Orleans Lo}

My colleagues James M O Bren and Irene Bay and I bave produced dr
rect evidence that the potassium release of cardiac contraction or actnity 1s
truly pulsatile A turtle heart 1s heavily labeled tn t1co with intrapentoneal
K¢ The 1sotope must be prepared 1n the wntense neutron flux of the Lon
Intensity Testing Reactor at Oak Ridge  The excised heart 15 perfused (vic-
©RE 1) and the outfloning perfusate 15 cavght on a filter paper stap moving
past on a timed kymograph  The stnp 1s cut into rectangular samples that
are senally collected at hnown times  The electrocardiogram and a myogram
are recorded stmultaneously  The potassium release of acin 1ty may thus be
related 1 tune to the electrical events A second radioactivity 15 added as a
volume indicator in the perfusion flud  This may be I albumin or morganic
phosphate tagged with P* and 1t 15 counted after the potasstum K* bas been
allowed to decay through its short half hfe  An anthmetical disision of the
R~ count by the volume indicator count on each paper segment then gves us
the concentration of potassium Kt for that particular sample

Froure 215 a typical curve for ane of the two hearts on which runs hav e been
successful 10 the last four years The ECG waves are sbove and the con
centration waves for K¢ are below—our so called effluogtam  record The
first k' wave 1s for a systole ehiated by elecincal stmulation at the A ¥ Junc
tion and the second wave 1s for an idioventricular beat  Thus we see that
the wave of relense 1s real and not the result of electrolysis due to the stunulag
1ng curent  Note that there are about seven samples represented m the up-
stroke of the wave and about forty 1 the entire nave  The samples measured
may each contain as httle a5 0 003 m! of perfusate  There 1 no correction for
travel ume on this chart

Note that the perfusion wmigation 15 not by way of the ventneular @ty
tut only by way of the coromary vessels (FIGURE 3)  Cannulation for the
inflon 15 mnto the single coronary artery  Occasionally two coronary arteres
anse ind ly from the artery and thus spail an expenment
mn which e have wmvested more than a hundred dollars north of 1s0topes
Unfortunately the outfloming venous coronaty vessels do not collect nto a
single vessel for cannulation but open by several vents ingg the neighborhaod
of the smms venosus  The collective outflow from these veins g5 alloved to
flow down the cutside of o solid glass stylus penlike 1 form The stylus 15
anchoted by a hgature ahout the AV junction  The thimmed nght auricle
and the sinus venosus drape about this stylus hke the cloth of an umbrelia
Resting flow 15 very steady (lower cunve of ¥rooxe 5)

“Thue study was supported by the United States Atomie Energy
No ATCODII0N Washingian D € the Lake Insocance “ethcal Rescoren Buod (G038
New lork N Y ‘and the Amencan Heart Association New Yok N
1 Preseat address Department af Payswlogy University of Mictagan Ana Arbor Mich
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FIGURE 4 show

s the general layout of the apparatus

FIGURE > shows our most successful run 1n a senal recording of six systoles
The gradual fall in base line whatever its cause 1s real It 1s not due to the
attenuation of the tagging within the heart

The outflowing K* naturally suffers 2 travel tme and a scatter phenomenon
as 1t travels from each capillary, a vanable distance, to the tip of the stylus

Fioure 1 Princtple of ffluography

" U olt
[

N w

[ cousnsysec rameoacs mhor remrmare

- ECG

o

K* Concentration
1n outflow

Ti 3 A s e 7 8% oh mn wn
stconDs
Ticvze 2 The efffuogram
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TIGURE 6 shows how we have attempted to cahbrate for this It 1s 2 madel
of the coronary arculation made with stongs  Each stong travtls the fult
Jength of the coronary bed artery to vein, but fraver-es only one captflary
loop In the upper hgure the arches represent capilary foors  Thus, the
stnngs enter the loops from the artery on the left and Jeave the Joops 10 trasel

Frovee 3 oronary cannula and stylus.
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FIGURE § Stx B
cording 15 of volume collected per sample or per 0 096 second

to the vem on the nght  On each end of the model the strings are tred tightly
together so that they may be shipped collectively bach and forth through the
model to represent flow  The scatter of K¢ 1s1llustrated by starming the strings
at the peak of each arch or capillary loop  Then as the strings are drawn col
lectively to the nght these stained segments take on the pattern tllustrated
at the nght

A graphical representation of this scatter is shown above at the nght  It1s
plotted by imagiming the vein or bundle of strings to be cut mnto egments
The number of stained elements 1n each segment 15 then plotted vertically to
construct the plot shown above  Note that this 1s analogous to plotting con
centration in the outflow against accumulated volume
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FiGLRES  String modet of the mechamism of vascular dispersal  The upper curve repre
sents the dispersal of K¢ released 1nto capillartes  The lower curve represents the dispersal
of the injected slug
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Fiovre8 _Volume effuogram (above) showung the graphucal summation of pattern release

curves (below)
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It might be thought that changes in flow would distort the shape of this
scatter pattern  If the strings are jerked back and forth to mimic vanable
flow rate however 1t will be seen that this pattern 1s retamed In actual
plotting this pattern will be obtamed only if concentration 1s plotted against
accumulated volume If instead the concentration 1s plotted agaimst serial
time flon changes will indeed distort the pattern  We have thus resorted to
the stratagem of plotting all concentrations agamnst accumulated volume and
have thus caught this umformity of pattern

Since 1t 15 impossible to construct this ideal scatter pattern we miumec 1t by
constructing the pattern for a parcel of a third radioactivty njected suddenly
1nto the coronary artery  This will produce the pattern modeled mn the lower
diagram In FIGURE 6 Note that since the travel distances are roughly double
this pattern will be twice as wide as the 1deal pattern for the release of potas
sium mud length of each capillary loop

Such a pattern 1s shown 1n FIGURE 7 as constructed from the pattern set by
an actual parcel after m)jection into the coronary artery This injection 15
accomplished by catching a third indicator radioactivity 1n the plug of a stop
coch (left side of FIGURE 4) A sudden turn of the stopcock at the end of a
senies of regular runs then allows us to construct the pattern curve as shown in
FIGURE 7

In FIGURE § we imagine what series of pattern curves representing successive
releases 1 time of K* 1nto each of the capillaries would when added gne the
over all curve that 1s drawn through actual experimental pomnts  This 1s ac
complished by a graphical differentiation 1n which one pattern curve 1s sub
tracted from the over all curve a second pattern curve 1s substracted from
the residue of points and so on until all the area of the ove all curve has been
used up Thus in FIGURE 8 the total area of the over all curve 15 the sum of
the areas of all the indnidual pattern curves shown below

Since this 1s a plot of concentration vertically aganst accumulated volume
horizontally the area of each of these pattern curves represents a mass of
released K2 The area of each pattern curve 1s compressed mto a rectangle
the w1dth of which 15 equal to the accumulated volume between two successive
upswings of pattern curves Later this same area 1s compressed mto a time

g od
p“ %f:
o o) 4

K4t Release adjusted intime

FiooRe 9 Chemocardiogram  The rectangles are K release parcels extrapolated back
ward m time for vascular travel and dispersal ~ The altitudes of each rectangle are the rate
of release for the interval
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mterval covered by this same collection pertod and s fitted agatn t the ¢
responding electrocardiogram as shown i FIGURE 9

In summary our firm conclusion 15 that the release of potassium 15 1iest
pulsatile A less firm 1mpresston 1s that the release begins dunng what ¥
mann calls the * plateau and continues with specal rapidity dunng the ¢, y%
phase of the repolanzation wave as recorded with intracellular zlcc(m'-«



NORMAL AND ABNORMAL TRANSMEVBRANE POTENTIALS OF
THE SPONTANEOUSLY BEATING HEART*

By Hans H Hecht
Department of Medicine University of Utah College of Vedicme Salt Lake Csty Utah

The outhne of the mechamisms by which the heart mmtiates its ceaseless
repetitive contractions begins to emerge from the careful deductions of the
senies of experiments discussed n the preceding presentattons For some
time this laboratory has recorded and analyzed transmembrane potentials of
single cardiac fibers of the spontaneously beating heart usually 1 sitw and
with the eirculation mntact  We hoped thereby to obtain further tnformation on
the nature of the surface phenomena that are of interest to the chnical invests
gator confronted with the complexities of an electrocardiographic curve I
have chosen a pedestrian course of presentation that will tmpress some as
superfluous but that may be of aud to others in assessing the dificulties of the
road over which the previous writers have traveled so easily

In the following pages some aspects of transmembrane potentials will be
discussed as they appear of particular nterest to those concerned with the
electrical phenomena of the beating heart as a whole In many aspects the
mformation 1s as yet mcomplete but a dim outlne of the completed structure
appears on the horizon I have omutted a detailed description of the normal
components of cardiac transmembrane potential these may be found in recent
reviens? ?

Techmcal Aspects

Not all monophasic records obtained by a mucroelectrode are from intra
cellular positions and not all microelectrodes yteld similar results  The de
cison of what constitutes a transmembrane potential and what may be a

demarcation or mury effect 1s difficult  Both yield monophasic or sem:
monophasic curves that are closely related but one kind cannot always be sub
stituted for the other (see belon) Smce direct observation of the electrode
position as ilustrated n FIGURE 1 15 not possible during the actual expen
ment certamn critena must be satisfied before a record may be labeled as hkely
to represent transmembrane potentials  This requires a quabtative analysis
of many parameters on a descriptive basis that goes beyond mere measurements
of height and duration  TaBLE 1 hsts a type of record analysis that has been
found useful The equipment usually built for the purpose must be thor
oughly understood and 1t 1s essential that the recording glass capillary be
tested before msertion It must have the desired taper which may vary for
different tissues to be exammed and the internal diameter of its tip must be
1porless? Beyond a certain cntical tip diameter the recorded potentials
decrease sharply presumably due to membrane leakage (FIGURE 2) It 1s
This study was supported in part by grants from the Utah Heart Association the
National Heart Institute of the National Institutes of Health Public Health Service De
partment of Health Education and Welfare Bethesda Md and CIBA Pharmaceutical Pro
Hucts Inc  Summit
400
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Fiotre 1| Microelectrode and myocardiat fiber (frog ventinle}  The tip of th
et basune 0 5 Supermposed photogrephs bematoryin and sonn sisis

necessary and obyvious from FiGUwE 2 that frequent checks be made dunng
an expervent either by direct microscopic wspection of the needle or by
pedanice measurerments of the secorching system am order fo ensure that the
tip of the electrode has remawed mtact  The use of a floating tungsten wire
gluss capillary electrodet has facilitated recording from moving tusues e sin
and has all but ehrmnated earher devices that were necessary to safeguard the
electrode ' The placement of the mdifferent electrode the charactenstics of
the recording apparatus wtself and the occurrence of junction potentials at the
cell electrode boundary are seme of the addwonal factors that may influence
the tinal record and need to be evaluated !

Tasix !
Dara Anansts Ivrescerivrar Recomos
Chara tenstic of wtravelular recard (A) 5 22 m my and (R) snbroken depolanzatian

Resting potentiat Size tn mv
Prepotentia s
Afterpolentsals
ztson potentsat Size to mv
Ovesshoot
Actian potential duration Leogth in sec
Exc ation Rate of depolarzation mwy sec
Duration of depolarzation ‘msec
Pecovery Pha.es of cepatarizanon
| Rate of repoian-ation v /sec. {for each ptase)

Corrected for standard action potentiat
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Once the needle has penetrated the cell and the membrane has sealed tself
around 1t long repetitive records may be obtained even from the spontaneously
beating heart 112 stlz  FIGURE 3 represents the typical experimental sequence
ofa cellular run  nsertion followed by several cycles demonstrating resting

1005

o o ™ @ o
o o 85 o O o
T | { T T T

w
=]
v

Per cent of voltage t 1z diameter

20
10
0 1 1 L 1 1 L | 1 1 1
¢ | 2 3 4 5 6 7 8 8% 10
Electrade d meter t1p (microns)
FiGUrRe 2 Observed transmembrane potential as a function of the external diameter of
the recording electrode (Woodbury et af %)

MEMBRANE
POTENTIAL

1

e
CALIBRATION
FiGrRE 3 Sequence of cellular events dunng cardiac excitation (frog veptricular fiber
yn sstu) merobrane potential plus overshoot equals action potential _Note the steady da
stalic resting potential and the slow recovery process  Cahbration 50 mv time hines 0 1
e
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Froere 4 T potentials (frog ventncular kber sn situ)  The tpper recor
shows the cellular goxtn tuals recarded together with the surface electrogram of :y:‘rosdy o
Jatent regian 1 % hr alter the Legirmog of the espersment  “\ote the positive alterpaten

"The mddje record sh b 15 br of

actity  Four munutes belore the recording the heart ceased to beat but 1t contnued to
respond te electncal stmnlation {sce stiondlus artefact) The resting action patential has
changed Dttle 1 magpatuds ut the sctio potential dusation has been shortened ani the
rate of recovery has been altered Strong prolorged afterpatentials are present. Ia the
Jower record made 5 . Jater the feast has responded to altervate stumudi at higher rates

Further sbortenmng of the a«mngo(tmﬂl duration bas occurred nithout affefing the rest

1ng patential or overshoot  Calibrabion tupper nght coratr) "0 v honzontal bar zero
foe tsme Lines 03 sec.

potential b depot pok reversal and hoot and
recorery and afterpotential Wath the recordmg device stl runmag  the
needle 1< then wihdrann and 2 calbraton is added (50 mv) Fiooee 4
demon trates that a physiologieally active preparation may stll be observed
many hours after the beguning of an erpenment although the shape of the
tecovesy may have changed ignificantly when compared to the control Tt g
possible to obtain two sumultaneous mtracellular records by placing micro-
electrodes wte different fibers even under a vanety of physiologseal states
{ricone 5)  The su sutu preparation does not hnd itself howerer to tre
snsertion of too electrodes into the same fiber and expennments with ‘Jamped
potentials as reported by W exdemann * presumably cannot be carried out 1n suck
preparations
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THE MAGNITUOE OF ELECTRICAL EVENTS OF
SINGLE CARDIAC FIBERS

me,
4\:1-
L‘ A
P |
")
v BPOLAR ORS
Al
(. SENIOMECT ORS
BRILT ORS
Ll od ,
SNGLE CELL CAY
-
208~

AN
LT ~

Ficrre 6 Dsagrammatic repr sentation of the magnitude of transmembrane potentuals.
as compared to swrface electrocardiogtams  Asan ecample the frog vennenlar fiver shons
voltages from 50 1o 100 tames hugher than those observed 1 recording the human electra
cardiogram  Surface recotds are refated tv membrane carrent density and to the vate of
voltag changes and are z funchion of the total myeeardial mass  They are independent of
action potential magmtuvdes

cent measarements of the magmtude of the surface dipole moment of the witact
hearts have confirmed the refatin of action currents (and by inference of action
patentials} to the total myocardial mass®

Varations mn magnitude of cellular potentials have been reparted by dif
{erent observers and for various species or 1ypes of myocardal flvers  These
d:fferences are not stiking and W eidmann! suggested that they may depend
on myacardial fibee size  Naturally it 1s more difficult to obtan satisfactony
records from smaller fibers than from larger ones afthough tt seess that wath
wnprovement 1 technical shall voltages may berased  Tanie 2 lists measuse
ments {rom vasious tissues and specwes recorded at 3arious tumes but 1 the
same laboratoty  The last series of measurements on frog ventnenlar fbers
gave values camparable to those reported for the squd glane axon or for the
Purkime  sue of the dog or the goat  The wfluence of mutrtion <easnal
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TasLE 2

MeumBRANE RESTING (MP) AND AcTion PoTENTIAL (AT)
axpIAC Muscre FiBer (av)

Mo MP AP
Chick embryo 195 93070 535 (14)
Furtle simus wsolated 39 361 (08) 120 (09)
Frog s sty series A 615 (23) 7229}
Trog s situ senies B 73 802 (19) 953 (22)

Meanand SE

changes or other metabolic factors should zlso be considered since some
groups of ammals scem to yleld lower values than others

Neither action nor resting potentrals are greatly nfluenced by changes in
temperature! * * 1 or in heart rate? ' unless the rate nises to excessive levels
Thus dunng the extremely fast rates of a heart in ventricular fibrillation, the
height of the action potential decreases sharply without significant changes in
membrane resting potentials (FIGURE 7) At the height of the response (at
rates from 200 to 800/mun ) the cell does not completely depolarze and restora
10n of the resting potential commences when the mside 1s still negative to the
outside of the cell or before polarization reversal has occurred (undershoot) 18

The relation of resting potentral action potential and overshoot n cardiac

c26-2
me

8o

O i gea o
o o

501

SRR

' ! L il
SECONDS
L—srmuuﬂou—’

a7 Membrane resting and action potential of ventricular fibers during vent
cioton (bullitog s sits) _ The rapidly £ rilating ventrice causes exopersy Teencular

o e v the face of an unchanged resting patential (Hecht and Boagy e
;shtd) P membrane action potential MTF membrane resting potential
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* Corrected for actin potentiat = 100 mv

1 Adter washing

Bold type denotes statistically spnibeant values {p < 003} T tme 7 tetperature 3P
membrane resting potentia} 1P membrane action potential APy action patentsat dura
tion Ds slope of duration of and Rai-Re3 slope of
repolenzation phasest 2 and 3

muscle has been discussed m previous papers giang additional support to the
concept that for heart muscle {as for nenve) the presence of a transmembrane
potenteal s dependent to a large measure on sodram and potassium conduciance
with the exchange of minute amounts of these tons actoss the membrape ! 2 18
The 1 sifa preparation does not lend atself easd)y to rapnd changes of extra
cellular electrolyte concentrations and hitle can be added to what has been
said before (pp 665) However topical appheation of concentrated electroly te
solutions (TapLE 3 FIGURES 20 and 22} and records from the 1solated spontane
ousty beating perfused heart have in general confirmed 2 certamn dependence
of the de of the cellular Is on the ratw of extemal to internal
electrolyte concentration  Thus external increase tn K¥ sharply reduced the
magnitude of the resting potentsal (PABLE 3 FIGERE 22} while perfusing an 150+
fated frog heart preparation with a h* free tyrode solution increased the resting
potential but not to the evpected degree ¥ In papuiary muscle these effects
may be antagomzed by changes of Ca*+ 1n the same dwection? In the atral
tssue of cats and frogs vagal sumulation or the apphicatson of acety kcholne
causes an werease n the Testing potential that may or may not be associated
with changes i the repolanzation process®  This effect was absent 1 recent
studies using atna of rats ™

Duratson of Action Potential

Cardiac muscle differs from nenve and sheletal muscle by sts eveeptionally
slow return to the resting state that 13 almost exclussvely the consequence of a
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FIGLRE 8 R;glé)mcal relatson of action potential duration as a function of the heart rate
Jog log scale (Woodbury ef ol %)

marked prolongation of the repolanization process  In 2 normal myocardial
fiber the duration of the action potential 1s dependent on (1) the heart rate
and (2) the temperature®? 1 . Since these factors are interdependent
appropniate corrections must be made 1if action potentials are to be related to
only one or the other TFiGURE 8 shows a log/log plot of heart rate versus
the reciprocal of the duration of membrane action potentials with the tem
perature dependence d algebraically > The slope of the hine 1s the
ratio of the temperature coefficient for the actron potential duration and for
the heart rate and 1t has a value of 08 In other words as the heart rate n
creases the action potential duration decreases in proportion to the 0 8th
power of the rate  This logarithmic relationship holds only for frog muscle
but 1t 15 of interest since a similar dependence has been demonstrated for the
QT mterv al to the heart rate 1n surface leads of man

The duration of the excitatory state 1s a sensitive mndicator of myocardial
ntegnity It may normally vary from fiber to fiber® * MAlodern electrocar
diographic theory requires that such differences should ewist perhaps between
subendocardial and subepicardial layers (pp 937)  Beyond the fact that intra
sentricular differences 1n the duration of the action potential can occur con
firmation of this concept 1s still laching

Stnking differences 1n the duration (and form) of the action potential betw een
ventnicular and atrnial musculature have been observed under varous experi
mental conditions! 1?2 It 1s tempting to assume that this 1s related to
excess accumulation of acetylcholine and vagal innenvation except that these




Hecht Cardiac Transmembrane Potentials 709
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50
v

A oA
Lvent Avr vem
Ficure @ Frop, heart n nfu (prihed)  Frgures 1 and € shaw the veatncular action
potential B shows the atnal action poteatial obtamned shortly after 4 and before € \ote
3¢ shorteming of the action potential duration 1n B and the foss of pbase 1 of recovery A
ventneular surface Jead 1s recarded simutancously (retraced photograph of scope sereen)

differences may be obsenied tn denervated anumals and exaised preparations
or may be mn evidence before mnen ation has accurred  T1GURE 9 shons dif
ferences m action potential duration between the atma and venincle of the
myocardum of a prthed frog and FiuURE 10 dlustrates an obyvious decrease m
atnal action potental duratton in the chich embrye commencing at the fourth
day and before extrinsic innen ation has been established *  This suggests that
the differences 1 some way depend on the maturauen process of the myocar
dim  In a well funcionmg excised turtle heart such differences were not
present (FiovRe 11)  Ji should be noted that some of the shartening reported
may be the result of tissue damage mflnencng the thin atral muscle <beets toa
greater extent than the robust working myocardum

w2004
§'5°~ CARDIAG RATE
2 1ol
S w0k
ot
DURATION OF
» 00 VEMTRICULAR ACTION
§ooef. POTENTIAL
£ oost
DURATION OF
ooa ATRIAL ACTION POTENTIAL
£ 2000}
g
<
>
52000 RECOVERY RATE OF
H VENTRICULAR PHASE 3
2 b
3 13o0) " L s 1 4 ] nean_sranoans ennon

3 4 ) 3
AGE OF EMBRYO DAYS
Ficure 10 Increase in cardiac rate and de rease wmn daration of atnal action pot
1n the growing chick embryo  The records were ehtaned with the rveulation mta}c)l m'xlﬂ
changes occur before extrinsic innervation 1s established (Fieg! ef of )
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Atr ¢m Ventncle
Ficure 11 Membrane resting and action potential of the pontanecush beating ex

ased turtleheart  There1s no conststent difference in the shape of records obtarned from the
sinus atna ot ventricle and there 1s no difference 1n action potential duration  Simultane
ously recorded surface records show excitation of the sinus region theatnia and the ventricles
Note the remote effects of ventncular depolanization in records obtamed from the sinus region
and the atrum  presumably caused by changes occurring under the indifferent electrode
Time hines 01 sec (Brady and Hecht®)

o
s
e

Fioums 12 Frog ventricular muscle i sifs high speed records of depofarzation Note
the smooth without ase difl Record Des

o
ned after topical apphcation of quumdine L shows the same preparation after rec
‘.’Ef:' ‘surface potentials are recorded in 4 and B overy

S nus
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Changes 1n duration of action potentials are usually the result of changes
the varions processes of repolanzation and will be consulered 1 that connec
tion T should be pornted out that shortening of the action potential duration
in some mstances shaws a strong correlation with the magnitude of the de
polanzation oversboot (p < 002 m the ventncular myocardum of the frog
following admmstration of digiahs gly costdes ™ and sgmtlar obsenation on rit
atma with acety Ichohne and carbacholt®)

Folars ation Reversal { Depolori.ation )

Membrane depolanzation and veversal of polarzation (orershoot) 1s rapid
and smooth (FIGURE $2)' A record that displag s notehes or breaks in the
s1sug limb of a transmembrane change represents mpury potentials rather than
true membrane effects osderly rapid depolanzation is one of the few absolute
charactenstics of intracellular records  The S shaped slope of (he cunve reaches
avalue that mnnerve closely appi the sodwm i (a
difference that should eust if anly sodim sere MOVINg 2cross the membrane)
In cardhac fibers 1t 15 often fess pronounced but here as well as m nerve 1t
comerdes with a sharp fall sn membrane resistance ¥ 2 Yt has been assumed
that the process represents Na inflax across a fundamentally altered mem
brane! * ¥3% The rate of this process is temperature-dependent (ricore
13)t 2 3 08 For frog ventniculac fiber at room temperature depolanza
tion time (measured from 10 to 90 per ceat of the total deflection) ranges from
1010 20 msec  falhing off J Hy with rsing ¢ (logof Dt =
16~003t) Fiovre13d that ata of 40°C a frog
veatricular muscle (if not damaged by temperature) would be expeeted 1o
depalarize in 2 to 3 msec a figure that corresponds with those teparted for
mammalian entricular fibers *°  There are no striking changes 1 nse tune
between atrial and ventncular Sbers but the thich wapudly conducting Pur
kinge cells that show hat larger b resting y Is depolarize
durtng less than 03 msec! Nao nf 15 available ¢ g slowly
conducting tissues such as the atroventnicular node  In additon to the tem
perature effect whach s of httle practical consequence the speed of polariza
ton depends on the snitial starting level of the membrane Testmg potentral
the tugher the resung potential the steeper the mse! Therefore proce
dures and agens that affect primardly the resung potential have an Indirect
effect on the depolanzation time  The values of FIGERE 13 a7p based on an
average resting potential of 70 my

Except by these factors the time and rate (slope) of this process are not eassl
b d  There are ¢ Is that stabilize the membrgpe and !acL}
polanzation  This results 1n a preparation that does not <onduct an mpulse !
but that remains ble by virtue of a Testing Potentiz] These
blacking agents are the surface anesthetics certamn anhbzstammzcs and qus »
whne and qumndinehke substances® Ia cardiac muscle Procame mq n
amde and qumdme have Jong been used to block or o retard "“p“{s)escam;
thesr action may now be mterpreted in terms of their influencey on the de, Ian
zaton process  Tanies 4 and 5 shaw the effects observeg polary

with
gluconate (Eh Lally & Company Indianapols Tnd ) and wyp, brocar niu;’:,d;;’le

t 1
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70 (257 MEASUREMENTS}
so—
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aol= © ° fog Dy 1588-0029

Iy

{ot 37 33msec)

DEPOLARIZATION TIME Dy
b
I

| | 11 | | |
5

o 25 30

[ 15 20
TEMPERATURE C
of depol: time (least square method)

Frouse 13 Temp
Frog ventnicular fibet s st

Ficure 12D and 21 illustrate typical records  When carried further polariza
tion may be locked causing the heart to cease to beat but to remain essentially
excitable (FIGURE 14)  This action is accomphshed without change 1n mem
Prane resting potental, or membrane resistance and 1t has been considered
as blacking sodm transport across the fiber

The onset of cellular depolanzation 1s faurly abrupt Tt begins with a shght

TasLE 4

DeroLarIzATION TIME (ssec) ForLowine TOPICAL ArrriciTion
or QUINIDINE GLUCONATE (FROG IV Siry)

N
Co trot ¥ hiet Q

[ —
e e

DB 2 10
DB 23 0
DB 30

Mean and SE

wed
382
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TanLE §
SAMPLE ANALYSIS OF INTRACELIULAR Recomps (Froc v Sirr)

1 D, o (Ksl| g &
ERTLR 44 f.\"’\ & ifi‘&mf,« ke | | e o e
|
Normat 2406808 085089 4200 16| —| 128 | 2100
U
Digitals 0125|003 (1401010063 320]| 36| 131 s |2420
8 102 (%9334 10 18] 8100 13600
18 24623341003 sx0|  [z930
U
Aeetylcholine ol2s|141lst2/ 7580063 1800 22( sal 57 ( 750
1 540124725 0043 6o00) 32| si| 26 | 189
10| |z46(535 671056 17250 22 583
Procame HCI ol12{201se8inasli2of s3s0f 20| 10| 49 | 493
2711|362 62 3126 7t 46) 120 | 61| 37| so | aur
43 { 14 | 5 0 |76 0|10 01 58] 1220 | 67 6 | 3
(140)
Quiardine Gluconate | 0 22| 0 67 |75 o100 0lo as| 3800 | 32 | 161] 39 | 3900
065 [81 61108 21 18] 190 | 0| 93| 38 |3268
070s06 8 11 20 2340 | 88| e &3 | 2120

Corrected for action potential = 100 mv
Bold type denotes statistieally significant values (p < 005)  The symbols are the same as
those used 11 TABLE 3

decrease 1n membrane potential followed by a rapidly increasing decrement
(FIGURE 15)  When a cnitical value has been reached the cell will reverse
polanzation rapidly This threshold potential determines cardiac exata

bilty and using Hodghins concept may be defined as the value at whch
sodrum 1nward current exceeds potassium outward flux It has been suggested
that the depressing effect on heart rate and on exatabihty known for Ca*
vagal sttimulation and acetylcholine? ¥ 2% may be related to their mfluence
on the threshold potential of pacemaker areas In cardiac fibers the mem

brane holds a stable value until late m presystole when depolarization 1s
imtiated from surrounding areas (F10URE 15)  This 15 not true for cell groups
located withtn the sinus region of the nght atnum the spontaneous pace

maher region of the heart! 2 s “ Here a leaky membrane
causes a gradual and continuous loss of membrane potenyal erther through

out the diastolic peniod or in presystole (FIGURE 16) a state of affairs that can
be accentuated by NaCN or 2 4-dinitrophenol ! The causes for this localized
diastolic depolarization are not known but the fact that such a cell would act
as a pacemaker by spontaneously reaching the threshold potential 15 readily
understandable It seems obvious that such behavior cannot be confined to
this region alone but that 1t 1s a potential charactenstic of cardiac fibers

Under certain circumstances ather fiber groups may act m a smilar manner,

controlling the heart from an ectopic  pacemaker focus ’

Repolart ation

The return of the cardiac cell to the resting state 1s a prolonged process when
compared to nerve and skeletal muscle Tt commences fairly rapdly flattens
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1sec
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Ficure 14 Locked pok and following topical applica
t10n of 2 pellet soaked with 1 per cent qunudia. gluconate A portion of the Last spontaneous
beat 15 seen folloned by cellular arrest for 1 min 19 sec (continuous recording) A spon
taneous beat of 63 mv complete sith aversheot eccurs at the end of the persod (mechanical
artefact is seen 1p the plateau) At the end of the record the needle 1s withdrann demon
strating the 1soelectric teve)

50 mv

) I ] | OOSsec

Fiorre 15 Trog ventncular fiber depolanzation recorded at hugh peed  Note the
adual and munimal decrease 1n the resting membrane potential just prior to excitation
Sius 15 rarely discernible 1 low speed records
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Ficure 16 Sinus potentials of spontancousty beating excised turtle heart  Note the

steady loss of resting potentials and the presysiohe prepotentsals {lower nght record}j—tua

characte 180G responses of pacemaker segions  The shape of &ction potertials 13 con
sudered abnormal (unphysiclogical preparation)  Brady and Hecht »

out to a plateau of long duration and finally gathers speed again as it ap- ‘
proaches the diastolic resting level Thus there are at Jeast three phases
clearly recognizable n alt normal records from ventncular musculature (FrouRe
17)  These phases display different rates of recoveny (stopes) and entirely
different temperature coeflictents and respond differently to abnormal condy
tons (1GURE 18} 3 One may assume that diffeent metabohc processes are
wvahed wath each step  This senes of rate processes appears sxrxhng,
ontrast to the smooth and rapid course of depalanzatson Beyond this very
httle 1s known but by analogy 1t has been tempting to correlate events with
romic currents following Hodghin s concept of nerve etcstation {see below)

tmv \\
~ -
—] ‘\ _—
e \
QvERSHOOT Y
Lo X
- -
\\ P scont
PHASE 2
uEuaRARE AY | —
FOTENTIAL \; —
- -
X =
HIPERPOL AR
v \ ? RABIZATIOR
srroianr JPHASTY PHASE 2 \m«stzl

IATION storg
PHASE L PHASE 3
Ficuns §7  Membrane action potential of frog ventrcular S e o gy

The sk
{m Jsee ) and duration {sec ) of the thrce phases of cecovery are smdicated  ims el 03
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PHASE 1

4H 15600

RATL OF RECOVERY (m:

] ZJ I S I T
8 26 24 22 20 18 16 14 12 10 8
TEMPERATURE ¢ g
FIGURE 18~ Rate of recovery of the three phases of repolarnzal
tion as a function of tem
perature (Arthenius plot for monomalecular reaction: 4 3
Beeree O\oodby b 513 s} AH 1s heat of activation in cal /M/

Dufferences seem to ewust between different types of tissues evamined a
much more rapid fall 1n repolanzation phases has been reported for atmal
tissue than for ventnicular myocardium! 9 * ' and for Purhmye fibers
the dominance of phase 1 seems charactenstic? 1 These effects are not ab
sofute and one pattern may merge into the ather  The processes of repolaniza
tion are easily altered and constitute a sensitive indicator of myocardial func
tion A common re<p I bl s 15 the transi of the
multiphasic curve of Jong duration into 2 short single spihe reminscent, ex
cept for iming of the configuration of cellular potentials of sheletal muscle
ot nerve (FIGURE 19)  In the case of digitahis admumistration as well as duning
nfu 1on with low potassium fluds this response (or spihe formation) 1s pre
ceded by a period of lengthening of the action potential duration ¥ ®  The
spike formation 15 the result of an ever increasing rate (steeper slope) of phase
1, with phase 2 at first httle affected and phase 3 mcreasing n length and
decreasing s slope  This may represent an end stage prior to wureversible
membeane damage Eventually phases 2 and 3 disappear entirely

Changes 1n repolanzation necessarily result mn changes 1 duration of the
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FrooRe 19 Copfigsation of action potential at the Tesght of the toxic digntahis effect
The uppet tecord 18 the controt the fnvey record was made 33 pun after smtsacasdiac xnpe
tion of dipitomn (12 mg kg3 Phates 2 and 3 have all but disappearzd  Reemvery 158l

SIP]
most entecely based on an increase in the slope of phase § These ﬁﬂgmgs arenot charactens
Do for dimalis only and are accampanied by & decreate w orershoos Time bnes 0 1see

action potenttal  Some of these modifications are assocated vith alterations
v the height and magmitude of resting 2nd of action potentials  ‘They corre
iate therelore wath changes in the depolarization process  Some of theasyet
fauly obscure wterretationships are summanzed belon
(1) Changes 1t concer tration of ¢ Hular electrolyles extra
cellular K+ concentration (decreasing patassi.ri grachent across the membrane)
causes & shorteniag of action potential duration (and 2 decrease in membrane
potential) by decreasng the duration of phase 2 vithout altermg s slope 1 %7
In hagher concentration spihe formatwn ocurs (TABLE 3) A decrease m
external hot concentration causes smarked prolongrtion of phase 2 and pro
longation aad decrease in slope of phase 3 (TABLE 6}  Alter some tume the
pictare reverses completely and shortening wsth spike formation tales place ¥
Nat plays sts promary role durmg the early phase of escuation and although
changes 1 \a* conduciance of the wembrane are bhely to be concerned with
phase 1 and 2 of the recovery process its prumary action mvohes the de
polaniration processt * 1 1w La¥ may replace \at up 1o oue third of the #x
travellutas ™a content * Vihen grven mn higher concentration it causes the
standard response increase w phase 1 shorterung and steepening of phase 2
and flatterang of phase 3 with eventual spihe formation  Ca™ causes & sum
lar response ¥ Ca* has dsfferent effects on vanous cardasc tssues and s
snflverce on membrane permeabilities has vot been clearly established  An
Increase of Ca* 1n the extraceltular flud mereases the duration of phase 1 and
lowers the leved of the platean (phase 2} Ths produces a yecord with a pro
notnced phase 1 rermimtscent of the sormal patiem for Purumpe fikers upon
which Ca** has bittle effect  In the absence of phase 1 {conwideved an abfm
mal response for ventncular fibers) Ca** restores the phase and normslues
the pattern (FIGURY 20} & hen apphed 1 ugh concentration st caue phase 2
to steepen and phase 3 to lengthen, with an increase @ action potential dura
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TI1GURE 20 I flect of the topical application of Ca** as C2Cl on the

u
surface potentials of ventricular fiber (ffor)  Note in B the temporar) usrlaor;sar:;x:z;a}::;n:: ;’
thatismissingin fand ¢ Strking changes particularly pb:seJn{repuhnza!wn may be
1nduced bt’h bnm;m tixlundc (F)s “"Ih (hﬁ possible appearance of abnormal T waves and U
waves In the surface tracings umlar changes occur during o ta:
mammabans after veratrne  Time Lines 01 sec s lon potassism infusion and sn

non? Low extracellular Lat+ (or the use of calaum chelating agents) con
verts the tnangular configuration of an atnal action potential mnto a pattern
commonly seen 1n ventricular myocardium with a prolonged plateau of phase 2
The effect of Bat* seems similar 1o that of low K*, with marked prolongation
of phase 2 and an merease in the length and duration of phase 3 (r1cTRE 20)

(2) Changes induced by metabolic nhsbtors  The effect caused by changing
the extracellular 1on concentration has produced a variety of changes practs
cally alt ending eventually in the typical spihe effect of membrane response
The use of a few metabolic mhibitors such as jodoacetic acid ¥ 2 +-dintrophenol
and also NaCN has resulted in the kind of response shown in FIGURE 19
Ths allows little if any mterp of the bol concerned
with membrane excitation

(3) Changes wduced bv rarious agenlts and procedures
usual shorteming and change 1 slopes 1 2 and 3 1n mammahan fibers #
but has httle effect on preparations of cold blooded ammals  Acetylcholine
cau es similar changes m atnal myocardium but affects the ventncular myo
cardwm only n large doses perhaps as the result of wreversible changes
(TABLE 5)2 * Digitalis glvcosdes and strophanuin have been mentioned
as matng, agents of such spike reacton® *b ¥ 3 In the case of digs
tall a statistical analysis has shown & strong correlation between duration of
action potential and phase 2 as one would expect and a high negative correfa
tion between duration and slope for phases 1 and 3 {r = —075 p < 0001}
ndicating that at least under the ifluence of these compounds the duration

Anoxia causes the
ib



Fiover 21 Effects of quimdine gluconate on (1) depolasization time and (2 duralion

and stope of the recovery phases  Note the changes 1o the width of QRS end in the configura
ton of T in the surface leads comeiding with the ehanges i single hler records  The Bgu
denote che width of QRS s seconds  Tame e 0 1sec standardizauon 50 my

of the tna phases changes 1 opposite directions  In a low Ca¥t surrounchng
with a shortened action potential duration strophantin restores the nnrmal
configuration 1t 15 of anierest that sterowds similar tn chemicat configuration
to the digtalis ghycosides have no effect an membrane potentials ¥ Alechol
causes the classical spike

On the other hand sub surh as di ph and veratrine
shon a response that is Temenscent of the early effect of low Rt perfusion
and of Ba*™ sith a prelongation of action potentzal duration and an mezease
i the length of phases 2and 3 (rroures 20 and 21 TaB1E ) Taviesdand$
hist type examples of such 2 reaction for the ventncular fiber of the frop heart
sty ith beld figuses indieating statistieally sgmficant values  The meas
urements were obtaned by mjection mto the vena cava or by toprcat applica
von and washing  TasiLg 6 summanzes the early and fate events 1n ventney
tar fibers foliowing the perfusion of an excised frog heart with R+ free Tyrode
solution that seem to dupheate many of the events dis wssed above  TavLrs
7 and & semmarze some of the known external effects on carduizc transmem
brane patentraly

Afterpotentsals

Follawing the restoration of membrane resting and action
of hyper and hypopolanzation may be observed usually
duration and dered b

potentials a perod
A of relatnely short
to the P als n nerve  In the

Tawtx 6
Pexrustax wire K+ Free Tyeone VENTRICUAR Fivex Hrruras

Cotr t E iy Late
— R

YRP mv 46 4 513 o

brads [i$] nE BE]

APy sec 0 5¢ 0 97 038

Rt myv fsec 394 437 857

R mv jsec HE 3 a1

Red my /et 01 186 835

“There was ro thange m depolanzanon time

Bol I type denotes statistically sugraf cant values WRP membrare cestung poteatial AP
memhbrane action ga\:ﬂm) 1F, action potential duration and Ryi-Ry3 slope of vepolar
zation phases 1 2 and 3



TABLE 7
Suamary of Lrrects oF CHANGING EXTRACELLULAR LLECTROLYTE (ONCENTRATION
oN CaRDIAC TRANSMEMBRANE POTENTIALS

\mrl\up os |1Pe | Dt Ilm; Rs % E‘ L RE
N U S S
Increase Na* - pDG |1
Decrease Na* — I ( pDG |1
Increase Litt -1 ! VF K
Increase K R ’ ( (HIVF [ 116 27 roere
Ly 22 TaBLE3

1217 TaBiE 3

ase h*4 [
L ]vl 30" potre 20

Increase Ba*

|

|
I
l= = ==l ]

TABLE 3

|

Increase Cd** - 2
Increase Ca*t§ - pC 2 FIGLRE 20

puC |2 e 3

l
|

avFD
Deerease Ca**§ | =~ | — | = | T | bl [T PG| 2
Damage T T T dn % e

Lffects on 1Py also shorten the duration of phase 2 of repolanzation
L1 may replace Na to some extent
I Early effect only
§ Changes threshold potential antagonizes changes following K alteration
~~No Change
Higher potential Jonger duration decreased rate (flatter slope)
Lower potential shorter duration 1ncreased rate (steeper slope)
The symbols are as follons_p Purkime fiber pm papillary muscle fiber v ventncular
muscle fiber a atrial muscle fiber C cat D dog F frog G goat R rat and Ch chick
embrye  The other symbols are the same as in TABLE 3

TaBLE 8§
SustaRy OF LFFECTS OF VsRIOUS PHARMACOLOGICAL AGENTS oN CaRprac
TRANSMEMDRANE POTENTIALS

“”"“P 05 |#4P2| D |Rst|Rs2 'nss J Prp Ref
Acetylcholine L=|= L= 4L ]aF 2 2425 TABIES
=11 f = aR 13
Tl (M —|— | 1 [vCh
Epinephrine — == - ak 18
—{—|= — =11 | 9
Thy sostigmune —| =] = — al 18
Carbachol - == — aR 18
Todoacetate —| = — i (D) } vE 3t
Digitabs —l—=]= — (1) vFCh {9 22 33 3%
FIGLRE 19 T4
BLE 5
Quimidine —|=f=yttt|=11 Tt | pCG |23 ricure 21
vF TABLES 4and 5
Trocanet -1 pcG 23 TABLE S
Diphenylhydra ~i =T pCcG |23
mine
Dxnuro‘phem‘t
NaCM
Anoua O 2 el I A e R I N (1) 3%
pmC
Sterosds frall Bl el Bl Bl el el S B0 8 35
Damage [ LA O I B R AR A G B !

Lffects on 174 also shorten the duration of phase 2 of repolanzation
+ And other surface anesthetics
4 Increase ‘drastolic membrane depolanization of the sinus region
The symbols are the same as n TABLES 3 and 7

720
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w il preparation such changes are not present with any degree of con
sistency ot they may change from beat to beat  The usual agents hnown to
cause afterpotentials m nerve  do not cause such changes m the myocardial
fiber but seem to produce a prolongation of the action potential and 3 decrease
w the slope of phase 3 In the panel on the ¥ wave such changes are dis
cussed w greater detasd (pp 942)

General Comments on the Nature of the Membrone as the Seat of Cellular Potennials

The foregoing descriplion reveals large gaps m our knowledge of celiular
events i cardiac muscle  The observations of 3 farge potental gradhent across
a membrane can be fully mterpreted only if the structure of the membrane 15
hnown if its sonic constituents and the 1onic concentration, differences between
the cell the celt b thecell b d and the cell dings have
been recogmzed and of the outvard and mmward fux of these 1ons have been
determined and the cellular metabohsm 1s undesstood sith respect to certain
enzymatic actinttes controlhing cellular entrances and evists A large number
of observations on electrical measurements chemscal analy ses isotope tracer
studies and model analogues have now been accumulated and this has lad
the groundwork for an mterpretation of the nature of an exatable celi and its
mode of action  Those praperties reported for nerve and sheletal muscle have
been thought ina large measure to apply tocardiae muscle as well  The obvious
differences w automatism speed of response and length of recovery that
charactenze cardiac tissue have posed 2 number of questions although no one
demes that a fundamental somlanty evists between all excatable tyssyes

1t may be assumed that the total transmembrane potential {E) 15 deter
mmed by the selective permeability of the membrane to certam 1oms and that
this potential i turn controls some of the selectivaty of the membrane tonard
wne partides  The total transmembrane potentsal 1s equal to the sum of
the potential changes occurnng within the membrane wself (Ey) and the
potential changes at thenner (£ Jand outer (£ Jinterfaces the fatter depending
on the 1ome compositton of the adjacent fuidsand the distnbution coefficzents
of the 1ons present

E=E+Ec+E ()

This dnades the electrophy siological activaties suil further and VLS some
general comments on the physwal and electrical characterstics of the mem
brane that separates the external medwm from the celiular mhey Daturaily
these charactenstics are mnterdependent

‘The membrane with which we are concerned 15 pot the mictostapically
visble structure that bolds a cell together  The anatomieal celf boundanes
are freely permeable to 10ns and exhibit 1o specal selective Povers of molecular
transfer The membrane to which we refer s the outer layer of the cellular
protoplasm  the propesties of which differ from the remarnder of the cell 1
tenor It may be considered pauaimolecular  varyng 1o thuckness wythn
the range of 3 few molecular layers only  This structure hag 4 low surface
tension and a low solubiity in water charactenstics that suggest that Iayers



722 Annals New York Academy of Sciences

of protein molecules are mvolved ¥  The results of X ray diffraction studies
comparning lipids hpid mixtures and nerve tissue are also consistent wath the
assumption that the membrane 15 a protemn structure The low conductivity
of the membrane, 1ts wetting properties and other physicochemical charac
tenistics support & concept that a few layers of perhaps radially arranged hpid
molecules 1n more or less iquid form 3* may be part of 1ts mternal structure
Those who advocate a lipoid character of the membrane assume that 4 stable
film of pratem molecules 1s absorbed on its surfaces and covers the hipod
matertal The protemn macromolecules would be arranged tangentially at the
cell surface thus imparting to the membrane 1ts structural sohdity  Electrical
impedance measurements '8 as well as optical studies companng the hght
reflecting properties of b to those of lecular layers of hnown
Jdiameter * suggest a thichness of the membrane of between 50 to 200 A with
100 A as the upper limit for ipord layers alone  This corresponds to a rem
brane thickness of 2 to 4 molecules By companson the radius of a potasstum
onisgienas L 3A and that of unhydrated sodum as 09 A 1
The strong electrical field that eusts between an exctable cell and the sur
rounding area causes the membrane to be polarized that 1s molecules and o
lecular layers will orient themselves wath positive sided sources and negative
sided sinks (electrons and nuclel) so displaced that a dipole (source sink)
arrangement will be induced wathin the molecule 1tself and within the molecular
layers The membrane dipole moment (charge X distance) 1s dependent on
the polanzability of the molecule and on the strength of the electncal field 4
Given 2 transmembrane potential of 0 1+ and assuming a membrane thickness
of 100 A the total potential gradient (E) may be calculated to be of the order
of 100000 v /cm providing that the 1omic concentration 1s equal at the 2
boundaries of the membrane+* It 1s likely that this is not the case, and under
these circumstances the potential gradient 1s inversely proportional to 10n1c
concentration  If the 1omic population on the outside boundary 1s 10 times
that on the mside boundary the potential gradient 1s 39000 v /cm on the
outside and 390000 + /cm on the nside of the membrane The magmtude
of this electrical field provides strong evidence for membrane polarization with
molecular orientation of protewns (enzymes) within 1ts structure  Even 1n the
absence of an eclectrical field a certain amount of polanzation may eust be
cause of the number of covalent bonds Such bonds consutute electncal
dipales their strength depending on the difference i electronegativity of the
elements forming the bond * A quantitative estimation of the dipole moment
of the molecular structure of the plasma membrane by Polissar gave values con
sistent with the assumption that the membrane has a protemn structure ¢
These considerations lead to the important statement that »f the potential
gradient changes membrane polanzation 1s altered and that 1n consequence
molecular orientation of protemn macromolecules 1s disturbed  The action of
an enzyme for example may depend on the polar onentation of 1ts protemn
This may determtne whether 1ts reactive parts are located within the membrane
or are unfolded at 1ts surface  In turn this could dectde whether the enzyme
would or would not react with a given substrate In consequence since the
membrane 15 unstable 1ts physiological properties may be altered profoundly
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by changes m transmembrane potentials  The function of the membranc 15
not erclusnely determined by polar onentation however stnce it may be
necessary to consider such factors as movement of tons w ithin sts structure and
changes in the energy stored within the double layers wmduced by the field ¢

The phvsical ¢ wsties of the b d its el ! be
havior duning rest and actvity At vest the polanzed membrane 15 a poor
conductor with a resistance value between 1 and 2000 chm/em?® A change
i resistance 1o less than 1 per cent of the vesting salue occurs on exatation
(>0 ohm/em %)t @ 1 ¢ On the other band the capacitance of the membrane
remains constant and 1s independent of rest andactivaty It measures! from
{nerve) to 10 (heart muscle) 4T fem®  The change n resistance on exatation
18 refated to changes in membrane permeabiity and accounts for the mmpulse
propagation while the constancy of the czpacitance salues suggests that a
certain sheletal L of the t must rematn Mered dunng
esatation

Transfer of 1ons across the membrane 15 fikely to be mfluenced by 1ts motecu
lar structure and by the presence of radicals fixed to the frameworl, of the
membrane  Depending on the presence or absence of free carbory! or ammo
geoups such membranes may be considered neutral acd or basic  The hsgh
selectnaty of the membrane may ndeed depend on the presence of fixed
charges  The biclogical membranes are highly selective to {certan) cations
and may thesefore be considered acid mn character

The factors that determune the magmiude of diffusion potentials for haud
junction boundanes of different © of elec
trolytes sepamated by a porous membrane have been evpressed by Planch.
{1890} as

RT
E = SF fog Fanent )
where R expresses the gas constant 7 the absolute temperature F the Faraday
equivalent # the valency of the diffusmng 1ons and & and ¥ the some mobihtics
1n water of cations and amons respectnvely  The subseripts denote the two
sides of the membrane® The Planck. equation does not grve a specific soluton
for Ey apphes stoctly to the resting membrane and does not consider the
presence of fixed charges within its structure  Assuung a cosstant poten
tat gradient within the membrane By has been defined by Goldman™ and
by Hodgkn and Hutley' on the basis of the membrane permeability for Na*
R* and CI  Permeability for an jon 7 may be expressed as 2 function of its
1omic mobslsties the concentrztion of 1ons on either side of the membrane and
a partition eoeff clent 87 m the following manner
- USET
aF 6]
2 being the thickness of the membrane Ly may then be evpressed durect)
as fallowg 118 ’
£y =0, {mx) + Py (Na) + Pei(Ch)
& Pr(h) 4 Py (MN2) + Po(CD

I

@
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Experimental values for resting and active nerve (assuming a 500 fold increase
in Na permeability on excitation) agree well with the theoretical postulates
and provide good evidence for the importance of these 1ons 1n the genesis of
resting and action potentials  An extensive mathermatical treatment applied
to transmembrane potentials of biological systems on this basis has been given
by Johnson, Eynng and Pohssar 4
Whether the membrane has a sievelihe structure or may be considered a
homogenous layer the resting potential has alnays been related to differences
1n tonic concentrations between the cell mtenor and 1its external surroundings
The magmtude of the resting potential and the tonic compostion of the cell
mterior suggest (1) that the membrane 1s permeable to cations and to a lesser
degree to amons and (2) that speafically for nerve skeletal and heart muscle
certam tons, such as K and CI~ move readily with the potential gradient and
1n directions opposite from each other  Other 1ons such as Na* are blocked
from entertng  Thes 1s only approumately true since radioactive tracer stud
' les ndicate an exchange of 1ons in both directions for R* as well as for Na*
1during the resting stage ** The resting membrane then 1s not impermeable
'to sodum although Na* moves slowly mward and presumably 15 ejected
. agamnst the chemical and electrical gradient by ar active metabolic process
that prevents Na* accumulation 1n the cell interior (the soditm pump ) %
The difierence 1n the handling of A+ and Na* by the membrane 1s of interest
1n the hght of the known small size of the potassium 1on versus a large hydrated
Na+ complex If E were simply a diffusion potential of cations with nondiffusa
ble anion present within the cell a membrane potential of about 12 mv would
still be present* 1ts selectivity and the presence of the sodtum pump are re
sponsible for the higher values  The general nature of the processes concerned
with 10mc movements against the gradient although actually unknown has
recened a careful detailed analysis by Johnson ¢t o/ © Speafically acetyl
choline®” and histamune®® have been suggested as forming an integral part of
the brological system concerned with active 1on transport

An external current flow (action current) or a decrease in the activity of
certain metabolic processes concerned with membrane selectivity (pacemaker
regions) changes the b h 1stics by d the resting po
tential to a cntical value at which Na* (possibly large or hydrated) 1s allowed
to enter the cell at a rapid rate  Durnng this time of polarization reversal the
pump may or may not be workmg but whatever has opposed 1ts effectiveness
15 quickly overcome Na‘ is ejected agan and after a charactenstic lag K+
permeability 15 temporanly mcreased an outward flux of K+ counterbalances
the Na* inflow that preceded 1t Re estabhshment of the sodium extruding
processes and the R* outflow tend to restore the resting patentr1]

It 1s 1n these restorative processes that the heart muscle differs from other
exatable tissues  In cardac muscle Na+ flux has not been measured directly
but Wilde has demonstrated a pulsatife outflow of h* dunng the cardiac cycle
with the peak occurning duning the third phase (T wave) of the repolanzation
process (pp 693) It appears therefore that mn heart muscle outward flowof
R+ 1s delaved and that this may be one of the factors responsible for the slow
recovery phases  Na* expulsion may 2lso occur in 2 quantitatively different
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manner 1n carchac fibers  Na* and R+ permeabilitres may be equal durning the
plateau phase or one may increase as the other decreases It 15 even con
cenvable that the changes in the rate of recovery may depend on the difference
in the sate of change at the membrane uself and 2t 1ts mterfaces with the 1
tenor and exterior surfaces  Most effects so far observed on cardiac muscle
fibers have simply been translated in terms of Nat and K+ permeatalities with
otit conclusn e evidence m support ar to the contrary  The other factors men
tioned must be considered and it s obugus that further mformation on the
physicochemical structure of the membrane and on the enzymatic actson of
us constituents 15 needed before o tmore meamngful interpretation 1s possible

Recently some doubts have been raised concerming the assumption that the
membrane potentials are simply related to the ratio of 1ome concentration on
either side of the membrane since mucroingections of ions into the mntenor of
the giant axon of the squid have fasled to produce the changes to be expected
if the membrane resting potential involsed the mechamsm of some type of
Donnan potenttal™ # Whatever the interpretation of these findings ¥ they
strengthen the vies that comples phenomena wuthin the membrane uself n
cluding the active sodium exsruding process playa decsne past i the obsersed
potential

The question bas also been rased as to whether mutochondna considered
the seat of cellular respiration and oxdatnve phosphors Jation may also be
concerned with tome distnibution within and withowt the cell ¥ Recent studies
have suggested a certam partition of eflects Na* ard K* moverrents dunng
rapid changes i membrane sesistance do refect changes i the properties of
the membrane itself while the more subtle adpustwents dunng the recosery
phase and duning the time the membrane 15 at Test may depend on the meta
bolic action of mitochondria  Agents that affect durectly and rapudly the trans
fer of K* and Na* such as cholinergic compounds and digatabis Fave no effect
on the 1on transfer of isofated mitochondna while the action of wetabohic m
hibrtors {dinitrophenol fluoroacetate) seems to depend upon the mretabohe
properties of these celfular organelies ¢

The Relation of Membrane Potentials 1o Surface Events

With the exception of ingemous expenments on myehnated nerve fibers &
extracellular records cannot give precise information on the nature of the celly
lar state although it 1s obvious that the changes in susface potentials are to 3
large degree dependent upon 1t Depolanzmg an area by wnjury and recording
from anjured 10 infact fiber has frequently been done howeser n apn attempt
to obtain mfermation on the nature of intracellular changes and on the nfiy
ence of vanous agents and procedures on ceflular metabolism Much of the
earher wark 4 with such d P has been arized
m Schutz s monograph ®  Because of the cellular short cenits caused by
the mjury such potentials are never as farge as true membrane potentials
The relatton of the mjury potential £ to £ the over all membrane potential
may be expressed as

- =g Rt Ry
Errymt FrE ey B
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with R and Ry expressing external and internal resistance values, respectisely
This equation shows that the 1njury potential 1s a fraction of the transmem
brane potential depending on resistance ratios_and that the presence of injury
must alter the cellular potentiat  Stated differently a surface electrode P
records a surface potential } as a function of (1) the dipole moment of the
fiber A (2) theangle of observation @ (expressing the location of the electrode
with respect to the direction of the dipole moving over the fiber) and (3) the
distance of P from the fiber according to the famihar Helmholtz equation

v =2 ©
r
with the second term on the right equivalent to the sold angle @ subtended
at the electrode by the (injured) surface  If P1s placed on the axis of the cell
fiber 1n contact with the myured surface the second term 1s reduced to 2r and
} equals W2r The potentiat within the hber 1s given as M4r ** In conse
quence the mjury potential 1s related to but can never exceed or even approach
the true t P I Actual p on sheletal muscle have
shown the injury potential to be at best 60 per cent of the true cellular po

CONTROL

FIGURE 22 Transmembrane and injury potential following topical apphcation of KCl
(frogventncularmuscle sn sifu) Note the qualitative difference betw eenthe tho monophasic
records which were obtained Jess than  mm apart and the changesin the T wave on recovery
Standardization S0 mv AP action potential R resting potentral
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tential 3¢ Quabtatne differences may also exsst since the observed ey
potential 1s alsays the net resultant of the effect of myury on many fibers
Striking differences 1 configuration betneen the two types of curves recorded
within a mulluneter of each other are nlustrated w FI6URE 22, which vas ob
tawed after the topical appheation of RCl - Conclusions based on njury
effects both with respect to cellular potentials as nell as to the nature of sur
face effects have to be accepted with caution

On the other hand such patentials do at times «imulate true cellular events
This may lead to the erronecus assymption thit any monophasu. record ob
tamed with a small electrode may represent & transmembrane poteatial  Fig-
uRres 23 and 24 derronstrate an myuzy effect snduced n a human subyect by an
electrode sncosporated into a cardiac catheter The catheter vas passed
through the enous sy stem into the nght ventncle and the electrode was made
to tauch the ventncular myowardial wall  The injury potential that was pro-
dured demonstrated many cheractenstics of an wtracelinlar recording 1o
cluding three separate recovery phases hyperpolanzation and evidence of
overshoot + hen the elecirode was sithdravn (FIGURE 24)  Almost the only
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disciminating feature between records of this type and true cellular potentrals
15 the presence of an unbroken depolanzation in the transmembrane record

Injury potentals generally show the effects of an advancing dipolar surface
exatation with its charactenstic spike or at least with an abortive spile (notch

1ng and slerring)

Of more general 1nterest 15 the relationshup of transmembrane potentials to
the uninjured surface electrograms and indirectly to the surface electrocardio
gram recorded at a distance from the heart Ficure 25 demonstrates that
depolarization reversal of polanzation and phase 1 of recovery conade with
the surface QRS that the fina] phase 3 occurs simultaneously with the surface
T wave and that the plateau (phase 2) corresponds to the ST segment  The
sharp fall tn membrane resistance that coincides with excitation causes a current
to flow across the fiber (from without mward) The decrease (or reversal) of
polanzation of the excited region mitiates a current flowing along the fiber
from the resting (polarized) segment the source into theactive segment the

smk By this process the resting potential of a fiber adjoming, an excited re
gion s reduced and 1n turn will depolanze as soon as a critical decrease i
resting potential has occurred  This causes the next fiber to fire 1 a con
unuation of the reaction resulting in the well described succession of sources
followed by sinks  moving over the tissue  This chain reaction the action
current 1s related to the rate of polarization reversal but not to the magm
tude of the resting and action potentials

Pronounced changes in the absolute magnitude of cellular potentials have
mdeed no influence on the configuration of surface events except 1n so far as
the resting potential itself influences the depolanization process (pp 6/2) As
an expression of the rate of change of cellular potentials the surface electro
cardiogram could be considered the first dernative of the total membrane
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Ficure 26 Surface records as the first and second denvative of transmembrane potentials

potential 1 = % (+1GURE 26) Calculating or electromcally recording the

first denvative from the monophasic membrane potential yields a simple by
phasic curve with a positive (QRS) and negative (T) component and represents
the type of records that may be obtamed from 1solated muscle strips suspended
marr On the other hand 1n a volume conductor with the preparation sub
merged m conducting flud experimental observations and calculations based
on the laws that govern the distribution of currents in such media have yielded
multiphasic curves with a charactenstic plus minus deflection at the beginning
of excitation 55 5 F1GURE 27 demonstrates the similanty between a theorets
cally constructed curve anda surfacerecord obtamed from atrial tissue in contact
with a catheter electrode m man ¥  Such records are related much more closely
to the second dervative of the membrane potential (FIGURE 26)  The theory
of transmussion of electric currents through cables postulates that the trans
membrane voltage m such a structure 1s proportional to the second derivative
of the current flowing through the membrane

AE

F*—(' + M 0]
with # and r defiming the resistance of the outer and mnper arcuits and J, 1%
the membrane current The cable theory has been successfully apphed to
nerve conduction !® but whether 2 sumilar analy 15 1s applicable to the syneytial
network of cardiac musculature has yet to be determined  One may state
bowever that at least na qualtative sense the surface potenttals of the heart.
when suspended in a conducting medium are proportional to the mEmbrané
current  Assurming that surface records represent membrane current curves
monophasic complexes could be reconstructed by double integration (the re
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FiGure 27  Constructed surface electrocardiogram on the left compared to an intracardiac
recording from an interatnal septum tn man (QRS compleves only)  Note the simlarity
Letween the calculated and the recorded event (Hecht and Woodbury ¥7)

verse process of FIGURE 26) which 1n configuration closely resemble the various
transmembrane potentials we have demonstrated %

Substances that depress conductton and decrease the speed of impulse propa
gation do so by virtue of their effect on membrane current which 1s indicated
by a change n the -rate {slope) of depolamalwn as demons!mled in the case
of QRS changes ration that decrease
the magmtude of the reslmb potenual may eventually affect the rate of de
polarization and thereby may affect impulse propagation as well asn the
end stages of hyperp with a widening of QRS  Alterations of the
RT junction and the RST segment may be related to changes in the first phase
of recovery of which the surface changes induced by digatalis and anovia repre
sent examples T wave changes proper are assoctated with moditications 1n
the duration and slope of the final recovery process (phase 3) which 1s particu
larly sensitive to changes m external potassium concentration (charactenstic
T wave changes 1n states assocated with high and low levels of extracellular
potasstum)

Obviously the configuration of a surface electrocardiogram s also deter
mined by a great vanety of external factors that influence the distribution of
currents 1n inh volume cond of finite extent In addstion
these currents must at all times be considered as the reseltant of all fibers under
going exatation and recovery at a given time and they are dependent to some
extent on the difference in duration of the action potentials of fibers located
within different areas of the myocardium  Many of these changes find their
eventual expression in terms of a detuled analy«s of the transmembrane po
tentials of the individual myocardial fiber
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DISCUSSION PART I
Kenneth S Cole Clatrman

Witrtas I Naston (Department of Physiology Columbia Unuersity, Aew
York N 1) Ibelieve that the first question to be considered has been sug
gested by Renneth S Cole To what extent do the relations that describe so
well the membrane behavior of the squid axon apply to cardiac muscle mem
branes? I shall begin by comparing some salient features of each

In the squd axon 1mpulse propagation begins with a passive depolanzation
of the As the b potential daffe 1s reduced sodium
10n entry mcreases aiding the passive depolarization When the membrane
potential reaches a cntical level the magmtude of the sodium 1on rush 1s such
that the depolanzation process becomes self sustaiming and 1t 1s at this moment
that a propagated action potential onginates  The sodium 10n inrush increases
still further and then rapidly wanes Dunng the period of sodium 1on mflow
the potassium 10n outflow also increases but more slowly  The peak 1n potas
sium 10n outflow occurs about 05 msec later than the peak i sodium 1on
inflow and the two processes are displaced in time It 1s the early nse in
sodium 10n inflow that reduces the membrane potential and 1t 1s the delayed
nise n potassium lon outflow that restores the membrane potential to the
value found 1n the resting cell

On comparnison, the cardiac muscle fiber behaves Like the squid axon in cer
tain respects  Pertinent to the imtiation of activity 8 Weidmann has pointed
out that a passive reduction of membrane potential in the Purkinye fiber when
carried to a cntical level sets up a propagated action potential At the pace
maker site this tnggerlike reduction in membrane potential occurs spontane
ousl;

A)pmnt that seems well established 15 that the nsing phase of the action
potential in the cardiac muscle fiber results from an increase in 1ts permenbihity
to sodwm 10ons  Support for this mechamism 1s provided by experiments in
which the extracellular sodium 1on concentration 1s varied  The changes in
maximum active membrane potential that result are in close agreement with
predictions based on the relative sodium 10n concentrations in the intracellular
and extracellular fimds

Following the peak in the cardiac fiber action potential there 13 a long lasting
recovery phase during which the electnical resistance of the membrane first
nses  The resistance 15 later reduced at a time when the membrane potential
15 approaching the resting level These pecubarnities of the recovery process
mught be explained on the basis of a delayed nise m potassium 10n permeabihity
Tn other words for the cardiac fiber the transient increases in sodium 1on and
potassium 10n permeabibities are separated by a longer time interval than is the
case 1n the squd axon

In discussing this pownt Weidmann described the effects produced by apph
cation of anodic current and by ncreased extracellutar potassium 1on concen
tration n 5o far as they trigger and hasten membrane recos ery i active cardine

31
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fibers He offered three possnble e‘(phnatmns for lhcsc results mm:l) m
creased sodium d sodium bilty or d potas-
sum permeabihty  Clearly further ctpcnmcn\nl work 15 necessary in order
to settle this important matter

Tor the sccond question I might begin by aslung what hind of alteration 1n
membrane properties 1s required to explain the time sequence of permeability
changes that occur duning impulse conduction We all know that acetyl
choline has been thought to be an agent that reacts with the resting membrane
thereby producing alterations in ts structure  These changes lead to increased
tonic permeability and the enswing transmembranal 10me movements shift
the membrane potential

Tt 15 possible to show that the membrane potential of a sheletal muscle fiber
1s reduced 1n the viamty of the end plate if acetylchohne 1s apphed topically
to this zone  In this connection one might expect to be renarded with some
general mformation on the mode of action of acetylcholine if the depolanization
phenomenon at the end plate could be more fully understood

From a study of the electrical behavior of muscle cell membranes at the end
plate dunng neuromuscular transmission Tatt and Katz (1951) suggested
that dunng such transmussion the end plate membrane becomes permeable to
all species of 1ons  They descnbed the membrane 1n this state as  short air
cuited  and 1t 15 interesting to recall that this state 1s Iike that proposed by
J Bemnstein many years ago to explam the o( an acuon
along an axon It 1s g lly agreed that
vertebrate muscle 1s mediated via released acetylcholine and that lherefore
the term  short aircuited  describes the behavior of the end plate membrane
under the influence of acetylcholine In passing 1t may be worthwhile to
mention that the situation descnbed asa shon-c:rcmted end plate where
the nise 1n b per for all 10n species 1s not
comparable to that enstmg when scquennal and selective rises in 1ome perme
ability occur during impulse propagation 1n the squid axon

The effect of acetylcholine on the electrical behavior of cardiac fibers has
been studied by several groups of imestigators  Burgen and Terroux (19>3)
apphed acetylcholine to cat auricle and showed that the membrane resting
potential was mcreased They also showed that under these conditions the
duration of the action potential shortened and that repolanzation occurred
earher Ttis also interesting to note that the mechanical response of the muscle
was dimitushed both 1n amphitude and duration  Hoffman and Suchhng (19>3)
studied membrane potentials 1n auncular fibers of the dog and found that both
vagal sumulation and acetylchohne appl d the rate of b
repolanization but nerther treatment had any effect on the magmtude of the
resting and action potentials

The investigators del Castillo and Katz (1925} and Hutter and Trautwein
(1955) have performed essentially the same experiment that 15 one mvolving
the recording of transmembrane potentials from fibers 1n the smus venosus of
the heart of the frog before duning and after vagal stmulation  The mterest
1ng finding here 1s the fact that vagal stimulation resultsin a hyperpolanization




736 Annals New Yorh Academy of Sciences

of the membrane and 1if stimulation 1s vigorous a complete stoppage of the
pacemaker activity  In the penod after simulation the first action potential
that arises sy ly shows a d hed overshoot and a faster rate of
repolarization compared with the control

1 point out the preceding facts to show that the action of acetylcholine on

b 15 far from completely d d A good nlustration 15 the

directly opposite effect of acetylcholine on membrane potentials at the pace
maker site in auncular tissue and on the end plate of the skeletal muscle fiber
This behavior may mean that these membranes differ in some important funda
mental way

1 should like to conclude by adding that the results of modern investigations
such as those to which L have referred and others not mentioned have 1t seums
to me made the teaching of cardiac electrophysiology much more pleasant
and meamingful than 1t has been in the past

References

BurceN A S V &K G Terroux 1953 J Physiol 120 449
pEL Castiro J & B Karz 1955 Nature 176 1035

Farr P & B Rarz 1951 J Physiat 115 320

Horrstay B F & E E Svckime 1953 Am J Physiol 173 312
Hourrer O F & W Travrweln 1985 Nature 176 512

H EvrmG (Unnersity of Utah Sall Lake City Ulah) It seems ta me that
the speed of potential nise at the beginning of the resting state measures merely
the speed at which purely electrical processes can occur  In the recovery
process on the other hand we are not seetng electnical changes as the slow
process but as the chemical effects  Is tisnot so? It seems to me that when
cardiac glycosides speed the recovery of the resting potential of cells they must
do this by stabihizing the resting state or else by speeding up the outward po
tassium current  Is 1t not true that we are observing the effect of chemcal
changes on rates as much as we are studying electrical conduction?

S CouE (\ational Instilutes of Health Bethesda Md) The change of
P 1 duning the y phase ot ly must be governed by the rate
at which 10ns can get through since we do not expect to be ether generating
or destroying them and that rate will depend upon their number and the speed
at which they can travel Similarly the recovery will be governed by the
motion of the net charge i the other direction  To rephrase your question
1 should like to ask 1f the exaitatory phase may be hmited only by the abihty
of the membrane to carry 1ons that are present whereas the more complex and
1n general slower phenomeny of the recovery phase may be limited by the proc
ess by which 10ns are made available or by other essentially chemical processes
n the membrane?

H Evrine One could speculate on the activity of the digitals glycosides
They presumably help the heart by shortening the long recovery period duning
which metabolites present 1n short supply 1n the weakened heart are bewng

consumed It 1s interesting that the digitahs gly cosides although themselves
sterowds which superficially resemble the various hormones from the adrenal
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cortex, are still so specific for heart mu cles It appears that the steroids, ike
most of the local anesthetics tend to stabihize the resting state of various types
of cells

H Esrnng Can we agree that chemical processes change the permeatul
ities during the recovery?

S WemMasN (Umirersily of Berne Berne Suat erland) 1 am certain they
do but somic movement 1s necessary to brng about potential changes

H Evrrng  Iam sure that is correct

A M Suaxes (Laboratory of Pharmacology and Tovicology \ational Institute
of Arthritis and Melabolic Diseases National Instilutes of Health Bethesda Md)
Ishould Iike to ash Weidmann three distinct questions  First do youknow the
magnitude of the resting potential 1n the quescent state and 1n the fluctuant
state what 1s the size of the action potential? Second when potassium 15
mnjected 1s there any indication of its effect on the conductance of the mem
branes? Thnally what effect does the metabolic intubition have on the time
course of the action patenttal assumung 1t 1s possible to muntam the resting
P 1 duning il hib ?

S Werpwann The first question s easily answered and has been treated
by Hans Hecht Regarding your second question the effect of potassium I
am not aware of any relevant findings One should measure k* influx and
outflux at different extracellular K concentrations possibly with a turtle ven
tricle perfused through its coronary artery

A M Snanes How about electrical measurement?

S WemstaxN  Very httle change indeed astorshingly httle I have
depolanzed cardiac fibers with 1sotonic potassium chloride to about 10 my and
have thereby lowered the resistance by a factor of 2 but not more

A M Snanes And my third question?

S WEmMANN  Metabolic inhibition shortens the action potential before
the resting potential drops appreciably

C E Kossuan~ (New York Unstersity College of Medicine NewYork ) ) )
It 1s an interesting tribute to the inclusiveness of this monograph and the en
vision of its C 1 Editor that to this section
have included an axonologist an electrophysiologist a physical chemist a
phystologist a clinical investigator and now one who regards himself as pr1
manly a chimecan
That the tect of d llular potentials should be utihzed
at this stage or at any stage of its development by the chnical mvestgator or
the chincian may be viewed with considerable alarm and nghtfully by those
basic scientists already represented 1n these pages who have devoted a very
considerable portion of their hives to such matters When how ever we
consider the ir inherent 1n the treatment of the numerous
abnormahties of cardiac function that are encountered daly by the chnician
perhaps we shall understand the chnician s driving urge to utihze the techmque
of intracellular potentials m an attempt to solve some of the problers of dy
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function caused by disease I think we could argue from the information
ncluded 1n this monograph that 1f the knowledge of the ongin of the normal
transmembrane potential 1s still incomplete the study of tissue made abnormal
by mampulation or disease can have little meaning  Medical science 1s replete
however, with examples of useful investigations carned on 1n disease when the
normal physiology of the sttuation was pootly or incompletely understood  The
very method about which this monograph revolves the electrocardiographic
method 1s an example  We have used 1t 1n the clinic with reasonable accuracy
for half a century yet later on 1 these very pages we shall still be arguing
about how excriation spreads through the normal ventneles!

Our problem has been a simple one and perhaps we have been a little nane
Ve have been trymng to make estimates of the mechamical behavior of the heart
from an electrical record  In the climic 1t 15 easy to make an electrical record
but 1t 1s difficult to make a direct measure of mechanical activity such as cardiac
output With this restriction in mind we have considered the ntracellular
potential not altogether willingly but 1n an effort to bridge the gap between
normal membrane function and clinical medicine

Ficure 1 will give you some 1dea of the Iines along which we have been
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ticurel  Fifect on the frog heart of § X 105 M iodoacetate admimsteredn frog Runger s
solution  The simultaneous records are of the indirect efectrocardiogram above (I gan 10
cm = 1 mv }ani the intracellular potentral of a ventricular cell below (C gan09em = 50
mv )} Cardiac outt ut and heart rate nere measure | yust t cfore recording the patentials in
each instance  All measurements were ma Je from the top of the trace and the dotted hine
1n heates the zero level of potential (0) of the membrane ~ Note the consideral le change 1n
the duration of the action patential before cardiac output 1s impaired
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njury of the endocardium did not slow ventricular activation to a greater
extent than did simple mciston mto the area of the left bundle branch  The
ventricular septum was activated from apex to base and the mean septal vector
was of considerable magnitude but ordinanly was apparently negated by the
free wall activation occurnng simultancously  In some cases at least endo
cardral actination approached somewhat the same pattern after an induced
Jeft bundle branch block  Of interest also are the early potentials preceding
the muscle potential proper by 8 to 12 msec that may be encountered n the
left upper septum ¢
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THF CENFRAL ORDER OF EXCITATION AND OT' RECOVERY

By Hans Schaefer
Uni ersity of Hesdelberg Heddelberg Germany

The use of the word general m the title of this paper indicates that only
the basic principles of our present concepts concerming excitation and recovery
will be outhined  There 1s of course the temptation to venture into regions of
pure speculation with the danger that most of the expressed concepts may
later lose validity 1n the ight of gnm facts T et us therefore attempt to com
bune considerations of more ot less theoretical character with a factual presenta
tion of details describing the process of excitation and of recovery of the cardiac
muscle -

Technical Aspects of Exploring the Excitation Process

Several techmques have been deseloped for the exploration of the excitation
process We all are famihar with the old and famous concept of Lewis and
Rothschild (1915) which descnibes 1n a surpnisingly correct manner the time
course of the exaitation wave over ventnicular musculature  This picture
however was obtamed by using the so called umpolar leads  In consequence
1ts validity 15 based upon the assumption that intrinsic deflection 1s a correct
indicator of the time of local activation  Obviously this 1s true only withm
rather Jarge mts of error Ve know that the beginming of the downstrole
1 the exploring electrode by no means comades with the beginming of local
depolanization (Durrer and van der Tweel 1954 Schaefer 1950 Schaefer and
Trautwem 1951 Sodi Pallares e ! 1950 1955 Veyrat 1953 Wilson e
al 1947) As will be seen in FIGURES 1 and 2 sometimes there are consider
able differences between the onset of the local process as recorded with narrow
{<1mm ) bipolar electrodes and the beginning of the downstroke n a unipolar
fead from the surface of the heart as recorded by one of the bipolar electrodes
and by a Wilson central terminal (CT) Vie therefore consider 1t necessary
to record local latencies with bipolar electrodes only and we are 1n agreement
with nearly all modern investigators n this respect In consequence any

umipolar ~ exploration of intramural events creates some senous difficulties
the most important being the lesion of muscle fibers caused by the mnsertion of
needle electrodes The bnlhant mvestigations of Scher Sodi Pallares Pring
metal Durrer and their collaborators reported elsewhere m these pages show
how these difficulties eventually have been overcome When my assoctates
and I started this work 1n 1947 we used for reasons mentioned bipolar surface
electrodes with a very small distance (015 to 03 mm )

Such local dervations are scarcely applicable to human hearts at least not
as a routine technique  Groedel and Borchardt (1948) succeeded 1n recording
unipolar electrocardiograms (ECGs) from the human heart surface but therr
results are not switable for an exact analysis of the spread of evatation wayes
because of the above mentioned difficulties in the mterpretation of an intrinsic
deflection  ‘Moreover information 1n the case of human subjects must be
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myury of the endocardium did not slow ventricular activation to a greater
extent than did simple incision 1nto the area of the left bundle branch  The
ventricular septum was actrvated from apex to base and the mean septal vector
was of considerable magnitude but ordinarly was apparently negated by the
free wall activation occurring simultaneously  In some cases at least endo
cardial activation approached somewhat the same pattern after an induced
left bundle branch block  Of nterest also are the early potentials, preceding
the muscle potential proper by 8 to 12 msec , that may be encountered in the
left upper septum *
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application leads to 2 theory demved from the ECG that interprets the form
of the ECG waves in terms of the spatial and time order of events in the various
elementary fiber units of the myocardium Such a theory 1s based on the
vector concept  If every fiber produces an electrical field with any distostions
whatsoever and if there eusts an effect of independent superposition of these
individual fields with as many restrictions concerning accuracy as ma) be
desired the model that best describes the time course of the ECG 1s vectonal
in character I think this conclusion 1s now widely accepted 1n spite of certamn
sharp attacks made by a number of workers 1n Germany (Ernsthausen and
Rienle 1953 haenle 1955) The very careful expenments of American
(Frank 1955 Levine et al 1923 Schmtt ef @l 1953 Simonson ef al  1933)

Fioure3  Fquivalence of muscle masses producing action potentials X 1s the exploning
unipolat electrode an ler1s the solid angle under which the muscle appears from the electrode
he rauscle may have a diameter from 7, to s and may hie between the sj heres sy mbohzed by
their cross sections with the anglea  The center of all spheres1s £ 11 all filers are onented
at a random order and of homogeneous distril utton throughout the muscle their potentials
are equivalent of the products of their diameters—r 72 r 7 rirv—and of the angle under
hich the masses appear from E ate equal (Schacfer 1951)
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and French authors (Jouve ef af 1953 \leyer ef al , 1953) of Duchosal and
Sulzer (1949) Hartmann ef a/ (1935) and those made 1n our own laboratory
(Baust et al 1954 Bock and Baust 1954 Bock ef al, 1954 Dohrmann 194)
certatnly strengthen our behef that the vector concept 1s an adequate but
certainly by no means an absolutely accurate means of describing the sum of
all electnical events in the heart  The validity of this concept 1s based mainly
on the following assumptions

(1) All records of the ECG with various lead positions are predictable with
suffictent accuracy from one spatial vector loop (Duchosal and Sulzer 1949)

(2) In spite of the relatiely great diameter of the heart mass it 13 possible
to determine an electrical center of gravity by the murror pattemn method
namely by the cancellation technique

(3) The nsertion of artificial dipoles into the heart of hving or dead bodies
leads to the same errors 1n predicting the shape of dipole potential asn predict
mg the ECG from vanous electrode positions from one defimte vector loop
(F10URE 4)

(4) A fourth argument the first 1n the history of ECG 1s nevertheless the
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TiwurE 4 Deviation of the recorded local unyy olar potential f om the expecte]l magn
jule Themea u ements ere obtatne 1irom an experiment on a dog with an artit c1a] dipole
10 ttel mto the nght cavity  The potentials have teen calculated from the u ual d pole
equations  The absci sa represents the electrode pomts aroun 1 the chest wall just al ove the
L elte of the stma_The ords ates represent to the left the d viation of record d to
calculated potentials mmy and to the night the same as expressed in per cent of expectation
(Boch and Baust 1954)
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wealest 1n this senes namely that the dipole concept 1s the only one with a
sufficient foundation m physics  VWe no longer regard the dipole of the heart
as composed of two equal 1nd sphenc charges and we do not assume that the
developing field 1s strctly identical with an ideal dipole field 1n the immediate
neighborhood of the active fiber Nevertheless the dipole hypothesis 1s not
only compatible with the membrane theory but 1s one of 1ts obvious logical
consequences (Schaefer 1941)

The German wothers Ernsthausen and Kienle (1953) have senously cniticized
the common vector concept  They have stated that if the electric field sur
rounding a heart muscle fiber 1s calculated from intracellular recordings the
field appears as 1 FIGURE 5 In thus ficld pattern the isopotentials and the
current Imes hase changed their respective posttions  According to Ernsthau
sen and huenle these fields look Iike whirlhelds and it was deaided that po-
tentialsn these fieldsfollow neither the costnelaw northe 1/r rule  Thesumma
tion of individual fiber potentrals therefore cannot be calculated according to
common vector analysis It should be noted however that there are some
physical arguments that mvalidate these critical remarks and cast doubt even
on the correctness of FIGURE 5

N\o doubt the simultaneous presence of depol

tion and

events would force us theoretically to assume a quadrupole hypothests in which
the cosmne as well as the 1 72 law would be mvabd  Fortunately however
the heart repolarizes at such a low rate that the depolanization vector does not
interfere at all with the repalanzation process W hatever special theory of the
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Eigrre 5  The static electne field of a single fiber producing an action potential according

to the theory of Emsthausen §1s the center of depolanzation and T 15 the center of re
olanzation’ The thick lines represent the current flow the thin hines are 1sopotentials

Trhe Bl ys drasn only ih the upper hall of 1ts eross section with the paper plane . The fiber
Ties directly below the abscissa  The figures on the abscissa and the ordinate give the dis
tances and the potentials respectively in arbitrary umts (Ernsthausen and hienle 1953)
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electnc field one might postulate a yvector concept will be acceptable as long
as the resultant electrical source of the heart follows a cosine lan and shows a
diminution of 1ts potentials according to 1/s*  As an example FIGURE 6 shoss
the accuracy with which the 1/¢* rule 1s obeyed by a frog heart immersed 1 a
homogeneous conductor If this 1s the case the model of the vectonal con

cept leads to an excellent interpretation of the shape of the ECG thus fur

nishing us with at least some information of the way the excitation wave travels

Since the known resulting vector 15 alway s defined by 1ts unknown components

and since consideration of the results alone does not permit an analysis of the
unknown components the information yielded by the electric field of the heart
1s always a very hmited one It consists more or less of conclustons as to the
extent that the ECG 1n question 15 compatible with certan assumptions such
as for example, the occurrence of a block of fibers or the diminution of the
propagation veloaty m all myocardial fibers  Every ECG cune however has
multiple possibilitres of mnterpretation

The General Order of Excitation as Detected with Bipolar Surface Elecirodes

Records obtained from the surface of the dog s heart with bipolar electrodes
yield the following information (%) the propagation veloaty (2) the local di

1
R
abs a4 wr &

Fiorre 6 Relation between the local unipolar field potential and the dist
electrode from the center of the heart A frog heart fi ed at a Straub cznmil:n f: n’fo:;:lgé
in the center of a cylinder contaming Ringer sfuid _ The exploring electrode 1s ma og s
a radial line w1tk a micromanipulator The ECG 15 recarded and the spike of 1o e
sred  The abscissa 15 1/K (Dohrmann 1954)
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FroURe 72 Schematic drawing of the compass electrode placed on the epicardial
surface of a dog s heart Two amplifiers are connected m the manner indicated ~ Various
connecttons may be made by the use of a gang switch  If the records are obtained from con
nectrons parallel to the muscle fibers the potentials and the peak to peak distance will reach
amaximum as i the record below  The excitation velocity ¥ may becalculated from thesym
bols that are given

F16URE 7b  Ongnal record made with the electrodes 1llustrated 1n FIGURE 7a Tor con
vemence the two action potentials are recorded with opposite polarity ~ Cathade ray osaillo
scope

50
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rection of the excitation waves and (3) the time sequence of their appearance
The direction may be determuned easily by a device such as that shown
FIGURE 7 By switching the amphifiers through all possible combination poss
tions for the electrodes on the diameter of the arcle we find at one of these
positions a maximal potential difference and a mauimal time delay between the
two adjacent fiber portions below the paurs of electrodes  The direction of the
exatation wave 1s identical with the axis of these electrodes  The propagation
veloaity may be calculated as usual from the observed time delay between the
two action potentials  The instant of activation 1s measured by recording the
time delay of the local excitatory process against a standard reference record

The exploration of atnal activation in our laboratory (Brendel e al  19+0)
showed local latencies that are 1n agreement with the assumption that all waves
are traveling on the shortest hnes and with constant veloaities from the sinus
node to the periphery of the atna (F1GURE 8) The average velocaity in the
dog s atna measured 0 88 m /sec

The behavior of the ventricles 1s far more complicated Investigating the
directions of excitation waves at the surface of the dog s heart we noted that
surface excitation seems to start i one narrow region of the antenor ventricu
lar surface We named this region the ‘source (Quellpunkt) of excitation
(Schaefer and Trautwein 1949)  Ths source apparently les just above the
deepest parts of the ventricular septum where the conduction sy stem ramufies
This regton 15 rdentical with the area in which the earhest ammval of excitation
at the surface takes place (FIGURE 9)  On the postenor surface of the heart
as shown in FIGURE 92 we do not find a similar  source (Trautnemn un
published) We may conclude from tius that the exatation process spreads
along a system of lines represented 1n FIGURE 9b  The speed of the myocardial
excitation measures approvimately 1 m /sec  The relative times of activation
of pomnts at the surface, referred to a standard event of early cardiac activity
are represented in FIGURE 10 This illustration demonstrates that the source
region of the heart 15 actny ated first and that the general order descnbed for
the spreading process holds also for tume measurements The early results of
Harns (1941) are m complete agreement with our own (Schaefer and Traut
wein 1949) In spite of this agreement however these results requuire further
explanation

1 Possible Mechamsm of Achivation of the V wlar 11 all

The veloaity of the spreading, process calculated from latenctes such as those
of TIGURE 10 would give values of 5m /sec and more The Ppropagation alon
the myocardial surface of the heart therefore cannot be explained 1n terms 0%’
the velocity of the evaitation process mn single myocardial fibers  Branches of
the specific conduction system dip 1nfo vanous parts of the myocardm and
this may excate small areas of the ventnicular wall - As llustrated i rrcurg
11 the general philosopby concerning this activation process assumes that each
termunal fiber of the speafic conduction system eventually branches nto ny
merous musclefibers  Locationof theborderhnebetween the specificand non
specific systems 15 a matter of choice  'This ramftcation continues throughout
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Fi6tRe 8 Atna and auncles of a dog s heart seen from the cramal site with the time
given from the onset of P of a standard reference lead  The time 13 1n mulliseconds  The
1nset shows the times plotted against distances from the sinus regton ‘The excitation travels
vn;l\ a constant velocity of about 1 6 m per second 1n this expeniment  Skn tndicates sinus.
node

the entire mass of the ventncular wall Each branching honever supplies a
system of more or less complete syncytial structure that builds up a wall of
constant thickness and leads 10 innervation areas of a spindle structure
Only with spindles of muscle fibers as grven in FIGURE 11, are we able to cor



e s b
FierRE9  Map of the direction of surface excitation  Fiot RE 9a shows one

on the posterior surface of a dog s heart  The results have been achieved with lh:x!l::l,:‘:\"x‘;::
shown in PIGLRE 7  FIGURE 9b shows the antersor surface of the dog s heart  The results
of sexeral expenments ate in licated

Fiovre 10 Relative arnival times i milliseconds of local action currents
corded with bipolar electrodes (Hlarns 1941) The  source region ntsina dog re
1o he ncnvms gion  of FIGTRE 9a 15 the first

4 l G (l
Fioure 11 Possible mechamsm of act1 ation of the ventr culac wall
are Dortie fibers which branch into the myocardialsystem  Fach Gher ctivarns copnd?
B D e veatnicular wall  The picture needs some corrections s given 1 HovxE
17 to be a fairly good representation of real events GCRE
e



754 Annals New York Academy of Sciences

relate the system of ramification with the gross anatomy of the heart Of
course the concept of ‘ ramification may be wrong and m1y have to be re
placed by a concept of nnervation ’ according to which branching fibers of
the specific system extend tnto a homo,eneous muscle stnp as 1n the sheletal
muscle Electrophysiological data seem to speak n favor of the assumptions
represented 1n FIGURE 11

There ts however one conclusion to be drawn from the concept represented
i FIGURT 11 If we have an average veloaity of the spreading process of 1
m /sec 1n the muscle fiber with about 5 m /sec activation veloaty at larger
areas of the ventricular surface there must be lines of mconstancy of the prop-
agation  Along these hnes local action potentials picked up with suitable
mcroelectrodes will reveal irregulanties in the shapes of the potentials  This
1s apparently the case  FIGURE 12 shows such a picture with a marked d
phasic behavior found 1n the vicimty of a surface point wath very regular mono
phasic action potentials  These lines of 1nconstancy should be identical with
the boundanes of the spindles The mnvestigation of this question however
15 not sufficiently advanced to yield a definite answer

Some Consegnences Concerning the Interpretation of QRS

‘The pattern of activation found at the surface of the heart (FIGURE 9) 15
only an mage of processes in the depth of the ventricular wall  In spite of
their symbolic nature these surface events indicate the general course of the
exaitation wave through ventricular musculature It 1s not likely that the
main directions of excitation in the ntenior of the ventnicular wall are com
pletely different from those on the surface in so far as longitudinal (not circular)
muscle layers are concerned  This should mean that an excitation wave travels
from a center m all directions building up an evetation front like that shown

20mste.

FicrRE 12 Record with a pair of electrodes nith very small interelectrode distances
put on the surface of a dog s heart asin FIGURE 7 The electrodes obviously he just Tetween
tno of the spindle areas of FIGLRE
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mFIGURE 13 If 1t 15 correct to assume that each fiber contributes its mdnid
nal electric field to the field that produces the ECG tracings the mntensity of
ths field 15 dominated by the amount of canceliation caused by these dverging
excitation waves For nstance 1n the neighborhood of the source two
muscle fibers may branch out as shown in FIGURE 14 The fields of these fibers
apparently cancel each other as soon as the electrodes are situated far enough
from the cardiac surface to avoid any proumity potentials

FrouRe 13 Schematic drawing of the excitation front found at the anterior surface dunng
the R wave

@ - ! 2 @

RESULTANT 0

FiGure 13 Model of a Purkinge fiber | ranch ng 1n t vo myocard al fiters the
waves of which run m o completely op osite d_ection _The resaltant potential feld af by,
wall be ze o xrespective of any special assuroptions concermng the properties of therr nd1
vidual electric fiek
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1t 15 possible to calculate the mmimal amount of cancellation 1n the human
heart on the basis of the following considerations we know that in extrasys
tolic beats the spreading process must be changed so that the exaitation wave
travels more or less 1 one direction for example from an ectopic focus at the
apex toward the base A good picture of the umformity of this spreading proc
ess 15 given by the local Jatencies and excitation fronts registered with bipolar
electrodes 1n ectopic beats (Scher and Young 1955) By this method of prop
agation the cancellation factor becomes mimmal (FIGURE 15)  If we calculate
the time potential areas of QRS 1n ectopic and in normal beats the quotient
of their respective values defines the lower lmit of cancellation The real
amount of cancellation 1s 1n any case higher, because 1t 1s nearly impossible
to avoud any cancellation completely  The anatomical structure of the heart
15 such that fibers run in very different directions preventing propagation along
stnctly straight hines

My attempt (Schaefer 1952) to measure this quottent in extrasystolic beats
of man gave an average value of 10  This means that at least 90 per cent of
the potenttal produced by the ventricular fibers 1s cancelled by the divergence
of excitation naves

If this value 1s taken as true we may conclude that blocking only 5 per cent
aof the muscle mass and reversing the direction of the traveling excitation wave
1n these fibers causes 1n the optimal recording leads, a change 1n the QRS area

FiGtRE 15 Vodel of the difference of the excitation process in normal and ventncular
ectopic beats  The extrasystohi¢ beat has only a slight mutual cancellation of potentials and
therefore a large time voltage area of QRS



Schaefer General Order of Exatation and of Recovern 757

that amounts to 100 per cent®* The QRS area 15 a very sensitive differential
indrcator of alt changes in the direction of mdiidual excrtation waves  For
1nstance in the case of an inconstant Wolff Parkinson White (\\ PW) syndrome
(FIGURE 16) the deformation of QRS can be attnbuted to the reversal of ex
citation waves mn less than 9 per cent of the ventnicular mass  These percent
ages are maximal values since every augmentation i the ratto of 10 1 (2 min
1mal ratio) leads to the conclusion that a given percentage of reversed exatation
waves has a comparatn ely greater effect on QRS

The calculations represented in FIGURE 16 do not take into consideration the
spatial onentation of the vectonal data  The calculation <erves only as an ex
ample and may be easily extended to spatial magmitudes o one will assume
that calculations of this hind lead to accurate predictions as to the morpholog:
cal basis of blocks or infarcts  TWhat we have intended to discuss 1s merely
the principle of such calculations  Better hnowledge of the detaled way 1n
which the ventncles are exaited nill enable us one day to express these calcu
lations with more satisfactory accuracy

Some Details of the Intramural Actication under the Aspect of Vector Analysis

Excellent work has been done mn the United States in evplonng \entncular
actnation  Multipolar needle electrodes have been mserted intramurally, and
bipolar as well as unipolar records have been taken A survey of investigations
made 1n this way reveals a considerable vanety of results  There 1s no doubt
that extrasystoles elicited strctly below the exploning unipolar electrode are
alnays of a pure QS type that 1s of a purely negative depolanzation process
This 1s easily understandable since afl exatation waves are traveling away
from the pomnt of ongn of such ectopic beats  Therefore the action potential
must consist of 2 purely negatne deflection  The same holds true for unipolar
records with the electrode n the left part of the mten entricular septum (Roth
man ef al 1954 Scher ef al 1933)  Apparently the real source of the ex
atation front 15 to be found here  From this pomt the depolanzation proceeds
across the septum and the ventrcular walls reaching the surface first 1n the
source region shown in FIGURE 10 Vie have learned from the very careful
measurements of Scher and Young (1953) and Scher e? al (1953) that the de
polanzation front proceeds with very high speeds parallel to the ventncular
surface and with rather low speeds across the wall The process starts near
the endocard:al surface—how near 1s still a matter of controversy Rothman
et al (1951) state that 1n the first one third to one half of the ventricular wall
from the endocardim the umpolar ECG 1s purely negative and the bipolar
leads of Durrer ¢/ al (19>4) show a reversal of the action potential if the leads
are moved from the endocardial toward the epicardial surface

This 1s due to the fact that the specific conduction system enters the v entric
ular wall at a certain depth and ramifies there  The endocardiat layers may
e e 7L ot B e g ol Wb vl o and e thertore aded to
1s the degree to which all electnc potentials are canceled  This potential resulting from the

cancellation process 15 of the same order of magritude s the effect of block,
the amount of muscle fibers* locking 5 per cent of
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Fiorres 16a AND 16b  Attempt to calculate the mintmal amount of muscle masses the
action potentials of 1 hich must have been reversed by the abnormal excitation wave 1n a
WPW syndrome  The hypothetical calculation 1s made only for the frontal plane and needs
a patal correction The whole procedure 1s only an example to demonstrate the general
possibility of such calculations the correctness of which strongly depends on the vahdity of
the vector theoty  FIGTRE 16a shows the calculated ECG with normal and abnormal beats
FicURE 16b shot s the vector analy 15 of the QRS naves both normal and abnormal giving
the vector of a QRS area ( new ) produced by the inversion of excitation waves withm the
shadowed area  Under the assumption that the cancellation factor 1s 1 10 as a mrmmal
ratio the augmentation of QRS from 31 to 72 wvsec could be interpreted as the result of an
1nversion (as the result of pre excitation) 1 9 per cent of the total ventneular mass  This
imverted wave starts from the point activated by the atnal bundle (2)  The arrow in the
shaded area indicates the average direction of fibers ta the mnverted area
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accordingly be actrvated innard  Depending on the depth of this branching
point the results of unipolar leads are quite dufferent  Bipolar as well as umi
polar records from endocardial or 1ntramural points near this branching area
are very difficult to explain 1n full detail since even the polanty of deflection
depends completely on the random distribution of fibers and their respective
potential differences between the electrodes  Conclusions drawn by workers
seem uncertain 1n the hght of vector analysis

The absence of any intrinsic deflection in endocardial leads as well as in can
ity leads only points to the fact that the amount of equnalent fiber masses
whose naves run anay from the electrodes far exceeds the equnalent amount
of fibers with approaching waves  Since 1n the mtenor of 2 closed sphere of
the ventncular cavity two lavers of muscle masses are found ore activated
from the branclung pomt to the interior the other from the branching point
to the extenor of the ventncular wall the resulting potential depends only on
the respective masses of these two parts of the wall  Since the inner part of
the wall extending to the branching plane of the specific system seems always
to be smaller than the outer part the prevathing negatrvity 1n all endocardial
and cawital leads 1s easily evplamed It 1s necessary however bnefly to dis-
cuss what the term intrnsic deflection  really means and why this deflection
15 absent 1n endocardial leads

A strong intnnsic deflection that 15 a downstroke of more than 10 mv 1n
amplitude and of 2 very high slope (about 10 mv /1 msec) occurs enly if a
sohid mass of muscle 1s activated nearly synchronously m all fibers runmng
more or less uniformly toward the electrode  The potential would reach the
mavimal value of about 100 my if viewed from the explonng electrode all
activated cross sections of myocardial fibers would 2dd to the sohd angle of
360° Even 1if there 1s a uniform mass of active fibers runming 1n a uniform
direction and excited at the same time a surface electrode never could exceed
the potential difference of about 50 mv  since the ol:d angle never exceeds
180  Values of about 40 mv  as a matter of fact are the upper limits of the
peak potentials in unipolar records

If an intninsic deflection 1s lacking as 1n the case in endocardial leads the
conclusion would be merely that no considerable mass of actine muscle fibers
forming an actrvation front of a sufficient by large solid angle 15 present  As
remote muscle masses (FIGURE 3) contribute their part to the unipolar poten
t1al the effect of receding excitation waves overwhelins every 1atrinsic effect
and the result 1s a pure negativity 1n spite of small muscle masses that carry
excitation waves runmng toward the electrode  The effect of umpolar leads
15 the integral of all events occurnng 1n the surrounding space and appeanng
under sufficiently large sohd angles to contnbute to the electnc field of the
exploring electrode

The General Order of the Repolars ation Process

In contrast to the fairly well known processes that form the QRS complex
we are in complete darkness about all events governing the production of the
Twave Imght well omt this entire problem here as it constitutes the sub-
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Ject of another part of this monograph namely of the ventncular gradient
The fact however that the gradient 1s the only and rather inadequate criterion
of differences between the orders of depolanization and repolarization makes 1t
inevitably necessary to present at least a general 1dea of what the ventnicular
gradient actually 15 As Wilson ef al (1931) and Ashman and Byer (1943)
have pointed out the areas of QRS and T should sum up to zero if the polanty
of all parts of QRST 1s taken mnto consideration and if one assumes that all
parts of the heart repolanize with a stmilar shape of the action potential T
ponts mostly n the same direction as the main deflection of QRS however
and therefore the sum of QRST areas calculated as a vector in the frontal
plane 15 50 pysec on the average
This deviation of a normal human heart from the expected “normal elec
trophy=iological behavior requires an nterpretation m physical terms  Un
fortunately the mterpretation of the T nave 1s fully dependent on that of the
ventncular gradient  This 15 becau e a negatne (d: cordant) T of the ame
area as QRS would indicate only that repolanzation follows the same order as
the preceding depolarization
The difficulties of the problem 1n question derive from the following situa
tion the events in the innumerable heart fibers are more or less asynchronous
Nevertheless they complement each other and add their potentials to a re
sulting field Due to the asynchronism of the fibers only the area of QRS 1s
comparable with the area of T since the repolanzation (T) 1s of very much
longer duration than R and the addition of the mdividual fields of all fibers
duning T 15 less d dent on the shght diffe m Jatency The absolute
amplitudes of T compared with QRS are therefore without a precise mean
ing*  If peculianties of the repolanization process are to be observed the
only method of value 15 the integration of QRS and T areas and their compar
1son 1} hether this area the tentricular gradient has a physical meamng or not
15 completely srreletant It 1s the only way to measure those changes of T that
are independent of changes of QRS
Ths latter fact imvolves a rather disturbing consequence the deviation of
T from the state of expected physiclogical normality can be judged only by
thisarea technique but the areas of QRS and T calculated as vectors no matter
whether spatal or only n the frontal plane have no defintte physical or geo
metncal meaning  The real event of myocardial exatation and recovery can
be recorded only as a time voltage area of the resulng vector  This vector
has been registered by several authors (Holimann 1939 Mann 1938 Sayers
1955) by some simple device such as monocardiogram or absolute ECG
‘The spatial construction of QRS or T areas however does not lead to the area
that theresultant vector would givema potential timerecord  This can easily
be shown esther by analysis or by a simple test  Thus the spatial construction
of all areas of the ECG leads to arbitrary values without any definite meaning
In only one case can physical sigmficance be attnbuted to such area vectors
namely when the resultant of the inhomogeneous repolarization shows a un1

1t 15 not permissible to take the QRS loop as identical with the Joop of G 1f T 1s zero
has been done by Burch ef al (1953)
kS

1
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form direction dunng the whole QT penod In this case when rotations of
the resultant vector of all potential forces of the ventricular gradient are ab-
sent the gradient may be reparded as the time potential area of a resultant
sector recorded 1n 1ts momentary strength dunng the course of the QT penod
It 1s apparently possible to assume that larger rotations of the gradient vector
are actually nussed as the loop of T runs nearly 1n a constant direction It
remans uncertain however whether the gradient may be attnbuted solely to

h 1¢s 1n the repol: slope of the various parts of the ventnicle

We may omt all objections to the concept of the ventncular gradient  $1
monson ¢f al (1934) have made an excellent bst of cntical remarks the most
important and general points of which are that the gradient may be due to an
mteraction of fibers with their inhomogeneous impedance and polanzation or
1t may be caused by changes in the geometry of the heart (rotation contraction)
or by the nhomogeneous properties of the fibers (tapenng changes in shape
or veloaty m h 1)  Only the last argument has
been discussed in the hterature thus far  Its accuracy 1s illustrated in ¥16URE
17 which shows the differences between monophasic action potentials at vanous
ponts of the heart surface (Schaefer and Scholmench 1943) The question
honever would be WWhat kind of mechanism leads 1o such differences?

There are .ome facts that probably contnibute to the analysis of the nature
of ventncular gradients (1) the gradient does not change 1n an 1solated dogs
heart with the filing pressures diameters and diastolic volumes (Bock ef a!
1954) (2) 1n the 1solated myocardial fiber there 1s no difference in the form of
action potentrals if the fiber 15 stretched (Dudel and Trautwem 1934), for both
facts show that purely mechanscal factors cannot be claimed as the only source
of the gradient i spite of some mmpressive chimcal data (Schaefer 1951) and
(3) the spatial gradient has a strong correlation to the magmitude of the spatial
QRS area (Sumonson ¢f al 19>1) FIcure 18 indicates these conditions for
the frontal plane gradient  In our own expentence the angle of the gradient
has a very close correlation to the angle of the QRS area (FIGURE 19) This
suggests that the gradient probably has something to do with the spatia) dis
tributzon of the myocardial fibers  Gradient and QRS hkewise depend on the
same object namely the anatomical structure of the heart

There 15 Iittle hope of gammng a perfect and lasting theory of the order of
repolarization processes with our present knowledge The best hypothesis

Fiovnz 17 Monophastc action potentials from the basis (upper curve) and 4
(lower curve) of a cat  heart. . Sucton elctrode with narrow distance (abows § 1 Te
different electrode  Time marks 1 second  The apex potentialis recorded top down (Schaefer

ol 1943)
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<eems 1o be the assumption that there are everal factors that determine the
magniude and an.Je of T wnd of the gradient  One could assume that an jn
direct influence 15 exerted by the mechanics of the heart n improving or de
presung the blood supphy of the vanous layers of the ventricular wall  The
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116LrE 18  Correlstion hetween the QRS area and the ventneular gradient
hearts wath all values taken from the frontal plane projection  Nearly il \aluesl?7n:xrcr:;1
uons) are lrnz 1na sectorof normabty around a Line giving the relation G = 2 QRS
11 are the borderlines of the sector of nnrmahl} grving the relation G = 3QRSand G w 15
QRS Line I separates the normal from the fa:ling hearts  Line JIT gives the lonest hmt
of normal G 1o relation to QRS area (G = 1.3 QRS area)  (Courtesy of W Girtner )
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inner layers are always less perfused than the outer surface due to mereasing
intramural pressures that oppose the capillary blood pressure  Indeed the
bleod flow strongly wiluences the shape of monophasic action potentsals (Traut
wewn efal 1954} but this effect goes m the wrong direction  Since the hy povic
fiber repolanzes earher the duration of the exatatory phase should be earher,
and the endocardial fayers should be relatvely positive to the outside  The
hypovia concept moreover 1s invahdated by the fact that a major diminution
of blood pressure in hypertensne patients has not (Pipberger ¢f al 1925} or
has only shghtly (Brumlk and hossmann 1952) altered the magnitude and
direction of T or of the ventricular gradient  Only the pulse pressure has
shown a positive correlation with the magmitude of the gradient (Friese ef al
1955) but this only idicates a correlation between the gradient and the stroke
volume

‘The extent to which the temperature gradient due to the metabolic heat of
the heart muscle adds to the inhomogeneities of repolanzation 1s stifl not
Lnown with certainty The endocardial layers cooled by the blood stream
should be brought to a longer excitation as compared with the rest of the myo-
cardial wall  The temperature gradients observed (Dohrmann and Engelling
1956) indicate strong effects Our own experiments during recent months
honever seem to demonstrate that the temperature 1s not the only cause of
the ventnicular gradient

If we try to give a preliminary hypothess of the general order of repolanza
tion m the heart we may use the foll g madel the inh repofan

™

NORMAI  HEARTS
% /4QRS,

TR Carrelation between angle « of the QRS area and a of th
taken for the frontal plane  The large dots a c the averages The thi
equation aG = 072 QRS

clinical signs of failure ~ In the left ventrcular strain (2QRS negative
pears almost completely (Courtesy of W Girtner)
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zation or whatever else might produce the gradient depends on at least two
different mechamsms  One of them 1s closely correlated to the QRS area It
might be an inhomogeneous repolanzation due to fiber tapening or to any other
process developing autematically with the progress of the excitation wave
the ventncular wall  The underlying basic event may be a shortening of the
monophasic action potential  The smaller the myocardial fiber becomes the
shorter the duration of the plateau will be This of course 1s for the moment
a completely hvpothetical assumption Ve know only that there are consid
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F1cuRzs 20a axp 20 Correlation between the QRS area and the ventncular gradient
ta the frontal plane in chnically abnorma! hearts (ines as m FiGURE 18)  Shghtly msuff
cient means that of a series of chn cal tests 1o more than two were borderbne  Failing
Tearts showed at least one abnormal tesult _FICTRY 20a shows patients withott infarcts
blocks valvular diseases_or hypertension FIGURE 20b shows patients with hypertension
only {Courtesy of W Girtner)

erable differences 1n the shape of the hasic action (Coraboeuf
et al 1953)

A second process may consist of differences of unknown character between
the wner and outer layers of the ventncular wall varymng with temperature
and with mechamcal or other unknown factors  Both processes together add
up to 2 magmitude of approumately 2 X QRS area (FIGURE 18)  The rotation
of QRS interferes with this second and relatively independent process On
the average the angle of the gradient thus depends on the angle of QRS ac
cording to the equation (FIGURE 19)

oG = 072 X («QRS,) + 10

Ashman ef al (1943) have argued that the spatial angle between QRS, and G
and a rotation about the anatomical heart axis may produce this correlation
The evidence of these authors 1s good but not entrely conclusive

The gradient concept 1nvolves a second problem namely the clinical apph
cabilty  There have been many attempts to show that the clmcal value of
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the gradient 1s small or even absent (Roehler and Spang, 1923, Meyer and
Herr 1951 Unghvary and Tarkas 1954, Welsch and Wieland 1953)  Simon
son et al (19>4) m particular have come to the conclusion that nearly all gra

dient values usually regarded as pathological are within normal limmts  This
may be true but 1t does not touch the theory of the gradient The gradient
1s the only correct entity that mdicates changes of T that are independent of
QRS Thus only the gradient provides us with more information than we
may obtain by an analysis of QRS  If the gradient proves to be worthless 1n
special cases the same should be true for T If, therefore even in severely
pathological hearts the gradient lies within normal imits this implies the neces

sity of a correction either of the term normal or of the current interpretation
of T Asa matter of fact the gradient may show nearly all values even 1n
normal hearts (FIGURE 18)  This 1s due to the fact that G lies between the
valuesof 3 X QRS and 1 5 X QRS X G 1s compared with QRS, however

the limuts of normality seem to be very narrow and most of our own examples

considered as abnormal are clearly pathological also i their gradient values

whereas Simonson ef @l (1954) considered only the absolute value of G 1rrespec

tine of the QRS area (rIGURE 20) No significant difference 1s noticeable be

tween normal and falling hearts concerning the angle of G and 1ts relation to
the angle of QRS
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the gradient 1s small or even absent (hoehler and Spang 1953 Meyer and
Herr 1951 Unghvary and Farkas 1954 Welsch and Wieland, 1953)  Simon
son ef ol (1954) 1n particular have come to the conclusion that nearly all gra
dient values usually regarded as pathological are within normal hmits  This
may be true but 1t does not touch the theory of the gradient The gradient
15 the only correct entity that mdicates changes of T that are independent of
QRS Thus only the gradient provides us with more information than we
may obtam by an analysis of QRS If the gradient proves to be worthless in
special cases the same should be true for T If therefore even in severely
pathological hearts the gradient lies within normal imits this imphes the neces
sity of a correction either of the term normal ’ or of the current interpretation
of T As a matter of fact the gradient may show neatly all values even m
normal hearts (,1GURE 18) This 15 due to the fact that G lies between the
values of 3 X QRS and 1 5 X QRS  If G 1s compared with QRS however,
the himits of normality seem to be very narrow and most of our own evamples
constdered as abnormal are clearly pathological also 1n their gradient values
whereas Simonson ef a (1954) considered only the absolute value of G 1rrespec
tive of the QRS area {FIGURE 20) No sigmificant difference 1s noticeable be
tween normal and failing hearts concerning the angle of G and 1ts relation to
the angle of QRS
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termimng how these affect body surface recording points  The second con
stant Ay, Is so determined

E, = Q®RiA:

Work m our laboratory has concerned the pathway of depolarization® ¢ ¢
and the determination of the vanable volume conductor constant, A:® The
first of these will be discussed

Depolar: ation of the V entricles

‘The multipolar electrode used in these studies (FIGURE 1} consists of 15 fine
msulated wires with bare tips staggered at 1 or 05 mm intervals  Potential
changes at the recording tips are amplfied and displayed on a 16 channel
osctlloscope (FIGURE 2)  Since the electrodes are small (maximum diameter
03 mm ) and fleuible they cause little damage and many of them can be 1n

Ficure 1 Multipolar electrode of the type used to trace ventncular g "
15 termuals are spaced 34 mm spart  The maximum diameter of the gre k’w—v; T
\ bubbie has been placed at each tetmnal by the passage of Curzent in a waggr 7, % iqm—
15 10 millimeters Srar
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Fictre 3 Stroboscopic flash photograph of a beating dog heart  Eight electrodes are
arranged 1n a coronal section in the ventncles  The stnﬂes on the electrode shafts are belund
ez

the recording tips  The electrode in the center of the heart serves as a time reference
serted erther successively or at the same time mnto each heart studied ¥16
URE 3 shows a beating heart containing 8 electrodes mserted coronally

Potentials from the electrode are recorded in two fashions A unmipolar
record shows the potential difference between each termmal and the left fore
arm A bipolar record measures differences between adjacent terminals A
fived time reference potential 1s continually recorded as 1s a lead II electro
cardiogram _ Simultaneous time marks are fed to all channels from a single
osallator  In a unipolar record approaching activity 1s signaled by a positive
deflection receding activity by a negative deflection  Depolanzation at the
recording tip hkewise gives a negative deflection usually with a much faster
rate of change than that produced by receding actisity  Umipolar records
represent a summation of nearby and distant activity  They cannot be used
to time local activity or to measure velocities

A umpolar record taken across the mid left lateral ventncular wall of a
rhesus monkey 15 shown in FIGURE 4A  The first 3 termimals were in the cavity
and the potentials recorded on these consisted of a slow negatine wave lasting
about 30 msec  Activity receded from these left cavity points during most
of QRS Channel 4 which recorded from muscle bordening the endocardium
showed a negative deflection that was faster in onset and of shorter duration
than the cavity record The elevation of the base Line indicated persistence
of some myury at this terminal  Channels 5 to 8 displayed similar wave shapes
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Fiotry 4 Potentrals recorded across the mud lateral left ventncular wall of the rhesus
monhey 1 represents the umpolar potentials B represents the bipolar potentials  Ter
munals 1 2 anl3 of the unipolar record show the charactensuic central left cavity records
The 15th terminal from which no umipolar record 1s taken was at the epicardial surface
Bipolar channed 1 records the potential difference between umpolar records 1 and 2 and
bipolar channel 2 records the potential dilference bets een 2 and 3 etc  Channel 15 records
the fixed time teference potential and channel 16 records the Jewd IT QRS
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althouph some negatine freceding) activaty preceding local depolanzation ap-
peared on channels 7and 8 On channels 9 1o 14 there was some receding ac
usaty but the records show a posius e deh preceding local depol. 101,
progressively greater as we approach the eprcardium  VWhen this record was
photographed terminal 1> from which no untpolar record was taken was at
the epreardial surface
Brpolar records from the same electrode are shown m FIGURE 4B Channel
1 of the bipolar record shows the p } diff between unipolars 1 and
2 etc By conienuon downward hipolar deflections mdicate activity mov
ng from mside oursard in the heart  The time of depolanzation betw cen the
tno Is can be d d the positn e or negative mavuma
of the bipolar records and companng these with the fixed time reference  The
succession of dewnward bipolar potentials mdicates qualitatinely and the
measurements to the negatn e peabs quantitatively that the depolarang save
moves from endocardium to eprcardium  The rate of passage along the elec
trode 1s about 05 m ‘sec  but exact veloaity can be calculated only between
suecessive portions of the wave front in a three-dimensional plot of exartation
Any electrode not parallel to the direction of advance will indicate a higher
than actual elocity
The rajor 1ntention of this report is to present a picture of tatal veatnicular
actnaty However the exatation pattern in portions of the myocardum
dunng premature ventricular systoles and after expenmental bundle branch
block will be briefiy mentioned
The basic prinaples of excrtation can be studied 1n simple cross sections of
the heart and more successfully in blocks of tissue A cross section containing
6 electrodes 1s shown i fiGvRe > Tire of activity 1n mlliseconds before or
after the ime reference 1s noted oppesste most of the termmals  Along elec
trode 39 1n the nght wall actnty moved from wmside outward as it did for 5
mm or mote near the epicardum along the electrades in the left wall  Elec
trades 45> and 46 which penetrated the antersor left papillary muscle shoned
complicated patterns of excrtation near the endocardium  Along electrode
46 the direction of acuvation reversed twice  Electrode 43 at the apet pene
trated the endocardiom 3 times which also led to 2 comphcated pattern
The septal elecirodes 41 and 42 showsd double envelopmem of the septunt
{rom both endocardial surfaces As can be seen the over all movement 1s
from endocardwim to epicardium  Normally mmuch of the endocardium 1s
exated quite rapidly by the rapidly conducting Furkinje svstem which consssts
of elements conducting at about 1 m ‘sec  The apparent veloaty of Purhinye
conduction often exceeds thys vakue because the fibers branch extensn ely In
the penpheral and particdarly 1n the basal parts of the endocardium these
fibers may be relatively unbranthed and/or spare  Conduction thraugh
muscle 15 at about 13 m /scc  Oceasionally the direction of movement in the
walls reverses and at nimes there is evtremely rapud excitation over a few
from the ends d Reversal 1s particularly present under
papillary muscles as 15 simultaneous excitation under deeper trabeculations
(Froune 5)  We do not consider these to be general phenomens nor do we
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think that stmultaneous actnation ndicates 2 unnersal intramural penetration
of the rapidly conducting Purkinje fibers  These phenomena are not found 1n
the night ventrnicle nor in the septum  Moreover rapid exctation of part of
the wall thickness 1s not confined to the regions near the endocardum and 1s
often found to result from excitation by two waves approaching each other
from different directions

The principles stated above can be tested by starting premature systoles at
known posttions and plotting the resultant spread of activity  The findings
support the 1dea that elements of the Purhinje petwork conduct at 1 m /sec
since this 18 the fastest endocardial rate found during extrasystoles and since
the Purkinje fibers evidently are exated in extrasystoles  Spread through
the wall as i the normal systole 1s at about 1, 3 m /<ec

Fxatation tn expenmental bundle branch bloch has been extensively studied
by RV Fnchson and his co workers® Their findings support the general
views stated above  In nght bundle branch block the prolonged sentnicular
complex has two causes (1) increased time required for septal actination the
normal double septal envelopment being replaced by one way spread from the
unblocked side and (2) increased time required to excite the wall  In bundle

Fi1GtRe 5 Time of :cuvng n mulliseconds before or after the time reference  otential
1n a coronal section of the dog heart
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branch block the area of 1mitial mural endocardtal activity on the bloched side
15 determined by septal activation and the area imitially activated 1s smnll
compared to that initially depolartzed by the branched Purkinje network 1n
normal depolanzation  Actination of the mural endocardum on the bloched
side may require twice as much time as 1s needed for normal actvation  This
finding 15 10 accord with the view of Smith and his co workers ?

FiGURE 6 15 a diagram of total ventnicular actination  The lead II electro
cardiogram reproduced from the osailloscope records has been divided into
S msec intervals  Tissue activated dunng each interval 1s shaded 1n a different
fashion  The heart 1s shown divided mto + sections by planes roughly parallel
to the apex and the basal plane of each section 1s illustrated  The 4 planes
contatn 17 electrode tracks indicated by sohd hnes  Osver 60 insertions were
made 1n this heart from which more than 900 records were tahen \[uch
information was obtained from electrodes that lay outside the 4 planes shown

‘The eathest recorded actity indicated by the cross hatched regions bor
dered the left cavity on the septal surface in the central sections  Activit,
extended between these 2 sections and beyond them both apically and basally
This region 1s near the termination of the left bundle  There may have been
other activity dunng this early peniod but 1t was not recorded  This small
mass of tissue 1s the only tissue that s silent at normal QRS amplfication

Vithin the next > msec (region of large dots) activity had extended on the
left to nclude muscle near the endocardium m all sections A complete nng
of depolanzed muscle surrounded the left cavity m the second section and
there were extensne but mcomplete nngs around the cavity n the apical and
third sections  Activity also extended shghtly into the posterior basal section
At this time the area of depol: 1 my on the left bled an
aregular comical section truncated both apically and basally  On the nght
acttvity was confined to the third and basal sections  This activity spread
from the terminations of the nght bundle near the antenor nght papillary
muscle The activated depolarized area had the shape of an irregular folded
sheet of activated muscle around the antenor right cavity

Areas exated dunng the next § msec period are designated by the vertical
lines It should be noted that this period brings us one quarter of the way
through QRS n the dog  The time required for depolanization 1n the dog 15
less than half that required 1n the human and a conversion factor of 2 or 2 §
1s necessary  Duning this period there was much extension of the depolarized

tissue on both sides  On the left a complete cone of active tissue extended
through all sections around the cavity (except of course i the fibrous region
betneen cavity and aorta tn the basal section)  On the night the cone was n
complete 2lthough there was a complete ning 1n the apical section where the
nght cavity 1s almost indisungushable  Two very important changes took
place dunng this period  The activity around each cavity Joned 1n the sep
tum and endocardial breakthrough occurred on the nght

The next 5 msec period (contour lines) brings us almost halfway through
QRS Dunng this period there was further activation toward the epic:

ard
The t1ps of the papillary muscles on the left were also activated In gl 1‘}‘,‘,-‘:5
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Fi6Tee 6 A plot of total ventneular actination  Seventeen electrode tracks are shown
1n 4 cross sections of the heart The time of activity 1n milhseconds befare or after the time
reference was noted at cach termunal of the electrodes (electrodes were inserted across the
heart and gradually withdrawn to present overlap betneen successive positions of cach
electrode) A single correction was apphed to correct all times to the beginming of the lead 1T

Lines were then drawn to connect the ponts activated at 5 msec intersals  Tissue
activated within each 5 msec interal 1s shaded m the same manner in all sections
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apical sections the active regions around the right and left cavities were joined
1n the septum  Endocardial breakthrough on the right was greatly increased
1n the three aptcal sections and some breakthrough occurred on the antenor
left and lateral nght n the basal ection In the basal region an irregular
trench of resting tissue on the anterior right extended into the septum

The next 5 msec period (areas of small dots) saw further epicardial move
ment of the actinating wave with extension of epicardial breakthrough In
the following 5 msec (diagonal lines} excitation in the two apical sections was
completed and only a small shce of postenor tissue in the wall 1n the two basal
sections remamned to be excited  There was 2lso a central septal region that
was excited during the last > msec

No records of activity after 30 msec were obtatned in these sections  Other
records indicate that the latest regions depolanzed are in the basal septum
This finding corroborates the early reports by Burchell'® and by Sod: Pallarest*
and their co worhers

Genesis of QRS

The earliest activity 15 on the left of the septum at the terminations of the
left bundle and 1s predominantly a movement to the night in the septum  This
may gine a negative (Q) deflection in lead II' although no such deflection ap-
pears m FIGURE 6 T'rom this region and from the termmation of the nght
bundle activity rapudly involves a large part of the endocardium and com
mences to move epicardially 1n the wall and toward the center of the septum
from both sides  We can think of this activaty as leading to numerous vectors
whose over all onientation 15 tonard the apex  This apically onented vector
15 10 part the sum of activity moving roughly perpendicular to the walls on
the night and left  As the postenor nght ventricle becomes activated and as
epicardial breahthrough becomes more prominent on the antenor night the
vector will shift to the left and posterniorly By the end of 20 msec 5 haliway
through QRS the predominance of leftward and posteriorly directed activity
15 established

As breakthrough on the left and postenior becomes more extensne apically
the vector swings perpendicular to lead II and finally toward the base
The final negative deflection mn this lead undoubtedly reflects actiity in the
basal walls and more important activity pomting toward the auncles 1n the
central septum  The three simplest vectors derived from the above are nght
to left base to apex and apex to base  The second 1s of course predominant
and the transitions among the three are quite smooth
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TicLre 3 Position of the needle electrode 1n the ventricular wall dunng the expenment
‘The bipolars in this position are shown tn PIGCRE 8

(1) Sufficientlength  The tip of the needle electrode must be in the ventricu
far cavity dunng all phases of cardiac actinaty

(2) Smoolhness of outer surface  The mechanism of the heartbeat results m
systoli increase 1n thickness of the ventricular wall thus causing muscle layers
1n contact with the shaft of the needle to move along this shait  To avoid any
nterference with this movement the body of the needle 1s carefully polished
and great care 15 1aken that the small terminals do not protrude

(3) Fuxalion' atthe eprcardsal surface  The housing of the needle electrode
tn whtch connections are made between the small silver wires 1n the shaft and
the connecting wires for the registening apparatus rests on the epicardial sur
face during all phases of cardiac activity  Since the sy stohc mcrease 1n thich
ness of the ventrienlar wall g es nse to movements the greatest of these there
fore occut in the subendocardial layers The distance by which these latter
muscle Jay ers moy e along the needle electrode 1s dependent on heart size heart
frequency and degree of dilatation of the heart

(1) Small weight (2 gm)  To avord excessive pressure possibly resulting 1n
mjuny the weight is hept mintmal

{5) Fixation Toimprove fixation shght pressure 15 everted on the needle
electrode housing by the connecting wires but the direction of the force applied
15 parallel to the needle wtself  \When the needle 1s pressed to one side of the
puncture canal 1ajury and retardation of propagation of the excitation wave
result

(6) Vo spiraling  The terminals hie at one side of the shaft
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A umbersng of Termnals

The termuinal Iying 1n the cavity 1s called termmal No 1 The highest num
bered terminal hies upon or close to the epicardial surface  The polanty of the
bipolars 1s so chosen that positivity of the highest numbered terminal results
in an upward deflection in the record

Arovding Natural Irvegularities of the Ileart Rivthm

In sorne mstances the heart rate 1s kept constant by dnving electrodes upon
the aunicular appendage

Method of Introduction

The needle electrode 1s introduced perpendicular to the sentncular surface
The endocardium 1s then felt as a resistance  The electrode 1s pushed toward
the cavaty until the housing, rests on the eprcardral surface and the tip 1s wathin
the ventncular cavity  After introduction of the needles sometimes up to
5 1n number the thorax 1s closed and to Leep the temperature constant the
ammal 1s placed on a heating pad I 1t 15 necessary to heep a portion of the
heart exposed that part of the heart surface not used 1s covered by pads of
cotton soaked 1n warm sahine

Instrumentation

The registening apparatus is a high fidelty oscillograph with separate view
g and registenng tubes

For tperiments the stimul apparatus used was specially
designed for these purposes with very accurate delay, counting and synchro
mzer mechamsms ~ With this instrument 1t was possible to deliver a square
wave test shock of any duration and strength at any chosen moment n the
cardiac cycle after a preset number of heartbeats A current source was used

\ mber of Experiments

Satisfactory expenments wath 200 dogs where needle electrodes were mtro
duced mn many places were obtained Al previous experiments with plunge
electrodes or low frequency registenng apparatus were discarded

For experiments on the goat 20 animals were used

Ingury Caused by Introduction of \ eedle Electrodes

It 1s evident that mjury alters profoundly the mode of excitation of the 1
jured layers Therefore a cntical analysis of this pomt 1s important  The
nfluence of the movements of the heart and artefacts due to this factor will Le
discussed later

Immediately after mtroduction of the needle electrode njury occurs on aff
intramural myocardial terminals (FIGURE 2)  The umpolar complexes 1n f)4
consecutne layers have a  monophasic form caused by mpury  Op gl
epicardial surface the R wave becomes larger than before injury the S va,w
dirmmishes and the intrinsic deflections occur later in the cardrac cycle flas

facts can be exp d by af 1 blockade of the depyor, 4m
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Dog  Unipolar intramural complexes ({ = leg) 2 minutes after the mnsertion
of the needle  No rapid deflections are present due to the mnjury effect The ST shift 1s
the same at all intramural termenals

wave n the injured region ¢ After 2 to 3 minutes the ST shift dimimishes and
fast components 1n the intramural complexes absent immedtately after mtro
duction gradually appear reachmg their final value when the ST interval 1s
1soelectric  (FIGURE 3) Ve assume that the decrease in magnitude of the

ST shift cotncides with the return to normal of the fibers in the injured region

Strong arguments can be brought forward to give support to the assumption
that our results are not influenced significantly by effects of injury

(1) Fast deflections (potential vanation of 10 mv 103 to 4 msec ) previously
absent dunng mjury appeared 1 differential leads between 2 terminals lying
ata distance of 0 1 mm or less

(2) After disappearance of the ST shuft the strength interval curve for catho
dal and anodal exaitability of the intramural layers 1n contact with the term
nals greatly altered dunnginjury became the same as those of the surrounding
epicardial muscle  Duning mjury the excitability for cathodal simulation nas
diminished while excitabality for anodal stimuh was enhanced

Voremen! ariefacts due to vanations in contact between electrodes and
muscle give rise to charactenstic irregulanties of the base ine  With a good
technique these irregularities are absent

The QRS complex 15 wntten before deformation of any significance has
occurred dunng entrant phase and 1sometnc contraction phase  The ST sey,
ment and T wave for the most part are wntten during the ejection phase
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Al
1-10
S0msec
Ficere 3 Do Iot amwral umpolar complex s after the injuey has disappeared (I =
legt The complet 22 just at the subendocardsal layer adjacent to the -:am,p“ Tr'lcze r(azpld
part of the totrinsc deflection occurs synchronously in tte nner layers and successively 1
the outer layers A complee with an R nave of some b 1.ht 1s present only a2 10

N

when the wall thickness is mcrea ed  Thee lalter portions ave therefore
wotten by layers that dunng QRS were Iymng closer to the epicardium

e did not succeed 1 mounting 2 sufficent number of differential electrodes
sate a needle with a drameter of not more than 1 mm

Microscopy Puticture Canal
After many hours of expenmentation microstopic control of the puncture
canal revealed the pre ence of a small zone of necrotic tis ue about 0 I mm 1
dameter mmmedsately around the canal surrounded by a zone w which <mall
tleedings and mfiltration with Jeuhocy tes were present
Criterta for eceprance of Trocmg

The follo sing crtena were apphed for the awceptance of 2 traung (1)
ab ence of more than shght ST shift * (2) duravon of the rapid part 1 the
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intrinsic deflection not exceeding 3 msec  (3) constancy in the form of succes
sne complexes and (4) smoothly running zero ine without artefacts

Tume Relations

A study of the time relations of the excitatory process 1s possible only 1if the
depolanzation of the muscle layer 1n contact with the explonng termnal gnes
rise to a recognizable deflection signaling 1n the leads used the arrival of the
excitation wave m that layer  Therefore time relations can best be studied by
electrodes with small distances betw eeen the terminals for example 0 1mm ® 7
W ith a differential electrode differentiation 1s performed 1n relation to space
but not with respect to time®  The height of the recorded potential 1s a func
tion only of the properties of the activation front not of 1ts veloaty  Only
with spatial differentiation can the influence of activity in distant parts of the
heart be excluded  Therefore local actrvity determmines form and polanty of
the recorded complexes

The following facts are essential for the study of time relations

In intramural unipolar leads a ramd part in the large downstrohe of the
predominantly negative complex signals the arrival of the exatation wave in the
muscle layers i contact with the exploring termnal

In brpolar leads two fast portions can be seen frequently on the upstroke
and downstroke comading with the rapid portion mentioned above 1n the
corresponding unipolar complexes and having the same signihcance  The fol
lowing evidence can be brought forward

In the mtramural layers and at the epicardial surface a region 1s sought where

unipol -2 120 mv

20 msec

1-3 S5mv

FroLre 4 Dog A tnpolar electrode 18 used  The mtnnsic deflection in the unipolar
complex of the ms | tle terminal falls exactly 1n the summt of the bipolar complex of 1he outer
ones  Note the symmetrical form of the latter
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the exatation propagates with regular veloaty A trpolar electrode consist
sng of 3 small termunals with equal sutface are and of equal distances {34
mm) s brought m contact with these layers The bipolars between the
successive terminals then have the same form and polanity and occur cansecy
tively It can be seen 1 FIGURE § that the summit of the bipolar complex
between the outer texmunals comades with the rapid pattion of the umpolar
comples of the nuddle terminal  If the potential varmtions of the middie
terminal are registered aganst z reference made by connecting the outer ter
runals a biphasic complex 1s found  The large downstrole of thar complex
now comades nith the rapid part i the intnasic deflectian of the umipolar
complex of the middle termnal

ictnation Pattern of the Epscordral Surface

In an carlier part of the 1 estigation 1t was thought that a careful analysis
of the tune relations of epicardial actnation could give an nsight mto the
intramural activation pattern  With a small upped electrode (01 mm ) the
epscardial surface was evplored and the ume of arrsal of the excitation wave
was carefully nvestigated  The results of the work of previous authors® were
confirmed  The excitation has an over alt darection from apex to basis  In
very small areas the propagation direction may differ and smal} escitation
waves travehing in vanous directions ate found  The latest patt actnated s
the posterobasal part of the left ventnicular wali close to the posterior inser
tion of the ventricular septum

lntramural inalysis

An essential point 1 the location of the terminals of the needle electrode
situated in the subend: I region that s d of the first teram
nal m the left ventricular wall

The unipolar cavity potentiat has a typical form (FIGURE 3) It 15 2 rather
symmetrical QS complex exhibating no fast deflection with somewhat rounded
summit

As outiined above the presence of 2n ST shaft at a certam tesminal does not
necessarsty mdicate intramural positton The first ntramurai lead pownt i
found by the presence of a fast component m the QS compley It 13 possible
however that the contact of 2 terminal with the trabeculae carneae causes the
same phenomenon  In this case this deflection dssappears nith shght rotation
of the needle electrode  Together with bftmg the needle elextrode ths gnes
an mdwation of the po 1ton of the innermost lead pomts Mot wfrequently
Purknje sprkes are found (F1GURES 6 and ) which may mdicate subendocardial
position 1f the form of the consecutive bipolars supports this deduction

Wath the routine obtained n many experiments it proved possible to predict
the position of the needle electzode i relation to the trabeculae catnene and the
papillary muscle  If the needle was situated m the Papdlzry muscle the up
terminal did not register a cavity potentiat and the Jead pomts at the tip of the
needle electrode recorded compleves patntmg to activation in the direction from
endocardium toward the cavity (FiGURE §)
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Ficure S Dog and umpolar 1 17 and 13 are cayity
complexes -4 15 xhe first (em—unal ithin the wall 4 small R wave 1s shown for the first
fime [ 7 enlarging toward the epicardium

Morphology of L nipolar Intramural Complexes of the I eft V entricular W all

The form of the unipolar complexes depends on that portion of the ventricular
wall where msertion has occurred (FIGURES 3 and 5} 1In all cases except
when a papillary muscle 1s punctured the unipolar complexes are completely
negative or nearly so  Sometimes a small imitial positive deflection 1s found
preceding the large negative one  In all complexes a fast component 1n the
downstroke of the QS complex 1s visible (FIGURT 9)  There may be some
notching preceding or following this downstrole but in most cases 1t 15 shght
In the intramural layers lying closer to the epicardium small embryonic R
waves frequently notched are visible also followed by a fast deflection  The
rapd part of the intrinsic deflection can fall at any point 1n the downstrohe of
the umpolar comples (FIGURE 5) * 19 Before the R wave in these layers a
broad slow negative deflection sometimes showing notches 1s present
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Fiooxe 6 Dog X1 bipolar compleves are compared with the Purkinge spike in |
vl 5 wd 3 6 oo sl culocas i Commpienas
23 e oenied compies 8 5 and 9 10 sse well-developed muscle compleses

b4-g4 1my

b4-g4
20my
S0msec

2amsee

Fiouse?  Dog Complexbetneen 2 endocardial terminals of 2 needles
ke an the Jower tracing was eplirged tuentifold 1 the upper tracig 1 ey sensll
complex dmine hutely precedmg che muscular depolanzatson comples  In the lower tracmy
o Spike can be scen as & amall defiection p eced o the mustular depalssisation

complex by 10 msec  This 1s only an apparent delay because it )s absent in the upper trac
mg
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Fioure§ Dog Terminals3 4 § and 6 are stuated m popllary muscle  Biplar leads
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10mv

50msec
—IHSEC
Fictwe 9 Doz  Bipolar intramural Icad between a terminal immediately adjacent to
the endocardium and an intramural terminal (6)  The unipolar lead of terminal 6 shows a
,mmldc)necuon (intninsic deflection) occurnng sy rchronously with the fast deflection in 6
¢ =g
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Only m the subepicardsal Jayers (3 to 4 mm under the eprcardium) does the
R ware gradually reach the height of the R at the corresponding epicardial
sutface

Inmasy wstances the minmsic deflections of the mner by ers oceur at nearly
the same time

In the outer layers the tume differences are latger and the termnal closer
to the epicardium 15 actnated after the underlying  termunat Formulated
m another way the wtrmnnc deflections w the mner Iayers occur nearly syn
chronously while those 1n the outer layers occur cansecutively ¢ 0 u

The duration of the rapid part of the wirnsic deflection of the wtramural
termunads 13 very small from 2 to Smsec  The potential drop occurnng dunng
this very small tume mterval amounts to 20 mv

The best way ta reconstruct the intramural excita tion pathway would be to
wntroduce many electrodes wmto the heart wall # It 15 appatent that the com
bined effects of too many needle electrodes of the type we use may alter the
way of excitation and 1mpayr myocardial contractiity  As many as § may be
used 1n our experunents

Iniramusal Bipolar Leads

These leads between 2 termnals ordinanly lying on 2 distance of 2 mm give
accurate winformation on the tme relations of the excitation process i the
layers in which they are sttuated  In this type of Jead the local effects pre
domwnate and the extnnsic effects are reduced  The form of the comple xes

grves add i on the mode of actiayoen and the
duirection of the exatatory process

The form of the bipolar completes i the mner fayers (F1GURES 6 ang 10} 15
dependent on the depth of penetration of the Purhinge system  Thus Vares
i different dogs and sn different places of the same heart

In the Purkmje actnated layers small complexes of abouz S to 1 mv are
found 1In some nstances they are notched  In these layers mostly up to
two Bitks of the thickness of the ventncular wall the consecutive bipofar
complexes occur synchronousty

In FIGURF 6 bipolar complexes are shown with a Puskinje spke otcurnng at
the endocardial termurat of the needle electrode taken as a reference The
suteinssc deflections oocur synchronously from terminal 4 o terminaj & and
cansecutsvely thereafter

‘The morphology of the complexes 1n the nuter layers can he explaned by
representing the evcitation front in the outer Jayers asa dipole layer travehng
with nearly constant veloaty n an epreardial direction N retardation of
propagation velocity of any sigmficance toward the epicardial surface ean be
found  The distance between the sources and the sinks of thyg boundary 15
about 1 to 1™ mm  Ths salue guen as an APProvimation can be foynd
with a needle electrode 1 which 8 small terminals are regularly spaced over 4
3mm length  Registening the acuon potentials between twg adzacent termy
sals and then gradually augmenting the distance one finds that the heght
and width of the regstered completes sncrease up to a distance of 1 to 137
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Fiouze 10 Dog  Bipolat leads of normal beats and extrasystolic beats during endocar
dial sumulation  Termunals 3 and 4 are used as sumulating electrodes  Only the muscle
fibers are acuvated From 7 on the complexes have the same form and time course during
normal and estrasystohic beats  The reversal of 6 7 pointing to activation from 7 10 6 dis
appears dunng endocardial stimulation and makes place for a complex pointing to muscle
conduction from 6 to 7

mm between the electrodes  This 1s the minimal distance between 2 terminals
on which the maumum voltage caused by the exaitation of the outer layers
can be registered  Beyond this value only the width of the compleves m
creases

The naccurateness of this figure 1s caused by the usually small angle formed
by the line of propagation direction and the hne on which the ternunals are

Iying
‘The value for the dipole length agrees very well with the duration of the rapid
phase of the intnnsic deflection (3 to 5 msec )
Depth of Syuchronous dctiration

In the arca where most of our experiments were performed-—the arca bounded
by a bne 1 am apical of the sulcus atnoventniculans the left side of the ven
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tricular septum and the lateral part of the left ventncular wall betneen the
insertions m the papiilary muscles—the depth most frequently found was
two fifths of the disstohc thichness of the wall  In some mistances only 2 or 3
of 8 terminals showed suceessnve actr ation {SICURE €

‘The depth of the penetration 1 other parts of the ventncular wall vanes
At the apical side 10 expenments were performed  Here the msertion in the
papillary muscle and the presence of the ventucular <eptum and the trabeculae
carneae mahe the interpretation of the results of our techmque difficult (Froure
8) At the basal one thurd of the ventnicular wall the same depth of penetra
tson was found but e about 25 per cent of the places examined 11 that region
there appeared 1o be complete absence of ¥ urhmje penetration  In the re
matning areas the depth of penetration was somewhat less than wn the muddle
patt

Spatial Analysis of Aetivation Front

The eonstruction of 1sochromsc plasnes makes it possible to estimate the angle
the exaitation front makes auth the endocardial and epreardial surface At
the lateral part of the left ventrcwlar wall this angle bas 4 small magmitude
approvimately 5 to J0°  For the purpose of durect measuremnent of this angle
o or more needle electrodes were introduced 1n an apico-basal dizection
Termnals exhubiting the same spatial relations to the oncoming evaitation nave
will show p 16 of the same de or neasly soand there
fore will show small differences Those terminals separated by \entneufar
ussue m which dunng actrvation there is set up a boundary that 15 traveling
for same tune tn a diection more or less comnctdiog with the connecting me
between the explonng terminals will show larger potentsal dfferences

The {ollowing evplanation 12 given for the occurrence of this smalt angle
1n the feft ventricular wall the endocardial layers are actnated 1 an apico-
‘basal ditection  Small exotatron waves arnve from many points i the endo-
cardial layers  In the outer Jayers only muscle conduction 15 present those
fayers closer to the apex bewg activated earher than those Iying at the basal
reglan  The impulse travelng i the outer layers approackes the eprcardum
slowly because of the muscle conductton  The time difference between two
pants tying m a hne from apex to haws 1s determived mainly by the much
higher veloctty of impulse conduction through the Purkmge system  This
time will be small compared weth the time required for the activation front to
reach the epicardial surface  The small angle therefore 18 caused by ts
dhiference in veloaities m the two systerns

Duffesences m the thickness of the ventrientar wall and in the depth of pene
tration of the Purkinje fibers contribute to the exact magnitude of the angle

IE the exaitatson front were a straight beundary of a simple form it could be
expected that at the epicardial surface of the lateral part of the left v entncutay
wall evatation at every pomnt would be manapico basal direction  The devia
ot of exatation direction found m many places at the epicardial smface can
be explaned by assuming that small bulges are present 1 the excstation front
A bulge 1n the front armves frst a1 the epicardial surface  If we measnre from
the eprcardial surface we gain the tmpression that from this first rezched part
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a small excitanon wave travels some distance n every direction until it colhdes
with the excitation wave commng from other pomnts  The small angle renders
useless the determination of the propagation velocity of the exaitation wave at
the epicardial surface during normal beats The values found are too high
For an exact determimation of propagation velocity one must be sure that the
line between the termunals used 1s parallel to the real direction of propagation
of the exaitation wave \When both lines intersect and make an angle the
measured propagation velocity 1s virtual and increases depending on the angle
between both lines

The Determination of Propagalion | elocty

To determine the conduction veloaity of the exatation wave and 1ts relation
to fiber direction two successive terminals of a needle electrode were used as
stimulating electrodes The remaimng terminals were used for successie
bipolar leads  The needle electrode was introduced 1n the outer layers of the
ventnicle parallel to the epicardial surface  The angle made by the needle
electrode and the fiber direction was measured  The heart rate was kept con
stantby dnving electrodes sewn to the aunicular appendage and the extra stimu
lus was gven between the bipolar stimulating electrodes In this way the
delay of the extra stimulus could be measured accurately

The form and polanty of the extrasystolic bipolar complexes from terminals
surrounding the pomt of stunulation demonstrated that conduction of the
extrasystolic beat occurred from the stmulation electrodes through the sur
rounding ventricular myocardium At a distance of about 1 to 114 ecm from
the stimulauing electrodes the bipolar complexes had another form It was
assumed that these parts of the ventricular myocardium were activated by the
Purlinje system that 15 by the excitation wave spreading inward from the
subeptcardial point of stimulation

1In about 100 determinations in 10 dogs conduction yelocty was found to be
independent of the direction of ventricular subepicardial muscle fibers

Genesis of R 1l are

At this pomt 1t 15 possible to give an analysts of the genesis of the R wave
and an explanation of 1ts presence in the outer layers only  The following
factors must be taken into con 1deration

(1) The density and depth of penelration of the Purkinge fibers tto the 1en
tricudar wall  After traversing the large bundles the excitatory process arnves
at the endocardal surface and the inner layers where many 1slands of activa
tion one at every transition between speciahized fiber and muscle will be set
up These intramural islands are mosth closed surfaces and therefore are
without external electnc fields except in 1slands bounded by the endocardial
surface A positivity 1n a unupolar lead can occur only if a dipole boundary
approaches the terminal considered

Owing to cancellation of the electricat effects of the many fronts travehng
1 all directions no R waves will be found in these layers  The trabeculated
and intricate structure of the inner side of the ventnicular sall s a contnbuting
factor



Durrer & van der Tweel Excitation 793

(2) The absence of an R uate wn regularly activaled muscle lavers at the anterior
side This phenomenon can be explamed by the fact that the lead pomnts i
this arca are situated at the negative side of the dipole layer traveling in a
postenior basal direction 1n the ventricular septum and 1n the lateral and
posterior side of the ventricular walls

(3) The role of the ventricular septurt Investigators who made an extensne
analysis of the mode of actnation of the ventricular walls disagree 1n their
results® " Qur expenments®® ¥ so far as the ventricular septum 1s con
cemned, are limited to the registration of the potential differences betneen the
left and nght septal surfaces  In nearly all places exarmined a positivaty of the
nght side of the septum 1n relation to the left side was obsenved  Fhis points
to an excess of activation from left to nght thus augmenting the negativity
the left ventncular cavity  In spite of the distance of the septum from the
explonng electrode we believe that the possibility of an influence of septal
activation cannot be ignored  Also, the negativity of the cavity 1s a contnbut
ng factor

Extrasystoles® 13

With the stmulating apparatus and methods descnbed ® and using two
termmnals of the needle electrodes as sumulating electrodes extrasystoles could
be ehcited from all desired places of the left ventricular wall and the way of
excitation could be traced There was a difference 1n the response of the
muscle layers in direct contact with and immediately surrounding the stimulat
1ng electrode (proumal part) and the response of the remaiming part of the
ventncles {distal part)

W hen the sumulating terminals were placed in the endocardial layers 1 the
prouumal part an excitation waive was set up propagating m all directions
from the pomt of ongin with constant seloaity (FIGURE 10)  These layers
were therefore activated by muscle conduction  In one instance the stmulat
g current directly stimulated the Purkinje fibers 1n the proumal region
(r1cURF 13) This expenment 1s discussed later  In most cases the Temainng
part of the heart (distal part) was activated by the Purhimje system prcking
up the excitation wave at a distance of 15 to 1 cm from the stimulating term:
nals

Stimulation of the epicardial layers gives nse to excitation tn reverse direc
tion m the proximal area (FIGURE 11) The exatation wave travels with
constant veloaty from the dium toward the endocard, The muscle
layers 1n contact with the needle electrode previously actinated by the Purkinje
system are now actnated by mu cle conduction only  The Purkinje sy stem 15
responsible for the distribution of the exaitation wave to the remaming part of
the heart

These expeniments support the hypothesis that the inner layers of the left
ventricular wall have the peculiar activation pattern not only because of the
intricate anatomtcal structure at the endocardial surface but also because of
the presence of a rapid distnbuting sy stem penetrating a certain distance nto
the wall In conclusion we may state that our results support the assumption
that the endocardial surface 1s activated within a very short time mterval by
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F16TRE n nm A good example of epncardlal stimulation where & regular front 1s

The complexes have a greater width than
b motmat bests | This s caused 1 % the fact that the front 1s now passing exactly 1n the
direction of the needle  This 15 not the case with normat teats  With normal beats a smal}
angle 1s present between the direction of the needle electrode and the direction of propagation
Terrmunals 9 and 10 are the sumulating electrodes

the Purhinje system distnbuting the excitation wave to many places at the
endocardil surface and in the subendocardial layers  The basal parts of the
left ventnicular wall are activated 1n many places somewhat later than in the
remamning parts usually § msec

The anatomcal picture given by Jane S Robb ef al'® accounts completely
for our results  These iny estigators demonstrated that in the heart of the dog
Purkinje fibers penetrate into the left ventnicular wall and activate certain
areas

Retersal Phenomenon (Iigure 12)

In some cases a peculiar phenomenon s found  Ina muscle layer commonly
hang between synchronously and successively activated layers the polanity of
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the bipolar complex points to conduction from the epicardium toward the
endocardium that 1s toward the ventricular cavity a phenomenon commonly
found 1n the papillary muscle In about 75 per cent of the regtons examined
this conduction was most frequently present in the middle part of the left
ventricular wall  The genesis of this complex 1s still doubtful but the follow
ng observattons are pertinent ta the problem

{1) Dunng extrasystoles elicited between terminals Iying closer to the epr
cardium of the same needle electrode the polanty of the complex does not
change

(2) During endocardial stimulation the polanty of the phenomenon com
manly reverses pomntmg te actnation wn endocardml eprcardial direction

180°5

A s
8-9  \ 8-9 \
6-7 v

4-5 N 4.5 A

6-7

50
Jeomy  30msec.

Ficuse 12 Dog Bipolar complexes when the ncedle electrode 15 tumned 130° No
sigmificant differences in the form and time occutrence of the compleves are seen Ao the
reversed complex 1s unchanged

except when the Purkinje system 1s activated directly by the stimulating cur
rent depending upon current strength (FIGURE 13)
(3) Turning the needle 180 does not change the time relations between the
muscle layer activated in a reversed direction and adjacent layers (FIGURE 12)
(4) In amimals 1 which the anatomcal structure is well known (the goat
for example) several reversals may be present at the same needle electrode

Stimulation of Purkinge Fibers

Many expenments on dogs were performed to sumulate the subendocardial
Purkinje fibers directly  If the inner layers are activated by Purkinye con
duction direct stmulation of these fibers by the stmulating current should
give rise to complees with the same time relattons as during normal beats

Many experiments were unsuccessful because the Purkinje fibers causing
a typical spike at a certamn terminal disappeared after the first extrasystolic
beat It may be presumed that the mechamism of the contraction of an extra
systolic beat 15 different from that of a normal beat especially m the region
where stimulation occurs
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Ficure 13 Dog Important experniment to show the influence of the Purlinje system
Complex 6 7 15 a well developed reversal complex between 2 normat 1ipolar complexes (5 6
7 8) with a polanty pointing to actisation 1n endocardialeprcardsal direction  Duning an
endocardial simulus of 0 1 mAmp the Purhinje system evidently 18 actinated and the re
versal phenomenon sull exists  With 015 mAmp the muscle also 1s directly activated and
the reversal phenomenon disappears  Note also that both 1 normal and Puthinje extra
systohic complexes $ 6 and 6 7 g:ne their summuts nearly at the same time whereas in the
third row when my ocardial conduction 1s present comj lex 6-7 follows 5 6 after 11 msec

In one expenment the spatial relationstup of a Purkn)e fiber to the stimulat
ing termunals remained constant (FIGURES 13 and 14) Durnng stimulation
bipolar complexes could be found with the same time relations and form as the
normal beats  \ revered actnated layer did not change 1ts activation pat
tern during the extrasystolic beat  In the outer layers the bipolar complexes
were somewhat broader because here the direction of propagation of the extra
systolic wave was parallel with the needle electrode and not so in the normal
beat where both hnes enclosed a small angle \licroscopic control of the
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FioURE 14 Dog  As in PIGLRE 13 except that an epicardial extrasystole has also been
made Al bipolar complexes have a reversed polanty  Only the complex 67  hich was
ongnally reverset has kept 1ts polanty  With epicard 2l sumulation all bipolar compleses
follo each other continucusly

region where terminal 4 was lying revealed that a strand of Purkinje fibers was
Iying immediately around the puncture canal in that region

If the Purkinje system penetrates mto the left ventnicular wall 1t might be
supposed that with increasing distance from the endocardium the meshes of
this system become wider toward the eprcardial surface  An activation wave
originating from a Purhine fiber can travel 1n all directions that1s also in an
epicardial endocardial direction from the pomt of transiuion 1nto a ventricular
muscle fiber until 1t colhides with tissue activated by activation waves onginat
1ng from adjacent Purkinje fibers  If the meshes are wide enough a reversed
complex can be found between two of our terminals
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Excilation 1 Goals

Our esttmation of the intramural extenston of the Purkinje fibers in the dog
based on physiological experiments lacks anatomical control It has there
fore been necessary to repeat these experiments on an ammal with better known
anatomical structure of the Purhinje system so that the principles on which
anatomical deductions are made can be tested

Ter Borg!” and Meyling ! have mvestigated the hearts of many rumnants
Thexr results with respect to the heart of the goat are pertinent to our problem
because that amimal has been used for our own subsequent experiments
Ter Borg and Meyling injected the goat Purkinje system with India ik and
later clanfied the heart muscle by using the Spalteholz method  Therr results
can be summarized m the following way

The Purkinje fibers form a network throughout the whole myocardium
A division nto left and night Purkinje systems 1s nowhere to be found  There

1s0mv S0msec.

FIGCRE 15 Goaz  Umpolar intramural complexes (# = leg)  The needle electrode 1s
mtroduced at a | lace on the lateral part of the IJI ventncular nall where a QS complex 1s
present at the e icardial surface  Note the symmetncal form  No fast parts 1n the down
stroke of the QS complexes are found
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15 a continurty of the Purkinje network both throughout the septum and along
the parietal walls  The density of the Purkinje system diminishes in the basal
region of the ventricular walls and the septum  In the septum the fibers at
the basal part do not ongmnate from the man bundle lying there but from
pornts situated 1n 2 more apical direction

So far as the left ventricular wall 1s concerned our evpertments with goats
are readily explaimned by this anatomical picture

The epicardial complexes have a pecubar form  In the lateral part of the
left ventricular wall the area most suitable for the mtroduction of the needle
electrode Q& complexes are found The ntnnsic deflections are less well
developed than in the dog and are not recognized as easily (FIGURE 15)  The
bipolar complexes of the successnne layers begin at nearly the same time and
also end almost synchronously ~ The polanty i the successive layers differs
and 1n some places 1t reverses pointing to an excess of activation 1n ep1
cardaal endocardial direction (FIGURE 16)  In the outer layers well-deyeloped
complexes are sometimes present pointing to activation toward the epicardial
surface

These findings can be explained by the spatial distnbution of the Purkinje
system

The Purkinje system penetrates into the left ventncular wall nearly to the

N ES
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6-7 B_}JL/_
5.6 5-5\/‘
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Fiovme 16 Gost  Compleses in the left row occur dunng normal beats Tn the nght
row completes occur dunng endocardial stumulation (3-)  Brooler compienss 15 Lo B
which show complexes of opposite pola 1ty duning normal beats. retam the same frons ooy
polanty dunng the extrasystolic beat  The tume relations 100 do not alter during the ex
trasy tole Thia supports our hypothesis that st a certain distance from the stimulapng loe
trode the Purknye system 15 activated by the muscular depolanzation front s e bebc,
3756 and partly betneen 67
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eprcardial surface 1t 1s responsible for 1 rapid distrtbution of small exatation
waves at many levels of the ventnicular wall  The portions of heart mu cle
filing up the meshes are activated from these points At many places Pur
kinje spihes 1n different layers can be found pointing to great velocity of dis
tnbution  These Turkinje spihes are sometimes followed by well deseloped
muscular complexes after a 10 msec delay  This 1s only an apparent delay

however because with Jarge amphfication 1t 1< absent The Purhinge spihe
15 follow ed immediately by a muscular depolanzation complex  This build up
time also present in the dog (FIGURE /) 1s caused by the gradual increase in
voltage resulting from the increasing number of tibers activated after transitron
of the exatation wave from the Purkinje fiber into myocardial fiber

Euxirasysioles i Goats

The experimental procedare used for goats was the same as that used for dogs
Endocardial stimulation (FIGURES 1+ and 18) In the endocardial layers
stimulation may give nse to depolanzation complexes occurring almost syn
chronously when the Puthinje system 1s sumulated directly by the sumulating
current  In layers where the stimulating electrodes are situated complexes

N £S
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a_g_il\,— g;gJ\f"
— ™

7-8 7-8

WﬁL_

561 EE{;\/_

stim 47
womy
s0msec
Pt
FiGRE 14 G st Fndocardial sumulauion (4 ) The musculrr bipolar compleses in

the neighborbood of the sumulating termnals (S 6 and 7) are well devcloped and occur suc
cessively  Termimals 8 9 and 10 are situated m Furkinge activated lavers

"
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Tiovee 18 Goat DBipolar leads  Normal complexes and epicardial extrasystoles  The
normal complexes have an 1rregular form and have no simple ume relatton  The extrasystoles
show mamly muscle conduction the complexes following each other in time from epicardsum
to endocardm  In different layers small activation waves propagating in an epicarchal
endocardia) direction are still present when the underlying muscle laver 13 already activated
“The propagation velocity 13 approximately 20 cm per'secon]  The Purkinje system s acta
vated in an epicardsal endocardial direction

found 1n bipolar leads 1n most instances show the form and time relations of a
beat d ly lar conduction The ipolars are
broad showing more notches than those n the dog and occurring consecutiv ely
At some distance for instance 4 to 6 mm from the stimulating terminals
complexes that have a form pointing to Purkinje acttvation are found  They
have a smaller multiphasic yoltage that occurs synchronously 1n the successive
leads A reversal occurning at a certain layer can also be present duning the
extrasystolic beat—the Purlinge fibers have activated this layer 1n 2 nearly
normal way ahead of the excitation wave traveling in the mner layers (FIGURE
17)

Epicardial stimulation The over all direction of the excitation wave n
epicardial stimulation 1s from outside to mnside but the time of occurrence of the
bipolar complexes 1s dafferent from that i the dog  In the latter case a sharply
defined boundary 1s present during excitation but here the time relations make
1t possible for the Turkinje system to distribute the impulse 1n an antidromc
way There 1s partial muscle conduction and partial Purkinje conduction

Concluston

Our expeniments clearly point to the conclusion that the mnner layers of the
left ventricular wall are activated by Purkinje fibers penetrating over a vanable
distance  The exact mode of excitation 1s not known  The size of the area
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activated by one fiber cannot be ascertained  However this pattern 15 one of
the factors responsible for the presence of predominating negative QS com
plexes 1n the inner layers and the great influence of the subepicardial layers on
height and width of the R wave

In the dog the influence of epicardial and endocardial extrasystoles on the
form of bipolar leads could be explained by assuming that in the area stimu
Jated the Purkinje system as a rule was not activated and muscle conduction
was present altering the form and polanty of the bipolars in the inner layers

The boundary set up dunng an extrasystole traveled continuously from
pomt of stimulation to the epicardial or endocardial surface  No retardation
was found 1n the bipolar complexes 1n the outer layers during these extra
systoles  The region at a distance of more than 14 to 1 cm from the stimulat
1ng electrode was activated by Purkinge fibers in the same manner as dunng
the normal beat

After having developed the technique descnibed 1t proved possible to study
many problems m normal and pathological conditions  An exact determina
tion of the course of excitability dunng the cardrac cycle showed important
facts There 15 a constant tme difference between depolarization and re
polanzation 1n the intramural layers when the repolanzation 1s measured at
the length of the absolute and relatne refractory peniods The effect of
mechanical mjury on excitability or of ijury caused by hgation of the coronary
artery hypothermia and frequency changes could be studied The mode of
exatation 1n infarctions 1s being investigated i this way

Durning the publications of our expeniments other investigators have used
comparable methods sometimes with nearly the same results ® sometimes
disagreeing with our findings 1n some respects '*  Also criticism on some points
has been offered *® In this nork however the electrodes used are unsuitable
for the examnation of the reversal phenomenon Therefore in the facts
presented 1bove, more stress than usual has been laid on the methodology and
on the hmitations of this method

Ve have always been conscious of the difficulties of the study of the intact
heart Consequently we have cheched and rechecked the results of almost
every expeniment over the years Ve feel certam that every precaution has
been tahen to avaid mustakes and we feel quahfied to state that some of the
other published tracings cannot meet the criterta we have used for the selection
of our own We hope that we have demonstrated the apphicability of our
techmque and we beheve that 1t will be of great value in the analysis of the
exatation pattern in normal and pathological conditions
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THE ACTIVATION OF THE INTERVENTRICULAR SEPTUM IN
THE DOG S HEART UNDER NORMAL (O\DITIO\S
AND IN BUNDLE BRANCH BLOCh

By Custavo A Vledrano Abdo Bistent Russel W Brancato
Fulvio Pilegg: and Demetrio Sodi Pallares
The National Heart Institute Metico D F Vexrco

A recent article on the activation of the mtersentricular septum! disclosed
several features that seemed at vanance with the results reported in our pre
vious papers  Thus afforded us an excellent opportumity to present our latest
data and views derived from expenments using improved techniques  Here
tofore the cniticism leveled at our methods fell into the follow Ing categories
(1) the exclusive use of umpolar leads (2) the distance eparating the electrodes
1 close bipolar leads and (3) the use of direct writing machines  While we
formerly concurred with these objections on theoretical grounds recently, we
have subjected these points to experimentation and to mathematical analysss
and have come to the conclusion that they are not ignificantly vahd  Further
discussion of these matters will be presented later Nevertheless to avoid ail
possible objections we redesigned our experimental approach to allow for all
of the cntiasms listed above  T'rom this vantage point we can engage n o
chascussion of the more pertinent problem the basic conceptual disagreement
that now seems to exist as to the manner of septal activation  These duffer
ences estend also to free wall activation but since Durrer 1n a recent excellent
paper substantially canfirmed our results 1n this field we do not propose 1o
discuss free wall activation at ths time

Material and Methods

(1) The expenments descnbed were limited to 20 dogs  The number was
Lept dehiberately small because the work confirmed our results previously
obtained 1w over 100 dogs

(2) The anesthesia the preparation of ammals and the ntroduction of
electrodes were as previously de cnbed in other expenments? ¢

(3) A Dua! Beam Dumont Type 322 osaillograph was used in conjunction
with Grass Pre amphfiers model -4 A Recordings were made with a Grass
model C-4 C high speed camera which allowed us to work at speeds up to
1000 mm /sec Ve rarely employed the latter peed finding peeds of 250
and 500 mm , sec more sauisfactory for our purposes

(4) Description of elecirodes  Recently one of us (Gustavo A Vedrano)
devised an extremely acceptable electrode A B D trochar No 15 16 was
used for the shaft and 10 to 12 holes of 2 diameter 0 5 mm were dnlled along
the length of the trochar at a separating distance of 1 mm (riGURE 1)  Into
each drilled aperture 2 evtremely fine insulated copper wires were threaded
through the length of the shaft  The entire as.embly was then coated with
hqud Lucite and a layer of lacquer was apphed The completed umt was
tested with an ohmeter for any short circwits between any 2 wires or any wire

&4
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and the trochar The fimished asserrbly then represented 10 to 12 sets of
extremely clo e bipolar leads with an interelectrodal distance of 03 mm
including the diameter of the wire

The use of copper wire m this type of work could be objected to because
this metal easily becomes pol d 1 electroly tic sol AR blueth
{personal commumication) of the National Institute of Cardiology evico
City has proved expenimentally that this polanzation effect vares in propor
tion to the type of condenser used in the amplifiers  Since very high resist
ances are used the effect 1s neghgible In our work *hs effect would be of
significance only n the very low frequency components (T RS-T) of the
tracing  Rapid deflections however such as the mtnnsic phenomena of the
bipolar leads the apex of which marks the armval of the activation process
remam essentially unmodified the polanzation effect beng n ghgible  Ac
cording to Rosenblueth the distortion produced 1n umipolar leads under these
conditions makes them less rehable Despite this n our expenence with
umpolar leads we have not noted any overshoot  For that reason we feel the
morphologies obtained n unipolar leads are generally vahd

To prove that the polanzation factor 1s neghgible when we were worhing with
our type of amplifiers and cathode ray oscillograph we recorded a umpolar
fead 1n the anterior wall of the left ventricle using the following different
matenals for electrodes (1) it ble silver (2) pol copper (3)
polarizable steel (4) hghtly polanzable or unpolarizable chlorated copper

Fictre 2 Tracmgs secorded with electrodes of the follows g matenals 1
per § steel & chlorated copper 2nd § cotton attached t0 silver wire sdver 2 cop
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and (3) nonpolanizable cotton attached to silver wires As can be seen in
FIGURE 2 there are no changes n the unipolar morphologies and the figures are
1dentical 1n all instances

(5) Each expeniment was performed with both bipolar and umpolar leads
We took this additional precaution because some authors' ® hay e stressed the
difficulties encountered in determining the armval of the activation wave when
using exclusively umipolar leads  In fact this was our concept untl recently
but we are now aware of the intimate and mathematical relationship that exists
between unipolar and bipolar leads (see Discussion)

(6) Following each experiment the dog was sacrificed with the electrodes

wm sitne Precise locahzation of each recording point was thereby estabhshed

Results

The following figures are representative tracings of the results obtaned in
the several experiments mentioned

The night half of FIGURF 3 shows a schematization of the interventnicular
septum cut along 1ts longitudinal axs  Lines were drawn within the septal
mass . an attempt to represent the electnical division of the septum (see
Discussion) 1nto those portions activated by the left and nght bundle branches ¥
Using the plunge electrode previously described bipolar tracings were recorded
at the pomnts illustrated  The distance between pomt 1 and the left septal
surface was 25> mm  and the succeeding points were separated by a distance of
3mm The width of the septum 1n this case was 21 mm At the left of the
dragram lead II 1s recorded simultaneously with each of 5 contiguous bipolar
Jeads obtained within the septal mass of the dog s heart  In this experiment
at the septal level explored the pomnts were activated almost simultaneously

Eﬂ

Ficvze 3 Lead I recorded simultancously Sthreach of the $ contiguous Uipalar leads

cbtaned within the septal mass in 8 normal dog s
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Ficoxe 4 Lead T recorded sumultaneously with each 1 of 5 contiguous bipolar leads
obtamned withia the septal mass of a dog s heart with RBBB

and very early in relation to the onset of QRS in lead IT  In all the pomnts
explored activation was accomplished within 5 msec

Using the same preparation described above wath the electrode position
unchanged nght bundle branch block (RBBB) was produced (Ficure 4)
Again complete activation occurred within 5 msec and the sequence of
activation remained unaltered as compared to the control

From the same points umpolar tracngs were recorded dunng RBEB  Mor
phologically the complexes were entirely of the QS or RS type (FiGURE 5)
These complexes are typrcal of the left septal mass after RBBB and they agree
with our previously published findings® As shown later night septal mor
phologies dunng RBBB which are of the RS ty pe with the R nave being broad
and notched were not recorded n this experiment

In the next senes of experiments to be described a different type of recording
electrode was used (FIGURES 6 and 7)  The electrode consisted of 2 very fine
insulated wires closely bound to one another along their full lengths  The lead
ends of the assembly were used as close bipolar leads (interelectrodal distance
of 05 mm) The electrode was ntroduced into the septum by crossimg the
free left ventricular wall and left cavity By carefully advancing the electrode
across the septum 1t was possible to record at intervalsof 1 5mm  In ricure
6 pomts 1 to 10 were explored with unipolar leads after producing RBBB
‘The morphology of pomnts 1 to 9 1t will be noted 15 of the QS vanety At
pont 10 a distance of 15 mm from pomnt 9 the complex abruptly assumes
the QRS form  More than that the ntninsic phenomena of point 10 are in
scribed during the ascending imb of the § wave of lead IT whereas the 1n
trinsic phenomena of all other points occur early dunng the upstroke of the R
wave of lead I The same pownts were explored with bipolar leads (r1Gurr
7) Pomts 1 to 9 were actisated within 6msec  Point 10 on the other hand
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Frovee 5 Lead I1 recorded sumultancossly with csch 1 of 5 uaupolar Ie
wthun the septal mass of 2 dog s heart with RBBB polar leads obtained

was activated about 003 sec later Thus we see a marked delay between
pownts 9 and 10 In pomt 6 we choose the uppermost part of the rapdly
ascending imb as the pomt of arrival of the activation process not the center of
the slurred apex

Ponts 8 and 9 1n the bipolar expeniment (FIGURE 7) can be criticized as the

intrinsic phenomena are not well delineated at these locations  This often

RIGHT BUNDLE ORANCH
BLOCKInTHE DOG $ HEART

Fictre 6 Lead IT ohtamned simultanecusly with each I of 10 unipolar |
within the mass of the interventncular septu: polar leads recorded



Medrano et @/ Intersentricular Septum 809

RIGHT BUNDLE BRANCK
SLOCKINTHIDOG 3 HEART

try)

Fiouxe 7 Lead If obtamned simultaneously with each 1 of 10 bipolar leads recorded
within the mass of the interventricular septum

happens 1 those points provimal to the boundary between nght and left septal
masses  Since there 1s a good correlation between the intninsic phenomena of
umpolar and bipolar leads however (see Duscusston) the umpolar records help
us to identsfy the arnval of the activation process

In FIGURE 8 the schematic portion represents everal aspects of the inter
ventricular septum  The central diagram 1s agam the frontal aspect of the
septum  The 2 triangular figures are respectively the nght and left eptal
surfaces seen sagittally The tncuspid and mitral valves are represented by
the scalloped curves so placed as to ndicate their location wath respect to the
septal surfaces

Pomt A 1n the tllustration 1s seen to be anterosuperior  An electrode con
tamng 10 paurs of close bipolar leads each pair eparated by a distance of 13
mm was passed honzontally across the septum at A As pictonally repre

Lead I recorded simultaneously with each 1 of the 10 contiguous bipolar

Ficuze 8
Jeads obtained withn the septal mass in a normal dog s heart
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Fioure 9 Lead II recorded simultaneously with each 1 of 6 contiguous bipolar lea
obtained within the septal mass i a normal dog s heart

[

sented pomnt 1 was mthecavity Subendocardial point 2 as can be seen fro
the accompanying records was the first pont to be activated  Furthermor
actnation spread at a varying speed (664 to 518 mm /sec ) in a sequential Je
to nght direction  The distance betneen points 2 and 10 was 11 6 mm  ar
the corresponding interval between their times of activation was 0022 se
In FIGURE 9 electrode B was mserted 2t about the same level as electrode
but more posteriorly It will be noted from the diagrams that the 2 electrod
are not exactly parallel The 6 close bipolar pairs of exploring electrode
located along B were separated by the followmg distances pomnts 12 1
mm pomnts 23 3mm pomnts 3+ 17mm pomts 45 17 mm , and pomn
56 17 mm The earhest site to be activated was pont 1 and the Jate:
was 5 the differentialin ime was 0 022sec  The computed speeds between th
electrodes fell within a less narrow range (355 to 714 mm /sec ) and the greatc
speeds were recorded near the left septal surface with progressive diminutio
as the nght side nasapproached  Points 3 5 and 6 which belong to the ngh
septal mass were actnated very late and were synchronous with some portto
of the § wave n lead IT  In all our expenmental work these regions hav
been found to be the most delayed

F1ourr 10 15 1dentical to FIGURE 9 except for the use of a camera speed
250 mm /sec

FicUrr 11 shows the traungs dernved from an electrode that was passe
across the septum at pomt € The diagrams show 1t to be anterior but low
Of the 8 recording pairs the earhest sites of activation were m the first 2 posnts
The last point actinated was pant §  The time mteral between the earhes
and latest points was 0023 sec  The speed of actination between the first
points was 1100 mm  sec and 266 mm / ec betw.een points 7and 8 Thu
the speed nas mtrally rapid and progressively decreased as the wave of acina
tion spread from left to night (see Discussion)
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Ficrre 10 Lead II recorded slmullancously with each 1 of 6 contiguous bipolar Jeads
obtained within the septal mass 1n a normal dog's heart

In each of the 3 previously discussed figures the distances between the
explored points on the right and left eptal surface are given 1n the diagrams
Companing the times of activation of the various points located along 4 B
and C the left subendocardial pomts along A and C showed the earhest activa
tion The intrinsic phenomena of these pomts were mscribed 7 and 9 msec
respectively after the beginning of Q 1n lead II  The left subendocardial
electrode pair in location B whle it preceded all of the adjoining parrs along, B
was activated 23 msec after the onset of Q i lead II'  The ume differences
between the earhiest pomts of activation of A and € and the earhest ponts of
B were 16 and 14 msec respectively  In essence the left septal surface 1n 1ts
low antenor aspect falls into actsvation tn Jess than 5 msec  while the left pos
“terosupenor portion 1s marhedly delayed (in this experiment 23 msec after

)
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Frorre 11 Lead I recorded simultaneously with each 1 of § contiguous bipol
obtamed within the septum 1n a normal dog s Feart guous bipolar leads
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activaty was noted in lead IT) Despute the delay in the left posterosuperior
portions 1t becomes even more profound as the right posterosuperior surface
1sapproached The measured delay at pont S along B was 45 msec  The gen
eral spread of electrical activation in the normal septum could then be repre
sented as a vector directed from left to right from below upward, and from
front to back

F1cure 12 shows the umpolar morphologtes recorded in the high and pos
terior portions of the septum It will be noted that QR complexes are seen
on both the right and left septal surfaces  As the mtenor of the septum 1s
explored RS complexes are recorded (potnts 3 and 4 of FIGURE 12)

Duscussion

As stated 1n the introduction the primary purpose of this paper 1s to clarify
certain areas of disagreement that now exist as to the nature of septal activation
e propose to deal 1 Iy with the probl ed 1n this type
of work and the conclusions reached on the basis of our expenmentation  The
discussion can be facilitated by arranging the matenial 1n the following cate
gories (1) relation between direct unipolar and close bipolar leads (2) septal
activation (3) electrical partition of the septum (4) anatomical partition of
the septum and (5) QR and QRS complexes in the ngh portions of the septum

Relation betueen drrect wmpolor and close bipolar leads In 1950% 1n the
course of our investigations on the relationship between the types of leads men
toned above we arrived experimentally at an empirical correlation  Stated
simply the apex of the mtrinsic phenomena of the bipolar record was generally
within the last one third to one half of the rapid downward component of the

F1GLRE 12 Leal II recorded symultancously with each 1 of the 6 umpolar leads obtained
within the septal mass in a normal dog s heart
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Fievre 13 Relationship between close bipolar ECG f () with xts component unipol
leads () and /s()_ The nachr (lead connections reversed) of the bipolat lead under the con

ditions Ax %= +/2b 18 synchronous with the apex and the nadir of the unwpolar d
A ierlectrodal distance b = distance of electrode from aciated maccle mogy B
ure from Itatsu®

direct umpolar record  The relationship can be amplified further as follows
If bipolar contiguous leads are recorded simultaneously at the same location
on the tissue 1t will be seen that in many cases the ascending hmb of the by
polar leads 15 synchronous with the intninsic deflection of the umpolar lead at
the pomnt activated first On the other hand the descending mb of the
bipolar lead 1s synchronous with the intnnsic deflection of the unipolar lead at
the pont activated later 7
Ttatsu® has recently worked out mathematical formulas covering the rela
tionship described above  Its validity holds in most cases as can be seen 1n
FIGURE 13 @ The other examples § and v describe other relationstups for
these leads and are not relevant to our present discussion Tt 1s only when um
polar complexes begmning with a Q wave (QRS QR) are analy zed that certan
discrepancies become manifest  FIGURE 12 illustrates this point—the black
line superimposed on the unipolar records corresponds to the time of mscription
of the intrmsic phenomena determined from close bipolar leads at comcident
pomnts It can be seen that i this ty pe of morphology there 1s no close correla
ion between the intrinsic phenomena of close bipolar and direct unipolar leats
In the main both studies confirmed the untque value of the apex of 15,
rapid deflection of the close bipolar lead 1n estabhishing the time of arrval ef 1he
actnation process  While in most cases umipolar records are closely re¢ o
to the bipolar they find their real sigmificance 1n the morphotogic analyt f¢fe
spread of activation  In our laboratory no study is complete witf., | 2213
types of denvation
The aciration of the septum  Scher et ol ' have studied septal ar¢ ,4

won by
means of a multichannel oscillograph  Numerous points with 4 ¢ o

“, um
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were explored and syncl ly recorded Isoct planes were then
drawn through those points that showed simultaneous actnnation A compostte
of such planes shows that septal activation commenced mitially on the left
septal surface which was followed subsequently by a smooth double envelop
ment of the septum by two activation waves proceeding from the left and right
septal surfaces  Eventually these two waves meet and cancel in the mid line
of the septum  In our studies we have been impressed with the great complex

sty of septal activation The relatively simple method used by Scher e al
prompted us to repeat their experiments  In so doing we were unable to re

produce the pattern of 1sochronous planes that they reported In addition

as we shall see 1n the following section, the advancing activation fronts proceed

g from the left and night septal surfaces do not meet 1n the muid line

We studied the conduction rate and our results 1 this area may be sum
marized as follows

(1) In some experiments 1n our series (FIGURE 3) the left septal mass mn its
mddle one third was activated almost simultaneously

{2) In the sebendocardial muscle near the middle one third of the left septal
surface activation occurs almost simultaneously (infinite values for the con
duction rate) This suggests that these pomts are not actvated by any de
fined wave front but are separately and simultaneously activated through
the Purkinje network  Consider a subendocardial pomt and then on the same
level a senes of points within the sepml mass each pomt being progressively
farther removed from the subend The d rates of conduction
at each of these points reveal an interesting relationship  Beginning as prac
tically infinite speeds at the subendocardium  the speeds become finite and pro
gressively sloner *  The explanation for this phenomenon 1s probably that the
wave does not slow down as it traverses the septum but rather that speeds at
any pownt are due to a composite effect of muscular and Purkinje activation
What appears to be a slowing down 1s 1n reality a consequence of increasing
scarcity of Purkinje fibers as the septum 1s penetrated more deeply This
discussion gives some 1dea of the complesity of the problem and the guarded
significance that must be assigned to any computed values of conduction rate

(3) In the upper one third of the septum we have found relatively slow and
untform i\ rates with 1 similar to those descnibed by
Scher et al !

(4) The first regrons to become activated are m the middle one third of the
left septal surface This has been confirmed by several authors' 3 In our
studies the latest regions to become activated are the high postenor portions
of the nght septal surface  In FIGURES 9 and 101t can be seen that the apex of
the brpolar lead 1s inscnibed simultaneously with the termmal portion of the S
wave of the QRS complex of lead II  The high postertor portion of the left
septal surface 15 also delayed agan suggesting sparseness of the Purhinje
fibers 1n that neighborhood It 1s fair to state that the lack of snformation on
the lower septal mass which 1s predeminantly formed by the night septum 1s
due to the fact that this area has not been well explored

(5) On the nght septal surface the first region to become activated 1s at the
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base of the antertor papillaty musce It follows then that, if the last region 15
tigh and postenor and the first 15 Jow on the septum, we may speak of the
activation process of the night septal surface and the nght septal mass {see
next paragraph) as praceeding from below upnard and from front to back
This 15 1n accord with our previous hndings? ¢

(6) Stace the first regon of the enlire septal mass to beactn ated s the middle
one third of the left sepial surface with the above m mind 1t now becomes
possible to describe the sense of the general actnvation process of the mtenven
tricutar septum  This spread of activation vectonally considered 1 from Jeft
o nght from below upward and from front to bach  Further proof of this has
heen sec hically di i by Burchell ef a}1*  These authors
sorhing with Langendorff preparations of 1solated canine septa hase desenbed
an wdentical general proces of septal activation

(7) In some ca es i the high part of the septum we have found bilateral
actnv ation fronts proceeding from the night and left septal surfaces and converg
ing at the mud hme  While these results are stmlar to those of Scher ¢! al *
1t should be emphasized that this 1s seen m only some cases and in hmited por
twons of the septum

The electrical partition of the seplum  We have long felt that the times of
arrrval of the actn ation process at vanous pomts withm the septom cannot by
themselv es give mdication as to which bundle and 1ts ramifications are respon
sihle for the activation of those pomts* It s absolutely necessary to m
vestigate a pomnt before and after bundle branch bloch has been produced
n that way one can examune each powt for change i morphology and tme of
acti ation  If no change 15 noted that single pomt s acttvation then can be
ascribed properly to the unaifected bundle

Some authors have produced extrasystoles 1n an attempt to simulate the
condtrons of bundle branch block  There are several reasons why this tech
maque 15 not entirely comparable to bundle branch block  In the trst place
the complexes are different from those usually encountered in bundte branch
block This difference is due to an aberrant spread of conduction  The
rature of the aherrant spread 1§ as follows when we have produced extrasystoles
0 the interventricular septum (unpublshed observations) the actnation at
first progresses very slowly gving a marked inttial sturnng, 1o the recorded
complexes Probably actication begins as muscular transmussion causing
the slow slur untyl the Purkinje system becomes actvated  In any case the
compleses are markedly different from those encountered 1n bundle branch
block  Another pownt of considerable ymportance 15 that the timing of the
premature beats wathin the cardiac cycle has not been controlled Asaz cz e
m pant premature excrtation in the viamty of the P wave can cause fusion
beats The course of the spread of activation 1s markedly influenced by the
state of excitability 1 the region and the surroundiny, area where the extrasys-
tohe stimulus has been apphed

V& have proved that in at least the upper two thirds of the septum the bulh
of the septal ma s 15 actvated through the left bundle  Important al<o 1s the
fact that there are regions of the right septal surface activated by the left
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bundle The electrical mass of the nght septum 1s only about one third to
one fourth that of the left and its anatomical substrate 1s mostly trabecular
tissue
In normal conditions these two electrical septal masses are functionally 1n
dependent suggesting that we cannot consider the septal mass as a syncytium
from the electrical pomnt of view  This 1dea was impressed upon us during our
studies of left bundle branch block * 4 Under the conditions of black 1t took
the activation process 0 02 sec to cross the boundary separating the right and
left electrical components of the septum These observations of electrical
independence have been confirmed by ‘laekawa and Ono™ who have con
cluded  In accord with Sod: Pallares 1t was found that functionally both left
and nght ventricles were 1ndependent with the index of electrical phenomena
and did not make one simple syncytium
The anatomical partition of the septum  In a dogs heart tt 15 usually rela
tinely easy to separate the right and left septal masses by blunt dissection F
Bonettiand M Lev (personal communtications) have studied this problem more
extensively and have shown (1) that in normal human and dog hearts the left
septal mass constitutes about 70 to 80 per cent of the total mass of the septum
(this observation being for the upper two thirds) (2) that in the human heart
showing left ventncular hypertrophy the left septal mass forms even more than
80 per cent of the total and (3} that 1n night ventncular hypertrophy the right
septal mass may constitute 50 per cent or more of the eptal weight As we
make no pretentions to being anatomsts our imple findings 1n the dog s heart
could be open to dispute but recently Lev (personal communication) gave us
several excellent di mdicating the al bility of the human
septum into night and left ventrnicular masses Lev also pownts out that the
ratio of septal masses night and left 1s sumlar to that of the nght and left
ventricular walls re pectively
QR and QRS complexes— the meanting of QR and QRS type complexes yecorded
1 the upper parls of the septum and 1n both auricles  As a corollary to our work
1n septal activation we have found predomnantly QR and QRS compleves in
umpolar records from the left and night superior portions of the septum ~ Since
the gencral sense of actination has been described as proceeding from below
upward 1t might be anticipated that 1n such high leads an 1mtial positivaty
should be recorded  The production of the mmual Q seen 1n these leads 15 due
1o the strong forces directed tonard both apices and mid portions of the free
ventrnicular walls overbalancing the component directed upward  When the
actination wave approaches the high recording electrode local forces domnate
and a late R wave 1s inscribed In favor of this point of view 1s the previously
cted work of Burchell ¢f I When these investigators took ectorcardio
grams of the 1solated heart the direction of activation was from above down
ward and the activation of the 1 olated septum was from below upward
Similar unipolar leads of the QR type have been de cribed by us as occurning
within the cavities and on the epicardial surfaces of both the left and nght
auricle  In another paper' it has been demonstrated that these aurcular
derinvations reflect the potential vanations occurning in the high left and nght
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septal surfaces  This association has proven to be an extremely useful dag
nostic tool m such conditions as atrial enlargement atnal defect and septal
hy pertrophy

Summary

o general agreement exists as to the process imvoly ed 1n the actisation of the
septum  The following according to our expenimental data represent the
sahent features of such actnation

(1) The earhest site of septal activation 15 1n the middle one third of the
subendocardium of the left septal surface

(2) The most delayed sites are i the subend d of the p
portions of the septum  The greatest delay 1s recorded on the nght cptum m
this vicimty

(3) The general vector of septal activation 1s visuahzed as proceeding from
left to nght from below upward and from front to back

The correlation betw een the anatomical and electrical partition of the septum
1s di cussed  An analysis of the patfalls in this type of experimentation 15
given

The complexes recorded from high septal areas are of the QR and QRS
types The chmcal imphcations are brefly discussed
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THE CONDUCTING TISSUE AND CARDIAC ELECTROPHYSIOLOGY

By Jane S Robb
State Uns ersity of New York College of \edicine Syracuse M 1

In experiments performed at the State Unnversity of New York College of
Medicine stained sections of the hearts of several species have been shown to
demonstrate the following

(1) Each of about 20 species studied® has a band of tissue situated on top of
the muscular interventricular septum enclosed between the connectrve tissue
layers at the lower edge of the membranous septum  The staiming reactions
of this tissue are unbike those of cardiac muscle  The conducting tissues stamn
more faintly with Masson or Mallory s trichrome or with silver stans ~ Other
studies have shown that surviving conducting tissue uses far less O, than sur
11ving heart muscle ? and also that the hpid fractionation of conducting tissue
15 unlike that of heart muscle (FIGURE 1) 3

(2) Hngher magnifications show many fine connective tissue septa dividing
the bundle of His into numerous smaller tracts of varying diameters  As one
follows the tissue to the peniphery these septa persist and even in subendo
cardial areas and 1n false tendons fluorescene stamning and subsequent photog

Ficere | Guinea pig hearl  One aortic cusg 18 seen on the nght The cross section

15 of the man bun fle_w1th a branch penetrating the mid septum and jouming the ventricular
muscle end to end  Other septal connections are on the nght X123

818
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Ficure 2 Human heart—silver stam Lelter B mndicates the bt
left branch and $B the septal branch  X12 s the bundle of Hs LB the

raphy demonstrate their presence The suggestion has been made that these
tracts of varying diameter may conduct at vanable rates similar to the vanable
conduction rates known to be true for nerve fibers of variable diameter

(3) The mamn bundle not only divides into right and left branches and gives
off a branch high on the left (that 1s newrer the atrium) but numerous other
branches penetrating the septal mass 1n its central portion and on the night also
come from the main bundle (FIGURES 1 and 2)

(4) Nerves and blood vessels accompany these branches even those 1n the
false tendons and m the free walls of the ventricles Note that the vascular
distribution to the conducting strands 15 not from the same source that supplies
the muscle to which 1t 1s distributed

(5) In alt species the conducting tissue 15 ensheathed but only m ungulates
15 the surrounding space lasge enough to allow njection of particulate matter
for example Indiz ik or pigments (FIGURE 3)

(6) Peripheral distribution of the conducting tissue 15 three dimensional
Moreover a given area of muscle may be supphed by more than one branch
suggesting that 1f one track becomes damaged another may take over (Figure
4)
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3

FiGure 3 India ink mjection of the conducting tissue sheath in the beef heart—lateral
wall left ventncle  The endocardium 1s at the left  \ote the compleuty of the pathways
and the distnbution 1 numesous planes  X10

(7) It has been postulated that if the conducting or speciahzed uissue truly
has the function of being the pathway over which the wave of depolanzation
passes from the atrioventncular (1 V) node to the ventnicular mu cle then a
relationshtp must exist between 1ts distnbution and the pattern of ventriculal
activation  The analysis of this relationship 1s complicated by (a) the three
dimensional distribution (FIGURE 3) (b) overlapping distribution of ome
branches (FIGURE 4) (c) variable diameter of tracts within the system suggest
ing vanable rates of conduction and (d) the mevitability of mjury to one or
many paths whenever a penetrating, electrode 15 positioned (F1GURe 3} For
example records taken by penetrating electrodes (multiple channel pattern)
have shown repeatedly that the subendocardial tissue 15 actinated first and
that subepicardial areas are activated later It does not follow however that
one can measure the distance between the opemings on the electrode and
calculate the conduction rate within the muscular wall because no one can
tefl whether some direct pathway 1s ahgned with the electrode or has been
damaged or 1if so what s the Jength of the bypass It s possible that the areas
at the bases of the ventncles known to be actrvated last may be supphed by
<mall branches leaving the man bundle but conducting slowly  The apical
region and the trabeculated area recerve the larger branches and are known to



Ficrre 4 Higher magnification to demonstrate the transition of the conducting tissue
tract (A4) and of a second tract tmmediately to the nght of 4 to ventncular muscle (the dark
tissue at the lower edge)  Area B s also ventncular muscle X500

be activated early Tt may be that these larger branches conduct much more
rapdly One may question whether the enfire sinus node, acting as pace
maler fires simultaneously and even whether the entire AY node 1s activated
at one mstant  One may postulate that an area i the pacemaker activated
late may eventually activate an area mn the AV node that also fires late and
that thence the excitation may pass by narrow diameter pathways to the areas
of the ventricle that are activated last
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DISCUSSION PART II
Howard B Burchell Chairman

A M ScrER (Unuersity of 1 ashington Seattle, W ash) 1 should like to
comment on the use of bipolar leads A large interelectrode distance 1n bipolar
leads produces one type of record while a reduction of the distance by moving
the two electrodes together produces another In such leads one portion of a
rapid deflection does not have a greater mterpretive significance than another
The final configuration 1s to a large extent a matter of technique

In our studies on septal exaitation our electrodes were inserted 1nto the sep-
tum from the nght side and were advanced toward the left  In normal con
duction we always obtamned a reversal of polanty of the deflections in the
center of the septum  Our sign of bundle branch block was a failure to obtain
such a reversal  In this respect our results differ from those of others

E TRrank (Unttersity of Pennsyliania Pliladelphia, Pa) Anyone who has
made electrical measurements knows that the values to be measured can be
mfluenced by the method of measurement I should like to ask what expen
mental evidence if any 15 available to prove the validity of the data that have
been presented Is the voltage to be measured not influenced by the intro
duction of the electrodes? Recording simultaneous control leads does not
necessanly answer the problem

A Scuer Young and I were careful repeatedly to record a standard lead II
as a control before the msertion of the probe electrodes  As we nserted the
electrodes lead II was constantly momtored and was found to remamn un
changed I should think thiss as close as one can come to answering Frank s
question

M PrrzzMETAL (Cedars of Lebanon Hospital Los Angeles Calif ) My asso
ciates and I have worned about the same question Frank has asked 1t1sa
very difficult question to answer  The experiment that seemed to us to md:
cate that the intramural recording technique was a vald one was designed as
follows One electrode was placed over the epicardial surface and another
was placed within the ventncular cavity Unipolar records were taken with
each search electrode as an exploring contact  Then we placed a needle elec
trode directly underneath the epicardial and another directly over the endo
cardial contacts  If the presence of the needle electrode were to cause sigmfi
cant changes marhed alterations in the configuration of the recorded compleves
from the epicardial and from the endocardial surfaces should occur  With
the needle electrodes in place however there was practically no change m any
of the surface leads (epicardial or endocardial)

D Sopr PaLLaRes (The National Hear! Institule Metico D F  Mexco)
The hypothesis of the instantaneous spread 1s very interesting to me By
calling the conduction rate wnfinite we are merely emphasizing one nherently
difficult aspect of the problem \What my associates and I along with Jane

Robb, wish to say 1s that simultaneous activation of various points may oceur,
were our electrodes inserted at these points we should determme the veloaty
of actination as a finite distance divided by zero (time) and the result would

822
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become infimty It 1s dangerous to speak of the spread of activation when the
problem 15 so viened E Cabrera who has done very excellent work on this
problem offers the following interesting hypothesis which accords with the
observable facts Simultaneous actnvation of many subendocardial pownts
would create many small foct of actrvation each expanding radially  These
small globes would contain an snner layer of negatnty surrounded by a shefl
of positivity of the same charge density By the Gauss theorem, recording
pomts within these small 1slands of activation would record negativity while
ponts wathout (such as precordial or epicardial leads) would give zero poten

tial  With coalescense of these spheres of activity into a defined wave front

ncreasing R waves would begin to be recorded at the epicardium and § waves
would begn to be recorded within the cavity  For this reason we have begun
to denote two kinds of endocard: (1) the al end i and (2)
the electrical endocardium

H H Hecut (Unnersity of Utah Salt Lake City Utah) “May not the vanable
results reported for the spread of ventncular excitation depend to some extent
on the derable diff 1 the devel of the bundle of His in
various species? I remember a senes of expenments that Walson and I car
ned out with Alfredson of the Agricultural College in Lansing Michigan®
Alfredson had tned unsucce sfully to induce bundle branch block 1n calves
by cutting either side of the septum He doubted the accuracy of his own
techmque and had ashed Wilson to try his Iuck  We were equally unsuccess
ful 1n our efforts to produce bundle branch block although as was later seen
the cuts had been properly placed and complete atnoventricular block had
occurred when both sides of the mterventncular septum had been cut  The
nference of course 1s that because of the very well developed conduction
system i cattle and 1 1 general d was ac Lished
without difficulties from the contralateral side via the ramiication of an exces
sive Purkinje system  As I'said 1t seems to me that some of the discrepancies
may result from the unequal extent to which the conduction system 15 devel
oped perhaps from animal to ammal and certamnly from species to species

Reference

| Armzosow B D & J F Stxes 1080 Studies on boyme clect
T B o) Froc Sec Tapth Dol Mad ks gy CerUecardopnm 1L

E LepescihiN (Unuersily of Vermont Burlngton 11) I should first hike
to call attention to FIGURE 1 sent to me from Brazil by Ennio Barbato who
has made extensive studues of surface depolarization in the human heart during
thoracic operations  FIGURE 1 15 one of the cases in which 2 large number of
points have been studied Barbato found that m the majonity of cases the
first to be activated are the right paraseptal regions followed more or less
simultaneously by the apex of the nght ventricle the intermediate zone some
points of the pulmonary conus the left paraseptal regions  the apes of the left
ventricle and finally by the intermediate and basal regions of the anterior
and lateral surfaces  The diaphragmatic surface has not been studied
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Another problem worthy of consideration 1s the thickness of the ventncular
wall related to the time of appearance of the excitation on the surface I do
not thmk systematic studies on this are too numerous I have just read a
paper by Busch! of Vienna, who has measured the thickness of different parts
of the ventricles i a large number of cases Caleulating the average values
for normal hearts from Iis tables T found the average thickness in muillimeters
at the apex of the nght ventricle tobe 1 at the base anteriorly 17 and at the
base posteriorly 26 The thickness at the apex of the left ventricle was 39
and at the base of the left ventricle the same average of 6 3 was found pos
tertorly and antertorhk  You can see that the ventncular wall 1s thinnest
where 1n general the exatation appears first on the surface

Another mteresting point 1s that the wide QRS of ventricular extrasystoles
seems to indicate that here the acttvation of the myocardim proceeds entirely

Fiotxe 1 Drrect unipolar | ads taken from different points on the surface of the heart
revious to a lobectomy in a 43 jear old male with an abscess of the lower left pulmomc
obe  Lach point 15 numbered_and a facsmile of the corresponding electrocardiogram 1s
drawn at or near each pont  The frst numl er near each drawing indicates the end of the
Intrinsic deflection 10 relation to the beghming of QRS 1n 2 synchronous hmb lead The
second number indicates the interal between the frst ventneular deflection 1n direct leads
2nd that in the indurect leads (courtesy of Famo Barbato Szo Paulo Brazl)



Dhscusston Part I 2>

over nonspecihc musculature wathout imvohing the conducuny system T
wonder why this s the case  If the Purlinje system 1s so widespread 1 the
heart one might expect the exaitation to enter very rapidly and once that has
happened the exatation of the remaimng parts of the heart would be as rapid
as 1n normal beats I think one of the explanations 1s that the Purkinje svs
tem has a very large cell diameter while the diameter of the myocardinl fibers
15 mall so that the conducting sy stem can develop suffient current to exate
the nonspecific muscle fibers However the reguhr muscle fibers becuse of
therr high resistance may not develop enough current to exate the conducting
system I thmk this s partly why retrograde conduction into the atra occurs
50 rarely 1n ventricular extrasystoles To be sure if the extrasystoles are
early the failure to enter the conducting system can be attnbuted to the greater
duration of the refractory phase n the latter

In closing Ishould ike tosay that the direction of the muscle fibers 1s related
to the direction of the exatation  The anastomoses between the myocardil
fibers take place mn a longitudinal ditection so that conduction across the
fibers must take place along a zigzag path  Pruitt ef al? have shown that in
exaised strips from the muscle surface the conduction veloaity 1s much faster
1n the direction of the fibers than 1t 1s perpendicular to their direction

Another pomt 1s that regardless of the sequence of activation the potentials
occurnng durng the process of exatation are directed along the long, avis of
the muscle fibers  Ths corresponds to Schaefer s observation that the highest
voltage 15 observed when the bipolar electrode 15 parallel to the muscle fibers

H B Burciert The work to which Lepeschhan refers 1s that of Prustt and
E sex and myself Ve are sure of what we saw, but we are not quite so sure
as Lepeschkin of our mnterpretation  Nevertheless the results stand, to be
interpreted by others

References
1 Buscw W 1955 Neue Lrpebmisse der Messung und W agung der Herzkammern bey
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TasLE I

Case F C 32YEar OLp Housewire Artacks oF Rarmp HEART AcTION
(FIGLRES 1 AND 2)

‘ Norm 1 compt (sc) Ab ormal ompl s (s )
PR ntersal 0156 . 0 030
QRS imtenval 0 068 0132
QT interval 0348 \ 0 352
I R peal ! 0 180 0176
P S peak 0 220 0 220
Aans 326 998
Ar 324 274
G \ 692 692
ar QRS 78 76
arT ! i6 —109
arG | 77 77

Alagnitude of frontal plane vectors in microvolt seconds
ar = a as projected on the frontal plane

stances 1t seems possible that the entire ventricular mass responds to premature
excitation ®

(2) The condition 15 unstable to the extent that if 1t does not occur spon
taneously 1t 18 almost always possible by a varnety of procedures to mduce a
normal atnoventricular conduction with normal QRS contiguration  Wolff?
has summanized the various procedures that have been employed for this pur
pose  Asanevample powerful vagal stimulation will normahize the anomalous
QRS complexes by paralyzing the sinus node and shifting the pacemaker into
the lower atnal regton the AV node or the common branch of the His bundle
The tran 1ent hypertension with reflex cardiac slowing mduced by 1 mg
(0 1 ml ) of Neo-syneph drochlonide givennt ly appears particy
larly effective (FIGORES 3 and 4)  To be able to demonstrate the coexistence
of normal pathways 1s often desirable It may dispel the notion that the
syndrome 1s some form of an mtraventrcular conduction defect (a common
interpretnve error) or it may unmask such changes 1n ventnicular excitation
as ventricular enlargement and myocardial infarctton that are present simul
taneously but are not readily apparent durnng the anomalous excitation? 10

Tue CrLinicat ENTITY OF THE Sy\DROMF

L WVourr (Beih Israel Hospital Boston Mass) In 1928 a vigorous young
athlete was referred to Paul D VWhite s laboratory because his physicran was
perpleted by the occurrence of paroxysmal atnal fibnillation 1n a healthy 1nds
widual History physical examnation and X ray failed to reveal any evs
dence of heart disease except for episodes of rapid heart action  The electro
card disclosed 2b Iy o 'l c;:r::lplcxes am]iI the PR interval

Since parovysmal tachycardia had occasionally occurred dunng

::::f(gl,lgustcfn the g}l’ll; hc)v\as requested to run up and down four flights of

1airs m the hope of provohing an attack  The effect of exercise was unex

sta! ted the ventricular complex became normal and the PR interval increased
to 0 16 sec although the heart rate rose to levels of 120 to 140
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FroURe 3 Altemating anomalous atrioventnicular exatation (D $ ) and forced normal)
zation (F B) D 5 1s an cxample of a pontaneous alternation of anomalous exaitation
wath delta waves (beats 1 3 5 and 7} and normal conduction (beats 2 4 6 and ) B
18 an example of anomalous atrioventricular excitation 35 sec after the intravenous injection
of 1 mg of Neo h “hlori beats1 $ and6 areoftheanom
alous vanety and beat 415 a normal complex (beats 2and 3 are left ventricular extrasy stoles)
In the lower curve beats 1 and 4 are anomalous teat 315 normal and beat 2 represents an

eat 1y caused by the response of an unusually large area
of ventncular muscle to pre excitation (concertina effcct of Ohnell )  The time hines are 0 1
sec

The Jous type of electr was agamn observed on the young
man s next visit to the laboratory and this time the subcutaneous mjection
of atropme had the same effect as had exeraise duning the preceding visit

In the ensuing weeks it was possible to reproduce these changes at will On
one occasion the control electrocardiogram was normal and carotid sinus
massage was followed at once by prolongation of the QRS nterval and abbre
vaation of AV conduction time

The electrocardiographic files were searched and 1x imilar cases were
found This meager matenal was studied with great care and happily the
conclusion was reached that the abnormal ventricular complex the short PR
interval and the paroxysmal tachycardia had a common basis  The brewity
of the 1 R interval was sgnificant only 1f the cardiac pacemaker was in the SA
node a fact that our prelimmary observations established beyond any doubt

\lany questions required constderation some of which are still unanswered
today such as the nature of the mechanism responsible for the pecubiar electro
cardiogram the mechanism of the parovysmal tachycardia and the etiology of
the syndrome and 1ts chnical sigmficance Tt seemed to us then and 1t stil]
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TasLe I

Case F € 32 YEar Orp HOUseWIFE ATTACKS OF Rapip HEART AcTion
FIGLRES 1 aND 2}

N m teomplexe (ec) Ab rmalc mpl s fsec)

PR interval i 0 156 [ 0 080
QRS mtenal 0 063 0132
OT mtenval ! 0348 1 0 352
T R peak ! 0 180 016
P S peak 0 220 0220
Aaqre 326 9 8
At 324 —27 4
G 69 2 69 2
ar QP'S /6
ar T —109
ar G 77

Magmtude of frontal plane vectors in microvolt seconds
ar = a as projected on the frontal plane

stances 1t seems possible that the entire ventricular mass responds to premature
excitation ®

(2) The condition 15 unstable to the extent that if 1t does not occur spon
taneously it 1s almost always possible by a vanety of procedures to induce 2
normal atrioventricular conduction with normal QRS configuration  Wolff*
has summarized the vanous procedures that have been employed for this pur
pose  Asanexample powerful vagal stimulation will normalize the anomalous
QRS complexes by paralyzing the sinus node and shifting the pacemaker mnto
the lower atnial region the AV node or the common branch of the His bundle
The tran 1ent hypertension with reflex cardiac slowing induced by 1 mg
(0 1ml ) of \eo-synephrine hydrochioride grven ntravenously appears particu
larly effective (FIGURES 3 and 4) To be able to demonstrate the coevistence
of normal pathways 1s often desirable It may dispel the notion that the
syndrome 1s some form of an intraventricular conduction defect (a common
nterpretive error) or it may unmash such changes in ventricular excitation
as ventricular enlargement and myocardal mfarction that are present simul
taneously but are not readily apparent durning the anomalous excitation? 1

Tur Cuinicsl ENTITY OF THE SYNDROME

L W ovrr (Beth Israel Hospital Boston VMass) In 1928 a vigorous young
athlete was referred to Paul D White s laboratory because lus physician was
perplexed by the occurrence of paroxysmal atnal fibnillation 1n a healthy ind1
videal  History physical examuination and \ ray failed to reveal any evl
dence of heart disease except for eprsodes of rapid heart action  The electro-
cardtogram disclosed abnormal ventricular complexes and the PR interval
was 010 sec  Since paroxy mal tachycardia had occasionally occutred dunng
a workout 1n the gym he was requested to run up and down four flights of
stairs m the hope of provoking an attack  The effect of exercise was unex
pected the ventricular complex became normal and the PR interval increased
to 016 sec although the heart rate rose to levels of 120 to 140
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does today that the condition 1s congemtal, its occwrrence in newborn and
premature mfants supports this contention I have seen five cases in a single
fanuly occurnng mn a parent and his children indicating that the syndrome
may be hereditary and familial  The evidence concerming acquired anomalous
conduction 1s incomplete and at best equivocal In keeping with the con
gemital nature of the disorder 15 1ts occasional association with congenital heart
disease of the ordmary types and of special significance 15 1ts frequent associa
tion with Ebsteins anomaly N\esertheless the vast majonty of patients
with this d have no d ble 1nd dent heart disease nor do
they comeidentally acquire recognized varieties of heart disease

There are no subjective festations or hemod, d 2sso-
ciated with anomalous atnioventnicular excitation per s \ormal activity 1s
enjoyed by most patients and longevity 15 acheeved by some  The seventy
of paroxysmal tachycardia may however be mncapacitating and because of
the uncertainties engendered by rapid heart action, occupations tn which faint
ness dimunished mental alertness and loss of consclousness might result in
unusual hazards must be prohibited  In spite of the generally bemygn course
of the disorder sudden unexpected death does occur and hfe insurance ex
penence ndicates that appheants with the WPW syndrome are not standard
rishs mn that their mortality rate 1s approumately three times normal

‘The mechanism responsible for the abnormal electrocardiogram aroused our
nterest in 1928 and although the 1dea of a muscular by pass occurred to us 1t
seemed fanciful and unsupported by the facts available We turned to the
literature for help but found none It so happened that White had started
out on a wisit of foreign medical centers at this time and he had taken with
im the electrocardrograms that were our great concern  ‘The reaction to them
m two aitres 1s worth recording  In Vienna the opinion was expressed that
the tracings did not represent anything more unusual than bundle branch
block and AV nodal rhythm In London Sir John Parhinson s interest was
aroused and he offered to look through lus files i the hope of finding similar
cases He found three or four and graciously sent the matenal to us for in
corporation In our paper?

The widespread iterest that followed publication of the first paper i 1930
centered chiefly around the 2 T ble for the 2h 1 electro
cardiogram It became a matter of considerable importance to know whether
an explanation within the framenorh of current knowledge of cardiac phy siology
was adequate or whether new concepts were needed for this purpose It 1s
generally agreed that premature activation of 2 fraction of ventncular muscy
lature 15 responsible for both the short PR mterval and the abnormally wide
QRS complex but there 15 considerable difference of opinion concerning the
manner in which 1t 13 brought about  These opinions embrace two concepts
the one supposes the mechanssm to be an anomaly of mpulse formation the
other assumes that 1t 15 an anomaly of conduction  Both concepts are ade
quate to account for the high madence of paroxysmal tachycardia which oc
curs in about 75 per cent of alt patients displ: the type of elect
under discussion

Expenmental production 1n ammals and  man of electrocardiograms simt
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lar to those seen in patients with the WP syndrome have stimulated hopes
of solving the riddle of the abnormal traaing  Some of these experiments
however are difficult to understand and the electrocardiograms are subject
to varied interpretations It seems that we have lost sight of the real problem
1 our zealous effort to elucidate the disorder  If we limit the possibilities to
the concept of anomalous excitation 1t would appear that a muscular bypass
1s significant only 1f 1t provides a through pathway from the atria to the ven
tricles without participation by any part of the normal AV connections The
location of such a viaduct 1s of only secondary mmportance even f 1t hes buried
within the AV node so long as 1t 1s anatomtcally and physiologically independ
ent of the latter structure In traversing such a pathway the impulse 1s not
subjected to physiological delay 1n the AV node and 1t thus reaches the lower
chambers 1n accelerated fashion  There 1s considerable evidence for the com
plete muscular bypass and this mechantsm explains all known phenomena of
the syndrome without invohing new concepts This 1s quite different from
the mechamsm that 15 envisaged by accelerated conduction  a quickening of
conduction m the tissues of the normal AV pathway This embraces a con
cept that 1s unproved although 1t 15 capable of explaming some features of
the syndrome

In summary the WPW syndrome 1s of interest from a clinical point of view
but especially 1n respect to its bearing on the cardsac mechamism  The weight
of evidence supports the mechamsm of the muscular bypass a concept that
lies within the framework of current knowledge

ELECTROCARDIOGRAPHIC ANALYSIS

I" F Rosensavm (Marqueite Unuersity School of Medicine Maluankee
1 1s) The term anomalous atrioventricular excitation 1s not one for which I

.,_‘}&—
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Fices? 5 Precordial leads in 3 pall(n(s with anomalous atrioventncular excitation
Type A (figure 6 from Rosenbaum et af
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take any credit Wilson made the original suggestion that this disorder be
designated anomalous atnoventnicular conduction However even at that
ime there was considerable uncertainty that we were deahng sath an actual
muscular bypass and I suggested that the term excitation was more mclusive
than the word conduction  Viilson agreed to this minor change tn terminol
ogy Upon whatever mechamism of anomalous atrioventricular excitation
there 1s ultimate agreement 1t must be one that 1s compatible with a large
body of facts including a number of unusual electrocardiographic features
other than the short PR interval and the broad QRS complex

On the basis of the 1on of the usual dial leads these ca es
have been divided mnto types Aand B FIGURE 5 shows the precordral electro
cardtograms of three patients with this disorder all of them falling into type A
In all of these records 1t 1s clear that the delta wave or pre excitation compo
nent 1s positive  The imttal slow upward slurnng of the R wave so charac
teristic of the electrocardiograms 1 the WP syndrome 1s shown very well
over the entire precordium 1 these cases

In type B illustrated 1n the lower 2 tracings 1n FIGURE 6 the delta wave or
pre excitation component 1s negative or 1if positive at least very small in the
records taken from the extreme nght precordmm In ome instances as
shown 1n the upper 2 sets of tracings m FIGURE 6 there seems to be some
thing of an admixture of types A and B Although the separation of these 2

- —J

FiGURE 6 Precord al leads 1 4 patients with anomalous atrioentricular excitati
Cases 8and Qare type B Cases 6 and 7 are intermediate between types A e T
from Rosenbaum e/ af ) 7pes A and B (figure 11
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Fictre 7_ Posterior thoracic leads 1n 3 patients with anomalous atnoventricular excita
tion {figure 7 from Rosenbaum ef af

types of cases into these categontes may well be largely arbitrary and artifictal
these different configurations are quite probably refated mtimately to the area
of 1mtial excitation or pre excitation of the ventricle and are due at least in
part to differences 1n the order of ventricular excitation

In general 1t may be said that in anomalous atrioventncular excitation the
dorsal aspects of the ventricle appear to be activated prematurely  In FIGURE
7 the ctrcum thoracic leads in three patients with this disorder are 1ljustrated
These leads have been recorded 1n a number of patients, and 1t appears that
1n most 1nstances all parts of the thorax except a zone of small to moderate
size usually located posteriorly show a significantly large mtial posttive de
flection  This latter zone 1s varable m 1ts location and breadth from case to
case In cases 3 and 4 m FIGURE 7 1t 15 located in the left scapular hne or at
the eighth dorsal spinous process and 1s quite narrow  In case 8 in FIGURE 7
and 1n the example shown 1n FIGURE 8 the zone of mitial negatnity 1s much
broader and extends from the eighth dorsal spme to the nght midclavicular
Iine

Leads from the auricular level of the esophagus (Es and Ey; of FIGURE 9)
i patients with anomalous atrioventricular excitation usually show large QS
deflections and extremely short PR intervals often measuting only 005 or
006 sec These features suggest that the exploring electrode 1s very near to
the site of imitial activation of the ventricle It 1s of interest that in this par
ticular patient (FIGURE 9) the electrocardiograms recorded from the esophagus
at levels above the aurnicle (Ey; and Eis) are practically the reciprocal of records
made at the ventricular level of the esophagus (Eiz Ei and Ey)

One of the most interesting features of at least a few of these patients has
been the variability of the thoracic electrocardiogram 1n the same patient from
one observation to another  Two and possibly three different precordial elec
trocardiographic patterns were recorded on one patient on three separate
occasions over a penod of two and one half years (FIGURE 10)  These precor
dal electrocarcdiograms were recorded from the same points over the thorax
on the same woman on March § 1941 November 3 1941 and December 31
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FIGURE 8 Records from the feft axilla the back the nght axifa and the nght antenor
ﬂtmru 1m a patient with anomalous atrioventncular excitation (figure 4 from Rosenbaum et
af j

B
FI16URE 9 Leophageal Jeads irom 2 patient »ith anomalous atrmveﬂmcul
{same patient as i FGURE &  The stbseripe indicates the distance 1 cmm::x::sn:g t(’;:
explonng efectrode from the nares (igure 3 from Rosenbaum ef of )

1943 Tt will be seen that the onginal record fall mto type B whereas the
final tracings fall into type A and the third record falls into som,
intermediate category  Observations such as this suggest th;
tients there may be more than 2 single anomalous pathway or more than a
smgle anomilous operating mechanism

ething of an
at in some pa
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FIGURE 10 Three sets of precordial leads recorded on 3 separate occasions on the sami
patient (simultaneous hmb lead on each occasion) Note the vanation n the form of Lhc
ventricular complexes of the precordial leads (fgure 14 from Rosenbaum ef of 4

It eems proper to pomnt out here that the electrocardiographic manifesta
tions of myocardal infarction may or may not be ob cured by anomalous
atrioventncular exatation  Wolff and Richman have publi hed an important
communication dealing with this matter  The patient whose electrocardio-
grams are shown i FIGURE 11 had a postenior myocardial infarction 1n addr
tion to anpmalous atrioventricular exaitation  The diagnosts and locahization
of the infarction were confirmed by post mortem examination  In thisinstance
the usual features of postenor mfarction are seen n leads II IIT and Vg
However i some published examples of myocardial infarction and anomalous
atnioventncular excitation this has not been true particularly with anterior
mfarction It seems very probable that the anomalous spread of the actna
tion wave through the ventricle particularly with late activation of the anterior
aspects of the left ventricle 1s responsible for obscuring the electrocardiographic
signs of infarction  This rep another elec d hic facet of thrs
disorder that must be fitted 1nto our ultimate understanding of this anomaly

The anamalous mode of activation seems sometimes 1o persist in these pa
tients during paroxy mal tachycardia or paroxy mal auncular fibrillation  An
example of this 1s shown in FIGURE 12 occurnng in a man who was the son of
the patient whose electrocardiograms are shown n FIGURE 11 These records
were made during a paroxysm of rapid heart action that persisted over a pertod
of at feast six days ~ The ventricular compleves recorded during the paroxysm
are essentially the same 1t outline as those that had been recorded everal
years earlier and were recorded shortly after the termination of the attackh
{FIGURE 12 4 10-45) This patient died suddenly two hours after conyersion
to normal rhy thm occurred  Langendorf Lev and PickM have indicated that
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FIGURE 5 case 4  The
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the eamples of WPW syndrome wath parovy smal ventricular tachycardia
that have been recorded in the literature are m many cases erroneously inter
preted instances of aunicular Sbnliation with angmalous atnevenfricular exa
tation i which the anomalous mechanism has persisted duning the rapud heart
action  Wwhen a rapd remdar ventrcular rate with buare compleves 18
encountered careinl mtarpretation 1s necessary before the diagnons of patovys
mal ventrcutar tachycardia can be made especially if the ventricular complexes
are symalar to those recorded dunng normal smus thy thm because some of these

cases are 1 truth wstances of pazovysmal supraventnicular tachyearda with
X Auction

of
" The dem of atnor lar bleck d with 1
atnoventricnlar excitation 1s one of the most significant factors an the under
standing of this disordes  Although the actual pumber of such cases reported
has bren smalt these are well documented and vanous degrees of atrioventrscn
lar block have been observed  Amang these reports have been those of Scherf
Blumendeld and \ueller ® Levme and Burge and Pick and hatz® The
elertrovardiogmams shown m 3IGURE 13 were recorded from the same patient
whose tracings are Mustrated sa F1cuRe 12 Low grade partial heast block
15 seen to be present dunng supraventncular tachycardia wath a persistence of
ventnewlar compl of lous form  Shght v 0 cycle length
account for the minor differences 1 the RR mtervals recorded from beat to
beat ery occasional ventncular extrasistoles were abo recorded  Actu
ally according to seme of the by potheses advanced atrioventneular block
chould not accur m ths disorder f the impul ¢ 15 bloched in 1t passage through
the anomalous pathway it should travel down the normal path at the normal
rate  1f the smpulse 15 blocked m. 1ts passage donn the normal pathway it
chould travel down the anomalous pathway with pre excitation of an even
greater than usual share of the rentricular musculature  For simslar reasons
Jf there 1 no actual muscutar or structural bypass block should not oueur
Tt 15 dhfficult 1o concewve of & Sttuation in which both an anomalous pathway
and the nommal conduction pathway from the asricle to the ventncle are com
pletely blocked at exactly the same wstant Block mught occur however o
he angmaious pathway had 1ts ongn in the very lowest portions of the atrio-
ventnenlar node ot just below it but above the duviston of the bundle of His
nto s major branches  Situations such as that recorded in sr6uRE 13 mught
also be esplamed f one were to assume that ventncular activation i ths
patient was dependent entirely upon as anamalous pathwnay ard that conduc
tio1 ot er the normal pathway never occurred  Cases of WEW syndsome with
partial or complete heart block of seme degree would seem 1o argue rather
strongly agarst any mechamczl ot electrotome type of pre exaitation of a
pottion of the venincle by aunculac activation or by contraction because here
agam f pre exqtation does not gockit normal conduction should result On
this particular pont Wilson ef al wrote Observations pomting clearly to the
presence of partial black m the accessory pathway would greatly strengthen the
“iew that the anomaly 15 structural ¢

There have been several feports of histologteal studies suppotting the belief
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TioURe 13 Parovysmal suprasentricular tachycardia with low grade pactial ats

Same patient asin FIGURF 12
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that there 15 2 structural anowaly that ¢ ponds to the el di p
features of this disorder  The recent study of Lev Gibson and \ller 1s
concerned with observations of over 12 000 sections from the heart of a child
with Ebsteins disease and anomalous atnoventncular evatanon I this
heart there was an sntermediary bundle sn the connective tissue of the atrio-
ventnicular groove that gave off fascrculae to the nght atnum and mght ven
trcle a small high communication between the nght bundle branch and the
ventricular sepial wall on the nght and an encasement of fibroelastic tissue
around the nght bundle branch  These observers also reported that they did
not find such communications in an appreciable number of normal mfants and
children whose hearts wese examined with the same techmque Wood
Wolferth and Gecheler' found three commumications between the nght
auricle and the nght ventncle m 2 case they studied  Ohnell? reported & com
mumeation between the left auncle and the subepicardium of the left ventnicle
dorsal to the mtral oniice and about § om from the ventriculer septum
Levme and Burge) found a band in the nght posterolateral aspects of the heart
brdging the atnotentricular groove continuous with the ventncular muscle
and deep 1nta the muscle  kimball and Burch'® studied
one case in which connections betneen both the rnght auncle and veninde
and the left auncle and ventncle nere present  One of the difficulties in the
evaluation of the histological observations that bear upon this problem has
been the wide vamation 1 techniques employed by the different ohservers

FurTHER OBSER\ATIONS O\ THE SPREAD OF VENTRICULAR Excrrarion

H H Hecnr Inspite of the voh E hittle wnf, concern
ing the details of the electrocardiographic confignration has been added during
the last ten years to supplentent Rosenbaum s analyses  The use of endocar
diatleads and the combined use of esoph 1 endocardial and dual teads
that we have carried out on fourteen additional cases? have tended to con
sohdate further the electrocardiographic aspects  Simtlar studses hay e been re
ported by Sods Pallares and bis group '* who have confirmed the cassification
we proposed * and by Crshman Kroop and Steinberg  who daubted that a
division it separate graups was feasthle or necessary

Rosenbaurn mentioned the early onset of venincular depolanzation in high
esophageal Jeads that may wndicate that regions of pre excitation bave a tend
ency to be located postenorly and basally This may be supported by an
endocardiat pull through  of the hind itlustrated m FicURE 15 The record
begns with the catheter within the night ventncular outflow tsact Pre excy
tation contributes hittle or nothung to the endocardal tracing that begins after
the end of the delta wares in a simultaneously recorded Jead I As the catheter
1s withdrawn the width of the endacarcial QRS increases steaddly until 3t
reaches almost twice the wadih of the QRS obtained at another posttion withiny
the same cavity  The onset of prematuse ventncular excitation 1n the endo-
cardial electrocardiogram now begtns durmg a penod stlf occupled by the P
wave i dead 1 Indeed the region of early excitation must be located close
to the upper portien of the ventricular septum near the trcuspid vahe  Since
QRS compleves sithin the ventricular cavity are of the narma) configuration
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Fioure 14 pull through tricular exatation  Note
the inverted T waves of the normal endocardial complexes changing to uprght complexes
with an increase i the QRS area (secondary T wave changes) The arrow mdicates the
transition from the nght ventricle to the nght atrum  The time lines are 01 sec

(although lacking a mall R that 1s commonly present) 1n spite of the very
premature onset of excitation one can further argue that a region on the nght
side close to or within the base of the septum was responsible for the pre
exatation and that the remainder of the ventricular musculature was exated
over normal pathways  This 1s the pattern obtained from type B of the syn
drome Type A characterized by upright QRS groups i all precordial leads
shows some of the characterstics of nght bundle branch block 1n the endo
cardial leads indicating that excitation of the nght ventncle follons that of
the left and that the endocardial electrode faces the advanung depolanization
process Type A therefore 15 compatible with advance exatation of basilar
septal areas of the left ventricle and type B is compatible with that from the
nght side (FIGURE 15)

Further confirmation has come from recorded esof
leads  If the direction of pre excitation were 1 general more from nght to
left m type B lower esophageal leads should show slurred upright components
of R (delta waves) 1f 1t were predominantly from left to right 1n type A 2
small R or a deep QS deflection would be expected  This 15 clearly demon
strated 1n FIcLrr 16 E ophageal leads from regions below the atma are
perhaps of greater value than atnal esophageal leads that may show only
ewrly exatation with extremely short PR segments It should be recalled
that the peak of esophageal P waves in any ca<e s considerably hter than that

1 1 1 1
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Ficcre 15 complexes 1n excitation  The

upper record Is type A with late excitation of the nght ventncular cavity  The lower record
1s tvpe B with carly normal (ape) and premature excitation (base) of the mght ventaratsr
cavty  Similar findings ha e been reported by Sodi Pallares and hus co-worhers ™ The
time hnes are 0 1 sec

of standard and precordial leads and that the PR 1s apparently sharter be
cause of the Jate actnation of the left atrial musculature @

Informauion of this type tends to confirm the concepts laid down by Wolff
and by Rosenbaum I believe that a subclassification 1nto two types erves
a descriptive purpose by indicating mn a general way the onentation of the
exatation of the ventricular mu culature although vanations and mictures
do occur  Further delineatton’ appears unwarranted and may totroduce an
clement of confusion  On the other hand 1t 1s difficult todeny that these two
mai types eust A detasled report'® employing essentially sumlar techniques
has failed to confirm such differences—perhaps because only one type of the
anomaly was studied

It was to be expected that the vectorcardiographic analysis would show a
rather slow traversing QRS loop from right to left on the frontal plane and
depending on the type a more or less stnling antenor displacement n the
horzontal and sagittal planes  Several vectorcardiographic analyses are now
avatlable # 2

Tize \ ECTORCARDIOGRAM IN ANOMALOUS ATRIOVENTRICULAR Facrrarion

1 Wourr The vectoraardiorams reproduced 1n FIGUPES 17 to 20 were
obtawed from patients with the WIW syndrome using the double cube
reference system of Duchosal with positive polanity  Patients exemplify ing
a wide age range and cardiac status were cho en (TABLF 2)  The ynytyal forces
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Tioune 16 precordial and leads i X tneul;
excitation  In R N (type A) the lower leads (. the left )]

canits ) show QS deflection  The cavity leads show RS type complexes (FIGORE 15) and the
nght sided precordial leads show very late R peaks This suggests pre excitation of the
ventricular muscle from left to night ~ In E B (type B) the Jower esophageal leads show
RS type completes and QS deflections are present mside the neht ventricle (FIGLRE 15)
and over the right precordium _ Higher esophageal leads also show QS deflections indicating
that the leads from this region do not represent left ventricular cavity effects  Pre excitation
should occur from night to left in this type

TABLE 2
Inittat AND TERMIVAL FORCES AND Cimvicar DI1agnosis 1N IATIENTS
WITH THE WOLFF PARRINSON WHITE S3\DROME

G a1t g Tm ol e Clo | diagoos
1| 5| Lep LPU B | ?Congenttal heart disease shght cardio-
megaly

II | 55 LPU LPU B | Anterior mjyocardial infarction
(LPD) (LPO)

ur | s8 LPU B | Normal heart

™ |718] Lou RAU A | Anterior posterior and septal myocardial in
(RPOT (RAU)T farction (confirmed at autopsy) mght

| bundle branch block

Symbols L = Jeft T = postenor D = infenior U = supenior O = no antetior o pos
tenor di placement
‘Normal intraventnicular conduction
1 Right bundle branch block
1 See Rosenbaum ef a!
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Frevre 37 Vectorcardiogram m 3 S year old girl wath possible congenttal beart d sease
and shght cardiomegaly  In all the §zures the arrons indicate the direction of the msenp-
tion of the QRS Joop and the mterrup nions equal 0002 sec & 1s the honzontal plane pro-
jection S the saptiatplare and F the frortalplane  In relation to the pauent the hottom
o the figure 1s snterior (A} or wienor (3 and #1 and the top of the Fgure 15 postenor (H)
or supenor (S and F}  The ob erver s lelt corre<ponds t> the nght (K avd F) er Yos

a

tenor

{S) and the observer s nght corresponds to the left (H and F) or antenar (S) 1 relation to
the patient  ‘The 1mitia) apd termunal forces are gven an YaBLE 2 The recard 1s presumably
tvpe B and 1t may be influenced by the presence of ventricular enlargement

which correspond to the anomalous component of the QRS complex or delta
watre of the electrocard ogram are remarkably sumlar n ali the patients
The presence of infarction in the antertor and postertor nalls of the left ventricle
and of the intraventrcular septum (F16URE 17) apparently did not nterfere
with the mechanism 1 the cases studied

The presence of right bundie branch block 1n case 4 (TABLE 2 and ricuRE 19)
likewise did not interfere with the anomalous mecham o evidently excluding
the nght bundle branch as the anomalous pathway  The left bundle branch
can also be separated from the anomalous pathway as mdicated by the strah
ing, change m the spatial onentation of initial forces when anomalous exatation
disappears ace the iritial forces in FICURE 19 must represent depolanzation
of the ventricular my ocardium via the left bundle branch

There appears to be a relationship between the termmal forces and the type
of electrocardiogram as denned by Rosenbaum efal*  This 1s further suggested
by the smiarty of the mutial forces in bo h types (Tas1E 2)  We reach the
tentative conclusron then that the type classification does not depend at least
directly on the anomalou pathway or that the differences are not apparent
n vectorcardrograms with low resolving power

Frsion BEATS AND A OMALOUS ATRIOVENTRICULAR Excirarion

D Sovt Parrares (The Natwonal Heart Institute, Mexico D F exco) 1
am mpressed mith the relative frequency with which the WPV syndrome
appears dunng the admmistration of anesthesia prelmunary to surgery  Cer
ramly the aberrant pathway cannot be farmed duning this acute procedure
If a latent pathway awasted the anesthetic agent 1o call 1t mto play then we
are foried to postulate that aberrant patbway are very common Ths
supposition does not accord with current anatomrcal know ledge



FicvrE 18 Fifty five year old man with antenor myocardial infarction  The nfarct
13 concealed 1 the anomalous tracing () but 1s clearly evident when conduction 1s normal
() Infertr infarct 1s simulated 1n the anomalous curve (b}  The imtial and termunal
forces are given in TABLE 2 {case 1 from Wolff and Richman' )

816
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Fiotre 19 Fifty eight year old man with a normal heart The mtial and termmal
forces are given in TABLE 2~ The scelar leads wdicate type B

In general there are tno mamn types of WPW syndrome type A which grves
positivity i 1 1 and V2 along with posttvity 1n V5 and V6 and type B which
while also giving po 1tive compleves n V> and V6 displays negative complexes
m the night precordial leads I have reviewed all of Rosenbaum s cases and
there agam all left precordial leads show positrvity

In addition the nature and timing of the slurnng are most distinctive  The
early imitial slurnng (delta wave) either upward or downward ends in a very
defimte apex  In no manner does 1t simulate the late slurring seen on the crest
of the QRS complex durning complete bundle branch block  If analogies are
to be drawn the complexes are at times reminiscent of and often difficult to
distinguish from 1ncomplete left bundle branch block

In FIGURE 21 1t may be noted m each of the two cases of WPW syndrome
that V> 16 and perhaps lead 1 display a morphology quite simlar to mcom
plete left bundle branch block

My associates and I performed everal simple experiments to answer the
question as to what sort of premature ventricular beats would produce positry
ity over the lateral surface of the free left ventnicular wall The answer to
this question would aid m understanding the positivity in V3 and V6 for these
leads record the potentral variations over the lateral surface of the free left
ventricular wall  The importance of this to our study will become apparent
2 httle Jater

In our expenments from the great multiphaity of the extrasvstoles ehated
from numerous pomts of the entire ventncular epicardium (left and nght)
the following general pattern was distingumished  Extrasvstoles induced over
the Jeft ventncle gave preponderant negativity while the only foc1 that gave
definite positivity over the left apical surface were those provoked m the nght
ventnicle  From this we deduced that whatever the nature of WPW syndrome
actrvation must begin somewhere 1n the night ventricle T believe this result
15 accord wath Wolff s findings wherein he showed that the mitial activation
vector pointed to the left and must thus have commenced on the nght  Nar
rowing the problem further we now ask what sort of extrasystole this must
be to give us the remainder of the pattern of the WPW syndrome It was
found that only extrasystoles ehcited 1n the upper nght septal mass (or the
projection of 1t on the anterior eprcardial surface) will give us positivity both
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FibLRE U Severt it vear old nan with extensive myocardial infarction and nght
bundle-branch block _The leston 15 concealed in the anomalous tracing (b) but 1s seen 1
the tracing with nght bundle branch block (a)  The inutial and termunal forces are given in
2aLE 2 (case 2 from Wolff and Richmantt)
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Ficure 21

over the nght epicardium (mainly trabecular zone) and over the apical surface
of the left ventricle  On the other hand stimulation applied to the lower nght
septal mass (or its anterior emeardial projection) gives negatiity over the
trabecular zone but agamn gives the required positivity at Vo and V6 Tt as
now apparent that we have produced complexes even to the detail of a delta
wave that bear a remarhable hikeness to those found n chnical examples of
the WPW syndrome  Ilease note that I have used the word likeness and
have reframed from the use of 1dentical

Durng any discussion of the WPW syndrome we must keep constantly in
mnd the normal PS mterval to which Rosenbaum called our attention some
years ago This 1mphes that while parts of the heart are activated early
Tone can be activated late

At present we are studying septal activation during the production of the
special vamety of extrasystoles to which T have just alluded  Bipolar leads
were placed both on the nght and left septal surface 1n order to study the ar
fival of the activation wave during the normal and the extrasystolic beat ~ As
would be expected the nght septal surface was in advance of the control duning
the extrasystolic complex but interestingly enough the left septum showed
no delay Moreover since the entire left eptum was explored and the
sequence of activation during the extrasystoles faithfully murrored that sequence
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Ficure 22 The quantities 40 5 and 37 § are expressed tn hundredths of seconds

encountered during normal conditions 1t would be safe to conclude that activa
tion was accomphished via the left bundie branch  This probably explamns
Prin.metal s discovery that when he cut the bundle of His he was unable to
produce morphologtes similar to the WPW syndrome  Actually by domng
this he removed the necessary concomitant of an integeal normally functron
g left bundle

In FIGURE 22 control tracings and complexes of the WI'W ty pe are simul
taneously recorded with a ipolar lead at point A It can be seen that both
1n the control and 1 the WI'W type complex the interval between the intrinsic
deflections at | remans the same (0 40> sec)  To reiterate since the actina
tion process at /4 15 the same ery hhely the actination at 4 occurs through a
normally functioning left branch If however the extrasystolic stimulus 1s
delivered too much 1n advance the P wave becomes tncorporated in a non
WPW type complex Al o 1t will be noted that the actination process at
pomt 1 1s earher than normal and that the PS intertal becomes shorter than
normal  To obtamn an adequate replica of 2 WPW type complex the PS
must remain normal (04 sec) and the left sided ponts such as A must be
actrvated i their normal temporal sequence

As I said previously I do not wish to lmpl; that these sudies are on the

WPW syndrome rather they are ¢ 1 with a stmtlar hology  We
have studied 1f you will these artificial morphologies not the W P syndrome

If dunng the course of these expenments we should stop dniving both the
aurncle and ventricle the WPW morphologies would continue to be produced
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for at least several beats It would seem then that such compleves are not
necessarily nherent mn the techmque but could possibly arnse de nato

FIGUPE 23 more or less summarnzes the previous discussion

(1) In the normal case both the PR and PS mterval are within normal
limuts

(2) In the WPW syndrome the PS remamns normal at the expense of a
shortened PR interval The delta wave representing nitial premature nght
septal activation 1s finally followed by the left ventricular response i a normal
sequence

{3) In the left bundle branch block the nght ventnicle is actwated at ats
upsual time while the left venincle 15 activated late  The morphology of
bundle branch block does not change even though the PR interval 1 pro-
longed
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NoraaL AND DIsorDERED FuncTioN oF THE AV NobpE InCLUDING
AcceLEraTED CONDUCTION*

M PrrvzueTar and R hexwamer (Institute for Medicol Research Cedars of
Lebanon Hospial and Umirersity of Califorma at Los Angeles Los Angeles
Calif ) In recent years expenimental studies of the function of the AV node
have provided new concepts of the normal and pathologreal physiology of this
very mportant structure At the same time this new knowledge has made
possible a stmpler and more logical explanation than was previously available
for a number of chnical phenomena It 1s our purpose to present a brief sum
mary of the salient features of these investigations and to point out their chmical
application

From the physiological viewpomnt one of the two most mmportant con
clusions derived from these studies 15 the fact that the delay that normally
occurs betwneen the end of aunicular activation and the onset of ventricular
activation takes place mn the AV node and not in the terminal branches of the
conduction system It 15 obvious that unless there 1s a delay betneen the
end of auricular activation and the onset of ventricular activation the auricles
and the ventnicles will contract almost simultaneously This will result in
complete loss of auricular function because the aunicles cannot empty them
selves  There 1s no doubt that this delay occurs at some point between the
site of entrance of the impulse mnto the AV node and the ventricular myocar
dwum  This must be true since the time required for the excitation nave to
traverse the auricle accounts for only a small fraction of the total time that
elapses between the moment of the orgin of the impulse at the SA node and
the moment of the onset of ventricular depolanization * The difficulty n
determning the site of the delay more closely has ansen because there 15 no
way of detecting the tmpulse as tt passes down the conduction system m the
intact ammal  Consequently two theories attempting to localize the site of
delay have been propounded  The first of these omgmating with Sir Thomas
Lews ¥ postulates that the impulse 15 retarded in passing through the AV
node and then progresses rapidly down the bundle of His the bundle branches
and the Putkinje system to the ventricular musculature where 1t causes imme
diate depolanization  The other hypothesis known as the latency theory
mamntains that the delay does not result from retardatton of the impulse at
the node but at the terminal endings of the Purkinje system 28 After this
delay has been gvercame sentricular depolanization takes place  No convinc
ing evidence has been offered in support of either theory

A recent investigation in our laboratory designed to determine the site of
the normal delay 1n aunculoventrnicular conduction seems to have provided
an answer to this question * This was accomplished by stimulating with
interrupted electrical current first the bundle of His and then the AV node
Tf the ventricular response so produced was delayed at the termmal endings

The work descnibed here has Iccn aded by a grant from the L D Beaumont Trust
Fund Cleseland Ohio and by Grant No H1267 (3 of the National Heart Institute

y
Natronal Institutes of Health Tublic Huhh Service Department of Health I'ducatson and
Welfare Bethesda
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of the Purhinje system there should have been no appreciable difference 1n
the time interval between the moment of stimulation and the onset of ventricu
lar depolanization whether the stunulus had been apphed to the bundle or to
the node  If the delay occurred in the node the ventncular response resulting
from nodal stimulation would have been delayed longer than the ventncular
response from stiunulation of the bundle ‘easurements of the intervals
between the instant of sumulation and the onset of the R wave of the electro-
cardiograms that resulted from the stimulation of these two structures showed
that these intervals were significantly longer when the impulse nas forced to
pass through the node than when it onginated i the bundle This direct
expertment demonsirates therefore that the delay in normal AV conduction occurs
at the AV node and not ot the persphery of the conduclion syslem  Hence, the
AV node has the important function of delaying auncular mpulses

The other important conclusion derived from these studies 1s the fact that
the AV node appears to be composed of cells that seem to transmut impulses
through the ventncular conduchion system to specific regions of the myo-
cardum  Thus 1n a given ammal given cells of the node seem always to
control the activation of the .ame locahized portion of the ventricular myo-
cardium  Hence the AV node and conduction system may be thought of as
analogous to a motor area of the brain and the long tracts descending to the
end organ

In these and subsequent expenments the AV nodal region was located by
palpation using as a landmark the firm ridge formed by that portion of the
auniculoventncular junction lying between the tricuspid onfice and the coro-
nary simus  Exact locahzation of the node was accomplished by pressing upon
portions of this region while observing a contiuous tracing  When complete
AV black was noted 1t was obvieus that the node had been evactly located
This was confirmed when the block disappeared upon release of the pressure

The concept that the AV node and the ventricular conduction system con
stitute functionally at least a sort of central nervous system controlhing
ventricular depolarization arose from the following observations 1t was shown
that when a constant subthreshold stimulus was apphed to the AV node ven
tricular aberration of a constant type occurred  When other parts of the node
were similarly stunulated entirely different types of ventricular completes
resulted  This suggested that the node 15 a sort of central nervous system
and that from a physiological viewpomnt certam parts of the node supply
speatfic parts of the ventricle Further evidence supporting this 1dea was
obtained by Smth and his co workers ™ who showed that strategically placed
cuts 1n the endocardium could produce segmental block with no change 1n the
rest of the ventnicles  Other experumentally obtamned evidence has also sug
gested that  afferent impulses may sometimes pass from the ventncular
myocardium to the A\ node

Subsequent to these studies a full scale nvestigation of the WPW syndrome
was undertahen This peculiar chnical syndrome consisting typically of 4
short PR mterval and a widened slurred QRS complex 13 often assoctated
with aurrcular extrasystoles tachycardia flutter or fibnllation
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A large number of theones have been advanced in explanation of the WPW
syndrome  Of these the most widely accepted states that the aunicular 1m
pulse passes to the ventnicle over congenital anomalous auriculoventricular
connections thus short circwiting the normal conduction system  Such a
short circuit could account for the short PR interval and by prematurely acti
vating a small portion of one ventnicle could also explamn the wide slurred
R wave This theory attempts to explain the occurrence of auricular tachy
cardia by assuming retrograde ventriculoauricular conduction over the ab
errant connections

For various reasons however this explanation of the WPW syndrome al
though generally accepted has never been completely satisfactory The
most painstaking efforts by competent investigators including a most eminent
British researcher often failed to reveal any anomalous AV connections in
the hearts of classical WPW cases after many months or even years of search
Furthermore 1t has been apparent that this theory could not account m a
completely satisfactory manner for the occurrence in the WP\ syndrome
of auncular flutter or fibnllation by the mechamsm of retrograde yentnculo
auricular conduction via aberrant bundles since impossibly rapid ventnicular
rates would be required  Still further doubt of the existence of functionmg
anomalous AV connections has been raised by the observation of Etlanger?
and subsequent writers®” that complete heart block invanably results from an
terruption of the normal conduction system  In our laboratory the bundle
of His has been severed in more than a hundred dogs and complete heart
block has imvarnably resulted It would seem that cutting the bundle of His
should facihitate conduction by way of accessory AV conrections 1f such con
nections were actually present yet this phenomenon has never been observed
Tnally hents fundamental observation of the presence of anomalous func
tionally active anatomic A\ bundles®®? has never been uneqenvocally con
firmed Recently a careful effort to reproduce hent s expeniments has yielded
negative results

In addition to these objections to the theory of anomalous AV connections
1t has been noted that WPW complexes occur during cardiac cathetenization
duning ntrathoracic operations on the lung and in dogs after experimental
ligation of a coronary artery ® The production of WPW aberration by these
several dissimilar procedures could hardly have depended upon the function
of anomalous AV pathways Furthermore the theory of congemtal ongin 1s
difficult to reconcile nith the increasing numbers of acquired cases coming under
observation

Vihen an expenmental nvestigation of the WPW syndrome 1 dogs was
undertaken 1t soon became apparent that the aberrant complexes could be
reproduced regularly by many different methods ncluding mechanical chemi
cal and clectrical sttmulation of various parts of either ventricle  If anomalous
AV connections were responstble for the WP aberration under these aircum

stances 1t would be necessary to assume that they were present in practically
every dogand that they had intraventricular ramifications as extenstye as those
of the normal conduction sy stem

Even more significantly 1t was found that application of a constant electrical
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current of subthreshold intensity to the AV node also produced WP com
plexes This current evidently interfered with nodal function but still per
mitted the auricles to drive the ventricles Al the varants of QRS complexes
observed m the chmeal WPW syndrome including the types described by
Rosenbaum Hecht Wilson and Johnston * were reproduced by disturbing the
AN node at different points  Disturbance at a given pomt in the node appeared
always to result 1n the same type of QRS complex  Disturbing different points
of the node alnays produced different ty pes of QRS compleses  These findings
are m conformty with the concept that given nodal cells control specific areas
of the ventricle

‘There now remamed the problem of explaming the occurrence of auncular
arrhy thrmas 1n the WPV syndrome  Since 1t appeared that a nodal disturb
ance was capable of producing WPV complexes 1t was suspected that a nodal
disorder mght also be responsible for the arrhythmias The AV node was
therefore made the pacemaker by stimulating 1t with an mterrupted current
of greater than threshold mtensity By progressively increasing the stimula
tion rate 1t was possible to produce n this order supraventncular extrasys
toles tachycardia flutter and fibnllatton It 1s pertinent that all these
arrhy thrmas were part of the clmcal WPV syndrome when their exact origm
n man was 1dentified they were usually found to be nodal* A comparison of
the expenmentally produced arrhythmuas with these occurning n patients
with the chinical WPW syndrome showed that they were identical

Thus lly produced d b n the A\ node resulted m the
complete WPV syndrome including all of 1ts typical and atypical forms and
vanations and all the arrhythmias associated with 1t

It was clear that the path of the impuise in W PY compleves produced by
disturbing the AV node must have been through the norma! conduction system
and not through aberrant anatomic AV connections such as the Kent bundle
The pathways utilized by the impulse duning the production of WPW com
plexes by the numerous other means described above were not as easily deter
mined In order to avoud diect stimulation of any ewsting anomalous AV
connections care had been taken to apply the stunult in these experiments at
pomts remote from the AV groove Nevertheless further evpertments were
needed to make a definite determination of the pathway

Ideally the theory of anomalous AV connections could have been exammed
by cutting all the areas of the heart where such connections could concervably
have been present and then trying to produce the WPW compleses However
such a procedure 1s not feasible  The converse experiment was therefore under
taken namely that of cutting the normal conductton system and then attempt
ing to produce WPW completes by all the methods that had successfully
produced them previously with an intact bundle of His  When this was done
complete heart block occurred as expected 1t was impossible to produce any
WP compleves by any of the previonsly successful methods  This experiment
clearly ndicated that these complexes ulilt e the normal conduction system and do
nol requure the presence of 1 11

Climyally there 1s suggestive endence that complete heart block and the
WPW complex are mutually exclusive  Two cases 1n pomt have been reported
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The first case reported by Coelho * concerns 2 62 year old woman with hyper
tension  The electrocardiogram taken after posterior myocardial infarction
revealed 2 1 heart block assocated with short PR mtervals and abnormal
QRS complexes  Subsequently complete heart block developed after which
the accelerated conduction or WP\ complexes were no longer recorded In
the second case reported by Fox and his associates % the WPV syndrome was
diagnosed m a 70 year old woman  After the mtravenous adminstration of
300 mg of Pronesty] 2 1 AV block developed associated with WPW complexes
of the conducted 1mpulses  After an additional intravenous dose of 200 mg
of Pronesty] what appeared to be complete heart bloch occurred and the
WPW beats seemed to disappear  Unfortunately the ECG strips were short
and exact nterpretation was not possible  Additional clinical observations
of this hind would be desirable

KRanetics of W PY Aberration

By means of a new techmque utihzing igh speed cinematography of the
motions of the ventricles and simultaneous electrocardiograms * the detatls of
the ventnicular movements 1n WPW aberration were studied and correlated
with their corresponding electrocardiographic events ® Camera speeds of as
much as 5000 frames per second permutted eﬂremely close correlations between
ventricular ts and thewr corresy electrocardiographic events
This method yielded the information that the hnetics of a usual WPW beat
may consist of the following four phases (1) premature contraction of a hmited
area of one ventricle (2) contraction of the remainder of the ventricles (through
the normal mechanism) (3) diastolic relaxation and protrusion of the prema
turely contracted area while the remaning parts of the ventricle are still con
tracted and (4) relaxation of the rest of the ventricles The premature con
traction 15 weak and does not expel blood from the ventnicle The diastolic
protrusion of this aiea 1s often very stnhing and clearly delineates 1ts location
and extent

A detailed correlation of these hnetic events with the simultaneously occur
ning electrocardiographic phenomena demonstrates that the early slurred R
wave or delta wave 1s assouated with the premature localized contraction and
that the rest of the R wave may be correlated with the normal contraction of
the remainder of the ventricular musculature  The ST and T components of
the complex are the result of the combined repolanzation effects following the
two contractions The ventricular component of the WPV complex as a
whole 15 thus seen to be 2 fuston complex composed of a premature locahzed
contraction m one ventncle and the normal contraction of the rest of the
ventricular musculature  This conclusion that the WP beat 1s a fusion
complex 1s also reached by postulating the presence of anomalous A\ connec
tions  In this case however there is fusion of the premature unpulse with
that of the normal conduction system over the accessory connection

Much of the technical equipment used in this phase of our investigation was designed
by L Fields
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Accelerated Conduction

Evidence has been obtained suggesting that i WPW compleves (1) the
aurscular impulse passes to the ventricles over the normal conduction system
and not by way of anomalous AV connections (2) the AV node and the intra
ventnicular conduction system seem to be constituted so that given portions
of the node alnays ‘supply the same portion of the ventricular myocardium
and no others and (3) the delay n the passage of the impulse from the aurncle
to the ventricles that normally takes place in the AV node 1s partally overcome
1 part of the node  This results in premature contraction of part of one ven
tnicle accounting for the short PR interval and the slurred imtial portion of
the R wave The remainder of the impulse 1s normally delayed by the rest
of the node and activates the remainder of the ventricular myocardium at the
normal time  This accounts for the portion of the R wave following the delta
waive

These findings have given nse to the theory that the WPV complex must
result from a disturbance 1n part of the node that permuts that part of the im
pulse coming to it to pass through 1t more rapidly than normally Ths
phenomenon has been called accelerated (nodal) conduction

The concept of accelerated conduction appears to explamn the mechamsm
of the WPW syndrome more satisfactonily than any theory previously offered
including the theory of anomalous anatomcal bundles The experimental
procedures that resulted i accelerated conduction have reproduced the chmeal
features of the WPW syndrome completely and faithfully ~ The aberrant com
plexes produced 1n the dog are wdentical with those seen i patients including
the short PR interval the delta wave the wide aberrant R wave and even
the ST and T wave changes  All variants of the syndrome observed chmcally
were produced expenmentally and all the arrhythmias reported m chmnical
cases were produced 1n the dogs used 1 the expertments

‘The chinical WPW syndrome that 15 usually thought to be congenital 1s nat
however the only condition that depends upon accelerated conduction It
has become increasmngly evident that WPW aberration can be acquired In
deed our expenence has indicated that this type of aberration 15 more com
monly acquired than congenital In the last few years we have observed at
least twenty patients m whom the aberration was obviously acquired erther
as a result of disease or as a functional disorder the aberration in these cases

arose under a variety of conditions and was known not to have been present
previously The possibility of acquining this condition 1s strongly indicated
by the fact that the aberration was produced consistently m practically ey ery
dog u ed in the experiments It 1s unreasonable to assume that each espert
mental amimal and each of the patients with acquired WPW was equipped with
congenutal accessory anomalous AV connections

In acquired cases the WPW aberration may be transient or intermuttent
A considerable madence may therefore be missed unless tracings happen to
be made while the aberration 1s present  Reference has already been made
to the occurrence of WPW aberration dunng intrathoracic operations and
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during cardiac cathetenization although the majority of cases in our expernience
mn ths country 1 which acquired WPW aberration has been observed have
been nstances of myocardial infarction In South America however de
Mesquita®® has observed acquired cases apparently attnbutable to Chagas
disease  Usually the lesion has involved the posterior wall and presumably
the AV nodal region  In view of the temporary or intermittent presence of
the aberration 1n some of these patients the nodal disturbance in such mstances
15 presumed to have been due to reversible processes such as 1schemia edema
or reflex changes

In other patients the acquired nodal disturbance has been proved by post
mortem exarmnation to have been due to definite extensive organic pathological
changes in the node Frve such examples have come to our attention In
three of the cases of acquired WPW aberration developed after the onset of
postertor wall myocardial farction  Careful muscroscopic exammation of
the nodal region in two cases by Goldblatt”” and Lev*® disclosed marked invohe
ment of this area by fibrotic scar tissue representing part of the healed postenor
wall infarct  In the third case the fibrotic area was considered to be m the
upper limits of normal

For the other two cases which were examples of Chagas disease we are
mdebted to de Mesquita®® Both of these patients presumably developed
WIW aberration duning acute illnesses  The hearts were examined by Lev
Histological sections of the nodal area m one case showed a marked inflam
matory process 1n this regton characterized chiefly by round cell mfiltration
and edema  In the other case the node was normal but the tissue immediately
adjacent to 1t was severely mnflamed In these two nstances of Chagas
disease the aunculoventncular junctional regions are now being carefully
studied by Lev in an effort to determine whether anomalous anatomtcal con
nections can be demonstrated A complete report w11l be made after the com
pletion of the studies In the other three cases such mvestigations were not
carned out

Miscellaneous Types of Ventricular Aberration Associated with
Al Aodal Disorders

1t 15 obvious that accelerated conduction 1s not the only disturbance of the
A\ node that can gne rnise to ventncular aberratton It 15 well hnown for
example that aberrant ventrnicular compl of pecific 1on may
occur i assoclation with abnormal nodal rhythms such as tachycardia  In
the presence of complete heart block due to AV nodal disease the bizarre
aberrant complexes of so-called idioventnicular rhythm appear as well as other
vaneties of aberrant ventricular complexes that will be discussed later

1In a senes of experiments using dogs the AV node was irntated and trauma
tzed mechamcally chemcally and electnically  These procedures resulted
i a vanety of ventricular aberrations including complexes 1dentical to those
seen 1n complete and incomplete nght and left bundle branch blogh ventncular
ettrasystoles ventncular tachycardia bidirectional ventricular tachy cardia
and 1dwventncular thythm  In association with many of these aberrations
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various degrees of AV bloch were present indicating the presence of a nodal
disorder

All of these ventricular aberrations produced by AV nodal disturbances have
chinical analogues—cases 1n which there exist various degrees of heart block
nodal rhythms or other evidence of nodal disorder and at the same time one
or more of the numerous ventricular aberrations described above * It would
seem therefore that a certamn number of chinical cases in which both nodal
disturbances and aberrant ventricular complexes are present can be explamned
best by the concept that the nodal disorder 15 responsible for the ventncular
aberration  Otherwise 1t 15 necessary to postulate more complex mechanisms
requinng the presence of multiple disturbances involving the node and one or
both ventricles sometimes alternating rapidly between the two ventricles

Thus 1t can be seen that interference wath the function of so tiny a structure
as the AV node can give mse to a wide vanety of abnormalities  These may
be briefly summarized as follows (1) heart block of vanous types and degrees
(2) accelerated conduction (congemital or acquired) through part of the node
(short PR aberrant QRS) or through the entire node (short PR normal
QRS) and (3) other nodal diorders (manifested mn many cases by partal or
complete AV block}

The same 1nterference can give 1.e to ventrnicular aberrations identical to
(1) ventncular extrasystoles left nght and indeterminate (2) complete and
partial left and nght bundle branch block complexes, (3) ventricular tachy
cardia (4) bidirectional ventrcular tachycardia (5) idioventricular beats (6)
nonspecific types of aberrant ventncular complexes and (7) retrograde but
normal upnght P waves following normal or abnormal QRS complexes { The
nature of this latter pecuhar disorder 1s not understood 1o heart bloch 1 pres
ent because there are as many P waves as QRS complexes

All of these drsorders have been produced exp lly and have also been
seen chmcally By conceving of them as primanly nodal disturbances due to
abnormalities of the delaymg function of the node rather than as smultane
ously present nodal and ventricular disorders_their mechanism becomes readily
understandable  Accelerated conduction indrcates partial loss of the delaying
function of all or part of the node, while AV block represents too much delay
n alt or part of the node  Since the cells 2nd fibers of the node and the intra
ventncular conduction system are functionally separated from one another
phystological disorders of parts of the node will result in physiological disorders
1n corresponding parts of the ventricles  These disorders manifest themselyes
electrocardiographically as aberrant ventnicular complexes of many kinds with
or without changes m the PR mterval

This e lly denved an lly supported and relatively simple
concept would seem to provide a clearer explanation than hitherto available
for many ventricular aberrations encountered clmically

For some of these cases we are indebted to Roy W Scott and Herman Hellerstein of
Ulexeland Ohio i has landly called

A Ravin of Denver Colo has kindly cal to our attention an example of the
P wave gradually moving 1nt0 and bebind the abnormal GRS Complex 1n a case of Wow
would appear impossible for such a phenomenon to occur 1n accordance with an abnormal
anatomical bun lle
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A final opinion concerning the vahdity of the theory we have summanzed
briefly however will depend upon further research  Much more histological
study especially of the type now being carried out by Maunce Lev 1s required
The work entarls months or years of pamnstahing effort a large number of cases
must be examned 1n order to provide vahd evidence for or against ths concept
It may develop for example that some cases of WPW syndrome are indeed
dependent upon congenital anomalous anatomical AV connections while
others may result from an AV nodal disorder “In any event a patient and
open minded attitude should be mamtaned until conclustve proof 1s available

Discussion

F T Rosensaum The phenomenon of anomalous atrioventricular exata
tion finds considerable application in the ort of problems discussed mn this
panel  Just as the study of bundle branch block added much to our under
standmg of the genesis of the electrocardiogram 1n the WPW syndrome we
have another opportunity to break the QRS complex down mto component
parts  Seemungly i this anomaly we have one element of the ventricle acti
vated much earher than the remainmg normally activated element The
tume relationship of the activation waves of the two ventricular elements to
each ather 1s not unlitke that seen in bundle branch block yet we rarely see
ventricular complexes that really resemble those of erther ripht or left bundle
branch bloch It seems therefore that the spread of the impulse through the
ventrile that s activated early 1s 1n some fashion unlike the normal actnation
wave and does not travel through either the night or left main branch of the
His bundle or through their ramifications

One question that has occurred to me concerns the behef that anomalous
atrioventricular excitation 15 due to a more rapd spread of the impulse through
damaged atrioventnicular nodal tissue  Why under these arcumstances
should diseased specialized conduction tissue elements transmt an impulse
more rapxdly than normal when the reverse is true when this zone of the myo-
cardium 1s altered by such diseases as rheumatic myocarditis or acute myo
cardial infarction?

In reference to the experimental and chmical observations referred to by
Sodi Pallares I should hke to say that I feel we must avoid placing too much
weight upon superfictal blances of electrocard hic tracings  If we
believe that a recorded observation actually represents anomalous atrioventnc
ular excitation we must msist that there be a delta wave and a sharp terminal
deflection 1n the ventncular complex just as we msist upon these cntena m
making the diagnosis i the random instances that come to us 1n our chmeal
evperience

There appear to be rare instances of the WPW syndrome i which the supra
sentricular 1mpulse preads to the ventncles only through the anomalous
mecham m It s difficult to believe that mn these patients hfe 15 dependent
solely upon an electrotonic or mechanical stimulation of the ventncles by the
auncles  Some structural mu cular bypass seems far more Lkely to tnsure the
continued tegular ventncular activity demonstrated by these patients In
stances of this disorder in more than a single member of the same famuly and
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11s oceurrence 1n association with other cardiac anomalies are additional rea ons
for behieving that some structural anomalous by pass 1s present
It seems not improbable that there are sesveral mechanisms of pre-excitation
but 1t 1s my feeling that i most of the nstances we encounter 1n our routine
chinical ebservations we are dealing with a situation 1n which there 15 a struc
tural by pass mn or near the interventnicular septum possibly arnt ing from the
lower portion of the atnoventricular node and having broad ramifications 1n
the subepicardial myocardiup of the posterior ventricular wall u wally on
the nght and occasionally on the left side of the septum
P Ruyrant (Unitersity of Brussels Brussels Belgiem) 1 did not want to
interfere with the discussion of the W P syndrome but I can confirm some of
the physiological facts upon which Prinzmetal has based his theory The de
lay 1n the auncular ventricular conduction 15 due not so much to the His
bundle but to slow conduction within the AV node  Pharmacological action
15 also limited to the A\ node Twenty five years ago measurements of con
duction velocity were already quite accurate and 1t was then po 1ble to show
that by applcation of acetylcholine on the AV node the normal delay could
be increased by at least S0 to 100 per cent while an equal amount of acetyl
choline applied to the His bundle did not change conduction  The action of
the vagu on the conduction system 1s also confined to the AV node and not to
the His bundle or 1ts branches
H H Hecur It seems to me that Prinzmetal s theory and his expenments
require some comments concerning the possibility of accelerated conduction
n damaged tissue
C Brooms (State Unnersity of Neuw York College of Medicine Brooklyn
3} 1) Ananswer can be given but I am not certain that 1t 1s correct It s
true that the excitabilty and speed of conduction m tissues depend 1n large
measure upon factors mamtaiming membrane polanization  The passage of
cathodal current through a tissue creates a state of nstability or hyperexaita
bility (catelectrotonus) An injury or an anovic area that creates localized
depolanzation will serve to generate a current of mjury A cathodal current
flow thus occurs through adjacent tissues that should theoretically render
them more excitable A localized lack of oxygen or some other essential ma
terial should also reduce the effectiveness of reacttons maintaining membrane
polanzation  Therefore in these areas near an mjury or in ateas suffermg
some margmnal deficiency weaker stimuli should be effective 2 quicker breal
down of the membrane should occur and conduction should be faster It
seems to me that under abnormal conditions faster than normal conduction
1n a heart 1s possible
J S Rosr (State Unierstty of \ ew Yark College of Medicine Syracuse \ 1 )
1 should Itke to point out again that there are very great individual differences
m the structure of the conduction system  There 15 an A\ node there 1s 2
bundle and there are branches but the particular number of branches and the
particular distnibution vames from indnidual ammal to mdwidual ammal
There can be anomalous branches
1 desire to stress another point  Concerning leukocytic filtration or re
placement of normal tissue by fibrosis 1t seems to me that there s a possibihity
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that has not been discussed It ts not necessarily damaged tissue that 1s con
ducting early It may be that in this mass of pathology we have a strand or
two of normal conducting tissue going down and that these trands are con
ducting faster than the rest of the tissue because the remawng tissue while
not sufficently different to malke its conduction time abnormally long could
stil delay conduction enough to produce 2 vanation in rates of conduction
Prizmetal s experiments might be interpreted on this ba 1s

A Prcx (Heart Statron Michael Reese Hospilal Chicago 1) I do not thmk
that anyone doubts that pre excitation beats are fusion beats but the real
question 15 how are they produced? Under normal conditions the ympulse
reaches both bundle branches and actrvates both ventricles almost simultane
ously In beats of pre excitation contour one portion of the ventricles 1s
excited prematurely  This may be due etther to the rise of another simultane
ous impulse at the point of earlier activation or to the use of two pathways by
the single sinus impulse one of which bypasses the obstacle of the AV node
and causes some portions of the ventricles to be actrnated ahead of others
Both of these mechantsms of course will produce fusion beats of similar con
tour It1s our task to decide which of the two 1s acting in the true pre exata
tion syndrome  To do this we must examine the evidence in each indridual
case and we also must have a precise definition of true pre exaitation  Ac
cording to the present state of knowledge one should Tbeheve restrict the term
pre exatation only to beats having, a delta wave and a foreshortened PR mter
val which remams fived 1 a series of such beats This was not the case in
some examples described by the panelists in which anomalous ventricular com
plexes had been produced by mechanical stimulation of the ventricular septum
In these cases I belteve we are dealing with an AV dissociation caused by stimu
lation of a ventricular focus operating at a rate close to that of the smus node
That this 15 possible has been demonstrated expenmentally by Scherf® Con
tranwise I my opimon in real pre-excitation an anomalous by pass of the AV
node must be present aince otherwise we could nerther explain the occurrence
of predomunantly supraventricular tichycarda m the syndrome nor the per
sistence of pre excitation complexes during auncular fibrillaon  Turther
strong evidence for this view 15 (1) the anatomical demonstration of such a
bypass in over half of the exammed cases (2) the expertmental reproduction
of the entire syndrome by Butterworth and Pomndexter # (3) the fact that
pre exaitation may be found m assocration with AV block and finally (4)
the fact that on occasion ectopic impulses can be shown to anse with the anom
alous AV bridge

SuaMary AND ConeLusion

H H Hrenr It seums to me that 1t should be possible to denve a <atis
factory synthesis of the somewhat divergent thoughts that have been expressed
s this panel It s clear that the ventricular muscle has the capucity to re
spond to two -ction currents (double exaitation) followed by one effective
mechanical beat  Butterworth and Tomtdextirs expenimentally produced
fusion complexes  which they introduced as an explanation for anomalous
atnoventneular exatation are typical of the many expenments (beginming
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with Lewis s demonstration*) that attest to this fact  When this takes place
some segments of ventncular muscle respond to the impulse that arnves first
the remainder of the muscle responds to a shghtly later second wase of excita
tion Suchan event resultsina ventncular fusion beat a term that imphes
1o mote than that the electrocardiographic complex 15 the resultant of two al
most simultaneous stimuli  Observation of the mechantcal function of the
heart 1n 1nstances of this kind seems to support the 1dea of double exatation
by demonstrating a slight mechanzcal asynchrony with the pre-excited part re
sponding shghtly before the remaimder 1n some although not m all of the re
ported cases

Ve may now single out at least three of the more likely causes for such a fu
sion phenomenon

(1) An area of ventricular muscle may spontaneously depolanze very late
1n the diastolic period or may be made to do so by external stimulation  Part
of the ventricular musculature wiil be depolanized from and will respond to this
ectopic focus Propagation however 1s only partially successful because
normal atnoventncular conduction has resulted i the exatation of the re
mainder of the ventncular myocardum Such fu 1on extrasystoles of
ventncular ongin do not of course show a post extrasystohc pause
The configuration of QRS under those circumstances may not depend
only on fusion and pre excaitation but al»o on the location of the area respond
ing to the abnormal focus * ™  This seems to be substantiated by the obser
vations of Sodi Pallares and his associates ™ Expenments previously men
tioned?® and the examples observed following cathetenzation injury™ may per
haps belong to this type

(2) Ectopic for of this kind (fusion extrasy stoles) have no beaning on the
mechanism of anomalous atnioventricular excitation except to demonstrate
the fact that double excitation 15 possible In anomalous atrioventricular
excitation fusion beats may occur over long time pertods and are essentially
independent of sinus wrregulanities and various degrees of partial AV block
They disappear when the impulse 1s displaced into the lower nodal region the
common stem of the Hi> bundle or when complete AV block 1s induced Thi
type of double excitation may be considered a distinct chinieal entity the WPW
syndrome  This syndrome may or may not be assoctated with organic heart
disea e (often mashing or modify ing, 2n otherwise abnormal electrocardiogram)
and 1t 15 frequently accompanied by a tendency to paroxy mal supraventricular
tachvcardia  During thece paroxysms either entirely pormal entirely ab
normal or itermediate forms of QRS complexes may be recorded The at
tacks may be long lasting or they may be of very short duration In the lat
ter case they may escape attention entirely or may be casually discovered for
instance dunng the mampulation of a cardiac catheter

Ewidence for the congenital nature of the WPW syndrome 1s stil] mostly air
cumstantial but stron, The syndrome has been reported with vanous types
of congemital cardiac malformations®7 M €45 By yteelf this relationship
proves little since 1ts true madence in the parent population 1s not known
Reports of hospital senes are obviously unreliable because patients with the
disorder are not hikely to seeh medical advice If Graybiel s senes of electro
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cardiograms on normal 2viators* ts an indication the nadence i the adult
population would be 0001 per cent In 282 consecutnve pattents with con
gemtal cardiac malformations observed by us dunng the last 3 years anom
alous atnoventncular excitation occurred twice or 70 times s frequently as
expected  Other strong evidence for the congenital nature of the syndrome 15
the ncreasing frequency of its recognition in nfants and m the nenborn ¥ ¥
and the occurrence of the full blown syndrome in farmhes as already men
tioned by Wolff and Rosenbaum mn this panel and by others” ¢ ¢ Proof of
the heredity of the syndrome would lte 1n the observation of its occurrence 1
identical twins which I believe has not been reported so far

Ve need not discuss the question whether the demonstration of accessory
bundles connecting the atria to the ventricles in some autopsied cases const:
tutes valid proof that anomalous atnioventnicular excitation occurs over such
pathways  This has been an attractive hypothesis although the famous bundle
of hent whose very ewstence 1s m doubt certamly cannot be implicated
Robb has indicated and Segers and his co-workers®® have published evidence
that such paths may eust even within the septum It 1s of interest 1n this
connection that embry onic tissue 15 capable of impulse propagation long before
a recogmzable conduction system has been established One may speculate
that embryonic rests may bridge the atnioventnicular junction supplementing
normal conduction pathways

The electrocardiographic features of pre excitation with short PR may occur
as an acquired Jesion and I believe mstances of this kind should be separated
both from ectopic fusion beats and from the chnical syndrome discussed above
This may indeed be the consequence of some specific manipulation mvolving
the atrioventricular junction The observations mentioned by Prinzmetal
and by Sod1 Pallares belong to this type of anomalous exaitation as would some
of the examples mentioned by Scherf and his co-workers ¢ The cases reported
by Kossmann ¥ 1n which the syndrome was observed following cardiac cathe
terization would also belong to this type although it 1s possible that these
may belong to the group of fusion extrasystoles One should be careful how
ever to be sure that the acquired syndrome is not sunply an unmashig of a
previously well hidden congemital anomaly  Ficure 24 1llustrates the exam
ple of 2 27 year old veteran with rheumatic heart disease mutral stenosis and
predominant nght ventricular hypertrophy  Duning a penod of atnal fibrilla
tion abnormal compleves were observed that were absent on many subsequent
occasions even duning conversion by quinidine and during the surgical pro-
cedure (mitral commussurotomy) On a routine follow up exammation six
months after surgery classical anomalous atnoventncular exdtation was re
vealed to be present with ventricular complexes nearly :dentical to those ob
served previously during the episode of fibnillation  This was not then an

acqured anomalous atrioventncular exatation but one that had remained
uncovered for long periods betw een the examinations {even dunng mtracardiac
surgery)  The case could easily have been listed as an example of the acquired
type  Sumilar examples have been reported by Lyle

Prinzmetal s concept of ! d cond may be consid

d a vana
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Taste 3
SUBDIISIONS OF VENTRICULAR Fusion Puenougna (DoUBLE VFNTRICULAR LXCITATION)

Type A (usually sporadic)
(1) Fusion extrasystoles
Ectopic ventricular focus occurnng late i diastole with fortuitous supery ositien of nor
mal excitation no post extrasystolic pause (septal ongm?)
(2) Tetopic foc from high septal regions
Type B (usually contnuous)
Anomalous atrioventricular excitation inhented and acquired types
(1) Inhented Wolff Parkinson White syndrome with frequent episodes of paroxysmal
atrtal tachy cardia (congemtal accessory conduction pathways?)
(2) \cquired commonly associated with cardiac discase but not with atrial tachycarda
(partially accelerated a v conduction?)

ton of the concept that pre excitation eccurs because some strands of conduct
mg tissue wherever they may be located circumvent the normal delay usually
encountered in passage through the AV node  Prinzmetal applies this concept
specihically to the A\ nodal region and assumes the presence of differential
conduction through this region  This 1s  longitudinal dissociatton  of the
AV node which m the past, has been implicated as the cause of certam con
duction anomabes such as the occurrence of retrograde P waves 1 complete
(forward) AV block or the forward excitation of the ventricles by retrograde
conducted P wave recprocal beats It may be related to the supernormal
phase 1n conduction that Brooks had in mind ~ Brooks has tmplied—as have
others—that general hyperexaitability may become a charactenstic of damaged
tissue  One may add that perhaps a release of potassium from damaged cells
with a Iowenng of the mtracellular potential closer to the finng level may be
mvolved At any rate hfferential conduction 1s the basis of certain expen
ments dating from Schrmitt and Erlangers3which led to the formulation of the con
cept of re entry and of circus movement i the mammalian heart I am de
lighted to see Pnnzmetal looking at lhimself from the other side of the fence!

In concluston we have discussed an anomaly 1n ventricular excitation that
on the face of 1t may be of interest only to the clinical interpreter of an elec
trocardiogram  We chose the topic however because its detailed analysis
may hold some clues to the <pread of exatation over cardiac musculature in
general  The several dnvergent views we have discussed do not appear con
tradictory  Perhaps Taste 3 may be acceptable to all pirticipants as a work
ng hypothesis
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PartIIl  Cardiac Recovery
RECOVERY OF CARDIAC MIUSCLE A PARTICULAR PROBLEM

By Charles E Rossmann
New York University College of Mediane DewYork ¥ ¥

When compared to other t1 sues the recovery process in cardiac muscle 1s
unique as has been demonstrated in the records of monophasic action poten
tials described earlier n this monograph  Reference was made to a figure
from the book by Brooks ef al! to show that even 1n cardiac tissues the form of
the actron potential differs  For example compared to ventricular muscle a
plateau duning recovery 15 lower and longer in Purhnje fibers for comparable
rates and 1s absent 1n atnal muscle  Both Cole and Weidmann 1n the section
of this monograph dealing with cellular events described a few monophasic
records of nerve that looked like a foreshortened version of the cardiac action
potential

It appears that the answers to many questions relating to the restitutton of
exatability 1n any tissue have been and will be found with the least expert
mental difficulty 1n cardiac mu cle  Whether these will be applicable to all
excitable tissues 1s problematical

One of the prinaipal objectives of this section on cardiac recover; 1s to re

! the physiological 1 the time course of repolarization as
compared to depolarization ascribable probably n large part to mechanical
contraction of the heart soon after the beginning of excitation

As early as 1921 Wilson and Herrmann recogmzed that the form and direc
tion of the deflection resulting from the dechne of excaitation were deter
mined by at least two different factors the form of the preceding QRS and such
local factors as coolng ~ Although at the tume they concluded from expen
mental stimulation of each ventncle m dogs that the duration of the excited
state was approumately umform in all parts of the ventncular muscle there
was one conflicting experiment 1n which the left ventricle remained ntermit
tently refractory longer than a sunultaneously stimulated pomt on the night
ventricle  The significance of the finding was minimized at the ime but was
later found to have considerable importance in the elaboration of the concept
of the ventnicular gradient first mentioned by Wilson e al 210 1931 and further
elaborated by these investigators* 1n 1934 Although the gradient was also
spoken of as the electnical axis of QRST  Bayley s° recent interesting vector
analysis would indicate that the gradient 1s not an evistent electromotus e force
but rather a directional dernvatrve of the duration of the evated state at any

point 1n the ventncular mu cle dependent upon the spatial orientation of that
pont  The gradient as a measure of differences n both the rate and duration
of repolanzatior was touched upon by Hecht and Schaefer earlier i these

ages
Although the ventncular gradient should be a valuable chmecal measurement
the time consuming tash of determiming 1t has limited 1ts use Brller s
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Ficure 1 Intracardiac lead 1n a 28 year old Negro male with unkno vn heart disease
displaytng 2 late large negatisc potential possit ly caused by hyvperpolatization  The upper
record (Vavin) from the night ventricle made simultaneousl with the potential of the left
arm (V1) shows 2 pontaneous disappearance of the potential at the end of the stp  The
lower records were made with a double electrode catheter in the night ventncle with the
electrodes 3 cm apart  The provmal electrode recorded the | 7l able true potential of the
cavity (Vmver} and the di tal electrode recorded the ne aty e afterpotentral but ta lesser
degree than imtially (Vry 1) Note the occurrence of this} tertinl near the end of the T
wave and 1ts Y‘ersxs[enre for almost 03 sec into the T P utenal  The time lines represent
02sec In the lower nght hand corner ate leads aVy and \ in a 6/ 3car old woman who
had recersed quinidine for the treatment of atnal it pllatton within the preceding 24 hours
Note the late downward deflection fused v 1th the T 1 ave and occupuing the entire T I seg
ment  The time lines represent 004 sec  Strng ser 1tnaty 1s rormal excey t as indicated

analogue computer which he describes el ewhere in this monogriph hodes
well for ultimate arcummention of this practical obstacle and hus data will
reveal that magnitude is perhaps more important than direction in differentiat
ing the abnormal from the normal even though present (limicat methods are
more concerned with the Intter? Schacfer has suggested this in relating the
magnitude of the gradient to the magmiude of the area of QRS

In the spatial confipuration 1t has eemed to us that possibly not all the de
ired or available information 1s incorporated in the ventricular gradient and
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for this reason we have made some empirscal studies on the relationshup of the
spatial areas of QRS and T 1n terms of electrical work done dunng each process

with the mitial assumption that the heart generator s a fixed position varying

moment dipole? Brller elaborates on these studies later m thus part of the
monograph  The concept may have serious hmitations in view of Schaefer s
statement that less than 10 per cent of the total electriaity generated reaches
the surface and n view of W Trautwein s demonstration that the gradient 1s
not related to the state of dilatation or to cardiac work

An obsenvation of interest 1s presented 1n FICURE 1 noted duning catheteriza

tion of the nght ventricle 1n a \egro male subject with unknown heart disease
A catheter electrode displayed unusual negative displacement of the T P seg,
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Fioure 2 Enlarg d electrogram (Vaa
1 upper record) made from the nte
lﬂ;;l:;:)‘c i.mg}_:ﬁ::?::& ‘:nh lea(!l ﬁ(x Jo er record) in a patient with com;?:t;‘gilgéﬁl;t“ﬁt:t
areasfollows a a acceson deflections * ks 1) d
tions U afterpotential P P wave m fead 1  The trme O T e e
tons O 1me hnes represent 02 sec  Gan is
indcated on |:e Jocords (From C 1 Rossmann 1 T/ Wedical Climics of North dmerica
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ment when the electrode was abviously touching the endocardium  This 1s
clear from the fact that the large negative after potential disappears at the
end of the record Further when a double electrode catheter was used as
shown 1n the loner strip the deflection was absent from the record made from
the prowimal clectrode but was present in an electrode 3 cm more distal A
deflection of this kind has also been cen when recording intraceliular poten
tials  In the lower right hand corner of the figure are shown similar deflections
1 leads aVy and Vi 1n a 67 year old female who had recerved 18 gm of quim
dine 1n the preceding 24 hours

FiGurE 2 shous a nght atnal electrogram m a patient with complete A 1
block displaying an afterpotential labeled U It 1s shown to demonstrate
that an afterpotential occurs 1n humanr atnal muscle
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THE VENTRICULAR GRADIENT OF WILSOV

By \anuel Gardberg and Irving L Rosen

The Cardiac Re ch Laboratory of the Tosro Infirma y and the Department of Medicine of
¢ Carde ’l;r?[aumdua State Une erstty Vediwcal School Ve Orleans Lo

‘It 15 the purpose of this article to describe 2 method of analyzing the elec
trocardiogram which has not been employed hitherto and which 3 1elds mfor
mation not obtanable ;n other ways  This 1s the operung hine of the paper®
that mtroduced the concept of the ventnicular gradient entitled The Deter
mimnation and the Sigmficance of the Areas of the Ventricular Deflections of
the Electrocardiogram  Tts authors were Frank N Walson A Garrard Mac
leod Paul § Barher and Frankhn D Johnston This paper m our opimon
15 urtmatched 10 tts field exther i the Jogic of 1ts development or 1ts importance
as a scientific achievement It seems however that no concept introduced
1nto electrocardiographic thimking has been more neglected in spite of the fact
that its further development by Ashman? * *and his assoctatesand by Bayley &
demonstrated 1ts importance as a sctentific and clinical tool 1n the nterpreta
tion of the recovery (T) potentials  This1sin part due to the Jact that i some
quarters the notion has become popular that concepts employirg the vector
method cannot yield correlations when the standard hmb leads are used for the
construction of the vectors It 1s the purpose of this presentation (1} to show
that the concept of the ventricular gradient 15 an important scientific and
cliseal tool (2) to show that the effects of eccentrictty contour and mhomo
geneity do not completely destroy its usefulness, and (3) to discuss some of the
mmphications of the concept with respect to certam attempts at spatial vector
analysis

As Wilson described 1t the ventricular gradient 1s a measure of the electn
cal effects produced by local vaniations in the duration of the exutatory proc
ess ' Expressed as a vector quantity 1t gives the direction and magmtude
of the electrical forces produced by a lack of uniformuty m the duration of the
exated state

A brief review of the concept of the gradient 1s presented in FIGURE 1 Tt1s
to be noted that if the duration of the excited state (rate of repeolarizatian)
umform throughout the muscle and the sequence of repolarization follows that
of depolanization the QRS complex ss followed by a T wave of equal area and
of opposite sense for the quantitative potential change dunng depolarization
and repolarization must be the same although in oppostte direction  Follow
ng Burdon Sanderson this diphasic curve 1s represented as the result of the
algebratc additton of two oppositely directed monophastc curves each repre
senting the curve duced (th y depal 2nd repol

tion of the opposite ends of a muscle fiber or opposing surfaces of a segment

‘The Cardiac Research Laboratory of the Touro Infirary s supported
the John & Hartford Foundation Mew. Yok % A and the J ot B o
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aof ventricutar walf*  If the duration of the evcitatory process is unsform then
for any fiber or segment of ventricular wall the duration of the two monophasic
curves is sdentical and regardless of how the two cunves are related 1 time
{and regardiess of which occurs first) the T wave walf be of opposite direction
and of area equal to that of the preceding QRS complex and the resuls of alge
brase addition of the two areas (AQRS + T walt mvariably be zero  On the
other hand 1if the duration of the excitatory state s less 1 one area thus may be
represented by decreasing the duration (and therefore the area) of the mono
phasic curve for that reion  Under these circumstances the result of algebrac
addition of the areas of the QRS and T complexes wilf agasn smanably be the
same regardless of how the two monophasic curves are related with respect to
time bul il will nof be ero This redual quantity 1s a measure of the ney
electrical effect of the difference 1n the duration of the exeitatory state m the
areas of muscle under consideration  Thus aren (AQRST) may be measured
n any two limb leads and may be plotted on the Einthoven trrangle as a vector
quantsty the mamfest grodient zector  When the compleves are recorded from
the heart, the areas that result actually represent the addition of 2 multitude of
pared monophasi. eurves in vanous onentations I the T wave and the QRS
areas are plotted in the same manner the mean frontal plane T and QRS vec
tors ate obtamed and the gradient vector 1s of course the resultant of these
two vectors quantities according to the Jaw of the paralielogram of forces

These frontal plane vector quantities may be regarded a3 the projections of
spatial vectors  For the normal heart Ashman et ol* estmaed that the
miean spatial QRS vector was at an angle of 90 to the longitudinal avs of the
heart and that the spatial gracient vector hes between these two 1 approxt
mately the same plane as that of the QRS leop making an angle of 30 with
the mean QRS wvector (FIGURE 2} At the very outset 1t was emphasized by
Walson ! by Basley © and by us that of 5 the relationstp of the magnitude gord
directian (espeaally the lattes) of the wentricudar gradient o tfee magntide and
drrectan of the mean QRS vecior whick 1s mporian!  Newher the magmtude nor
the direction of the gradvent has much meaning exeept 18 refation to the mean
QRS

As shown ap FiLuRe 3 the frontaf plane gradient usually bes to the night of
the mean QRS 1n connterclockwise heasts and st hes fo the left of the mean
QRS n the hearts that are rotated clochwise about the anatomc aus  Thus
the QRS loop 15 the only available hey to the proper relationshup of the grady
entvecior tothe YQRS vector  Audin determuning the onentat wsof thesystem
of vectors that we employ 15 obtamed by use of the ideahized normal GRS loop
shown i the figures This loop had tts engw 11 mferences drazn from the k;
pothesis of the pith of accession formulated by Gardberg and Ashman$ 1
1943 and awes its present form to Ashman who altered the loop shown in that
articde by tnaf and error unts! he found the form that secorded best with mest
of the frontal plane toaps that ke panstahingy wonstructed from the limb Jeads
of hundreds of noral persons

Ttosaccyytedthat { a segment of ventsrcular wall the sum of the tot;

af ef
£ sum of the o posang efects 1 the endacs Gial and epar vt serfamee 41 ed22!
effe ts cancel out
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FicuRe 2 The ideahzed spatial QRS loop 1s shown lying in the plane of the page and
not 1n an anatormeal position  The mean spatial QRS axis (QRS) 1s shown lying at 90 te
the longitu hinal aws of rotation (H) and the spatial gradient vector (G) s shown lying at a
30 angle to the mean spatial QRS ams all lying 1n the plane of the QRS loop  The entire
representation 1s ideahzed tut some vanations of course occur (see text) The spatial T
wvector (T) at rest 1s usually close to the longitudinal aus (H)  Progressive diminution of the
magnitude of the gradient (G) from such causes as increased rate exercise food or digitalis
progressively produces T vectors T and T This model may now be employed to represent
almost the entire range of varations of the normal electrocardiogram under a vanety of non
pathologic conditions

There are those’ who would object to an idealized general form for the nor
mal QRS loop on the ground that loops electronically recorded in various labora
tories have a great variety of patterns that defy any attempt at stereotyping
The implication that because the loop 1s recorded with electromic equipment
1t 15 thereby imbued with some unassailable quality 1s rejected for reasons too
obvious to mention  Furthermore we have proven that such stereotyping 15
possible for the frontal plane projection  This alone makes 1t necessary that
the spatial loop have some general form whether 1t can be recorded or not
Finally on philosophical grounds one must object to the notion that the spatial
QRS loop behaves differently from all other biologscal characteristics that fot
low a normal distnbution curve (excepting sex) Thus we predict that when
an accurite orthogonal system has been found a general form of the normal
QRS loop (including timing) will be evident  Indeed this will be our first
requirement before accepting 1t
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Vagntiude of the Gradient

As measured 1 idividuat tracings the magmitude of the gradient can ben
terpreted only with great caution because 1t vanes with a sanety of nonpathe
togical factors even in the same individual  Increased rate diptahis exerase
food and smokng are among the factors that dimimsh the magmiude of the
ventricular gradient  Xn the system developed in FIGURF 2 1t 15 seen that of
1he mean QRS remains unch d prog of the v s
gradient causes the direction of the mean T avis to deviate anay from the direc
ten of the mean QRS vector and that the locus of the t1p of the mean T aus
dunag ths change 15 a strasght line drawn through the tp of the onginal T
axs parallel to the direction of the nentncular gradient vector  Yioure 3
attustrates the same model photographed 1 1arious rotations about the longt
tuchmal axs It leads one o expect that in the counterclochwise heart those
factors that diunmsh the magnitude of the gradient will cause the mean T
avs to deviate 1o the nght that i clochwise hearts the same factors wall cause
the mean T axis to deviate to the left and that e hearts whose onentation 15
such that the loop 15 viewed on edge the T aus will not change i direction
but will simply become o hed 1n de T i we place
the model in the position shown as f 1n FIGURF 3 we can see that theoretically
1 may be possibie to muvest the Previously upnight T waves of alf three standard
himb leads by dummshing the magnitude of the ventncular gradsent  Ope
need onky find a subject whose loop 1s orsented 2s 10 f of prcuRE 3

In PIGURE 4 we see on the left the records made before and after exerase of
o young healthy tuale with a counterclochwise heart (see oscatloscopic frontal
plane loap)  Here tt 15 seen that the most notable change 15 a duminution of
the magmitude of the gradient and a consequent deviatwon of the mean T
aus to the nght Ty becomes lower and Tyy previusly mverted becomes
upnght * I the T axs dewiates further to the nght T aly becomes m
verted (FICURE 5} In the center of FIGURE 4 are the observations from a sub.
ject with 2 heart 1 an onentatron such that the loop 1s viened almost on edge
Here 3t 15 noticed that exerase agam causes a iminutson of the gradient and
25 was expected. the mean T aus does not change materally m direction but
1 reduced 1n magnitude  The data of the subject with clockwise rotation of
the heart are shown on the nght  Here agam exeraise reduces the magnitude
of the gradient and as expected from FIGURE 3 the mean T axs 15 deviated to
theleft  Asavesult T;become shphtlyswalier and T previgusty upnight
becomes nverted  In FIGURE 6 are shown the obseryztions on a subject whose
QRS Yoop (g v } corresponds clasely to the onentation of the model Joop shown
m ricure 3f reproduced bere  Agam exerase dimnished the magmtude of
the gracdient and resulted 1 the change in the T avs shown iy the photograph
of the model  The tracings show 4 shasp inversion of the T waves i leads Tt
and HT and a smalf imverted T wave i the first two complexes of lead I Fro~

These chservalions were wade ua lee conteall 2 ¢andations  The st jeet.
The exe mse Was 20 deep knee hends j erformed tagidls  The 3 stan fard nfnﬁr;é?\?:fe
wmade simultantoush with a polychannel apparatus aperated at paper of 50 mm fsec
The ¢ eas of the compleses we ¢ measured f om a cavefully drawn F ase hine

W &
of other apparatus N Correction 16 area measurement 3 a5 permutted ofice y\;t‘ixlgz h‘;‘é e
gun
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FIGLRE 5 Tracings before and after exercise of a 20 year old youth with an spex back
counterclockwise heart  “ote the mversion of T in a%y

URE > shows a counterclochwise heart in which the nightward deviation of the
T aws s suffictent to invert the T wave mal

It should now be obvious that the T deflections vary greatly and in a most
confusing manner in the absence of disease and that order 1s brought to this
chaotic state of affairs only by employing the concept of the gradient A
vaniety of nonpathologic factors dimimishes the magnitude of the gradient
The T deflections simply follow this rule as shown above

In most of the expeniments described above the strikhingly simple corre
spondence of the actual observations to the theoretical principles embodied 1
the model 1n FIGURE 2 15 due to the fact that the QRS loop retamed approx
mately the same orientation after the exercaise as 1t had before This 1s not
always true  Very frequently the heart becomes more vertical after exercise
as a result of the higher respiratory mud position and clockwise (less often
counterclockwise) rotation occurs  This 15 made evident by the changes n
the frontal plane loop (and compleves) At times the effect of making the
heart more sertical opposes the effect of yradient diminution upon the change
of direction of the frontal plane mean T axis  For example 1n F1GURF 7 the
positional change d to / causes the manifest T aus to deviate to thenght while
diminution of the magmtude of the gradient causes this axs to deviate to the
left Sometimes one effect predominates and sometimes the other gains
ascendancy 1t s therefore ymportant to relate the vectors to the loop which
remains the only guide to normal QRS gradient vector relationship

E of FIGURE 7 rep the loop-vector system in a wide range
of onentations shows the following condstions

(1) Measurement of the magnitude of the gradient in a large number of
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Fiwirr 6 Resulis of an exerase test on & sutje 1 hase loop correspond to that
7I0URE 3/ Note that the obsersed T aus direchions cosrespon 3 ta those pr%xm]oandathaui

the T ases bave bect me tnuetted e alfof the three standard himb Jeade  This 18 2. 7 b
bealdh s aung man v

normal sadsviduals should give an extremely wide range of vanation if we
cover 2 wide distiibution of heart positions and rotations  The direction of
the gradient alse varies tsemendously  Statistial companson of such a wide
varsation of values to a ssmidarly wide range of values for the magnitude and
directson of the grachent m all kunds of abnormal tearts 15 fruitless becau ¢ m
the latter group the magnitude and direction of the gradient can be greater or
stmaller than normal depending upon a vanety of factots  Only congestive
heart failure does the gradient almost myvanably diminish magnsude

{2} Graphic correlation on rectangufar coordinate between the magmtudes
of the mamfest T vector and the mamfest QRS vectors 35 o/ to be espected
if 2 wide distnbution f ardiac positions 1s covered

{3 In a larye group of ubjects of wade distribution of cardiae Pposition
graphic correlation between the cumponents of the mandest T and manifest
QRS on any one lead 1s not to be expected because the gradient 1anes so wadely
1n dwection and maguitude
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\grammatic representation of a wide distntution of orentations of the normal loop vector
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sSvay I

Fieiwe 8 Estumation of the direction of the novmal hunan ventncular gradient
ek vidal subgect  The lime drawing shows the construction of the frontal ;ﬁram lmp”;rloﬁ
the huab leads sor the caleulated feomial plane mean QRS and gradient vectors  The photo-
aph at the uppee nght 13 the osailloscopic frontal plane loop The photograph at the uppes
eft shows the model loop vector system onentad i space 5o that a saurce of paraliel Eght
hrows a shaduw such that the form of the plotted loop and the directxon of the mean QRS
o hoth matched as closely as possible  In fhus case the essor in the actual caleulated der
Hn of the fyontal plane gradient when compared to the diection of the shadow of the
gead ent on the photograph at the uppe left 1s about 6

The application of such attempts at correlation to the question of the wahdity
of the concept of the grachent can be duc anly to msconception at a funda
mental level  Furthermorse the notion that alt relationships can be expressed
w i dinates 1s ly false

Frontal Plane V entricidar-Gradient ¥ ector

Exarnnation of the directson of the frontal plane ventnicular gradient vector
of the mdvidual subject 1s presently beng carned ot the following manner
{he onientatson of the model loop shown 1n FIGURE 2 1s found  When ths s
projected or the frontat plane xt maiches the frontal plane loop constructed
from the hmb leads (or by esatloscope)*  The direction of the men QRS

The defference betneen loops consteucted from the Fab lex s an® those
the ascilloscope 18 small n most wstances constructe} Ly
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vector 15 also matched The frontal plane projection of the spatial gradrent
vector of the model loop now gives the predicted direction of the sentricular
gradient (FIGURE 8) The measured direction of the gradient (plotted from
the mb leads) 1s now compared with the predicted direction  When this 15
done the error 1s small 1n many normals, but 1n others 1t 1s rather large although
we are presently engaged in remvestigation of this problem by the revised
method just described and 1t promises to produce better results

Interestingly enough the measured gradient direction when 1t does not
correspond closely to the predicted direction usually hes to the Jeft of the
predicted direction  In such cases it appears that the gradsent vector (and
therefore the mean T vector) lies outside of the plane of the QRS loop (FIGURE
11) It must be sigmficant that when this occurs (in normals) the vectors
most often lie 1 2 plane that 1s to the left of that of the QRS loop While
this does not prevent the systematic behavior of the QRS T vector relation
ship as expressed by the concept of the ventricular gradient 1t does create
several problems The first problem 15 represented by the wide latitude to
the left that must be allowed 1n prediction of the direction of the frontal plane
projection of the gradient sn the individual case  Closer evammnation may
make 1t possible to know mn which cases this latitude may be permitted and in
which cases 1t may not be permitted The widest latitude should probably
be permtted for the subjects with the narrowest frontal plane loops and apet

Ficore 9  Example 1n which the direction of the gradient 1s predicted according to the
method shown 1p FIGURE 8
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back postions It seems probable that this problem 15 related to the eccen
ncity contour effects  For example narrom loops at an zxs of 80 to 90°
{¥1cURE 11} are probably often the result of distortion by eccentniaity contour
effects Emest Frank found that antenor displacement of the dipole caused
such natronsng of the teap as well as further clochesse deviatin of ats general
dizection  The T loop need not undergo as much eccentnienty change how

ever {even if the same dipole location can be employ od for QRS and T poten

tals) for the error w the direction of a mandest vector produced by eccentne

1ty -contour effects 1s dependent among other things upon the durection of the
dipate aus  If the narrow loop 15 regarded as #f it were viewed on edge {(and
1t 15 50 regarded) the gradient will be found 1o he to the left of the expected
direction  Furthermore mamiest QRS loops having a mean aus of 0 to 307
are frequently much distorted  Here agam 1s 2 group in which the T aus
frequently hes aut of the plane of the QRS loop  This 15 the range of direc

tans tn shick the eccentricity -contour effects are cntical for dipole direction

(<]
Fiorez 10 Example 1o which the directian of the grad ent 43 predicred
method shown w rGUeE § according 1o the
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mn that dipoles of small difference in drrection may produce manifest vectors
of widely different direction  For one, the error in direction may be clochwise,
for the other, 1t may be counterclockwise This may occur for different parts
of the QRS loop thus exaggerating mnor trregularnities and producing varying
results as far as the mean QRS vector 1s concerned The T loop, usually
contaimng vectors of narrow range of directtons s more apt to be deviated
as a whole

Records made with 2 more accurate system will serve to verify or to nullify
these deductions

Rotations of the Heart

We have always realzed that the cardizc rotations as employed m our
analysis of electrocardiograms are quantitatively mmprobable The degree
to which one must rotate the heart about the longitudinal ats to obtam the
onientattons of the QRS loop and vector axes that we have employed 1s exag
gerated It seems hardly questionable that much of the exaggeration of the

l
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!

|

0.
” \\
-7 Ny~
2
. \ ¢
- QRS T
- "~
<)

Fictre 11 Frample in which the directton of the gradient 1s predicted according to the
method shwnin rIGLRE 8 In contrast 1o the examples shown in FicLzES G and 10 the error
in this figure 1s large It rej resenis an example of lgrxe cases 1n which the gradient 1s out of
the plane of the QRS Joop This may be accounted for sn fart by the eccentnicity effect
The notion that we belseve that the gradient is necessanly precisely in the plane of the QRS
foop 10 every case however 1s fal
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rotations as reflected in the loops and vectors plotted from limb potentials 1s
accounted for by eccentricity contour effects Vhether one employs the
Burger trangle the expenrmental results of Ernest Frank, or the simple and
possibly naive calculations of eccentricity effects alone as publshed by Gard
berg ® the results are similar (although quantitatively different) an even distry
bution of vector directions 15 spread over a much greater range of directions
by these effects The effect upon frontal plane QRS loops will be similar
Loops from counterclockwise hearts will appear more counterilochwise than
they really are and loops from clockwise hearts will appear to be more clock
wise than they actually are  Furthermore the closing of the loop that occurs
after exercise and with a deep breath probably 1s due 1n many subjects partly
to a change 1n eccentriuty effects and the suggested rotations about the vert
cal and anteroposterior axes are also exaggerated by the same factors One
should expect to find however that the error 1itself 1s rather systematic, and
experience shows that this must be true in the mawm for such correlations of
which the foregoing examples are only samples would not otherwise have been
possible

‘We do not for a moment doubt that 1t 1s desirable to find a method of record
g the true direction and magnitude of the vectors that represent cardiac
potentials if 1t can be done but 1t 15 impossible to subscribe to the notion that
all electrocardiography has been and 1s empirical until such 2 method has been
found Analyses of QRS loops and of QRS T relations m normal hearts m
ventricular hypertrophies 1n infarctions in varnous locations and m night and
left bundle branch block have been carried out within the Einthoven frame of
reference and have been of great value?® If a method 1s found that permits
recording of the true magmtude and direction of the cardiac potentials 1t may
be possible to refine these analyses further this of course 1s highly desirable
‘We shall know that such a method has been found when 1t has been shown that
similar spatial Joops (including timing) are recorded from a lare proportion
of a significant number of normal persons whose loops are in a vaniety of orten
tations and if the relationship between the mean T and mean QRS vectors
determined by that method are found to follow a general order in normals
We beleve that this order will be expressed by the ventricular gradient 1n the
manner described above and that the QRS loop will be the gumde to the spatral
onentation of these vectors It should also be noted that 1f (as we suspect)
examination with a more accurate system shows that t 15 difficult to corre
late what we have called the longitudinal axis with X ray examination of the
heart this will not affect the analysis It 1s the onentation of the loop vector
system that 1s important to the analvsis and not the manner m which 1t at
tained that onentation  In the meantime as new developments m the knowl
edge of contour eccentricity effects occur 1t may be possible to apply them to
better understanding of some of the phenomena that have been observed when
the Emnthoven method has been employed

Conlour Ecceniricity Effects tn Relation to Gradient Analysis

Our theoretrcal discussion of the quantitative relationship of the QRS and
T potentials reaches the conclusion that 1t 1s the relattonship between the
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QRS
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H
Fiotre 12 Widemng of the spatial QRS T angle by three sigmificantly different factors

drrection and magnitude of the ventricular gradient and the direction and
magnitude of the mean QRS that 1s important  As such the T potentials
are virtually meaningless  When we come to consider the contour eccentricity
effects however 1t 15 necessary to realize that it 1s the T potentials and QRS
potentials that are actually recorded and that the gradient 1s obtained by
calculation  Undoubtedly the eccentricity contour effects frequently cause
evaggeration of the widening of the angle between the mean QRS and the mean
T vector that occurs when the magnitude of the gradient 1s diminished In
such cases the gradient will appear to dimmish to a greater extent than 1t
actually does It 1s equally apparent that at times the same effects mimmize
this same angle and that the gradient will appear to diminush less than it ac
tually does*  Partly for this reason, quantitatively similar effects of exercise
for example are not found mn different individuals It may be that soon
when an accurate method of measuring spatial vectors 1s achieved more um
form results will be obtained

Eraluation of the Spatial Angle Between the Mean QRS and Mean T Axis

We have already shown both theoretically and experimentally that the
spatial angle between the mean QRS and the mean T vectors 1s widened by
nonpathologic factors and that this 1s the result of diminution of the magm
tude of the ventricular gradient It ts important to pont out that if the mean
QRS shown i FIGURE 12 increases from QRS to QRS (as in left ventrnicular
hypertrophy or 1n delayed conduction in the Jeft bundle branch) the angle
between the mean QRS and the mean T must become greater (secondary T axis
change)} unless the gradient changes in direction or magnitude  Furthermore
if 1schemia develops 1 such a location that its electrical effects may be repre
sented by the vector 5 1n FIGURE 12 the angle between the mean T vector
and the mean QRS becomes wider in a fashion not strikingly dissimilar to that
which resulted from nonpathologic factors  Thus we have very similar widen
1ng of the spatial QRS T angle due to extremely similar changes in the T vector
direction that result from three significantly different factors  Superficral

This wll be true exen if single dipole representation 1s proper and £3.cn if the same dipole
focation may be employed for the T as for the QRS potentials and 1f contour-cccentricity
effects differ sith dipole direction
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exanmnation fails to reveal these factors  They can be distinguished only 1
terms of the ventnicular gradient as the expression of the quantitatne selation
ship of the mean QRS and T values  One change results from diminution of
the magnitude of the gradient the second results from increase n the mean
QRS due to left ventncular hypertrophy or left bundle branch bleck (vhile
the gradient remamns unchanged in magnitude and direction), and the third
results from a change m the direction of the ventricular gradient due to myo-
cardial 1schemnia

Since the spatial angle betw een the mean spatial T axis and the mean spatial
QRS aus has no specific meaning a warning 1s 1ssued to these nho employ
this method of analysis without considerng the nonpathologic factors that
affect the magnitude of the gradient and without using gradient analysts of
secondary T aus changes Of course a correlation of the magmtude of the
spatial T with the spatial QRS may be found 1n normals if the subjects are
exammed under basal conditions and 1n these there may be some constancy
of the spatial angle between the spatial vectors QRS and T

FIGURE 13 shows two of the many chnical applications of the concept of
the gradient In the upper \vectorial representation QRS G and T are the
normal mean spatial QRS gradient and T vectors respectrvely  When left
ventrscular hypertrophy occurs QRS increases to QRS , and the mean spatial
T aus becomes T If the patient s then digitalized the gradient 15 dimin
1shed to Ga and T now becomes T; The corresponding changes that occur
1 the limb leads are shonn (in order) in the left hand set of dravings of leads
I II and IIT The actual set of tracings reproduced mn the figure are those
before and after digitalhization of 2 patient with left ventricular hypertrophy

In the lower vectorial representation of FIGURE 13 the same QRS G and T
vectors are for the normal heart  When postertor infarction occurs the QRS
1s cansed to swing forvard to QRS It may become longer or shorter depend
ing upon whether the infarct extends into the septum or laterally  The gra
dient direction 1s deviated upward and forward becoming G and the T vector
therefore becomes T (primary T change) The fact that the vectors QRS
G and T are in the same plane in this illustration 1s geometnically unavoid
able The fact that this plane 1s perpendicular to the frontal plane in this
illustration however 15 purely fortuitous and 1s not essenttal to the forthcom
g result of the analysis  If left ventricular hypertrophy now occurs QRS
becomes QRS and T of necessity changes to T” (secondary T axis change)
The complexes that occur 1n leads T II' and TII with each of these changes
are drawn n the upper nght hand corner of the figure

Because of neglect of the prinaiple of the gradient such secondary T wave
changes are not recognized and erroneous interpretations are made

Frontal Plane 1ersus Spatial  Measurements
We have confined ourselves to frontal plane measurements Our spatial
representations are obtained by inference from the frontal plane studies e
have felt that any method of direct spatial vector measurement should yield
important advantages to justify the use of the more complicated method
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Furthermore we feel that the errors of the horizontal leads of the cube and
tetrahedron are 1n general greater than those of the Einthoven method and
that they are not as systematic The combination of two systematic errors
unless they are correlated 1n some way will probably lead to confuston Time
does not permit full discussion of this subject The orthogonal leads of
Schmtt or the newer method of Frank may be satisfactory  If so they will
make 1t possible to refine the analyses described above It 1s to be hoped that
caution will be exeraised m arrnving at this conclusion It seems to be neces-
sary to pomnt out that an accurate system must make 1t possible to observe
QRS spatal loops of sumlar charactenstics in different normal subjects and
i the same subject under different nonpathologic conditions It must also
have reasonable accuracy under conditions such as nght ventricular hyper
trophy bundle branch block and infarctions

When such a method 1s found the principles of analysis should be much as
described above In some respects the results may be more refined but
distinction between normal and abnormal may be less marked 10 some In
stances than those observed with the method presently employed

RS T Shifts and the V entricidar Gradient

This subject has been dealt with so cleatly by Ashman! that only a short
review 15 presented here

The diagram of FIGURE 1 shows that as the ventnicular gradient dimimshes
especially when the QT mterval 1s short (FIGURE 1 diagram a8) a shuft of the
RS T segment occurs  Suice the QT 1nterval 1s shortest with rapid rate and
digitals these RS T shifts due to diminution of the magnitude of the gradient
will be encountered most often under these conditsons

It 1s clear from the diagram of FIGURE 1 that the RS T shift 1s due to the
fact that repolanization mn one area (for example the endocardial surface) has
already produced detectable electrical effects before depolarization of the op-
posing area (epicardial surface) has become complete It 15 notable that of
necessity the RS T shift due to gradient diminution 1s opposite 1n drrection
to the QRS 1If an R and S are present the shuft 1s apt to be opposite to the
direction of the deflection of the largest area  As a rule if the areas of R and
S are equal the RS T shft does not occur

Thus we arrve at the rule that RS T shufts that are due to nonpathologic dim
wnution of the magniude of the gradient are generally opposite 1 direction to and
proporiionale 1n magnitude to the mawn deflection (in terms of area) of the QRS
compler  Some exceptions may be noted in leads in which the component of
the gradient s zero or negatine

It 15 obvious that the 1 n of the de of RS T shifts
which may be normal without regard to the direction and magmtude of the
QRS complex 1s erroneous

Summary

It has been lished that the rel: hip of the de and directron
of the ventricular gradient vector to the direction and magmitude of the mean
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QRS 15 1mportant i the analysis of the ventriqular recovery potentials The
effect of various nonpathologic factors has been shown to result from a diminu
tion of the magnitude of the ventnicular gradient It has been shown that
such diminution of the magmtude of the ventricular gradient cau es an n
crease 1 the angle between the mean T aws and the mean QRS A similar
increase 1 this angle results from an mcrease of the mean QKS (as i left
bundle branch block and left ventricular hypertrophy) and also as 2 result of
change 1n the direction of the ventricular yradient (as tn 1schemia)  The three
simlar T vector deviations that widen the angle between the mean QRS vector
and the T vector can be distinguished only by study of the relationship of the
gradient vector to the mean QRS vector  Of course 1t 15 to be noted that
1schemia and mfarction the angle between the spatial gradient vector and the
mean QRS vector may become larger or smaller than normal dependmg upon
the location of the leston  Furthermore 1schemia frequently causes the axs
of the spatial gradient to deviate remarhably from the plane of the QRS joop

Vwhen infarction occurs the QRS loop and the gradient are both changed
but not necessanly in a correspondingly quantitatine manner because the
bordering 1schemic effects are not quantitatively related to the size of the area
of necrosis and because there are frequently some locational differences (the
1scherma does not necessarily surround the mfarcted area m a regular manner)
In such cases the gradient vector and the QRS loop may or may not be in the
same plane  In such mstances the QRS loop 1tself 1s often doubled on itself
Attempts to employ QRS loops that show effects of infarction as a gwide to
the relationship of the mean QRS to the spatial gradient as if they were normal
loops are useless

RS T shifts commonly occur as a result of rapid rate exatement and exer
ase  In such cases the shift tends to be opposite to the direction of the mamn
deflection of the QRS complex according to the punaiple of the gradient At
tempts to evaluate such shifts without relation to the QRS are erroneous

Employment of the concept of the ventricular gradient brings order to a
variety of electrocardiographic phenomena that are othersise without order
and 1mproves greatly the chinical interpretation of the electrocardiogram
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THE INTEGRATED ELECTROCARDIOGRAM

By Stanley A Briller*
New York Unstersity College of Medicine Mew York M 1

Although rapid advances have been made in the understanding of the funda
mental processes underlying the production of electrical energy by myocardial
tissue and 1ts subsequent distribution by the body chnical evaluation of the
surface electrocardiogram remains largely a subjective disaphne The pur
pose of this paper 1s to consider several of surface electrocard
that make possible a more objective evaluation

Since 1ts mtroduction m 1931 by Wilson and his associates ! the concept of
the ventricular gradient has been explored sporadicafly Although a fawr
amount of data has been obtamned concerning the frontal projection of this
entity 2 ¥ hittle information has been gained with regard to the spatial magm
tude and orientation of the ventricular gradient The tedium of the calcula
tions involved probably has played 2 major role 1n delaying the gathering of
these data

In order to circumvent this difficulty apparatus that enables the automatic
computation of the ventrnicular gradient has been constructed  The 1sosceles
tetrahedral reference frame 1s utilized to obtain approuimate orthogonal com
ponents of the electrocardiogram

Basically the apparatus consists of a three channel electronic integrator
that 15 charged and discharged by high speed relayst activated at the appro
priate time by a sequence of monostable multivibrators  Instantaneous analy
st» of successve electrocardiographic cycles demands that the timing of the
sequence be performed within each cycle The operation of the apparatus
emplay ed 1s diagramed 1n FIGURE 1 The P wave 1s utihzed for synchromza
tion by transforming its instant of nse into a sharp pulse by amplification
chpping  differentiation and the triggerng of a blocking osaillator  This
pulse triggers a monostable multivibrator whose rectangular output 15 adjusted
1n length on a monitor oscilloscope to end at the mtral ventricular deflection
The rectangular wate 1s utihzed to clamp the integrating base lLine to the poten
nal present at the end of the ' R mntervaland to discharge the integrator  The
traihing edge of this wave form trggers a second varnable monostable multy
wibrator whose duration 1s adjusted by monitoring to comncrde with the period
of ventricular activity A permanent record of this latter rectangular wave
15 obtained supenmposed on one orthogona! component  This second rectan
gular output 1s utihzed to (1) unblank a dual beam cathode ray tube so that
the frontal and horizontal planar projections of the spatial vectorcardiogram
may be recorded and (2) to connect the integrating aircuits simultaneously
to the electncally 1solated output of the amphified orthogonal components A
third rectangular wave of fied length fired by the tralling edge of the preced
g pulse activates a transfer relay that replaces the patient connections with

Extal lished Investigator of the Amencan Heart \ssociation New York N Y
{ Spang wire relays type Al Belt Telephone Co

8
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Ficrre 1 The sequential operation of the s)—n(hmnmuon apparatus 1s represented by
the betw. s:%n the o the shaded rectangles Fach rtclangl};
represents the output of the monestable multiv ﬂmtor used to control the function designated
The fist two multinibrators have been adjusted so that integration mav proceed dunng the
QRST interval

the stored output of the integrators and displays the ventricular gradient as
two directed hnes on the cathode ray tube A final multivibrator mn the chan
advances the film in the camera 1n preparation for the next beat Data ob-
tamed for each electrocardiographic cycle consist of the frontal and horizontal
of both the v. d and a pont the locus of which 1s

determined by the magnitude and direction of the ventnicular gradient (Fovee
2) By adjusting the duration of integration to include only the QRS interval
the mean amphtude and direction of QRS as well as the vectorcardiogram free
of the T loop can be recorded

A simple RC arcut uthzing laboratory grade condensers 1s the basis of the
mtegrator employed The circuit shown n FIGURE 3 15 actually one half of
a symmetncal aircuit for each of the three channels Diodes selected silicon
umts are needed to permit algebraic addition of the signals obtamed Al
though simple the theoretical accuracy of such an integrator for the values
utilized (R = 22 megohms C = 05 gf ) over the frequency range encountered
within an average electrocardiogram 15 good The precsion for sinusoidal
components increases from 86 per cent at 1 cycle per second to more than 99
per cent for all components 1n excess of 105 ¢ycles per second
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with similar projections of the ventricular gradient (points at the ends of the arrows) deter
mined automatically are shown beneath the x v and components of the electrocardiogram
To the night of the latter s a record of the y component di placed upward for an 1nterval of
time 1dentical with the integration period

Amplitude hineartty was d d by feeding the apparatus rectangular
pulses of approximately 0 16 sec duration and varying in amphtude from 0
to 1 mv  The results (PIGURE 4) for each pair of channels demonstrate linear
1ty of 90 per cent or better over the range tested

A further cntical requirement of this caleulator 15 the abibty to store an
1ntegrated output over a period of ime  This aspect loosely referred to as
leakage was tested by applying a 90 uv sec pulse to the computer The

grated result was d at wtervals ranging up to 070 sec after
presentation of the problem (FIGURE 5)  Deviations at the end of the specified
time were 10 per cent or less of the imtial value It 13 to be noted that Q T
ntervals greater than 0 50 sec are rarely encountered

Standardization of the apparatus was accomphshed after each run by apply
ing rectangular pulses of equal duration and of appropriate amplitude simul
tancously to all channels The length of the integrated result represents the
radius of a 9> uv sec arcle about the ongin

The averaged results obtained from a group of 10 normal young men were
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Fiorar 3 Schematic ircut of one half of the symmetrcal iategrator for one channel
The relays symbohcally indicated as switches close 1n the sequence of

their numerical desig
nation Relays 1and 1x which operate simultanecusly discharge the network and estabhsh
the ase line relay e duration of and relay 3 permits
ebservation of the integrated output  Resistor Ry 15 22 ‘megohims and Ry is 10 megohms
Condensers C and Cyare 05 uf

compared with those from a group of 18 normal young men studied with an
entirely different techmque by Simonson ¢/ al® (TaBLE 1) The elevation
angles measured by these authors have been recalculated and evpressed as the

angle @, The average normal direction of the spatial gradient 18 quite
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similar 1n both series  The magmitude of the normal gradient 1s however 30
per cent smaller n the present series

These results were compared with 42 d on 31 persons
with various cardiac abnormahties (FIGURE 6)  Nine follow up studies were
obtamed on 5 persons with acute myocardial infarction 4 postenor and 1
anterior  The other etiological entitres represented mncluded most of the com
mon cardlac abnormahties The ventricular gradients of indnviduals with
heart disease tended to be randomly distributed ir space and were less than
45 yv sec 1n both the frontal and horizontal projections  The normal yalues
with only one exception were of larger magmitude and they clearly tended to
cluster 1n a left nferolateral spatial locus

It should be emphasized that although the data presented show a fairly
clear separation of normals from abnormals the seties 13 too small for examina
tion by any sort of statistical analysis  No selection of the study or control
groups was made other than for the presence of 4 sius rhythm, normal A \
conduction and P waves of sufficient magnitude to be easily distingtishable
from the nherent noise level at the time of recording
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Although objective the venincular gradient 1s by no means free of empir
jasm 1t has been stated that the gradient 1s an absalute expression of the
differences 1n dutation of the excited state of the endocardial and epicardial
surfaces? 7 That this conclu 10n 15 Justifiable only 1f the shape of the mono-~
phasic action potenual measurable everywhere on these surfaces 1s identical
i shape may be clanhed by mspection of FIGUrF 7 Tt can easily be seen
that a change m velocity of the repolanzation process at one surface may
theoretically resuht in an uptight T wave without a change 1n the duration of
the excited state  Although the shetch employed 15 a th {
1t should be pownted out that intraceflular studies of the frog have demonstrated
that a change in the veloaty of repalartzation accurs at least as frequently as
does a change i the total duration of the exaited state®  Moreover 1t has been
d d recently® that end diat versus epicardial velocity dff
eust at least with re pect to depolarization 1t 1s concluded that the ventnen
tar gradient i» an empincal measurement of the vectonal voltage residue meas
urable after one electrical systole and that as a first approumation 1t 15 present
by virtue of dufferences in the tune course of the excited state on the vanious
analyticat surfaces of the heart

In order to analyze the electrocarchogram bv methods that yield results free
of the vectonal notion of the gradient comparsen was made of the surface

/‘ L]

1ee e aatERoR

FRONTAL HORTZONTAL
F1 twx 6 Frontal and honzontal projections of the yventncular gradient +
the front an | from abuve respectively The open aircles were obmmdgf;nm -ndx::elwuii&?x,g
feart disease vhe salid circt s from normaly  The larger solid curcles represeot 1 orerrs
of the present series of normals and the croshatched Gircles ar .

¢ the average of Simonte
normal semes  The large seonoucles are the Jocr of 3 0 pv see. arty ¢ of Sumonsan's
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forces of depolanzation and repolarization as sums and ratios of manifest total
voltage or voltage squared 1 Although the square of the voltage of depolan
zation expressed as a ratio of 2 similar measure of repolanzation is an expression
which may be regarded as an electrical work ratio 1t 1s clear that there 1s no
imphat relationship between this ratio and the electrical work of the heart as
a whole Despite mtenindividual differences of myocardial cells each cell
must return to the same resting potential that preceded its active phase  The
total true depolanization/repolarization electrical work ratio of the heart were
1t measurable cell by cell would be 1 for any heart whatsoever

The manifest sums and ratios dealt with here are measured as follows
spatial vectorcardiograms in two planes were obtained utilizing the 1sosceles
tetrahedral reference frame  The QRS and T loops were recorded separately
and the magmtudes of the vectorial values of these loops at equal mtervals of
time (usually 0 002> sec) were obtained by direct measurement after mathe
matically combining the two planes to obtain the spatial vectors at each
stant These magmtudes were summed (where the voltage function was
desired) or squared and then summed (where the manifest work ratio was
desired)  \ultiplication by one half the time mterval provided the desired
data Jor QRS and for T The results of such calculations are presented

F1evre 7 The lower diagram (solid outhne) 1s the hypothetical electrocardiogram pro
duced by stimulating a strip of musele  The upper figure is the manophasic action potential
from 3 point at the simulated end  The muddle figure 1s the monophasic action jwltnhal
from a point most distant from the sumulated region If the time course of the excited state
15 1dentical at both regions (sohd uthne) a negative T wave will result 1n the Jower fgure
obtained by sut tracting the muddle from the upper figure 1f the duratton of the excited
state remains fixed but the velocity of recovery changes at one site (dashed lines) an upnght
T ware mill occur 1o the lower record
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Tasie 2
Riisad ms

Pret Lq s+ lr Vo +W
Lo Qs Wo s q )

= [ w =

EQOC 375 138 70 23 98 288 55
AR 147 201 04 361 5¢9 50
IG 064 248 18 107 740 10
I D 300 67 46 820 60 70
SL ¢ 31 66 00 059 3316

TABLE 2 Sums and ratios of voltage ratios are prefixed by the letter L,
whereas W designates an electnc manifest work sum or ratio  The five
subjects for whom these entities were calculated were selected because their
vectorcardiograms displayed large areas  Such a prerequisite 18 necessary for
accurate manual computation

Presumably the D/R energy ratio should be close to 1 In the normal sub
ject (S L)1t was 059 Inpatient I G 1t was 107 This 57 year old white
widow had a strikingly abnormal electrocardiogram characterized by a high
voltage of QRS and deeply mverted T waves 1n all of the usually recorded 12
leads except m leads IIT aVn and Vi Although she was regarded as having
arteriosclerotic heart disease she was observed for 7 years without any change
ether m the electrocardiogram or i the normal size of the heart  She has had
no dimtnution of cardac reserve but contimues to have rather uncharacteristic
pains 1 the chest to which the rubnc  anginal syndrome  has been assigned
as a result of conventional interpretation of the electrocardiograms In con
trast the ratio 1 patient E O C was 2398 Although his records were quite
abnormal no clnical evidence of cardiac disease was apparent Three months
after the special studies were done however he developed complete heart
block with recurrent ventnicular asystole and died within 3 days  Patient A
R and patient J D both with intraventricular block intermittent m the
latter rtevealed values of 361 and 820 The first had cyanotic congemtal
heart disease The second had no chmcal evidence of heart disease other
than the block The ventnicular gradient was measured m 2 of the 3 (I G
and J D) and was abnormat m 1 (J D SG = 356 pv xy = 38 xz =
~27 ) and normal in the other (I G SG = 697 uv xy = 70° xz = 28°)

Tt 1s smpossible at this phase of investigation to assay the ultimate role of
these data In a very preliminary sense the correlation of the D/R ratios
with the clinical state of affairs i each case was good  There 1s further appeal
1n these measurements sice not being vectorial quantities they are dependent
upon the configuration of the image surface of an individual but not upon
the onentation of this surface relative to the anatomical coordinate system
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THE PRESENTATION OF SIATIAL VECTORCARDIOGRAPHIC
DATA O\ A LINEAR I'IME SCALE

ByJ A Abildshoy
State Unt ersity of New 3 ork College of Medicne Syracuse % 3

The studies I shali describe here are based on a consideration of the electrical
events in the heart as ansing from a dipole source and on the opinton that it s
probably advantageous to record these events as sector quantities The
display of these events as Lissajous figures has a serious disadvantage in that
temporal relations are difficult to represent  Several other methods of display
are possible but the most straightforward technique appears to be one employ
ng sphencal coordinates  With thrs system a vector 1s described 1n terms of
its magnitude and two angles and these quantities can be displayed simul
taneously as functions of time A computer that will permt direct registration
of such traces has been constructed but records obtained by this meins have
not yet been analyzed Preliminary analyses of similar traces obtuned in
directly from measurements of scalar ECG leads have been made The ECG
leads were recorded with two systems of electrode placement on each subject
One of these was the equilateral tetrahedron system and the other was based
on the recommendations of MIcFee and Johnston' * regarding electrode place
ment (FIcuRe 1) Y ¥ and Z p were recorded 1 ty
and measurements of the magnitude of these components were made using a
magmfying film reader that permitted measurements at intervals down to
0003 sec The spatial magnitude the frontal plane angle through a range
of 360 and the angle about an anteropesterior axis on a scale of —90 to 490
were calenlated and these quantities were plotted as functions of ume  Thurty
nine normal subjects and 18 subjects with a vanety of ECG abnarmahties
were studied Analysis of these records has yielded the followmng results

(1) The information hnown to be chnically smportant in the conyentional
ECG 15 present m the new display in easily recognizable form

(2) There appears to be intrinsic mert 1 the presentation of VCC data on
a linear time seale Vanations of spatial malgmtu;lc :ndicated by notching
of th ortions of these curves were not easily apparent in the scalar
Eclc,: S.Rj Iliﬁsa]ous figure displays of the VCG  The possibility that this
type of mformation might have clinical sigmficance was indicated by the fact
that there were larger notches 1n the curves of some subjects with myocardia)
wnfarction than there were normal records  This finding was present only
In records obtaned with the electrode syster adwised by Mcl ee and Johnston

ents and metheds of analysis that have limited mean

(3) Several measu &2 4 that are difficult to apply to Lissajou

g when applied to scalar ECth c::\‘ o5 of the type described  In the SI!B al?

figure \ CGs are appropriate ocl d to date there are statistically sigmificant
group of magmiude curves stuce d skewness of normal o

differences m the QRS width hurtosis an Tecords and

c biects with my ocardial mfarction with both systems of elec

::O:;LO;BI :Cr:::c:‘tl dse 4 With the McTee Johnston electrode system there 15
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F16URE 1 Linear time scale of the spatial v data  These

traces were derived from the measurements of the ECG leads of a subject with a postenor
myocardial infarction  The lead system used was the equilateral tetrahedron R repre
sents the spatial magnitude of the cardiac vector as a function of time  The angular devi
ations of the fronta) plane projection of the cardrac vector are shown by € and are presented
onascaleof 0 to 360 with O representing the left shoulder Onentation about an antero-
postenior axts measured through a range of =90 to +90 with positive values directed pos

tenorly are shown by

also a sigmificant difference m the ratio of QRS and T areas in the magnitude
curves of normal subjects and 1n those with infarction

(4) The wide variations . the spatial orientation of vectors representing
the heart s electrical actniaty are reflected by the quanttative aspects of the
traces mdicating angular data but qualitatinvely these curves were easily
categonzed  The QRS portions of the curves indicating angles n the frontal
plane are simple monotonic functions or one of two varieties of inflected curves
All curves of or about an P aws are quahtatively similar
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DISCUSSION PART III
C E Kossmann Chasrman

A G \lacreop (The Upjohn Company Ralama ¢o Muck) In connection
with the frames of reference I believe that sometimes 1t 1s forgotten that
our original work we assumed that all leads were being taken at a very consider
able distance from the heart itself and that consequently the moment one
tnes to get a spatial curve there 15 alnays one electrode that must be very
much closer to the heart than another this will naturally introduce a consider
able amount of distortion I feel that this accounts for the failure of these
various reference systems to give the same angle betaeen the QRS and T and
the gradient  We must be sure that we are dealing with lead points that are
at a considerable distance from the heart utself for the analysis as onginally
used If we use a three dimensional vectonal analysis we are gomng to get
mto trouble For this reason I agree with Gardberg that we would do bet
ter to stick pretty much to the frontal plane rather than try to locate the gra
dient 1n space

O H Scrr (Unirersity of Minnesole Minneapolss, Minn) It has been
said that the surest way to convert speculation nto accepted fact 1s to gnve
the speculation an attractive name I cannot help but wonder whether

ventricular gradient  would have been so frequently measured wrtten about
and used empinically in chmcal practice had 1t been given 2 less imagimative
less quantitative sounding name It 15 not my purpose to support or refute
clamms for the 1 utiity of time d forms of the electrocardio
gram Rather I should Like to point out certain theoretical considerations
that seriously limit practical measurement of the quantities :dealized 1 these
concepts

Wilson 1n forging the framework out of which these 1deas have grown
showed a remarkable intwitive foresight nto the theory now commonly under
stood and accepted by axonologists which states that a umformly propagating
nenve or muscle impulse leaves no first order external charge mtegral That
is to say that except for wregularities tn conduction such as those associated
a1th acceleration taperng branching termimation interaction fatigue and
the ke the externally measured action potential should integrate to zero over
an entire cycle of activity

For a uniform single fiber this 1s almost exactly true experimentally as well
as theoretically but for a whole heart measured via surface-derived leads
vanation 1 the registration of one part of the action current with respect to
another 1s \! This s d iz effect because the two
principal complexes occur 1n the uncontracted and contracted states of the
heart respectively thus giving full play to posittonal effect  Rotation 1s also
of considerable tmportance for a pair of exactly equal and opposite currents
rotated as little as 60° wath respect to ene another leave a residual 100 per cent
as great as either of the constituents

It must also be remembered that the normal electrocardiogram largely

90>
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represents even in the unintegrated form the cancellation of nearly symmetrt
cal vectors Ve have only to observe the large and radrcally redirected result
ant potentrals accompanying pathway shifts or asymmetrical mfarcts to realize
that the integrated electrocardiogram 1s a difference of differences and hence
a very sensitive but also a very erratic index of imbalance

Other factors of madequately recogmzed mfluence upon the ventricular
gradient are charactenstic impedance varation tissue nonlineartty and local

h y  Ch istic impedance 1s an electrical charactenstic of a
tra Ie or physiol | core i that depends upon the ad
muttance and impedance of the fiber and surrounding tissue and that figures
promunently 1n the determination of the distribution and intensity of currents
duning activity Tt also governs marhedly the speed of propagation and the
safety factor Adjacent fibers that fire simultaneously have a mutual effect
on the characteristic impedance of one another and thus through nonlineanty
well known to exst in the active b alter the 1on of the im
pulses m both

Tissue nonlimearity 1n 1ts best known mamfestation yrelds the rectification
long ago demonstrated for nerve and now known to be of importance in alt
evatable tissues  Currents generated 1n or near such nontinear components
do not obey the superposition theorem and so upon integration do not fultill
the basic conditions for cancellation

Tissue inhomogenetty 15 perhaps less important with respect to mtegrated
potentials than nonhnearity but 1t certainly alters the registration of potentials
intracy clically and further adds to the complexty of the mterpretation of such
recordmgs

Schmitt s table p 1106 shows that several different presumably orthogonal
lead systems apphed to the same person on the same day y1eld grossly different
spatnal directions 1n each system respectively for the QRS and T vector axes
It might be argued that due to differences in weighting different lead systems
will give somewhat different absolute directions and that furthermore QI S
and T axes cannot be tahen as representative of QRS and T time arcas

To the second point one can answer that experimental measurement shows
a remarhably close correlation 1n direction and magnitude between QRS 1nd
T time areas and their respective maumal vectors in normals and that the
measurements 1n question were made on a carefully chosen typical normal

To the first point we can refer evidence regarding the skiff of QRS and T
direction and magnitude with resprration 1n the several lead systems The
shift 1n aves and 1n magmtude 1s not even consistent m direction between the
several systems and even the spatial angles between QRS and T rary tncon
sistently between systems  Trom this I infer that only aiter the development
of vastly improved lead systems can we hope to attan integral measures of
sufficient nternal sigaificance to permut more than empincally vald mter
pretation

Consider next the theoretical implicattons of the recently developed tech
mques for potential squared time ntegration It would be wdmttedly very
useful if we were able to devise a direct measure of the total electnical work
expended m the action potential of the heart either on 2 simple scalar basis
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or on a component basis vectonally related to the onentation of heart fibers
For the single 1colated fiber measures of this energy have been worhed out m
hine integral and m time inteyral form  For the whole heart honever, these
techmques are rendered useless by the natute of the mtegrals ivohed

For the whole heart 1t 18 relatnely easy to denve with a stmple electronic

computer the integral
5= Lz{f[jﬂz, d![}‘dt

where £ 15 the transfer impudance vector and 3 1s the current dipole moment
density veutor the dot product of which is mntegrated throughout the heart
volume  The resultant volume integsal 1s squared and summed for the orthog
onal directions &

Thy 1s not the desired energy mtegral however The desired form 15 not
even expreswible n the form of a sinple wntegral hecause energy 1s not sum
mable m terms of dipole moment elements T sentially, the difficulty hes i
the difference between o? + & + ¢ and{s 4 b4 ¢ ) which are not
even smilar especially when ¢ b and ¢ can assume negative Js well as positive
values We must then ask ourselves whether the above etpression § has
properties that might be empincahy superior to those of a simple afgchraic
summation vectorial ot scalar or an anthmetic sum

An anthmenc summation differs from the squared form only 1 that Jarge
terms gain greater importance upon beng squared  Algebraic vector summa
tion 15 the famihar spatial vector ventncular gradient

The onlv apparent advantage of the proposed quantity §1s that 1t 15 presum
ably 1varant with respect to orthogonal axis transformations  This 15 per
haps 1ts prinaipal justibaation

Having made something of 3 case agranst the u e of ventneular gradient I
should now lkike to potnt cut that .ormething very neatly dentical to 1t can be
measured by the use of very suwple mstrumentation

¢ we recall that the function of a blocking condenser m our RC coupled
amplfier 15 to reduce to zero the DC terms then the potential on the far side
of a blocking condenser umt integrates to zero over any long period ang <o
gives 2 nstural measurement of VG 1f an electrome ook can be taken penod)
wlly at zero potential  This techmque 1s lable 1n the
SVEC U radsal sheet modulator  Except for the shitt area introduced by tte
P wave this automatically pomts out the spatial VG

L Snronson {Llr1 ersity of Mannesola Vinreapolts Mun) The congept
of the ventrwular gradient (VG) assumes a close relationship between QRS
ares and T area  More speafically 1t assumes a negatwve correlation Synce
the VG 15 defined as the algebrsic sum of the QRS area and the T area 1t can
be constant only in ase of a negative correlation thats 1f the QRS 1rea in
creases the T area mus decrease o berime negative This was actoally
demanstrate } by Wilson ¢ ol in one expenment on the heatt of a dog  The
heart was sttmulated by means of electneal shock {rom vanious sites resulting
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1 different directions and contours of the ventnicular complexes The ven
tricular gradient was fauly constant, with a standard deviation of 425 per
cent of the mean  The concept of the ventricular gradient was developed on
the basts of this experiment

This expenmental situation m the dog was quute dafferent from the normal
electrocardiographic routmne n man, so that before any chnical application,
the demonstration of a correlate mn the normal human ECG to Wilson’s expert
ment appeared to be unportant  We were particularly mterested in the inter
mdividual correlation, because patients and normals can be differentiated enly
on this basis

Wilson s experiment, as well as the bulk of the VG literature 15 concerned
only with the frontal plane QRS and T areas My associates and I* measured
carefully the frontal plane QRS and T areas m 107 normal men by projection
of the ECG’s on a screen using Wilson s original method instead of Ashman’s
approxtmate and less accurate method No cotrelation was found between
the frontal plane QRS and T area

We subdivided the total expertmental sample mto three groups according
to the poston of the QRS axis m the frontal plane and mto three other post
tional groups according to the spatial onentation of the QRS and T vectors,
we found no correlation betseen the QRS and T areas m any of these positional

&

MANIFEST QRS AREA
3

o 2 4 6 8 o ®# 1 1® 1@ 20 22 249
MANIFEST T AREA
FicrrE 1 Lack of intenndividual correlation between mm!cstT and QRS areas (frontal
plane)  The areas were measured with an electronic area integrator  Reproduced with
permussion n{;he editor from the Amerscan Heart Journal 1954 vol 47 p 122 (F Simonson
etal) figure4C
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groups  Vve repeated the measurements with fifty men using an electrome
area ntegrator i order to elummate as far as possible the error of measures
ment as a cause for the lack of correlation Agan there was no correlation
(Ficure 1)  We cannot follow Gardberg in his argument that the absence of
correlation should be expected  If there 1s no correlation 10 nermal population
between the QRS and T frontal plane area, 1t 1s 1mpossible to define any func
tion i normal men comparable to Wilson s expenment in one dog ~ Of course,
a ventnicular gradient can be numencally calculated but then a large scatter
1 normal population and an overlap with abnormal population should be
expected  This 15 actually the case, as found by vanous authors and also 1n
our materal

[4 4 8 iz 16 20 24 28 3 36
QRS AREA vmrs
Ficure 2 Sigmificant positive correlation between spatial QRS and T a
to the ventncular gradient concept a negative correlation shogld be ex'pec!:;u er?drg:ﬁ
mith permussion of the editor from the Amerscan Hert Journal 1958 vol 47 p' 122 (B
Simenson ¢ 61) figure 7
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The fact of a significant negative correlation 1n Wilson’s expertment poses
an interesting question s 1t possible that the VG 1s a function that has sigmfi
cance only 1n abnormal condttions such as those demonstrated m Wilson s
experiment but not 1n the normal human ECG? In patients with left ven
tricular prepond rance and stramn, for instance, there seems to be a defimte
negatnve correl on between QRS and T with advanang mvohement As
the R wave in  ad 1 mncreases the T wave becomes more negative  In this
connection 1t s ould be noted that Gardberg’s matenal refers to patients
The mamn diagnostic value of the VG might well be 1n the follow up of the
changes within indtvidual pat ents rather than in the companson of patients
with a normal group

We also measured the spatiz: QRS and T areas with a null point method
using a mechanical vector analy zer* 1n combination with the electronic mtegra
tor There was a highly significant correlation between the spatial QRS and
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Frovre 3 Scatter diagram (on a loganthmic scale) of the mean spatial QRS magmtude
\ersus the T magritude 1n $8 healthy men with an angle d 1 betw ecn the mean spatial QRS
and T vectors from 45 to 65 There is n highly significant (p < 0 001) positive correlation.
Republished from Crrculation 1954 vol 9 p 105 (T Simonson and A. heys The spatial

RS and T vector in 178 normal muddle aged men ) figure 1B (p 110) with permission of
the publisher
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T area magritude mn eighteen normal subjects (FIGURE 2) but the correlation
was posttave and not negatrve as should have been expected on the basis of the
ventricular gradient concept It should be noted however that the mean
spatal QRS and T sectors also show 2 hughly sigmficant positive correlation
{rrcure 3) ¢ This1s not a comadence because there s an excellent correlation
between area and amphtude 1 any lead as shown i FiooRre 4 for lead §

1In normal ECG s the area 15 fairly predictab’e from the amphitude and this
15 also true for many abnormal ECG s with smooth and symmetrical contours
Due to the high correlattan betsveen dreas and amplitudes apnormat deviations
of area magmutudes and axes will correlate with abrormal deviations of mag
mtudes and axes of spatial vectors as we have found 1 our abnormal matenal

The coefficient of vanability fstandard deviation i percentage of mean)
was d ly smaller for the de of mean spatial vectors than for the
magnitude of spatial arezs which showns that the consistency of the measure
ments of spatial vectors 1s supertor to that of areas

We arnved at the h that the advantage that mght c bly be
obtained 1n a few evceptional cases by area measurements does not Justfy the
duction of area 2s 3 youtine procedure in chnical electro-

cardiography at the present time
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RADIOGELECTROCARDIOGRAPHY A NEW TECHNIQUE FOR
CARDIOVASCULAR STUDIES*

By Norman J Holter
Medical £1ysscs Laborotory The Halter Research Foundstion Irc Helena Momt

Introduction

The development of practical mstruments for observing and recording elec
trocardiograms from human and anmat subjects without the use of connecting
wires between subject and recorder opens 2 nen field for the mvestigation of
some asperts of electnical phenomena accompanying cardiac actnity  The
clmination of connecting wites (other than electrode leads) by the use of port
able minature equipment together wth racho telemetering opens up possibtlities
for relatively long period continnous observation and/or recording of both
narmal and abnormal cardmac activity under conditions % here electrocardio-
grams cannot be obtawned with orthodot equipment  Such conditsons mctude
exercise of vazious kinds and the phy sical and 2motional condations encauntered
m the stress and stean of dady Iving  This techmque which we have called

radoelectracardiography  shows promse of providing 2 useful pey ool to
trvestigators in a number of phy stological and medical fields

The desel of radioel diography has been reparted i scattered
publications but to date has not beeq presented m & wmfied manner The
field wall thezefore be concisely reviewed here and 2 brief PTOgress seport on
the derelopment of new austhary mstruments at the “Medical Phystcs Labora
tory will be offered T showuld also hike 1o rase SOME new guestions that may
be answered by the future use of ths techmsque  The subject 15 of necessity
rather general at this tune I hope that future use of this concept by worters
10 the biological sciences nay contribute some new baste matersal 1o future pub-~
lications on heart electraphy siology

MNone of us now knows what transient changes if any Tnay oceur im the
electrocardiograms of 2 healthy cabinet member dunng the course of an allda
smoke filled conference on some mternational ersis  For thag matter what
sabclmteal transient ischeme or other phenomena sufficient ¢ affect ECGs
nught or sught not occur during a day of normal heart actvity ?

The Detelopment of Radroelectrocardisgra phy

This field 1s relatisely new Follonmg some consideration of the rather
lmited and special conditions under which orthodor electrocardso,

BIAMS were
talen it was proposed that elect d pnc studies be broag both
by an extension sm time and by observations uneler conditions more reahstic

Funds for this studs were contributed by the Holte

¢ Rescarch Foundanion Helena

considered to be s ew venture 1m watrumentstion and may theraby
formation presented by Bufler and by \btkishor
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FiGtre 1 Subject walhing on the street dunng ra licelectrocardiography—1 block from
the lahoratory
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than those where the subject Lies quietly in the electrocardiographic laboratory
After some electromic development work the use of mimatunzation and tele
metering sas shown to be feasible and information to this effect was demon
strated and published 1n 1949' as part of a more general project of broad
casting physiclogical data  The name radioelectrocardiography  provides
equivalent terms for equpment and records The abhbreviation RECG 1s
conveient  Further imp: t of the with addi | results
was reported 1 190 A b of elec d phy with broad
casting equipment was reported 1n Pans in 1950 * but 1t 18 not known whether
portability was mntended Electromc details sufficient for construction of
RECG equipment by others were published 1n 19525 Also 1n 1952 some pre
liminary tests were made on chntcal subjects  RECGs from a healed postenior
myocardial infarction were obtained and compared with standard leads A
note on this subject ap d 1n 1954% Elect d, were reported
broadcast from airplanes in 19547 as part of a study 1n aviation medicine  The
foregoing references are thought to the complete bibl m this
field to date

I for Radioc graphy
Details of are lable 1n the I ated  The foll
15 2 bref description of the vanous umts with brief mention of therr intended

use

The RECG transmitler  FIGURE 1 shows one model of an RECG transmutter
1n operation with a human subject  One of the small units seen fastened to
the clothing 1s equnvalent to the amplifier and power supply of an ordinary
1 d h and 1s c d to chest electrodes The
other umt 1s the radio broadcasting and antenna system  The umts are small
and light m weight and also can be mounted next to the shin beneath the
clothing or carried 1n pochets Various harness and fastemng arrangments
can be used to fit spectal requirements  The subject shown 15 broadcasting
c ly to recening located 1n a laboratory one block aw a)"
“onstandard chest leads are used which prevent undue muscle interference
during exercises such as trotting or deep Lnee bends

The RECG recerrer  FiGure 2 1llustrates a 1930 recener model showmng
controls and an RECC' pattern on the large long persistence oscilloscope
screen  The RECGs seen are bemng obtained from the subject pictured 1n
FiGURE 1 The receiving antenna 1s shown mounted at the rear of the travel
g cart  The entire assembly can be rotated conventently and moved about
for best reception  FIGURE 3 15 a close view of a typical RECG dunmng exer
ase Ttillustrates the general stability and nature of the trace  The electrode
positions are unorthodox  Current work 1ncludes a study of the correlation
between results from electrode positions needed by the RECC to mimmize
muscle interference under gnen conditions and those needed by the mvest
gator n a given case

FicURE 4 1llustrates how normal actiity can be undertaken by a subject
dunng radioelectrocardiography  This figure 1> a cunve of continuous pulse
rate versus time dunng the activities shown  The RECGs were observed on
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Figore 2 Early model of the RECG receiver showing the RECGs from the walhing
subject of FIGURE 1
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Fiovke3  Close view of a typical RECG from an exercising subject nonstandard leads

an oscilloscope and they represent the second part of an experiment that
began with a sleeping subject who arose dressed and then proceeded with
the activty indicated 1n the figure

The porlable RECG recetter recorder  This instrument not allustrated 1s
mnportant 1n taking steps to grve human subjects still more freedom for the
realistic activity of daily hving during radioelectrocardiography  With the
recenver umt of FIGURE 2 the subject must remain 1n the general environment
of the laboratoty ~Encouraging progress can be reported on the development
of a miniature portable self posered receiver recorder umit to be carried by
an experimental subject and Lept m his immediate environment throughout
the experimental period  Something hike a briefcase 15 now visualized to be
Lept mn the office tahen to a restaurant or left about the house continuously
recording every RECG throughout the desired period Compactness 1s
achieved by the use of magnretic recording on very thin tape 24 hours of RECGs
(115 000 RECGs at a pulse of 80) bemng recordable on a reel » mches n diam
eter The RECGs would be identified temporally for use in correlating any
anomalies with the circumstances that had occurred at the time such anomahes
were recorded

Eguipment for rapid reduction of RECG data  The ability of the recewer
recorder to provide contrmuous long pentod data naturally poses the practical
problem of how to examune the voluminous records avarlable from the tape
recordings  \Work mprogress h duceda g sem method
for the rapid of 1 d hy data For con e
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F16TRE 2 Farly model of the RECG recerver showing the RECGs from the walkmg
subject of FroURE 1
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Frovre3  Close view of 2 typical RECG from an exeraising subject nonstaudard leads

an oscitloscope, and they represent the second part of an expeniment that
began with a sleeping subject who arose dressed and then proceeded with
the activaty ndicated in the figure

The poriable RECG recener recorder  This mstrument not illustrated 1s
mmportant in taking steps to give human subjects still more freedom for the
reahstic activity of daily living duning radioelectrocardiography  Wath the
recenver umt of FIGURE 2 the subject must remain in the general environment
of the laboratory ~ Encouraging progress can be reported on the dey elopment
of a mmiature portable self powered recetver recorder unit to be carned by
an experimental subject and kept i his immediate environment throughout
the experimental period ~ Something like a briefcase 1s now visualized to be
Lept 1n the office taken to a restaurant or left about the house continuously
recording every RECG throughout the desired period Compactness 1s
achieved by the use of magnetic recording on very thin tape 24 hours of RECGs
(115 000 RECGs at a pulse of 80) being recordable on a reel 5 inches in diam
eter  The RECGs would be 1identified lly for use in lating any
anomalies with the arcumstances that had occurred at the time such anomales
were recorded

Equipment for rapid reduction of RECG data  The abiity of the recener
recorder to provide contmuous long period data naturally poses the practical
problem of how to examune the voluminous records available from the tape
recordings  \Work mprogress has produced a promising sem1 automatic method
for the rapid e of radioel diography data  Tor convenience
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TiouRe 4 Contnuous pulse rate tecord from 2 subject dunng evercise and ordinary 2c
tivtty (courtesy of McGraw Hill Publishing Co New York N\ Y )

n reference this method has been named the AVSEP method which 1s an
abbreviation of Audio Visual Supenimposed ECG Presentation  so named
for reasons that will become apparent  With the A\ SEP method 24 hours
of c dioel d can be d 1n less than 20 mmnutes
to see which 1if any mdividual KECGs depart significantly from the norm
When and if transtent electrocardiographic changes are detected the observer
can throw a switch to obtain orthodox paper ECGs from the tape for detailed
examination

In the AVSET method the magneuc tape records are played back at a
rate about 80 times greater than that at which the recordings were made and
the resulting signals are presented visually on an oscilloscope and at the same
time audibly through a speaker The high rate of presentation for example
100 RECG/sec results in a rough gron!l on the speaker By synchromizing
the horizontal oscilloscope sweep with the R wave of each RFCG 1 steady
pattern 1s seen on the screen each RFCC being superimposed on its immediate
predecessor to form a relatively steady pattern in sprte of pulse rate vanations

Any small change suchasa depression of the T wave or elevation of the ST
segment 1n even a few of the RTCCs would be immediately apparent to the
observer because of the transient change scen 1n the oscilloscope pattern ac
companied by a trinsient change in the character of the sound presented by
the speaker W hile transient changes are detectable exther visually or audibly
the combsnation appears to provide maumum resolution In tests made by
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Ficure 5 Photo of the AVSEP vecord of 800 successive s\gpenmposed RF(Gs Ten
mnutes of cardiac actiity are presented for examnation in 7 3 seconds  This pattern 13
defineda normal for demonstrat on purposes

mtroducing arttficral anomalies nto tape records 1t has been found that tran
stent RECG changes lasting as hittle as three heartbeats can be detected
the muddle of 2 normal record It 1s behieved that with improved equipment
a single RECG departing from the norm will be detectable This would be
sigmificant m any study where Inghly transient changes might be sought such
as 1 an mveshigation of what constitutes long period normal

A number of obvious electronic refinements remamn to be added but the
method apparently miimizes the data reduction problem It 15 applicable
of course with minor changes to the study of records obtamed directly at the
bedside where long period recordings make 1t desirable

FIGURES 5 and 6 give an app! 1dea of the of the AVSEP
pattern  FIGURE 5 1s a photograph of the AVSEP record of 800 successive
RECCs This represents 10 minutes of actual heart actity presented to
the observer m 75 seconds* FIGURE 6 shows another AVSEP record of
about 600 RECGs 1n which the T wave has been modified by changing the
electrode positions  This 1s arbitranly designated as an anomaly or cardizc
episode when referred to FIGURE 5 defined as normal  FiGURE 7 15 the result

In all of these figures the signal has been uncorrected for the mathemat cal differenta
tion inherent sn the reproduction method Thi can be corrected by an integrating arcwt
Since the R wave trgge s the oscilloscope_the P and Q waves are at the nght ¥ here they are
blurred by pul e vanation _ Adjustable delay circusts are bemng constructed to allow presen
tation Feginn 1, with the Py ave These figu es are for demonst ation purposes only



918 Annals New York Academy of Saiences

TER T b T |
(] 1 1 1 g8 _arxg
| ———
0%

MINUTES

Tigtre 4 Continuous pulse rate record from a subject during exercise and ordinary ac
uvity {courtesy of McGraw Hill Publishing Co New York N

m reference this method has been named the AVSEP method which 1s an
abbreviation of Audio Visual Supenmposed ECG Presentation  so named
for reasons that will become apparent With the AVSEP methed 24 hours
of continuous radioelectrocardiog) can be d 1n less than 20 munutes
to see which if any mdividual RECGs depart sigmficantly from the norm
Then and f transient electrocardiographic changes ave detected the observer
can throw a switch to obtain orthodox paper ECGs from the tape for detailed
exammnation

In the AVSEP method the magneuc tape records are played back ata
rate about §0 tumes greater than that at which the recordings were made and
the resulting signals are presented visuzlly on an osailloscope and at the same
time audibly through a speaker The high rate of presentation for cxample
100 RECG/sec results i a rough grow! on the speaker By synchromzing
the horzontal oscilloscope sweep with the R wave of each RECG 1 steady
pattern 1s scen on the screen each RI CG betng superimposed on its immediate
predecessor to form a relatively steady pattern i spite of pulse rate vanations

Any small change such as a depression of the T wave or elevation of the ST
segment 1n even a few of the RECCs would be immediately apparent to the
observer because of the transient change scen 1 the oscilloscope pattern ac
companied by a transient change 1n the character of the sound presented by
the speaker  While transient changes are detectable esther visually or audibly,
the combination appears to provide masimum resolation  In tests made by
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Fioure 7 Photo of an AVSEP record demonstrating the appea ance of transient anom
alous RECGs  Ten heartbeats of FIGURE 6 1 ere introduced 1nto the middle of 800 beats of
#1cURE § and the whole was presented in / 5 seconds ‘Lhe cardiac episode 15 readily de
tectable though lasting only 1/10 second 1n passt g Resolution down to less than 3 suc
cessve anomalou RECGs appears possible  Twenty four hours of contmuous RECG
secord (over 100000 adividual RECGs) can be examined 1n less than 20 minates by this

than on the machinery which to some physicists 1s an end m atseli 1 shall
do no more here than merely raise some tllustrative points  As mentioned 1
the duction orthodox elects hy has obvious Imitations when
physical activity 1s 1nvolved but 1t 15 not intended to imply that orthodox
electrocardiography 1s overburdened with shortcomings One chinicran has
objected to radioelectrocardiography on the grounds that there 1s still so much
to be learned and determined with present methods that adding the fourth
dimension of tume with the attendant compheation of changing physilogy
(which can be pretty much ignored m arguing the ments of varous lead sys
tems m the hght of a single heartbeat) 13 not in order However 1t 15 11 the
nature of science sometunes to find oneself working on the roof before the
second floor 1s fimshed and this cannot be helped  One would Jack curiosity
mdeed 1f one were not tempted to see what electrocardiographic  transients
rmght exist 1n 4 normal man runmng to exhaustion or a2 woman 1n the throes
of hysterics  Consider the diagnostic and prognostic implications of answering
the question At what step of the standard evercse test does the electro
cardiogram first begin to change? as agamst answening the present question
‘What 15 the diffe between the el before and after the
standard exercise test?  Convement studies of pulse changes during actiaty




920 Annals New York Academy of Sciences

FiGUre 6  Photo of a record similar to that shown 1n FIGURE 5 but with the pattern arti
fazlly modified and defined with reference to the FIGURE § pattern as a cardiac  episode
for demonstration purposes

of 2 combimnation of the 2 previous signals with 10 heartbeats of FIGURL 6
recorded 11 the nmddle of 800 heartbeats of FIGURE 5 the pattern bemng photo-
graphed by esposure during the full play back time The cardiac ‘eprsode
although lasting only one tenth of 2 second during AVSEP presentation 15
seen to be readily detectable len heartbeats were used to obtam sufficient
photographic exposure  Three or less can be detected by direct observation

Fortunately occasional transient radioelectromyograms and/or radio dead
spots are detectable as such even though transient and they are readily
d hable from the changes 1 from true RECG changes
Thus the RECG AVSEP combination appears to remot e many of the obstacles
to the routine use of radioelectrocardiography 1n investigative and possible
tuture chrical applications  TIGURF 8 1s a simplified block diagram of the
over all operation 1indicating the basic units mnvolved m radioelectrocardiog
raphy from the heartbeat to the detection of aberrant electrocardiographic
actimty  Electronic details of the portable RECG recenver recorder and the
sem: automatic equipment for raprd data reduction my own and those of W
R Glasscoch will be presented elsewhere

. Radroel ; i
App o graply

While this 1s primanly a report on the progress of an instrumentation idea
1t might not be out of order to keep our sights on some ulttmate atms rather
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Ficrre 8 Simphfied block diagram showing the flow sheet  for radioelectrocardiography
from the heartbeat to the detection of aberrant RLCGs

are possible  FIGURE 4 suggests a study of the exact why of the pulse
pattern shown In other words the possibilities for obtaining new mforma
tion on normal cardiac behavior appear to justify this deyelopment

An aim that suggests 1tself for future work i chnical medicine 1s that of
aiding the chmcian m his handling of the cardiac rehabilitation problem
How well does the cltmaian know the boundary lmes 1n the no mans land’
of the physical regimen prescibed to the rehabilitation patient? A lhttle
radroelectrocardiography during the transition from hospital to home from
home to part ttme work and from part time work to full time activity would
provide the phy sictan w1th some objectny e evidence of the effect of his prescribed
regimen on the patient s cardiographic activity  Vould 1t not be possible and
advantageous for the future practicing phystcian to tahe 20 minutes to put
the previous day s tape in the AVSEP equipment and find a munor flurry of
nonconforming T waves from yesterday at 2 o cloch and advise lus patient
that yesterday s 2 o cloch fight with lus wife should not be repeated?

T shall close by suggesting the possible construction of a multichannel
RECG to provide a stream of vector radioelectrocardiograms further to con
found the data interpreters

Summary
dioel di hy and 1ts instr have been described It
15 offered as a basis for possible new contnbutions to cardiac phystology
diagnosts and pragnosis patholory and therspeutics m the hands of 2ppro
prate investigators 1n the brological sciences
T am ndebted to Hans Hecht 1aul D White and John Cilson for discussions

and encouragement in this project
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2 constant degired temperature and hurmdity  In this environment the T
waves became sufficiently stable for expenmentation after 30 to 60 runutes
Holes 1n the gla s cover were fitted with rubber cufls allowing entry of the
operator s forearms for free manpulation of the ammal s heart and at the same
tme preventing an air exchange betneen outside and mside

In order to compare the results obtawed in the incubator with those ob
tawned from the mntact dog cavity leads and subcutaneous leads from the over
Iy ing chest nall were taken 1 9 closed chest dogs

The time course of repolort olion was investigated by takmng simulitaneous
leads from the epicardial surface and the under| subendocardiom wn differ
ert locahions of both venincles  In additon simultaneous surface leads were
taken from corre ponding points on both ventricles and from the apex and hase
of each ventncle  The apes of the T wave was used as a reference point for
timing because 1t appeats to be the mast accurate potnt for this purpose
This was suggested previously by Lepeschkin ¢

In order to study the sufluence of thermal changes on the repolars.ation process
hot and co'd sahine were apphed to the epicardial and endouardial surfaces of
the heart Bicause heat and cold cau ed very inconsistent changes of the T
wave m prelminary evpenments the following experiments were done with
graded amounts of saline at comparable temperatures  The arrounts appled
to the surface ranged from 15 cu to 20 cc  Sumultaneous tracings were taken
from the site of thermal change and from a pomt on the opposite side of the
ventneulir wall and 1n some cases from the oppoxite ventncle as well in
order to determine distant effects  Thermal changes of the endacardial favers
were induced by mjecting warm and cold sahne mto the cavity by means of
catheters The warma .ahne was never abave 46 C and the cold ahne was
neverbeloy 1%°C  Inonedog ¥4 cc of cold saline was injected intramur alfy
and simuftancous fead were tahen from the site of in)ection and from tre
corresponding eprcardial and endog irdial surfaces

In additional expeniments designed to study the extension of thermal effects
on repolarization 3 urface electrodes were placed on the left ventncular sur
face 1 to 2 mm apart QOne electrode served as a control 1 electrode was
heated and 1 was coofed Tracings were taken simultanerusly before and
after inducng the thermal changes

A detailed report of these studies il be published elsewhere

Results

(1) The poianily of the T warc  In surface explorations on the hearts of 16
dogs 122 leads were taken from the left ventnic'e and 163 from the right ven
tride A mummum of 18 leads was taken from each ventnicle at specific foca
tions over the untenor and posterior surfaces  Records with ST <hifts were
discarded  The T wave was positive 1n 45 3 per cent of the records from the
left ventncle and i 765 per cent of the records from the tight ventncle
T negativity nas encountered in 40 8 per cent on the left chamber and in 17 7
per cent on the nght  The remainder were haphasic

T negatnaty was found more frequentiv over the base than at any other
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The process of repolarization of the ventnicular musculature represented by
the T wave m the electrocardiogram has been studied relatnvely httle as
compared to that of depolarization  Ths 15 due mamly to the fact that the
T wave 1s very unstable in the usual experimental preparation

Liferature

The presence of concordant polanty of the R and T waves m the usual
electrocardiographtc records has led to the concept of the ventnicular gradient
troduced by Walson ¢/ o/ ! and developed by Ashman and his associates? ®
Some mvestigators concluded that the directions of depolarization and repolart
zation must be different and that therefore different parts of the ventricular
musculature differed i thewr duration of activation  The direction of repolani
zation was derived from concepts of the muscle stnp preparation and was
thought to proceed from epicardium to endocardium

The direction of repolinization however was not explained in such simphfied
fashion by the onginators of the ventricular gradient concept Different
theories sere presented to account for the reversal of the repolarization direc
uon  Pressure and temperature differences across the ventncular wall were
ciscussed as possible contributing factors tn the genesis of the ventricular
gradient ¢ B

Experimental workh indicating an epicardial endocardial direction of the
repolarization process has been reported by Hellerstein and Liebow 7 Their
conclusions were based on studies of the T polanity  The exact time course
of repolanizition however has never been clearly demonstrated

Material and Methods

Forty mine mongrel dogs were used in this study  Details of the operatne
rocedure anestbesia and respirator hase been reported previoush ' Fpr
cardial intramural and cavity leads were taken with minute siher mire
umpolar plunge electrodes'® The Sanborn twin beam electrocardiograph
used for recording, has a flat frequency response from 1 to 100 ¢ /sec
The main abstacle to all studies on the T wave 1n the open chest dog 1s the
continuous change of polanty and configuration of this deflection when the
heart 1s exposed to room temy Neither c warm saltne sprays
not constant warm saline drips on the heart elimmnated thus dufficulty entirely
Finally the dogs were placed i an nfant size incubtor modified to mamtain

\ided by grants from the Natinnal Institutes of Health Tut hic Tlealth Service Depart
ment of Ht:llg Fducation and Velfare Bethesda Md and the L I Beaumont Trust
Fund Cleveland Ohio

24
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found to be extremely large and no relationship between T polanty and the
time difference was demonstrable

(4) Influence of thermal changes on the repolart ation process  Apphcation
of cold saline resulted 1n an increased negativity of the T wave at the site of
apphcatton  Warm saline mcreased the positiuity  The QT interval was n
most experiments shortened by heating and prolonged by cooling

As increasing amounts of cold or warm saline from 4 cc to 20 cc were
applied intermittently to the ventricular surface the polanty changes of the
T wave recorded at the involied site d y \|
leads from the opposite side of the ventricular wall showed hittle or no T wave
change when a small area was heated or cooled Reciprocal T wave changes
appeared however when the area subjected to thermal change was increased
by using greater amounts of saline In the latter case sumlar reciprocal
T wave changes were obsen ed even 1n leads from the opposite side of the heart

T polanty changes corresponding to those just described occurred when
cold or warm saline was injected into the left or right ventricular cavity Due
to the mrung of blood with the mjected flud no quantitative experiments
could be performed by this procedure  Reciprocal polanty changes were ob
served on the epicardial surface 1n most nstances

In one ammal Y4 cc of cold saline injected intramurally caused an increase
m T negativity at the site of injection but no discernible changes in an ep1
cardial and a subendocardial lead a few mll awnay

When 3 tiny surface clectrodes were placed 1 to 2 mm apart on the left
ventricle and one electrode was heated and another was cooled T wave
changes nversion wath cold and increased amphitude with heat were observed
from the electrodes subjected to thermal changes but not from the third which
served as a control

\varm and cold saline were applied to the surface of the human heart 1n one
case and the results were similar to those in dogs

Duscussion

(1) The polarity of the T uaze The existence of a reciprocal relationship
between T waves from opposite sides of the ventricular wall reported by Hel
lerstein and Liebow? could not be confirmed by our experiments  Concordant
positive polanty was found 1n a sigmficant number of our expertments This
was true not only of experiments n the incubator which closely approached
a physwological situation but alse of the records taken from ammals with
ntact chests

It has been assumed by many workers that any segment of the mtact heart
running 1n an endocardial epicardial direction could be identified electrically
as an 1solated muscle strip  Leads taken from each end of this strp were
thought to record the electncal processes taking place in between A dipole
front was supposed to proceed from epicardium to endocardium during repolan
zation giving rise to a positive T wave on the surface and a negative T wave
n the cavity The presence of concordant positive T polarity in a large
number of our expermments cannot be reconciled easly with this concept
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surface location However, areas with negatine T waves were distributed
quite irregularly sometimes being very small and surrounded by areas of T
positivity  No regular pattern of distribution could be established as there
was much vanation from one ammal to another
In 98 nstances simultaneous leads were recorded from the ventricular sur
face and the underlymng subendocardium on both ventricles T positivity
was found on both sides of the ventricular wall 1n 47 3 per cent of the records
from the left ventricle and 1n 70 7 per cent from the nght  The T was positive
1 the subendocardium and negative on the surface 1n 43 8 per cent from the
left ventricle and in 17 9 per cent from the nght Other combinations were
found in the remainder
In the 9 closed chest dogs i which simultaneous leads were taken from
the cavity and the overlying subcutaneous tissue the T waves were positne
i all instances  The left ventricle was mvestigated m 6 of these dogs the
nght in 3
(2) Tume course of repolart ation  In 69 experiments on 11 dogs stmultane
ous leads were taken from the ventricular surface and the underlying subendo-
cardium at speafic locations n the base middle and apex of both ventricles
The time course of repolarization was studied by measuring the time of occur
rence of the apex of the T wave from the surface and comparning 1t with that
from the subendocardum It was found that the subendocardial T apex
preceded the surface T apex in 59 expeniments The reverse occurred n 4
instances and m 6 cases the T apices were recorded simultaneously The
mean time difference was 0006 sec with the subendocardum preceding the
surface  The standard deviation was 0 002 sec with a standard error of 0001
sec and a P value of less than 0001 The mean time difference on the left
ventricle alone was 0007 sec whereas 1t was 0005 sec on the night ventricle
alone No statistically sigmificant difference was found when the measure
ments from the left ventricle were compared with those from the nght or
when different zones of each chamber were compared the time d:fference
being approximately the same m all parts of the heart
In 30 expeniments time measurements of the T apices in simultaneous leads
from corresponding points on the left and right ventricular surface showed
that the nght ventnicle preceded the left by a mean time difference of 0005
sec  Since the standard deviation was 0 11 sec with a standard error of 0002
sec and P of 002 t0 00> the time difference was statistically significant with
figures showing a relatvely large range of distribution
Simlar time compansons were made between the T apices in surface leads
from the apex and base of each ventnicle in 20 experiments The mean time
difference on the left ventricle was 0003 sec the apex preceding the base  On
the night ventricle the mean difference was found to be 00006 sec the base
being earlier than the apex  The time differences here were calculated to have
no statistical sigmficance
(3) Correlation of T wate polanily and the repolar: ation time course The
time difference between the subendocardial and epicardal T apices was plotted
agamst the difference 1n magnitude of the same T waves The scatter was
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found to be extremely large and no relationship between T polanty and the
time difference was demonstrable

(4) Influence of thermal changes on the repolart ation process  Application
of cold saline resulted 1n an increased negativity of the T wave at the site of
application  Warm saline increased the positivity  The QT interval was 1n
most experiments shortened by heating and prolonged by cooling

As increasing amounts of cold or warm saline from 14 cc to 20 ¢cc  were
applied intermittently to the ventricular surface the polanty changes of the
T wave recorded at the involved site d e ly  Smul
leads from the opposite side of the ventricular wall showed httle or no T wave
change when a small area was heated or cooled  Reciprocal T wave changes
appeared however when the area subjected to thermal change was increased
by using greater amounts of salme In the latter case similar reciprocal
T wave changes were observed even in leads from the oppostte side of the heart

T polanty changes corresponding to those just described occurred when
cold or warm saline was injected mto the left or nght ventncular cavity Due
to the mung of blood with the mjected flud no quantitative experiments
could be perf d by this d Rectp 1 polanty changes were ob
served on the epicardial surface 1n most 1nstances

In one ammat }{ cc of cold saline injected intramurally caused an increase
i T negativity at the site of imjection but no discermible changes n an ept
cardhal and a subendocardial lead a few mull away

When 3 tiny surface electrades were placed 1 to 2 mm apart on the left
ventricle and one electrode was heated and another was cooled T wave
changes inversion with cold and wmcreased amplitude with heat were obsers ed
from the electrodes subjected to thermal changes but not from the third which
served as a control

\Warm and cold saline were apphed to the surface of the human heart 1n one
case and the results were similar to those 1n dogs

Duscussion

(1) The polarsly of the T nate The eustence of a rectprocal relationshy
between T waves from opposite sides of the ventnicular wall reported by He]p
lerstein and Liebow? could not be confirmed by our experiments Concordant
positive polarity was found 1n a signficant number of our €Ipeniments T,
was true not only of experiments in the incubator which closely approach, lds
a phystological situation but also of the records taken from ammals eh
ntact chests 1tl
It has been assumed by many workers that any segment of
running 1n an endocardial epicardial direction could be iden
as an 1solated muscle stnp  Leads taken from each end of this st
thought to record the electrical processes taking place m bety ger XPdWere
front was supposed to proceed from epicardium to endocardmy, durmn, ipole
zation gving nise to a positive T wave on the surface and 3 n%"‘g r;‘po]an
n the cavity The presence of concordant positive T poyy, e T wave

Tt
number of our expenments cannot be reconciled eastly wyyy, ‘}}"1;'1 a Iargte
concep

the mntact heart
Gied electcally
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Although negative T waves were observed more frequently over the basal
region the most stnking finding was a complete lack of umformity n the
T polanty distribution from one ammal to another  As mn any electrical sys-
tem ncluding that of the heart the positive and negative charges must be
equal Demarcation of posittve and negative zones however was not dem
onstrable 1n the above expeniments using unipolar leads 1n the arrangement
described  Our findings indicate that summated electrical fields rather than
potentials from 1solated muscle segments become demonstrable as long as
the heart 15 11 action as a whole These fields however, seem to be very
srregular and cannot be defined 1n the same fashion as on the body surface
This may be due to the complicatng factors that anse in the near field of
the heart about which very hitle 1s known A differentration between sum
mated electrical events from the heart as a whole and electrical effects from
the site of leading has proved extremely difficult

(2) The time course of repolart ation  Besides the technical advantage of
using the T apex as a time reference 1t was found that this part of the T wave
showed different time relations in different parts of the heart This we at
tributed to local events an assumption however that 1s not yet proved

On the basis of T apex measurements we found a statstically sigmficant
time delay of the epicardium as o 1 to the subend il ndicating
that 1 most instances repolanzation takes place earlier 1n the subendocardial
layers than in the subeprcardial layers Irom the distribution cunve of our
findings the reverse can be expected 1 13 > per cent of the total  This seems
to be a rather himited difference between the time course of depolarization and
repolarization

The most strihing finding was that the trme course of repolarization cirnot
be related to the T polarty 1n our experiments This however seems to be
due to the irregular polanty distnbution encountered In the near field of
the heart where many undefined factors may be active  Neither a pomthke
dipole equivalent concept nor the 1solated muscle segment concept seem to
explamn this situation

The time correlatron of the T apices from the right and left ventricular sur
faces revealed a statistically sigmficant delay of the left ventricle that may
be due to the lesser thickness of the right ventricular wall repolarization being
terminated earher on the right ventricle

A comparison between the time of occurrence of the T apices from the apex
and the base of each ventricle did not show a statistically significant time dif
ference This may be due partly to the small number of experiments in this
study A stmultaneous repolanization of apical and basal regions of the ven
tnicles would account however 1n part for a difference between the time
course of depolarization and repolarization giving nise to the normal v entricular
gradient  As ponted out by Walson and his associates! @ number of local dif
ferences may eust and only the net electrical sum of differences 1s expressed
1n the ventricular gradient

(3) The wnfiuence of thermal changes on the repolars ation process  Since the
first expeniments of Bayliss and Starhng!? 1n 1892 many investigators have
shown that the polanty of the T wave can be altered by thermal influences




Pipberger ef al  The Repolanzation Process 929

Conclusions about the time course of repolarization have been drawn from
those expeniments  Since we could demonstrate that polanity and time course
may vary independently m such experiments as we have described these
conclusions may be open to question

The increase 1n T negatnity with a concomitant QT prolongauon after
application of cold can be explained by a local retardation of repolarization
Opposite T and QT changes associated wath the apphcation of heat seem to
be the consequence of a Jocal acceleration of electrical recoves

It was shown that the magmitude of the polanty change of the T wave vanes
directly with the size of the area heated or cooled The smaller reciprocal
polanty changes on the opposite side of the ventricular wall and in more remote
parts of the heart also showed a direct relztionship to the size of the area heated
or cooled If we consider only the polanty change as such an increase in
positinity or negativity must be balanced by equal charges in other regions
The regions of positivity and negativity must be separated by an artificially
mduced dipole layer as a consequence of the thermal change  Since the polar
1ty changes on the opposite side of the wall are only a fraction of those encoun
tered at the site of thermal change 1t can be safely assumed that the dipole
layer set up by the thermal change 1s located close to the area heated or cooled
Ths follows the laws of Helmhol ding to which the de and the
distance from the source of change are inversely related  The polanty changes
that were found after application of heat or of cold can all be explamed on the
basis of these lans A change restricted to a small surface area causes only
minor changes at a distance of as liitle as 2 few milimeters Such small
changes may not be perceptible with the equipment ordinanly used

The expeniments in which cold saline was injected midmurally and 1n which
tiny surface electrodes were heated and cooled further demonstrated that
T wave changes due to small thermal effects may be restricted to minute zones
without affecting leads a few millimeters away

The thermal T wave changes encountered 1n the dog seem to be analogous
to those 1n the human heart that resulted from the application of warm and
cold sahne to the heart surface in one human case

Summary and Conclustons

(1) In 49 dogs myocardsal repolarization was studied with umpolar elec
trodes at surface intramural and cavity levels  The ammals were placed 1n
an y d at constant and humidity to approt
mate a physiological environment

(2) T ware polaraly was evamuned by simultaneous leads from the ventricular
surface and the underlying subendocardium In 57 records from the left
ventncle both surface and subendocardial T waves were positive 1n 47 3 per
cent of the cases In 41 records from the night ventnicle both T waves were
positine n 70 7 per cent  In 9 closed chest dogs simultanesus ntracavity and
overlying subcutaneous chest leads were taken and T waves were positive
from all leads in all cases Thus under physiological condstions T waye
polanty on opposite sides of the ventricular wall 1s not necessanly reaprocal

(3} The direction of repolart aton 1n the ventnicular wall was mvestigated
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by timing of the T wave, using the T apex as the reference pont  The sub
endocardial T preceded the simultaneously recorded surface T with a statistr
cally si,nificant mean time difference  The right ventricular surface T pre
ceded the simultaneously recorded left ventricular surface T by 1 sigmficant
tume difference  There was no sigmificant difference between the apical and
basal surface T waves which may partially explain the difference m time course
between depolanzation and repolanization

The time differences between the surface and subendocardial T waves showed
no correlation with the polanty of these waves The lack of correlation be-
tween the time course of repolarization and the T polanty may be due to the
wtricate situation encountered in the ‘near freld of the heart

(4) Thermal T ware changes Heating or cooling small areas of the ventricu
lar surface caused local T changes but little or no changes 1n adjacent or distant
leads Anncrease in the area subjected to thermal change increased the local
T alterations and also caused noticeable reciprocal changes i distant regions
These reciprocal changes however were constderably smaller m magnmitude
than those at the site of the thermal change

All changes found could be reconciled with the laws governing the flow of
current 1 yolume conductors and those of potential distnibution n electrical
systems
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THE REPOLARIZATION PROCESS OI' CARDIAC MUSCULATURE
PANEL DISCUSSION

H H Hecht (Moderator) R H Bayley C Brooks P F Cranefield E Lepeschhin
H Schaefer D Sodi Pallares and E E Suckling

C Broons (State U nersity of \ew ¥ ork Brooklyn \ } ) This monograph
iltustrates one of the principal modes of procedure of physwology The phys
10logist laoks 1n two directions (1) hefocuses hisattentionon minutiae attempt
g to make an ultimate analysis and he studies the membrane the ongin
of potentials and the bas:s for current generation (2) he also endeavors to view
the entire situation trymng to think 1n terms of the total organ the complete
mdividua! and the influencing factors and consequences of the total current
spread

The group to which I happen to belong looks at less and less  and we tend
to think of cardiac performance in the light of the performance of the heart s
component cells This 1s a somewhat new approach made possible by the
recently developed methods of recording individual cellular or fiber activity
‘There has ansen a host of new problems some of which have already been
mentioned but I should like to revien some of them to illustrate this new
ViEw

Werdmann has demonstrated that all cardiac cells are not rdentical tn func
tional properties Some repolarize very rapidly while others possess a long
plateau phase  Hecht s illustrations show that there are at least three phases
or three speeds of repolarization mvolved 1n the recovery process of cells after
excitation  Thus the total picture of the potential change recorded from the
heart 1s a composite of deflections made up from the in phase and the out of
phase performances of cells  One can make substanual future progress with
the nterpretation of records based on assorted individual performances of
cells cancellations and which h or the normally
expected deflections It 15 possible to judge the extent to which certam ab
normahties should modify the rormal picture

To be more specific about some of these factors of great interest Ishould lihe
to point out that there are numerous ways mn which the response and the re
covery processes that give the recorded potentials can be studied By re
cording potential changes one can see how the heart or its individual cells de
polanze and then repolarize  When other techniques are used to test the state
of the heart and to analyze recorery more information 1s obtained and 1t can
be seen that repolarization processes are not as smoothly progressive as the
electnical recording techmques might suggest  Stumulus testing (the apphea
tion of current flow or stimul) at various intervals in the cycle shows that
during the terminal phases repolanization processes are not sumple  In the
relative refractory penod there 1s a phase of relative supernormahty  Durnng

the last few months it has been found 1n our Inboratory that late mn the cycle a

stimulus of suprathreshold strength will produce an extrasystole  When this

stimulus 1s introduced progressively earlier i the cycle a point 1s reached at

which 1t becomes 1neffective but of introduced stll earlier 1t becomes effectne
937
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again during a brief phase of the cycle even i an mndividual cell  To be specific
1 the repolarization phase there 1s an interval of greater sensitivity to eurrent
flow anodal current flow

This dip phase or period of relative hypersensitivity to anodal current,
mght be merely a period when the membrane can be more readily repolarized
—the cell repolanizes and then 1s evcited by the anodal-off effect But why
should anodal current repolarize heart tissue more readily during this interval
than 1t does earher and later 1n the cycle?

The conclusion suggests the use of still another techmque that 15 the tech
mque of impedance measurement Quick moment to-moment measurement
of impedance changes and/or 1on fluzes can be kelpful 1n the search for knowl
edge of the dip phase the important interval of relative supernormality 1n
the refractory period during which the heart 1f hit by a somewhat supernormal
stimulus 1s vulnerable to fibnilation

The fact that a stmulus must be suprathreshold in order to stimulate and
touch off fibrillation during thts vulnerable penod 1s not an absolute protection
The ordinary action potential indicative of the spreading excitation that nor
mally activates the beart 1s severa] times stronger than necessary for the exct
tation of normal tissue there 1s a considerable factor of safety Now if we turn
toa deration of mury p land the L of local areas caused by
factors such as abnormal blood supply we perceive that a normally propagated
wave of activation might touch off fibrillation by exaiting this abnormal or
unstable tissue duning the vulnerable period

This 15 an incomplete treatment of complet matters but it does bring support
to the contention that the entire heart and the function of 1ts several parts
should be studied in parallel and with multiple techmiques  Each new approach
and new use of methods make new contributions possible for future investiga
tions 1n the field

D Soor ParLares (The National Hearl Institule Mexuo D ¥ Mexsco)
I should Iike to return to the speaific problem of the analys:s of recov ery proc
esses by surface leads  The questton anses whether 1n spite of the precautions
taken by Prinzmetal the results that he has reported apply to the mterpreta
tion of the human cardiac recovery process I shall confine my remarks to the
direction of the T wave as we have encountered 1t in the normal heart In
about twenty normal subjects we have recorded directly left and night sided
mtracavity potentials 1n alf instances we have obtained negative T waves
within both ventricular cavities I should add that due precaution was taken
to avoid mjury and consequent distortion of the patterns  Because we have
found negative T waves over the entire npht thorax and positive T waves
over the left antenor thorax we beheve that the nght epicardial surface yrelds
only negative T waves and that the lateral surface of the free left ventnicular
wall yselds only positive T waves  Exploration of the posterior surface of the
heart by bronchual leads agamn reveals negative T waves  The only possible
site for a vector to fulfill the above specifications would be one located within
the free left ventncular wall This analysis leads us to assume that the ac
trty of the septum 1s of httle influence durmg the normal recovery process
By way of confirmation vectorcardiographic studies show the T wave going to
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the left, fornard and downward  If we produce left bundle branch block the
left intracavitary T wave becomes more negative, while positive T sarerecorded
both within the night cavity and over the night epicardrum  The new position
of the T vector would now be within the septum  Placing this new T vector
alongside the one drawn for the new excitation process mahes thetr opposttion
immediately noticeable In the horizontal plane in the vectorcardiogram this
15 meely brought out for therein the QRS loop 1s directed backward while the
T loop 1s 1n an opposite direction  Wilson insisted many years ago that the
activation process determined to some degree the recovery process, this he
termed the secondary factor Another important factor or factors however
as Prinzmetal s experiments show 1s brought into play by such processes as
heating and cooling the eprcardial or the endocardial surface T wave changes
of this sort are referred to as primary
H H Hecur (Unnersiiof Uiah Solt Lake City Ulah) In the work described
1n the paper to which Sod: Pallares refers the apex of the T wave was used m
much the same way that the peak of R has been used n so called untpolar leads
to estumate the spread of excatation m direct leads One wonders if this 15
permussible even if one assumes for argument s sake that spontaneous recovery
15 a truly propagated response
R H Barirey (Unnersity of Oklahoma School of Medicine ORlahoma City
Okla) 1should hke to point out that the duration of pofarization occupies a
long period of time It seems very reasonable that the majonty of the umits
of the heart muscle must undergo repolarization during the same pesiod of time
and that 1n my opinion 1t would be very difficult for example to tell any
direction from such recorded summation effects particularly from the shape
or detection of any particular deflection such as the peak of the T wave durng
the recovery peniod I should Iike to hear more however about the propa
gated response of a recovery process
P F CRANEFIELD (Sfate Unuersily of New York Brooklyn \ } ) Interest
in propagated repolarization was aroused by Wesdmann s discovery that an
all-or nothing repolarization can be induced 1n Purkinje fibers by the apphca
tion of an anodal current that this repolarization has a discrete threshold and
that 1t 1s propagated It subsequently came to my attention that Biedermann!
had described a p bly simiar ph 1 relaxation 1n
fro, and snail hearts  Biedermann observed and I have been able to confirm
the fact that closure of a direct current through two electrodes on a frog or a
turtle heart causes a visible relaxation under the anode if the closure occurs in
late systole  If the current remains closed relaxation occurs at the anode near
the end of each successine systole  Moreover upon the breaking of the current
relaxaton occurs at the cathode This relavation thus follows an inverse
Phuger’s law that the anodal closing threshold 1s lower than the cathodal
opening threshold The relaation has the appearance of beng propagated
stnce it begins as a tiny bulge 1n the wall of the ventricle and the bulge rapidly
enlarges 1n all directions  The bulge naturally disappears as the whole ven
tricle passes mto diastole Later worhers challenged Biedermann by asserting
that any relazed ares wonld bulge out m this manner beginnming i the center
and spreading toward the edges and therefore no propagation need be assumed
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There 15 ittle question however that a clear cut propagation of relavation
even across small tissue bridges may be invoked n the snait heart

Tn my own investigation I have shown by motion pictures and by electncal
recording that Biedermann 5 description of the radial spread of relaxation from
the anode 1s correct and that repolarization, as mdicated by shortening of the
monophasic action potential occurs earhest nearest the anode  Repolanzation
15 accelerated to a progressively Jesser degree at sites progressively farther from
the anode These observations coupled with those of Werdmann might be
taken as a demonstration of the eustence of both propagated repolarization
and relaxation i the mtact heart  There 1s unfortunately a subtle difficulty
mvolved in the interpretation of the results repolanzation 1s a spontaneously
occurring process 1 which each cell 1s potentially 1ts own pacemaker The
speed with which the spontaneous process proceeds may well be increased by
anodal current and that mcrease would be greatest at the anode thus grving
an appearance of propagation Seldom if ever does the relaxation imhated
at the anode appear to spread over the entire heart On the contrary the
visible bulge apparently disappears as a result of the ordinary relaxation of the
rest of the myocard Oc lly the does seem to spread
radially over the entire heart that 1s the tissue under the anode becomes a
pacemalker for repolarization This observation provides by far the strongest
argument for beheving 1n the reality of propagated repolarization with con
comtant propagated relrxation as a gepuine phenomenon of the whole heart
The reason that it 1s not alw':xys possible for the anode to set up a pacemaler

1 very slowly which as Werd

for rep tion 1s that rep prop
mann has potnted out would be a necessary consequence of the 1onic movements
on which 1t depends

The fact that propagated repolanzation and relazation can be induced by
switable stimult 15 of considerable electrophysiological interest but 1t does not
shed any light on the far more difficult question of whether propagation of re
polarization plays any role m the normal electrical recovery of the heart It
may at least be pointed out that a repolarized portion of the heart acts as an
anode with respect to a depolarzed portion and that therefore the possibihty
of propagation must exst  On the other hand since the propagation of re
polarization observed experimentally 1s so slow there would be no reason to
expect a wave of repolanization to sweep over the whole heart beginning at the
eathiest repolanzed spot  Other areas would have repolarized spontaneously
before any such wave could reach them It nevertheles» seems probable that
the anodal effect of recovered tissue in recruiting recovery mn adjacent tissue 1s
very important 1 evplaung the spread of repolarization and therefore the
shape of the T wave Certamn areas may repolanze synchronously not only
because they are depolarized synchronously but because of propagation of
repolanization At the present time I would be willing to offer as a plausible
working theory the 1dea that repolarization i the intact heart 1s a propagated
phenomenon with multiple foat of ongm

H Scuaerer (Unttersily of Hedelbery Herdelberg Germany) As 1 see
the question lies 1n the extent to which the spontaneous repolarzation process
may be called a propagated event  Propagation velocity 1s a term mean
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mgful only 1n the case of a constant local time function of a propagating dis
turbance  If we observe local disturbances such as monophasic action poten
tials of different shapes at different points of a fiber surface 1t 1s quite arbitrary
whether we call this difference a deviation from the constant propagation ve
locity or an inhomogeneity of the local repolarization  As the action potential
1s recorded mn a single fiber however differences 1n propagation velocity ”
would 1mply that the monophasic action potental 1s composed of several 1
dividual umits each displaymg a different velocsty  Such a behavior could 1n
turn be defined by Fourier analysis  This concept, however 1s entirely hypo
thetical

E E SuckLiNG (State Unnersily of New York College of Medictne Brooklyn
N 1) Ishould like to return to the problem of the direction of the surface
T wave with respect to QRS We find with the microneedle that the cell po
tential has a very large temperature coefficient  If we lower the temperature
of the single cell preparation shghtly we greatly lengthen the action potential
How does this relate to the electrocardiogram? e know that normally the
nner myocardial lay ers begin to depolarize first  The outside cells of the heart
presumably start to do 50 a lttle later but they recover scaner Vhen we
cool the outside of the heart we may well lengthen the duration of the mono
phasic potentials of these cells and therefore we may obtain an mverted T
wave 1n the surface electrocardiogram  We see that we can get exact results

pphcable to surface elect d from an analysts of the smgle cell
It 1s not necessary that this presumed difference be due to temperature but we
can defimtely modify ) b potentials by perature

H H Hecur Suckling s remarks are of course an old story 1n a new dress
I have pointed out that there are sharp differences 1n the temperature coeffi
cients of various phases of repolanzation  What we do not know (and where
we need more mformation) is » hether the surface and the deeper lay ers actually
show differences 1n the duratton of recovery and whether they display dif
ferent phases of repolarization which 1n turn could account for certain changes
of the surface differential records that we have seen

E LepescukIN (L mirersily of ¥ ermont College of Medicine Burimngton V1)
A problem that has been intniguing me ever since I became interested 1n electro
cardiography 1s why 1s the T wave upright 1n leads that have an upright QRS
n normal man and also 1n most normal animals®>  In other words why 1s there
a ventricular gradient across the muscle wall> Under normal condittons all
amimals scem to have upright T waves on the epicardtal surface  I'ven dogs
mn whom the T waves may be inverted 1n almost any of the imb leads always
have an area on the anteror surface of the thorax where the T wave 1s upright
the variability of the T wave 1n limb leads tn this ammal can be attnibuted to
the very loose mediastinum and the vertical posstion of the heart In 1939
1 expressed at least a conjecture concerming the teleological reason for this,
and now talling with Jane Robb I learned that she had also the same 1dea—
that the mternal muscle layers and the papilary muscles carry the tendons that
hold the tricuspid and bicuspid valses and prevent them from opening into the
atnia  These muscles must, therefore be the last to relax as long as there 1s
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any pressute m the ventricle otherwise blood would regurgitate, and the work
of the heart would be mefficient

The immediate cause of the late relaxation of the subendocardial muscle 15
another problem however I thought that hearts of all species have mn com
mon the attributes of possessing blood and also of beating and developing
heat that must be dissipated in some way  As the blood flows within the cav
1ties of the heart and since 1t has a cooler temperature than the nside of the
heart muscle the endocardial surfaces of the heart especilly the trabecular
regrons that are completely surrounded by blood must have a longer duration
of activity that s a later repolanization than the rest of the heart. Accord
ng to my with th ples 1n dogs ¥ the average difference
between the temperature inside the heart muscle and that of the intracardiac
blood was about 1 to 2° F In a few expenments I tried to put a solution on
the outside of the heart that had exactly the same temperature as the intra
ventricular blood that 15 I let 1t flow over the outside and the ventncular
gradient which formerly had a positive value became zero  This made 1t
clear that a temperature gradient 15 at least one of the causes that determine
the ventricular gradient of repolanzation

H Scuserer The question 1s what does the gradient mean and can heat
dissipation be regarded as the physical cause of the gradient? During the past
several weeks we have measured carefully the mfluence of such temperature
gradients Ve have tried to avoid any heat flux from the mside of the heart
to the outside and we have seen that the ventnicular gradient remamed un
changed Furthermore the ventncular gradient has something to do with
the excitation process because there 1s a strong positive correlation between
the angles of the gradient and the angles of the QRS area 1n the frontal plane
This means that all processes governing QRS must have a very decisive 1n
fluence on the gradient  This strengthens the consideration that Schmutt to
my knowledge first pointed out and that goes against all modern concepts of
the ventricular gradient my ownincluded ~ Schmitt assumed that the tapenng
of the fiber most probably has something to do with the ventncular gradient
If this 1s true we easly understand why during propagation changes 1n the
duration of the monophasic action potential might occur  Since tapenng oc
curs along the hne of p 1t could be d by changes 1n the
form of the action potential

H H Hecar Perhaps we should now try to summarize some of the present
concepts of cardiac repolarization the T wave and the ST segment 1If 1n
ventricular muscle the order of exaitation 1saltered the order of recovery must
also be changed  We need not belabor this pomt further  What 1s of interest
are the changes that occur dunng the spread of repolarization in the absence
of any changes 1n the order of exaitation  These have been referred to as
the pnmary T wave changes They may depend on the following two
and somewhat interdependent factors

(1) The duration of the excitatory state may differ from one area to another
so that complete mtramuscular cancellation of the eflects of excitation and of
recovery will not occur  This will result 1n 2 vectonial force pownting from the
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area within which the systole 1s longer toward the area m which 1t 1s shorter
This residual quantity of course, represents the effects of the ventricular gra
dient
(2) X there were a umform change n the rate of recovery of all cardiac
fibers a significant change would occur in the configuration of that portion of
the surface record that 1s 1denuified with the changed portion of the cellular
recovery phase even if the ratio of the duration of excitation of one area com
pared to another (the ventricular gradient) has remained unaltered It 1s
therefore at least theoretically possible to have primary changes of the T waves
and the ST segment without alterations either in the magnitude or the directton
of the ventricular gradient by changing the recovery process of each myo
cardial fiber simultaneously and m a umform manner
One may express T wave changes mn terms of cellular activity and m terms
of the over all physiol 1 ch of cardiac lature  Consider
g the former we hnow that the summit and falling hmb of the T wave con
cide with the last (third) phase of repolarization and that the major portion
of the ST segment comncides with the charactenstic plateau  of the trans
membrane potentials  We also know that under reasonable physiological con
ditions phase differences and differences i duration of action potentials occur
1n adjacent fibers  We know that changes in the slope of repolanzation and
changes 1n achion potential duratton can be induced easmly by a vanety of
means  Thisimphes that local gradients may occur readily during the recovery
phase and without a propagated of the 1 10n
process We are aware of the temperature sensitnv ity of the process or proc
esses  We do not hnow whether 1n general certain large areas within the
ventricular myocardium show a shorter action potential duration than others
whether for mnstance subepicardral muscle cells have a shorter duration than
the cells hning the endocardial surface an assumption that 1s implait m the
usual explanation for the upright T wave of a normal surface electrocardiogram
1\e do hnow however that the possibility for such a differential exists the
difference 1n the duration of the ventricular myocardium the Purkimnje fibers
and the atrial musculature has been stressed  What 15 more mportant per
haps 15 the fact that 1t can be shown that this difference 1s highly vanable and
can be made to change  Beyond this a qualitative change 1n cellular recovery
evenf 1t 1s entirely umform throughout the heart slt alter the surface equiva
lent that 1n this respect behaves Lke the dernvative of the action potential
Looking at this from the surface aspect we have stated that a ventricular
gradient exists because certain areas presumably recover at a slower rate than
others and that taking a cross section of myocardial musculature an upright
T wave 1s recorded 1n a precordial lead for example 1if subeprcardaal layers
recover faster than deeper sections (FIGURE 1) or if that section repolanzes
in the opposite directton * Subepicardial lesions may cause a  delay sn re
lanzatson of this area duning which the gradient would disappear or re
serse ttself and a previously upright T wave would become mverted If the

the discussion the mnfluence of remote zreas of the mvocardium upon the

ufy
m;ﬁ:’u’éi“ i direction of such & direct lead has been assumed to be negl gitle which of

course it 18 ROt
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Frooxe 1 Current concepts of T wave changes 4 ;lwws the depolarization of a ven
o 3 1 to

tricular muscle stap 1f repolanza
tion praceeds from \ to Z also (equal duration of excitation in area X to area £) an merted
T wave should be recorded and a recovery gradient would point from Z to \ (left side of B)
1 Z recovers faster than X (nght side of B} areco ery gradient points from Z to \ and an
upright T wave results A repolanzed (resting) muscle segment 18 mndicated by +  Ab
sence of this sign denotes that the & ea has depolanzed or 1s not yet recovered

noxious influences persist the area finally fauls to repolanize * and ST segment
shifts occur  In sermschematic fashion this presumed course of events 1s 11

lustrated 1n F1oures 1 and 2 This concept assumes that under normal ar

cumstances subendocardial layers although perhaps invaded earler are slower
to recover than epicardial segments  There 15 as yet no proof of this assump-
tion but there 15 good expenimental support from the work of Macleod ¢
Bayley et al * Hellerstemn and hatz ¢ and others  The conrept also has fitted
well with interpretations of T wave changes and ST segment shifts that have
‘been observed clintcally and which agree with the expenimental postulate that

i direct umipolar  epicardial surface leads nverted T waves and elevated
ST v sub

ndicate pred dia! upright T and depressed
ST and subend: dial

Weidmann s and Cranefield s obserrations on the propagated repolarnzation
following anodal sumulation have injected a refreshing breath of air into the
argument but for this theory 1t seems immatenal whether repolanzanon 1s or
15 not a propagated response and upnght T waves recorded simultaneously
from electrodes placed adjacent to epicardial and endocardial leads of the hind
shown by Prinzmetal would merely imply that the two electrodes do not record
from two opposing areas of repolanzation  Although the normal endocardial
T wave was alnays inverted m many records of human endocardral electro-
cardiograms 1n our senies concordance does occur under abnormal conditions

The real difficulty 1n a satisfactory explanation of T wave changes seems to
Lie 3n the fact that the obser ed facts obtained from single fiber records clearly




THE U WAVE AND AFTERPOTENTIAIS IN CARDIAC
MUSCLL PANFI DISCUSSION

I Lepeschhan (Moderator) L N Katz H Schaefer 4 M Shanes and S Weifmann

T Lesescnnas (Unirersity of §ermont College of Medicine Burlington V1)
I should like first to make a few remarhks about termmology  In the heart
(Ficurr 1) the action potential shows a steep ascending phase (labeled zero
by Werdminn') a more or less steep descending phase or spihe a slonly de
scending plateau and finally a more rapidly descending termmal phase  The
latter phases were called 1 2 and 3 respectively by Jingl et al? Pha<e 015
attributed to the entry of sodium 10ns into the cell phase 1 to the sudden stop-
page of thisentry and phases 2 and 3 to a repolarization of the cell membrane
due to the exat of potasstum 1ons from the cell that is at first gradual and then
more rapid  Thts action potential proper 1s followed by low level potential
«hanges thit have been called the afterpotentials and designated as phase
1 by Weidmann ! In distinguishung between the two we see that the after
potential 1s much smaller 1n amplitude than the 1ction potential proper and
that 1n the heart and skeletal muscle relaxation begins with the end of the
action potential proper  The U wave of the electrocardiogram which corre
aponds 1n time to cardiac afterpotentials appears after the sccond heart sound
that 15 after ventricular relaxation has begun * ¢ Duning the afterpotentials
there may be changes n the diastolic myocardial tonus but these are usually
instgnificant compared to the systolic contraction? # A third pomt of dif
ferentiation 1s the exaitability of the heart  The action potential proper corre
sponds to the refractory period which usually ends with the rapid descent of
this potential or with the apex of the T wave while the afterpotentials corre
spond to the small phasic changes of exatability that follow the refractory
period  The negative afterpotential corresponds to the supernormal phase of
exatability and the positive afterpotential corresponds to the subnormal phase
and to the gradually increasing excitability during the diastolic period® 7 %
These relations are completely analogous to those 1n nerve s we shall her
from Shanes

The designations  positnve and negatrve afterpotentials are a hittle confus
g to the cardiologist because the negative afterpotential 1s actually positne
1n the curve showng the potential variations of the mside of the cell such as
that obtained with the tracellular electrode  The reason 1t 1s called nega
tve 1» that it indicates negativity of the extracellular space which determines
the configuration of any curve taken from the uninjured organ  In order to
avoud confusion 1t may be preferable to use the term  hyperpolarization for
the positne and incomplete polarization for the negative afterpotential
using the degree of membrane polarization just preceding the action potential
proper for comparison We shall not employ the term afterpotential 1n refer
hing but the transmembrane potential ~ For instance I tm not in
th Sjostrand ' who designates as afterpotential what I consider
te slow portion of the U wave m surface leads
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Fiouxe 1 Intracellular action potential as 1t was normally recorded from excised Pur
imje fibers of the sheep showwng a positive afterpotential The phases 0 {ascent) 1 (descent
of the spike) 2 (plateat) 3 (rapid repolarization) and 4 {afterpotential) are indicated on the
curve

One of the reasons for my detailed study of the U wave and the afterpotentials
was the fact that the U wave 1s one of the component parts of the electro
card: most ¢ affected by p imbalance It was actually
Shanes studies the effect of p on the afterpotentials m
nerve that started me i this direction T should Iike to ask Shanes to present
a short summary of lus concept

A M SasnEs (Laboralory of Pharmacology and Toxwology Matiwnal Institute
of Arthntis and Vetabolic Diseases National Institutes of Health Public Heolth
Service Department of Healll Educalion and W elfare Bethesda Md) 1should
ke to outlme briefly factors mn afterpotential production that have come to
my attention through studies on nerve

Afterpotentials may be regarded as any mior fluctuations n the potential
difference across the cell membrane immediately following the large electrical
transient known as the spihe  Thus in the squid gant axon the spike 15
promptly succeeded by a return of the membrane polanization to a level tem
poraniy greater than whenatrest ~ This may be called the positive overshoot
It should be distinguished from the later more prolonged hyperpolanzation
that can be accentuated by the drug yohimbine I prefer to restrict the term

positive afterpotential to the second hyperpolarization  Between the post
tive overshoot and the positive afterpotential there 1s frequently found a tem




o4t Annals New York Academy of Sciences

Fictre 2 A shows the action potenual {uj per record) from a squid grant axen with
only the base of the spihe and the succeeding positive overshoot and oscillations and the
cortest ondmg unbalances m a W heatstone Bridge (lo_ er record) showtng the fluctuating
increases 1n conductance as a result of the passage of this action potential t etween platinized
transyerse electrodes (20 msec sweep) B shows the same phenomena with a tenfold slower
sweep demonstrating 1n addition the more | rolonged negative afterpotential and the assot
ated elevated conductance From Shanes e al 1

porary depresston of membrane potential to below the normal that can be en
hanced by veratrum alkalowds such as cevadine and veratnidine this 1s known
as the negative afterpotential

The upper half of FIGURT 2 shows the begmning and end of the spike the
positive overshoot and the minor oscillations of potentrals that are usually
accentuated after treatment with the alkaloids of veratrum  The lower half
of the figure shows the corresponding changes i membrane conductance
YWhen the time scale was compressed we saw that this negative afterpotential
the residual depolanzed state of the fiber disappeared only very slowly and if
this had been followed further especially m the presence of still another drug
yolmbine we should have observed the positive afterpotential corresponding
1o the period of subnormality  The transverse impedance techmque dev eloped
by Cole was used 1n these studies  The prolonged small 1ncrease m the con
ductance of the membrane which decays with the same ume constant as
the afterpotentials mught be considered to be caused by an increase in permea
bilsty although this 15 not the only possible interpretation

At least two mechamsms may be postulated to account for afterpotentrals
One depends on fluctuations 10 the permeability of 1ons relative to each other
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Thus 1t can be shown on the basis of equations such as those derived by Gold
mant that an crease 1m potassum permeability relative to the permeability
to sodium and chloride wiil increase the membrane polarization as appears to
be the case for the positne overshoot whereas an increase 1 sodium and/or
chlonde p bility relative to p bility will reduce the mem
brane potential The specific permeabilities nvolved may be elucidated by
following the changes m electrical conductance assoctated with the afterpoten
tials and by companing them with the fluctuations predictable from theory 1t #

A second mecharsm partly a secondary consequence of permeability changes
of the membrane rtesults from the transttory nse or fall i the potassium con
centration at the outer surface of the fiber! A rise in this concentration will
depolanze and increase the electrical conductance of the membrane while the
converse will have the opposite effect  Since the liberation of potassium dur
1ng the spike 15 now well known one must determine (1) what governs the
accumulation of potasstum at the fiber surface (2) what governs its disappear
ance from the surface (3) how these concentration changes are related to after
potential production and {(4) how afterpotentials produced by potassium fluc
tuations may be distinguished from those resulting from changes mn the
relative permeabilities

Ficure 3 indicates dragrammatically factors that would govern the accumu
lation and disappearance of potassium from the fiber surfaces 1n 2 hypothetical
nerve of three fibers mounted 1n a moist chamber  The size of the arrows 1n
dicates the quantity of potassum transferred  Thus the amount of potassium
liberated during the mmpul<e 1s K the amount released over a given interval
through sheaths S;and S (myelin and Schwann sheaths) sk and theamount
reabsarbed 1n the same interval 1s k. In the muscle fiber S; and $; could
correspond to the sarcolemma and the connective tissue 1 the nterstitial
spaces respectively Presumably the potassum trapped between the mem
brane M and the mnermost extracellular sheath S tends to keep M depnlar
1zed  Sheaths §; and S, are assumed to be electrically indifferent to potassum
The amount of trapping depends on the speed with which the potassium 1s
released compared to its rate of diffusion away and ats rate of reabsorption
while the subsidence of lated p depends only on diffusion and
reabsorption A nerve without circulation and m a most chamber as in F1¢
URE 3 does not permit removal of the potassum escaping to the interstitial
space Therefare with sufficiently rapid and continuous stimulation out
ward diffusion through the sheaths finally will not occur because of the absence
of a diffusion gradient so that potassium removal then results only from reab
sorption duning and following activity ~ But if the nenve 1s immersed in a large
volume of solution following actiity the decline i extracellular potassium
(and 1n potassium induced depolarization) will be faster owing to a decline m
external potassium by diffusion out of the nerve as well as by reabsorption 14 1
Indeed in the last case reabsorption will continue even after the potassium
level between M and S, has returned to normal owing to the earher extensne
depletion of potassium from the fibers Because of the diffusion hmitation
imposed by S;and § the potassium concentration adjacent to Al will therefore
fall below the resting level thereby giving rse to a positive afterpotential 4 1
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A NERVE WITH THREE FIBERS

INVERSTITIAL SPACE

Iicures 3 Schematic cross section through & nerve tllusteating the diffu 1on paces

The reabsorf of p may be regarded as the result of two processes
operating 10 parallel (1) an electrochemical or passine one that 15 one
governed solely by the differences mn potasstum concentration and electrical
p 1 across the b and (2) 2 bolic one that 1s one controlled
by release of energy by the cell whick n an unhnown manner suchs m the
potassium ton  Evidence for a potassium pump s now good for giant 1in
vertebrate fibers and for vertebrate fibers 1*

As shown 1n FIGURE 3 the amount of potassium K, escaping through the
sheaths exceeds the amount reabsorbed  This may be the situation in a nene
for single impulses and 1t certanly 1s the case for rymd stimulattion  Thrs
means that reabsorption must continue to operate for an appreciable time after
activaty to restore the onginal potassium level In the heart which mamtains
a high mtracellular potassium level during sustained beattng reabsorption
dunng the diastole and possbly, during the latter part of the systole (h )
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must equal the potassium lost from the fibers duning the systole including that
pched up by the arculation

The effectiveness of the accumulated p 1n causing a depolanization
depends on the selectivity of the b top on the conc
attained and on the potassium concentration surrounding the fiber just prior
to the potassium release  The selectivity depends on the time course of re
covery of the membrane from the permeability changes duning the spihe  The
concentration attamned for a given potassium loss 15 governed by the effective
volume of the space between the b and the ding e Tuk
sheaths  The space 1n the squid avon has been estimated to be 300 A7 The
potassium level just prior to release may play a part by determiming the grads
ents of concentration and of the electrical potential that drive out the potas-
sium  However 1t may also act by virtue of the well known semiloganithmic
relatign between the membrane potential and the potassum concentration
Thus a given potasstum release may produce say a § mv change at the nor
mal estracellular potassium level but if the extracellular concentration 1s
doubled then twice the previous potassium release would be required for the
same electrical change of 1 mv

In terms of our current picture of processes dunng and following actnaty
nerve the action of pharmacological agents and altered physical conditions
on sumilar events in the heart may be as follows

(1) To alter the amount of polasstum liberated during the contrachon \era
trum alkalords and low temperature increase the loss dunng the nerve im
pulse™ 2 while stabihzing agents such as local anesthetics which reduce
permeability to 10ns1* 2! * may have the opposite effect  Wildes work. de
scribed earlier on page 693 certainly demonstrates that potassium release occurs
dunng systole

(2) To change the rale of polasstum diffuston through surrounding sheaths (for
example through the sarcolemma) Low temperature for example slons this
rate  The action of expenmental agents on such sheaths must be considered
a possibility until contrary evidence 15 available

(3) Tomodify the rate of polasstum reabsorption  If the passive return 1s a
significant fraction of the total reabsorption then altered permeability or
modtfied electrochemical gradients will affect the rate of potassium reabsorp-
tion  Thus low and stabil D which reduce per
meability would slow 1t down and veratrum alkalods which act oppositely
would enhance 1t Active metabolic reabsorption would be directly dependent
on the rate of metabohsm In nene we have found that the passne uptale
under normal metabolic conditions 15 so small that cocame which lowers per
meability has only a minor effect at best on the total uptake ™ the cocamne
eﬁe::i becomes apparent when the metabolic contribution to transport 1s re
duce:

(4) To alter the time course of permeabrlity changes following actisty  Vera

trum alkaloids and low temperature appear to prolong the state of increased
permeability 1n nerve

In conclusion I should hike to call to the possibility thata
ble change could be produced in the extent of the fluctuations of potassium
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Ttcre 5 Flectrocar hogram and the synchronous monopha ic action potential {suction
clectrode) of a rabbnt heart perfused with hrebs Hensleit solution showing the depression of
the negative afterpotential follo ing the v ithdranal of caleium and the accentuation of the
pegative afterpotential and the U wase subscquent to the with irawal of potassium *

tential proper and corresponding 1n time to U waves whenever they were pres
ent 1n the synch ly reg d elect d (FIGURE 5)

The 1dea that U waves correspond to afterpotentials was first proposed by
Nahum and Hoff 1n 19397 FIGURE 6 shows how the normal U wave might
onginate as the difference tn the duration of negative afterpotentials just as the
T wave can be interpreted as the difference 1n the duration of the action po
tential proper in different parts of the heart  In this figure the sold Line curve
1n the upper half 1s a copy of the intracellular action potential taken by Hecht
from the surface fibers of the chicken heart > If we assume that the action po
al of the subendocardzal ventnicular muscle layers begins earlier and lasts

tents
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Fictre 6 1 sho s the schematic construction of the normal electrocardiogram with
upright T and U + aves as a difference between two action | otentials with negative aftero-
tentials  In B through C the tme dufference between these action patentials 1s progressively
increased resulting 1 inverted T waves with low upright U waves and finally inimverted T
and Uwaves From Lepeschkin

considerably longer than that of the subepicardial layers (dotted curve of
FIGURE 6 see discussion on the T wave 1n the preceding panel discusston)
the cifference between the two will yield the normal electrocardiogram with
upnght QRS and T If the negatnve afterpotential begins with the end of
the action potential proper and has an approumately equal duration m all
parts of the heart an upright T wave will normally be accompanied always by
an upnght U wave and this1s actually observed Parts B through D of rIGURE
6 show what would be expected 1f the intraventricular conduction time were
increased progressively as mn bundle branch block or ventncular premature
beats as the QRS complex becomes wider the T wave becomes inverted and
the U wave at first becomes smaller and then finally becomes negative  This1s
also confirmed by observation ¢

While n general the polanty of the U wave follows that of the T wave the
U wave tends to show maxumum positive potential in leads V3 (\2-\4) and
may be positive in these leads even when T 1s negative (for instance in the
juvemle T wave pattern or n prumary localized T wave mversion) *  In 1955
a book on the U wave was published 1n Italy by Furbetta Santuca and Bufa
lan® These mvestigators studied the U wave distribution m the exposed
hearts of dogs  Under normal circumstances the U wave m dogs 1s very small
but when the heart 1s cooled 2 defimte U wave appears and the maximal post
tive voltage of these U waves on the surface of the exposed heart corresponds
almost exactly to the part of the ventricles where the papillary muscles have
their insertion  The authors attribute the U wave to a longer duration of the
action potential i the papillary muscles but I beheve that this 1s incorrect
because their own monophasic tracings from the papullary muscles show that
the duration of the action potent:al proper 1s the same as in the rest of the
heart T think the best esplanation for these discrepancies between the dura
tion of T and U can be found 1n the work of Dudel and Trautwemn® in Schaefer s
laboratory who found that the amphtude of the negative afterpotential can
be increased from about 4 to 20 per cent of the action potential Proper by
stretching (k1vRE 4} The papallary muscles must bear the weight of the en
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FiGvaz 7 1 shows ven tall L wa 540 a patuent with severe diarrhea and a serum
tassrum of 16 mEq per ter B shows the nosmal U waves after the serum fotasm hos
returned to the normal value of 4 1 mEq per hter

tire ventricular pressure resting on the large A\ valves and because of the
resultant stretch the negative afterpotentials and the U waves should be of
especially great amphtude 1 these regions

TaBLE 1 summaruzes some of the factors that cause changes of the U wave
and the effect of these factors on negative afterpotentinls  One of the most
important factors that ncreases the U wave 1s a low extracellular potassium
concentration  Under this condition the U waves can become much taller
than the T waves (FIGURE 7) ! 7 and at the same time the negatn e afterpo-
tentials merease (FIGURE 5} * On the other hand an increase in the extra
celtular potassium concentration decreases both the L waves™ and the negatne
afterp Is7 % The expl of these changes would be that with a
low external potassium more potasstum would leave the cell during phases 2
and 3 of the action potential while reabsorption of this potassium mto the cell
would be slower taking place against a higher gradient At the same time as
Shanes has ponted out the <ame amount of potassium would produce a greater
depolarizatton The shght depolartzation of the cell membrane caused by the
negative afterpotential should mahe 1t easier to depolarize the membrane (0 1ts
critical potential when a spontaneous action potential takes place m other
words the afterp 1al should ¢ d to a 1 phase of ex

atability

A supernormal phase was actually seen by Segers” in 1l frog hearts
that showed negative afterpotentials and this supernormal phase was abolished
by potassum \easurements of the cardiac excrtabihty in humans have not
yet been made but the fact that low serum potassium frequently leads to cou
pled extrasystoles ¢ and that these are abolished by potassum would agree
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TAaBLE 1
Soue oF TuE Facrors Twat InFLUENCE THE U WAVE AND THE EFrect or
‘THESE FACTORS OV NEGATIVE \APTERPOTENTIALS AND
T10cARDIAL EXOITABILITY

gt 5 p morm | Copl &
Lw frpet Tl hase l o ele
Long hastole + ? ? +
Stretching. + + +2 +
Cooling + -+ +2 ?
Low ext potassum + + ? +
High ext potassium - - ? -
Low calcum - - ? -
High calowm + + + +
Epinephnne + + >+ +
Acetylchotine ? - = -
Veratrine E3 + + +
Digitals + + ? +
Quinicine + +? ? -

with the concept developed above  The increase in the amplitude of the U
wave ¢ as well as that of the negative afterp 157 caused by adrenalin may
be related to an increased potassium outflow from the heart muscle or to the
decrease 1n the serum potassum that follows admimstration of this drug
Coupled extrasystoles are common after adrenalin but I do not know of any
studies on the supernormal phase

We have heard that stretching increases the negatine afterpotentials™ and
also the excitability of the heart ? ® In the Light of what Shanes has said
stretching could increase negative afterpotentials by increasing the density of
the connective tissue fibers that surround the myocardial cell and tmpede the
diffusion of the potassium liberated during the systole  The increased amph
tude of the U wave after long diastolic pauses‘ may be related to the greater
diastohic filling of the ventricles but an important factor 1n this 1s that greater
asynchronsm of afterpotentials will develop during the longer systole  Cool
ng increases the amplitude of the U waves® and the negative afterpotentials 1n
nerve and 1t has also been found to increase the supernormal phase of excita
bility ¢ Shanes mentioned that this could be caused by a slowed diffusion and
reabsorption of the potassium that has left the cell during the action potential
\eratrine increases the negative afterpotentials and the U waves and causes
coupled extrasystoles ¢ the mechanism 1n this case as Shanes mentiored could
be an increased potassium loss during the action potential as well as slow potas-
stum reabsorption  High extracellular caleium has been found to increase nega
tive afterpotentials in the frog 7 and U waves 1n humans ¢ while low calcium has
been shown to decrease the afterpotentials in frogs’ and rabbits 25 as well as U
waves in humans* This could possibly be caused by a decrease i the cell
permeability and the potassium reabsorption after calaum  On the other
hand gh calaum often leads to coupled extrasysioles

Digstalis increases the negative afterpotentials m the frog” and also mcreases
the U wave 1n man this was evident 1n a study we just concluded with B
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Surwwicz 1n which we compared digitalized patients with dhigialized pa

tients having the same heart rate and QRS voltage  On the other hand, cou
pled extrasy stoles are onc of the most constant signs of digitals touaty The
increase i negatne afterpotentials under the influence of digitalis could be
evplaned by the inhibition of diastolic reabsorption of potasstum that Szent
Cyorgyr® wnd Haydu™ consider ns one of the most important effects of digitalis
The only factor that docs not aflect the negative afterpotenuals the U waves
and exatability 1n the same way 1s quimdine which increases the U wave 1n
man * but decreases the exaitability of the heart and causes coupled extra
systoles to disappear  The explanation in that case could be that quimdine
depresses the threshold to such an extent that esen a shight supernormal phase
which may be due to negatn e afterpotentials will not cause the appearance of
premature beats
H Scuarrrr (Unuersity of Heddelberg Herdelberg Germany) The facts as
far 15 I hnow them from Lepeschhan ¢ are the following
(1) The U wave potential goes nearly 1n the same direction as the T wave
and both are apparently hinked very closely
(2) This means that the U vector 1n the frontal plane shows its posttinity
down and to the left
(3) At the ume of the appearance of the L wave the membranes of heart
fibers show only afterpotentials in the common sense that 1s potenuals
surviving the end of the so called monophasic action potential
(4) Nearly all drugs or other externil influences 2ct perfectly parallel on
afterpotentials and on the U wave
{5) At the time of the appearance of the U wave the heart relaxes
(6) The higher the volume of the stroke in general the higher the U wave
(7) There are mmportant exceptions the empty heart or the heart with a
cntscally reduced stroke volume (in postural hypotension) also shows high U
waves
(8) The influence of sudden distension on membrane potentrals is practically
absent
(9) The stretching of the muscle fiber leads to a strongly augmented negative
afterpotential
(10) The development of U waves comades under experimental conditions
with the development of increased negatite afterpotentials
Thus we have the facts  The following cnitical remarks may be made aganst
the common attempt of paralleling afterpotentials and U waves
(1) We never mewsured the change or development of U waves and after
potentals at the same heart fiber of warm blooded ammals
(2) The influence of drugs and hormones 1s biphasic in some cases and we
are not alnays sure which phase we are observing
(3) The action of drugs and hormones mry be indirect 12 some cases  This
means that some substances may act by their own power others by starting a
secondary process For example msuln adrenahn and similar drugs may
act partly or completely by nfluencing the pertpheral vascylar resistance and
augmenting the stroke volume or one drug may act by influencing the K ex
change rate or the K concentration mside or outstde the fiber membrane
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The following are purely logical considerations
(1) In my opimon big muscle masses must be involved m the production of
2 U wave and 1t 1s impossible to explam this only on the basis of some devia
tions of the papillary muscles
(2) Evenif a strong negatne afterpotential were present as a source of U
wave potential the low afterpotential could scarcely exceed 10 per cent of the
QRSarea \foreover this amount must be strictly discordant if the long last
ing afterpotential 1s the only source of the U wave Wathout having 2 non
homogeneous time course of the repolanzation of the vanous parts of the heart
the ventricular gradient must obviously include the U wave and the U area
cannot exceed an area caused by the repolanization forces of the afterpotentials
Since the U area at least 1n some cases may exceed 10 per cent of the QRS
and 15 of completely different direction namely concordant to QRS and T
the U wave potentials must have their onigin 1n the sense of potential source
either 1n nonh repolarization 1n varous parts of the myo
cardium during the tune of negative afterpotentials or 1n a completely different
electrical event 1n the heart as for example 1n the stretch potentials
(3) In the case of stretch potentials an electric field of the U wave similar to
that associated with the afterpotential hypothesis develops only if the various
parts of the ventricle are stretched 1n a different veloaty or intensity
{4) From the potential fields 1t 1s impossible to conclude whether the source
of the U wave assuming the validity of an afterpotential hypothesis 15 a nega
tive or a positive afterpotential  If 1t 1s 2 negative one as indicated by the
facts presented by Lepeschkin the basis of the heart or any inner layers com
pared with the apex or outer layers should develop the higher negative after
potential
We may try to bring all these different points together into a hypothesis that
will cover all the facts and fit all the logical points
The hypothests strongly emphasized 1n my book on electrocardiography *
that stretck potentials alone may give nse to the U wave does not seem to
interpret the sum total of facts and problems known today It disagrees in
detail with the correlations and the identity 1n the direction of the T and U
waves and with the fact that no stretch potentials at all are registered 1n 150~
lated muscle fibers  The hypothesis that afterpotentials alone may give nse to
the U wave disagrees with the fact that the strong potentials of the U wave
are too strong to be the consequence only of the repolanzation of a negative
afterpotential Inaddition the polanty of the U wave is not explained by the
afterpotential theory alone and the correlation between the direction of the
Tand the U wave s alsonot explamed It 1s therefore obviously unsatisfactory
to assume that either the afterpotential hypothesis or the stretch potential
concept 1s the only possible explanation of the U wave
In conclusion
(1) The U wave must be considered under theoretical assumptions quite
simular to those applying to the T wave It must be the result of a nonhomoge
neous repolarizalion process occurring at the time of the afterpotentials  If
the parallel between the drug influence on the U wave and on the negative after
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potentials holds true then the U wave must be a nonhomogeneously dechning
negative afterpotentinl

(2) To understand the U wave we must understand the law of this non
homogeneity of repolarzation  The coupling between T and U shows that
the U wnave strongly depends on all the processes govermny, the ventnicular
gradient at least on the spread of excitation expressed in the onentation of
fibers and the ume sequence of ther depolarization  Tius coupling extends
even to the correlation with the strohe solume s the rugmentation of strohe
volume lewds to an increase of the U wave whereas the augmentation of the
pul e pressure amphitude—including the stroke s olume—-leads to an augmenta
tion of all the positine T areas and this applies to the ventncular gradient

(3} As long as we are laching a correct and complete theory of the I' wave
and of the ventricular gradient we shall scarcely come to a sufficient interpre
tation of the U wave  Tor the moment the best interpretation s that a nega
trve afterpotential is strongly mfuenced by mechamical (hemods namic) fac
tors  The stronger and swifter the heart tibers are stretched by the diastolic
filltlng the more mtense the negatine afterpotential can be

The direction of the potential differences along the various parts of the heart
1s obviously controlled by the same process that governs the direction of the
T wave This process 1s a nonhomogeneousness strongly correlated with the
anitomucal distribution pattern of all myocardial tbers  Without adhenng
to any prticular T wave or ventrcultr gradient theory the negatie after
potentrals probbly show differences i their repolinzation slope which depend
durectly on the marphology of the heart

(4) This morphological coupling, may be of the following character the T
wave may be governed by nonhomogenelties caused by a condition such as the
tapering of the fibers ortented from mward to outward and correlted directly
with the spreading process going on more or less perpendicular to the ventricu
lar surfice  Ihe U wave may be governed by mechanical factors depending
on this same perpendicular direction

{5) The stronger the struke volume the more nonhomogeneous the negatine
afterp s Strong h after) Is however may be
produced easily 1 empty hearts since in these the difference in the mechanical
factors inside and outside the ventricular wall may be higher than mn hearts
beating with normal stroke volumes The nonhomogeneousness may g0
through a mintmum with the strohe volumes increasing from zero 1o compara
unvely high values

(6) A stmple model will produce the necessary theoretical results  1f ne
constder the heart as a ball formed by concentric muscle layers the distenhon
dunng the filling phase of the dastole may be calculated eamly  In any case
the chistention of the mner layer compared with the outer layer becomes
greater the more the end systolic volume decreases (empty heart postural
h)pmensmn) and the more the stroke solume increses  Both events lead to
the ame effect an augmentation of the ratio between the length of the muscle
1n the contracted and the d ded state exp 1] of the totdl

fiber length
1 therefore the negative afterpotential 15 mcreased by stretch in a fairly
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quantitative manner this geometry of stretch 1n the inner and outer layers of
the ventricular wall would account for the U wave 1n a completely sufficient
manner thus explaiming (1) the correlation of the T and U waves (2) the
orientation of both by their basic individual mechanism mechanical distention
and fiber tapering or intramural pressures responding 1n a direction perpendicu
lar to the ventricular wall (3) the polanty of the U wave which is negative in
the mner layers (4) 1ts correlation with negative afterpotentials and therr
mutual dependence on drugs (5) 1ts dependence on the stroke volume (6) and
its behavior 1n the empty beating heart

All these remarks are concerned exclusively with the U waves i normal
hearts  In abnormal bearts stronger afterpotentials of metabolic ongin dis-
tributed 10 a nonhomogeneous manner are supposed to be the physical basis
of long lasting U waves of vanious directions

E Lepescurny I should like to ask Katz to correlate some of the chmcal
findings on the U wave with what we have heard tomght

L N kartz (The Cardiorascular Department Medical Research Insiilute
Machael Reese Hosprial Chicago Ill') This discussion has been very stimulat
1ng but there are still some gaps i our knowledge I thimk we need to know
a great deal more about the positive and negative afterpotentials in order to
understand therr effect upon the U nave Ve also need to know more 2bout
the occurrence of the U wave in surface leads and 1n the cavity leads of climical
cases

From my personal experience I know that eccaswonally mn heart strain and
n cases of recent or old myocardial nfarction one may encounter 1solated
abnormaliies of the U waves Ialso know that after treatment with digitahs
and with qumdine there are U wave changes  The qumdine contour of U
and T 1s remimscent of that seen with certain electrolyte disorders

From the chnical potnt of view the most important thing 1s the T U relation
ship mn hyper and hypopotassemia  There 1s an mverse relationship between
the T and U heights in these cases the T wave becoming taller and tent
shaped n hyperpotasserma and the U wave decreasing the reverse 1s true n
regard to their amphtudes in hypopotassera

I have enjoyed the discussion particularly that of Schaefer with whom I
disagree only mn that I cannot see the importance of the relationship of the U
wave to stretch

The U wave 1s somewhat related to the ST T configuration  This relation
shup to the ST T deflection 15 closer than that to the QRS complex which s a
different way of expressing what Schaefer has said more eloquently  We should
talk about changes in the U wave that are secondary to QRS alterations and to
ST and T alterations and we should differentiate them from those that are
primaty Just as we do in the case of the T wave

T am intnigued with the idea that the U wave 1s caused by changes in after
potentials especially the negative afterpotentials I agree with Schaefer that
the U wave cannot originate in the specific tissues or papillary muscles because
quantitatively potentials created in these fibers are small compared to the po-
tentrals of ordimary ventricular muscles which most Iikely are responsible for
the U deflection I should say therefore that 1t 15 an inequality of potentials
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potentils holds true then the U wave must be a nonhomogeneously dechining
negative afterpotential

(2) To understand the U wave we must understand the law of this non
homogeneity of repolanzation  The coupling between T and U shows that
the U wave strongly depends on all the processes governing the ventricular
gradient at least on the spread of excitation expressed mn the onentation of
fibers and the ume sequence of their depelarization  This coupling extends
cven to the correlatton with the strohe volume as the augmentation of stroke
volume leads to an increase of the U wave whereas the augmentation of the
pulse pressure amplitude—including the strohe yolume—leads to an augmenta
tion of all the posttive T areas and this applies to the ventrnicular gradient

(3) As long as we are lacking a correct and complete theory of the T wave
and of the ventnicular gradient we shall scarcely come to a sufficient interpre
tation of the U wave  For the moment the best interpretation 1s that a nega
tive afterpotential ts strongly influenced by mechanical (hemodynamrc) fac
tors  The stronger and swilter the beart fibers are stretched by the diastohic
filhny, the more intense the nepative afterpotentinl can be

The direction of the potential ciffereaces alang the various parts of the heart
1s obviously controlled by the same process that governs the direction of the
T wave Ths process 1s a nonhomogeneousness strongly correlated with the
anatormcal distnbution pattern of all myocardial fibers  Without adhering
to any particular T wave or ventricular gradient theory the negative after
potentials probably show differences in their repolarization slope which depend
directly on the morphology of the heart

() This morpholo,ical coupling may be of the following character the T
ware may be poverned by nonhomogeneities caused by a condition such as the
tapering, of the fibers oriented [rom nward to outward and correlated directly
with the spreading process gotng, on more or less perpendicular to the ventrie
lar surfice  The U wave may be governed by mechanical factors depending
on this same perpendicular direction

(3) The stronger the stroke volume the more nonhomogeneous the negatrve
aftery nals  Strong nonl afterpotentrals however may be
produced easily 1n empty hearts since in these the difference i the mechantcal
factors inside and outstde the ventricular wall may be higher than i hearts
beating with normtl strohe volumes The nonhomogeneousness may g0
through 1 mmimum  with the stroke volumes increasing from zero to compira
tinely high values

(6) A simple model will produce the necessary theoretical results  If we
consider the heart as a ball formed by concentric muscle Jayers the distention
dutsm,, the filling phase of the diastole may be calculated eastly  In any case
the distentton of the inner layer compared with the outer layer becomes
greater the more the end systolic volume decreases {empty heart pcs\uml
hypotenston) and the more the stroke volume increases  Both events lead to
the same effect an augmentation of the ratio between the length of the musce
1 the c ted and the d led state exp d 1n percentage of the tottl

Gber length
If therefore the negative afterpotential 1s increased by stretch m 2 fairly
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quantitative manner this geometry of stretch in the inner and outer layers of
the ventricular wall would account for the U wave in 2 completely sufficent
manner thus explaning (1) the correlation of the T and U waves (2) the
orentation of both by their basic indivadual mechantsm mechamical distention
and fiber tapering or intramural pressures responding 1n a direction perpendicu
lar to the ventricular wall {3) the polarity of the U wave whichis negatnem
the mner layers (4) its correlation with negatwve afterpotentials and thewr
mutual dependence on drugs (5) 1ts dependence on the strohe volume (6) and
1ts behavior in the empty beating heart
All these remarks are concerned exclusively with the U waves m normal
hearts In abnormal hearts stronger afterpotentials of metabolic ongin dis-
tributed n a nonhomogeneous manner are supposed to be the physical basis
of long lasting U waves of vanous directions
E Lerescesiy I should like to ash Ratz to correlate some of the clhnical
findings on the U nave with what we have heard tomght
L N karz (The Cardiorascular Department Medical Research Inshitute
Michael Reese Hospital Chicago Il1) This discussion has been very stmulat
g but there are still some gaps 1n our hnowledge I thunk we need to know
a great deal more about the positive and negative afterpotentials mn order to
understand therr effect upon the U wave We also need to know more about
the occurrence of the U wave in surface leads and 1 the cavity leads of clhinical
cases
From my personal experience I know that occasionally m heart strain and
1n cases of recent or old myocardial infarction one may encounter 1solated
abnormalities of the U waves I also know that after treatment with digitahs
and with quumidine there are U wave changes The quumdine contour of U
and T 1s remimiscent of that seen with certain electrolyte disorders
From the chnical point of view the most important thing 1s the T U relation
ship n hyper and hypopotassemta  There 1s an inverse relationship between
the T and U heights in these cases the T wave becommg taller and tent
shaped 1n hyperpotassemia and the U wave decreasing the reverse 1s true in
regard to their amplitudes in hypopotasserma
I have enjoyed the discussion particularly that of Schaefer with whom I
disagree only 1n that T cannot see the importance of the relationship of the U
wave to stretch
The U wave 15 somewhat related to the ST T configuration  This relation
ship to the ST T deflection 15 closer than that to the QRS complex which1sa
different way of expressing what Schaefer has said more eloquently  We should
talk about changes mn the U wave that are secondary to QRS alterations and to
ST and T alterations and we should differentiate them from those that are
primary just asd\\e do 1n the case of the T wave
I am intngued with the idea that the U wave 1s caused by
potentials especially the negative afterpotentials I agree zni}l:agcg;:elpef {lher
the U wave cannot ongmate 1n the specific tissues or papiilary muscles beca; at
quantitatively potentials created 1n these fibers are small compared to th -
tentials of ordinary ventricular muscles which most hkely are respo:sntblz ?D
the U deflection  I'should say therefore that it 1s an nequality of potcntm(;:
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and an asynchronism of the electrical events at the end of ventnicular repolanza
tion that arc responstble for the U wave  An earher stmilar asynchromsm 1s
the cause of the T wave  The duritton of the action potential in one region 1s
different from that 1n another and the first region sumulated need not be the
first to be repolarized so that there is an asynchrontsm of events  So I con
tend as has Schacfer that in the future the U wave must be correlated to such
asynchrontsm I must sy however that, while the U wave may be an exat
ing, detail to study I am not sure that 1t has very much practical ymportance
1 electrocardiographic diagnosis today except 1n the recognition of the effects
of electrolytes and quinidine

I Irerscnnis The one thing that possibly may be bothering us 1s the
significance of the mverted U waves as an isolated finding,  This has imvolved
quite a discrepancy of opimon 1 think that 99 per cent of the cases have
some cardiac pathology usually left scntricular hypertrophy or some type of
coronary heart discase but occasionally people sixty to seventy years of age
show 1solated U waves without developing any other chimicil symptoms I
should like to have hatz s optnion concernming this

I N\ Rarz We too hase scen these 1solated imverted U waves but ap
parently not as frequently as Holzmann ¥ so that we are not inclined to ascnibe
tao great a chinrcal importance to them I 'think such discrepancies in obsena
tion depend upon the critena of normality and abnormahty and these vary
fram one group to another  Perhaps we should follow Schmitt s supgestion
namely that we check our abiltty to interpret the same curves as unhnowns
from tme to time and see how closely we approach the old interpretation
Turther 1t would be interesting to take the same set of electrocardiograms and
send 1t to half a dozen different schools of electrocardiography to see how they
agree or disagree mn their mterpretation
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Part IV Distnbution of Electrical P Is in Volume Ci

THE PHYSIOIOCICAL BASIS OI THF SPRLAD OF CARDIAC
ACIION CURRLATS THROUGH THE BUDY

By I \ Ratz
The Cardr rascular Department Medical Research Institnle Mickael Reese Hospital

The preceding section was concerned with the manner m which electnc cur
rents are created 1 hving tissues and how they spread from one part of the
heart to another as well as with the mechamsms mvolved  In this part of
the monograph we shall consider the results of the fact that the heart like all
Ining cells of the body except those in the shin lies within a volume conductor

1In order to put this subject 1nto its correct perspective I should iike to refer
to Hecht s recent editonal in Crreulation Research 1in which he pomnted out
that Lord Kelvin as far back as 1840 presented mathematical formulas with
which he could take boundaries into consideration 1n trying to arrne at the
eflects of dipoles within a conducting medium and that by 1852 Helmholiz
had the mathematics of volume conductors fairly well worked out  \le must
also gne credit at this time to Craib and Canfield who while working with
Sir Thomas Lewis 1 London onented the electrocardiographic picture into
the framework of a volume conductor? Then Walson and tus school * as well
as Bayley * worked out the application of Helmholtz s concepts in more detail
Lateronyouwill learnfrom I I Johnston (whois hewrinresidence of Irank
Wilson) and R Mclee about the newest development tn this subject

I believe the purpose of thuis part of the mono.raph can be characterized
best by posmg 2 few questions Since the heart lies within the body the
electrical mantfestations of 1ts activty will be moditied by the electnical proper
ties of the body acting as a three dimenstonal conductor I have little patience
with those who think that consideration of the mamfest value in a sigle
It 1s as if one considered two dimensional prtures to be a
complete reproduction of a three di I world This volume conductor
1s fimte not mfinite  It1s herical and 1t 1s inh Further
more the heart 15 located eccentrrcally and 1t 1s close to the surface  These
are the things I used to stress i the 1930s I wm pleased that they are being

plane 1s enough

stressed again now
How far do these factors alter the deductions obtaned for an infinite (or a

large spherical and finite) homogeneous conductor in which no phase bounda
ries east and mn which the current source 1s a fixed tny ceatrally placed
ipole? How far can these differences between 1deal and actual situations be
predicted by theory and calculation and models> How far can we get with
speculations and impressive long formutas and to what extent must they be
determuned by actual tnal on hving human subjects® How much information
must w¢ obtam first by ebservation before deriving the formulas? What 15
¢ of vanablity smong normal subjects resulting from differences in

the rang and physiology of the heart? You have

physique and the position anatomy
960
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read 1n Part II for example how the opinions of Medrano ef al and of Scher
and Young have differed concerning the spread of the unpulse in the ventncu

lar septum Is this due to a difference mn techmque m deduction or 1s 1t
merely the vanability m the animals that were used? Also what about man?
Is the physiology the same m all of us or does 1t vary noticeably? Further

more do facts derived from studies on normal subjects applv to diseased sub

Jects 1n whom the characteristics of the body the heart and their mterrelation

ships are so much more varable than 1n healthy persons®

Despite all the efforts i developing the concept of the volume conductor
very hittle has been done with diseased hearts—hearts with infarcts dilated
hearts hypertrophied hearts variously displaced hearts and hearts displaced
closer to the chest wall

How far does nhomogeneity influence the spread of cardiac currents through
out the body? What are the influences of the body boundary (which has
recently been recerving a great deal of attention) and of phase boundanes®
T hat 15 the role of the eccentniaity of the dipole equivatent, which 1s not alnay s
n the heart s center? These are all very mmportant questions

Furthermore can the electrical events of the heart cycle be reduced reason
ably to a dipole equnalent? This 1s only an assumption The heart 15 the
size of the fist It has 2 septum and free walls and the impulses move through
1t 1n a very complex topographical fashion  There 1s a Junction between the
active and the wnactive parts of the heart giving nise to a theoretical surface
for which a vector can be substituted  Can one synthesize all this reasonably
mnto one dipole and how reasonably? Also 1s that dipole fived or does 1t
shift 1n a very complicated fashion durmg the heart cycle?

Are there proxunity potentials on the surface of the body and what 15 their
extent? Protagonists of vectorcardsography like to view the subject of projec
tion of electrical activity upon the body surface mn a global manner m which
differences with respect to the distances between the heart and the electrodes
do not have too great unportance Very recently however Hartmann ef af 5
reported that when a cat s heart was put into a fish bowl filled w1th saline and
when the potentials were explored in this homogeneous field proumity poten
tials became very sigmficant as soon as the esploring electrode approached the
heart to a distance equal to or twice its diameter  If proimity potentials do
come mto play then how can we accept an oversimphfied concept?

What 15 the quantitative mfluence of all of these numerous variables® Wy hyle
we read these pages we must ask ourselves constantly Is this for an 1deahzed

dream world or 1s this for the real world i which we actually hse? Only
by consideration of all these vanables in health and disease and surely with
the a1d of theory models and mathematics can the problem of the spread of
the current of the heart through the body ultimately be solved A good be
ginming has been made

Finally 1t 15 important to emphasize that the existence of controversy ind
cates that the subject matter 15 1n 1ts begmmngs that 1t 15 stll unsettled
When the controversy 1s resolved and the facts are established conferences
such as the one upon which this monograph 1s based will not be needed Sty
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dents wil be twght the facts routinely and we mvestigators will embark on
a search for new knowledge elsewhere

w k=

[P,
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THE SPREAD OF CURRENTS AND DISTRIBUTION OF
POTENTIALS IN HOMOGENEOUS VOLUME
CONDUCTORS®

By Frankhin Davis Johnston
Unt ersity of Michigan Vedical School Ann Arbor Mich

Frank N W lson struggled for several years dunng the *twenties to conving
physicians and phystologists that laws govermng the flow of currents and tt
distribution of potentials 1n volume conductors must be apphed to elects
cardiography  In 1932 he had already completed a long basic paper large!
devoted to this subject and this was published 2s a monograph by the Un
versity of Michigan Press the folloming year? Several of the figures used t
illustrate my brief discussion of the matters under consideration bave bee
taken from that monograph

Ficure 1 indicates that A Waller 1n the last century, had a good concept
the distribution of currents and potentials ansing from the heart In th
figure voltages produced by the heart are represented by two poles of a battes

4 and B and a few of the nfinite number of paths of current flow ate indrcate
by the fine dotted lnes The solid lmes surrounding pole A and the dashe
and dotted hnes close to pole B represent regions of equal potential Thus
1 1s the positive and B the negative pole of the battery all pomnts on eac
dashed and dotted line are equally positive 1n potenttal and all pomts on eax
solid Ine are equally negative in potential Tt may be pornted out that a s ect:
collinear with the current 2xs through A and B may be used to represent tI
magnitude and direction of the electromotive force (E M F) of the batter,
and that a ine drawn perpendicular to the hine Joining the poles of the batte;
atitsmd pomnt thatis the zero potential ine should be an excellent referen
pomt for the measurement of potential anywhere 1n the medum
Before the Einthoven triangle concept and subsequent developments a
discussed a few words should be said about some of the mathematical expre
sions that may be employed to determine the potential of any pomt m volur
conductors of different hinds  Such expressions are available only for hom
geneous conductors of stmple types and some of these are shown tn FIGURS 2
Equations 1 and 2 apply to a plane lamina infitite 1n extent and EQUATION
apphes to a crcular Jamina of radius R EQuATIons 4 and 5 apply to a hom
geneous medium of snfirute extent 1n all directions and (6) apphes to a spheric
medwum of radius R For the dernation of these equations the mterest
reader 1s referred to the menograph of Wilson and Iis associates! mention,
above
Duning the 1920s when Wilson was working to prove that laws pertain
to the flow of currents i volume conducters must apply to electrocardiograpl
Suppo ¢ f 1 studies presented 1n th s article has been provided bv a grant to Frank
Wilson 3 the § & Kre e Founfation Detroit \fich and funds have al o been pro 1!

by the Mictugan Heart Association Detroit Mich and the National Institutes of Heal
Public Health Service Department of Health Education and Welfare Bethesda Md (H
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Fictze 1 4 and B are 2 pounts of the ape and base respectively A strasght fine be
tween 1 and B represents the aus of current between 1 and B if any tnequality of potential
should arise between the two points  The dotted lines (¢} represent hnes of current diffusion
the troken hines (a) represent equtpotential ines surrounding the pornt { an 1 the continuous
Itnes () represent equipotentsal lines surrounding the point 8\ straight hne at right angles
to the current axis represents the line of zero potential

Craib? * was engaged 1n stmilar studies employ ing strips of cardiac and sheletal
muscle and medullated nerve fibers  The results of Craib s studies were pub

hshed before Wilson had completed all of his work but the opmions of the
two workers on opposite sides of the Atlantic Ocean were 1 harmony In
this connection Vilson' wrote In stating that work on the general subject
of this monograph was begun n this laboratory a number of years before Craib s
first paper was published (see Wifson Waishart and Herrmann 1926¢ and
Yulson 1930%) and that mary of the facts to which he has called attention
were hnown to one of us long before that paper appeared we do not wish to
raise any question of prionity or m any way to clawn any share of the credit
due Craib for the fine work he has done  Inasmuch as our work has been done
wmdependently of lis we have naturally followed our own pomnt of view

Craib s work has however made it unnecessary for us to carry out experuments
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Ficree 2 In FGURE 2B the fop curre represents a direct lead from a point on the surface
of the auricle of a la ge dog mudway between the upJ)er end of the sulcus terminalis and the
tip of the nght auncular appendix = An upward deflection ndicates the relative negativity
of the eyploning electrode The indhfferent elect ode 15 on the left hund leg  Ten mv equals
2 he deflection time of the stnng for 10 mv is about 00028 sec  There 1s shght
overshooting and the string 15 not quite apenodic  The duration of the intansic auricular
deflection 1s about 00036 {Lucas comparator) The lower ci te Fepresents the explonng
electrode near the yunction of the supenor vena cava and the nght auncle pos.ibly on the
ven  The indifferent electrode 1s on the nght hind leg  (Reproduced by permission of the
University of Michigan Press Ann Arbor Mich )

upon sunple tissue strips or to enter at length upon subjects that have been
adequately discussed tn his papers

It 15 clear from the above that Wilson was in full agreement with the work
Craib had done with muscle strips and other stmple preparations and 1t re
mained only to prove that laws governing the flos of currents in volume con
ductors apphied equally to the mammalian heart beattng in the expenmental
amma! To accomplish this essentially umipolar electrocardiograms (ric-
URE 2B) were recorded midway from the upper end of the sulcus terminalis to
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FiGeRe 1 1 and B are 2 potnts of the apex and base respectivels 1 straight hine be.
tween ! and B represents the aus of current betneen 1 and & 1f any tnequality of potential
should anse between the two points  The dotted lines (c) represent lines of current diffuston
the broken ltnes (a) represent equipotential ines surrounding the print { and the continuous
lines (8) represent equipotential lines surrounding the potnt & A straight hine at nght angles
to the current aws represents the Jine of zero potentta)

Cratb * was engaged i simular studies employng strips of cardiac and sheletal
muscle and medullated nerve ibers  The results of Cruib s studies were pub
lished before Wilson had completed all of his work but the opinions of the
two workers on opposite sides of the Atlantic Ocean were 10 harmony In
this connectton Wilson® wrote In stating that work on the general subject
of this monograph was begun 1n this Jaboratory a number of y ears before Craib s
first paper was pubhished (see Wilson Wishart and Herrmann 1926 % and
Wilson 1930°) and that many of the facts to which he has called attention
were hnawn to one of us long before that paper appeared we do not wish to
raise any question of prionity or 1 any way to clum any share of the credit
due Crath for the fine work he has done  Inasmuch as our work has been done
wndependently of his we have naturally followed our own pomnt of view

Crawb s work has however made 1t unnecessary for us to catry out experiments
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in a different way the same information seen 1n the scalarleads 1,2 and3 It
should be emphasized that the limb leads the Emthoven tniangle arrangement
and the vectorcardiogram shown 1n FIGURE 6 are concerned with components
of cardiac voltages i the frontal plane

Supposmg that the assumption underlying the Einthoven triangle 1s strictly
true Wilson and his assocuates” showed 1n the early 1930s that a network by
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which the electrodes on the nipht arm left arm, and left leg are connected to
a common pomt through equal resistances of at least 5000 ohms established
an indifferent electrode with small potential vanatons throughout the cardiac
cycle T1GURE 7A shows this scheme i diagrammatic form  Wilson fully
appreciated the maccuracies of the central termunal electrode but he beheved
that 1t served 1s the best indifferent electrode available for the registration of
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nearly unipolar precordial leads and further that 1t provided an electrode
with such small voltage changes that 1t could be used to obtatn tracings that
represented approumately at least the potential vanations of the extremities
A few years later Goldberger® pointed out the modification of the central ter
munal circuit needed to take augmensed unipolar extremty leads (FILURE 7B)
(aVr al. and a\g) and thereafter so-called unipolar electrocardiography
assumed the place 1t holds today

I have often wondered 1f Wilson was not somewhat surprised at the nearly
universal acceptance of the central termnal technique In any event he
fully appreciated and welcomed the lead vector concept when it was first de
scribed by Burger and van Milaan® !9 about ten years ago  This idea 15 very
important since 1t provides a tool for the determination of the behavior of any
fead free of most of the restrictions imposed by the assumption that underlies
the Emnthoven tniangle

Since the lead vector has served as the basis for much important worh 1n the
last few years and has been perhaps a somew hat dificult concept for the average
physician a few words describing 1t are 1n order In FIGURE 84 the voltages
1n the heart are represented by a single equivalent dipole the size and direction
of which are represented by the vector E This vector may be replaced of
course by 1s three orthogonal components x y and Suppose vector E
has a purely transverse direction 1n which case the ¥ and z components are
zero  Under these crcumstances the voltage produced by E (or x) m any
bipolar lead (for example lead 1) 1s Az where 1 1s a constant or coefficient
that mvolves matters such as inhomogeneity of the tissues and the spatial
relations between the EMF (Ex) and the electrodes of the Jead employed
Sumlarly f the direction of E 15 purely vertical the transverse and sagittal
components x and z are zeto and the lead voltage } 15 By where Bisagaina
constant coefficient that describes the reaction of the lead 1n question to &
\ertically oriented voltage located at a speafied pomnt in the heart If these
conditions are true by the superposition theorem the lead voltage V 1s equal
to Az 4+ By + Cz Burger and van Milaan further pointed out that the co
efficients A B and C may be considered as the x ¥ and z components of a
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vector uhick 1s the lead tector L and ths fully describes the performance of a
particularlead It should be emphasized that for a gwven lead determination
of the A B and C blishes the behavior of the lead for only a
single position of the equivalent dipole in the heart If the dipole 1s moved
these coeffi may change app 'y Burger and van Milaan also
showed that the lead voltage | equals the scalar product of the lead vector
and lhe_, vﬁtor E that represents the equivalent dipole in the heart Thus 1
equals L E

Tt 15 not possible to estimate the coefficients that establish lead vectors d
rectly 1n man but Burger and van Milazn and many other workers more re
cently by the use of models or of cadavers have determined them for many
commonly used leads i approximate fashion  This 1s possible since voltages
of known size and direction can be introduced nto the cardiac area of the model
and 1f the voltage produced 1n a lead 15 measured with the dipole onented
successively 1n the & 3 and z directions 3 equations with only 3 unknowns
A B and C are available and these can be solved for the coefficrents  Thus
m the equation ¥y = Ax where 1115 the lead voltage the dipole of known
strength 1s onented 1n a strictly transverse manner Under such circum
stances y and z are zero and the general equation reduces to 1, = Ax Op
entation of the dipole in the vertical and sagittal durections gives the equations
V2= Byand 1, = C and allows calculation of Band C  If the lead vectors
are known for 3 independent leads either in models or man the size and direc
tron of the equivalent cardiac dipole can be caleulated Thus the equations

Vi=Ax+ By+ Cuz
V3= A+ By + Co.
V3= Asx+ By + C
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where }+ 1y and I,are known lead voltages and {; B C; etc are the
known led vector cocflicients for the respective leads can be solved for x 3
and . the 3 orthogonal components of the vector £

The concept of the lead field has been described int detas) by McFee and John
ston ' ¥ It 1s not an entirely new concept since the tubes of mfluence men
tioned by Lepeschhim'® represent essentially the same 1dea  The lead field
depends entirely on the reaproaity theorem of Helmholtz consequently 1t 1s
essential that this theorem be clearly understood In his denvation of the
reciprocity theorem Helmholtz was considenng the effect of an electromatine
surface m a volume conductor on the deflection of a galvanometer connected
to that conductor He stated the theorem in the following way *  Even
single element of an electromotive surface will produce a flow of the same quan
tity of electricuty through the galvanometer as would flow through that element
stself if ats electromotive force were impressed on the galvanometer wire  If
one adds the effects of all the electromotive surface elements the effects of each
of which are found 1n the manner described he will have the value of the total
current through the galvanometer *

Referring to FIGURE 8B an element of the electromotive surface n the heart
e will produce the same current in the external galvanometer circuit as would
flow through the element ¢ were s voltage impressed on the galvanometer
arcuit  This rectprocal relationship 1s expressed 1n more general terms by the

cquahon% = ! (equation 1 1n the figure) where ¢ as before 1s the voltage of

the element n the heart E 1s the voltage impressed on the galvanometer air
cuit 115 the current through the element in the heart and 7 1s the current 1n

1€
the galvanometer curct Equation 2 [ = E 15 FQuaTion 1 rearranged

and solved for / By Ohms law the current 7 in the gahanometer circust
equals the lead voltage | divided by the total resistance between the 2 elec
1

trodes R Thus EQuATION 3187 = % 1f another battery of voltage E 1s

impressed 1n the galvanometer circuit it 1> clear that the current in the gal
vanometer circuit now becomes EQuaTiON 4 [ = ® If the values for [

1n £EQuATION 3 and for E 1n EQuATION 4 ate substituted in EQuaTIon 2 the fol
1 1 el

lowing expression 1s obtatned % STRO I = T‘ Finally if the volt
age of the battery 1n the external circuit 15 altered so that unit current ts 1ntro-
duced 1nto the lead 7 becomes1 and the final equation (5) 157 = et This
15 the basic expression 1n the lead field concept and 1t states that the voltage
wn any lead due to an electromotive element 1n the heart equals the product of
this element e and the current that passes through the element if unt current
15 mtroduced nto the lead This 1dea may be extended to all elements of elec
tromotive force 1n the heart  Thus in

V=en+ e+ ant 6

Wilson made this clear and concise transtation from Helmholtz s original paper
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where | 15 the open circuit voltage of a lead the e are the potential differences
of the electromotive force elements and the 1 s are the currents passing through
the elements when a unit current 1s mtroduced nto a lead

If unit current 1s introduced nto the two electrodes of any lead currents
will flow through all parts of the body, including the heart since at any pomnt
1 the body the current will have a certam direction and magmtude 1t may
be considered as a vector field and be represented by J where the magnitude
of 7 18 measured 1n terms of current per umt area at ey ery pont  If the elec
tromotive surfaces considered m the previous paragraph are very small the
current field will be umform over the whole element and the total current
passing through 1t will be the product of the comp of the field perp
1o the surface of the element and its area By the fundamental equation (5) of
the lead field V = & the voltage produced 1n the lead by this element will be
the product of this total current and the potential difference of the element
If we now define the electromotive vector ¢ of any small element of electro
motre surface as & vector that pomnts in the direction faced by the positive
side of the element, and that has a magnitude equal to tl:e potentral difference
across the element multiphed by its area thenV = J eorl = Je + Jye,
+ Je It will be observed that these equations for the lead voltage are the
same except for some difference in the symbols employed as those relating to
the lead vector and 1t 1s clear that the lead field for any pomt 1n the heart 15
1dentical to the lead vector for that pont EQuaTion 6 above may now be
written

V=hatlatliat

and thus the essentially algebraic lead vector may be replaced by the more
geometric and physical concept of the lead field

It must be made clear at this point that the Jead field 1s determmed by the
currents that flow through the body (including the heart) When an external
battery of proper size 1s connected to the electrodes of any lead however this
does not 1n any way alter the basic fact that voltages originating 1n the heart
are responsible for electrocardiograms obtained when a suttable recording n
strument 1s connected to those electrodes  Further 1t must be emphasized
that the part of the lead hield passing through the heart 1s the only portion
that 15 important 1n electrocardiography  The lead field 1s actually a device
that helps m understanding the behavior of any lead and the design of new
and better ones  The following 1illustrations should aid 1n making 1ts value
clear

In ¥IGURE 9A the approumate lead field for lead 1 1s illustrated  Here the
heart 15 represented by the shaded area and it will be observed that the current
field produced by the external battery that1s the lead field passes in a gener
ally transverse direction through the heart This means that lead 1 depicts
fairly well transverse components of voltages ansing in the heart  This should
be clear from the previous discussion of the nature of the lead field but con
sideration of FIGURE 9B may mahe this even more obvious Here a single
element of the lead field and 2 sources of voltage or dipoles 4 and B in the
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heart both located on this element are shown  Source 1 1s oriented with its
positive and negatine poles parallel to the lead field and 1t contributes 1 the
greatest possible degree to the lead voltage Source B on the other hand 1s
ortented with the positive and negative poles at night angles to the lead hield
and 1t contributes nothing to the lead voltage

The mplications of the above should be clear  Although 1t 1s not possible
to determine the exact path of the lead field through the myocardium fortu
nately intustion and common sense enable us to establish its approuimate course
through the heart by the use of simple spatial relationships between the loca
tions of electrodes and the heart  The lead field thus provides a simple and
powerful tool not only to explin how any type of lead will function but even
more important to indicate what types of electrodes or electrode svstems should
be employed to obtatn leads that are ideal for spectfic purposes

In FIGURE 10 L we see 1 representation of the lead field for lead 1\ ¢ obtained
from a fluxd mapper as described by McFee ¢f a/ % It1s a hydraubc analog to
the electrical situation 1n the human subject for the lead mentioned Here
water enters the ortfice tn the left leg flows upward 1n a shallow space and
passes out 1n equal amounts through orifices 1n the two arms  Paths of flurd
flow are visualized by small crystals of soluble dye and the flow of currents (the
lead field) through the human body would be similar if a battery were connected
1o the termwmals of lead aVr It will be observed that the field 1s reasonably
uniform and nearly vertical in direction  This suggests that this would be a
satisfactory lead for obtatning the vertical component of cardiac voltages

The tde1] umpolar lead from the lead field standpont 15 one 1n which the
field radiates symmetncally m all directions from the explorny, electrode to
the indufferent electrode (at infimty)  The freld obtamed with 2 flud mapper
set up to represent & unpolrr chest lead employing the central termumnal 15
shown n FicURE 108 Here flud passed into the model 1 egnal amounis
through onifices 1n the two wms and left leg and out through an opening over
the cardsac area  This nearly perfect field may be contrasted to the one ob
tamed for a CR chest lead (FIGURE 10C) Here flud (or electricity) passes
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from a single onifice (or electrode) in the nght arm and out ¢
ture (or explorng electrode) over the heart  F1oures 11A al:(flmlglhl;h:c:pe:
tnely illustrate sapittal views of the fields obtained nith a chest lead em I]’:
ing the central terminal and the same chest lead where the leg nas used a‘s) tge
indifferent electrode (CT' lead) It will be noticed that m the former the
field radiates in quite symmetrical fashion from the exploring electrode and
that there 1s concentration of the field m the anterior parts of the heart  The
latter must mean that leads of this hind are more sensitne to voltages on the
antertor than on the posterior aspect of the heart

1 wish now to emphasize a point that should by now be obvious  The lead
field concept makes clear the type of field that must exist in the heart if a lead
1s to be 1deal for vectorcardiography  Thus for the best possible transverse
vertical and sagttal components of the cardiac EM F's the fields (associated
with the leads employ ed) must be Iike those shown 1n FIGURE 12 ¢ & and ¢
respectinvely  The type of electrode system required to obtain a good sagittrl
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component and 1ts associated lead field are shown i diagrams o and b respec
tively of FIGURE 13B  Several small electrodes each connected through large
equal resistances to a common electrode are placed over the precordial areas
anteniorly and postenorly The number of electrodes necessary to ensure
that the lead field wiil be satisfactory will vary somewhat with heart size and
with other factors At the moment 1t seems likely that 2 mummum of fifteen
electrodes well distnibuted over the precordium and a somew hat fewer number
postenorly should be provided  The smaller the number of electrodes used

especially anteniorly the more critical their placement willbe  The advantage
of the multiple electrode grid arrangement for obtaming the sagittal compo

nent of cardiac E M F s 1s shown very clearly in FIGURE 13A where the lead
field for this system 1s contrasted with those that exist with the so called cube
and the tetrahedron arrangements  Although the lead field for the latter has
an asverage anterior posterior direction there 15 considerable curvature of the
field indicating that lead Vi (employed for the tetrahedron system) 1s sensitive
to vertical as well as to sagittal components of the heart voltages Further

more this lead 15 more sensitrve to voltages on the posterior than on the an

terior aspect of the heart The lead field for leads employed with the cube
arrangement shows marhed curvature when 1t 1s remembered that the elec

trodes for thus lead are located on the lower chest near the right anterior and

Q) Q 7

Ttmscswn ™ o e oo ot

Ficure 13 Methods of obtaiming 2 good sagittal component  (FIGoRE 134 15 reproduced
)

by permission of Grune and Stratton Inc New York N
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postersor aullary lines 1t 1li be clear that this arrangement records transy erse
and vertical components of cardiac voltages as well as sagittal components

Tinally 1 FiGURE 14 a sumple arrangement for improving the behavror of
jead 1 1f 1t 15 to be used for the transverse component of 2 vectorcardiogram
1s shown Thus although the lead field for lead 1 alone (FiGUre 14a) has a
general transyesse direction the curvature particularly near the apex impairs
the accuracy of the lead for the purpose at hand  If however a lead with
electrodes 1 the nudaxillae shightly below the level of the heart (FI.URE 14b)
1s combined through large with lead 1 (FIGURE 14c) the opposite
curvature of the fields in @ and & will tend to cancel exch other gning a resul
tant field with a mare purely transverse direction

This brief discussion of the lead field 1s incomplete 1 many respects but it
will furmsh I hope some indicatton of 1ts power and simphcity

Ta summary I have tnied to outhne some of the basic considerations relating
to the distnibution of currents and potentials in homogeneous volume conduc
tors, including the use made of some of these matters by Einthoven, Wilson
and athers The lead vector of Burger and van Milaan has been brefly de
scbed and a somesshat more detailed discussion of the lead field has been

gven
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posterior axillary hnes 1t will be clear that this arrangement records transverse
and vertical components of cardiac voltages as well as sagittal components

Finally 1 FICURE 14 a simple arrangement for improsing the bch:mor of
lead 1 f 1t 1s to be used for the transverse ¢ of a vector
1s shown Thus although the lead field for Jead 1 alone (FIGURE 14a) has a
general transyerse direction the curvature particularly near the apex impais
the accuracy of the lead for the purpose at hand If however a Jead with
electrodes m the midaxillae slightly below the level of the heart (FIGUrF 14b)
1s combmed through large resistances with lead 1 (FiGure 14c) the opposite
curvature of the fields i ¢ and & will tend to cancel each other gning a resul
tant field with a more purely transverse direciton

This brief discussion of the lead field 1s incomplete 1n many respects but 1t
will furmsh I hope some tndication of its power and stmpheity

In summary Ihave tried to outline some of the basic considerations relating
to the distnibution of currents and potentials 1n homogeneous volume conduc
tors ncluding the use made of some of these matters by Einthoven Wilson
and others  The lead vector of Burger and van Milaan has been briefly de
scribed and a somewhat more detatled discussion of the lead field has been
given
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1 the first category with a considerable amount of electrophysiology both
evperimental and theoretical ~Here the scope of the problem is broader than
1n the first category and 1t appears that our hnowledge in this area 1s less fully
developed than 1n category No 1 Category No 3 presents another shift m
emphasis and enters a still more complex area  Here 1t becomes necessary to
supply the final ink between wutial surface potentials and the ultimate answers
sought from them taking into account the multiphcity of information that can
be obtamned from a wide vaniety of chmcal tests of the condition of the heart

Although the separation among these categories cannot be and 1s not as sharp
as outlined 1t 15 profitable nevertheless to examine this gross structure 1n order
to appreciate the interrelation of the subdnisions Close cooperation and
collaboration among all specialized workers 1s vital for ma<imum effectiveness
1n the pursuit of the over all goat

The Fundamenial I roblem

This paper deals with theoretial and expenmental findings 1n category
No 1 Assuch tt does not of course produce any final answers to the over
all problem  The intent 1s to summarize and integrate the present state of
knowledge 1n this category to stress some of the basic ideas and to provide a
bachground for future research Historical developments 1n this area cannot
be sharply traced principally because this category had not been decisively
recognized 1n the past and had not been crystailized as an aid to study ~ More
over much of the past work that can be fitted into this category was not started
with a sufficiently fundamental pownt of view and oversimphfications were
frequently introduced too early in the process Furthermore available con
cepts and tools were not fully recopmzed and exploited

The fundamental problem which defines category No 1 may be stated as
follows Guen a three dimensional conducting medium wath an wnsulating boundary
(the humay body) and @ time warying polential disiribution oter the boundary (P
ORS and T wazes) delermmne the Jaracteristics of wmiernal electrical generators
that could hate produced thrs potential distribution  Merely stating the problem
reveals much about 1ts nature when reflecting upon our general know ledge of
potential theory First and most important 1t 1s found that an answer to
this problem 1s possible but that a unique answer 1s fundamentally 1mpossible
1t 1s known that potential distuibutions on the boundary do not specify unam
biguously internal generators that produced the potential distributions A
simple example of ths 15 found 1n the one dimensional case of electric crcuit
theory It can easily be shown that for a device with two terminals across
which a potential difference exists an 1nfinite number of different mternal gen
erators could have produced this same potential difference  In the case of the
three dimensional system no restrictions are placed on the number of boundary
ponts at which potentials can be measured  This constijutes a system with
an nfimte number of terminals and one mught legitimately ask Does the
accessibility to an infinite number of terminals accomplish a umqueness absent.

1 the one dimensional case? Tortunately this basic question has long been
settled but, unfortunately for electrocardiography the answer is that mnternal
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Introduction

The complexity of electncal activity 1 the human heart that gives rise to
clectnic currents that course through the elaborate structure of the human
tarso and produce potential differences on the rregularly shaped body surface
poses a challenging problem 1n electrocardiography  Attempts mdirectly to
deduce information concerming the heart from convemently accessible body
surface potentials have shown the problem to be of such complexity and diver
sity that specialistsin various aspects have emerged  Separationof theover all
prablem wito less formidable subdiisions has been a logical course to follow
It 1s a typica) pattern found m all suentific pursuits dealing with problems of
this nature  While there 15 a rish of excluding pertinent 1tems because of the
arttficiality of such subdivision meaningful progress can result within each
category if choice of compart I} Blend,

ton ss sound and integrating
nformation from each subdivtsion to reconstruct the whole may then gne
more comprehensie and more complete results than would have been possible
without the artifictal compartmentahzation

Subdivistons of the over all problem of electrocardiography thtt appear thus
far to be useful choices include the following three categonies (1) the relation
ship between body surface potentials resulting from electrical activity 1n the
heart and an equivalent generator that could have produced these same poten
tials (2) the relationship between the equnalent generator and the actual
electrical activaty 1 the heart and (3) the relationship between the detailed
electrical activity m and the condition of the heart

These categories not only partition the problem into threc convement areas
for separate study but they also possess some other notable features They
are logical | since they three stages of thought process
that may be applied in interpreting body surface potentials measured on the
human subject Mareover, each category represents a problem of a rather
distinct nature which emphasizes different aspects of the over all problem and
suggests the tramung aund background of speciaitsts who might work frustfully
m each area

Category No 1 represents a problem that 1s almost entirely physical and
mathematical and deals with potential theoty concepts that have been widely
developed and applied successfully to a wide assortment of problems  In one
sen e 1t represents the sunplest of the three subproblems ~ Category No 2
judged to be second 1n order of complesity 1s one that blends ideas involved

orted in this article was supported 1n part by Geant H 339 C from the Na
f Health Public Health Service Department of Research Gramts and

The otk rep
tional Institutes of

Md
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i the first category with a considerable amount of electrophystology both
etperumental and theotetical  Here the scope of the problem 1s broader than
in the first category and 1t appears that our knowledge in this area 1s less fully
developed than in category No 1 Category No 3 precents another shift
emphasis and enters a still more complex area  Here 1t becomes necessary to
supplv the final link between mitsal surface potentials and the niimate answers
souht from them taking into account the mutuphaty of nformation that can
be obtained from a wide variety of chinical tests of the condition  of the heart
Although the separation among these categories cannot be and 15 not as sharp
asoutlined 1t 1s profitable nevertheless to examine this gross structure 1n order
to appreciate the interrelation of the subdinisions Close cooperation and
collaboration among all specialized workers 15 vital for maximum effectiveness
1n the pursmt of the over all gaal

Tl e Fundamental I roblem

This paper deals with theoretical and expenmental findings 1n category
No 1 Assuch 1t does not of course produce any fin1l answers to the over
all problem  The intent 15 to summanze and integrate the present state of
knowledge 1n this category ta stress some of the basic 1deas and to provide a
background for future research Historical dev elopments 1n this area cannot
be sharply traced principally because this category had not been deaistvely
Tecognized in the past and had not been crystallized as an aid to study  More
over much of the pa t work that can be fitted 1to this category was not started
with a sufficiently fundamental point of view and oversimplifications were
[r:quemly ntroduced too eatly 1n the process Furthermore available con
<epts and tools were not fully recogmzed and exploited

‘The fandamental problem which defines category ™o 1 may be stated as
follows Gicen g three-dimenstonal conducting meduum with an insulating boundary
(the human body) and a lime 1arymng potentsal distribution oter the boundary (I

and T zaves) deternne the charactersstics of internal electrical generalors
that could hate produced tins potential distribution Mexely stating the problem
Teveals much about 1ts nature when reflecting upon our general know ledge of
Potential theory Furst and most umportant it 1s found that an answer to
this problem 15 possible but that 2 unique answer 15 fundamentally impossible
Itishnown that potential distrtbutions on the boundary do not speaify unam
blguo\xs\y internal generators that produced the potential distributions A
smple example of this 1s found 1 the one dimensional case of electric eyt
theory Tt can easily be shown that far a device with two termmnals across
which a potential difference exists an mfinite number of different ternal gen
erators could have produced this same potential difference  In the case of the
three dimensional svstem no restrictions are placed on the number of boundary
Ppomts at which potentals can be measured  This constitutes a system with
an infimte number of terminals and one might legitimately ask Doeg the
accessibility to an wfinite number of termnals accomplish a uniqueness abseny
1 the one dymen tonal case? Fortunately this basic question has long beep
settled but unfortunately for electrocardiography the answer s that nterna]
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generators still cannot be established umquely despite access to an infinite
number of terminals It can be shown that for any given three dimensional
potential distribution 1t 1s always possible to add current sources and smks 1n
side the medium in such a way that the boundary potential1s unaffected  This
means that viewed the other way around there 1s no way to establish purely
from surface measurements a unique mternal generator

Ths indicates a salient hmitation of elect diography  An equivalent
generator that by defimtion produces exactly the same body surface potentials
as the actual heart generator can be deduced from body surface potential meas-
urements but there 15 an infintte number of different equivalent generators
that could produce this same result It follows that the equnvalent generator
dJoes not necessanly bear a Iiteral resemblance to the actual generators within
the heart since the heart generator 15 unambiguous physically  This leads to
another important idea  The equivalent generator ts no more than a concep-
tual entity It does not exist physically It merelv represents a fictitious
generator that could have produced the observed electrical effects

The Dipole Concept

Having defined the fundamental problem and realized the inherent hmita
tions of the hypothetical equivalent internal generator the next question 1s
W hat approaches are useful for determining equivalent mternal generators for
the human heart?> One approach to this problem utilizes some general theo-
rems of potential theory It can be shown n principle that the surface (vector)
1ntegral of the potential over the entite boundary can be utilized to deduce the
nature and location of internal equivalent generators'  Applicatson of ths 1dea
to the human subject 1s extremely difficult and elaborate but 1t 1s basically
soundn prinaple  An alternative approach that 15 easier to implement follows
a method used widely in science namely first to evplore the simplest possible
cxplanations of observed phenomena

The very simplest current generator s the so called dipole defined as a pos
1tne pornt source and an equal negative point source with separation betneen
sources approaching zero while maintamning constant the product of source
strength times separation  This current generator called mathematically a
double singulanty 15 2 hypothetical entity and a mathematical concept but
one that can be approximated physically if desired It 1s convemently repre
sentable by a vector of magmtude equal to the dipole moment (product of
source strength times separation) of direction along the line Joimng the two
sources and having a sense from the negative toward the positive source  With
this fictittous generator one may attempt to account for the boundarv potential
produced by the actual heart gelniralur 1t may s'eem fruntless to consider
the sumple dipole as a setous for an eq t 1on of the
enormously comphcated activity 1n the human heart It 1s useful to explore

this possibility fully however if for no other reason than to find a direction
for future work Potential theory indicates that the dipale 1s at least a first
or blem of this type  There 15 also some theoretical evi
apprommation tn 4 b0 )} th considerable a: 3

dence that this simphficatton might apply wath cons) e accuracy
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Theory of Dipole Potentials

A straghtfornard procedure may be used to ascertam the applicability of
this simplest Jind of equivalent generator to boundary potentials produced
on the human body surface by the actual heart generator A theory 15 devel
oped in rather general terms far dipole potentials wn bounded media and a sen
sitive method 15 then evalved from this theory for testing 1ts applicabibity to
the actual physical system  This procedure 35 charactenstic of the type of
approach that has been so successful 1 many other saientafic i esuigations,
but 1t does not exclude other possible theones

In order to Lkeep the devel within st s desir
able to place some reasonable restrictions on the electrical charactensies of
the medsum  These must not be mcompanble with measured charactenstics
of the human body The assumptiens are that the medmm 15 (1) reswstive
and (2) hnear  These p have ample 2l support 4 % and
i1 hikely that they will stand sndehmitely as progress continues 1 this field
Applicabihity of the resstive property rehes i no small measure on the fact
that heart frequencies are confined to reasonably low values and the hinear
property rests on the fact that heart current densities within the medium are
not excessive It 1s important to appreqate that these restrictions are rela
trvely mild far the development of this theory since the medium may have
any shape and there 1s no req) that 1t be }

To develop the theory consider a dipole Jocated at any arbitrary fized pomt
s3thin a resistive hnear three dimensional medwm of any boundary shape
and select any two pamnts on the boundary For convemence a rectangylar
caordmate system may he used to describe the system as indicated in FIGURE 1
Furst consider a single chpole onented along the direction of the x azss  The
potential difference produced between the two boundary pomnts will be pro
portonal 1o the dipole moment because the medmm 1s resistive and hnear
that 13 #f the dipole moment 15 doubled the potentsal diflerence between the
1w boundary points 1s doubled  Thus may be expressed in equation form as

= ¢p where } 15 the potential difference betneen the two atbstrary
chosen boundary posnts g 15 the moment of the x onented dipale and ¢ 152
constant of proportionality

This simple statement embodies the essence of the entire theory and there
fore deserves some detmled examination particulanly in connection with the
constant of proportionahty ¢ which will be scen later to be the ¢ component
of the 50 calied mage vettor  With some reflection it becomes clear that ¢
depends upon the electrieal charactensius of the medm and also upon the
boundary pownts between which the potential difference s measured for sf the
medium 1s changed 1n any way {as to resstvity distribution or hind of inhomo
geneity or shape) ¢ will change  Moreover of the medmm charactenstics are
held constant but the boundary paints for potential measurement are changed

the valpe of ¢ will vary with choice of boundary pamts It 1s further evident
that the constant ¢ will also depend upon the locatian of the internat dipole
The potentia! difference however will always be proportional to the ehpole
moment p for any given medium given paw of boundary potnts and fived d
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pole location  Thus this equation partittons the effects due to the dipole
moment 1tself from those due to the parameters of the system It represents
2 neat means for distinguishing between electrical aspects of the generator and
quantities pertaining to the remainder of the system and 1t 1s exactly what 1s
desired

For a dipole located at the same point and oriented along the direction of
the y aus the potential difference between the same boundary points will be
of the same essential character that 1s proportional to the dipole moment
which can be symbolized by py 1 this case with some different constant of
proportionality ¢, So the potential difference produced m this case 1s ex
pressed by theequation 1y = gp,  Insimlar fashion the potential difference
produced by a .-onented dipole can be formulated as ¥ = ¢p  Ineach of
these three cases the constants¢ ¢, and ¢ depend upon the medim charac
tenstics (size shape resstivity distributton of inhomogenerttes) the dipole
location and the location of the two boundary pomnts

Since the medtum 1s linear the superposition principle may be apphed to
deduce an expression for the potential difference that w 1l be produced between
the two boundary pomnts when all three dipoles are present simultaneously by
simply adding the contributions of each dipole separately ~ The result 1s evt

dently
=cp taptep [¢3)
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In this form the three orthogonal dipoles of moment  p, and p may bere
garded as components of a dipole vector p of arbitrary onentation  Also a
vector ¢ may be defined that has orthogonal components¢ ¢, and ¢, and 1s
called the image vector (or lead vector) This enables a vector interpretation
of EQuaTIoN 1 ¥V = ¢ p The potential difference ¥ may be thought of as
ansing from the dot (or scalar) product of the dipote \:c(or; and the image
vector ¢ These are the beginning and fundamental 1deas of a dipole theory
1n which the concept of vector projection may be employed” 7 Development
of thus theory has been presented fully elsewhere ®

Equusalent Hear! Dipole

One of the important consequences of this theory 1s that the eustence of
exact mirror patterns (measured with respect to any arbitrary reference pownt
formed by the junction of two or more resistors connected to two or more bound
ary ponts) 1s predicted for a fixed location dipole whose moment and orienta
tion vary with time® This property of the boundary potentials suggests a
preasion method for ascertammng the appheability of the fixed location equiva
lent chpole representation of human heart activity A techmque using four
electrodes on the human body has been developed 1n which mirror patterns
are sought and canceled agamnst each other 1n what 1s essentially a bridge ar
curt* Electrodes 1 and 2 shown in FIGURE 2 are connected through a pair
of resistors to form a conventent and arbitrary reference junction R Wurror
patterns are sought at two other electrodes 3 and 4 with respect to this junc
tion by a systematic procedure These patterns are then canceled against
each other P ting for unequal litudes by means of adjustment T
The tect a and clanfication of that used by
Schimtt and his co-workers ' If the fized location dipole theory were exactly
applicable to human body surface potenti2ls exact mirror patterns would be
found e lly with ding perfect 1 Furthermore
of cancellation 1s good but not perfect then the degree of cancellation 1s 2 quan
titative measure of the applicability of the fixed location dipote hypothesss ®
Failure to obtai perfect cancellation in practice asin FIGURE 3 may be attnb
uted to effects other than nondipolar potentials  Some of these mclude mo-
bality of the dipole during the complex under study atrial depolarization effects
and such practical factors as inadequate posture and respiration control of the
subject and nonthoroughness of expenimental search

Results of extensive studies of this type on many humans both normal and
abnormal have been presented for the QRS complex ***  Much more expen
mental work must be done before final conclusions are reached and evidently
more time must elapse before the full significance of the results 1s appreciated
So far 1t appears that the single fixed location dipole hypothesis 1s apphcable
to the QRS complex to an accuracy of 85 to 9> per cent with a tendency for
more accuracy 1n normals than in individuals with certain types of heart dis
orders  Records 1n FIGURE 3 indicate 92 per cent applicability for the electrode
sites under test  Some preliminary work on T wave cancellation in normals
mdicates that the dipole approumation may be equally applicable  \¢ stud
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tes have been made of the P wave using this technque  The results are espe
cially remarhable when one considers the many vaned factors cted that can
contribute to the noncanceling result and that are charged agatnst the dipole
hypothesis

The Iterature contatns detarls of equipment procedures and expenmental
results but 1t 15 worth while here to emphasize the siynificance of this mfor
mation  Some far reaching fundamental consequences m the field of electro-
cardiography are mmphed  The first and most obvious conclusion 1s that 1f
body surface potentials are dipolar in nattre the problem of category No )
becomes a relatnely simple one of determining components of the equrvalent
dipole  This reverts then 1o the problem of determiming switable coeffictents
(or 1mage vectors) for the human subject, as can be seen from EQUATION 1
where measurement of 1 with knowledge of ¢ for three independent leads en
ables p to be established® Thus efforts to determine human coefficients de
senve emphasts for they are stepping stones to the equivalent dipole of the
human heart

A second important consequence of dipolar potentials is that they m1ke st

r\\

cancellztion techmque useful for testing the dipole hypothests

F’f?i‘hfm m‘; &\r;‘:smd’?he Dody search vith electrodes 3 and 4 for murror patterns with
?ensmct ta reference junction & permits a small residual potential to be achieved bets eco A
and the adjustable tap 7" of the potentiometer
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Mirror Nondipolar
patterns tesidual

Ticure 3 Representative mirror patterns (teft) at electrodes 3 and 4 of 16

has been recorde 1 with reversed palanity for convenience In comparing wave shapzxﬁi {ome
to cancel almost completely in the record on the upper night which is the potential difference
between Rand T A highly amphbed record of the canceled result is shown at the loneq
nght_ Vertical arrons tndrcate the nondipolar content of the QRS complex = Note that I
and T + aves do not cancel under these same conditions

possible for vectorcardiography to rest on a firm physical foundation Equiv
alent dipole applicability 1mplies that there are only three independent gener
ator quantities necessary to describe surface potentials over the entire body
the three dipole components  This means that 1n prnciple any three inde
pendent potential differences will grve all available mformation and that
additional leads will give only redundant information  Hence three cosrectly
designed vectorcardiographuc Jeads can give a physically meaningful result
But this would not be the case if the dipole hypothests were snapplicable  Te
clanfy this pomnt further suppose the heart were not representable by an equiv
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alent dipole 1t would still be possible to measure three independent potential
differences record ‘vector’ loops and interpret the heart ‘dipole  \luch
could probably be learned expenimentally on this basis  This would be an
empirical approach, however  The pseudodipole bemyg, dealt with would not
havean intimate relationshup to electrical events in the heart and would thereby
be fundamentally imited  The important distinction to recognize 15 that the
equivalent dipole assumes a deeper phystcal sigmficance when body surface
potentials are actually (or very nearly) dipolar and opportumty for physical
theory 1s opened with the reduction of Iimitations inherent 1n any empincal
method To exploit fully the possibiliies of vectorcard phy 1t 15 neces-
sary of course to obtain an accurate quantitative determination of the equiv
alent dipole which 1s not being achieved with most systems in current use

A third 1mportant conclusion that stems from the single dipole appltcability
15 rather unfortunate from a chimical point of view  If the very simplest gener
ator a dipole can account for the bulk of avarlable surface potential informa
tion this corresponds to 2 minimum amount of heart generator information
available from the body surface  If potentials on the body surface did havea
substantial nondipolar content then more information concerning the equina
lent generator than three quantitses would be necessary and delerminable from
the surface measurements by procedures more comphcated than vector cardio-
graphy It 15 obvious that the proumty potentral concept falls in ths
Jatter category but expernimental findings of murror pattern cancellations
undermne this possibihty * Admuttedly 1t would be evtremely saluable
chmeally to glean informatton concerning local regrons of heart muscle that
are close to an exploring precordial electrode but this is a fleeting hope that
melts 1n the face of esperimental facts

A final implication of the dipole result 1s that there 1s no basic mformation
obtained by the use of a reference potential of any kind (dernved from body
surface electrodes) that cannot be found in bipolar leads o new independent
data are contributed by such a reference terminal since its potentsal 1s dertved
from the electrodes to which 1t 1s connected and the electrode potentials 1
turn are predictable from the equnvalent dipole This does not imply that
use of 4 reference terminal of some sort might not have certain practical expen
mental advantages or might not possess some clincal mert empircally  this
has indeed been found to be the case for the Wilson centra) termmal  But
1t should be clearly recogntzed that a reference terminal constitutes a device
of convenience rather than one of basic value Indeed the same 1s true in the
nondspolar case

Broad consequences of equualent dipole behavior underscore the need for
extensive and careful work 1n further explorations of its applicability ~ Fortu
nately practical equipment and techniques for domng this on a wide scale hate
been deseloped  The deep significance of the results cannot be ignored Tt
should be emphastzed that the dipole concept and tests of 1ts appheability 10
the human rely 1n no way on nodel studies 1m olve no assimptions hatsoever
concerming the shape of the human torso do not require the medm to :’5
homogeneous and do not restrict the fixed location of the equnaltent dipole
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1t 15 astorushing that such far reaching fundamental conclusions can be reached
with 50 few basic assumptions

Parameters that Inflnence Dipole Poleniiols

The surprising degree to which potentials on the human body are compatible
with an equivalent nternal dipole suggests that 1t 1s de<irable to study proper
ties of dipo’e potentials m bounded media in mote detait  Such studies are
multipurposed and they have revealed many results that can sene at least as
a gude for future research some of them appear useful for incorporation mto
chinical practices  Several objectives are suggested below

(1) To ascertam the degree to which the sumple 1deahizations embodied m
present day chnical electrocardiography depart from physical facts  Speafi
cally what are the effects of removing the currently used assumptions of a
spherical conductor to represent the body and a dipole locatson at the center
of the sphere?

(2) To determime the mmportance of various electrical and physical param
eters of the over all system such as the location of the dipole the chaps of
the boundary and the electrical charactenistics of the medium 11 so far as they
influence boundary potentials produced by an imternal dipole

(3) To explore methods of estabhishing <witable coefficients {components of
image vectors) for the human subject, so that companents of the human beart
dipole may be determined quantitatively on the ving subject

{31 To become sufficiently acquasnted with the over all problem to assess
the feasbihty of mmplementing quantitative procedures that re practicable
inacally

While this list 1s far from complete 1t suggests some of the comprehensive
objectives of such studies Since the entire emphasts m all of this work 1n
categury No 115 directed toward quantitative results the first aspect to recog
nize 1 that all studies must involve the behaviar of dipole potentials 1n three
dimensional mecha s 1s because dipole potentals m three dimensional
media and seemingly similar two-dimensional cases (such as sphere and circular
discy are Bot q\mnmamelv the same )ule many investigators have used
two d | and ep bes {frmtfully to reach
qualitative conc]uanons that have enhanced our dpprcclauon of the Lind of
problems with which we are confropted the situation 15 now 1 a state where
one can no Jonger be sats fed mith thiskmdof reenlt  Although electrocardiog
raphy has been satisfactory 1n the past on a pictonal and descniptive basis
recognition of the potentizlities of quantitative methods must be appreciated

to permmf further advances

Theorelreal studies  Studies of parameters that influence dipa’e potentials
on the boundary of three dimensional conducting media have been carried out
1n both theoretical and expenimental directions  Theoretical analyses have of
necessity  been more restncted than expenmental work because only rather
simple media and boundares can be handled mathematically without excessne
comphcation  Nevertheless such theoretical work ha» been valuable mn poing
ng to several critical items  Analyses of eccentric dipoles m homogeneous
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alent dipole It would still be possible to measure three independent potential
differences, record ‘vector loops, and interpret the heart dipole  Much
could probably be learned expenmentally on this basis  This would be an
empncal approach however  The pseudodipole being dealt with would not
have an intimate relationship to electrical events in the heart and would thereby
be fundamentally imited  The 1mportant distinction to recognize 1s that the
equnalent dipole assumes a deeper physical sigmficance when body surface
potentials are actually (or very nearly) dipolar and opportumity for physcal
theory 1s opened with the reduction of limitations inherent 1n any empincal
method To evploit fully the posstilities of sectorcard phy 1t 15 neces-
sary of course, to obtain an accurate quantitative determination of the equiv
alent dipole which 1s not being achieved with most systems in current use

A third mportant conclusion that stems from the single dipole applicability
15 rather unfortunate from a chmeal pownt of sien  If the very simplest gener
ator a dipole can account for the bulk of avaslable surface potential informa
tion this corresponds to a mimmum amount of heart generator information
available from the body surface  If potentials on the body surface did have a
substantial nondipolar content then more informatson concefning the equiva
lent generator than three quantities would be necessary and determinable from
the surface measurements by procedures more complicated than vector cardio-
graphy It 15 obvious that the proximity’ potenttal concept falls 1 this
latter category but experimental findings of myrror pattern cancellations
undermine this possibility ® Admuttedly 1t would be extremely valuable
climeally to glean information concerning local regions of heart muscle that
are close to an exploring precordial electrode but this 1s a fleeting hope that
melts 1n the face of experimental facts

A final imphcation of the dipole result 1s that there 15 no basic information
obtamned by the use of a reference potential of any kind (derned from body
surface electrodes) that cannot be found sn bipolar leads o new independent
data are contributed by such a reference terminal since 1ts potential s desned
from the electrodes to which 1t 1s connected and the electrode potentials 1
turn are predictable from the equnalent dipole This does not mply that
use of a reference terminal of some sort might not hase certamn practical expert
mental advantages or might not possess some climcal menit empirically this
has mdeed been found to be the case for the Walson central termunal  But
1t should be clearly recogmzed that a reference termnal constitutes a device
of convemence rather thin one of basic value  Indeed, the same 1s true m the
nondipolar case

Broad consequences of equualent dipole behavior underscore the need for
extensive and careful work m further explorations of 1ts applicability ~ Fortu
nately, practical equipment and techniques for domng this on 2 wide scale have
been developed  The deep sigmificance of the results cannot be ignored It
should be emphasized that the dipole concept and tests of 1ts apphcabihity t©
the human rely 11 no way on model studies 1nvolve no assumptions whatsoes €
concermng the shape of the human torso do not require the medwm to ;79
homogeneous and do not restrict the fixed location of the equnalent dipole
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1t 15 astomshing that such far reaching fundamental conclusions can be reached
with so few basic assumptions

Paramelers that Influence Dipole Polenhials

The surprising degree to which potentals on the human body are compatible
with an equivalent internal dipole suggests that 1t 1s desirable to study proper
ties of dipole potentials in bounded media 1 more detal  Such studies are
multipurposed and they have revealed many results that can serve at least as
a guide for future research some of them appear useful for ncorporation into
chimical practices  Several objectries are suggested below

(1) To ascertain the degree to which the sumple 1dealizations embodied 1n
present day chinical electrocardiography depart from phystcal facts  Specif
cally what are the effects of removing the currently used assumptions of 2
spherical conductor to represent the body and a dipole location at the center
of the sphere?

{2) To determmne the importance of vanous electrical and physical param
eters of the over all system such as the location of the dipole the shape of
the boundary and the electrical charactenstics of the medium 1n so far as they

fl boundary p Is produced by an wternal dipole

(3) To explore methods of establishing suitable coeffi of
mage vectors) for the human subject so that components of the human heart
dipole may be determuined quantitatively on the hiving subject

(4) To become sufficiently acquatnted with the over all problem to assess
the feasibility of implementing quantitatine procedures that are practicable
chcally

Whle this hst 1s far from complete 1t suggests some of the comprehensive
objectives of such studies Since the entire emphasis 1 all of this work 1n
category No 11s directed toward quantitative results the first aspect to recog
mze 1s that all studies must 1nvolve the behavior of dipole potentials 1n three
dimensional media  This 15 because dipole potentials in three dimensional
media and seemingly similar two dimensional cases (such as sphere and arcular
disc) are not quantitatively the same  While many investigators have used
two dimensional theoretica} and expenmental approaches frmtfully to reach
qualitative conch that have enh d our of the hind of
problems with which we are confronted the situation 1s now 1n a state where
one can no longer be satisfied with thiskind of result  Although electrocardiog
raphy has been satisfactory m the past on a pictorial and descriptive basis
recognition of the potentialittes of quantitative methods must be apprecated
to permit further advances

Theoretical studies  Studies of parameters that influen
on the boundary of three dlmenSIO}:\al conducting medza h:\e cdl:g:r[xecz:r:ee!&m‘:
i both theoretical and experimental durections  Theoretical analyses hawoui
necessity been more restricted than expenimental work because only r; tho
simple medza and boundanes can be handled mathematically without e);c re
complication  Nevertheless such theoretical work has b .
ng to several cntical items

een valuable i point
Amalyses of eccentnic dipoles tn homogelx:euus
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sphencal medn'® ¥ have been useful to show that Jocation of the dipole has a
very sigmficant effect on boundary potentials  Companison of dipole poten
tials produced in homogencous three dimensional media of various shapes such
1s the sphere ! the finite length cylinder® * the infintte length cylinder ™
and the prol1te spherotd - reveal that boundary shape influence 1s not overly
entical  These investigations alone show that heart vector methods based on
the simplified theory of Einthoven are an a seruempurical category that repre
sents a mathematical device that cannot be quantitatnely correlated with
electnical effects in the heart although such methods do serv e a useful empirical
purpose 1 the chimical interpretation of the electrocardiogram

Model studies A more realistic approach involves exy studies
utthzing three dimensional models of the human torso with an immersed dipole
(r1GURE 4)  Extensive work has been done with such models by several
vestigators? 7 * 2 The pnnapal advantages of the experimental approach

dumensional male and female hie size torso models with the assocated
ap(:&‘axrc.'\‘tv:f u‘:cd ’lroh:::d ; x;ammems that influence dipole potentials (photo courtesy of Chas
Theer & Co Inc Brooklyn N Y
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have been the ability to use a more suitable boundary shape and also to intro-
duce inhomogeneities mnto the medium  Both of these items are difficult f
practicable at all to accomplish by mathematical analysis  This approach
entails the immersion of a fimte drpole (whose moment location and orienta
tion are known) nto the model and the of boundary p 1
produced by the dipole  The electrical system can be studied conveniently at
lessure  Everything about the system 1s accessible and can be measured quan
titatvely  Some of the broad conclusions of model studies are

(1) The influence of dipole location on surface potentials 1s extremely pro-
nounced and dipole location 1s the most sensitive parameter of the entire
system " 2 To iltustrate 1f a dipole placed in a hie size model produces a
potential distribution over the boundary a shght location change of 1 cm
changes the boundary potentials by as much as 20 per cent

(2) The 1nfluence of torso shape 1s present but 1s a less important factor
than dipole location ** #  Indeed once a rough torso shape has been established
then deviations corresponding to a reasonably wide range of body builds result
1 relative changes in potentsal of the order of 10 per cent Even whena ol
inder shape 1s used the boundary potential 1s still quite similar quantitatys ely
to that produced on a torso shaped model 2

(3) The influence of inhomogeneities mtroduced into the model 1s much Jess
than might be expected especially when the are located rea
sonably distant from the dipole The image vector coefficients determined by
Burger and van Milaan” 7 on an inhomogeneous model agree
percentage points with those d d 1nd d on
models® On the other hand inhomogeneities very close to the dipole can
exert considerable effect on potential distribution at the boundary  Asa prac
tical matter however this effect appears to be mextnicably tied 1n with the

quivalent heart and will be d d more fully later

(4) The relationshup between anatomic pomts and electrical effects 1s not
simple and 15 strongly dependent on dipole location®  Anatomic axes are
generally not parallel to the effective electrical aves and anatomuc distances
are very deceptively related to electnical amplitudes (FIGURE 5)

While the above four 1tems represent the essence of the over all conclusions
there 15 available a tremendous amount of detailed mformation that gives
some 1dea of the errors of current methods Some of the promment errors
deserve mention here

(1) The mb lead tnangle for a three dimensional torso model with an
1nternal dipole can be seen 1n FIGURE 5 to depart markedly from the equilateral
trangle of Einthoven® The model tnangle 15 scalene 1t 15 considerably
elongated in the head to foot direction 1t 15 not paratlel to the anatomc frontal
plane and lead I slants backward and upward from the horizontal One
consequence of these results for the QRS complex 1s illustrated n FIGURE 6

(2) The front to back component of the dipole can contribute significantly
to imb lead potentials? In cases where this component is sizabile in the hu
man subject deceptive results can be expected when this effect 1s ignored

(3) The Wilson central terminal potential departs from the dipole mid poten

within several
h




992 Annals New Yorh Academy of Sciences
tial 1n typical cases by 30 per cent of the value of the maximum frontal plane

potential ¥

{4) The left arm potential 1s quite unrehable quantitatnely because it
depends crittcally on the left shoulder structure the left shoulder being attached
to the body over a region of very steep potential gradient owing to the leftward

and forward location of the dipole ®
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§ Ccometnc representation of the electrical distortion effects due to the torso
shanc::(feccmmc dipole ln‘c’nnon for the standard hmb clectrodes R L } anl the Wilson
ek ejectrode B ta terms of the 1mage vectors associated with these leads  The dipole loca
(ion 15 at the ongim of the coordiate system
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(5) Commonly used systems of vectorcardiography are seen to possess
sizable esrors on the mode’s 6 #  Lead vectors of such systems as the cube
double cube and tetrahedron (FIGURE 5) are not parallel to anatomic axes
are not mutually perpendicular or equal in length and are strongly dependent
on dipole location

Model studies evidently reveal the rather severe inadequacies of present
methods 1n so far as quantitative work 18 concerned especially stnce current
method of analysi, of e d: and vectorcard rely on the
assumption of a fived location dipole 1n a homogeneous medum

Apphcability of Models lo Humans

Theoretical and model studies of the mfluence on dipole potentials of various
parameters of the system such as torso shape dipole location, and medm
mhomogenerties contnbute to a quantitative appreciation of the nature of the
system It cannot be assumed without proof however that model behavior
15 directly applicable to the human subject  Whle the dipole hypothesis 1tself
can be and has been tested without recourse to models further tests on human
subjects are necessary to establhish the degree to which model behas tor 15 quan
titatnely useful for humans

The difficulty of testing the apphcability of models to the human subject

GRS COMPLEX

Normal mole
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’é 11 Right left
H dipole
81 component
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FiotmE 6 Deceptive chinical result may be seen in the high speed record of lead I on
compartson sith the accurate research of the mght left ashe §
Lines joning small circles)  The discrepancy between lead Iand p 18 traceable fo the Joad T
image vector which mn this case slants backward and upward from the hozontal by 17
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can be seen immediately when one considers the extreme sensitivity of surface
potentnls to dipole location** ¥ \odel studics reveal that it 1s pomntless to
attempt quantitative correlition without an accurate knowledge of the physical
location of the equisalent dipole of the human subject  To overcome this
senious obstacle a preaision method was devised using a cancellation prinaple
(stmilar to that used for the dipole applicability test) to determine this most
mportant | " The tech entatled ol g cancella
tions among pairs of clectrodes located at the mud ventricle level around the
entire chest of the human subject and fitting these data wath those derived from
corresponding points around a homogeneous modet with an immersed dipole
of known location  Since a cancellation techmaque was used 1t was not neces-
sary to hnow the 1ctual dipole components of the subject to evecute the method
Ihe dipole location 1n the model that resulted in the best fit of model and human
data was taken as the location of the equinalent dipole tn the human subject
While the method 1s not perfect being molested by inhomogeneity effects the
chest contour fit was sufficiently satisfactory to proceed  Ior the first normal
subject studied the location of the equivalent dipole for the QRS complex was
established to within £0 5 cm  and dipole mobility was found to be less than
1; em  Thisdata fiting method 18 far supertor to an integration method that
has been suggested ! and 1t has been carried out on a wide vanety of subjects
using mode! data that have been published expressly for this purpose ¥
With a known dipole location 1t 1s possible to make a detailed pomnt by pownt
companson of potentials on the human subject with those at correspondimng
pomnts on the homogeneous model This may be done most precsely by a
cancellation techmque It may also be carried out 1n terms of QRS wave forms
since hnow ledge of dipole location for the indnvidual subject enables the dipole
components to be determined In essence the entire procedure amounts fo
obtaining a best fit between model and human over a cnitical regron of steep
potential gradient and then testing for agreement at ponts scattered over the
entire torso
A portion of the results of these experiments 1n terms of QRS complexes
and 1nstantaneous equipotentials over the entire body surface® 1s 1lustrated
in FIGUREs 7 and 8 The essental results for the entire body surface were
that quanhiative agreement within 215 per cent was found to ewist between
the amphtude and shape of the QRS complexes of the human subject and the
potentals produced at corresponding pomnts on the homogeneous mode! by an
immersed fixed location dipole  The sigmificance of this quantitatis e statement
can be appreciated from the typical record 1n FIGURE 9 1 which the amphitude
and shape agreement 1s 13 per cent  The experimental demonstration that
model predictions apply to the human with quantitative accuracy when the
dipole location and torso shape are properly taken into account mdicates that
3t 15 feasible to devise quantitative methods of vectorcardiography based on
the behayior of homogeneous three dimenstonal torso models
The methods and techniques employed in this critical expertment indicate
that the applicability of medel to human may be expected to be comparable
to that obtained 1n the extensive and complete research evperiment mentioned
above for cach individual 1o whom a successful determunation of dipole location




t the time of the R wave
The potential
ation 15 down

Frovre 7 3 of
peak in lead I for & normal QRS complex and dipole 1n & homogeneous model
difference Fetween the adjacent equipotentials 1s 025 mv  The dipole onent
ward backward and to the left (reproduced from Circulation Research 1955 3 243)

has been carnied out  Successful determinations have been obtamed i forty
cardiac patients ™ The conclusion of quantitative model applicabiity to the
human subject therefore has considerable breadth ~This 1s not surprising
because the subject tested itially was arbitranly chosen and a principle
rather than specific individual charactenstics was being tested

Clanscal Implementation
Culmination of work 1n category No 1 with the positive conclusion that 1t
15 quantitatively feasible to determine the equivalent dipole for the QRS com
plex of the human subject1s of course not the end of thematter The methods
employed n the research mvestigations were elaborate and required special
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FIGLRE 8  Records of unipolar potentials durn the QRS complex measured w1th respect
an accurate tatlored 2 resistor termunal for 16 ¢ ectrode locations (A through P) around
the chest of a normal male subject  The caleulateq points shown on each record by small
arcles at 18 nstants spaced 000> sec apart are based on the homogeneous torso model
coeflicients with the optimum dipole locatiog for this subject  Each record was made smul
taneously with lead IT (not shown) for time synchromzation  \leasured amplitudes 1n mtllr
volts are indicated on the radial lines along with the corresponding caleulated amplitudes i
parenthesis  The calculated wave forms are drawn equal peak to peak value to the corre
sponding '§5‘32dg gor shape compartson (reproduced from The Anieciay Heart Journal

world  The principal obstacle 1s dipole location which has been found to
differ considerably among vanous indviduals ¥ Once the dipole location has
been determined for an mdividual subject dipole components can readily be
obtained  Dipole location 1s not easily established with required accuracy
however and a chnically practicable procedure has not been forthcoming

An alternative 1s to devise a method of dipole component determmation
that 1s relatively insensitive to dipole locatton  To some extent this can be
done by using carefully selected groups of electrode sites Jomned through apprz:
priate networks i which dipole location effects tend to offset one another
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Flure @ Enlarged version of a record sumilar to tho e shown In FIGURE 8 for an electrode
location at a shghtly different anatoruc level

Dewising such leads does ot remove the restrictions of a fixed Jocatton equiv
alent dipole a trap into which one might easity fall 1t s interesting that this
same objective of invulnerabihity to dipole location has been sought on the
basis of lead field concepts 1n terms of a uniform reciprocal lead feld through
the heart volume ™ #*  Concepts of lead vectors and lead fields are funda
mentally thesame  One can be denved from the other by use of the reciprocity
theorem which 15 vahd because of the Lincanty of the medm # It follows
that the same fundamental hmtations eust for both concepts and 1t 1s un
fortunate that some groups have been led to the erroneous conclusion that 3
umlorm lead field through the heart enables the single fived location dipole
hypothesis to be circumvented 1 hat 1t does achieve 1s mvulnerability ta the
locatton of the <ingle equivalent dipole

A system of orthogonal leads invulnerable to dipole Jocation that strikes an
optimum compromise among many conficting factors has been devised Iy
has the advantages of a sound theoretical and physical basis insensitiveness
to mdnidua) vanability of dipole location rezsonable speed and ease of appls
cation corrections for the shape of the buman torso better signal to-nose
rato than in remote electrade systems exclusion of the left arm electrode
with its attendant errors and 2 cost comparable to that of other systeras
This system shown in FIGURE 10 employs seven electrodes (three on the pre
cordium) and has been in use for almost a year It embodies all of the pert:
nent findings of research stuches of the problem A detailed description of
this system 15 available It 1s too early to determme whether or not 1m



998 Annals New York Academy of Sctences
" R RigHT

e
2 I 327 %R
m 32 Kk
A/ il
o 3748

x

C 4 S9R

! 2R FRONT

£
A 4 Kb,

&
BACK
™M
Foor
+
F
R Kpy
H—ww—— =

HEA]

FIGURE 1D Seven electrodes of a proposed system of s ectorcardiography affixed to the
human subject at the left  The precise electrode locations are descnbed elsewhere?  Com
puting and compensating networks (nght) correct for torso shape and dipole location and
produce 3 outputs proportional to the dipole components p  p  and # with equal stand
ardization for the dipole lacations within a 5 by 5 cm area at the midsenticle level The
networks have been designed to have equal resistance levels to combat 60 cps interference
The tecommended value of & 15 50000 ohms to svoid apprecisble body loadng

proved accuracy with ability to quantitate results will be useful chimeally but
the more accurate 10r dipole comp produced by this system
illustrated 1n FIGURE 11 1n 1tself represents a marked improvement over sys
tems currently used ¥

W hile the problem mutially posed in category No 11s by no means completely
solved a substantial amount of progress has been made and the course for
future development in this area 1s cleatly indicated  Some stems for future
work nclude

(1) Further and exhaustive studies of the applicability of the fised location
dipole hypothess to human subjects  Such studies should mclude the T nave
as well as the QRS complex  Eventually 1t might be desirable to study the P
wave but this1s the most difficult of the three to examine with present tech

n

es
l%g) Additional determinations of anatomuc Jocations of the equnalent dipole
for both the QRS complex and T waves especially 1n the same mdividual
The difference between these locations m the same mdividual has a strong
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TRANSVERSE VECTOR LOOPS

Righ

F ot

PROPOSED SYITEM RESEARCH wLson

Fioune 11 Projectsons of vector loopa m the transverse (¢ ) plase for a normal male
subjecttecorded with the system of TIOURE 10 and also with the W tleon teteaheduon. are
compated with an accurate research determination of the QRS loop  The dssagreement of
the tetrahedron tesult 15 excessive sn this case The rectangular £rad kne spscng . the
fecards 15 01 1nch  The standardszation employed 10 the proposed System nss 1 1och/m
fo toth components and 1 the Wlson system i was 1theh/inw for fead Tan £ & 2 mclfmv
jor Yo The ummF mathers i the records are spaced 25 msec The Yright spats gccur
1mmeﬂm!tg after blanked portions of trace and reveal the direction of mscription  The
posats on the research determination are spared 3 msee apart.

practical hearmg on methods of quantitative electrocardmgraphy of the future
and may be of considerable sigmificance sn the concept of ventrcular gradient

(3) Further wvestigation™ of mdependent methods for determimng 1mage
vector ceefficients for the human subject that can then be compared with the
present model techmgue

{4) Detailed quantitative investigation of a host of practical factors relating
to chnseal smplementation such as the study of electrode sites with reproduce
bility and sensitivity to dipole location 1n mind and the stedy of left arm char
actenistics wn terms of the steep potential gradient at the left shoulder

Although the seven electzode system of vectorcardwgraphy shown i
FIGURE 10 represents 2 vensonable answer to these prohlems that seems
satisfactory 2t the moment there is na seavon to believe that fuvther mprove
ment s not possible

Seme Fundamental Questions
In the course of work 1 category No 1 several significant basic questions
have ansen  The first deals with the equivalent dipole and its fixed tocation

which have been found consistently by direct expenment en a wide vanety of
subjects  There 15 hittle doubt that both of these properties are applicable
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for the QRS complexes of many humans although detatled information con
cerming ventncular depolanzation as learned in category No 2 seems to con
flict with the single fived location dipole representation e<pecially with respect
to the fixed locatton There 1s theoretical evidence that the single-dipole
equinalent might be expected despite the size and eccentric location of the
heart as long as there 1s one continucus double layer i the myocardum
W hen the wave of depolanzation separates into several 1slands 1n various parts
of the heart howesver as in the later stages of ventncular depolanzation one
might expect the single dipole 1dea to become imparred  Vloreover even In
the case of a single contimuous double layer 1ts travel through the heart implhes
a corresponding equivalent-dipole motion esumated to be about 2 or 3 cm sl
though less than one half cm travel 15 1ndicated 1 terms of boundary poten
tials 1 and greater mobility would show up1n a very pronounced manner with
the sensitine techmique employed
plausible explanation for this Iy conflicting set of results can be

offered 1n terms of mternal short-circutting effects within the heart which con
tains blood of approvimately ten times the conductivity of the external medium
Because mnternal short arcmting effects have not been studied expenimentally
this explanation 1s offered as a speculation It appears that mternal effects
would tend to pull the heart together electrically so to <peak into a much
smaller entity than its physical size indicates  One reason why this speculation
seems promsing 1s that 1t would explamm qualitatisely at least both of the
difficulties that 1s both the dipole behavior and the fixed location would tend
to become more and more applicable as the volume 1nterior to the heart was
ncreased 1o conductivaty  Thisis regarded as a pertinent area for future study
tn order to reconcile all experimental findings  However, 1t belongs in category
No 2 since it deals with one aspect of the correlation between the equivalent
generator abtatned from the boundary and detailed activity n the heart  The
complewty of category No 21s revealed by this speculation since 1t shows that
local inhomogeneities as well as detatled electrical actinity 1n heart muscle
might be necessary properly to interpret the equivalent dipole

A second closely related question immedtately becomes apparent  Is it not
itkely that the equivalent dipole determined from the boundary 1s considerably

li d by local inh tes that seriously warp the boundary view of
electrical activity of heart muscle despite corrections for torso shape dipole
location and other parameters? Are not the components of the equivalent
dipole no matter how accurately determined still distorted repre entations
of the electrical generator® Some i estigators would suggest that ths focal
nhomogeneity effect® should be charged agamst the accuracy with which the
equivalent dipole has been determined that1s agamst the lead vectors Hovn
ever 1t would seem logical to heep this problem 1n category No 2 Irssn
formatn e to note that the influence of inhomogeneities wathin an

d close to the
heart 1> not ruled out by the homogeneous model experiments mentioned Pre
viously It may weli be that these inhomogeneity effects have been charge
agamst the dipole components and must eventually be untan,led before an
undsstorted electrical view of the heart can be obtamed

A third fundamental question deserves mention because some v estigators
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Fave been attempting work m this connection  Is 1t fundamentally po sble
to d image vectar companents exc/usitely from measurements on the
body surface of the human subject? It 1s known that these coefficients can be
deterruned approuimately by nsing model comparisons 2 as well as internal
dipoles placed within the subject ¥ Can we look forward to the ime when 1t
will be pos 1ble to carry out independent determunations on the wtact subject?
It would appear to be fundamentally mmpossible to achieve ths result  The
basic reason can be found in the linear relation EQuatton I which exists for
any lead and which ivolves three coefficents that 1t would be necessary to
determine  Each time a new Jead 15 mtroduced experunentally, three adda
tonal unkrown coefficients appear but only one more lead voltage 1» measur
able There appears to be an msuffictent amount of independent data to de
termine the eoefficents solely from boundary potential measurements This
appears to be true even in the case of & planar dipole loop ¢ Since the 1mposst
Dihty bhas not been proved nigorously but is only strongly suspected 1t can be
sud anly that ore should strongly question the basic vahdity of any expen
ments that clamm that coeff have been d d exchusnel
boundary potenttal measurements

y {rem
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THE POTENTIAL OF A GENERAL DIPOLE IN A HOVMOGENEOUS
CONDUCTING PROLATE SPHEROID*

ByG C K YehandJ Martinek
Reed Research Foundation W ashington D C

The purpose of this paper 15 to present the potential expression of 2 general
dipole 1n a homogeneous conducting prolate spheroid that will prove useful
1n the theoretical aspects of electrocardiography

A prolate spherowdal body of homogeneous conductnity has a semtmajor
axss ¢ and semimmnor axis av/1 — ¢ where 0 < ¢ < 11s the eccentnieaity The
equation of 1ts surface 1s grven by

W 2 _ 2
T—atr=e ®

where a conventional cylindrical coordinate system (g ) 1s chosen so that
the spheroid 1s coavsal with the = aus A dipole of strength i and directson
along the umt vector B 1s located at { ¢ po 6) inside the spherod

h 1 d

Tt 1s now to duce the prolate Gne)
1n such a way that the following relations evist
2 = aety
p = ad(1 — ¥)NE — DI o))

with1 € £ © ~1< 7% 1and0 € ¢ £ 2r The radial coordinate £ spect
fies a famuly of spheroids grven by

& 2
-t ®
and the angular coordinate y specifies a famuly of hyperboloids given by
2
P5 2 22
———— - =4a¢€
T=m T @

It can be noticed that the spheroids EQUATIONS 1and 3 and the hyperboloids
EQUATION 4 are confocal

In this coordinate system the surface of the prolate spheradal body 15
specified by £ = &; and the dipole 1s located at (£ % ¢0)

From the defimtion of directional dernvative the potential of the general
dipole 1n an infinite domain can be written in terms of the potental of a umt
source ¢ as follons

- cu(B2 4B 2 B s
o = w(B V)E‘E‘ ¢ =u (hu & Tt Fior 30, ¢ ()
This investigatio
Institute of :bz ﬂm:;l‘ ?Z;’XE.’I‘:‘Z? l?gaﬁml;xf }r{a;!!lzlszezr?"sc:rognt;:;g‘aﬂn:’a ;Il:aﬁl‘;l
Education and Welfare Bethesda, Md
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where
- &~ 7 - &~ m
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Since (for example Morse and Feshbach,! p 1291)
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The disturbance potential ¢, due to the presence of a prolate spherod £ = £
15 a solution of the Laplace equation and can be represented in terms of spheror
dal harmonics as follows

4= % 2 1Cn cosmlp — ¢ + Dn sinmle — ed]lP P " (13)

where C,, and D,. should be chosen 1 such a way that the normal flow or
the normal demvative of the total potential ¢ = ¢o + ¢ will be zero at the
body surface £ = £ This gives nise to the following relation

Silk) + ¢:(8) = 0 (19)

where the prime indicates a differentiation with respect to ¢ Since & > £ we
have from EQuUATIONS 10 13 and 14

G __om@) 4’
} A (15)

Da P (&)
(Coo = Dyo = Osince Ao’ = dow” = 0)

The total potential ¢ at (¢ 7 ¢) in the spheroidal body due to the general
dipole 1s then exphatly grven by

$=drt+h

= Z; Eo [An ' cos mlp — po) + An " sinmlp = ¢0)]

[ero-42&r e o wrese

P&
-3 [ACY I 16
_);:Z‘;{{" - e - }”"s"‘("_"“’ 1o

{57 - 4T et - 0] P 0P )
-+ Buw for  t<g
where 4, A, B, and B, " are given by EQuATIONS 11 and 12
On the body surface § = £ the potential at (§1 7 ¢) reads
$(0) = dolt) + &) = T Bl covmle — o)

a7)

+ 1 " sn mlp — ol [Q (&) ~ ¢ _(sl) P '(E-)J P ()

i)
The associated Legendre functions in these expressions are extensiely
tabulated (for example Hobsen and Jahnke and Fmde®) so that the numertcal
values for any interesting cases are computable In connection wath wake and
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thrust deduction i shipbuilding,! we have treated a special case of the po-
tential of a radial dipole outside a prolate spherordal nigid body The potential
expression for a general dipole 1n an oblate spheroidal body can be obtamed
m a stmular manner
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THE CONDUCTIVITY OF LIVING TISSUES*

ByH P Schwanand C T' hay

Moore School of Elecirscal Engincersng and the Scl ool of Medicine Unscersily
of Pennsyhanta Philadelphia Pa

Studues of the potential distribution on the surface of the human body have
shown that the electrical acivity of the heart can be represented by a fixed
location rotating dipole of time d ! de as m
Frank s preceding paper  The location of tius dipole can be expected to coin
aide 1n space only with the electrical center of the heart when vanation of re
sistivity of the tissues surrounding the heart 1s small  Therefore 1nvestigation
of the homogeneity of the electrical properties of tissue is indicated  Further
more 1t 15 desarable to d whether the e of tissue

1 small throug] the cardiac freq spectrum to Justify neg
lect of capacitive curreat components mn any theory of the ECG If the capac
itance of tissue were found to be excessive, the electrical phase angle of the
transfer impedance which 1s defined by heart dipole current and surface body
potentia) would be sufficiently large and variable with frequency to affect the
shape of the ECG  In this case surface potentials would depend not only on
heart actwvity and purely geometrical factors but also on electncal impedances
of the various tissue complexes mvolved  These facts aside from our general
mierest 1n tissue impedance stimulated our 1nvestigations of tissue impedance
e stiu at low frequencies

We have discussed our data and associated technical problems 1n detant
previously ™4 Ve shall therefore summanze here the results only to an extent
sufficient to answer the questions formulated above e restrict ourselves to
values measured 1 sifu 1 hving dogs with current levels that are smali enough
to avoid exartation that 1s we report data that characterize the passive elec
trical characteristics of uissue as eustent for the currents generated by the
heart The frequency dependence of the resistivity of hiver 1s demonstrated 1n
FIGURE 1 The curve 15 charactenstic for all samples of muscular liver and
lung tissue whle the frequency dependence of fatty tissue shown also 1n the
figure 1s somewhat smoother TABLE 1 gives the specific resistance data of
various tissues averaging hundreds of values at 10 100 and 1000 cps  The
data show that the res:stances of the major types of tissue surrounding the
heart are nearly 1dentical Lung tissue has a value that 1s perhaps about 20
per cent higher than muscle hver and heart muscle This s not necessanly
significant however 1n view of comparable standard deviation values that
charactenze vanation from one sample to another ¢ The resistance values are
hgher than those previously stated by others® ®* They agree much better
with theoretical expectation which 18 based on the amount of cellular volume
concentration and air and blood content in areas such as the lung ®  An excep-
tion 1s fatty matenal whose resistivity 1s substantially larger than that of

*Thus investigation was suppo ted in part by Research Grants H 339 and H 1253(C2) from
the Natonal Institutes of Heaith Public Health Service Department of Health Education
and Welfare Bethesda Md
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Fieere 1 Speafic resistance of Jiver and fat tissue 11 sifu as a functy

on of fi
The frequency dependence 13 charactenstic for all tissues that have been lmesngz::}u?l’:
the exception of fatty tissue

m=X;
L
|

TasLe 1
Speciric RESISTANCE OF VaR1ous Bops TISSLES 1% Srre AT 10 100 1000 avp 10000 cps

pohm  em wep 100 cps 1000 ¢p ‘ 1000 ps
Lung 1120 1090 1040
Muscle 965 880 830 20
Tiver 810 800 765 &85
Heart muscle 965 95 815 pes
1500-5000 |

Fatty tissue

The values n this aud the following tables arc averages of about 20
e e I e e viation S hich charactenacs saptitons faom wocoe o eaaons
a1 each frequency and type of tissue 15 about 25 per cent o significant difference s
N etafore between lung muscle liver and heart muscle averages  Change with frequency
can be stated as accurately as the measurements were obtatned (1 to 2 per cent] a

other tissues due to 1ts lower electrolyte content  This should not affect the
distribution on the body surface noticeably however at least not as
long as the fat deposit s restricted to a layer of subcutaneous material whose
thickness 15 very small compared with the trunk dimensions

Not included 1n our matenial are the values that characterize bone struc
tures Measurements carried out at much higher frequencies show that bone
resistivity 15 high This and the fact that resistivity can increase only with a
decrease m frequency establishes bone structures as insulating at least by
on with other tissues Here again we may guess that bone should
he potential distnibution on the body surface seriously 1n view of
d cross section of the bone structures surrounding the heart
s by others support the validity of this argument ”

potential

COmpAts
not affect t
the small volume an
Tyo dimensional experiment:
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TaBLE 2

AVERAGES OF THE DIELEcTRIC CONSTANT GrvEw 1N MULTIPLES OF 1000 FOR
VARIOLS FREQUENCIES AND Bopy Tissues

X 103 10 p 100 ps 1000 p 10000 p
Luog 25 000 450 85 25
Muscle 30 000 800 130 55
Liver 50 000 850 115 55
Heart muscle 20 000 820 320 100
Fatty tissue 150 50 0

The values at 10 cps are likely to be 3 to 10 tunes smaller than quoted Standard de
viation of the values given i the tables 1s about 30 per cent  There 18 no sigmficant differ
ence between lung muscle liver and heart muscle values

The capacitance data reported 1n detail efsewhere® are summanzed 1n
TABLE 2 and expressed i terms of dielectric constants that 1s values that are
36 tumes larger than the capacitance of a cubic centimeter tissue expressed
1n pu farads  The data are averages and they are given for various frequencies
and are seen to depend strongly on frequency The products R.C character
1ze the ratio of capacitive to resistive wurrent they are given m raBre 3 and
are obtamed from resistance R and capacitance € They show that the capac
1tnve contnbution to the total current 1s very small even though the dielectric
constant values are very large We conclude therefore that the tissues
surrounding the heart establish not only a reasonably homogeneous but for all
practical purposes of present electrocrdiographic theory a purely resishive
medim

A large uncertamty 1n the capacitance (TanLE 2) and the ratio of capacitive
to resistive current (TABLE 3) at 10 cps hasits ongin m the substantial amount
of electrode polarization that occurs at the interface of the electrode system
and the surrounding tissue  This uncertainty could be reduced only with
much larger electrode arrangements than are practical for 17 suu worh A care
ful analysis of the polarization of our system has been conductedt ® and as
2 consequence the upper hmit statements mn TABLES 2 and 3 can be made
The values given for 10 cps are quite conservative that 15 indications are that

TabLe 3
AVERAGES OF THE RATIO OF CAPACITIVE T0 RESISTIVE CURRENT FOR V ARI0US FREQUENCIES
AND BopY Trssues

RaC 105 100 p 1000 p 1000 cp
ung s 0075 005

Muscle 013 0035 006 01

Taver 020 0035 0 06 029

Heart muscle 0 10 0 015 032

Fatty tissue 001 003 015

‘The valyes at 10 cps a ¢ possiblv 3 to 10 times smaller than quoted  The values demon
strate that only to a h st on do bady t; h it h relec
trs constants we e another order of magnitude higher than shown tn TaBLE 2 large rat o
of capacitive to resistive current would result  The standard deviation 1s about 30 per cent
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capacitance values are Jower than the upper hmits quoted in TaLE 2 There
1s no need 1o be less conservative since even the upper muts quoted 1n TABLE 2
yield values for the rato of capacitive to resistive current which again demon
strates the resistive character of the current  If observed dielectric constants
were tenfold higher than reported here apprectable ratios of capacune to xe
sistive current would eust and major complications n elect
theory would appear It 15 fortunate that nature while providing drelectric
constants i the million range lmited itself enough to make electrocardiog
raphy posstble

The results presented 1n TaBLEs 1 2 and 3 and riGuRrE 1 extend down to
only 10 cps while the frequency spectrum charactenistic for the electrical heart
activity extends to 1 ¢ps  Therefore 1t 15 necessary to Justify the applicablity
of our data to the total frequency spectrum of interest  FIGURE 2 summarizes
the frequency dependence of the dielectric constant of muscular tissue over
the total range of frequenty that can be covered vath presentty available tech
mques with exased tissue samples It demonstrates that the changes with
frequency occur 1n three major steps, which we call thee 8 andy disperston
In electrocardiography we are concerned only with a and 8 disperston smce
frequencies 1n excess of 1 or 10 ke are not reprcsenled n the ECG  The mech
amsm responsible for the 8 d 18 d quite well thanks to the
fundamental work of various investigators espectally K S Cole H J Curtis
and H I'mcke  The effect 1n the 8 region is caused by an electncal ime con
stant that 15 determined by the capacitance of the individual vell envelope and
the resistivity of the cell interior  This introduction of the concept of a time

@\\ MUSCLE

LOG &
»

! 2 3 4 5 € 7 8 F T
LOG f (CPS)
Fioure 2 Frequency dependence of the dielectric constant of muscular tissue showing
three different regions of marked frequency dependence
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e
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Qi ar G4 88 16 206 40 66 16O

Frouve 3 Low frequency dependence of capacitance and resistance of & sample of eryth
vocytes The 18 ofa cy d of the
lasma membranes properties  The agreement between the expeniment and the simple te
{:na!mn theory demonstrates that the exstence of one time constant 13 respagstble for the
observed eflects  The erythroty tes are temolyzed osmoncally end measured at room tem

perature

constant which reflects the biological microstructure had been further retned

by assoctation with the membrane prog typical for polanzable interfaces
Another approach assumes the exstence of a spectrum of electnical time con
stants refl the 1 of the microstreture of tissue

The « change 15 of major concern to us smce the understanding of 1ts effect.
1s intimately assoctated with the extrapolation of our measurements down to
1cps It reflects changes 1n the cell membrane s electtiral properties  This
follows from the fact that the capacitance which 15 measured at low frequencies
{<1kc for tissue) has been proven to ben direct proportton to the capacitance
of the cell membranes The conductance 1s the sum of 2 frequency inde
pendent value characteristic of the cell environment and a second smaller
part that 1s frequency dependent and charactenstic of the cell membrane s
permeabality  We have been able to obtain & curves of great analytical sim
phaty as demonstrated m FIGURE 3 for a suspepsian of heralyzed erythro-
cytes Here the cell membranes of the erythrocyte behave 1n exact agreement.
with a theoretical prediction based solely on two assumptions (1) linear prop-
erties and (2) the exstence of onl) one time constant charactenistic of an ex
ponential time dependence of membrane polanization when a step function
potential 1s apphed  The assumption of lmeanty has been checked 1a all of
our expertments and 1s justified for the biologicsl medium when current denstty
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13 hept safely below the excitation Jevel  The evstence of only one electrical
time constant T so clearly demonstrited in the case of hemolyzed blood cells
and charactenstic of the cell envelope permits one to relate the frequency
dependence of capaaitince with the frequency dependence of resistivity as
{ollaws ®

ac _ T

AR R

where AR and AC charicterize the change of resistance (1n ohms) and capact
tance (in farads) as frequency 1s varied  The equation states that for large
time constants as eustent m the ringe of the a dispersion rather large changes
1 capacitance must correspond to comparatively small changes in resistivity

Freurr 4 shaws the resistance and capacitance of a prece of evuised musca
far tissue  Here the a disy is very p ed 1n cay e reflecting
the fact that its ime constant 1s about 20 times larger thann the case demon
strated 1n FIcURF 3 while the change in cell membrane conductance can be
shown to be comparable to the one occurring in the plasma membrane of the he
rofyzed ery throcyte  In both cases shown in FIcURES 3 and 4 we find applica
ble the theory that relates resistance and capacitancechange  In the caseshown
1n FIGURF 4 however the a dispersion runs somewhat flatter than expected on
the basis of only one time constant indicating several trme constants centered

| { ‘ T
o L ! |
e . (
LA O O
)l T
N [
| N !
10b ! L o, | 230
i I_ LT
H (200
. |
° o mewency 1w @

nce of a sample of exaised muscular tissue

4 lertric coostant and resista)
D onstuate the o esistance and the large dependence of diclee

e the sl dependence of 1
N rant open a o o 1" absolute value of the resistance 16 somewhat

t upon a frequency beloy L ke
lxz‘:eio:hsa!:nnor;:” Tclgs 15 c)aused by a bighly conducting Ringer s solution used to establish
contact between the sample and the electrodes
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around 1 msec In ail measurements with excised m:

been able to measure capacitance values down to 10 :;::r;::\]d n‘Ze::“:\e have
down to5cps we find that resistance values change only shghtly below lckmses
are properly related to observed capacitance change * Al of our 1 su: s
urements which are more difficult to make with preciston and en:\” e
measure only capacitance uninfluenced by electrode polartzation x:Iov\ xl‘usl %
cps support the obseriations m excised material  Therefore we feel g f?d "
that no mechanism other than the above described o dispersion neeéol;] oot
sidered i a discussion of the dielectric properties of tissue at low fre o

The measured small change n resistivity below 1 ke and the ex; cfxq nentall

ganed knowledge that the a dispersion 15 centered above 10 cps gc St
the help of the equation gnen above the prediction of optimal cam“t b
vatues below 10 cps  Thrs predichion gives vatues that are too sma)lptacmmce
Iish notrceable capacitive currents or to be of importance in elcﬂmmrdm;:as;;';

Conclusions

The resistance values that we measured at 10 cps are alm:

those found at lower and higher frequencies of mt?rest mn elecofrtolcit:d]t::ﬂ v'}‘:h
Capacitive influences can be neglected an present day clcctramtdmgmph3

theory and the vahdity of the assumption of a homogeneous resistive ';:‘r;p -
around the heart 15 justified to a first approumation  The only excey 'e o
this picture 15 the heart wself  Heart muscle of a resstvity of m&wf&'ﬁ
ohm cm surrounds blood of a resistivity of only 1000hm  em Therefore the

total heart complex lishes 1n atself an 1y 1nh amdt .
uts mhomogenetty rhythmcally changing complex The tremendousln lm
conductivity of the blood n the heart chamber may well contribute t}o &w
understanding of the fixed location dipole behavior of the heart ¢
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the spatial dipole angle) A smular correspondence eusts betneen two- and
three-dimensional boundary distributions with other horizontal dipole angles
[t therefore possible to draw the following concluston

If the zeriical angle o of a dipole 11t a cylindrical 1olume conductor 15 nol greater
then about £30° the disiribution of potential around the boundary of the cylnder
at the letel of the dipole center will be similar 11 shape for the same hory ontal
dipole angles lo the polentral distribution around the boundary of  tuo-dimensional
conductor having the shape of a cross seclion through the eylinder

Tt follows from this that two-dimensional measurements can be used to ob
tain informatton about the horizontal component of the spattal vector  FIGURe
4 gives further evidence of this  These charts show the distribution of po

OV MEASVAED
X ¥V CALCULATED

+0
POTENTIAL

v
vours T84

-+ } + i i
+10 +20 +30 +40 +350
DISTANCE  ALONG  BOUNDARY

(44

Fioure 2 Potential distnbution around the boundary of a homogeneous thorat cross
section  The dipole angle 15 0 The calculated values are according to EQU aTron 12

tential around the peniphery of the deep tank at the level of the drpole center
for horizontal angles (8) of 0° 30 60 and 90 and for a vertical angle (a) of
0° Comparson with FIGURES § and 6 for the same horizontal angles mn the
two-dimensional thorax section shows that the shapes of the potential dis
tribution curves in the two cases are very stmlar

Effect of Electrical Inhomagenely on the Potential Freld

77 he nature of the distortions of the electrical field caused by a finite boundary
and by the introduction of good and poor conductors was shown mn the model
studies of hatz? and discussed by Lepeschkin ®  The effect of mnhomogeneous
areas can best be shown by a companson with the field of the dipole 1n a homo-
medwum  The charts of }IGURE 5 are all for a 8 angle of 90 (in this
ositive angles are taken counterclochwise 1n accordance with long
J mathematical conventions) In FIGURE da the section 1s homo-

geneous
paper b
establishe
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=60°

=30°

=-60°

FIGtrE 3 Potental d stnbution around the bou dary of a deep tank at the leve! of the
dipole  The horizontal angle 13 0° and the vertical angle 1s 490 10 —90 at 30° intervals
Compare with PIGCRE

geneous and the departure of the field distribution from that of a dipole 1n an
nfinite medium 15 due solely to the effect of the boundary  The curves shown
are the equipotentials with values as marked  The curves on the right show
the varation of potential around the boundary as before  The broken curve

show the potential gradient along the boundary  This 1s defined as
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r_db Al
T dLT AL

av

dL sigmiying the dernvative of potential with respect to distance along the
boundary L and being equal to the slope of the curve of | agamst L In
practice Ewas compu(ed by taking the ratio of small incrementsof | and L and
A} and AL E could also be found by moving a pair of closely spaced elec
trodes around the boundary but this would be no more accurate than cal

At r
culating AL Since t = kE wherez 1s the current intensity vector and & ts

§ 0 B O 30 60 90

8 ¢

B 90"

e
Distance around tank

Potential
tental distrbution around the boundary of a decp tank at thelevel of the
dip: s e vel:ﬁ:ﬁ angle 150 the horizontal angle 6 30 and 90 Compare with

ncvxzs Sand
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FiGure 5 Field and boundary potential d stributions in a 2 dimensional thorax section
forapanglecf 90 ~Figure a shons the homogeneous scction 1n b the spine and stermum
sections are completely wsulating and the lungs bavea resistivity ratio of 4 and tn ¢ the lung
sections are also completely tnsulating The broken curves i the right hand 1llustrations
show the distribution of potential gradient around the boundary

the conductivity the potential gradient curves also are proportional to the
variation of current mtensity along the boundary  As s obvious from Ficure
5a k15 greatest near the center of the front of the section

FI1GURE 5b shows the field when insulating spine and sternum sections and
lung sections with a resistivity four times as great as that of the main body of
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the electrolyte have been added  This 1s the value of relative lung resistnaty
found by Burger and van Milaan ®*  In this case the internal field 1s not greatly
altered  although the 1v equipotentials are changed The shape of the
boundary potential distribution curve 1s similar to that of the homogeneous
section escept that the mauimum negative potential 1s now —0 77 v instead
of =1 v Ths potenttal reduction may be due to a shielding action of the
sternum which 1s directly 1 line with the dipole axis  Also, the potential
gradient peaks are lower 1n amphtude and more widely separated from each
other In FIGURE Sc the lung sternym and spine sections are completely
msulating  These conditions were also tried on the basis of the experiments
of Lindner and hatz 1% 1n which 1t was concluded that the lungs are completely
msulating  Also 1f completely insulating lung models did not have too much
effect then lower values of reststnity would be ummportant  In this case
however the internal field 1s considerably altered The +1 v equipotential 1s
altered sn shape and the zero-potential hine 15 shifted toward the back  The
potentral distnbution between the lung and spine sections 1s completely differ
ent  The boundary potential distribution curve 18 similar 1n 1its general shape
to the curves of FIGURES >a and 5b but the potentials are negative over nearly
the entire boundary It miht be argued that the changes in boundary po
tential were due merely to shifts in the voltage of the reference electrode
Although the reference probe potential probably did change shghtly a com
partson of the potentnl gradtent curves which 1re independent of the reference
potentral shows that the changes mn potential are due mainly to the change in
ternal conditions  In FIGURES 5a to ¢ for example the maximum slope
values are approvuimately 012 008 and 004 v /cm Due to conditions
of symmetry that ewst with 8 angles of 90° the potential maxima (M) are
located at the ends of the extended dipole axis

Potential distnibutions were also measured for other dipole angles and 1n
each case 1t was found that there was not a great deal of difference between
the cases ¢ and & that ts between the homogeneous section and the section
using Jungs with a resistivity ratio of 4 The completely insulating lungs
caused a considerable distortion of the field however TIGURE 6 shows the
distributions obtained 1n the sections using dipole angles (8) of 0° 30 and 60
with a lung resistivity ratio of 4 TIGURE §b with a 8 angle of 90° can be
considered part of this serzes

As the dipole rotates the field pattern changes marhedly  The zero potential
points remarn farrly close to the dipole transverse axis but the points of maa
mum positive and negative potential (M) do not remain at the ends of the
dipole axis  As Hess" and Schaefer'? pownted out when the dipole 1s not at
the center of the section the pomnts of matimum potential he along a cunved
arc passing through the poles of the dipole It 15 mteresting to note however
that a line joining the maxima 1s roughly parallel to the dipole axis  The loca
tion of the zero potential points depends upon the reference electrade s bemg 2
true null point  On the other hand the location of the potential mauima 13
independent of the reference potential since a change in the reference potential
would be added to or subtracted from the potential of every point mn the field

Ficures 6 and 5b also show how the distnbution of potential around the
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Ficore 6 Field and boundary potential distributions
n a 2.
g ks oL ) eemans are o S o T g Pave s et e
num sections are < t o o
Seraes for a § angle of 90 ompletely nsulating  FIGURE Sb forms part of this

boundary changes as the dipole rotates  For 8 angles of

potental gradient 1s maximum at the peint on lhge bo‘:ln?]_; 30" #nd 60° the

e cenor (0.cim)  This llustrates a possble method of fiding the o

tion of the resultant dipole of the heart from measurer ents o,.nu::ghlhe loca
chest wal|
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In measurements of the distnibution of potential around the chest at the mud
ventricular Jevel? the peak of the potential gradient curve was usually from
3 to8cm tothe left of the mud sternal hne  Ficurr 5b shows however, that
if the dipole angle 15 90 the potential gradient curve 1s biphastc, with positice
and negatine mauma equally spaced about the dipole center  In this case the
potentral gradient at the pomt on the boundary nearest the dipole center ts
zero  The ponts of zero gradient coincide with points of maximum or min
mum potential since at these points the curve of potential agamst distance
must have zero slope  Changes of reference potential would have absolutely
no effect on the potential gradient curves and would cause only an upward or
downward shift of the entire potential curve

Because of this fact no attempt was made to find an exact zero reference
potential  The reference electrode was placed either midway between the
poles of the dipole or at a remote point of the tanh It would have been
possible to use the reference potential at the junction pont of two resistors 1* 1
but this would have necessitated precantions to avoid any polanzation of the
current electrodes  Frank and Ray' have discussed the problems involsed
with the above two types of reference systems A more elaborate method 1s
that of Sugt ' who put three electrolytic tanks tn senies by means of wichs
and put his reference electrode 1n a neutral tank  Expeniments are now m
progress in this laboratory te adapt the double layer tank? to measurements
in which a fimte boundary 1s present m the upper layer  The techmque 1s to
leave a very narrow gap in the boundary and to use the bottom layer electrode
as the reference point  The gap should have a neghgible effect on the potentsal
distnibution nside the boundary

The effect of increasing the resistivaty of the Jung sections was also studied
for other dipole angles  The results are given i TABLE 1

Dipole 0°  The only sigmficant changes between the homogeneous section
and the sectton 1n which the lung areas had a resistrvity ratio of 4 was that the
maxtmum potential gradient increased by 12 per cent and the potential
maxuma on the boundary shifts in location by about 1 cm  When the ratio
increased from 4 to mfimity the magmtudes of both positive and negatine po
tential maxima decreased and the lateral wall potentials also decreased  The
potential maxima were located much nearer the front of the section  These
effects may be explained by the increased shielding action of the lung sections

Dipole 30 As the resistivity ratio was changed from 1 to infinity the mag
mtude of the maximum negative potential on the right side increased but the
matimum posttive potential on the left side fell The side wall potentials
varied 1o the same way  The left side matimum potentiai dropped to about
one thtrd of 1ts original value whereas the ncrease n right side maximum
potential was only 13 per cent  The locations of the potentral mauma and
zero points on the boundary did not change to any great extent The mau
mum potential gradient mcreased 1n value as the resistivity ratio ncreased
from 1 to 4 and then decreased again as the ratio increased from 4 to mfimty
As the resistnvity of the Jung sections mcreased the right lung tended to channel
the current toward the front of the thorax and this caused the potential m this

region to ncrease At the same time, however the left Jung mmpeded the flow
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Column 1 1s the dxgole angle Column 2 shows the resistivity ratio of the lung sections
(resistivaty Tatio 115 the homogeneous section and for ratios of 4 and infinity the insulating
spine and sternum sections were also i thetank)  Columns 3 and 4 gve the magnitude and
location of points of mawmum positiv¢ and negative potential on the thorax boundary

umn 5 shows the location of the points of zero potential  Columns 6 and 7 show the magm

tude and location of the peal of the potential gradient curie on the boundary  Column 8
gves the potential at points on the nght and Jeft Jateral walls of the thorax section at dis

tances from the mid sterma) hine of —25 cm and +25 em

of current to the left side of the thorax and the potential in this region was
decreased

Dipole 60 Again with increasing lung resistivity ratio the magnitude of
the maximum negative potential on the right side was ncreased and the
maumum posiive potentral on the left side decreased  The location of the
potential mauima and the zero points showed a marked change The man
mum potentia) gradient showed a steady decrease and the side wall potentials
were considerably altered The shape of the potential gradient curve also
changed At 46 cm on the boundary for example the value of E changed
from 006 v /em to 003+ /e This means that the slope of the potential
curve 1s smaller and the curve 1s more spread out as found It 15 Possible
however that the ncreased negativity of the entire curve may be partly due
to a change 1n the reference potential

Dupole 90° The complete <et of charts for the dipole at 50°
FIGURE 5 and 1t has been previously discussed The compheat
the nhomogeneous areas can again be emphasized by noting that
Tesistinity ratio increased the maimum negative potential on tl
changed from —{ 0y to —077 v and back to —088 v The
postentor sides and back were not more
shielding action of the spine section

18 shawn 1

ed effect of

as the lung

he boundary

fact that the

positive may possibly be due to the
e N

¢ \
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Effect of Grealer Conductirity of the Heart Area

In the expeniments discussed so far the effect of the relatively greater con
ductivity of the heart!® 7 ¥ due to the blood has been neglected  In order to
test this point the thorax model was rearranged so that the depth of the elec
troly te was made greater over the heart area  This was done by merely cutting
a piece the shape of the heart cross section (at mid ventricular level) out of the
plastic base of the model The resistivity 1s best expressed in terms of the
resistivity ratio G which 1s defined as the ratio of the resistivity of an area to
that of the main body of the electrolyte The bottom diagram of FIGURE 7
shows the boundary distibutions for the following conditions dipole 8 at 90
G for the heart area 045 G for the lung section 4 and G for the spine and
sternum section 1nfinite A compansen of this with the top curve 1n which
the heart area G 15 10 showed that the boundary distributions are similar 1n
shape but that there 15 an over all reduction m amphtude with the highly
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conductive heart area  The positions of the zero pomnts and potential maxima
remain unchanged This ts 1n with phystol ) exp n
which 1t was concluded that the effect of the relatwvely greater conductrvity of
the heart was umformly to scale down the elecirocardiograpinc potentials ¢
and that mereased filling of the frog beart reduced the electrical response ®
A reduction m external potentials was also obsened when good electncat con
ductors were placed on the ventncle of the dog heart® Such effects have
been attributed to the shuntmg action of the blood™ *

Effect of Tuo Dipoles Aching Stmultaneously

Lewis® and others have considered that the left and right ventricles may
have indnadual effects on the electrocardwgram at least in the chest leads
In 1933 Rylant * using 2 cathode ray oscilloscope with an amplification of
about 3 om /mv and a him speed of about 250 mm /sec , found notuhng not
only m the R wave but alsom the P ond S wases  He attrnibuted hus results
10 the simultaneous recordmg of two or more activities  In order to studv the
effect of mdependent regions of exaitation of the heart on chest potentials
experiments were carred out with bwo separate dipoles mn the heart area of the
thorax section simultaneously It was found that tf the centers of the two
dipoles were located at the same pomnt the boundary potentral distribution
was rdentical with that produced by 2 single dipale that was the vector sum
of the two separate dipales  If the centers of the two dipoles did not concde,
however the effect of each dipole could be seen  In the expertments of FrGURE
8 two dipoles were located 1n the ventricular area about 2§ em to the nght
and left of the mud sternal me  In ¥rGURE 82 the night ventricular dipo’e §
angle was O and the left heart dipole 8 angle was 22 The only noticeable
effect v as the dip 1n the potential gradient curve  In ¥16URF 8b the values of
Bwere 90 for the night veniricle and 180° for the left ventricle  Although the
potential turve was sumiar fo one that would be obiained from a single dipole
the presence of the extra dipole was wdiated by the change m slope of the
potential curve and the correspondimg dip 1n the potentral gradient  In the
modet expertments with a single dipole smooth curves nere obtamed for the
vanation of potential and gradient around the boundary  In rIGURE 8¢ the
8 angle was 13/ for the night ventricle and ~120° for the left ventricle In
this case the distributions are compltcated and they could not be taken for a
single dipole curve In the three cases shown the peaks of the potental
gradient curves do net accurately indicate the locations of the dipoles  This
method of finding tFe dipole location can therefore be used only when there 15
a single effective dipole 1 action It 1s evident that the greater the physical
separation between the two dipoles the greater wall be the indidual effect of
each dipole on the surface potential  These expeniments indicate that whereas
the vectorcardiogram taken at remate pownts will give the re ultant dipote
chest leads near the Feart should also be taken to obtain information about
Yocat exntation of the heart  The tno types of measurement provide comple
mentary data
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Dhstributed Source in Thorax Section

It was previously shown? that the field of two half shells in an infimte me
dium was equivalent to a dipole field at remote ponts  When the distnibuted
source was in the thorax section i the heart area the distance between its
front surface and the nearest pomnt on the boundary was only 3 cm  Even
under these conditions however 1t was found that the boundary potentsal
distribution was very sumlar to that of the equivalent dipole

Application of Method of Images to Study of Effects of Regions
of High or Low Resushirity*

When the potential of a source m a volume conductor enclosed by an n
sulating boundary 1s considered ? the ratio of resistvities of the meda con
cerned 1s infimte  The method of images can also be used when the resistivity
ratio1s fimte  Using the method of caleulation of Hague % the image system
for a current source 1n the vicnity of a arcular disk of finite resistivity has been
derived Tt has been found that four image systems are required depending
on whether the current source and sink are nside or outside the disk and
whether potentials are required wnside or outside the disk

(1) Source and sink mside disk  polentrals inside disk  If in the thorax sec
tion the heart area 1s considered circular 1n shape then this case would be
analogous to the case of potentals mside the heart due to the heart electro-
motive force (M F) taken as 2 dipole or point source and sk For this
and the other three cases the following symbols ate used

1 = potential at 2 pownt P inside the disk
1 potential at a pomnt P outside the disk
resistivaty of disk

resistivity of medum surrounding disk

2~ resistivity ratio
P

LI

=

current

depth of electrolyte (assumed constant)
= distance from sk to center of disk

= distance from source to center of disk
71 = distance from P to smk

7 = distance from P to source

73 = distance from P to image of smk

r, = distance from P to image of source

oL
2wd

£

The sk and source are located at distances ¢ and b from the center of the

The term 1mage _as used here should not be confused with the 1mage surf:
Burger and van Milaan® = of with murror image - electroeardiograms on the chost et
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disk (F1gURE 9)  The images are located along the radu extended at distances
from the center - and % where R 1s the radius of the disk  The potential at
a pomt P mside the disk 1s then

pG[ n,1-6 an
L P e L

1
l—blnar, m
146G b,

=Gu [ln oy
4]

If 1t 15 assumed that the average resistivity of the heart 1s one half that of the
surrounding region then from EQUATION 1

A ar,
P [1 L I ] @
The potential of the source and stnk 1n a homogeneous medium of reststivity p
would be

}=Adlnl 3
2

The lower resistivity in the heart area therefore has a comphcated effect on
the internal potentials

(2) Sonrce and sink wnside disk— polentials oulside disk (F1GURE 10)  In this
case there are no images outside the disk but the original source and sinh +17

A In 2.
Vinf=Aln T2

P -G
VI GA[n—+m;(l == +In b)]
\

N 2 2
A Zwa

1
a ]

TN
+
[

o

~fret
LgE 9 Image system for potential at P snside the disk due to the source (+7) and
1) emsude the o

slnk
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2%
] {7) and a stk of strength

and ~1, are replaced by a source of strength -+ i

-—'LG (I) 'The potentsal at any external point 15 then
1+6G
26 n
=2 I &y
i 16 Aln n @

and for 2 resistivaty ratio of 0,
2
3

The effect of the Jower heart resistivity 1s therefore, uniformly to scale down

= n
v = Hn'a

p
! f
Vit <A In——
1F3
26} ) ol
Vo I+G)Amr2
A LT
27d

Frevre 10 Image system for potentialat 2 o {side the disk due to the source (1) and
sink (~7) mside the disk

alt external potentals This agrees with the erpertmental results quoted
previously  Schwan has presented evidence that the blood has one tenth
the resistivity of the tissues surrounding the heart  Using a resisuvilv ratio
of 01 i vouaTiON 4

1 =0184 2
1

Further worh 15 necessary mn thtee dunensions fo test the tentatne conclu
sion that the effect of the hughly conductirg blood meide the heart 35 amformly
to scale down the surface electrocardiograms  IF ths proves to be cotrect 1t
wal} be necessary to muluply the observed magmtude of the Feart vector by a
factor that depends on the ratto of the reststivity of the tissues sazrounding
the heart o the resistrvity of the blood *

Sut sequent 1o the presentation of this article ewpenments wath dog bearts® have md;

ﬁzled that the reduction 15 umiform at temote posnts but 1s vanable 1 the veanity of the
eart
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A promusing analytic approach 1s the extension of the image system for a
source m an insulating sphere ¢ 7 1o that for a source yn a sphere of fimte
conductivity immersed in an mfimte medrum of different conductivity

(3) Source and sink ontside disk  polentials mside disk ()IGURF 11)  Agam
there are no images  For each position of the dipole, however, there must be

added a constant potential of value 1-¢ Ing The potential equation 1s
1

1+6
_ [ 26  n,1-G, a
"“'[1+G‘"r,+1+clnb] e
(4) Source and sunk outside disk potrntials oulside disk (F10UwE 12) IHasa
fiest approvimation the lung sections are represented by circles, thes case would

'3
Vit Aok
r2

A28 g fe 156 0
i A[m; ln'2+'+G me

L1
26 214
el
_26
146G

Froure 11 Image system for potential at P snside the disk due to the source (1) and
snk (—1) oulside the disk

grve quaktative wnformation about the effect of the lungs on the heart EM F
‘The sink and source are located at distances of @ and b from the center of the

disk  Images of strength g __‘: : T are located mside the disk at distances of

E and % from the center The potential equation 1s

_ rn, G-—1 r
¥ -A[)n’—’+( +1]n"] {6

Assumurg that the lungs have a resistivity four times that of the surrounding
medwin this becomes

n 3
=4 [In—'—z+06ln;:]

which can be compared with EQUATION 3
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EQUATION 6 indicates that the magnitude of the effect of the increased re
sistvaty of the lung for a fixed-dipole onentation must depend on {a) the loca
tron of the field point at which the potential 15 required and (b) the dipole
angle For example consider that the heart EMF and a lung can be repre
sented by a dipole on the \ aws and a disk whose center also hes on the \ axis
1f the dipole angle 15 0° the 1mage dipole nside the dish will have an angle of
180 and will be oppositely directed to the real dipole  Thts means that the
potential 1 the region between the real dipole and the image dipole (near side
of the disk) will be more positive than 1n the case of a homogeneous medium
The region on the far side of the disk will now be less positive honever because
the mage dipole potential partly offsets that due to the real dipole Phys
1cally these effects are caused by the current shielding properties of the disk

d
fa

Ficvze 12
stk (=1) outside the disk.

Image system for potential at P onfside the disk due to the source (++1) and

If the real dipole angle 15 90 however the image dipole angle will also be
90°  Since both dipoles have the same transverse ans the location of the
zero potential ine 1s unchanged  Potentials will now be mncreased on both the
near and far sides of the disk since the real and 1mage dipoles remforce each
other Thus 1t 15 not possible to make a general statement about the over all
effect of the higher resistiity of the lungs

In the thorax model conditions are considerably different from the artificral
case of a dipole outside a dish. The lung sections are not aircular and they
surround the heart area more completely There 1s also an additional shield
ing action caused by the spine and sternum sections It 1s therefore necessary
to go by the model measurements although the image concept helps in inter
preting the results  If the mam portions of the lung sections are represented
by crcles images mside the arcles can be found for each source and sink
location  This approuimation will help in understanding the results of TapLe
1 Tt should be noted that for lung resistivity ratios of 1 4 and nfimity the

term

1
G¥i 1n EQUATION 6 has the values 0 06 and 10  Thus as the re
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sistivity ratio increases the slrength of the images increases and the Jung sec
tions have relatively more effect on the field distnbution

Equations 1 4 5, and 6 were tested expenimentally i the double layer tank
by using dishs of various thickness in the electrolvte  In this way some errors
were found and corrected this iilustrates another use for the tank

As a further check the potential distributions for cases 2 and & above
were calculated by the comventional method of potential theory that s by
expanding the potential in an infinite series using polar coordinates and finding
a solutron of Laplace s equation that sitisfies the boundary conditions  The
results were 1dentical to those found by using Hague’s simphfied method

Semultaneons Effect of Lower Heart and Higher Lung Resistuities

Again we make the approvimation of representing the heart and lung sec
tions by circles  The heart ENMT s represented by +7 and —~7  If we let
G, equal the heart resistivity ratio then 1t 1s seen from EQuATION 4 that the

inhomogeneous heart area can be ehminated by substituting +lzf_‘é for +71
1
and -1 _Zf‘c I for =1 Substituting these values in EQUATION 6 with G,
1

equal to the lung resistivity ratio the potential at any point outside both the
heart and lung areas 1s

_ 26 n, G -1 rn
' “1+G.4[1"r+6,+1’"r.] n

withG, = 05 and G = 4 EQuUATION 7 becomes
v =24 [lni‘+06ln 'J]
3 2 "

This shows that i addition to the potential changes caused by the Juny, sec
tions as expressed by the second term inside the bracket there 1salso an over all
reduction of potentials by two thirds FIGURE 7 shows that the actual reduc
tron 15 about one half but that the observed reduction 1s uniform (the equa
tions dernved above are accurate only for a disk immersed 1n an infinite me
dim) Thus the effects of the higher resistivity of the lungs and the lower
resistivity of the heart tend to counteract each other m some areas and to be
addittve 1n others since the effect of the Jung sections 1s to increase the po
tential at some pomnts and to decrease 1t at others

Straight Line Boundaries Belween Regions Hating Fimite Resistitinies

Wath strarght line boundanies two image systems are necessary depending
on which side of the boundary potentials are measured  Consider a sinh —7
and a source +7 immersed 1 a conducting medum having resistivity p
which 1s separated from a medium of resistivity p by an infimte strarght hne
For the measurement of potentials within the medium in which the source and
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sl are located 1mages must be added m the other medium at an equal dis
tance from the boundary  Then

_pdfn, 1~G ﬁ] )
' _fﬁ[l“y,+1+cl“y. ®

where agaim G = 2

For potentials 1n the other medium there are no images but -7 and —7

2 2
must be replaced by + it6 Jand “ix¢ I Then
’
_»pl 2 n
ST+ Gn ©

In these equations 1t 15 assumed that all space has the resistivity p Dia
grams of 1mage systems for straight line boundanes as applied to nerve con
duction were given by Bishop ¢ A paper by Pruitt and Valencia * to which
reference was previously made ? gives the image system for plane boundanes
and applies the method ta a problem nvolving myocardial myury

Potential Due to o Source and Sink Inside an Ellipse Mathemalical Expression

Since the thorax cross section so closely resembles an ellipse an attempt has
been made to find an 1mage system for a source inside an ellipse but this has
not been successful  Hicks™ described an image sy stem involving a hine source
and line doublet distribution between the foci of the ellipse but the evaluation
of the potential was difficult Therefore 1t was necessary to expand the po
tential 1n 2n nfinite senes of ellptical harmonics using elliptical coordinates
and to put 1n the boundary conditions that the potential ¥ and ats first deriva
tive were everywhere continuous mside the elhipse (except at the source 1tself)
and that the normal denwvative was zero at the boundary By making an
approumation leading to an error of about 1 per cent the infinite seres ex
pansion was reduced to finite form

Tt can be shown® that the relation between the elliptical coordinates # and
1+ and the rectangular coordinates x and y 1s given by the equations

2 2

L S

C? cosh? & + C” sinh? % ! (o)
€os’t st =1 1)

Then the curves « = constant are a family of ellipses with major axes on the
X aus and mnor axes on the ¥ aus  FIGURE 1 shows the parameters for the
ellipse chosen to represent the thorat section For this ellipse u = 1, A
line between the foct would represent the hmiting elipse % = 0 The lines
© = constant represent a system of orthogonal confocal hyperbolas

The potential distribution around the pertphery of the ellipse due to a source
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and sink Jocated anywhere inside the ellipse 1s given by
b=l [cosh (#t0 + 4") ~ cos (1 + ")
¢ cosh (1o + 1) — cos {0 + 1)

[cosh (40— #") — cos (v = 1”)

cosh (1o — #') — cos (v — ')

[msh Buo ~ 1"} — cos (v +v")

cosh (3uy — ') — cos (v +1 )

[cosh (3uo ") — cos (v — 1)
cosh (3o + 1) —cos (t —t)

(12)

where
T+ = potential at a point on the boundary of the ellipse
14
A = 2%1 and p = resistivity of the internal medium

% t = elliptical coordinates of a point on the boundary
# v = elliptical coordinates of the source

#” ¢ = elliptical coordinates of the sk

The elliptical coordinates of a pomnt can be found from™

_htn
cosh # = 5 (13)
cos v = % (14)

where r; and 7, are the distances from the foct of the ellipse to the point
question and 2C 15 the distance between the focr  In FIGURE 2 the arcles
represent values of potential measured around the boundary of the thorax
section fora B angle of 0 and the crosses are values calculated from EQUaTION
12 For values of § equal to 30° 60 and 90 the agreement was not quite
as good as this but 1t was still wathin 10percent  The shapes of the measured
and calculated curves agreed very closely but the curves were shfted relative
to each other This may signify that the reference electrode was not exactly
at zero potential  The field due to any number of sources and sinks can be
obtawned from EQUATION 12 by superposition

The equation for the potential at any point wside the elltpse due to a source
and sink at any two points 1s more complicated than EQuATION 12 but 15 still
expressed m finite form Thus the potential due to a source alone 15 given by

V= ~—A In [cosh (u -+ o) — cos (¢ -+ v)] {cosh (1 = ') ~ cos (1 — +')]
2

[cosh (20 — # + ') — cos (2 + v )} [cosh (20 — u — 26 ) ~ cos (s — v))

cosh (2o + # — u) — cos (0 + )] [eosh (Qug+ 2+ 06} — cos (¢ — v)] )

cosh (41 — 4 — 1) = €08 (¢ + v )] eosh (410 ~ 1+ 1) — cos (v ~ v)]
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In this equation « and v are the coordmnates of the pomt for which the potential
1s required A simlar expression holds for the sink using #” and 1" nstead
of % and t

To 1llustrate the use of EQUATION 12 and the method of finding # and ¢ the
potential expression 1s derned for the conditions of FIGURE 1 To find the
value of 1y any pont on the boundary can be used  Taling the pont z =
+4 = 165 and using EQUATION 13

26 + 7

=" =17
cosh 1o 5

uw =115

Since from the definition of an ellpse ¢ + r; = constant the same value of
1, would be obtained for any other point on the boundary  For the source

;_ 129496
cosh &' = —:;-— = 118>
w =060
and from EQUATION 14
, _ 1290 =96
cosy = — = 0174
v = —80

The mminus sign for 3 1s explained by the fact that the range of v 1s approu
mately the same as the corresponding polar angle Thus 1n FIGURE 1 t hasa
value between 0 and 90° in the first quadrant of the x y plane betwneen 90
and 180° in the second quadrant etc  Since the source 15 1n the fourth quad
rant 1t must lie 1n the range of 0 to ~90° For the sink

W =060
Vo= =100 = —(r + 1)
Substituting the values in EQuATION 12, with A = 10
- =ln[296+cos(v+80)] [116+cos(v—80)
296 ~ cos (v — 80 ) 116 — cos (v 4- 80 )
[867 + cos (o + 80 )] [237 +cos (t — 80) ue
867 —cos (v—80 ) 287 —cos (v £ 80)
To find 7, for any point v 15 found from £QuaTION 14 and used 1n x
QUATIO
16 Thus forzs =44 v=0 Thenl, =159 =046v The measv
ured value of potential at this pont 15 047 v

‘Two other equations that are useful 1 convertmn:
g between ellipt,
rectangular coordinates are pucal and

%= Ccoshucosy

a7
y=Csmhusing

18
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Part II Turee DiMeNSIONAL STupres

In order to compare the two dimensional measurements with those made 1n
three dimensions the cross section of the deep tank had the shape of the
elipse of FIGURF 1 The tank shown n FICURF 13 consisted of a plastic
cliptical cylinder 181n 1n depth wath the major aws of the cross section 126
n (321 cm)and minoraus 1011 (257c¢m ) The length of the pertphery
was therefore 3091 (913 cm) Although models fashioned after a human
thorax? ™ ! are more accurate for the specific subject, it was thought that
1n view of the wide variations 1n body build between mdividuals the elliptral
tank would be sufficiently accurate for most purposes  Also 1t has been shown
that the detanled shape of the torso 1s relatively ummportant 3 1 found how
ever that it was necessary to retamn the elliptical cress section since a aircle
used to represent the thorax section gave less accurate results

The measuring equipment was similar to that used with the flat tank,? ex
cept that a new type of differential amplitier was designed to couple between
the search and reference electrodes and an oscilloscope  Two current elec
trodes were mounted in the tank n a position cotresponding to that of the
feart 1n the body that 15 nearer to the front and top of the tanh  These
electrodes were mounted on insulated arms that were suspended from a cali
brated disk  The disk was rotatable about both the hortzontal and vertical
axes so that any angle mn space could be obtained The measuring probe
consisted of platinum wire soldered to the end of a length of stainless stee

Ficus 13 Deep tank and measurmng equipment
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hypodermic needle tubing  This assembly was inserted into a glass tube and
the glass nas sealed off around the platihum wire leaving only the end ex
posed By means of a <hding rod mechamsm the search probe could be
motor driven around the periphery of the ellipse giving the boundary potential
distribution very quickly  The reference electrode was a piece of platinum
forl cemented to the bottom of the tank at the back

The 500 cycle search and reference voltages from the tank were connected
to mputs 1 and 2 of the differentral amplifier (Fr1GURE 14a)  The voltages were
amphified by the two pentodes and applied to the primary of a transformer
The outpat of the umt consisted of a voltage the magmtude of which wath
respect to ground was proportional to the difference 1n voltage between the
search and reference electrodes Thus voltage was applied to the Phase Sensy
tive Rectifier (FIGURE 14b)  After passing through an attenuator the signal
was amplified by the 6J7 and tectified by the 6H6 tube The resulting DC
voltage was passed through a two-section filter and apphed to the vertical
mput of a cathode ray osailloscope  In order to provade polanty information

bedd
! put 1 2
™ o seR % fol Pt 2
P 2K nk
) s 4 got t— 1 me
200
——] 0wt
390K 347K 1 te
Pha e s Mive Wox
Recettier 27k,
47K -
2K
T “Zreeo o
i
= a

Ficors 14 Measunng @ cuits used with the deep tank
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Part IT Turre DIMENSIONAL STUDIES

In order to compare the two-dimensional measurements with those made in
three dimensions, the cross scction of the deep tanh had the shape of the
cllipse of riGurr 1 The tank shown m FICURE 13 consisted of a plastic
elliptical cyinder 1810 1n depth with the major axis of the cross section 12 6
m (321 cm)and mmoravs 1010 (257 cm)  The length of the periphery
was therefore 3591n (913 cm)  Although models fashioned after a human
thora¢® * are more accurate for the speafic subject 1t was thought that
1n view of the wide vanations 1 body build betsween individuals the elliptral
tank would be sufficiently accurate for most purposes  Also 1t has been shown
that the detailed shape of the torso is relatively umimportant * 1 found how
ever that it was necessary to retam the elliptical cross section since a circle
used to represent the thorax sectton gave less accurate results

The measuting equipment was similar to that used with the flat tank ? ex
cept that a new type of differential amplifier was designed to couple between
the search and reference electrodes and an oscilloscope  I'mo current elec
trodes were mounted 1n the tank in a position corresponding to that of the
heart mn the body that 1s nearer to the front and top of the tank  These
electrodes were mounted on msulated arms that were suspended from a calt
brated disk The dish was rotatable about both the horizontal and vertical
axes so that any angle in space could be obtained The measuning probe
consisted of platinum wire soldered to the end of a length of stainless steel

oovm

Ficure 13 Deep tank and measuring equipment
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hypodermic needle tubing  This assembly was inserted into a glass tube and
the glass was sealed off around the platinum wire leaving only the end ex
posed By means of a shding rod mechamsm the search probe could be
motor driven around the penphery of the ellipse giving the boundary potential
distribution very quickly  The reference electrode was a piece of platinum
foll cemented to the bottom of the tank at the back

The 500-cycle search and reference voltages from the tank were connected
to1mnputs 1 and 2 of the differential amplifier (F1GURE 14a)  The voltages were
amphhed by the two pentodes and apphed to the primary of a transformer
The output of the umt consisted of a voltage the magmitude of which with
respect to ground was proportional to the difference n voltage between the
search and reference electrodes This voltage was applied to the Phase Senst
tive Rectifier (FIGURF 14b)  After passing through an attenuator the signal
was amplified by the 6]7 and rectified by the 6H6 tube The resulting DC
voltage was passed through a two-section filter and appled to the vertical
mput of a cathode ray osailloscope  In order to provide polarity nformation

s K,
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g2l s me
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Ph & 3¢ Whe 390 K
Rectitie 77K
47K
2k g7
T 4 . 4
= a

eHEGHg

Fiot®r 14 Measuring arcuts used with the deep tank
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1 constant 500-cycle reference voltage E was applied to the mput of the 6]7
tube m series with the tank voltage E The oscilloscope controls were ad
Justed so that when E equalled 0 the spot was centered vertically on the
screen  Depending on the position of the search probe m relation to the
reference clectrode 1n the deep tank £, was either in phase with £ thereby
adding to 1t or out of phase with E and subtracting from 1t In this way a

plus or ‘mmus voltage in the tank would result 1n an upward or downward
deflectron of the osulloscope spot — The switch 52and the 4 5 v battery shown
1n FIGURE 14b were used to obtam additional DC buas for the oscilloscope used
but should not be needed with most commercial oscilloscopes

For honzontal positioning of the oscilloscope spot fine copper wire was

wound on an elliptical form having the same eccentricity as the tank cross sec
tion A DC voltage was applied across this ellipse and as the search probe
traseled around the tank periphery a spring contact tapped off a portion of
this voltage and apphed 1t to the horizontal plates of the oscilloscope  Thus
as the search probe moved around the tank the oscilloscope spot traveled from
left to right across the screen and 1ts vertical position was proporttonal to the
potential produced by the dipole To obtan a record 1t was necessary to
keep the camera shutter open for only a single revolution of the probe

Tank Resulls

Using this system the potential around the tank wall was measured at 12
horizontal levels for each dipole angle in space This was done for all
possible spatial dipole angles at 30 1ntervals

The data obtamed from the tank can be used in two ways

(1) Since potentials at all ponts on the thorax model are available for a
given dipole orientation any system of vectorcardiography can be tested It
15 now generally agreed that the hmbs have the same potential as adjotnmng
points on the thorax so systems myolving hmb leads can be included In
addition pomts on the thorax not included n one of the 12 levels can be ob
tamned by mterpolation  In this way Einthoven s trniangle and a modification
thereof have been tested #

(2) By making simlar measurements of the distribution of potentral around
the thorax for human subjects at a fixed nstant of time during the cardiac
cycle the spatial dipole angle of the heart vector can be estimated by deter
minmng which of the model distributions fits most closely  FIGURE 15 shows
the distribution of potential around the thorax at 7 horizontal levels for a
normal male subject at the time correspondiny, to the peak of the R wave n
leadII  The levels were measured i centimeters above {+) or below (—) the
center of exatation which 1s taken as 5 cm below the mpple hne  The levels
shown were taken at Z = +20 4165 412 +82 18 ~32 and —92

FIGURE 16 shows the tank data for 2 dipole & angle of —60 and g angle of

~30 The a angle 1s defined as the angle between the spatial vector and the
horizantal plane  The 8 angle following Wilson s notation 1s that between
the projection of the vector on the horizontal plane and the 4% awus n the
frontal plane Ve use the term ap for the Einthoven angle, that 1s the angle
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between the projection of the vector on the frontal plane and the +-X atus 1
order to emphasize the fact that this angle 1s a projected’ one ® Wath this
system the spatial angle of the vector can be visuahized easily The vector 15
assumed to lie parallel to the frontal plane pomting to the left side of the body
and parallel to the horizontal plane that1s both « and 8 anglesof 0 It1s
then sunply rotated through the angle 8 and tipped up or down through the
angle e  Companng the distributions of FIGURE 16 with corresponding levels
In FIGURE 15 1t 1s evident that there 15 a general agreement between the
curves  ‘The curves of FIGURE 15 actually lie somewhere between the graphs
of FIGURE 15 and those 1n which both a and 8 anglesate —s0 Ve can there
fore conclude that the spatial angle corresponding to FIGURE 15 15 appron
mately an angle of —45 and a 8 angle of —30  Both a and 8 should be
correct towithin =10 The curves of FIGURE 15 show evidence of the presence
of local excitation processes or more than one effective dipole in the heart

FIGURE 16 15 a typical tank data sheet The drawings show the projections
of the vector on the horizontal frontal and sagittal planes  With the system
used the horizontal plane projection shows the true angle 8 but the angles 1n
the other two projecttons are not generally equal toa It has m fact been
shown® that

T -
Other relationships that hold in the system used are
tana = ::; (20
A = Acosacos§ (03]
Ay = Acosasm g 2
4 =Asna (23)
1,= h=+VATF+ Af= tcosa 249
4 =M =VIF T A= 4/T~ coFa s’ ()
Ay, =1 =42+ 4t = A+/1 —costacos g (26)

In these equations A 15 the magnitude of the vector in space and 4, 4
and 4 are the honzontal frontal and sagittal projections respectively It
evident that 1t 15 necessary to find both & and § for a complete determination
of the heart vector

FIGURE 17 shows the boundary potential and potential gradient curves for
another subject also taken at the peak of the R wave in lead IT Comparig
these curves with the tank charts it can be determined that the « angle ),
—15 and the 8 angle 150 Ficure 18 shows the tank data for o and B
angles of 0 An accurate mathematical treatment of the potental due tq 5
source and sink 1n a fimte elliptical cylnder 1s very difficult A solution cap
be approached by considering an infinite series of dipole 1mages obtained by
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Z~—cm

+20

+165

15 Potential dhstrtbution around the thorax of a tall thin subject at 7 honzontal
ey e carresponding o the peak of the R 3 ave 1 lead XL (E N 6/12/31)
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reflections in the top and bottom surfaces ¥ The mmage solution must then
be combined with the potentsal distribution on the wall of an mfinite elliptical
cylinder

The method of showing the patential distribution over the thorax described
aboveis 1nmy opimon preferable to plotting the equipotentials on the thorax
The former method 1s much easier and quicker and 1t provides as much infor
mation as the latter In addition the errors of measurement tend to be
averaged out by drawing a smooth curve through the pomnts  Furthermore
when one has the distribution of patential at several levels around the thorax
one has in hand « large part of the data necessary to obtain the honzontal
component of the resultant dipole moment of the heart 3 It 1s necessary only
to multiply the potentral at each point on the thorax by a factor proportional
to the chest contour at that paint and then to integrate the product around
the chest The cune obtained by plotting potential against distance along
the chest has been cailed the chest lead diagram 3 This type of display 15
deservedly becoming more popular ¥ ** since time 1s fived and  space or dis
tance 1s used as the vanable

By using a chest belt nith a number of small electrodes (1 em diameter}
close together (FIGURE 19) and high amplificatson and resolution m the record
g equipment 1t 1s often possible to obtain evidence of local excitation or
additional dipole components 1n the chest lead dragrams ** FIGURE 20 shows
the potential distributions around the chest of a normal male subject at the
mid ventricular level for three different mstants of ime during the QRS com
plex  The ime 05 R would correspond to the peak of the R wave m Jead 2
Local excitation processes are shown by lack of smoothness of these curves or
by the presence of dips and peahs in the curves The potential gradient
curves are particularly sensitive to local processes  The bottom curves show
a marked second dipole component

From the tank data and from theoretical considerations one can say that if

The electrodes are chlonded siver ! em indiameter  The
spacing at the front 1s 2> cm between centers

Fioure 19 Flectrode belt



Nelson Human Thorax Potentials 1045

s124+ 6 Pote 1ot Grace 1E
Tme 18R Pote tal V MEm
"

TIME 40R

RIGHT

—15-

HIST+3  Poentol G detE
W

°
Ficure 20 Potential d stnbution around the thorax at the mid ventricular level
different instants of tume (G B 10/7/51) ar level at 3



1046 Annals New York Academy of Sciences

there were only one dipole acting in the heart area, there could be only one

positive  maximum and one ‘ negative * maximum of potential on the thoras
wall and that the vanation of potential between any two pomts would be
continuous  The same conditions would hold for the vartion of potential
around the thorax at any honizontal level 1If such graphs are not smooth
curves or if there 1s more than one potential maxtmum of mimmum then one
must conclude that the leads are recording the effects of more than 1 dipole
W hether one observes one or more dipoles depends on the number size and
locatton of the electrodes the amount of amplification used the indvidual
bemg tested and the mstant of time during the cardiac cycle T have found

544
Potential V
myv

Right bundie-branch block
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FicLre 21 Potential distnbution around the thorax at the mud ventncular level of a
subject with right bundle branch block  The presence of 2 simultaneous potentral mauma
15 indicative of 2 effective dipoles in the heart (E P 2/18/55)

that 1n the majority of cases one major dipole component can be observed It
should be noted that the method of integrating the potential over the thoray
gives the resultant dipole regardless of whether or not local exaitation processes
are observed in the chest Jeads

F1cure 21 shows the chest lead diagram for a case of night bundle branch
block at a time corresponding to 40 msec after the peak of k m lead 2 The
presence of two positive and negatine mavuma indicates the presence of 2
effectrve dipoles  Presumably the exaitation has spread into the nht ven
tricle and 1s also active in the left ventricle

If datz on the potential distribution over the thorax dwsplayed 1n other
ways ¥ # are plotted by the method described in this piper similar results are
obtained that 1s there 1s usually one major dipole but evidence of dditronal

dipoles can occastonally be seen
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Stmmarsy

The distnbution of potential around the boundary of a three dimensional
electroly tic tank model of the human thorax at the level of the dipole center
15 5 rular to the potential distribution around a sumilax flat tank if the vertical
angle of the dipole 1s within the range of £30° Two-dimensional thorax
models can therefore provide wf about the b 1
of heart excitation

Using such a flat tank an artificial dipole was set up in the heart area and
potential distributions were measured for the following four cases (1) an
isulating boundary having a homogeneous mterior and shaped for the outhine of
the thorax cross section (2) msulating spine and stetnum areas snserted and
lung sections having a resistinaty four times that of the mam body of elec
trolyte (3) the same as (2) except that the heart area was made more con
ducting and (4) the same as (2) except that the lung sections were made
completely msulating

For each case the potential and potential gradient along the peniphery of the
model were plotted as a function of distance

The effect of the bighly conducting heart sectron was nniformly tascale down
potentials external to the heart The effect of increasing the relatve re
sistivity of the lung, sections depended on (1) the dipole angle and (2) the
particular field pont under consideration It 1s not possible to make a general
statement about the effect of increased lung resistance since for certain dipole
angles the potential was increased at some points n the field and decreased at
others

Tor any dipole angle the differences between potentials on the outer bound
ary for cases 1 and 2 were not large  The conductwity of the heart section
had a greater effect on the boundary potentials than did the conductivites of
the lungs sternum and spine sections A much larger effect was found if the
lung sections were made pletel 1! The effect of ik
areas on the potentials was greater in the ntertor of the sectton than on the
boundary

For dipole angles of 0° to 60 the main peak of the potential gradient curve
was opposite the center of the dipole  For a dipole angle of 90° the potental
gradient curve on the boundary was diphastc and the paint of zero potential

gradient was opposite the dipule center

Imate systems were developed for sources and sinks m two media of finyte
resistivities separated by straight line and arrcular boundares  For the latter
four systems were required depending on whether the source and sink were

mside or outside the circle and whether potentials were required nside or
outside the arcle If we tepresent the heart area by a circle the theory
showed that the effect of increased heart conductiv ity should cause the external
potentrals to be seduced umformly but that the endocardial potentials would
be changed in a complicated way The image theory showed that mncreased
fung resistivity would also have a ) d effect on field
ﬂ;l;ssl ‘;}lell}:i t;g{igw&lles showed that if both dipoles had the ssme center, the
on was equivalent to that produced by the result:

ant
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dipole  If one dipole was located 1n the left ventricular area and the other in
the nght ventricular area, the effect of each dipole could usually be observed
on lhe anterior wall of the thorax section These results indicate that vector
should be suppl 1 with chest Jeads in order to obtan as

comple!e nformation about the heart exaitation as possible

The external field of tno half shells mn the heart area in the thorax section
was very similar to that of the resultant dipole

Since the thorax section was almost elliptical in shape mathematical ex
presstons were developed for the potential due to a source and sink nstde an
ellipse A much simpler equation resulted for potentials on the outer bound
ary of the elipse

The distubution of potential around the outer wall of the three dimensional
thorax model was obtained at about twelve horizontal levels for all possible
spatial angles of the dipole at 30° mtervals By companng sunilar human
thorax potential distributions with the tank charts a rapid estimate could be
made of the heart vector onentation

Since such dstributions give the potentral at all points on the thorax they
male 1t possible together with the hmb Jeads to test any system of vector
cardiography  Equations are gien for the projections of a spatial dipole i
terms of 1ts absolute magnitude and of its horizontal and vertical angles

Using a crcumferential chest belt with small closely spaced electrodes
evidence of local excitation m the chest lead dtagram can often be seen Itis
ponted out that the amount of local excitation effect recorded depends on the
size number and spacing of electrodes on the recorder amplification on the
1ndividual studied and on the mstant of ttme during the cardsac cycle
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DISCUSSION PART IV

L N Katz Charrman

D A Brovx (Dwsen of Mediwine Unnersiy of Tenmnessee Memplus
Tenn) The aruicles by Johnston and Frank are prune examples of the type of
pirogress that has been made in the heart lead refationship smee L N Ratz
first rassed has voice agamst the authontanamsm of the equilateral triangle
S0me Ltwenty years 350

n regard o Johnston s article Thelieve that the lead field provides the most
comprehensive siagle concept of the heart lead relationship that has ever been
advanced  In support of this seemingly extravagant apprawmal I present the
following ball of particulars

{1y All of the essentials and most of the particulars of fead vector theory
are imbedded m the lead field theory

{2} "The lead field supplants and generalwzes the sohd angle concept  In this
zespect the lead field has as 1ts mathematical basis the divergence theorem of
sector calcutus whereas the sohd angle concept 1s based on the Gauss theorem
Therefore the solid angle concept 1sa specsal case of the lead field just as the
€auss theorem s a special case of the dnergence theorem

(3} ltmay be shown by means of the lead field theory that the total electrical
moment produced by myriads of sources and sinks »ithin 2 homogeneous 1ot
ume conductor 1s equvalent to a surface wntegral mvolving the potentials and
the umt normals of the surface  Thus approach provides an alternative denna
ton of the relation which Gabor and “elson’ deduced two years ago by means
of Green s theorem and 1t 18 a confirmation of this phase of thesr work

(4) So-called umipoler and augmented wmpolar leads are shown by means
of lead fields to be of essentially the same gente as bipolar leads and thus may
be relegated to thewr proper role m the scheme of things  In my view any
special ment of these leads 1s clearly fortuitous and not due 1o thewr alleged or
possible unmpolanity

{3) The inhomogenaity problem 1s also imbedded 1n the Jead field theory
Unfortunately however there seems to be many practical difficulties i working
out satisfactary solutsons

Our own snterest an lead fields has been for the purpose of confirmung and
edending the obsenations of McT'ee and Johnston

The 1sollow function of the lead fields such as demonstrated by Johnston and
as shown in FIGURE 1 for lead 2 1 our own model 1 generally difficult to map
precisely wn the tso dimensional case and probably impossible 1n the three
dimenstonal sitvation  Therefore we prefer the stmplet method of mappn,

the isopotentsal distribution which 15 the conjugate function of the mﬂof
function (FrevRE 2) \More unportant than the relatny
honever 1w the highly sigmificant relationship evidene
direction of the lead vector (shown here 1n the cent

1s normal to the sopotential cune and the mgmluf!; ?sf \‘nh\ee:;l;m?ohr nass)
to the spaung between the 1sopotential mtervals A clear a;p‘iec{ﬁ:}:n :}
lead vector sarabihty over the enuire cardiac Tegon may be gamed by the

¢ techrucal snpheity
ed by the fact that the

1051
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simple visual inspection of an 1sopotential plot such as shown in this figure
This property 1s not wholly shared by the 1soflow plot of the same lead field

Ve have also been mterested as have McFee and Johnston in  tatloring
lead connections tn order to approumate the 1deal condition of uniform lead
fields In this phase of the work FIGURE 3 shows the best result we achieyed
for leads designed to record accurate vectorcardiograms from our model Al
though this was the result of cut and try methods we felt that 1t was a reason
able approvuimation to the :deal configuration of uniform rectilinear squares

More recently we have become interested in the possibility of apply g ideal
lead connections to irregularly shaped volume conductors on the basis of pre
determined principles rather than by trial and error methods Ve beheve
that our approach 1s correct as evidenced by the strikingly uniform lead field
m the pecuharly shaped model shown in FIGURE 4

FIGURE 5 shows half of a crrcular model to which equally wesghted electrodes
were applied at equal mtervals on the periphery  Although this method of
electrode appltcation has been considered elsewhere * 1t appears to be incorrect
as evidenced by the curvature of the associated lead field  The situation can
be corrected however by weighting the electrodes in a manner determined by
theoretical considerations (FIGURE 6)  FIGURE 7 shows that in the two-dimen

|

)
Fieore 1
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sional case a surprisingly smal) number of electrodes x¢ requred fo obtarm 2 lead
field of good quality and that the size of the eectrodes 15 not especally tm
portant  Transtating this e uit to the three domensional situation we feel
that an array of sieteen to tuonty electrodes each apphed to both the front and
back of the thorax would provide an approumately sdeal Zead connection for
secording the sagittal component of effective heart vectors

Trank s studies have produced some powerful evidence m support of the
equn alent-dipole concept  The vabidity of this concept appeass to depend
upen whethes body surface electrocardiographue yotentsals satssfy the Laphce
equation in a homogeneous sedium with a fived Jocation swgulanity even
though the Pouson equation an an whomogeneous medium s the correct
theoretical bams  Frank s data wmidicate that the Laplace treatment resuits 1n
a good first approumation for cinrcal purpeses

The cancellation technique which s R keystone of the equivaleat cardiac
dipole hypothesis has some mteresting chmcal inpheations  On the basis of
cancellabslity st would seem that proumity leads do not possess any special
«limical value or sigmificance However 2 study which 1s presently being con
ducted m our faboratory méicates that prowmity deads ace of »pecsal importance
1n at east cue Yy pe of heart disease  As a matter of fact we have heen able to
show thearetieally and o 2 few pilot expessments that cancellabity depends

Frovee 2
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Froure 4 From Damel A Brody 1Umerican Heart Journal 1957 Vol 53 p 174

upon a number of factors other than the valdity of the equivalent cardiac
dipole hypothesis Therefore weare not malling to accept the thesss that semu
drect leads are of the same genre as extremity leads and we are suspicious of

the vahdity of vectorcardiographic registration systems that mply that these
two types of leads are similar

T'rank s demonstration of the equivalent cardiac dipole appears to contradict
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Fiotse 7 Irom Damel A Drody {merscan Heart Journal 195 Vol 53 p 144

our belef that there 1s no such enfity as a mean lead vector except in the
presently hypothetical case of 1deal lead connections  Unfortunately, tme
does not permit an analysts of the factors that show that ths confhict 1s more
apparent than real

Finally, there 1s the intrigiing question Does the equivalent cardiac dipole
closely represent the frue electrical moment of the heart? 1 suspect that it does
nat but wn our present state of hnowledge I do not beheve that we really know
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Our paper 1 this section of the monograph represents a mathematical formu
lation for a singulanty and a body shape of considerable generality  With this
sertes formulation the potential at any pomt mside or on the surface of any
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Education and Welfsre Bethesda Md
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prolate spheroidal body due to a dipole of any strength end any direction lo-
cated at an arhitrary pownt in the body can be computed mmmediately  The
extenston of this analysis to any oblate spheraidal body 1s straightfornard

For the hmsting ease of a sphermd of zero eccentritity ¢ 2 better formulation
the Interior Sphere Theoremm has been published® as an extension of Weiss §
(estersor) Sphere Theorem ¢ This formulation 1s 1 closed form which apphes
to any type of singulanty (not hmted to a dipole)  When the singulanities he
near the sphere series form solutions comverge slowly and are unsuited for
numerical computation A closed form solution therefore provides a power
ful top! m spite of the stmphaty of the body shape  This important aspect
was fully realized by Wailson ® but wt seems to have escaped general attention

Based on the Interior Sphere Theorem closed expressions for the potentials
due to a source sinh pair a dipole and a arcular vortex ring have been calcn
fated® A human beart 1 represerasble by 2 combination of sources sinks
dipoles vertsces and/or hugher dernvatives (hugher order singulanities) thereof
Potentuals due to singulanty combinations of various strengths and locations
wside the sphencal body can be ohtaned from these espresswns  Smdarly
the expressions for a general dapole that we have presented i our paper and
Wit 5 expressions” for a source stk parr wift provide potentials due to vanous

1t k inmide any spherardal shay

When the conductivity of the mir or other media surroundwg 1he body s
considered a more general boundary condition must be used A general sphere
theorem for hydrodynamics heat magnetism and electrostatics bas been
worked out ¥ * This can be used to improve the analyses that are carned out
without considenng the surrounding media

An important probilem as to whether the potential measssements on a body

surface can nruguely predice the inssde singulanties has been partly answered
by a proof of uniqueness recently completed by heed Research Tne ® Accord
g to this proof af the singulanity 1s located at a grven pomnt inside a sphere
ene surface potential distnbution corresponds to one and only one type of
or lanty ton 2t that point  Under miestigation now
15 the problem of the number of surface that can
umquely if possible the Jocatwm stength and direction of 2 singulanty msule
the body

Three approaches are under consuderation for body shapes that are more
general than spheroids  One of these involses the use of integral equations ©
Another makes wse of Muller 3 solutions snd our approach ¥ ¥ yemg
source sk methods to solve the aval flow (exactly) and the cross flon {ap-
prosunately) past a body The third approach uses near sphere and near
spheroud theorems ™ ™ Angther study 1s the Registration Function suggested
by Stalimann *

In order to approach more reabistically the mternal structure of the human
torsa we have developed a double sphere thegtem ! 2 ‘T o-dunensional
problems are solved rmmeduately by using the internal circle theorem * # and
awal symmetne cases spphicable to certan anmals have been treated 5 ¢

The present outlook for exact mathematical solytions
probiem 1 reference 1o the physics of the human heart

of the fimte conductor
and torso s good 1t
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1 our opinion ! (hnl 1 the near future worhable solutions will be available and
will consid ly further our und ding of the problems of d
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E Sntonsov (Laboratory of Physwlogical Hygiene Unirersity of Minnesola
Munneapolis Minn) 1am very pleased to see that Ernest Frank has i his
more detailed analysts confirmed our conclusions' ® that n normal subjects
approumately 90 per cent of the surface potentials can be canceled and that
consequently they can be accounted for on the basts of the dipole hypothests
W e also obtamed good cancellations in patients with various ty pes of pathology
(myocardial infarct, nght and left ventnicular strain and night and left ventricu
lar preponderance) but on the average the cancellations were somew hat poorer
n patients than mn normal subjects Ve also obtamed numerous excellent
cancellations of the T nave usually in locations close to but not 1dentical with
those for QRS cancellation  The results of T wave cancellations were not
quantitatnely evaluated but in many subjects the T wave cancellation was
even better than the QRS cancellation

Recent etpeniments by Otto Schmutt and myself throw some hght on this
situation  While 1t 15 probable that one could find a single dipole representa
tion for the whole heart activity that would be reasonably accurate for any
instant during the heart cycle ats positton would necessanily change constantly
and would change differently according tothelead systemutiized  Ithasbeen
our objective to develop leads that would make 1t no longer necessary that the
heart be represented by a localized dipole, but by which any distribution of
dipole sources in the heart region would autorsatscally be represented correctly
The dsstortion factor in many leads particularly in the precordal Jeads 1s
tremendous  We have not changed our opimon that the results of the cancella
tion experiments are incompatible with the concept of unspolar electrocard:
ography based on the concept of local patterns  This 15 a crude oversimplifi
cation although the representation of vanous parts of the heart differs 1n
different leads all parts of the heart and not only those closest to the electrode
are involved in the resulting pattern in any lead Jocation
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C F Rav(Unnersity of Pennsyhania College of Medicine Philadelphie Pa)
In s articde \elson has described a technique that he feels will define whether
one 1s dealing wyth single or multiple dipoles  He considers departure from the
smoothness of the potential curve as evidence of the presence of more than one
effective dipole I should like to study this material more thoroughly The
conclusions drawn from Frank s work on humans are contrary to those of
Nelson with ifferent techniques indicating that in the great majonty of human
subjects one 15 deahng with a single equivalent dipole  This 15 an extremely
important difference and 1t 15 my feelng that 1t may be found that the observa
tions of Nelson Floyd and Hecht on the human can be alternatively explamed
on the basis of vanation m dipole moment or by dehimtion of the problem
three dimensions whereby a strarght lme may cross and recross an 1sopotential
Iine several tunes



1060 Annals New York Academy of Sciences

It 1s certamnly interesting to me to look at Nelson s illustrations and see the
refatively small effect on current distributton of a four to one resistivaty differ
ence in the lung It always has seemed reasonable that the lung should have
a higher resistivaty than the body tissues but because of the high blood content
of the lung the difference 1s not great I thwnh that Schwan perhaps would
admita 10 to 20-per cent difference between the lung and other visceral tissue
but this difference 1s too small to be statistically significant from our data

A word about capacity as stated by Schwan the capacity of tissues 1s suffi
ciently small to make phase shift an inconsequential problem i electrocard:
ography It might be of sufficient magmtude however appreciably to nflu
ence the high frequency components sn the range of perhaps 300 ¢ps and
upnard  Such frequencies ewst 1n the heart signal

The problem of inhomogeneity of kving body tissues 1s 2 venerable one  Our
conclusion 1s very simtlar to that reached a decade ago by kauiman and
Johnston—that except for blood fat and bone the specific reststunities of body
tissues are remarkably sumilar

I should hike to define certain hmitations i the significance of mnhomogeneity
First, what could be the influence of mhomogeneity upon the equnalent di
polar assumption? If inhomogeneity in the tissues surrounding the heart were
very gross ndeed the drpolar assumption might become such an approumation
that electrocardiography as a field analysis problem would have hittle meamng
Most of the evidence mndicates that the signals recorded at the body surface
are of a hnd expected to be dernved from a single fixed equnvalent dipole
Indeed this may be so because of the major inhomogeneity withm the heart
concentrating the field 1n the mntracardiac blood

Second what may be the significance of inhomogenesty as 1t relates to our
ability to measure the orthogonal components of the heart vector? Agam 1f
there were gross inhomogenenty the problem would become quite complicated
I was surprised to learn from \elson s figures that the problem was not more
complicated than it 15 The methods now employed for the measurement
of the orthogonal components of the heart vector are relatively independent of
the nhomogeneity of the tissues that surround the heart  This has been made
clear two or three times m this monogriph It 15 not imphed that mhomo
geneity outside the heart has no nfluence upon the electrical field but if 1t 15
our objective to measure the orthogonal components of the equivalent heart
vector then inhomogenerties of tissues outside the heart apparently are of
relatively small sigmificance

Finally what may be the sigmficance of inhomogeneity 1n the relation of the

qunalent dipolar comp as 1 at the body surface to the actual
generators of the heart? Even if we were dealing with a perfect equivalent
dipole and its components could be recorded with complete accuracy electro-
cardiography would retan a large element of empiricsm A very large number
of heart generator combinations could result in the same 1dentical heart vector
This 15 a dificulty already panfully evident m chnical electrocardiography
Perfect measurement might well narrow the range of normal patterns or de
Itneate spectfic pathological entities with better defimition but empicism would
The relation of the equivalent dipole and the generating sources 1n

remain
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the heart are ly influenced dously by inh tes within

the heart and by therr geumemc relations to each other and to the generating

ources Inhomogeneities outside the heart will n this problem be relatively

Jess significant  Much further exploration of the relation of the actual heart
to the equivalent dipolar rep 101 1s urgently needed

doul

kS Core (Natioral Institutes of Health Bethesda Md) Those who have
had much to do with impedance will probably agree that a httle of 3t 15 a
dangerous thing T have bad a lot to say about impedance and that too 13
dangerous but I think that the more mformation we are able to obtan sn the
various phases—and of course one of the obvrous important ones 15 the re
covery phate—the better off weare  On the other hand, 1t has been seen that
any information 1s worth Just about what 1t costs to obtain  Although an
1mpedance can give the motion of all the 1ons crossing a membrane this sum
alone 1s not an analysis of the components It 15 unfortunate for this analysis
that a heart fiber 1s not more like a squud axon where the framework 1s more
certain but the squd has shown that the information can be procured

When the first measurements were made of the 12 stiu impedance characterts
tics of the tissues near the heart 1 confidently predicted that nothing new
would be found below a thousand cycles Then the squid axon came along
and showed fantastic things happentng below that lumtt and the basis of my
prediction was completely destroyed But nobody caught up with me until
I talked Schwan into measuring muscle more carefully and he found not only
that Thad indeed been wrong but also that the difference was not smportant
to cardiology

The 2ssumption of 2 uniform resistance 1s very helpful in applying the field
equations to tissue problems but the amisotropy of skeletal muscle may requrre
more attention than has been paid tot in thepast  The measurements usually
quoted are those i which the current flow has been perpendtcular to the axis
of the fibers  The 10ns become very crowded going between the fibers and 1t
1s almost 1mpossible to get any current flow through the mterior at low fre
quency If on the other hand current parallel to the fibers easily enters into
the mterspaces the 1ons antisocial and crowded nto the space of a few mully
meters will enter the myoplasm and give an mcreased conductivity simply
because the cross section of the area into which they can penetrate 1s greatly
enlarged

H C Burcer (Dcpartment of Medical Pl:ync: Plysical Laboratory of the
Unuersity of Utrecht Ulrechi The  etherl ) Schwans arevel
accurate and I am sure that what he has found 1s correct  On the other hand,
we measured the resistivity of the muscles of our own bodies years ago and we
found quite different values VW hat can be the cause? Ve did this with zero
frequency on direct current and avouded the influence of polanization at the
electrodes It was the classic method We made a current flow through a
conductor by applymny, two current electrodes at two points thus enabling us
to measure the voltage between two other electrodes  \When the instrument
with which we measured the voltage had a sufficrently high resistance the
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polanization in these electrodes had no wfluence at all  In this way we ha
measured the resistivity of this conductor by measuring the current and voltag
on a section of this conductor In doing so however we found a specifi
resistivity that was much lower than that found by Schwan

This disagreement could be solved 1n two ways  We would repeat Schwan |
measutements or Schwan could repeat our measurements I shall not say th
first 15 impossible, but it would take much time  Wath the proper eqmpment
however the second course would be very sumple and I am convinced tha
Schwan can make these measurements 1n 2 few days or in perhaps an ever
shorter period  Therefore I should hke to ask him if he would make thes
measurements on the muscles of his own arms or leps and see what he finds
and then we shall talk further

As to Nelson s my first tmp. 1s that measurements or
two-dimenstonal objects can be very useful 1 grving us a quthtatnedea  On
the other hand the time for qualtative measurements has passed e need
quantitative results We know nown that work such as that presented by
Nelson 1s possible and I hope that in the future this idea will be appled to
three dimensional models

L N RKarz (The Cardiovascular Depariment Medical Research Instiule
Machael Reese Hospigl Chicago Il ) 1 should like to take this opportumty to
say that I think history will show that we have in H C Burger another
Hollander who will leave a tremendous imprint on science and that the Burger
triangle may ultimately and to everyone s satisfaction replace what was useful
to the last generatton the Einthoven trangle

Also 1 should Iike Schwan to ber that once my coll and T put
rubber sheeting between the heart and vanous parts of the dog s chest and that
only when the rubber sheeting was between the muscles of the backbone and
the heart was there a sharp reduction m ampltude  With the chest closed and
the rubber sheeting between the lungs and the heart no significant dfference
couald be ohserved  Iputit to you as has Burger that extrapolation of meas
urements to electrocardiographic frequency mav be deceptive

PrerrE Rugrant (Unnersity of Brussels Brussels Belginm) Some work has
been gomng on 1 my laboratory en the distnibution of potentials m two or
three-dumensional finite media surrounding the isolated heart  We have con
firmed the quite classical notion that the distrtbution is very much modified by
the lrmuts of the conducting medium when 1ts rads 1s not more than threefold
that of the centered heart When the radus 1s about five times that of the
heart the distribution of potentials 1s quite independent of the hmitation of
the extent of the conducting medium

This monograph h1s covered many diffcrent aspects of that same problem
It has been shown that even 1o a fimte conductor the mfluence of the bound
ares can be reduced by adequate methods such as the use of loaded leads
e thought 1t would be worthwhile to 21m m anotker directton startin,, from
some observations made by Wilson who admitted that the increase of the
olume of the conducting medium surrounding the heart should have a favor
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able action  We tried to dupl a three d 1 cond
medium by closing a network of resistances m such a way that it became equiv
alent to an infimite-conducting three-dimensional medium

‘The potenttals were led off from the thoracic surface through a large number
of regularly spaced electrodes and were fed to the resistive networh  Potential
measurements 1n different locations inside the network at a distance from the
multsple mput yrelded values that allowed a vectorgram to be constructed
These values were stmilar to those obtammed in an mfimte conducting medum
at a distance at least five times the radms of the heart The shape and size
of vectorgrams constructed for different otientations 1 the same plane are
nearly 1dentical this fact emphasizes the regulating action of the resistive net
work

O H Scmurr (Unitersily of Vunnesola Minneapolis Mmn) Cancella
tron theory was developed to permut experimental justificatton of the lumped
dipole source approvimation that 1s so essential to most present-day electro
cardiographic theory It js generally conceded that the heart 1s never exactly
equivalent to a dipolar source but authorsties differ considerably 1n the em
phas:s they give to the deviations  Those anxious to consider the heart as a
concentrated source at an anatomically locatable position emphasize the small
ness of the portton of the total source moment {approvimately 10 per cent)
that cannot be reconciled with this hypothesis  Those anvious ta stress the
predominance of adjacent heart tissue in contnbuting to potenttal developed
at a surface lead h the 1d in attenuation (typically
2 1 or 3 1) between similarly disposed pearest and most distant heart regions

It seems appropniate m this discussion to pomt out three factors that are not
immediately evident from murror pattern or cancellation types of thinking
In the first place 1t 1s often erroneously supposed that the Wilson central term
nal (or other refe developed by combination and weghting of surface
potentials) 1s electrically 1 with some ot ferak
near the center of the heatt  Thisis not even approuimately true for the actual
case of a fimite heart and 1t mught be profitable for some who still beleve 1 ths
notion to look for the null anatomic pomnt experimentally with catheter or
plunge electrodes so that they might see how poor this equvalence actually 1s

Second the I e that have d exact local, of
an equivalent dipole source have led some investigators to assume that the
source positions thus found are intrinsically locahized m as precise 2 manner
The dipole loct are ndeed preasely specifiable as demonstrated by Frank s
excellent work but the precision of location and indeed the place at which
Jocalization occurs depend primarily not alone on the anatomy but on the leads
utilized an1 the exact pathways of excitation of the heart for the beats analyzed
Thus appreciably different dipole source loci will be found for alternate heats
utthzing different prthways and even the same beats give different centers for
the QRS and the T waves

Tmally we realize as carefully chosen leads are developed that de emphast e
shewing and proumity effects that the source dipole becomes very poorly
locahzable Tar from bemng desirable 2 lead system that allows evact localiza
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tion of a dipole center 1s a bad Jead system from the point of view of umform
orthogonal representation of all regions within the heart  If a really 1deal lead
system were derived 1t would represent every region within the possible heart
volume exactly equally and in exactly equivalent direction and would, by
proper cancellation techmques, yseld a dipole center completely ambiguous in
1ts location

A M Scuer (Umverstty of W ashington Seattle Wash ) In what we refer to
as dipole expertments we place 2 number of 4 mm bipoles in ine into the heart
of a lving animal and measure the body surface potential distribution resulting
from each FIGURE 1 shows the potential distribution on the body surface
resulting from 2 single bipole lying 1n the left ventricular wall  The detatled
study which will include bipoles placed in three planes and moving 1n those
planes 1s just getting under wav  I'rom the results so far two things can be
stated

Frest 1f the value of the mavtmum potential at the body surface from a num
ber of bipoles m line (the maxima will fall at the same pont) s plotted as a
function of distance betsseen the bipole and the body surface point the fall off
15 not what would be expected from a bipole in a homogeneous medium

Second as can be seen m the figure the value of the potential on the body
surface from a given mtracardiac bipole can fall off very rapidly as a function
of distance from the point of highest voltaze  In other words looking at the
figure we might consider the mavimum negative value of 120 umits to be pro-
duced by an mfarct localized at the bipole center in the left wall  If we should
move our recording termmnal 2 tnches nearer the sternum  the potential would
be only 21 units and therefore we should have much less chance of piching up

the mfarct
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Although 1t 15 too early to make a definite statement based on our results 1t
15 our feeling that de-pste 1ts simphaity and obvious usefulness as an approu
mation the substitution of a single equivalent dipole for the complex system
of boundaries within the heart during ventnicular depolarzation 1s an over
simphfication that will be most hkely to give false ansners about mfarction

R A Hex (Department of Internal Medicine Unizerssty of Cincinnats Col
lege of Medicine Cincinnats Ohio) 1 wish to congratulate Nelson for his luad
demonstration of the effect of boundary contour on the distnbution of dipole
potentials and I should ke to describe certamn caleulations I have made re
lating to this problem

Four dipole locations corresponding to the 00- 08- 80- and 66-dipole loca
tions of Frank s model were chosen for consideration (Fictre 1) It can be
noted that there are 16 boundary points A through P distributed about the
penphery of Frank s torso model at the same transverse level as the plane on
which the dipoles are located  The object of thrs study was to determme the
effect of varying the contour of the boundary while the locations of the 4 dipoles
and of the 16 pomts were held constant  In order to accomplish this objective

05 € 0m
Ton
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the potentials developed at each of the 16 points A through P were determined
for each of the 4 dipoles actin,, separately, when the following boundary cond:
tions were assumed

(1) A single nfimtely large plane easting consecutively at each one of the
16 pownts A through P, at the ime the potential at each point was calculated
As noted in FIGURT 1 which illustrates the plane in 0 of 1ts 16 different positions
such a plane 1s always perpendtcular to the radtus from the center of the section
to the pomt n question

(2) A single sphere that hke the plane existsconcecutively at each one of the
16 points at the time the potential at each point was calculated (3 such spheres
are shown 11 FIGURE 1)

(3) The boundary contour of Frank s torso model which as illustrated in
FIGURE 1, enists simultaneously at each of the 16 points

Ficure 2
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The calculations for the planar and spherically bounded media were made by
means of the Wilson Bayley equations The data published by Irank were
utibized for the torso boundary In all cases the medium was assumed to be
homogencous with a resistivity of 1000 ohm/cm

FIGURE 2 illustrates the 1mage loops formed by joining the locations of the
16 ponts 1n 1mage space when a dipole of unit strength exists at the 00 location
’lhe smallest loop 1s that calculated for the planar baunded mediim  The loop

d size 15 that calculated for the sph lly bounded medm
The largest Joop 1s that drawn from data that Frank determined experimentally
1n his torso model  These same relative positions and sizes of the loops ewist
for media with these 3 boundary conditions in the subsequent figures All
scales are n my /ma cm

Fomtedns  u

7 mICh pubtisned
Fictze 3
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In FIGURE 3 the 1mage loops are depicted for the 08 dipole  Ficure 4 illus
ates these loops for the 80 dipole and FIGURE 5 for the 66 dipole  This series
f figures brings out two pomts that (1) the image loops vary both in size and
ntour with different dipole locations, and that (2) for any given dipole loca
on the wnage loops vary in size depending upon the conhpuration of the
miting boundary the contours of the loops however are similar regardless of
he boundary

These qualitative observations have been studied quantitatively from a
atistical standpoint  For each dtpole location correlation coefficients be
veen the x components of the 16 points A through P were determined for
e following paurs of the 3 boundary configurations plane and sphere plane
nd torso and sphere and torse  In the same manner correlation coefficients
ere determined for the z components  Inall mnstances the correlation coeffi
ents were extremely high often 099 and never less than 096  Such results
1ggest that for a given dipole location the potentials calculated for a planar
- spherically bounded medum could be utilized in a regression equation to
redict rather accurately the potentials developed at analogous points on a
yrso model  Analyses of covariance however indicated that the slopes of
ich regression hines are influenced strongly by dipole location  Thus finding
gatn empk the fact that v 1 dipole location are of the greatest
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1importance in the distnibution of current 1n a volume conductor

and
take precedence over vanations in the configuration of the bounda‘;;“f‘h:y
conductor of the

H H Hecur (Unuersity of Utah Salt Lake Cily Ulah) TIn the dis

on homogeneity or mmhomogeneity Nelsons remarks concerning lh:‘mm"
problem perhaps have not been given sufficient attention Although “";‘agc
Burger and Frank have more recently used the image concept Perhaps u‘\:m
will go back to this problem of solving the annoyances of fimte boundaries thﬂ’s
with exceptions has been convensently neglected i electruuardnogmph} at
The 1mage analysis for the solution of boundary problems goes back to I

Relvin  One of the most succinct discussions of the entire problem 5 3“
by Thompson who has written the hiography of Relvin? fuwen

Reference

1 TuowesoN I Smvants 1910 The Life of Willam Thomson 1 151

M
Tondon Irgland  (Reprinted ¢n Circulation Research 1955 8 233 -cotflan

H P Scuw i (Unnersity of Pennsyltama 1 hdadelpina Pa) 1 shoulq ke
to comment regarding hatz and Burger s remarks Concerning Ratz Idg not

H

Fs
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think that electrical impedances determined wath direct current apply to elec
trocardiography any better than do impedances measured with low frequency
alternating currents since the electrocardiograph frequency content extends
from 1 cycle up to about 100 cycles with very strong components up to 20
cycles I do not think however that DC and AC resistance values of tissue
that we have measured down to § cycles duffer greatly Consequently while
reading Burger s paper I wondered what could account for the discrepancy be
tween his results obtamned with direct current, and our results

Tust let me state some arguments n favor of our data  The data we have
given fit very well wath any sound attempt to understand them theoretically
Such an attempt may be based best on formulas grven by Cole and H Frche
which are an extension of formulas originally given by Maxwell  These formu
las can be applied to blood as well as tissue if the proper form factors are
incorporated  In the case of the lung one must be careful not only to consider
the air content of the lung but also the substanttal blood content 1 lung  If
ths 15 done the data we have obtamed will make very good sense

Burger s blood and tissue data are quite different not only from ourdata but
also from other published data  Blood has been mvestigated thoroughly by
many people Its electrical properties are very well understood  Blood data
that we measured are in line with results by others while Burger’s values are
too high  On the other hand Burger s tissue resistance data 1n our opinion
are too low  Hence Burger gets a smaller difference between tissue and blood
resistivity Ve get a ratio of about 10 to 1 while he gets a ratio of less than
2tol

Now let me comment about 4 electrode techniques such as used for example
by Burger We also have expenimented with 4 electrode systems  Suppose
we fill up a cyhinder with a saline solution of a known conductivity and then
apply 2 current electrodes at the cylnder s end caps and nsert 2 pickup elec
trodes From a measurement of the potential across the pickup electrades and
the current passing the cylmder 1n principle we should obtain the impedance
of the solution hmuted by the equipotential areas touching the prckup elec
trodes It 1s often thought that the use of this d-electrode techmque auto
matically eliminates any error due to electrode polarization since the pickup
electrodes do not dran current A fraction of the current enters 1n the elec
trodes however and leaves 1t agamn even though the amphfier connected to
the pickup electrodes has been provided with extremely high impedance
(ricurr 1) The moment this happens 2 polanization potentials are set up
It 15 impossible to make the electrodes so perfect that these 2 polarization con
tributions cancel each other Consequently the electrode 1s hfted up by a
differential polarization potential not only with DC but also mith AC Ve
have cheched ths effect by simply withdrawing our electrodes back deep in the
wall of our cylinder thereby placing a large quantity of fluid in front of the
electrodes and therefore making 1t difficult for the current to reach the elec
trode Indeed the more we draw the electrodes back the more perfect are the
data  In conclusion 1t 15 2 musconception that 4 electrode systems aute
matically elumnate errors due to electrode polanization Ve wonder if this
mught explan some of Burger s results
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Timally I should hike to discuss some of the measurements that Burger car
T1ed out as a function of electrode distance  Burger has made a study of the
placement of electrodes and has shown that depending upon the placement
cdifferent values are ohtamed for the specific resistance  He'starts for example
10 one series with values near 600 chm cm and approaches finally 250 ohm
em depending upon how he has placed the electrodes  Actually Burgers
600 ohm cm values compare well with our results while he favors the 250-ohm
figure  Could 1t not be that surface conductance in the shin and the presence
of subcutaneous fatty tissue which 1s of very high resisivity cause thus effect
m part? Muscle tissue a good conductor 1s covered by subcutaneous fat a
poor conductor and the electrodes are attached to the shin Therefore the
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CURRENT // e -
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FIGURE 1

electrodes will not enforce a simple current distnbution through all those con
ductors and one would anticipate that the result depended on electrode place
ment  Under such complicated circumstance 1t seems difficult to derive,
without further detailed analysis sigmificant figures for the specific resnstancé
irom 4 terminal measurements on body segments as performed by Burger

C \ Netson (Unuersily of Utah Salt Lake Caty Utah) 1do not think that
the lack of smoothness of the potential-distribution curves could be caused b
varations n the dipole moment of 2 single dipole  These curves are all foy
given fived mstants of time  Also a vanation of dipole moment wonld causr
only 2 umform change 1n the strength of an entire field pattern  Withas ole
dipole one would get only one positive and one negative  potential N
mum on the thorss wall or even around a grven horizontal level of the thman

Measurements of the effects of inhomogeneous areas should certan] oer
tended to three dimensions ertanly be ex
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I was very interested to hear of Rylant s work with an analog of 2 three
imensional infimite medtum I have never come across anything like that
before and I hope wve shall hear more about 1t

In conclusion I think 1t 1s dangerous to make general statements in the field
of electrocardiology ~ Perhaps the fact that one group of workers finds only
one effectsve dipole in the heart and that another group of equally able workers
finds evidence of two or more dipoles may be explamed by the fact that both
groups are correct some of the time depending on experimental conditions



PartV  Analysis of the Surface Electrocardiogram

E\PERIMENTAL AND THEORETICAL ASPECTS OF VECTOR
ANALYSIS IN ELECTROCARDIOGRAPHY

By G E Burch
Tulone Unsersity Mew Orleans La

The use of vector analysis n electrocardiography 1s not new  Its application
to theoretical expermmental and clinical electrocardiography dating from the
early days of Emthoven s and Mann s work has had considerable success and
value 1ts fundamental pnnciples having been established many years before
by mathematicians and physicists  Apphication to electrocardiography was a
logical result of 1ts previous application to the study of electrical phenomena
1n space 2nd 1 volume drelectrics and conductors  Its usefulness in electro-
carchography 1s evident It can be applied with extreme exactness to idealized
systems or to models and the results obtamed have conformed satisfactonly
to well known predictions and expectations based upon mathematical and
physical prmaples already known m other fields of scence  Wathout vector
analysis the concept of the ventricular gradient would have been difficult to
develop

Vector analysi> first applied to frontal plane electrocardiography was soon
used 1n three dimensional electrocardiography  Recent nterest in spatial
vectorcardiography has increased the awareness of the apphicability of vector
analy<s to electrocardiography ~ Vamations i the vector quantities sn man
are 1n accord with the general mathematical and physical concepts more easily
obsenved for 1dealized systems the differences conform to well known electrical
principles and errors are limited solely to the observations

Expeniments with 1dealized systems shoutd be continued 1n an effort to under
stand better the problems confronting the apphcation of detailed vector anal
ysis and vectorcardiography to man and other ammals In the past most
analyses have been qualitattve and have usually been appled to a single plane
‘The objective of further experimentation should be more accurate quantitative
analysis of the scalar surface potential differences and the vector electnc dipole
or multipole charactenstics assoclated with the activity of the heart of man
with and without cardiac disease  The mamn mterest at present 1s directed
toward examination of the electrical phenomena of cardiac origin quantita
trvely and three dimensionally  Efforts have been directed to the heart as &
whole for mtact ammals aithough 1t 15 known that an approach to the cells
themselves would be of considerable 1if not greater value asshown by the rela
tively hmited studies 1n expernimental ammals with the use of the capula
intracellular electrodes  With much still to be learned from spatia] Vectg
analyses for the heart as a whole there remam unanswered m:

any tmporf
problems that are more easily approached m mtact man tha; 3 important

n b
cellular approach to the btoelectric phenomena y the local
For convemence tn vector analyses electrocardiography, for mtact
1073
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man many obviously naccurate assumptions such as the following, have
been made

(1) The electric activity of the heart may be represented as a single dipole
or point source

(2) The body 1s an nfinitely large volume conductor and electrodes placed
upon certarn points of the body may be considered to be remote from the dipole

(3) The body 1s a homogeneous volume conductor

(4) The heart 1s and remamns centrally located in the body during its elec
tric cycle

(5) The cardac single electric dipole source the electrical homogenesty of
the body the spatial orientation of the heart within the body the size of the
body as a volume conductor and the central location of the electric source of
the heart do not change significantly from man to man or from time to time
within the same man in health or disease

(6) The locatrons of the electrodes on the body surface and of the electric
dipole respectively define and are symmetrically located tn a simple geometric
configuration the spatial reference frame

That these assumptions are not without etror has been as obvious to those
who have made them as to those who have criticized them  Nevertheless as
applied to conventional electrocardiography they have served a2 useful theo
retical and practical purpose even though they are as maccurate 1n conventional
electrocardiography as they are 1o spatial vectorcardiography  Based on such
assymptions conventional electrocardiography has nevertheless prospered and
serves a useful purpose 1n chnical medicine It 1s extremely unlikely however
that such a complex vanable and nomdeahzed electrical system as the body
of man can be studied electrocardiographically with complete vectorial exact
ness when only measurements on the body surface are permutted lajor
improvement may be possible but simple methods must and will prevail at
least tn chmcal vector analysis even though there must be no hmitattons i
theoretical and expenimental vector analysis

TInaccurate assumptions and procedures obviously employed for conventence
of thought must be subjected penodically to scrutiny and vigorous investiga
tion dless of their useful E 10n of exwsting theoretical and
apphed principles of vector analysis 1 vanious phases of electrocardiography
1s currently of great mterest to mvestigators the world over Nevertheless
1nvestigators should guard agamst encouraging too rapid adoption of new
unestablished concepts and methods and they should avoid a premature dis
carding of eusting useful ones  This point 1s well exemplitied by recent dis
cussions and reports concerning reference systems and standardizing factors
1 electrocardiography and vectorcardiography  Although there must be no
limitations to experimental and theoretical vector analyses and methods there
must be some restriction of the chnical applications  Since man unfortunately
1s not an ideal electrical system from the standpomnt of the mnvestigators
electrocardiography and 1s so vanable not only in disease but also 1n health
1t 1s the duty of those engaged in chimcal research and chimcal practice to accept
changes and methods critically and cautiously particularly when the present
approach, imperfect as 1t admittedly 1s has been so successful for so long
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Surely the chnician must be practical, even though the investigator enviably
may not need to be so lmuted

Obviously improvements 1n electrode placements should be welcomed if
they offer defimite advantages for general use  The electrical distortions pro-
duced by the electrical inhomogeneities of the tissues of man the spatial ontenta
tion of the heart the finite charactenstics of the bod) a: a volume conductor
and other factors may comp: for errors d to extst
from investigations with 1dealized systems and models The mtroduction of
complex systems may discourage the use of vectorcardiography i man how
ever whereas simple less accurate but satisfactory procedures might promote
the more general apphication of vectorcardiography and might possibly demon
strate its clinical usefulness ~ Such was the case for chnical electrocardiography

Therefore let us encourage more work by more investigators without re
strctions on the methods of study and recording or tn the apphcation of vector
analysis  Let us remember that regardless of the observations 1n vector anal
ysis m electrocardiography man himself 1s not an ideal electrical system and
probably no single approach will be found soon that will be equally perfect for
ail men under any condition  For the present a simple reliable and repro
ducible system of recording such as ests m conventional electrocardiography
with careful and thoughtful analysis should prevaul in the clinseal appheation
of vector analysis in preference to the complex time consuming methods that
tend to shackle the use of the method climically ~ From the experimental point
of view there should be no limtations whatever the mvestigator should permt
his mmagination and interest to dictate his methods and analyses without
restiction




LEAD VECTOR PROJECTIONS I

ByH C Burger
Department of Medical Physies Physical Laborato
Utrecht Utrecht” The Netherlands

of the Uns ersify o

As a consequence of the electrical action of the heart there 15 2 potential
distibution on the surface of the body varying almost peniodically with the
heartbeat  Qur purpose 15 to acquire some information concernng this elec
trical action from this potential distribution It 1s only potential differences
that occur m the laws of electriaty never the potential itself and we are
certain our information can make use of these differences

We Lnow that the heart 1s often assumed to act like a single dipole (the
heart vector) causing the electricity to flow in the trunkh  We hnow that this
15 an approximation for the dipole action 1s distrtbuted over the heart muscle
The vectorial sum of all these actions however can be considered as repre
senting them 1f the heart 15 not too large  There 1s no question of charges
generated by the dipole 2s some investigators suppose The posttive and
negative charges 1n the conducting medium always occur i almost the same
amount so there 1s no surplus of erther or both charges Ve are not concerned
with a problem of electrostatics but with a problem of electric current

The kind of dipole to be considered has been a pomt of some discussion
\any say 1t 1s a current dipole whereas I am of the opinion that 1t 1s simpler
to describe 1t as a voltage dipole It 1s not worthw hile to discuss this however
since 1n both cases the potential distnibutton 1s not different  The only differ
ence 1s that the absolute value of the dipole deduced from measured voltages
1s different  The ways in which 1t vanes 1o magnttude and direction are found
to be the same

Accepting the fact that we can describe the current field and potential
distribution as generated by a smgle pont shaped dipole we can deduce an
algebraic relation between a voltage thatis alead and this dipole  Although
all of us are acquainted with this theory, I shall restate 1ts essential points to
serve as a basis for further explanatron

A potential difference between two arbitrary ponts on the surface of the
body depends on the momentary vectonal value of the dipole the heart vector
The relation 15 a linear one that 15 the potental difference | » —1 ¢ between
two arbitrary pomnts P and (132 sum of contributions of the three components
Y 1 and Z of the heart vector /' and each contribution 1s proportional to the
corresponding component  Thus generally for a heterogeneous body the

followng equation 1s true
Vep— Ve=2al + ¥ +¢Z (1)

The nomenclature used here 1s the same as that which van Milaan and I used
1n our first paper of 19461 It1s from this equation that the notion of the lead
vector can be deduced It can be proved that the constant coefficients o &
and ¢ are commponents of a vector that more recently has rightly been called
the lead vector The equation can be interpreted geometrically to indicate

e
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that the Jead }p — ¥ o 16 the so-called scalar product of the two vectors X 3}
7 = heart vector and a b ¢ = leadrector  The scaler product 1s the product
of the peajection of the heart vector on the lead vector multiphied by the abso
fute value (length of the arras) of the lattes {Fioure 1} 2 This well known
projection rule s 3 consequence of the above mentioned equation  As it
cannot be derrved directly 11 36 of secondary mponiance and 15 wseful only 2 2
concement wtespretaton of the analytical result  We shall not deal with the
way m which the coeffictents ¢ b and ¢ can be determsned by expenments on a
phantom*  Trank has ded our earlier for a great number
of electrode positions and has been able to construct so many lead vectors that
thew combnation guves us the smage of the surface of the human bady ¢ Prom
hus lectures the meaning of s umage shoutd be clear

Trom three equations of the kind tited the three unknowns can be solved
and so the heart vector {or dipole) %3 Z 1s found if the mine coefficients 2cd
are hnown 1 shall not discuss the mstrumental mexus used for this purpose

abc

e 0 7 4

FiceRE 3 A Jead 15 the product of the projeehion of the heart vector 7 on the vector
373 ¢ and the Jength of the latter

Such methods can give the vectorcardiogram  that ss the graphical representa
tion of the heart vector 3s 2 function of time

To test the corzectness of the assumption that the current field and potential
distnbution 1 the human trunk can be descnbed as generated by a single
dipole dfferent ways can be folloned

(1} The vectoscardiogram 16 recorded for two of more sevs of electrode
positions 1 the coefficsents have the correct vahues and if the hypathesis of a
smgle dipole has been made correctly the different systems as we may call
them must gne the same result that 1 the same vectorcardiogram  This 15
much tos spumistic however and m several subjects the agreement of the
loops that must be 1dentical appears to be rather paor ®  This could be attnb
nted to the accepted values of the coefinents 3f this nere the ondy cause of the
disagreement there would have to be a simple relation beiween the curves
(loops) that differ Ve showld then be able to iransform one loop snto the
other correspondsng to another system by what we call 2 lmear transformation
This mathematical wea can be explawed only by formula but 1t will suffice
1o say that m thus case such simple as rotation or dik i ct
lraé\sfgrm one loop wio the other  In many cases the agreement 15 ncelle‘r)j
and the average agreement for some systems can be made satwsfactory if the
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coeflicients are chosen properly (FIGURE 2} This 1s possible even with umform
coefficients holdin,, for all subjects Nevertheless there remamn subjects that
do not fit and cannot be made to fit by any choxce of coeflicients I therefore
do not jom the extreme optinusts who claim that the descniption with a single
dipole 1s correct within a few percentage points for all persons

It may be emphastzed that I have arnived at this conclusion by examining
many subjects normals as well as heart patients On the other hand the
cases of bad correspondence constrtute only 2 fraction of the total number <o
that I cannot agree with the opinion that correspondence 1> mere chance 1
am convnced that the potential distribution on the surface of the human body
m first approxtmation can be desciibed as caused by a dipole action of the
heart—a single point shaped dipole ~ As a consequence of this 1t must be pos

PPN
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FiGure 2 Estimation of the correspondence between different systems  Figure 4 shows
bad correspondence {mark 3} B very good correspondence (mark 9) and € sufficient cor
respondence (mark 6)

sible to find 2 reasonable approuimation of this dipole from the potential
distribution that is from the recorded leads

(2) The so-called cancellation or mirror pattern method devised and used
by the Minnesota team leads to the same result ¢ 7 The eastest way to ex
plan this method 1s 1o use the concept of the image space In this space the
Wilson central terminal ¢ 1s the center of gravity of the triangle LRF with
corners 1n the 1mages of L R and ¥ If we draw a e through this pomt 1t
ntersects the 1mage of the body surface n two  murror points My and 3,
The potential differences M\C and A,C 1n the case of a pomnt. shaped dipole
are given by the product of the projection of the heart vector H on W,C and
1,C and the length of MiC and M-C respectively It 1s only this projec
tion that vanes duning the heartbeat and the lengths 41,C and f-C remamn
constant  Therefore the ratio of the two leads 11, and M:C 15 constant and
equal In absolute value to the ratio ¥.C/M,C  The sign of these two leads
15 opposite as MC and A£:C have opposite directions

T shall not dwell upon the actual realization of this method and 1ts use but
1 shall make some remarks n passing
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{2) Instead of the central terrv nat any other point wside the wmage sur
faceof the body canbe used  In gemeral we can connect an arbitrary numbcr
of dlectrodes by ressstances that are bigh with respect to the skin resistance
underneath each efectrode I ymaze pace this pamt is the center of gravaty
of the tmages of the electrode po- tigms of the fatter are gven a weight imversely
prapartional to the correspording res: tan ¢ In this way any pont within
the image of the body surface can berealized  The central termmal 1s not an
Lmportant or speciat pesition arrary them

{b) When the three pants wmages of the two clectrodes and the mside
pomt are nat chosen properly that s not on a steaght hne the leads 0
26d Y.L in generat do not show murror patterns  There is an exception
howerer namely in the case when the heart scctor changes dunng the heant
beat 10 magnitude onls and not 10 dirsction  ‘The vectorcardiogram m thys
2se 15 veduced to 2 e o to 2 very narraw loopr  Then st s evident that all
leads are proportional following the abaojute value of the heart vector that 15
the Jength of the asrow as 2 function of tme  There 15 no phase difference
betseen the tops of the waves of the ¥€ (5 and all leads differ in smphtude
only  If the heart acts n this peculiar way murror ponts on the body surf we
<anniot be found by Jooking for murror patterns {or every pair of leads e1n v
anewact cancellation  Keversely 1t aan be concluded that 2 wide foop makes
1teasy to find the marror pattern posstion of 2 gnen electrode

{3} The thrd method to test the hypithesis of the single dipale has bon
desised by Becking to whom 1 am alen sncdehived for the destgn of the vector
cardiograph 1 hase used for so many years This method 15 3 generabiz vifan
of the murror pattern method but s has been desised independently 1t ¢un
be expluned algebrascally or by geametrual means X prefer the first mcthod,

ut Tshall not ignote the secnnd

From three equations of the same ty e a3 EQUATION 1 the three unknowny
A 1 and Z components of the heast vectar H can be resolved ¥ ach comn
banent i the solutson appears as a hnear function of the three lends Ty
Trom three independent leads

b= oY+ bl oZ
Yy o + 6 4 cZ ()
§am agh + bk + o

we deduce
X =abi+al +als
}o= bt Bl fiba @
FAERATE XS TN

The coefficients « & andy can be calcuhted from thestte & ande Wennt
¢ to the method of elementary algebra
Now fet us have s fourth lead 3¢ Thes can be expressed i the COMPagy
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of the heart vector i the common way
Vo= a\ + b1 +cZ

In this equation we can substitute the value of the three components Y}
and Z expressed 1n the threelexds 11, 1, and ¥y

Vo= (qon+ b8 + av)l 1+ (e + 382 + cays)b 2
(gt 88 Feydls=pla+ pls+ pla (3

So we see that for all phases of the heartbeat any lead ¥, 1s a hnear func
tron of the three other leads 11 ¥, and }; From this relation we can
deduce a very general test of the hypothesis of the single dipole  This could
be done by cancellation but I preferred to do 1t by a slightly different method
I have used the universal vectorcardiograph previously described

The umversal v h has four ch Is® On one channel let
us call it 4 the lead 115 placed and made the spot of a cathode ray tube
deflected horizontally The otherleads ¥; 1, and }5 are put on channels
1 2 and 3 respectsvely  Wath the instrument st 1s possible to make a linear
combmation of Vi1, b2 and 15 which means that they can be multiphed
(amphfied) by arbrtranily chosen factors 1 ¢ and 2 positive or negative
This Iinear combination 1s made to gtve a vertical deflection  On the screen
a loop appears more or less like a vectorcardiogram but depending on these
factors By turnmg the knobs of the instrument this loop can be given all
sorts of shapes depending on py p: and py  If EQuaTion 3 holds good
however 1t must be possible to make the vertical deflection p2} 4 + p 1, +
$aVe equal to T —and this for all instants and hence for all phases of the
heartbeat The loop then degenerates mto a strarght line making an angle
of 45 with both horizontal and vertical direction (FIcure 3) It must be
posstble to realize thts mdependently of the position of the dipole if only 1t 15
point shaped and fived

This method has been applied to a number of subjects * Ichose }; V, and
I s as the three independent Jeads LR FR and BR of the system B, These
are the voltages between the left arm left e, and chest electrodes respectively
and the night arm was chosen 2s an atbitrary zero  Asa rule 1t was possible
to reduce the loop to a fatrly narrow and straight form although 1t was never
possible to mahe 1t so straight that the deviation from the ideal was impercepti
ble In many cases the QRS loop could be made to fit quite well but the T
had a different direction  For some subjects the result was poor without any
indication as to the cause

For the present I shall ov erlook the cases of bad correspondence and see what
an be deduced from the coefficents p1 g2 and pz necessary to reduce the
loop toa straight line under 45 These coefficcents obey equation 3 From
these equations we therefore conclude that

p1= a+ bfr + cma
= )
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In this set of three equatons py pr and pa are evaluated by the procedure
qust explamed  When we consider the afy s derned from the obc s of system
Bras hnown we see that from EQuATION 3 the three unknowns ¢, b and &
canbesalied This means that once 1t 1s accepted that a sysiem of three leads
15 correct we can extend 1t by deterrmng the coeffinients of any additsonal
electrode by the Becktng method

For the group of subjects just mentioned the coeficients of 2 back electrode
have been determmed 1n the position as used in the system of the equilateral
tetrahedron

b

Fiovre 3 Method of Becking_ It bas not been posstble to reduce the movemwent of the
spot to a straight ine under 45 Figure ¢ shows a normal beat and & shows a normal und a
‘prematuze beat

Let us now switch over to the geometncal representation to display the
results of these measurements  In passing 1t may be remarked that the Bech
1ng method can be f d from the b Zmnag way but to
«ave tume this will not be discussed

From a; & and £ we find the position of the back electrode 1 the wage
space as these coefficients are 1ts coordmates In FIGURE 4 the tetrahedron
RLFR 1 shown wn frontal projecion the honzontal one 1s omitted  In these
projections the posittons of the bach electrode are given each pomnt mving the
result for one subject At first sight theve duagrams are rather disappointing
The pomnts are scatiered over an area almost as large as the B, tetrakedron
It must be borne 1n mind however that a Previously mentioned circumstance
playsa part  Suppose that the vectorcardioram of a subject shows a narsas
straight loop so that 1t can be considered as a straight hne  Then all leads
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follow the same time course and they are proportional As a consequence
FQUATION 3 can be divided by this time function and EQUiTION 4 does not
follow from it Therefore, there 1s only a Iinear relation between p p and
#2 There 1s an infiite number of combinations of dial positions p; #
and p; that reduce the loop to a straight ne  The only restriction of the
position of the fourth electrode 1n the 1mage space 1s that 1t 15 sitvated 1n an
expenimentally determmned plane  If the vectorcardiogram 15 not strctly a
strarght Line but almost so the definttion of the point 4 1n the 1mage space 1s
poor  The only thing we can say 1s that it Les 1n a disc shaped part of the
1mage space  When the vectorcardiogram 1s more or less flat and 1ts devia
tions from a plane are small we have an analogous difficulty—we cannot deaide
where the image of the fourth electrode 1s situated i the image space It may
lie anywhere n a long stretched region thus explaimng the wide scatter of
ponts tn FICURE 4

To show that this scattening does not mean that the single dipole hypothesis
1s inadequate the following course was pursued  The center of gravity of all
the pomts 1n the image space representing the back electrode was taken as the

Loswion of the back electrode in the 1image space in the frontal projcction de

4
Flouxe ‘The method of Becking  Each csoss sndicates the result of the measure

termined according to
ment on a single subject
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best posttion of this point It represented with the relative position of LRF
omitting the chest electrode B the complete set of coefficients of the system
of the 1rregular tetrahedron  Fhis system has the posttion of the electrodes
on the body 1n common with the system of the regular tetrahedron but its
coefficients are adapted to the human bedy The coefficients were founded
on phantom measurements (By) as well as on measurements on the human body
With these coefficients the components of the heart vector were calculated as
a hnear function of three independent leads between L R F and the back
electrode and the vectorcardiograph was adjusted to this result  The vector
cardiograms were then recorded n & number of normal subjects and heart
patients using the system of the wrregular tetrahedron and these loops were
compared with those of system By

The difference between these systems as to the position of the electrodes was
that in the first there was an electrode on the back and 1n the second there was
an electrode on the chest  C of the v d showed that
the agreement was excellent i all cases for the frontal projections This
however was self evident as the back and the precordial electrodes contributed
very little to the frontal projection of the vectorcardiogram More sigmfi
cant however was the fact that the agreement for the horizontal projections
was satisfactory 1n most cases better than Ihave found between other systems
Even the subjects for whom the 1mage of the back electrode falls far from the
average as rule gave good or reasonable results m companng their vector
cardiograms  For the purpose of drawing practical conclusions from the
vectonal behavior of the electrical heart action we can use one system or the
other at will 1n the greater number of subjects

It cannot be demed however that the agreement 15 unsatisfactory mn a
fraction of all cases that cannot be neglected ~ The true heart vector conceals
atself behind pk we do not yet unds d clearly Where are the e
phenomena localized? We may get a hint of this localzation by the study of
vectorcardiograms of normal and premature beats in the same subject ® Here
nature 1tself performs an experiment i which the course of the excitation
through the heart muscle 1< different n the two cases while the medium sur
rounding the heart 1s the same  If a bad correspondence between two systems
of vectorcardiography 1s caused by a particular arcumstance outside the
heart—for example 1n the lungs—then we can expect that 1t would act 1n
normatl and premature beats as well and make their corsespondence in differ
ent systems bad Observation of vectorcardiograms 1n several subjects has
shown however that there 15 no correlation between the degree of correspond
ence between different systems 1 normal and premature beats In some the
correspondence 1s good 1n normal beats and bad in premature beats and 1n
othersit 1s the reverse (FIGURE 5} So we must conclude that the cause of a
bad correspondence very probably 1s locahzed very near the heart

A second question 1nvolves the problem of improving the experimenta]
method to facilitate a more accurate and satisfactory evaluation of the total
heart vector even mn the unfavorable cases The way has been shown from
two different sides  Gabor and Nelson' proved that in a homogeneous cop
ductor bounded by an 1solating medium the total dipole acting mnside can be
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FioURE 5 Simtlanty of the respective normal and prematute beats in the systems B
and Rz

determuned by a simple integration of the potentral over the surface of the
conductor Thewr surpnsingly simple result cannot be put into practice
exactly as anntegral 1s the sum of an infinite number of infimtely small con
tributions  Although we may not go as far as that 1t 1s clear that an improve
ment 15 possible by usmg more then four electrodes following the princple of
the more the better \cFee and Johnston' ' arrived at an analogous re
sult They used the reciprocity theorem according to Helmholtz This
theorem gives a relation between the potential distribution generated by 2
dipole mn a conducting mediem and the current field caused in the same medium
by mtroducing a current w it by electrades on 1ts surface  Theur result 1s the
same as that Just mentioned —the total dipole action can be calculated from
data over the whole surface of the bedy

According to these theories the components of the heart vector can be deter
tuned m practice as linear functions of a number of leads ¥ yand b2 There
fore instead of kQUATION 2b we must express the components 1 I and 2 of
the heart vector as the sum of a number (perhaps a rather large number) of
terms each proportional to a lead  Thus

l=alrtal:+ +al
(5)
T =/l el

Now where should the electrodes be placed and what should be the values
of the 3r coeficints? A decisive answer to this question should not be
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expected 1 can oaly try to explun the method e employed to find an
approumation

1In ciucal practice these 1s an advantage i the use of extrenuty Jeads as
ths method elimimates all uncertarty as to the position of the electsodes—the
extremtties themselves act as electrodes It true that the left arm mught be
less smied as has been emphasized by Franh who has remarhed that a hittle
difference in the anatomical structure of the attachment of this amm to the
trunk nught give an apprecsble difference 1w the electncal situation I
thought 1t worthwhile to try the easiest method first however and used the
extrermties L R and F Apart from these we needed at least one more
electrode but according to the reasomng evpressed above I decided to use tno
mare A back electrode and a precordial one were sinted for example the
bach electrode used m the system of the (irjregular tetrahedron and the pre
cardial electrode of my system B,

The precordial electrode has the drawback of bemng so close to the fronfal
part of the heart muscle that this area has more influence on the lead m whech
1t takes part than other parts of the heart  Therefore 1t 1s not the sum of all
dipoles that works st 55 the neavér depoles that neigh more heavily The
reverse 15 true of the back electrode although it a lesser depree as it 18 not so
near to the heart It mught be wse to combine both systems to ehmmate the
errors Just mentioned  To put 1t as sumply 33 pessible we could take the
average of the two systems that of the wregular tetrahedron and that with the
precordial electrode (Br)

To explam this with 2 numenical example let us calculate the lateral com
poneat 1 according to this averagmg  In athitrary umits we found from
phantom mersurements for By

X = 2LR + 16FR + 8BR  (B)
UR= by =ty ofc)

In the system of the uregular tetzahedran the same component has been
evaluated

X = S8LR + 16FR —~ TR R Grr tetr )
“Now we take the average of the two

©

i which four leads oceur  We must use five electrodes L R F precorduat
and back  Instead of lookmg from ene side at the heart we now take nio
account the frontal view (8:) and the back view (it tetr } equally Applying
the rectproaity theorem according to \fcFee and Johnstont ' we coutd say
that 1t ts entirely to reahze a sapttally directed cur
rent through the heart by using extremity electrodes combined with another
electrade on the back ot on the chest A combination of the latter two how
ever combmed with estremity electrodes could give a faxly homegenegus
curtent It mught be better however not to gnve the two systems an equal

X = S6LR + 16TR + 4FR — S R (f—‘i.‘i’i'i‘il




LEAD VECTOR PROJECTIONS II DETERMINATION O THE
IMAGE SURFACE IN MAN

By Charles E Rossmann
New York Untrersity College of Medicine New York ¥}

Despite obvious difficulties and lumitations as well as warnings and pronus
ing alternative methods such as those just presented by Burger it has bee:
my feeling that a more direct approach to the determination of the image spac
1n man should at least be attempted  If feasible and successful such a methoc
would overcome the seseral theoretial objections inherent 1n the applicatior
of the mited data obtamed from models to Ining men with greatly varym;
positions and diseases of the heart and with greatly varying body constitutions
Although all of the predictions of surface potentials based on Frank s model
match exceedingly well the actual surface potentials measured on the subjec
used for construction of the model and support perfectly the theory of heart
vector projection? on which the experiment was based nevertheless a certar
amount of concern 1s mevitably felt by the clirucal msestigator f these dat:
are to be apphed with only quantitative modification to all patients with heart
disease  Generaltzations are of course necessary and valuable m the con
ceptual stages of development of any branch of science A chmuan deals
with individuals however By sad expenence he has learned that generaliza
tions may frequently be not only inapphcable—they may be fatal In fact
the whole purpose of all the research on quantstation of the effects of the con
ducting medium on cardiac potentials determined at the surface of the body
has been to eliminate certain assumptions 1therent mn the Emthoven hypothess
and to give greater speafiaty to the electrocardiographic method  Alliaclu
sive generalizations can defeat thts purpose despite the precise nature of the
individual experiment My desire  therefore to design a method for the
direct determmation of transfer functions for surface leads in man can perhaps
be und d A dingly an was executed by Jacob Hirsch
and Stanley Bnller of this department with the help of Nathan Marchand on
the mstrumentation involved

The study was undertaken to determie the shape of the tetrahedron that
would be obtamed 1if the 4 apices namely the night arm (R) left arm (L) left
Jeg (F) and 2 point on the back 2 ecm to the left of the 7th dorsal spme (B)
were located upon the image surface A 47 vycle signal was amphfied by means
of a balanced constant current amphfier and passed through a selector switch
to each of the 6 bipolar leads on the surface of the subject that comprise the
6 edges of the tetrabedron A special pickup contamng 3 mutually perpen
dicular pars of electrodes was placed m the esophagus approumately at the
md ventnicular level Thrs was used to detect the 3 orthogonal voltages
developed 1n the esophagus as a result of currents introduced at the surface
of the body Contrasted with the normal relationship between the heart
generator and surface leads this arrangement will be recognized as an expert
mental interchange of generator and detector permstted by the Reaprocity
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Theoter of Helmboltz ¥ This was necessary 1 order to avord thermal mjury
1o the esophagus and possible undestrable cardiac effects
A second selector switch ganged to but shielded from the first made 1t pos
sible to record each of the 3 components within the esophagus for each surface
lead energized  These wete fed in tum through a cathode follower amplifier
w0 1 channel of @ Sanborn Twin Beam Electrocardiograph (Model 62) A
sharply tuned 47 cycle band pass filter was nterposed at this pomnt 1o remove
60 cycle pickup and the subject 5 esophageal electrocardiogram
The second channel of the recorder recessed a monstor signat directly from
the generator  Thas served as a phase seference for assgning polanty to the
detected signals
The subject remamed apaeic in natural expuation for the duration of an
expeniment or about 40 seconds  In some cases 20 mg of N\asentd hydro-
chlonde® were gnen subcutaneously to fauhitate the apnewc penod as well as
to abohish the gag reflex at the tune of passing the esophageal detector
Tt was found necessary to surround the esophageal pickup with a sleeve of
cellophane  Tius was filled with sahne after introduction of the assembly mto
the This d d hed Buctuations i the detected
signal preswmed to be due o poor contact with the esophageal wall  Filling
the sleeve from 58 to 100 per cent of 1ts 100 ml capacity had a neghgible effect
upon the recorded signals
The magmitude of each of the & leads stimulated was obtaned by taking the
square root of the sum of the squares of the 3 asthogonal components  For
purposes of visualization lengths of cupper wire were cut to scale and were
soldered together at the ends v the praper posiions to form tetrahedra  The
degree of closure of the sides of & tetrahedron was used as a test of the quality
of each run Expressed as a percentage of the perimeter of the wnage 1etra
hedron the errors ranged from 6 8 to 15 8 per cent  One set of obsenvations
m which gap 1o closure amounted to 37 per cent of the perimeter of the tetra
hedron way excluded
Two normal male subjects were studied  Subject 1 & 26-year-old male was
6 feet 1 inch tall and weighed 176 Ibs  Four sets of observations were made
upon lam aiter a swgle plecement of the esophageal electrade  Subject 2 was
a 32 year old male 5 feet 10 inches wall weighing 175 Tos  The esophageal
detector was placed m him on 3 different occasions
Fiure 1 shows n the frontal and left fatera) projections the tetrahedra
for subject 1 on the Jeft and for subject 2 on the night  Since the onentation
of the orthoganatly paired electsodes m the esophagus was unhnown the spatia]
of these image dra 1s hkewise unknown It should be em
phasized that lack of thus mformation does not mvahdate the shape of the
tetrahedra obtmined  In the figure the frontal planes of the tetrahedra were
assumed to be i and were drawn parallel to the plane of the pager
Each of these figures Tepresents the average of ali observations in each sub
ject 4 1n the first subject and 13 n the second  For companson the fetra
hedsa were coustructed with the value of unsty arbitranly asnigned to lead I
HoBmann Ls Roche Inc Nutley N J
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Tt will be noted that in the frontal plane lead II 1s the largest n both subjects
In the left lateral projection lead BF 1s quite long 1n both and n subject 2

1t 15 the longest of any of the leads

The difference 1n size of the 2 tetrahedra

1s 2lso to be noted  Subject 1 was taller and of slenderer build than subject 2
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The vehability of the procedure was wdieated by the range of vepeated ob
servations on each subject at each sitting  These ranges were not excessive
except m one s¢t In all instances differences in values were probably caused
by mosement of the electrode caused by movement of the heart of the esoph
agus and possibly of the disphragm  Concenvably this varation could be
reduced by sunultaneous determunation of all sides of the nmage tetrabedron
In subject 2 studses on different days shoned variations sn values on each day
These varations were probably astnbable to the maliliy to dupheate the
esact location of the electrode from day to day

FIoURE 2 contrasts the results wm subjects { and 2 nith the salues caloutated
from Frank s data obtained from a model of 2 human torse regarding lead I
each mscance as umity  Also plotted are the magnstudes of the edges of an
cquilateral tetrahedron which 15 abviously 2 straight hae

1t will be noted that i both subjects those leads that involve the back elec
trode as one pole of the lead have a magnitude greater than that of the corre
sponding leads calculated Irom the model  On the frontal surface the compar
auve magmiudes of jeads 11 and Y1 are the severse of what was found in the
muodel  These facts suggest that the electzode 3s used 1n these expenments
was to the nght of 2nd postersor to the electrical center of the heart in Frank s
model Inaddition n subjgect 1 5t was probably also candad to that pomt

In summary then we have described a technique that makes the determma
tion of the shape of the image tetrahedron 1 man feassble  The object of thus
presentation was to show that it can be done Tt 1s to be pomted out agamn
that the orentation of the tetrahedron 35 unknown but that its shape 1 vahd
1 cur 1deas on the tefauonsop of 1he spaual areas of QRS and T should prove
useful (see the presentation by Brller elsewhere m these pages) we shall nor
need onentation but only the fead coefficients
Obysously the esophageal electrode nas not near the electnical center of the
heart It ys planned to conduct fusther experiments with a detector m the
freing heart  Toward this end Briller has already constructed a three dimen
siona} mtracardsac electrode that looks workable
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LEAD VECTORS AND TRANSFER IMPEDANCE*

By Otto H Schmutt
Department of Zoology and Physics Unsersity of Minnesola Msnneapolis Vitnn

Biophysical theory and the technology of instrumentation have advanced
so far during the last few years that we have only ourselses to blame if we are
still unable to agree qualitatively and indeed semuquantitatnvely upon the
relationship between the heart as a generator of action currents and the poten
tial differences ansing at the surface of the body as a result of these currents
We are not yet prepared to understand fully the detarled physiological mph
cations of the potentials that we measure but we should be able to unscramble
adequately the relationship between the potentials measured at the body sur
face and the potentials that would be measured were we able to suspend the
heart 1n 2 geometrically simple contawer filled with umiformly conducting
flmd

We cannot yet escape the empmcism implicit n our interpretation of cardiac
events in terms of electrocardiographic data so there 1s room here for differ
ences m clinical interpretation based upon extensive personal experience and
intuitive understanding  However all correct theoretical reconstructions
should lead to the same heart generator for a given set of surface potentials
One theoretical treatment might be much simpler or more easily understood
intuitively and another might involve measurements that are especrally easy
to make but all should be mutually consistent

It 1s the purpose of this study to provide theoretical and technical means for
testing objectrvely the degree of consistency between the several popular elec
t | ) ding systems and dentally to provide a mental
tool for easy understanding of the universal relationship between measured
potential and active source 1ndependent of the pecubanities of a particular
lead system used m any specific study  This tool 1s transfer impedance

Transfer impedance bears a sunple mathematical relationship to the lead
field vector that has been utilized i some other theoretical developments
It 1s much more easily understood intwtively however bemng defined directly
in terms of an action current source and the accompanyng measured potential
Lead field concept starts with the notion of an externally applied current and
measures the electric field in the source region relying upon a rectproaity
theorem to guarantee that source and measurement posittons can be mter
changed provided careful attention 1s paid to the specificatron of source and
measuning impedance dimensions and proper conversions between field and
potential differences

Let us start with the tdea of a small bundle of active muscle fibers producing
an action current somewhere 1n the heart and a pair of electrodes piching up
a resultant action potential somewhere at the body surface (or if preferred
at internal pomnts)  As long as the surrounding tissue 1s electrically linear

* The research rej orted 1n this paper 1s supported m part by research grants from the

National Institutes of Health Bethesda VMd *from the Minnesota Heart Association St
Paul Minn and by a rescarch contract with the Office of Naval esearch Washington D C
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this recorded actton polential wili have 3 constant ratio ta the action current
generated by the muscle bundle (1) whether the surrounding tissue 1 homoge
neous {2) whether it 1s amsotropic, {35 whether the recording powmt 15 nearby
or distant and {4} whether the generator stself is hrear or even 1f st has a
strong recufication characteristic  The unnersality of this constant refation
ship makes the ratso one of great intesest and utshity

“otice that the rato 1s that of 2 valtage o a current  This makes the name

impedance appropnate for accordig to the general form of Ohms faw

smpedance Z = E/I and because voltage difference 13 produced at pomts
other than those at which current 15 wmtroduced transfer rather than simple
mmpedance 1smphbed  Thus usage 1s consistent with conventional four termmal
electrical theory where the concept of transfer tnpedance ts well known  Were
we not playing safe and anuapatng the eventual guestion of some small fre
quency dependence and phase shift transfer resistance and not transfer
pedance would be used

To make the notson of transfer smpedance physiologically useful we must
mahe provision for two features distributed sources and varymg onentaton
of sousces  Thys we do by making transfer impedance what 15 called a vec
tor point function and by resohung physiological sources into distnbutsons
of current mipole sources Physivlogical action current sources are alnay
intrsmsically bipolar m nature for only when current leaves a cell somew here
and enters e'sewhere in almost exactly equal amounts does a meassrable action
potential develop ecternally  In a fiber type cell such as nerve or muscle
sigmificant astion current 15 generally developed only along the length and the
externally measused potential wall be found proportional not only 1o the mag
nitude and sign of the current but alse to the distance between paints of
entrance and exit of the current from the cell Tt now becomes apparent why
we must use current dipole moment which 15 the product of cutrent with the
distance between entrance and exit pownts of cutzent rather than current wself
s computing transfer impedance and also why action currents usually cor
respand 1n direction to pissue fiber chrection

Technally we <hontd alnays think of a fimte dipole source such as a muscle
fiber 2¢ made up of an nfimte senzes of infnteswaal teve dipoles arzanged hn
early betueen entrance and exit points but this s generaily only of acadermc
maportance except when microelectrades are bemng used

“votiee that scrupulous attention 1s beng given 1o the concept of the cells as
current soutces not as voltage sources  As pomnted owt elsewhers dipale or
fsinste dipole current sourees are hinearly summable while voltage sources are
nat  “votwce alse that nathing has been said that would hmis the proportion
ahty of response to sources onented i any particulat dicection  Transfer 1m
pedance 15 completely general in this respect

Potential developed at some parr of electrodes 1 not of course ngensiyve
to guentanon of cuarrent Sources i fact 1t 15 the simple predictable relation
ship between the dspole source onentation and the measured potential that
makes it so useful Conuder a tuy current dipole ource of moment i a
=ome position wsthin the body causing a potential to be picked up at esternaf
electrodes £ Some dipole enentation 1m <pace defined by 1wo angles § and ®
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FicurE 1 Plastic torso model with triple dipole source and servomotor-dnven three
dimensional scanning system I rom Schott and Simonson ismerican Vedical 1ssociation
Avrcht es of Internal Medicine November 1955

In the standard transfer impedance mapping procedure a lead system 1s
chosen for testing and ss applied to the model  Signals from the leads are
recorded by vacuum tube voltmeters for a group of 9 source dipole posttions
at the corners and center of a cube with a volume of 8 cu 1 surrounding the
heart center  Inch dimenstons are used because metric lead screws are difficult
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to obtun. Practically speaking the cube can be regarded as » em on an
edge  For each dipole source position signal in the Jead 15 recorded separately
for honzontal vertical and sagittal exatation so that 27 transfer imped
ance values are obtaned for each lead component  For a typical orthogonal
fead set such the cube system 81 values are needed Values of Zox 2y
and Ziz, the Cartesian components of Z¢ for a particular lead and dipole
source position are then added vectomally to give one Z, value expressed
as a strength and a direction for that particular source posttion  This process
15 repeated at successtve positions Eventually a space scale model 1s made
that quickly sho\\s the over all pattern of Z, for the lead

" hs of a highly d orthogonal com
posite lead system (SVEC 1) a badly nonumform spatial system (cube sys
tem) and the highly contorted precordial system are included 1 FIcURE 4
Experienced stereo viewers will be able to examine these pictures directly but
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the use of a standard stereo reader will make visuahization easier apd more
exact

The development of lighly corrected lead svstems 1s accomplished by cal
culating <patial partial denvatives of transfer impedance and then jusghng
the<e coefficients to nullifs unwanted components and to presene desired
components and heep them constant  This procedure for one set of partials
entering into the development of the SVEC ITT Z lead 1s shown m FIGURE >

In app the over all d bility of a lead throughout the heart region
attention must be paid not onfy to the average direction and at erage stren, th
of a lead but also to 1ts absolute direction and 1ts vanatality both in strength
and dwrection rechoned abeolutels and relatively A lead that 1s umformly
<Lewed 1n one direction but 15 constant i strength 1> not necessanly bad while
one nearly rdeal in directton with a few very weal of strong points may be far
from desirable How can 2 simple index of umformity be dennved?

We have chosen to represent the mean direction of a transfer impedance
ector for 2 specified lead as the direction taken by a vector made up by sum
rang vectonally all 9 constituent vectors and have chosen to represent its
strength as the normalized strength of this composite vectar  The vanabiity
15 measured by the root mean square standard deviation measured with respect
to this composite normalized vector so that very large single aberrations will
mpose a relatively severe penalty  Angular vanibiity 1s evaluated by the
angular standard deviauons from the mean direction and from the :deal d:
rection  In TABLES 1 and 2 data are summarized for 2 vanety of conventional
and nexly developed lead systems  TaBLF 3 shows a sample complete set of
data as dernved from the model svstem for the precordial lead vy These data
permit one to decide whether the summanzed index represents realistically the
performance of a lead

While the homogeneous-model method 15 not 1deal far testing lead svstems
1t probably forms a fairer more objective appraial than 15 otherwise available
Consequently this laboratery 1s prepared within 1ts hnuted fachties of time
and personnel to test and evaluate lead systems proposed 1n other laboratories

The model techmque 15 not fymited 1 1ts unhity merely to the testne of
proposed or eastent leads 1t 1s capable of performing an important synthetic

Fiorre 4 Strength and direction of transfer impedance vectors 1n several lead systems
10r sources withun the hieart region as from ‘model
In each lead s1stem the components of transfer impedance are Mmeasured a1 each of nire rep-
resentatt e points wWithiy the normal heart region (at the center and corners of a cube 2 in.
onan edge) it each pomt the resultant value of Z for a lead 13 plotted vectonally asa bar
whoee fength measures the sens tivity of the lead to actwaty 1n that region and whose direct on
indicates the d rection in which current must be generated to be recorded mammally m that
Vectors of a paricular lead can be identified by their general directon which approx
mates the theoretically expected direction and by their colr coding which 15 the same
throughout cach picture  In each case the model 1s viewed fram 1n front of the subject
e stereoscopiC photographis are best viewed by a standard San focal length steren map
reader but may with 2 little practice be seen without optical asdls by brnging them close to
th eves until the pictures fu=¢ into & uisgle blutred image and then mo wng them away sl
unu) focusing can be achieved meanwhile disregarding the 1%o outer images that appear
Crose eved ewang woll resullt 10 2 psendosteren uoage wnb the xaptea) ans teversed and
hence must be avorded
rorm Schmitt and Swvonson  {merscan Iedical {ssocsation Archs es of Internal Medic ne
o ember 1925
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function One of the commonest questions we face 1s that of reconstructing
the dipolar source that might concenvably give rise to an expenmentally meas-
ured set of electrocardiograms  Several years ago in connection with our
murror pattern cancellation studies my associates and I pomted out the danger
inherent 1n neglecting the time phase factor in reconstructing spatial central
dipoles from constituent leads The problem 1s further complicated if we try
to take into consideration the variability of transfer impedance for nonuniform
leads

It 1s mamifestly unreahstic to mnsist that potentials measured with a lead
system of varying transfer impedance be represented by a concentrated dipole
at a specified place but this formahization 1s prominent i much of the thinkng,
in the field and consequently 1t 1s important whether vahd or not It s
formally true that so long as we limit our data to those obtamed from three
approumately orthogonal leads and refuse to achnowledge any inconsistencies
observed via other leads we can often represent alk of the complexes of a spatin}
VCG exactly by an approprately mantpulated dipole fixed 1n position even
though that position be chosen rather carelessly

From study of the theory of multiple feedback networks 1t turns out that
the modet method can be made to synthesize automatically the orthogonal
dipole components required for a concentrated source at a specified position
1n order to develop a measured set of near orthogonal potentinls even though
the proposed electrode system 1s of unknown transfer impedance or 15 hghly
eregular

Expermmentally the model 1s fitted with whatever electrode system 13 to be
apphed to the patient and these electrodes are strongly fed back via an amph
fier to the dipole within the model ~ Signals from the human subject are then
mjected appropriately into the loop and the dipole excitation 1s either read on
a conventional recorder or 1s viewed spatially on the SVEC nstrument

Should there be no solutton to the problem the system will usually become
unstable but 1f there 15 a reasonably possible solution 1t will be caleutated
mstantly and presented at once as the Cartesian components of the exatatyon
required  The system has only recently been constructed and cannot yet be
reported on in detatl beyond an affirmation of its adherence to theory in simple
test cases

If we believe the theory and experimental evidence of the preceding para

Fiure 5 Development of umformly orthogonal leads bv wen
electrode potentials as guded by measurement of spatial partial der
pedance  For each constituent lead expected to form part of a weighted orthogonalized Teal
combination vanation of transfer 1mf edance 15 measured as the source dipole scans throy, h
Gut the heart volume _Scans are matle once successtvely in al three primary drrections oy
each principal dipole direction exaited | In general the principal or desired component (sapt
tal or Z n the ca ¢ ilustrated) will domunate 1n  useful lcad constituent but wil yars
strength while the two or wll Fe small but f mte g
will al 0 vary in strength and possilly 1 sign By judicious weighting and combining of
constituent lea Is a composite lead 15 eventually found 1 which contamination componny
nearly cancel for all regions withun the heart and for whuch the des: ed component remerrs
strong and nearly constant O e electrode may form part of more than one constitueny
V'ad and | ecause proximy effects are canceled rather than evaded_electrodes close to e
heart may be used with the result that large eas Iy measured potentials are ot tained

From Schiutt and Simonson Amertcan Medical Assoctation {rchises of Internal Med cone
November 1955

ghted comt ination of
vatives of teansfer ym
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TabLe 1
ReLATIVE TRANSPER IMPEDANCE OF CoMitoN LLECTROCARDIOGRAPHIC LEADS
Angular SD degr s
Lad seogth | PEEM ¢ degr Mean® d g ce
Frm | From
mean [
I 108 20 4 983 (90) 14 8(0) 103 01
11 116 1”3 89 5 (90) —630 (~60) 68 76
I 144 142 2722 (270) —67 5 (—60) 79 141
avy 116 18 8 91 4 (90) 47 7 (30) 94 | 223
avr 0 86 148 2:03 (270) 259 (30) 101 1ns
a\F 117 s 27 —811 (—90) 68 91
AT 119 46 0 3340 222 26 6
A\ 140 472 120 223 2350
Vi 142 526 342 95 26 0
Vo pii 48 4 450 -2Q 267
Vs 109 478 677 —-14 217
Ve 091 279 956 37 81
Tantr 2
RELATIVE TRAnSPER JMPEDANCE O ORTHOCONAL LEAD SysTEMS
Angula 5D
degrees
Lead stogth | Pp F1 Meang dgres | Me o dgre
krm F om
m dal
Duchosal Sulzer
\ 0 8t 407 113 4 (50) —11 0(0) 192306
1 078 | 226 315 765000 [121(1,3
z 076 443 354 8(0) —16 3 (0) 195258
Wilson Burch
X 114 203 98 2 (90) 15 4 () 100|199
1 120 17 4 6 59 7 (90) 108323
¥4 060 390 67(0) ~272(0) 169355
L Frank
AN 117 152 86 8 (90) 2 1(0) 89 98
Y 116 69 4 85 0 (90) 561 75
Z 100 | 165 | 3580(0) —8 8(0) 97165
SVFC IL
hN 164 229 84 8 (90} -312@ 1120130
By 141 30 | 2168 864(90) | 15| 39
Z 133 36 354 0 (0) -85 151185
SVEC I
S 133 102 90 1 (90) 3 6(0) 58| 68
By 14 30 | 2168 86490 | 15| 39
z 100 40 | 35990 -10(0) 2325

graphs 1t becomes obvious that

we must consider sertously the introduction of

composite Jeads mto conventronal cliral electrocardrography  This imme
diately rases a host of new questions Must we have very elaborate electronic
systems of many channels to accept all the lead datas Can we use resistine
combination networks? Is 1t prolubitively difficult to apply the rather formi
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TasLr 3
SasrLE 08 CouPLETE Data Frou Veirrcit CONDENSED DATA OF TABLES 1 AND 2 ARE DERIVED
Thus Sheet Refers to the V3 Lead

D pol posit —I Compon t escited
Stegthr |Aamathe| EI st 8
N B
1 1 ~1 023 -0 39 108 114 17 -20
1 1 1 118 —0 88 24 283 26 —-19
-1 1 1| 107 ] ~033 | 078 136 54 —14
~1 1 -1 0353 013 LE 0 8% 48 3
1 -1 -1 036 012 099 106 20 7
1 -1 1 126 142 210 283 3 30
-1 -1 1 106 10 0 68 162 51 39
-1 -1 -1 Q3 Q06 05t Q73 43 ]
0 [ 0| 087 06 | 101 149 41 2

Jdable arrays of electrodes reguired by 2 system suchas SVEC HI or must we
settle for a reasonably good system such as the E Frank system even though
1t 15 not adequately compensated for vertical distributions?

e must make a hard choice betnween quite different advantages and dis
advantages m decaiding whether to use resistance networhs to combme com
ponents before the amplifiers or to amphfy and then combine There 1s no
question whatsoever that combination after amplification s theoretically more
desirable 1f the instrumentation cost 1s not too high  With the SVEC system
seven push pull inputs would be desirable instead of three sets  Clearly this
15 too high a price to pay unless amplifiers are very cheap or funds freely avail
able In this system there 1s almost no attenuation penalty for premiuing so
that one unquestionably uses a three channel amplifier after 2 mixing network

Ti the anticipated trend toward transistonzed amplifiers continues howeyer
n the interest of reduced noise we may see amphification before miving
Good transistor amplifiers are strange to one accustomed to vacuum tubes
1n that they may present an nput impedance of nearly a megohm yet mcrease
thetr output nawse sharply when fed from 20 000 ohims tnstead of 3000 Wuth
this noise penalty for high input impedance we are compelled erther to amplify
before miung or to mix 1n very low impedance networhs

Transistor amphfiers consume so hittle power and are so sumple that mult
plymng therr number 1s not too forbidding  There 15 also a hidden danger
1n resorting to low resistence networks that should not be ignored even b
those of us using ¢ 1 tube electrocard hs with low e
centra) termunals ‘The resistance of an ordmary electrode connection to the
skin prepared 1n the usual way by a reasonably conscientious techmcian with
electrode paste and a little rubbing 1s higher than many of us are prepared to
believe without documentary evidence  FiGume 6 shows the disinbuton of
impedance found for 87 electrodes applied to the wnsts and ankles of 30 1n
dividuals the values are those for each individual electrode not for the par
It 1s evident that we must admit 2500 to 3000 ohms as common and so must

use mixing networks of at least 25000 and preferably 100 000 ohms if we are
to swamp this error
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The problem of applying multiple electrode arrays to permit good lead com
pensation has m our opinton been grossly exaggerated It 1s possible that
one can waste as much as 20 min sorting out 15> wires and attaching them to
electrodes each individually pasted and located on one strap or another, and
then getting the patient into a resting position with all this hardware attached
It has been our expenience however that an electrode jacket with all electrodes
in place but individually movable without disconnection can be fitted to a
subject 1 2 min or less Tests currently in progress require that such an

electrode vest (FIGURE 7) containing not only the SVEC III electrodes
but Vi to Ve and several others as well, totalling 21 be fitted onto subjects run
1n quick succession in a mass measurement schedule  With a team of 2 per
sons to fit the electrodes and make recordings 1t has been possible toheepa 10
mn schedule continuously, taking 16 recorded leads on each subject having
ample time to record several 1tems tdentifying the subject and wash off elec
trode paste and so forth  Possible application of nonpasted electrodes lends
hope that this procedure may be simphified even further

With this favorable experience in the use of multiple specifically arrayed
electrodes we have little patience with the current search for rough approxt
mations to distibuted electrodes Large metal electrodes faced with con
ducttve paste ot electrolyte allow skin impedance varations to play too large
a role Large electrodes of sponge or felt change their weighting too much
with vanation in wetting and attachment  Even the moderate price mn dis
tortion paid to ehminate 4 or 3 electrodes and to locate 2l the torso electrodes
on one belt seems uneconomical espectally 1f one takes mto account the more
careful belt adjustment required with such systems

Granted that highly corrected leads can be established and that they can be
used clinmcally without too much inconvemence do they offer any theoretical
or practical advantage? It seems probable that they will yield both  On the
theoretrcal side 1t 15 always advantageous if expenimental data can be brought
nto closer correspondence with the concepts mn terms of which they are to be
nterpreted  On the practical side 1t becomes a simple matter to transform
data from one orthogonal scheme inte another with the turning of two knobs
and without moving any electrodes a simple resolver will give any possible
umform lead  Three lead data recorded on magnetic tape can be played back

10
S
o
[} 1000 2000 3000 4000
Frorre 6 Distribution of hmb lend lmpedanccs found lor 87 electro les applxed to the
wrists and ankles of 30 different he ohms (60,63

and 15 calculated for each hmb impedance sepamely not m u,e entire lead c,mm
Aimate 13 frequency of occurrence the sbscissa smpedance 1n ohs
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Fioure 7 Adjustable elastic vest which permits quick and convenient attachment of
complex lead system electrodes to the patient All electrodes are attached to the vest so
that they can be put on 1n a single motion but each electrode may be positioned or replaced
mbsidually The cable of leads from the vest terminates in a quick disconnect plug so that
the patient need not be brought to the recorder before the vest 15 put on and so that alternative
lcadP vests can be kept clean and on hand  The vest 1llustrated provides for the I4-electrode
SVEC 111 system the 6-lead precordial set and for conventional hmb Jeads

for recording on any time base or vector recorder or for spatial vector display
The recordings need not be 1n the onginal leads but can be reoriented at will
This freedom of spatial resolution 15 possible because fully orthogonal data are
mvanant for such transformations  Above all thss re resolution theoretically
permuts automatic systematic correction for heart positions and so can pre
sumably put all displays on a common onentation basis aligned anatomically
with the heart rather than with the body

Lest we be carned away with enthusiasm for the seemingly precise analysis
that transfer impedance theory yields 1t now seems appropriate to introduce
some expenmmental data that compel us 1o g0 cautiously 2nd to re examine
each piece of evidence carefully These are some data measured 1n our lab
oratory recently and strongly supported by additional experiments done by
E Simonson and some of our assoctates

If we accept the old notion that the several

presumably orth
systems denved from such forms as cubes and y ogonal lead

tetrahedra are more or less
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TABLE 4
QRS axp T AXES 1\ Vartots ORTHOGONAL LEAD SysTEMS
QRS T
Lead 35 tem m
Az B |Amplm | Az B Ampt
Duchosal Sulzer 94 —67 08 6> -65 02 1
Gnishman 92 -~50 10 80 —49 03 8
Wuson Burch 89 -8 09> 68 -50 04 39
Briller o -72 09 81 —~40 03 49
E Frank 8 | -5 ) 105 | 63 | —46 ) 03 15
SVEC I ab 76 | -89 [ 175 | 65 | -0 [ 04 29
SVEC I 00 | —63 | 13 —43 | 04 30
E Siumonson 122 -80 145

All measurements made on the same normal mdividual

equivalent differing perhaps shghtly in strength of components and detaile
vanation but basically alike then we should expect that an individual wou!
gve reasonably similar spatial patterns m any of these systems Ve tne
this, using the SVEC Il display system which allows immedrate direct mea
urement of spatial orientation shape, and magnttude of the several complexe
Ve were not too surpnsed to see the differences tabulated in TaBLE 4 Carefl
choice of the test subject and a companson of several mdniduals venfied t!
fact that these were not freak results A companson of repeat measuremen:
on one indnidual using two observers proved that the discrepancy was not )
the measurements (TABLE 5) As a further check the measurements we
repeated at intenals over several days the electrodes being repeatedly n
moved and apphed still with consistent results (TABLE 6)

Esidently there 1s serious but not violent distortion m the relatronship ¢

TasLe §
RepropUCIBILITY OF INsTROMENTAL MEASUREMENTS SVEC METHOD
The Values are Average Angles in Degrees Plus or Minus Mean Deviations

QRS T
Obse e | Numb !

A sooth l Bt Aum th ) Bt
1D 7 102 & 20 ~40:£ 08 60:£25 ~304:16
RL 7 9409 4008 924 —~20+16

TapLe 6

Snort Tery VapiapiLity oF SVEC MEASUREMENTS
The Values are Averaged for 7 Measurements over 50 Days Plus or Minus Mean Deviatior

QRS T
A th E ot Amplt d m Am th I El to Amptt d m
104 £38 | —39 £13 | 30005 | 62 d:SOl ~30 £15 09010
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one system to another and the systems do not merely rotate or stretch the
data for this would not lead to such differences 1 the pattern of behavior
of T with respect to QRS Additionally 1t seemed evident that the spatil
pattern shape was differentially changed 1n detail
On the basts of these facts we reasoned that 1f these were indeed moderate
distortions brought about by detailed differences 1n the transler impedance
pattern shight reorientations of the heart could result only mn practically wden
tical changes 1n the resulung patterns  As a test of this hypothesis the subject
was ashed to 1hale and exhale almost maumally and the etpenment was
repeated 1n each position  We were amazed to sce that the resultant large
angular shifts were not even consistent 1 sign in the several systems and that
the T did not particularly follow the QRS Obwviously something more than
a simple rotation of coordinates was mvolved
It was reassuring o see that the systems that had turned out best in the
model measurements were most similar i response and showed less aberration
The residual shift1s real however and cautions us to be alert for imnhomoge
nety effects 1n future analyses
It 1s mappropnate to close this d: without introducing the topre of
absolute as aganst relatie specification of transfer impedances From our
earlier discussion of transfer impedance 1t 15 obvious that the voltage measured
at any lead must among other things depend upon the resistivity as well as
upon the shape of the body Were the dipolar source and leads left fived
and were the body resistivity doubled then the measured voltage would double
for a source of specified dipole current moment
If the model of transfer d had heen absolute rather
than relative and 1f the mean resistivity of the human torso were known we
could then specify elect d hucall d p Is m actual myily
ampere centimeters of heart dipole moment and thus come much closer to the
weal with which we started namely specification of heart current production
n physiologically meamnglul terms
Realization of the 1deal of absolute tran fer impedance measurement Tequires
two hitherto unavailable items of data the mean resistivaty of the human torso
accurately established on a group sufficiently large to permt statistical spect
ficattons and the absolute calibration of the dipoles used in model work
The solution of {his fast problem s straightiorward but not particularly
easy Because of the awkward boundary conditions to be met 1t 1s not feasible
to calculate the moment of a tnple dipole made up as a cube with somewhat
shielded faces Consequently a direct calibration 1s substituted  For this
purpose a standard simple dipole of easily calculable moment was troduced
into 2 30 m wnternally wsulated sahne filled sphere {F1GURE 8) and the re
sultant tield was measured 'The unknown dipole was then substituted and
by direct comparison was calibrated and checked for symmet,
Measurement of human torso resistivity 1s more difficult but wilt be under
taken on a statistically meanmgful basis shortly Ina
y token sample of meas
urements made by passing alternating current from a constant current source
through the subject from head to foot and then measuring the potential gradient




FiGure 8  System for absolute of transfer tmped: The

triple dipole source 18 accurately orthogonal and can te precisely located and oriented 1n the
madel but because of us complicated form which makes durect calculation prohibitively diff
cult 1t must be calibrated in terms of a simple dipole The direct companson of dipole
sources 15 carried out in the 30 in tnsulated sphere which 1s filled with saline of controlled
conductinty

Tasie 7
TrANsEER T or Comon Ei Leaps
L d Str gth hmscm
I 047
bid 051
biid 063
Vi 052
Vi 0 61
Vi 062
v 053
v 048
Vi 040
SVECIIT
e
S 058
M 062
z 047

110%
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on the chest and on the back 1n the heart region 1t has been possible to obtain
bly rehiable app 1005 of the desired resistivity  Typical values

of p were 450 ohms cm  but these data must be regarded as only tentative *

Utillizing this value of p and the absolute transfer impedances for the model
1t has been possible to arrve at sample values for the transfer impedance of a
few common leads  These values are presented i TaBLE 7 from which we see
that Z, for all useful feads will be of the order of half an ohm per centimeter
Human heart action currents must then typically involve about one half mil
ampere centimeter of dipole moment This quantity is conveniently remem
bered and 15 perhaps more than we should have expected 1n view of the great
nternal cancellation ordmaniy involved 1n the normal beat

We must not hope to be able to reconstruct the heart action current distribu
t1on in detail from the externally measured potentials but 1t now appears that
we can hope to speafy its absolute magnitude and to obtam properly mte
grated spatial representations of is temporal activity with good accuracy
the not too distant future

Statistical measurement of a group of 203 normal men carned out while this manuscript

was 1n press yielded a value of 489 chms—cm for p with a standard deviation of 54 7 chms.cm

se of this revised value of p would cause the values of transfer impedance in TABLE 7 to be
changed shghtly



FAPLORATORY LEAD SYSTEMS AND ZERO POTENTIALS"*

By Robert H Bayley
Uns erssly of Okfakoma Schook of edicine Oklahoma City Obla

W henever a yvector quantity can be represented by the negative gradient of 2
scalar quantity the scalar 1s said to be the potential of the vector  In electrical
science attention 1s focused upon the vector Jf known as the current density
and upon its potential 1 In a conservative force field the line imtegral of J
along any path from an arbitrary point 1 to an arbitrary point 2 1s equal to the
difference of the potential at the imtial and at the end points of the path (FIGURE
1) In this sense there can be only potential differences® The location of
points 1 and 2 m the conservative force field isarbitrary  Itis customary how
ever for authors of texts on electrical theory to choose point 1 as a vanable
pomt and to choose point 2 as any pomnt m the force field where the value of the
current density J 1s neghgible 1n comparnson with 1ts value or with 1ts varia
tions at point 1 The work done (potential) m bringing a positive test particle
from outside of the force field to a point 2 mn the force field where the current
density 1s neghgible, utself amounts to httle and the potential vamshes or 1s
zero at the point 2

In the force field of a current dipole that 1s imbedded 1n a volume conductor
st must alnays be possible to pass between the poles a surface that divides
the conductor into two parts and renders the current density neghgible at
every pomnt 1n this surface  FIGURE 1 depicts Wilson s chotce 1n this matter
Ve observe that the path from the vanable point 1 travels to the zero po
tentral surface and that this surface rotates with the axis of the cardiac dipole
and 1s therefore not a fixed pomt mn the conductor  The path continues along
this surface to the point 2 at the dipole mid pomt  The potential at the
md pomt 15 defined as the average value of the potential of the poles By
defimition the dipole 15 composed of a single source and sink of equal magnitude
and oppostte sign  The average value of the pole potential 1s therefore zero}
The Wilson central terminal 15 no more than a method of approumating the
potental of the mud point of the equivalent cardiac dipole?¢ Similarly in
electrocardiography a unipolar lead may be defined as the potential difference
between a variable pomt and a fixed pownt 1 which the potential varmations of
the fixed pomnt are equivalent to those of a region of the force held wheremn cur
rent density 1> neghgible 1n comparison to 1ts vanations at the vanable pont
Unipolar direct leads wherem the varrable pomt 1s upon the heart s surface or
within 1ts substance and where the fixed pomnt 1s upon a hmb certamly meet
these requirements to a satisfactory degree and the Wilson central termmal 15

The v estigations reported 1n this paper were supported in part | y prants from the Na

1 Tnstitute of the National Institutes of Health Public Health Service Depart
:ﬂil:{‘ lealth Lducation and Welfare Bethesda Md and the Oklahoma State Heart
Association Oklahoma City Okla
+ The symbol over any character designates vector quantity
‘The potential of the mid pomnt differs from that at wfimaty 1y an arbatrary constant
nothing 1s gained and symmetry 1S lost by choosing an uncustomary value other than zero
for tius constant
1110
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anideal fived pomnt for theseleads From a chnical pomt of view the Walson
central termnal 1s likew1se a highly satisfactory reference pomt with which to
explore the variable standard precordial points *

An electrode of high conductinaty assumes the average value of the poten
tial of the region upon which 1t rests FIGURE 1 depicts my choice of a path
from the varable point to the spherical coppes screen 2/ which contams the
subject and a homogeneous conducting medim  \ore recently Frank and
Kay have chosen a path from the variable pont 1 to the extremity of the fixed
zero potential plane 2 of the ideafized model and after fixing a powt 3 of
equualent potentral upon the generating arawt of the current dipole have
transferred this circmit with the reference potential at 3 over to a volume con
ductor of irregular boundary for the purpose of mapping the potential distribu
tion £ 7

Ve have not been able expenimentally to confirm or refute the potential

_————
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nt Pont 215 fived ~ADahie point 1
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n 3 5 3
fial plane of the deahzr:! : oéfl‘a Integratng el ctrode  Pomnt 2 15 on the Zero-poten
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measurements of a torso model using a bridge of this general type ¢ Theo
retical computations for the field of a mathematical dipole indicate however
that the average value of the potential of the lead vector components C and
C for 16 pomnts (or electrodes A 7 7) on the circumference of the torso model
chest at the heart level (by approximate formula) or upon the boundary of the
approprate oblate spheroidal section (by exact formula) bears a sign simular
to that pole of the umit dipole which 1s nearest to the chest circumference®
(see ApPENDIX) By contrast the average value of the potential of the lead
components {C and C) for all dipole positions measured by Frank and Ray®
with this bridge shows a sign similar to that of the pole of the dipole that 1s
furthest from the chest boundary Frank s tables? appear therefore to contamn
2 substantial error i potential measurement that increases tn magnstude with
that of the absolute value of the potential measured  Ths results in a value
shart of the true value which fails to show either at zero check in the reference
tank or with a reversal of the dipole avis *

If the bridge detector branch admts virtually anv current to the zero
potential reference (ground) through the capacity of the lead cables or through
the detector the error 1n question 1s explained  Experiments in my laboratory
show that 1f the detector mput 1s through a cathode follower that operates
with an mput mpedance of 10 to 20 thousand megohms and if the current
from the dipole field to ground through the detector cable capacitance s vir
tually ehminated by use of an nner shield (between the cable conductar and
the outer ground shield) connected to the cathode of the cathode follower this
Relvin type bridge should measure potential satisfactonly  Accuracy 1s then
Limited primanly by the mechanical features of the symmetrical reference
model or by unstable contact mmpedance (polarization) at the dipole elec
trodes The drnen shield and the cathode follower prevent further un
equalr.ation after zero set of the two voltages from the transformer secondary
to the zero reference potential at ground when the bridge 1s used as a potentral
measuring device

The circuit may be improved further by connecting the transformer sec
ondary terminals to the two gnds of a push pull cathode follower stage that
contams two auxihary series R C bridge arms between the balanced output of
the followers The node at the junction of the awuhary bridge arms 1s con
nected 1n turn to a monttor detector through a third cathode follower The
momitor-detector compares the potental of the node to that of ground The
auvliary arms are balanced with the mam bridge arms and potential measure
ments may now be made with canfidence on the main detector branch as long
as the monitor detectorshowsno signal  Here the only parameter that escapes
a signal on the monitor 1s the slow swing of the dipole contact impedances *

Prev 10us 1mmersion expeniments by other investigators had the objective
of defining the magmtude and sign of the maximum potential on the Wilson

o
T 1 O e ixbie 6 th toa ol & second avsesuon suslrce

(he locations of the zero-potential contour lines and a third involves a signal of error on the
monitor detector of the autiliary briige arms upon rotation of the eccentrie-dipole aus due

to current in the detector branc]

tential di
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central termmal  Their various results determned this error to be of the order
of several tenths of a millvolt of negative potential* 132 The objective of
my immersion studies was to determune if weighting a central terrmnal by
unequal resistances might adjust 1ts potential to that of the spherical screen
“The potential of the screen can be put 1n the form

1
“=4r_x1f Veds o

wherem R 1s the rachus of the screen surface S and ¥ p 15 the potential at any
pount of the region of S produced by a complex of dipoles located within the
contamned medium  If the medium within the sphere 1s effectively homogene
ous the integral in EQuATION 1 vanishes and ¥ 515 zero  If the medmum 1snot
effectively homogeneous the residue of the integral may be made neghgible by
taking R sufficently large in the construction of the spherical screen

In each immersion experiment an atternpt was made to satisfy the relation

(brw =10 =0 )

that 1s a detector connected to the central termnal of the potential § yx and
to the screen shows no potential difference  When FqQuaTion 2 1s satisfied
by a given expenment 1t may be argued that ¥ r = |4 = 0 for 1t 1s not pos-
sible for 1o and Vs to vary in the same way as the field axis varies 1ts direc
tion and magnitude

One objection that can be made to the immersion experiment 1s that the
potentuals at the body surface electrodes decrease proportionally in magnitude
This objection was overcome by using a differential pre amphfier for the
Sanborn two beam photographic detector In our expeniments the two umts
were operated with an over all sensitivity of 7 cm  deflection per millivolt
Another more serious objection to the immersion expeniment 1s that mmersion
alters the current distributions within the body of the subject under study b
imposing a different boundary candition upon the force field  In terms of lh)c
normal denvative of the potential ¥, of the subject and the normal dernative

of the potential § ; of the exterior medtum the boundary condst
by the relation®* Ty condition 1s described

3t _ A av,)
e

31 K: o1, 3)
The ratio Ay/R11s the speaific resistance of the subject to that of th
medium  If the subjectss marr K2 >>> K, e < Slon

the nght ha

TI0N 3 vanishes indicating that no currents produced b}% the }?e(::s:al:f:fm\

beyond the body surface When the immersion flud 15 Ohlahoma Cut‘ ond

water the ratio 1s about one third at the temperature utilzed  For g y ]lap

water at 37 C the ratio 1s 1/62> and for a medum of speafic “sxsu led

equal to that of the subject the fatio 1s unity stance

The extreme values of the ratio are zero and unity and the

Les somewhere between these values The poss:b’)lnt} of uslcnﬂgefi[lsnlil;:g :::"

er
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sistances to the left arm and left leg electrodes should be less than that |
the resistance to the back electrode the tendency 1if any is to measure t
resistance for the left leg electrode small with respect to those for the ar
electrodes and to measure the resistance for the left arm electrode large wi
respect to that for the nght arm electrode
“The results of the immersion experiments are summarized 1n FIGURE 3 F
the subjects upon whom a null balance was obtamed 1n satisfying EQuation
1t may safely be concluded that the onientation of the equivalent cardiac dip
15 at the front face or withm the voltage tetrahedron based upon the hmb a
back electrodes '™  For subjects upon whom the null balance was not ¢
tawmed there reraatns the posstility that the onentation of the equunale
cardiac dipole may le extertor to the Burger voltage tetrahedron  The first
these conclusions 15 based upon the null balance reached in two thirds of t
group of normal young adult subjects and appears to be 1n rather serious d
agreement with the conclusions reached by Frank? * krank and hay ™~ a
McFee and Johnston ' ° which are based upon an enurely different approa
to the problem of solving heart dipole onentation  The sphere immers)
studies maidentally show a common onentation for the heart vector of ventr
lar accession and ventncular and the of var
ble eccentnaty of the equivalent cardiac dipole except as assouiated with
prration
The chnef advantage of the method 1s that the desired information on on
tation of the equivalent dipole 15 embodied 1n one nulf d operaty
Inasmuch as the potential at any pomt on the surface of the homogenec
volume conductor of arbitrary shape due to an imbedded dipole 15 by fir
order approimation twice the value that would obtamn at the same point
the extent of the conductor were wnfimte the sphere immersion method w
Ky/K2= 13 may be considered as yielding a pood first-order result
Tt 15 logical that the substitution of distilled water for tap water sho
umnprove the accuracy of the results well beyond a first order approumaty
and the cost would be reasonable for u e of the sphere immersion method w
certain laboratory ammals and for the force field produced by the 1solated he
embedded m a homogeneous flud medmm

The Grid Lead Central Terminal

It 1s my purpose to describe a central terminal the construction of nh
embodies certain of the theoretical and experimental ideas of McFee ;
TJohniston 20 of Frank? *'and of Frank and hay  and of the sphere urmers
experiments ' From the first of these sources we have adopted 2 gud t;
electrode 1n which some 250 studs are arranged symmetnically on an ela
belt (rcure 4)  Each stud 15 connected to the gnd terminal of poten
¥ 7, through equal resistances of 1 million chms  The contact face of e
stud 15 curcalar and the contact area 1 03 ¢m  The shin s rubbed bris
with electrode piste and thenis wiped dry  No paste s appled directly to
studs  Aneven waffleiron shin pattern is obtained by the ehstiaity of
belt and by firmly lacing 2 sponge rubber pads extersor to the belt one at
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was rejected primanly because a single tankful would have cost upwards of
one thousand dollars

Ve may examine theoretically the posttions of the zero potential surface
contour on the sphere under the extreme values of zero and umty for the ratio
At/k: when a dipole with 1ts axis parallel to the direction of eccentricity 18
located at a distance equal to one half of the radius of the spherscal conductor
(FiuURE 2) The distance separating the zero potential surface contours 1s
008 of the raduus along the axis of eccentricity *  This would correspond to a
distance of about 1 cm for the adult human <ubject Moreover the separa
tion of the zero potential contour fines tends to vamsh whenever the zero
potential surface divides the conductor into two nrearly symmetrical parts
Consequently the equipotential contour hnes of the £ component of the heart s
field are judged to be more sensitive to the immerston effect than those of the
£ and £, components and the effect of these contour changes upon the hmb
electrodes with immersion 1s that of mcreasing the dipole eccentnierty along
the negative Z auis  This error 1s in the direction of agreement with torso
mode) measurements” The resistance k 1n the tenmmnal branch that 1s con
nected to the back electrode might therefore be measured by sphere immersion
at too large a positive or too small 2 negative value Body symmetry with
respect to dipole eccentricity indicates that the immersion effect upon the re

zZ

For air

Dipole axts
For similar media
Fictre 2 The two zeto-potential surface contours produced by a current lipole eccen
tric abng the negative auis of Z for a distance of &/2 with the dipole aus parallel to the
chirection of eccentricsty  The contour for air 18 more centrically located by a distance of
008 R on the avs of eccentrictly  As the dipole aws rotates [ erf endicular to the aus of
eccentnictty the contour for air concides wath the five I contour for 8 similar extenstve 1m
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Ficere 4 A gnd lead central terminal composed of symmetncally arranged studs m an
elastic belt each connected to a common node of { otentizl ¥ rg through a resistance of one
milhon chms  Lach gold bani ohmite carbon res stor is oldered dire tly to a stud The
summing conductor loops alang the binding posts {1 per 4 studs) for a soldered contact and
then doubles back to avoid an induction ning  Each unit of 4 studs 4 resistors_and 1
binding post 15 fixed 1n & low lows dielectric boa d  The stads are at the comers of a 15
em squa e with central binding post

mid line anteniorly and one postertorly  The skin resistance through a single
stud 13 about 100K ohms and the series parallel resistances through adjacent
studs with the belt 1n place are unform within a 10 per cent vanation In
accordance with the suggestions of I'rank and his associates the long axis of
the belt 15 applied carefully on the circumference of the chest at the level of
the sternal end of the sth intercostal space and 15 then Jeveled with a plumb bob
suspended by a string  In this way the E component of the heart s field 15
essentially ehminated?

Adopted from the sphere immersion principle ts the 2 dimensional version of
EQuATION 1 If the bedy medsum )s effectively homogeneous and if the studs
are on a arcular boundary the integral vanishes due to the potential of any
complex of dipoles contamned 1n the plane of the arcular caircumference  The
4 rows of studs give 4 such arcumferences that cover the vertical dimensigns
of the field source The actual nonarcular configuration of the boundary
should introduce only small off zero values for the potenttal ¥ r¢ due to mntra
cardiac dipoles of hmited or normal eccentnaty
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As an 1llustration of the method for estimating the erroron Vye useis made
of the components of the lead vector table prepared from the data of Frank?
(r1cURE §) as explamed earher mn this article  Nevertheless 1t appears likely
that the off zero value of J g s less than the potental of the \Wilson central
termnal

Several uses for the grid lead centra] termmnal suggest themselves The po
tential of the Wilson terminal may be evaluated by leads of the form

(hr~Vra) )
+Z

o] ! 2 3 4

~X mv/ma - cm Slem +X

ylolelolole
e,
SEODD
felclelole

SDBHD
57cm

Ficure 5 Diagram of the average absolute values of the components of the 16 umipolar
lzad \c tors for electrodes A throug P’ For any dipole postn shown these compenents
Teq the dipole ma em and the sum of the
products thus dcurrruntd gves the potential on the gnd lead (tlm‘nal for that dipole onen
taton  For dipole 13 P = Ovwhen P 150 77 and the mavimum error o! tra1507 (01) =
007mv Fordipoles10 12 and 23 1rg)s ‘Zero M maxmum P =

o o
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The resistances u th

e Wilson termnal may be adyreted for o
of the p)tenh:\\ dufference izt vt es

{ow =V ra ®
and the residasd potential difference may be ascribed to the oF ze:
} y as produced pomandy by the £ component of the hearts fukrlo \:h'c o
ymmes 100 espenment> nedicate that this ecror may be nesd gibte { Sthere
1 a majority of yos08 adult subjects  Measurements on Th: ‘omncu: 3
Frooh and hay® exclude the possiality of azero potential 1n the model by
gmseighved thiee branch Wilson termnal Consequeatly, leads “F%‘ﬂcd ar
mdicated by EQUATION 5 shoul 1 prove of vonsiderable xn\érnt at ‘;‘1 the kind

A thad type of expenment ymvolves recording the bmb and ba k“ time

at three of four tumes the gorsal sensitivity using the gnd !n; potentualy
minat as 2 teferesce Wfeasurement of these potentuls wih cen ral er
ommon tire base such as lead L& A then permat 2 caleulation of \r;sk o o3
yatios that are reruured to brng 2 four branch certrat termaal toy € reelsance
of zexo depending of cous ward & valie

o on the avcuracy of the gad X
cauation required for th s purpose 18 of the form!* Fodle dtemal The

3 k k
Twart lem+jf~,,,.= b

®)

wheremn the resistan

cesr § f and hare conrected 10 the hmh
iodes B L T and B respoctss ev  Thevalws ofa Be ?;?;’nz”g;tc\ et
TC Q(‘nd

4

Figure ¢ Valtage tetrabedion. 1234 based on the electrod sish 1

1ot o bt sha the subletrabedra 314 0133 @I and 0123 e st

suh e ressintes ¢ L and b 1e grctvehy o esch e e Crer of the
or ihe umpolat lead ventors & wulates cou terc 1se .t tb

ot the tetrabedron 1234 s o L aseves iationed 43
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to the potentials Fx, } . 1, and Vs at the three instants of time indicated
by the subscoipt for three noncoplanar directions of the feld aus The
equnalent equation using I rank s vector notation ¥ 45

Mo podrtie s be Pl - —t i o

wheren ¢ C: (s and (4 are the constant utupolar lead vectors for the ar
batraty four electrode system and Py » 315 the varuble heart vectorat three
arbitrary mstants of time for three noncoplanar directions  Solving EQUA
Tions 6 and 7 gies

Tt &b
b_MCG0) 1,
T AR
SuBrys

166G o
asbiys

| eudim
N (2 O 1

p G0 1 Tty ®
4
[ lac ™5 | |
asfizdy
affm
A=lalm
ayya

A

B

c

Torso

o123
0324
0134
oz2i4
Index

-25
430
734
520
16

-2

156
268

6.8
095

~3741
1355
5823
fe02
15

-3153
1350

4756

4793
132

Froere 7 Top (rame shoys the voltage tetrahedral volumes for subjects 1 B C and

for simular data on the torso model !

thoracic diameters at the heart-dipole fevel

he Index 15 the ratio of transserse/anteropostenor
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8 {r=171=10f=-007h)
{r=51=161), (Vyy ~Vre)}=007 mv (p-p)

c (r=431=12f=-28h)
{r=10 1=10 1), {(Vyw~Vy5)=0 28 nv (p-p}

Torso (f=35‘=3>5§='23 )
model {{r=1] 1=117)

Fruwer 8 Resstance rayios by £quarioy 8 and by the nall batance w &b the Walson
veceminab resistance or the potevtial aifference (¥ ?‘» ~ Fyp?  The resdusd unhatasce 1s

ven 1 m Svoits and 15 aserb 3 prmanty 12 1be P component of the b ans felé  When
.gllumz 0123 18 pegatve the residual vnbalance s of the ~ 4 form with vid nary bebavior
of the h art vector

5 BRI
Al i
o Hi ‘
it il
+ L
Het H
: 3%?{;3 ;% 0

Fitss 9 Flectroma dugram of subje ¢ A frum which the potertial mea urements 1
FIGLRE 12 wer taken  Thevalues ford are theaverage of the potent als recorded from below
and ahave the gad lead belt { ¢t to the bofe of the sps  The eontrary chotoe o 15me on
139 2mprtant ar d should averd mawenum and smalt values f the uripoltr feads thus,
srovs on small peteatials arz noy mult vl wmanylodd duning computation by xQuATION 8
“The measurements ave charted m rictxe 8 and 12
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Tieure 10 Electrocardiogram of subject B as i r1cLRE 9

T

[Ajy§aunssgpng iy

Ticure 11 Electrocardiogram of subject C as in Fi6urs 9
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Each quantity 1n square brackets 15 a scalar triple product of three vectors
and each such quantity 1> equivalent to <ix tumes the volume of a tetrahedron
wherein the indicated vectors Join the vertices from a common onigin O The
signs have been handled n the customary way B 50 that an observer stationed
at the origin views the opposite face of the tetrahedron and the subscript from
left to mght crculates the positive area counterclockwise (FIGURE 6)
The four subteirahedra 032% 0134 0214 and 0123 form the large Burger
voltage tetrahedron 1234 based on the four electrode system When the
ongin O of the ( and P vectors 1s extenior to a gven face of 1234 the order
of the subscript airculates clockwise (FIGURE 6)  In certain respects the solu
tion (EQUATION 8) appears more general than that recently offered by Vlar
¢hand and s assocates * which 1s denived {rom three partieular direchions
of the umit heart vector

L lalBlc]
RVR). a]-8] 110
(Va)s de|-118]-10]-13
(V)s osl 1 |-41] 3
(Vo), 8,|17}05|-17
VD)o B2l 27| -2 |F17
(V))s p,|-05| -1 |05
Ve), ¥,1-36|-03|-17
(Vr)z ¥,-35( 16| 15
(Ve)s 55| 33] 7|13
(Vg), &2%.85(-12]-33
(Ve ) 2%l.25/45(-4
(Vg )s2% 23| 3 [-65

Figure 17 Messured values of simultaneous potentials fi
QS 17 Messured valuss of smiltancous poteatials from the god lead st of QRS
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The results of a study of subjects A B and € are shown 1n FIGURE 7, to
gether with the corresponding data computed from the torso mode! measure
ments of Frank for comparison  The tetrahedral volumes are quite similar 1n
subjects A and B and the small volumes of 0123 indicate that the heart dipole
1s at the voltage 123 triangle of the tetrahedron 1234 The volumes for sub
ject C compare favorably with those of the torso model The major difference
here 1s 1n the volume 0214 which varies iny ersely with the resistance to the left
leg electrode  The index 1s determined by dividing the transverse axis of the
chest by the anteroposterior as at the heart level  FIGURE 8 shows the solu
trons for the reststance ratios computed from the potential measurements and
the same ratios determined by adjusting the three or four branch terminal for
a null of the potential difference (¥ py — | ra)

The electrocardiograms for subjects A B and C appear 1n FIGURES 9 10

e
ESULEALE
G Fesreeasss)
3 =E H
£ i =
£ 1 £ :
£
HEXS
FEE 5 &
Eedisawy N VeV
¥Ispawy = gf
=D g
251l s THERE
i iy
Cewl g
Nij

= Lo
PR R

A ;
Ticure 13 In reading order the curves § v — 1 g display the stepwise null balance
ocedure conducted for subject G The result r = 2 5/ m 1 2/ locates the equn alent carer.
pole in the Burger voltage tnangle 123 (FIGUEE 6) 10 an accuracy hmited by that of the
d lead central terminal ~ Lead § 2 — 7 indicates that a reasonabhy large £ component
tually evists  The B electrode 1s just to the left of the spine below the gnd belt  Subject
with Friw ~ 1 rg 1s recorded three imes the normal value The result r = 557 2 06f
ates the equivalent cardiac dipole within the Burger voltage tnangle
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and 11 respectnvely The data pbtaned by the attempted null batance must
be regarded as considerably more accurate than those determined by measare
ment of potentials for EQuatton 8 These measurements could be improved
however by using a four channel photographic tecorder with a delicate time
hne wndicator  FIGURE 12 shows the measured values of simultaneous po
tentials from the gnid lead set of QRS defiections in Ficures 9 10 and 11 A
null balance of the kind shown 1n F1cURE 13 gives an indication of the sensy
uvity esponse to adjustments of 10K ohm steps and ulumately satisfies the
equation (§ rw — § 7o) = 0 for subet G

F1eure 14 summarizes the results of balance operations on a group of normal
aduit male subjects The average values of the ratios are wnteresung in that
the coefficients for the Iuft feg are close to those of the sphere immersion
measurements while those for the left arm are not  With the gnd lead ter
minal reference the coefficient for the & resistance 1s probably negatine in most
of the subjects studied but lihe the sphere 1immersion measurements orienta

Subsect] (Vo Ve (VewVys!) Ratios  {index
ithvolis P P its P-P TrongJA P

A | 045 006 |r=51=12f {16
B { 020 007 [r=51i=16f |095
c 050 028 |r=101=¢f i6
D { 033 012 ir=161=10f|143
E | 013 Q0 {r=i6i=f 129
F 030 002 |r=551=06f| 125
G 013 003 {r=251=12f| 132
H 050 040 Jr=5 =% 132
l 015 010 [r=251i=12f|] 46
J 040 027 |r=451i=11f] 147
K 1030 | 020 |re234=14f 109
L 040 | 027 |rel0t=25¢] |52
Avg} 032 | 016 |[rs46 122 f | —

FICURE 14 Summary of the at
tempted noll balaney
e oaneen the wesghied central tertumal potential 1 por o the s, P9 001 eer
ntcal terminal i a group of normal sl pytse * potential Fra o the
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tion of the equivalent cardiac dipole appears to be near the plane of the Burger
voltage triangle ¢ »*

Discusston and Conclustons

The grid lead central termnal 15 based on reasonably sound theoretical and
experimental data? 19 7 its use as a reference potential for evaluating the
onentation of the equnvalent cardiac dipole 15 described  Its construction can
undoubtedly be improved Several vareties of weighting of the grid lead
termmal may be necessary to cover unusual dipole orientations In a given
subject the equsvalent cardiac dipole orientation 1s computed in terms of the
resistances 1 the branches of a central termmal for a three or four electrode
system When the preliminary results are compared with those of the sphere
immerston expertments the latter being regarded as 2 good first order approx
mation the direction of the theoretical error of sphere 1mmersion measurements
15 supported by the ,rid lead terminal measurements

Orientation of the equivalent cardiac dipole from subject to subject as deter
mined by the grd lead central terminal appears to mclude those orientations
determined by the sphere immerston studies as well as those determuned from
a homogeneous torso model The coefficient 1n the left arm bronch of the
Wilson terminal 1s distinctly higher by grid lead central terminal measurement
than by sphere immersion measurement  The coefficient for the resistance in
the left leg branch of the Wilson termnal 15 somewhat lower by gnd lead
central terminal measurement than by sphere immersion measurement A
tourth branch to the Wilson terminal swhich 1s connected to a back electrode is
determined by both methods to be of little or no value in bringing the potenta!
of the Wilson terminal toward that of the grid lead central terminal  When
the reference potential 1s that of the immersion sphere and when it 1s that of
the grid lead central terminal the apparent orientation of the equivalent cardiac
dipole 1s frequently at the voltage plane of the Burger triangle

The potential of the Wilson central terminal with reference to the grid Jead
central terminai varies considerably from subject to subject and averages 0 32
myv n a small group of normal male adult subjects  The potential difference
with the weihted three branch Wilson termunal 1s about half of this value
and indicates a small error on the Wilson termnal that may be ascribed to the
z component of the heart s field

The reference potenttal on the dipole generating circwit is apparently un
sound as Frank and Ray have used 1t ® and a brdge arrcuit that may be used
to measure toroso model potentials accurately 1s described

ArpEnDIX N V[ Space HsRMONECS OF THE OBLATF SPHFROID
By Paul M Berry
Heart Station Ly ersity Hospilal OMahoma Ciiy Okla

The ongwal problem proposed by Bayley can be stated as follows a known
doublet direct current source 1s located inside a homogeneous and finitely con
ducting body  The conductor 1s imbedded 1n a perfect dielectric medium
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3 g

2¢

Fi6URE 15 The oblate spheroidal coordinate system  Vector { 1s the unit vector normal

to the elipse and §1s the unit vector normal to the hyperbolsd  Dhstance 2c 15 the di tance
{rom one Socal pot 1o the other

The position and erientation of the doublet isarbitrary It s desired to deter
mine the potential distribution on the surface of the conducting body

Here the conducting body will be taken as an oblate spheroid  The po
tential distrsbution will satisfy T aplace s equation with the boundary condition
of zero normal gradient  Thus the problem 1s to sohve

V¢ =0 [3)]
with
a9 _
Frie 0 )

1. J Chu® obtamed a solution to the problem that will be cutlined here

Consider an oblate spheroidal coardinate system as shown 1 FIGURE 15 The
equation of the spheroids 1s

2

X4 P -2

R el r20 @
and that of the hyperbolowds 15

& 2

2

SFrioeee S1<E<t @
where ¢ denotes one half of the focal distance  Writing La
general orthogonal coordinates one has nting Laplace s equation n

I ag a (I a
v“¢=hi.l{‘7_<;_ 3 (k38N o (h as
M TR on) T 8 i a) Y iR an)) =0 @
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Wnting the coordinates in the order, £ ¢ ¢ the metnical coefficients are

_ds _ e £+

_dsy _ [
=g = \ry r) @
I = -” =d( + P - o ®

As was shown by Smythe 7 the general solution of Laplace s equation in this
system can be written as

¢ = Z;",;R.O..@m ©)

where
R = AP ™) + BQ (%) 1=v~1 (10
8. =CP™E + DO mF) an
4, = E cos m¢ + F sin m¢ 12)

P mand Q ™ are the associated Legendre functions of the first and second kind
The potential at a point P(¢ ¢ ¢) due to a umt charge at a pomnt Q¢ to o)
can be expressed as follows 7

1 & - (n — m))
(L £ 26 - sd-vran+ o[ Lm0 .
s PGP (E)Q M(F)P ") cosmld — ¢a) ¢ < by
= 1< - (n — o)t
ERIPIE e [(n +m) '] a4

Q "U0)P "EYP "(Ee)P "(ko) cos mp — da) & > fo

As™
$p = p Vode P = dipole moment (1)

the potential at 2 due to a doublet at Q can be written as

1 & - (n — m)Y

LSS 0 - ai-uran o[22 m),] .
\ PGOP 7@ V@ (P () cos mle — 40) £< £
» = 1 o - (n — m)?

o e an

Q "GP "(B)f VolPa" (550 P (o) cos m($ — o) £< $o
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Fouatiov 17 1s chosen as the potential of the primary field In addition
to this there 15 a secondary field caused by the discontmuty of the fimte con
ducting spherord  Except for an appropriate coefficzent the secondary field
must be of the same form as EQuaTION 16 The coefficient 15 determined from
the boundary, condition EQuatioN 2 Explaitly the secondary field must be
of the form

B Y (n = m)t
-1 5 Sia-an-ren+ o[22
[_ 0" ()
P(g)
where{ denotes the value of { dehined at the surface of the conducting spheroid

and the prime denotes the dernvative with respect to ¢ The resultant po
tentwal 1s then given by

1 _ " (n — m)Y
s o=t E R - a0 + 0 [ E 20

[Q ")~ %TE% Pt >] PO P "Grop ey O

(18)

PGEY | 2@ VP " 0P () cos s — ¢

cos m{¢ ~ o))
Wth the aid of the Wronshian of the associated Legendre functions ™ namely
’

PR () — Q"GP " o) = KT ek mt

T+ —my
the value of ¢ ¢ can be further stmplified That gives
& o= ;E P
=
N (21)
@~ 590 (n—m! 1 P ™)
)(n+l)———~(”+m),\l ) ke Snm
where
1=~y o n
Sum = H (En’ +E;o,) P (350 P " (&) cos mlp ~ ¢o)go
114N a n
+; (Eu F h,) P (50} " (&) cos mls ~ ¢o)y @)

1
+ I+ 504 ~ TP "URIP ™edm sin mlg ~ RS

In these equations gy o ¢,
0 are unit vectors alang the &,
%o fo and ¢y respectively The prime F oo of ncreasin
A ly prime denates the denvatine with respeci
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Chu also appled the preceding formulation to prolate spheroids ® If one
arranges the prolate spheroidal coordinites 1n the order £ n and ¢ with the
metrcal coefficients given by

_dsi _ 71’ - s’ '
]“—H_c<‘—5’) (23)
_dse _ 7 = £\
Iy = o C(m) (24)
I = ‘i” dt - £ = Ol (23)

then the potential at a point 1 {¢ 7 ¢) on the surface of a prolate spheroid due
to a doublet at Q(fa n0 o) can be shown to be grven by

P ~§ ig} 2=+ 1)

( )1 PrE 20)
n—m
wFmig?s=11 .,(q)P Tum
where
Tnm = (1 —_5; ) P F ™ (&) con o — dolen

+ %(,,TT_T) P ™ ()P "(£0) cos mle — do)ne @

+ 1 = DU = P )P "Em om m(s — oo

In these equations £, 70 and ¢, are umit vectors along the increasing &
> n and ¢o The primes indicate the differentiation of the function with
respect to the argument
Chu also derived an approimate solution that apphes to a body of arbitrary
shape ® Mathematically one can express the potential function at any pomnt
of observation P as

¢=¢p—.};rdﬂ (28)

where ¢, represents the potential due to the dipole inside the surface 7 the
surface density of the double layer on the surface of the body because of the
dipole and d{ the differential solid angle at the point of observation subtended
by the element of area of mntegration

For the problem under consideration the approximate solutton of the
tegral equation 1s

&2 26, = 2p Vu(1/r) (29)



Berry N, M Space Harmomes 1131

wherem the sum of the positive and negative w eighted sohd angless neglected
Here 7 15 the distance measured from the dipole to the pont of ebsersation on
the sutface  In applying the above approuimation to an oblate spheroid the
approumation can be improved by replacing the terms that are radically off
the corresponding evact solution ~ One then hs

\
o 22, - 15550 —ad0men+ [ 272

) (n + m)! G0
" 0" () pm "
[Q )+ O PT(x )]P {®)p Sum
Likemase for the prolate spheroids one has

m -~ m)!
& =2~ iT T - a=0men + D) [EZT:%'] -

[Q ")+ g,:((:; P )] P ®p Tum

The double summations are over values of # and m for which EQuation 29 1
not suffictentlv accurate

The potentials at 16 pomts were computed for 2 dipole posittons in an oblate
spheroid whose ratio of major axis to minor axis was 132 with the minor aus
of umt length  The 16 points were on the plane formed by the p and Z axes
and were located such that the central angle determined by any 2 adjacent
pomts was 22 5

In the first case the dipole was located at the oblate spherowdal coordmates
(—1,0232 and 0) or 02 of the distance out alony, the negative Z axis witha
umit moment directed along the positive Z axis such that the negative pole was

nearest the boundary Equatiov 21 was used for the calculation In this
case 1t simplified to

I S P (0
¢ TFFY ‘“( DECTE VLS ’(J{')P ® (32)
For this spheroid ¢ equals 116 and ¢ equals 0 862

The upper diagram n FIGURE 16 shows the geometrical configuration and
the values of the potential at the ponts m question The av erage value of
the potential 15

*

P
&2~ o185

(33)
Only the first 10 terms of the series mn £«

QUATION 32 were used  Values for
functions were taken to 4 decimal places and obtamed by hmear mterpol tthc
from Tables of Associated Legendre Funihions * polation

In the second case the dipole was located at the oblate spheroidal coordinates
Columbia University Press 1945 New York N1t
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Fiure 16 The top dragram shows the distnbution of the potentials calculated 1n case 1
when the dipole was at f = 02 of the umit nunor hemiaxis along the negative z axis with the
positive pole directed toward the ongin  Potential E181n the mrddle of the front of the chest
and ¥ 15 n the middle of the back * Here the average of the 16 potential 15 ~0 186 - The
bottom diagram shows the distribution of the potentials calculated 1n case 2 when the dipole
wasatf=0460f132 the major hemuans along the +5 axis with the posttive pole drrerted
towardpomt 4 Here the average of the 16 potentials 1s +0 277

(0 0707 and 0} or about 046 of the distance out along the +p avus with a
umt moment directed 2long the axis such that the positive pole was nearest the
boundary  EQUATION 30 was used for the calculation  In this case 1t simph
fied to
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[he values of {a and ¢ are the same It sufficed to take n from G to 10 and m
fromOto3

The loser diagram n FIGURE 16 shows the geometrical configuration and
the values of the potential at the points 1 question  The arerage value of
the potentral 13

)y,

2%
16
First to be noted 1s that in each of these two cases the sign of the average value
of the potential was the same as that of the pole of the dipole nearest the
boundary It 1s wise to give a preaise defimtion of the word nearest ' Con
sider the hine of minimum length drawn from the mid pomnt of the dipole to the
boundary of the sphermd  The pole of the dipale that forms an acute angle
with this fine will be called the pole nearest the boundary The other pole
will be the furthest from the boundary  In the case m which the poles of
the dipole form a night angle with this Iine they will be equidistant from the
boundary
The preceding work suggests a possible theorem (1) the sign of the average
potential over the boundary of an oblate spherord due to a dipole imbedded 1
1t 15 the sigh of the pole nearest the boundary {2) 1§ the dipale 15 docated at the
mtersection of the axes of the oblate spheroid the average potential is zero
With case 1 1t1s well argued that the average potential would be more nega
twe when measured on 2 true model of the human torse as there are $wo
bulges 1n the back that make these potentials deviate somewhat from the
mathematical model used here  These back potentsals would be smaller m
magnitude while the indentation in the chest at the point of the largest negatne
potential would make this potential lon 1n magmtude Thus one would ex
pect the average potental to be more negative than 1n the case computed
To make ponding [ the results found 1 the secony
case 1s mote dfficult  Here the bulges would affect both some positnve and
some negative potentials while the indentation would mncrease the ma nytud
of one of the negative potentials ¢ ©

= 40277 3%
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DISCUSSION PART V
G L Burch Charman

E V Newaan (b anderbilt Unutersity School of Medicine Aasholle Terr
1 should hike first to re-emphasize and extend two significant 1deas expresse?
by Burger They may be a httle philosophical, but they seem to me to ke
very pertinent  T'irst Burger umplied that an ins estigator thinks he has thunes
quantified when he really means he 1s only satisfied I should like to add 1k
being satisfied 15 gorerned to a large extent by the purposes served by 1t
quantification  The pomt 15 the old one that one need not carry calculations
out to five sigmificant figures when tswo or three ave satisfactory for the purpose
Second Burger made the pomnt that interpretation 1s alnays necessary whette-
the mvestigator 15 2 physicsan physiofogist or physicist  For the physioz,
mterpretation means correlation with other information from the hr.c—
physical findings and chemical and anatomical studies

Our approach to the vec h has been to deat
with the crude information directly  We have made no corrections by jeat
vectors lead field corrections transfer impedance or shew factors of any tvpe.

Incidentally I hope someone will clearly set forth the relationships or dife-
ences between the expressions Burger vectors Schmitts
pedance and Johnstens lead field correction

Making no allowances for shew factors or transter corrections I have
approached the use of vector leads 1n the following fashion  Leads were pla of
on the patients according to what seems to be an externally orthogonal Sys e
used by W R Milnor The information from this reference frame (th:‘z;
nat nternally orthogonal) was then fed nto a caleulating desice (vano,. »
calleda Schrmtt resolver a panoramicumit or a vector aspect chan,er’ ]
This device automatically and instantaneously calculates or denyes lhe;aL‘
electrocardiogram that would be seen from any other reference axs withy -
orthogonal frame Companisons could then be made between the de, ,:v
scalar electrocardiogram on any axis and the scalar electrocardiograms ol
directly from surface electrodes taker

My purpose was very simple and crude—in other words -
satisfied My entenion of good companson was merely L hould be ca
scalar tracungs contained the information that I considered important 1 cuner

practice  Puttingit moresimply Could the same mterpretation:
the vector derved scalar elect d s bemads

transfer 1z

whether the dery, e

as were made indy d f
the routine surface leads? ' o
How could all of us ever agree that the electrocardso,
graphic scala,
derived entirely from three basic bipolar reference leadspare adeq e

accurate for interpretation? The only way I know 1s t duste 5.
several hundred examples of conel?:t\un) The m:l:n:hc:x‘: e(idl vy
changer) allows rapid exploration of all the derived scalar rcprewmezc‘m ®
ultimate advantage would be to reduce the electrocardiographic pict e T
bastc reference axes The translation of previous information ax-.du:e 10 .
33 TP
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into the new expenence can be done with rapid electronic calculation In
this regard Schmitt s device 1s a great help and an advance i methodology

Another type of quantification that has been discussed 15 the mtegration of
the scalar electrocardiogram with vector addition of the integrals The con
cept of gradient has recened further attention lately and more rapid methods
of exploration of the concept are being devised One of the difficulties with the
classical mean gradsent 1s that 1t discards some information while synthestamg
and smmplifying other data Representing the gradient as a straight lme
having magmitude and direction leaves out one of the most important phases of
the information namely time I notice that Briller finds 1t necessary to mter
pret the gradzent 1n conjunction with the shape and direction of the vector loop
presentation

The first step 1n representing the continuous spatial vector integral was to
devise a method  This has been successfully accomphished by my engneer,
Thomas G Arnold The nstrument Arnold devised will calculate con(mu'
qusly the 1ntegral of the scalar electrocardiogram and will add the integrals
vectorwise The result 1s the vector integral cardiogram (VICG) The
nstrument ncludes an automatic system for starting and stopping, the 1nte
gration for each cardiac cycle at 2 preselected pont m the T P mnterval This
feature of the tech e allows us to 3s for base line shift or wander
ing which has been a serious obstacle to obtainmng accurate mtegrals Time
markings on the VICG with the direction indicated by intensity modulation of
the beam complete the mformation

With the vector aspect changer and continuous integrator one can easily
and raptdly compare derised scalar electrocardiograms from any reference frame
with actual surface leads and can demonstrate the continuous formation of the
gradient (VICG) from cycle to cycle  Examples of this techmque have been
grven 1n previous publications ! # ¥

References
1 Mmnor W R A Geneaw S A Tatsor & E V Newaan 1951 A vectorardio
raphic study of the Qs deflection in cases of myocardial inf norm
Sibiects Bl Johes Roplans Hop 89 281 yocardal nfacction and n normal
2 Muaor WV A Tatsor & £ Vv Newwuav 1953 A stud,
bets een unipolar leads and spatial e ot the relationship
, eardopapn” Cueylitn 7
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H K HerrersTeiN (Unuersity Hospitals Clereland Ohio) I should Iike
to raise the question of the advisability of applying the present somewhat m
perfect knowledge to clinical problems today without correction of skew and
other factors There are two possible viewpoints regarding this application
One that of the purist would be to restrict the vectorcardiogram to theoretrcal
1nvestigation only and to use 1t chrucally only when alf factors have been re
solved quantitnve aspects skew factors and other relationships that have been
so well discussed 1n this monograph The second viewpoint involves the
acknowledgment of defiaencies the correlfation of the mperfect facts with
previous knowledge expenence and experiments and the clinical application
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of this miormation  “The Jatter wiew secoghuzes the walue of unperfect data
I 1 the past ffteen years the purst view had produced precordial leads whose
values were now indisputable, they would not have been employed until the
ffeences between the Wilson central terminal and the various hmbsas
ifferent electrodes had been determuned

We may propesly rase the question 2s to whether the use of vectorcardiog
raphy 1s urgent today since the same mformation can be obtained by the use
of smmultanecusly recarded scalar electrocardiograms I Beheve there s a
chrucal need for ssmplification of the function of the heart station In the
Unversity Hospials of Cleveland we take sisty to eighty electrocardiograms a
day 15 addition to pulse tracings heart saund Tecordings and ballstecardie-
grams It 13 tune consuming and expensive to process mount and interpret
such volumnous matenal this mmpracticability gsves prommse of mereasng
coming years  1f the mformation were avadable s the form of x y 2z com
ponents that 15 the vectorcardiogram rould not the same wformation be
obtasned more teadiy? I believe that sith the umproved techraques now
avaable for the dear presentation of the component parts of the vectorcardio
gram (P QRS T) chaucal interpretation can be simphfied *

While the th ! unportance of clanfyang the reasons for
differences between the vanons seference systems I beheve 1t 1s ymportant to
stress and to take chinical advantage of their simslanties  In studses comparing
the vectoreardiogram obtamed with the equilateral tetrahedral sy stem and
wih the cube reference system ¥ have been struck by the remarkable smilan
11es 10 the component major vectors t their timing and 1 the general spatial

drctabl

with p relative spatial magnitude and rela
tive spatal velocity
FIURE 1 152 example d that dentical mforma

P
ton 18 present 1 both systerms  In the apper row where the tetrahedrat yefer
enee system 13 employed one notes that the mitsal portion (0 ta 8026 sec) of
the wolared QRS of a patient with postenor tnfarction 15 diected cephalad
nghtward and ventrally while the second portion (8006 se¢) is dwrected
cephalad leftward and dorsad  The loop 1s open with the junction vector
directed nghtoard and ventrad  The same hasie mformation 1s present with
the cube system (lower row}  These sumilanties obtawn for the solated P and
T vevtor lacps

Ina compansan of the tiwe systems 1n over a hundred subjects the differences
have been systematic and quite predictable related for the most part to the
greater provimily of the left arm  Thus far we have found no instance with
dhscrepancies of the type presented by Butger that 1s in which there 15 adis
‘:;;:z ngl 1180 ‘m dul'ec(mn Wiée; the plane of the Joop 1 approumately

e icular to a plane shght differ

T e eg& ane thagge o m:z:;es in the placement of the reference

Tection of sscaptien for thy
This dufference howewer probably 15 not sgnificant P at plane

Consonant wuh the concept that the sumiarities
with different sy t1es of the tracings obtamned

stems from 4 chnical viewpomt outwegh the d
the observation that the spatial loop 1 alter - e 1
pomtion f s by P ered imnsigmicantly by changes in the
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Inac h study of rep ne heart diseases we have found
that the direction of inscription the basic configuration the interrelationship
of component major vectors and the form of the spatial magmtude and
spatial veloaty electrocardiograms did not change The same chmical diag
noses were apparent 1n the various postures FIGURE 21sa representatne ex
ample

The quantitative changes might dissatisfy the nigid tolerance of the pure
scientist but not those of the climcian

I have referred to the spatial magnitude and spatial veloaty electrocardio
grams that T am studymng currently in man and dog  The spatral magnitude
electrocardiogram has been alluded to by Abildshov and was first studied 1n
1935 by Sayers? The spatial magmtude electrocardtogram 1s a new trans
formation method for studying the cardiac electrical actrity and consists of
the calculation of the total resultant spatial magnitude of the equivalent cardiac
vector as a function of time?

The spatial veloaty electrocardiogram 1s an entirely new and as far as I
know previously unpublished method for studying the heart s electrical ac
tvity  The spatial veloaity elect: diog may be app ted by
mspection of the distance between the time interruptions of the spanal loop and
by calculation of the change mn spatial angles and magmitude between consecu

tive vectors
= A OB (DY 4+ (&)
St =4 (dl) +(dl) +(d¢)

or by an analogue computer currently in construction

The forms of the spatial magnitude and spatial veloaity electrocardiograms in
the two systems menttoned above remam remarkably similar

1 should like to suggest that while the skewness and other factors are being
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Figuer 2 QRS vector loap of paient with proved anteroscptal mfarction_nght bundle
branch bock and nght ventncular bypertrophy 1 four postures B (back) R (nght side)
L (left mde) and S {tting)

derived these should be a wider clinscal application of vectoreardiography be
cause of 1s ease of apphcation because of the economy i taking the records

espectally 1n busy hospitals and because the same and even additional informa
tion 13 obtained more readily
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E SmuonsoN (Unsiersily of Minnesota Minneapolis Minn) It 1s logical to
apply the principles of spatal vectorcard phy to the of elec
trocardiographic intervals  In conventional electrocardiography intervals
are measured as the longest in any single limb lead but this 15 only 2 crude
approvimation since the inttial or terminal segment of the spatial loops may not
be fully projected on any smgle lmb lead or on the frontal plane as a whole
H Blackburn and I measured the spatially correct QRS duration from three
orthogonal leads one hortzontal lead (night to left midaxillar hne at the level
of the fifth interspace 1n the midclavicular hine) one vertical lead ¥ (head to
I 3 posttion 1 the same horizontal plane) and one sagittal lead Z (an 1 4 posi
tion at the same horizontal plane and an anatomically opposite pomnt on the
back) A fast speed two channel jet writing machine with a galvanometer
sensitivity of 500 cps wasused  One channel was used for the timing reference
and the QRS duration was determined as the difference between the earlest
and latest deflections of the QRS complex m any of the leads 1 } or Z
These leads are anatomically but not ieally orthogonal electrically How
ever they approach electrical orthogonality as recent studies by Schmitt and
ourselves have deternined and they appear to be suffictently accurate for
1nterval meisurements

In 115 healthy men from 20 to 50 years of age the spatwlly corrected QRS
duration ranged from 00801 to 01309 sec with a mean of 0 1010 sec and a
standard deviation of 0 010 sec  There was only a shght skewness 1n the fre
quency distribution of the sample As expected both the lower and the
upper hmuts exceeded significantly those QRS durations obtained from conven
tional measurements There was a significant correlation with the QRS
interval measured from the frontal plane mb leads but the correlation was
too low for mdrvzdual prediction of the true QRS interval from the convention
ally determined QRS interval  On the basis of the frequency distribution an
upper normal limit of 0 12 sec 1s proposed  There was no correlation between
the heart rite and the QRS interval m the range corresponding to an R R
mterval from 07 to 11 sec but there was a highly sigmficant negative cor
relation at slower or higher heart rates  There was no correlation between the
QRS mterval and body weight or age It is expected that spatially corrected
interval measurements will mprove the differentiation between the normal
and the ab 11n clintcal h

H ScuAEFER (Unuersily of Hewulelberg Herdelberg Germany) 1 should hke
to explain 2 method of vector analysis that we developed some years ago n
Hedelberg Germany At an appropriate point of the cross section of the
thorat we assume a dipole center and draw lines from 1t ta every electrode point
On these lines the absolute amount of the potential recorded with this special
electrode 18 plotted starting 1n the dipole center The perpendicular 1s
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erected at the top of the potential All perpendcuters should cross atone and
the same pomt the spihe of the resulting potential vector  In fact the pe;

pendiculars cross at wery different points but 3t 15 possible ta construct & e :‘
to w huch all perpendiculars are esther tangents or secants  This carcle 18 name

the orce of exror R gines a faudy good picture of the probable pomt at
which we may find the position of the sntegral vector 1f sve make cestam shifts
of the dipole center the dizmeter of the circle of exror changes but fortunately
the position of the resultant vector is only very s!lxgh'x!) shifted  Thishas gnen

ws some fezhing of o the apg fity of a vector anatysis

H C Rurcer {Uniersuty of Utreckt Utrecht The Netherlands) T must con
gatulate Schamitt on lus method and resuhts  The relation of the coefficients
to the dipole depends on many vanables  Schmntt s treatment of thus problem
wil certainly clanfy the situation with regard to the human bady

1 should fike to mention another pont on which I cannot entirely agree with
Schmutt It ansolves the question of whether we have a voltage or & current
dipole ant out body 1 think that this 5s just & question of words  When we
try to define the shape of a vectoreardwpram T thunk Schemiet wall agree that
1t does not matter at aft

O H Scmserrr (Dureersity of Misnesota Minneapelis Munn '} Tdonot agree

H C Burcer It depends upon the ideas we have about the vector

O H Sonurt Mo I contend that while both cutrent and voltage dipoles
exst w the body d: My different D underlie the choice of
one or the other as a source vanable  Vilule electncally correct mathernaticat
analyses can be carmed out on the bass of esther vamable these Lwo analyses
dhffer considerably n their com emence and results and cannot comeniently
be tranglated one mto the other

H C Buncer When ne want the absolute value we multiply one value by
a factor to obtain the other  This factor should not be called the impedance
Some ather name should be used

Vhen Isaw the words zero potential betaeen quotation marks i the tile
of Bayleys paper I felt sansfied This satisfactwn disappeared however
when I saw that wathin the paper he used the nords without any trace of those
«uotation marks 1 thurk we should remember that there 13 no such thing as
an ebsclute zero of potential Ve can connect any point on the body nith
ground and constder this to be zero potential  This question ts related to the
notion of the nud potential a5 the average value of two poles A dipole 1
not two poles however but 1s cne simgulanty  Even if we hawve t\\opo Jess

the potential of either pole depends on ats magmtude and shape  In ghep::] ]
case of two pomt poles the potential 15 mbinite one pole bes -
the ather negative  Tn esther case I do not b Pt Potuve and
potentual see the sigmficance of the mad

Viath regard to th
averages o!i;ﬂpotemml:ofer::;y Zx‘ﬁ‘e);:n\t‘ x!‘zt:scem;a\ o e could take
average of potential of both arms andpa ley on\x‘ s hody dustas e tohe the
pont evenso however its potential s “onn, ground the centrat

s nol zero
donotsee therelore how we cars weab ot an e but changes sith time 1




1142 Annals New York Academy of Sciences

O H Sanurr With reference to the presentation Burger has offered, and
pertinent to hatzs mtroductory remarks 1t seems that several theoretically
establishable pomnts have been d d or have d unnoticed
These can be brought into focus for cntical consideration by performing

thought expenments  that 1s illustrative expenments that need hardly be
performed m actuahity because their results can be predicted with confidence

First there has been considerable discusston n the literature of good and
“bad electrocardiographic leads generally in reference to such factors as the
unmiformity the orthogonality and the local selectvity of the lead Let us
suppose that 1t mught be possible to speaify leads that are exactly constant in
transfer impedance throughout the heart region  These leads now technically
not too far from realizattion would be excellent from the point of view of the
1mestigator anxtous to achieve a true w erghted integration of all heart sources
but they would be very poor from the vienpomt of localization Inverting
the procedure by which nicely orthogonal umiform leads are obtained 1t 1s
possible by utithzing what 15 called 2 gradiometer’ connection of leads to
achieve highly nonuniform sensitivity of recording erther in a radially di
vergent or m a relatively umform nonlinear pattern  Ordmnanly such a grach
ometer connection yields an approvimate myerse cube sensitivity, but a Ingher
power discrimmation limited only by mtninsic nowise 1s easily incorporated
These systems would be very desirable i the sense of localization but unde
sirable for umform recording If we separate our thinking with respect to
these tno quite divergent goals of goodness we shall expenience less con
fusion with respect to the assessment of leads

Second 1t seems important to differentiate sharply between current dipole
sources and voltage dipale sources 1t applying electncal superpositton theory
to the summation of physiological action potential contributions from various
regions of the heart  While careful mathematical analysis produces a correct
concluston reasomng erther n terms of voltages or currents there 15 error 1n
the usual sophomore phy sics notion that voltage sowrces must sum 1if equivalent
current sources so do because current and voltage are related by a constant
through Okm s [aw 0 stmple hnear circuits

Tt 15 possible to illustrate this point 1n a sophisticated manner for a contmuum
of conductivity with distubuted sources but for our purposes the following
simple example will suffice  Consider the rudimentary electrical mesh shown in
rFIGURE 1 Suppose all resistors 1n this diagram to be of unit value termnal
pairs AB and CD to be pomnts where sources are applied and EF to be an out
put at nhich the resultant contributions are to be measured

Suppose that a potential difference of 5 v is applied at AB and that the out
put EF1s measured A simple calculation will show that 1 v may be expected
at EF Now suppose that a potential difference of 3 v 15 appled to CD
There will now be an output of 3¢ v

Nanee utilization of the superposition theorem might fallaciously lead us to
expect 134 v at ET when both sources are applied additively Ve should
find only 1 v for the combined sources however proving that the output 1s
1dentical whether or not the input to CD 15 connected

Correspondingly voltage produced in the heart by one muscle bundie may
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be completely maskeq i 3ts effect by voltage from another bynd)
ase active but would be evideny when the first bundle Nas active

For current sources ¢ SUperposItion theorazy does apply very Snply
Had we apphied currents of 5 and 3 amp espectinely 19 AR and €D gp
should have found 2 potential at BF of S5 v for the source AL AB of LN
for the source at O3 ‘gnd with bath 3 vohtage of they SUm o 234 |

On this basis it seemy UBPOTEANY to thunk of aetyan CUTTERLS 13 fher hyy attun
potentials a5 the addinye contnbutions from ndividual fiber bund)
measured surface potential o
AR PUL LurTent must he 4y onsequently th,
constant s named transfer smpedance

Fmally y Seems important tq
rdeal z¢ero potentia]
electrostatic field patt

e when bory
alone

CIRS 3L often iy

esthetically
0 that source a:

Munals
many electrodes T Sen
2era potentiaf approvimates only the

dipole distribution thay @ be reg,

Uy potenti} {, ushe‘m the best
nhial for ¢ 3L

2rded 05 by FRE of e
H ¢ Burcr What 1s th,
cardxogmph} veus that we th gl
T belseve that ghe final am of xtctorcardmgmphy 1 pm:ttcl::ﬂ —? 1O8saEhy y
achiesement of thyg end there aye svenal ponty to
vohes phase dffererces A5 2 rule they ape neglected

€ awm of vecmrmzdmgxaphy? Veha
€Annot alrendy achieye wy Lo i

¢ LTS
msealar o1,
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grims  Of course they can be taken into account but this is not ¢
we have two curves recorded one below the other W hile vectc
gives us nothing new 1t does provide an easy means to visualize
differences  This 1s merely an intricate mathematical deduction b
contend that information 1s not gamned by mathematical proof 1
have ts meaning and so 3t 15 with vectorcardiography ~ Qur brain.
tioned to sce shapes and not curves  \ectorcardiography presents ¢
us in a new form and makes 1t possible for us to see curves thuser
tearn more rapidly, with a corresponding lessening of the chance
With thisinmind we should be able to say that vectorcardiography
its place 1 medical practice notas a replacement for electrocardiogra
as an adjunct to 1t

C L RossMass (Vew York Unnersily Ve York, \ }) Tthinh
another pomnt that possibly we are overloohing and that 1s Whatare®
todowiththevectorcardiogram?  Arewe simply trying to look at its
make deductions as we have done with the scalar electrocardiogram
trying to measure some n the vectorcardiog that
measurable or not easily measurable in the scalar electrocardiogram
will of course determine whether we shall eventually use yectorcar
and the ty pe of reference frame that will be used

1 N Kotz (Michael Reese Hospilal Chicago 11) T think the argumer
15 a question of what 1s empincal and what 1s saentific  If wego
whole of electrophysiology of the heart in relation to the yolume conc
the zero potential or the stercovectors 1t scems that the problem 1s al™
same 1f1t1s yours 1t1s suentific  If 1t 1s that of someone else 1t 15 emE

There are not many of us who create universal truths and ignore dev
It1s given to only a few to recognize that the errors introduced by the
concepts are not too important  There are others of us who are pur
who are 50 overwhelmed by the devittions that we fail to see the unive
In other words we might say that something 1s 85 per cent correct or %€
say 1t 13 15 per cent in error depending upon how we use 1t to express our
pomnt I wonder whether many of our differences are not based on just
attitude

Are there umpolar leads?  T'o me the concept of unipolar leads would
that the second electrode 1s truly indifferent and that 1t does not vary
the heart cyde I tlunk that what troubled Burger and troubled me was
too many times zero potential  with or without quotes was ncorrectly 1
What was really meant 1s that during its cycle the heart does not apprec:
1nfluence one of the electrodes that the electromotive force of the heart
nothing to do with absolute quantity or grounding values

Bayley s paper calls to my mind a time when we had a swimming pool at
Michael Reese Hospital in Chicago and we put some interns mto it
thought we had obtained some truly nonvarying sndifferent  potentrals
must admut that I am overshelmed by Bayley s analysis  Iam not ¢
whether the use of a plastic belt or submersion 1 a bathysphere, or
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supiar e ngue 16 the answer  The physiasts and those whe like Bayley
bave s udied the problem diligently should get together and the est of us
hould wast suith ba ed breath for thus devasion
1 hould al.o Yike to know whether there are prouimity
, haaert to chtain s ECtors OF KEreSopic vectors, of should we worn i wedo not
record a seres of chest leads®  Might we not muss mformation abtamed from
drctrodes placed on the 2ntenor chest wall the esoptagus, ot daenhere that
ught become Yost 1 the shuffie beczuse 1t would be so overhetmed by the
. 1 o bt wiormaten® 1 e this question 1 the face of the tendency t@
sopplast scalay el d Ly lographne 1 must admu
howere , that dunag the maav dimes L have beard Schmny preseat s matersal
Thasehad th feels g that of you are rot sophisticated in electrocardiology by
comstant practice perhaps orthogonal fead systems may be an eas ey way teo
obtars the same wnformation T am quite satfing to agree to this  Bat belore
we dottat the Vichael Reese Hospstal T shoulid bike 1o hnow which combina
uonweshowliuse Tam to}d that there are three good leads and a dozen bad
\ead combimatiuns and. depending upon our source of information e come to
a diffevent decwwan of wh b is good and whuch B bad
Trecall that when the Jhest leads came wn e usedd 2 connechion that was ope
side dowy  Then U ilson foruvately came along and changed it Hesad v
must be the Vot CF or (F Wilson hnew that the central term nat was
l:gt :’adx?e'n and Be agreed to use 1t altheuph ot was ot perfect  Perhagns
“; pcyr‘ K? wme to l*};’cg‘n to think (n terms of orthoganal leads even wstbout
o ““si‘élcm they may not replace the comentional methods but we
o nmf; e 2 new generation o thnk m terms of £ 3 components with
ba‘aww:é:&m:tm factors  In another twenty fve years perhaps we half
Fuitly },ln‘:\i ‘e:rs ?’Y‘;{:m;al and mote mdotmatn e
;\c:‘ Laight wto what h:pp:ng:::::: a;‘::%‘:\g:: ‘::d:&:;tl;‘(‘:lha‘: e m}?r\e}
sea ut we shal
integration of an irfinste number of leads and this will be an advantage

effects  1s 1t suf
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