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ABSTRACT 

A digital computer model was developed of ventricular 

excitation and repolarization. The geometry of the model was 

based on accurately collected anatomical data, and the pro

perties of the activation process were constrained according 

to the electrophysiological behaviour of excitable cells. 

In general, a good agreement with data reported in the 

literature is obtained. Some discrepancies are observed, 

however, in comparative evaluation of the terminal depolari

zation sequences . 

The electromotive forces associated with the excitation 

wavefronts were computed on the basis of cellular action 

potential waveforms. 

Body surface potential distributions were computed with 

the aid of a numerical substitute of a realistic three-

dimensional model of the human torso. 

The simulated 12 lead electrocardiograms were compared 

with the actually recorded 12 lead electrocardiograms of the 

subject whose heart excitation pattern, as studied post mortem 

with mu1tielectrode needles, served as guideline in the simula

tion of the normal excitation. A good agreement was observed. 

A comparison was made between the computed vectorcardio

grams of four commonly used VCG lead systems and the VCG 

constructed from the dipolar activity of the heart. The over

all performance of the McFee & Parungao lead system is most 
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satisfactory, followed by the Frank system and SVEC Ill-

system; the Burger system is less satisfactory. 

The electromotive forces associated with the repolarization 

were simulated with the aid of profile vectors defined according 

to the classical ventricular gradient concept. 

Four models of the ventricular repolarization sequence were 

tested. One of the hypotheses, based on currently accepted 

histologica1-e1ectrophysiologica1 evidence, was more satisfac

tory than models based on the reported or speculated effects of 

temperature or stress distribution on action potential waveforms. 

The influence of the inhomogeneous, realistically shaped 

human torso was found to cause particularly an anterior and 

slightly inferior displacement of the repolarization vectors. 

Dynamic behaviour of a conglomerate of excitable elements 

was studied. A second stimulus, following within a quite narrow 

"vulnerable" period after the first stimulus, resulted in a 

chaotic, self-sustaining, relatively random activity. 
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A LIST OF DEFINITIONS OF ABBREVIATIONS AND SYMBOLS USED 

area (scalar); (meter ) 

A also action potential duration 

cartesian x component of the lead vector 

(ohm/me te r) 

also rea1-cons tant 

APD action potential duration 

AV-node atrioventricular node, node of His 

Tawara 

aVL, aVR, aVF 'augmented' ECG leads 

cartesian y component of the lead vector 

(ohm/me te r) 

eye le length (sec) 

cartesian z component of the lead vector 

(ohm/meter) 

m 
membrane capacitance (farad) 



i x 

cos c o s i n e 

CV c o n d u c t i o n v e l o c i t y 

d i s t a n c e ( m e t e r ) 

dl s c a l a r d i f f e r e n t i a l of d i s t a n c e ( m e t e r ) 

dS v e c t o r d i f f e r e n t i a l e l e m e n t of the s u r f a c e 

w i t h d i r e c t i o n of the n o r m a l to the s u r f a c e 

e l e m e n t and l e n g t h e q u a l to the a r e a of t h e 

s u r f a c e e l e m e n t ( m e t e r ) 

dV s c a l a r d i f f e r e n t i a l of p o t e n t i a l 

dV a l s o d e c i v o 1 1 

dV s c a l a r d i f f e r e n t i a l e l e m e n t of v o l u m e ( m e t e r ) 

dfi s c a l a r d i f f e r e n t i a l of the s o l i d a n g l e Q 

(dfl = £#) 

i n t e n s i t y of t h e e l e c t r i c f i e l d ( v e c t o r ) ; 

( v o l t / m e t e r ) 

i n t e n s i t y of i m p r e s s e d e l e c t r i c f i e l d 

( v e c t o r ) ; ( v o l t / m e t e r ) 
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voltage of membrane 

equilibrium potential for ion A 

m 
actual transmembrane potential 

voltage of stimulus 

Faraday constant = 96,487 coulomb/mole 

funct ion 

funct i on 

FRP functional recovery period 

gradient vector, integral of heart vector 

•A . 

(H) over a part or the whole period of one 

eye 1 e 

'A 
chord conductance for ion A 

'heart vector', H~l v/| ™ .where 

integration is over the whole heart 'region' 

(ampere meter) 

h variable 
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HVCG heart vectorcardiogram 

electric current (ampere) 

running index, as in a., i=l,,.., ., n 

current density vector; current per unit area 

(ampere/meter ) 

J. impressed current density vector, J. has the 

dimensions of a dipole moment per unit volume 

•3 

(ampere/meter ) 

running i ndex, see i 

cons tan t 

K. current dipole moment per unit surface area 

2 
(ampere/meter ) 

K. reciprocal cf absolute refractory period 

of point P. 

L. lead vector (ohm/meter) 

LV 1 ef t ven t r i c1e 
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dipole moment (vector), is current times 

separation, directed from negative to 

pos i t i ve 

difference number 

general symbol of integer 

also epoch number 

normal to membrane, directed outwards 

also running index, see i 

p rof i1e vector at f oint i, "P^e - * 7 7 J 

cye/& 

electric charge (coulomb) 

the gas constant 

also resistance (ohm) 

also refractory period 

positive distance between source and fiel 

point (scalar) r = |r| (meter) 
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RDH rhombododecahedron 

r. 
i 

axoplasmic resistance (ohm) 

m 
membrane resistance (ohm/cm ) 

RV right vent ri cle 

SA-node sinu-auricular node, node of Keith-Flack 

s i n s i n u s 

a b s o l u t e t e m p e r a t u r e ( d e g r e e s K e l v i n ) 

t i m e ( s e c o n d s ) 

tg t a n g e n s 

u n k n o w n in e q u a t i o n 

p o t e n t i a l d i f f e r e n c e ( s c a l a r ) ; ( v o l t ) 

v o l u m e ( m e t e r ) 

c o n d u c t i o n v e l o c i t y ( m e t e r / s e c o n d ) 

m 
t r a n s m e m b r a n e p o t e n t i a l 
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cartesian x component of the 'heart vector' 

(ampere meter) 

cartesian coordinate 

orthogonal cartesian coordinate 

hexagonal cartesian coordinate 

hypothetical factor governing ionic current 

xl 

cartesian y component of the 'heart vector' 

(ampere meter) 

cartesian coordinate 

orthogonal cartesian coordinate 

hexagonal cartesian coordinate 

cartesian z component of the 'heart vector 1 

(ampere meter) 

cartesian coordinate 
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orthogonal cartesian coordinate 

hexagonal cartesian coordinate 

Angstrom (10~ 8) 

time constant of x. activation function 

time constant of x. deactivation function 

scalar differential of potential 

scalar differential of distance 

constant; dielectric permittivity of the 

free space E0 - <?. SS49. to'12 

(fa rad/meter) 

wave 1ength 

space constant of membrane 

mi c rometer 

constant; the ratio of the length of 

circumference of a circle to the diameter, 

TT = 3-l4l5g 
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$ (phi) scalar potential of electromagnetic field 

*. scalar impressed potential of source electro

magnet i c field 

P (rho) density of charge, i.e. charge per unit 

7 
volume (coulomb/meter ) 

(rho) also resistivity of medium (ohm/meter) 

a (s i gma) volume electric conductivity of the material; 

function of position (mho/meter) 

(tau) t i me interval 

T (tau) 
m 

time constant of membrane 

ft (omega) solid angle; 

0) (omega) angular velocity ( radians/second) 

V (nabla) 

V (nab la squa re) 

linear vector operator, operating on the 

field coordinates v ^ * T ~ — T v"""" T;\"~* 

Laplacian operator, operating on the field 
2 fi* ^ "V-

coordinates (scalar) V ^ £ —-T "f r—, "f* r-"a 
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indicates partial differentation as in 

tfk$>*ybZ. or In 

indicates scalar or dot (inner) product of 

two vectors 

symbolic replacement of 

approximately equal 

equa 1 

i dent i ca1 

* (asterisk) Fortran symbol indicating multiplication 

of two scalars 

volume and surface integral sign 

indicates vector quantity 

(is) greater than or equal to 

> (is) greate r than 

< (is) less than or equal to 

O (curly d) 

(dot) 



< (i s) less than 

% per cent; per hundred 

| | (vertical bars) indicate absolute value 

/~~ square root 

degree (angular) 
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' The closest model to a human heart is another one3 or •preferably the 

same heart. ' 

After Arturo Rosenblueth and Norbert Wiener^ 1945. 

1.1 Electrical and mechanical action 

The ancient Greeks believed that the human mind was situated in the 

heart. Before the discovery of the circulation by Harvey, mysterious 

functions were generally attributed to this organ. After his discovery 

it has been established over and over again how important a role is played 

by the heart in the total circulation. At the time of discovery of the 

electrogram and the electrocardiogram it was believed that these electrical 

phenomena only accompanied the contraction of the heart. Later the importance 

of the electrical activity of the heart in initiation of the contractions, and 

thus in timing and coordination of the mechanical activity, was realized. 

Due to this link between electrical and mechanical heart activity, it 

seemed to be and proved very fruitful to study the electrocardiogram in 

order to assess the condition and function of the heart. Waller, (148) in 

1887, was the first to describe the excitation wave passing over the ventricle, 

giving rise to an electromotive force in the direction in which it travelled. 

With the introduction of the string galvonometer to electrocardiography by 

Einthoven (45) in 1903, a sufficiently sensitive and accurate measuring instru

ment was available to record reliable electrocardiograms. Sir Thomas Lewis 

(76) in the mid 1920's was among the first to establish a link between the 

excitation process, its distribution in space and time, and the shape of the 

electrocardiogram. He carefully mapped on the inner and outer surfaces of the 

ventricles the arrival time of excitation, evaluating the relative contribution 

of the left and right ventricle to the electrocardiogram. 
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He also showed the prime importance of the Purkyne fiber network in the 

sequence of ventricular activation. His detailed description of the pathway 

of excitation in a case with auricular flutter is still among the best 

documented to date (77). After his monumental work, relatively little has 

been done to increase the theoretical understanding of the electrocardiogram. 

With the introduction of the glass microelectrodes by Ling and Gerard 

(79) in 1949, a new era of intensive study of cellular behaviour started, 

triggering a renewed interest in the excitation process as a whole. 

In 1953, Scher (122) using needles with mu1tielectrode terminals inside 

the ventricular wall, carefully mapped the spread of excitation in canine 

hearts. From these 'classic1 maps he derived a qualitative relationship 

between the sequence of cardiac excitation and recorded electrocardiograms 

in humans, under the assumption that the human heart is activated in a way 

a b 
similar to the dog heart (123, 120). Durrer and co-workers (44 , 44 ) also 

started experimenting with dog hearts. Later, however, they published the 

first extensive data on the excitation of the human heart (41, 42, 43). 

Boineau, et al. (12, 13) demonstrated the relationship of the activation 

sequence and body surface potential distribution. This last relation

ship is particularly important since in clinical electrocardiography the 

invasive multipolar needle technique is too crude and damaging a means of 

acquiring knowledge about the state of the heart, and is certainly un

suitable for routine investigations. The desired knowledge about the 

state of the heart has to be derived from the surface potential 

distribution. 
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Ultimately, the state of each cardiac cell is our concern, since this 

state determines the action and interaction of the individual cell and its 

neighbours, and is thus responsible for the total heart action. For this 

reason, the following paragraphs describe the cardiac cell and its function 

in general. 

1.2 The cardiac cell 

The cellular properties of interest to this report are mainly 

excitability and impulse conduction. The molecular structure of the 

membrane is of basic interest to anyone who studies excitation and 

conduction. However, the molecular structure is beyond the scope of this 

introduction. The histological aspects of the cells are dealt with insofar 

as the structural details discussed are of particular importance in relation 

to the electrical properties of cardiac muscle. 

1.2.1 Histological aspects of the cardiac cell 

The cell membrane of cardiac fibers, the sarcolemma, is approximately 

200 to 300 A in thickness, and consists of two dense layers, separated 

by a less dense structure or space. The basement membrane, which is the outer 

layer of the sarcolemma, is uninterrupted. In contrast, the plasma membrane, 

the inner layer, seems to be continuous with certain intracellular 

structures, such as the intercalated disks and endoplasmic reticulum. 

The intercalated disc is a complex structure, where two sarcolemmas of two 

adjacent cells come into close contact. 

A gap of 100 A is found along the disc except for the nexa1 region. 

In the nexus the outer layers actually fuse, leaving no extracellular 

space between the cells. 
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All other histological aspects are similar to those of 

skeletal muscle. Regularly spaced filaments compose the myofibrils. 

The myofibrils show, in contrast to smooth muscle myofibrils, cross 

striating, which consists of M and Z bands. The myofibrils are 

separated by dense chains of mitochondria. The cell nuclei, which 

in skeletal muscle are located close to the sarcolemma, are located, 

in myocardial cells, amidst the myofibrils in the center of cells. 

The cells differ considerably in dimensions, ranging in the adult heart, 

from approximately 50 urn to 100 ym in length, and having on the 

average a diameter of 15 Mm. Cells contact each other abundantly. 

As viewed through the light microscope, one gets the impression 

that the cells divide and join as in a sponge-like structure. Here 

the intercalated disks appear as plasma bridges between cells. This 

observation, and the fact that in terms of its electrical and mechanical 

function the myocardium appears to act as a syncytial structure, led 

many investigators to forward the idea that the heart, in fact, was 

a syncytium. However, since the structure of these 'bridges' was 

revealed (131, 91, 7), it is clear that the cardiac cells, though 

in close contact with each other at the side of the intercalated 

disks, are otherwise perfectly separated cells. The myofibrils, as well 

as other intracellular elements, do not cross the disks. 

In the subsequent paragraphs, the term 'membrane' will refer 

to the sarcolemma, without distinction into basement membrane 

and plasma membrane. 
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1.2.2 Membrane potential 

The 'potassium-sodium-pump' a f fec ts potassium and sodium in 

the sense that K is ac t i ve l y t ransported i n to the c e l l and sodium 

ac t i ve l y extruded from the c e l l , c reat ing concentrat ion gradients fo r 

these ions across the membrane, which give r ise to the existence of a 

Gibbs-Donnan equ i l i b r i um . 

The po ten t ia l which ar ises when a so lu t i on w i th a ce r ta in con-
J . 

cent ra t ion of ions [A . ] is separated by a membrane, se lec t i ve permeable 

to A , from i t s surrounding w i th a concentrat ion [A ] is described by 
the Nernst equat ion: 

RT , rAti 
(1) 

r - RT . [AD 
E * -T " '3 [AD 

R, T and R are the gas constant, the absolute temperature and the 

Faraday constant, respectively. 

For example, the value of concentrations inside and outside 

+ + 
the cardiac cell for K and Na , in cat heart muscle are reported 

(111) to be 

[K*]« ISI mEcj/t (2a) 

f lCJ-4.^ mE^At (2b) 

|)la*J«6.5mE<i/t (3a) 
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which resu l ts in 

and 

^ - - ^ c S r ^ 4 ^ (*b) 
In which E.. and E., are the equilibrium potentials for potassium 

and sodium respectively. 

If I. denotes a current density in which charge is carried by means 

+ 2 
of the movement of A ions and R. the resistance /cm to flow by the A 

membrane to ions A , then 

E M ~ E A = I A R A <5> 

^M~^A = 5 ~ (6) 

or I f g . denotes the conductance of the membrane to ion A ( which is the 

rec iprocal of the resistance ) : 

J, 

The voltage d i f fe rence across the membrane caused by each ion 

A thus depends on the ion ic current I . , the conductance of the membrane 

and, i f we consider a vo l tage- t ime r e l a t i o n s h i p , on the capacitance of 

the membrane. 

In the res t ing cardiac ce l l s the transmembrane po ten t i a l d i f f e r s 

fo r the various types of ce l l s encountered. In genera l , the res t ing 

transmembrane po ten t i a l is between 80-100 mV, the ins ide of the c e l l 

being negative in respect to the outside (66,pp. 44,45). 
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Slightly smaller values of the resting potential are encountered 

in the cells of the atria, the S.A. node and AV node, whereas Purkyne 

fibers have slightly larger values. The resting potential is close to the 

equilibrium potential for potassium, and indeed, the potassium conductance 

in the resting cell is considerably larger than the sodium conductance. 

Let us now consider changes in the resting potential due to either 

external stimuli (i.e. current) or to different transmembrane potentials 

of neighbouring cells. 

1.2.3 Subthreshold stimuli 

If only small amounts of current are applied, the first changes 

in transmembrane potential can be explained in terms of the 'core 

conductor' properties of the cells, i.e. membrane conductance and 

capacitance and longitudinal resistance of extracellular fluid and 

cytoplasma. The two properties of main interest are the time constant 

and the space constant. The time constant T = r C depends only on K m m m r i 

the properties of the membrane and is a measure of the rate of voltage 

change in time. The space constant is \~ vr /r., if we consider the 3 r m i ' 

resistance of the extracellular fluid negligibly small as compared with 

the axoplasmic resistance. It is a measure of the rate at which an 

applied voltage falls off with distance. The space constant is indepen

dent of the capacity, and because of its relation to membrane resistance 

and axoplasmic resistance, dependent on fiber diameter. The voltage course 

in time due to an applied step voltage e_ (156) is: 

£(t)-es ( ! - « * ) (7) 
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where T is the time constant, and the voltage course in space due to an 

applied step voltage e_ (156) is: 

£(x ) = £se""x/A
 (8) 

where x is the distance between the measured location and the site of 

application of e_, and X the space constant. Both changes in time and 

in space are exponential. 

Both constants are of great importance for the conduction velocity 

of impulses. A large time constant will lower the conduction velocity, a 

large space constant will enhance the conduction velocity. The space 

constant is also an important factor in the electrotonic spread of impulses. 

Later changes due to the application of small amounts of currents include 

not only the voltage changes described above, but also changes in the 

Gibbs-Donnan equilibrium, and even more important changes in the state of 

the different factors which influence the membrane conductances of the 

ions involved in the Gibbs-Donnan equilibrium. 

1.2.4 The action potential 

If a larger amount of depolarizing current is applied, a chain of 

reactions is set off which results in the action potential for each cell 

typical voltage time course. The different phases of the action 

potential are normally labelled according to the terminology introduced 

by Coraboeuf and Weidmann (31). The resting transmembrane potential 

changes rapidly on excitation from about -90. mV to a positive value of 

about +30 mV (phase 0 ) . This depolarization is immediately followed by 

an initially rapid repolarization (phase l), a slow phase 2 (commonly 
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re fer red to as p la teau ) , and a f i n a l fas te r phase 3. The transmembrane 

po ten t i a l reached at the end o f phase 3 is normally the maximal po ten t i a l 

reached in the whole cyc le . During the fo l l ow ing phase 4 , most ce l l s remain 

at t h e i r res t ing transmembrane p o t e n t i a l , whereas the so -ca l l ed pacemaker 

ce l l s e x h i b i t dur ing phase 4 the t yp i ca l d i a s t o l i c depo la r i za t ion which 

leads sooner or l a t e r to a new act ion p o t e n t i a l . 

Most of the knowledge of the ion ic events associated w i th the act ion 

po ten t i a l is based on data obtained by the voltage clamp technique. 

Lesser data are obtained w i th microperfusion or rad ioac t ive t rac ing 

techniques. On the basis o f these data , several models f o r ion ic events 

in the membrane have been proposed. Most o f these models approach the 

membrane from the e lec t rophys ica l point o f v iew, and are in essence e lec

t r i c a l analogues w i th capac i to rs , r e s i s t o r s , r e c t i f i e r s , e t c . A few 

models have been proposed on the basis of the knowledge of the membrane 

s t r u c t u r e . However, the e lec t rophys ica l models describe in an accessible 

way the time course of events under normal cond i t ions . L i t t l e doubt ex is ts 

about the o r i g i n o f the transmembrane p o t e n t i a l , and the explanat ion given 

in paragraph 1.2.2 is general ly accepted. General agreement also ex is ts 

on the i n i t i a t i o n of the depo lar iza t ion which is thought to be mainly 

dependent on Na inward cur ren t . The ro le of Ca and other ions (as Cl ) 

is not we l l es tab l i shed . The f i r s t f as t repo la r i za t i on is thought to be 

due to an increased K outward cur ren t . So f a r , the f i r s t model as 

proposed by Hodgkin and Huxley (63) fo r the g iant squid a c t i o n , is a lso 

accepted for s t r i a t e d muscle, heart muscle, and smooth muscle. However, 

fo r the remaining parts o f the act ion p o t e n t i a l , several d i f f e r e n t views 
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exist for heart muscle tissue and Purkyne fiber tissue. 

The two main opposing views held on plateau phase and repolarization 

are those by the group of Trautwein and the group of Noble. Most prepar

ations used are from Purkyne fibers, which confines results to this 

category. 

Peper and Trautwein (105) hold a 'dynamic current' responsible for 

plateau duration. This current is carried by CI ions at potentials 

positive to -30 mV and by positive ions (Na and Ca ) at potentials 

negative to -30 mV. It holds the membrane at the plateau level until it 

has been deactivated. Deactivation is only time-dependent. 

According to Noble and co-workers (99, 100, 101) the 'dynamic current' 

is only responsible for the first fast repolarization, whereas the much 

slower activation of I , terminates the plateau phase, and starts the 

repolarization. 

Though voltage clamp data are very informative about the membrane 

properties, they do not inform us about the dynamic group behaviour of cells 

as part of an excitable tissue. The membrane potential in the voltage 

clamp technique is assumed to be uniformly distributed throughout the cell. 

The 'cable' properties are avoided in these models, which reconstruct 

action potentials (64, 98, 81, 62), by assuming the net membrane current 

to be zero. This is, however, not the case if impulse conduction in 

interconnected cells is considered, which is self-evident if one realizes 

that membrane currents generated by the 'neighbours' of a cell constitute 

a current load on the cell itself. 

Another aspect is the apparent relation between contraction and 

action potential duration. It is well known that the mechanical relaxation 
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is c lose ly re la ted to the r epo la r i za t i on . Whether the repo la r i za t i on 

is dependent on the r e l a x a t i o n , or the re laxa t ion on the r e p o l a r i z a t i o n , 

is not c lear . As long as these and s i m i l a r problems are not solved or 

s u f f i c i e n t l y explained by the proposed models, they should serve more 

as a comprehensive descr ip t ion of events than as an i n t e r p r e t a t i o n o f 

events. 

1.3 The cardiac syncytium 

In the previous paragraphs c e l l u l a r proper t ies were emphasized. 

However, the proper t ies of the heart as a whole are c e r t a i n l y as impor

t a n t . The microscopic de ta i l s of the in te rca la ted disks were revealed 

by SjSstrand e t a l . (131), who showed that at the nexus the membranes 

fuse to a double layer about 100 A t h i c k . Contrary t o the view of 

Sperelakis (134,135), i t is general ly accepted tha t the i n te rca la ted 

disks are low resistance connections between adjacent ce l l s un i f y i ng them 

as f a r as impulse conduction is concerned to one large func t iona l 

syncytium. Though connected to each other f u n c t i o n a l l y , d i f f e r e n t ce l l s 

of the myocardium possess c l ea r l y d i s t i n c t fea tu res . The fo l l ow ing is 

a b r i e f desc r ip t ion of events dur ing a cardiac cyc le , in the heart as a 

whole, w i th special emphasis on parts which are of p a r t i c u l a r i n te res t 

to t h i s repor t . 

Under normal condi t ions e x c i t a t i o n s ta r t s in the s inoaur i cu la r node. 

The ce l l s of the S.A. node possess so-ca l led 'pacemaker' p rope r t i es ; that 

i s , spontaneous d i a s t o l i c depo la r iza t ion and ' f i r i n g ' when a ce r ta in 

threshold value is reached. By v i r t u e of the i n t e r c e l l u l a r connect ions, 



- 12 -

th i s impulse spreads over the a t r i a . Not a l l parts of the a t r i a are 

reported to conduct w i th s i m i l a r conduction v e l o c i t y , espec ia l l y in the 

S.A. node the conduction ve l oc i t y is very low (147). The conduction in 

the a t r i a is such that the AV-node is more or less simultaneously reached 

from several d i rec t ions (86,117,72). Conduction in the AV-node is very 

slow. The AV-node is f unc t i ona l l y d iv ided according to the type of act ion 

po ten t i a l encountered in an upper, middle and lower por t ion (66). In the 

lower por t ion of the AV-node, Hisbundle and Purkyne f i b e r s , the recorded 

act ion po ten t i a l becomes gradual ly longer u n t i l j u s t in f r o n t of the 

' t r a n s i t i o n a l f i b e r s ' (94). In these t r a n s i t i o n a l f i b e r s , an apparent 

decrease in act ion po ten t ia l durat ion and change of shape occurs" from the 

t yp i ca l Purkyne f i b e r act ion po ten t ia l v ia the t r a n s i t i o n a l f i b e r 'sp ike 

and dome' con f i gu ra t i on , in to the t yp i ca l myocardial act ion p o t e n t i a l s . 

Concommitant w i th the increase in act ion po ten t ia l durat ion in the Purkyne 

f ibers is an increase in conduction v e l o c i t y , which in the ven t r i cu l a r 

myocard decreases again to values below 50 cm/sec. 

Meyerberg et a l . (99) pointed out that the increasing ac t ion 

po ten t i a l durat ion in the Purkyne f i be rs d i s t a l l y from the AV-node is 

associated very c losely wi th an increasing re f rac to ry pe r iod , the f i be rs 

close to the t r a n s i t i o n a l zone having the longest ac t ion po ten t ia l 

dura t ion . This long re f rac to ry period in t h i s region is f unc t i ona l l y 

important since ear ly premature beats, e i t he r from supravent r icu la r 

o r i g i n , or from ven t r i cu la r o r i g i n , are most l i k e l y to be blocked in th i s 

' g a t e ' . However, as soon as a loca l ized disease a f fec ts the p a r t i c u l a r 

par t of the endocardium, or Purkyne network, the re f rac to ry periods of 

these gates might become much sho r te r , and t h e i r p ro tec t i ve mechanism 
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against ea r l y premature beats l o s t . The t r a n s i t i o n a l f i be r s between 

' t r u e ' Purkyne f i be rs and ' t r u e ' v e n t r i c u l a r muscle f i be rs exh ib i t s the 

so -ca l led spike and dome con f igura t ion (80). Explanation fo r the 'dome' 

is the current load imposed on the f i be rs by the under ly ing muscle f i b e r s . 

The reported data are almost a l l confined to Purkyne f i b e r / p a p i l l a r y 

muscle preparat ions, so no knowledge has yet been accumulated on the 

extent of the Purkyne f i be rs inside the ven t r i cu l a r c a v i t i e s . Only a 

few i n t r a c e l l u l a r recordings are made from human hearts (17,141), so 

speculat ion on d i s t r i b u t i o n of act ion po ten t i a l s is wide open. The 

re f rac to ry periods reported (37,73,90) serve as a gu ide l i ne , however, 

not a l l measurements are in agreement w i th each o the r . This spread o f 

e x c i t a t i o n In v e n t r i c u l a r t issue is accepted as general ly uniform in 

a l l d i rec t i ons (107,132,6). 

Observations of non uni form v e l o c i t i e s reported in an e a r l i e r 

report (119) can be questioned on the basis o f techniques used in these 

i nves t i ga t i ons . However, a more recent study ( l16) also indicates non

uniform v e l o c i t i e s in v e n t r i c u l a r myocardium. Exc i ta t ion is shown in 

a t r i a to be fas te r along the f i b e r d i r e c t i o n , than perpendicular to i t 

(58). In the ven t r i cu l a r myocards th i s could s t i l l resu l t in a net 

outward spreading e x c i t a t i o n wave. The idea tha t the net resu l tant 

e x c i t a t i o n wave genera l ly propagates w i th uni form v e l o c i t y is supported 

by the reports of Durrer e t a l . (44a,44b,43,42), Casella and Taccardi 

(28) , and Scher and Young (123). 

Re la t i ve ly few reports deal w i th the repo la r i za t i on process (38,37). 

Though general ly accepted that the sequence of repo la r i za t ion is not 

i den t i ca l to the sequence of depo la r i za t i on , no s a t i s f a c t o r y explanat ion 

f o r th i s d i f fe rence has been given as ye t . 
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The heart as a whole is richly supplied by nerve endings of the 

autonomous nervous system, the influence of which is undoubtedly a 

major mechanism in adaptation and regulation of the heart function (30). 

Histologically, nerve fiber endings are found in practically every part 

of the heart (114). The influence of both sympathic and parasympathic 

stimulation of the heart action are subjects of many research reports. 

The influence of these stimulations on the total activation process in 

the ventricles has not been reported. Vagal influence on repolarization 

was studied in relation to possible factors influencing the onset of 

fibrillation (59,5); the repolarization process as a whole, however, 

was not considered. 

1.4 Electrical sources due to cellular excitation and recovery 

The formulation followed is mainly after Plonsey (106). The 

electro-magnetic field within the torso arises from charge distribution 

which accumulates on membrane capacitances. It is estimated (107) that 

the relative importance of the magnetic effects on the electric field 

is negligible as compared with potentials due to charge separation. 

The charge separation, which takes place across the cell membrane, 

causes an electric field E in the surrounding medium. At any point 

we assume the current density, J, to be linearly related to this electric 

field (Ohms Law) , so 

J=(J iE (9) 
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Within the heart region the total electric field at any point Is the 

sum of the electric field set up by other points and the impressed electric 

field, caused by the point itself, thus 

J-crE + tfE. (10) 

or, replacing E. by J., the impressed current density, Eq (10) becomes 

J-cfE + Jj (ID 

Outside the region of the sources, propagation effects of electromagnetic 

waves can be ignored [Geselowitz (56), Plonsey (107)]. Consequently, 

the electric field at each instant can be obtained from the scalar 

potential, <p, 

-A 

E*-v4> (12) 

Neglecting of tissue capacitance implies that as the sources vary, 

charges on boundaries and interfaces redistribute themselves in a 

negligibly short time, or equivalently 

v.J=o (13) 
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In the membrane, however, the capac i t ive displacement current cannot 

be ignored. Formally we w i l l include t h i s current in the impressed 

current dens i t y , J . . 

From Eq (11), (12) and (13) i t fo l lows that outs ide the region of 

the sources 

~*<ft __ V> J.' (14) 

Equation (14) is a Poisson's equat ion. The quant i t y y , J . const i tu tes 

a current source dens i ty . 

The in tegra l so lu t i on fo r (14) is 

Jy 
4mrl i- (,5) 

s i nee 

and also for a volume conta in ing a l l sources 

(16 ) 

(17) 
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Substitution of Eq (16) into (15) yields 

Jyf 

Noting that a dipole potential field set up by a current source and sink 

with a dipole moment m (current times separation, directed from negative 

to positive), has the form 

/ 

* - = f f * . V W ) Ŵ w / (19) 

we see that J. in Eq (18) has the form of a current dipole moment per 

unit volume. 

This impressed current density, J., is localized in the cell 

membrane. For all practical purposes, the cell membrane can be considered 

to have no thickness, in which case J. in Eq(l8) gets the form of current 

dipole moment per unit surface area K., and Eq (18) transforms into 

(20) 

Consider a c e l l w i t h po ten t i a l V and V , respec t i ve l y , ins ide and 

outside andOjand CT? as conduc t i v i t y inside and ou ts ide . On the c e l l 

membrane S 

î -^A (21) 
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where n is the normal to the membrane d i rec ted outwards. This is 

necessar i ly so, since the current densi ty normal to the membrane must 

be continuous. The sca lar f u n c t i o n t f y is discontinuous across S and 

has a continuous normal d e r i v a t i v e . Only a d ipo le layer source provides 

the appropr iate s i n g u l a r i t y a t S. The s t rength o f a d ipo le layer equals 

i t s po ten t i a l func t ion d i s c o n t i n u i t y . Using Eq (19) , the po ten t ia l at 

po in t P i s : 

#V = ̂ jM-o^lv( ' / r ) 
(22) 

'S 

in which CJL may be e i t h e r <J. or (H . 

Noting that d S . v C / r ^ i s an element of s o l i d a n g l e , d Q , Eq (22) 

can be rewr i t ten as 

[(*$-«&)<& T J > 4-ircr{> J ^ ' i *** *<***- (23) 

In case the external region is extensive and taken as reference, 

then ^P^Oand thus 

4ir <rt J
 T. * . - i S *.Jn 

in which x,, is equal to the transmembrane potential, V . The 

coefficient 0|/Op is unity for points inside the cell and since the 

solid angle inside is H*l|*7p*»£,, as expected. 
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Outside the cell the coefficient equals ̂ i/Of*" '^ a'' parts of 

the membrane are at identical potential, the surface integral for any 

outside point evaluates as zero, thus only spatial variation of V 

' m 

contributes to current flow. Consider now several or all cardiac cells 

active at a particular moment. If in one type of fiber in a certain 

region activation spreads with constant speed, temporal and spacial 

events are interchangeable and linked by the conduction velocity. In 

general, the length of cardiac cells is much greater than their width. 

Consider then a propagating wave front, travelling not necessarily along 

the fiber axis. If we assume that all points of the membrane in a plane 

perpendicular to the direction of propagation of the wavefront are at 

the same membrane potential, then we can think of a small differential 

volume, bounded by the cell membrane and two equipotential surfaces, 

both perpendicular to the propagation direction. The potential field 

due to such differential volume can be found using Eq (24), or by 

replacing the current source of the membrane by an equivalent source in 

the bounding equipotential surfaces, with identical dipole double layer 

density as the membrane. Under the assumption that the potential at 

the boundaries is equal and uniform, the external potent ial field of 

such differential volume is zero (uniform potential over a closed surface). 

Thus the equivalent source on the bounding equipotential surfaces is 

equal (if reversed in direction) to the one of the bounding membrane. 

For an adjacent volume element the V is increased by AV and at the 

interface between the two elements a net double layer has the strength 

£N. All interfaces between all the differential elements with membrane 
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po ten t i a l V and V +AV together form an e lect romot ive surface w i t h m m 

st rength AV and an area equal to the extent of the par t of the pro

pagating wavefront w i th transmembrane po ten t ia l V . The t o t a l spa t i a l 

act ion po ten t ia l can be d iv ided ( s t r a t i f i e d ) i n to equ ipo ten t ia l surfaces 

( laminas) , separated a d i f f e r e n t i a l d i s t a n c e d * . The st rength of the 

net double layer AV can be found from 

&id AV = -^fAJ (25) 

and thus the double layer density is equal to ̂  '/A*. If this double 

layer density is evaluated against the spatial distributed action 

potential, it is expected to be, roughly, an error function (107). This 

expectation is confirmed by experimental data of Solomon et al. (133). 

A similar line of reasoning applies also to the repolarization process. 

For all practical purposes, the spatial rise time (depolarization) is 

short enough (about 0.8 mm) to collapse all stratified lamina into one 

net double layer. (This does not hold for the repolarization.) The 

strength of such net double layer is 

> _ fdVm At dA/ 
'<" Jlt~dt I* . '<ts <26» 

where the correction factor y^S 's the ratio of the area occupied by 

each fiber to the total area. For the repolarization a similar correction 

function should be introduced in the calculation of dipole double layer 

strength for each lamina. 
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The above discussion assumes the isochronous surfaces to be normal 

to the d i r e c t i o n of spread, in which case s p a t i a l and temporal events 

could be exchanged in t h i s d i r e c t i o n . I f , however, the d i r e c t i o n of 

the spread is along the f i b e r a x i s , then , due to the s t ruc tu re of the 

hear t , s t i l l a net outward moving a c t i v a t i o n r e s u l t s , but the e l e c t r o 

motive surface amplitude and ve l oc i t y are reduced by the r a t i o of rad ia l 

pathlength to transverse path length. 

1.5 Relation between heart vectors and leads 

The f i r s t formulat ion of the re la t i onsh ip between e lect romot ive 

force in the heart and the body surface po ten t ia l s is from Einthoven 

(46). The po ten t ia l d i f fe rence measured in the l imb-leads equals the 

p ro jec t ion of the 'manifest p o t e n t i a l ' onto the appropr iate side of the 

'Einthoven t r i a n g l e 1 . Based on the observations of Craib (34) , who 

showed that the e lect romot ive force is located in the surface formed 

by the wave of e x c i t a t i o n , Wilson (152) der ived a formula t ion fo r the 

e lect rocard iogram, assuming the body to be a homogeneous i n f i n i t e medium. 

He pointed out that the e lect romot ive surface ac tua l l y acts as a simple 

d ipo le . He also extended the Einthoven t r i a n g l e i n to a three dimensional 

lead system by adding one more e lectrode on the back (151). This system 

is now known as the Wi1 son-tetrahedron lead system, in which the re l a t i on 

between d ipo le (equivalent to Einthoven's 'manifest p o t e n t i a l ' and Lewis 

' e l e c t r i c a l a x i s ' ) and measured po ten t i a l d i f ferences are simply the 

p ro jec t ion of the d ipo le (as a vector) onto the appropr iate side of the 

te t rahedron. I t was pointed out by Burger and van Milaan (23) that the 

simple re la t i onsh ip given in the equ i l a t e ra l t r i a n g l e between 'manifest 
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potential difference' and the limb leads is only a crude approximation. 

Under the simplifying assumption that the total excitation activity can 

be represented by a single dipole (the heart vector), they set out to 

give a firm physical foundation to the relationship of such a dipole 

and potential differences recorded at the body surface. 

Under the assumption of quasi static conditions the relation of 

the heart vector (H.) and the surface potential (V.) is given by 

V,= (/,Y)Z).(a,b,c)-q iX+b,y+c lZ <"> 

where X,Y and Z are the orthogonal components of the heart vector under 

cons idera t ion . The coe f f i c i en t s a ,b ,c are dependent on surface locat ion 

o f po in t i , body geometry and o r i g i n of the heart vector . As seen in 

equation (27) , t h i s c o e f f i c i e n t can be in te rp re ted as a vector ( a , b , c ) . 

I t is termed the lead vec to r , L. (24). For any heart vec tor , i . e . any 

source l o c a t i o n , a large set of lead vectors describes the re la t i on of 

t h i s source to the surface po in t s . The t i ps of a l l the lead vectors o f 

one source locat ion together form an ' image' sur face. An image surface 

is merely a geometrical representat ion of the lead vec to rs , i . e . of 

the r e l a t i on between source ( c . q . heart vector) and leads. Though 

the concept of the lead vectors was introduced by Burger and van Milaan 

(25) , the f i r s t to publ ish extensive experimental resu l ts was Frank (51). 

His data are based on torso tank measurements. McFee and Johnston (82) 

extended the concept of lead vectors to that of the lead f i e l d . The 

r e l a t i o n between l e a d - f i e l d and lead-vector is that at any point the 
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current densi ty of the l e a d - f i e l d m u l t i p l i e d by the r e s i s t i v i t y is 

exact ly equal to the lead-vector at that po int (16). 

Using the informat ion about source-surface r e l a t i o n , as condensed 

in the image sur faces, Frank devised a lead system (52) which s p e c i f i c a l l y 

t r i e d to reconstruct the d ipo la r a c t i v i t y from the measured surface 

p o t e n t i a l s . Since he used a homogeneous torso to perform his measure

ments, the basic assumptions under ly ing his lead-system are : (a) the 

e l e c t r i c a l a c t i v i t y of the heart can be represented by a s ing le d i po le , 

f i xed in l oca t i on ; (b) the human torso behaves as a homogeneous medium. 

Other vectorcard iographic lead-systems have also been proposed, 

a l l based on d ipo la r approximation of the cardiac a c t i v i t y . Geselowitz 

(57) co r rec t l y pointed out that the e l e c t r i c a l a c t i v i t y on the body 

surface can be accurately accounted fo r by an equivalent mul t ipo le 

source in a homogeneous medium, and only approximately by an equiva lent 

d i po le . This view is supported by the observed d i s t r i b u t i o n of surface 

po ten t i a l s (96 ,139,70,140). I t is impossible to create s i m i l a r d i s t r i 

butions by a s ing le d ipo le . However a t t r a c t i v e and phys ica l l y correct 

the equivalent mul t ipo le source approach, one disadvantage is that the 

d i r ec t r e l a t i on between the exc i ta to ry process and source is no longer 

present. Furthermore, no inhomogeneities are considered in th i s approach. 

The e f fec t s of inhomogeneities are lumped in the equivalent source. 

Whereas the d ipole approximation cannot account f o r the po ten t i a l d i s t r i b u t i o n 

on the body sur face, the equivalent mul t ipo le source misses the l i nk w i t h 

the e x c i t a t i o n d i s t r i b u t i o n in the hear t . An intermediate so lu t i on is 
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to represent the e x c i t a t i o n wavefronts by mu l t i p l e d i s t r i b u t e d d i po l es , 

each w i th t h e i r own set of lead-vectors . The more dipoles used, the 

c loser the ca lcu lated surface po ten t i a l approaches to the real one. 

Each d ipole i t s e l f only represents the heart t i ssue in i t s immediate 

v i c i n i t y , and is d i r e c t l y re lated to the e x c i t a t i o n process, as fa r 

as the t i ssue which is represented is concerned. Recently a large set 

of lead-vectors fo r a large set o f d ipo le source locat ions were computed 

in t h i s laboratory (68) , fo r homogeneous and non-homogeneous to rso . 

An i den t i ca l resu l t can be obtained by d i r e c t computation of the body 

surface po ten t ia l from a large number of d i s t r i b u t e d dipoles (69) , 

represent ing the cardiac e l e c t r i c a l a c t i v i t y . 

1.6 Impulse conduction in excitable elements 

Rela t i ve ly independent of the problem of po ten t i a l d i s t r i b u t i o n 

and equiva lent heart source is another aspect of e lect rocard iography, 

which deals w i th the impulse conduction throughout the hear t . The 

ce l l to ce l l conduction is dependent on the c e l l p rope r t i es , as is the 

automat ic i ty of ce r ta in regions. Under special condi t ions a chaot ic 

e x c i t a t i o n pat tern w i l l occur, namely f i b r i l l a t i o n . Aur icu lar f i b r i l l a t i o n 

was f i r s t described as such by Engelman (47) , who also of fered the theory 

that mu l t i p le f o c i , caused by an increased e x c i t a b i l i t y , are responsible 

fo r t h i s cond i t i on . Rothberger and Winterberg (115) thought that one 

s ing le ec top ic focus w i th a high frequency of f i r i n g could cause th i s 

condi t i o n . 
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Mines (87) and Garrey (54), on the other hand, confirmed a theory 

proposed by Porter (108) that impediment to the propagation of a stimulus 

causes the excitation to deviate from its normal pathway and finally to 

return to the point of origin, and so to perform a closed loop or 'circus' 

movement, which can be maintained indefinitely. Lewis (78) extended 

this to flutter, for which condition he also pinpointed that the pathway 

of the circus movement included the superior and inferior venae cavae. 

Evidence in favour of either theory has been brought forward and 

still no communis opinio exists on the nature of fibrillation. 

It has been shown that several factors or agencies can produce 

ectopic foci with high firing frequency (138). On the other hand, well 

documented cases in favour of the circus movement theory have been 

forwarded (113,32). Independent of the aforementioned theories is the 

multiple wavelet hypothesis (88), which states that once a chaotic 

pattern is created, multiple wavelets independent of each other will 

maintain this disorganized state. This last hypothesis does not 

necessarily include either an ectopic focus or a point of reentry. 

The nature of this pattern will still be dependent on cellular 

properties and intercellular relations. 

It is generally accepted that a spatial distributed dispersion 

in refractory periods is essential to set the stage for fibrillation. 

Recently, more detailed information on the cellular behaviour in 

repetitive stimulation became available (146,60,50). However, whether 

the facts revealed are important in fibrillation has not been assessed 

as yet. 
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1.7 Models in electro-and vectorcardiography 

The so lu t i on of Eq (27) fo r X,Y and Z from measured surface 

po ten t i a l s V. is the aim of p rac t i ca l e l e c t r o - or vectorcardiography. 

However, t h i s is an imposs ib i l i t y since fo r each measured V. three 

unknown coe f f i c i en t s a . , b . , c . are introduced. In the s implest case, 

where a so lu t i on is sought fo r one d ipole the number o f unknowns (U) 

is re la ted to the number (n) of surface locat ions measured as 

U = 3n + 3 (28) 
n 

The only possible way to arrive at a solution is to determine the 

coefficients a.,b.,c. For technical and ethical reasons this has so 
i ' i ' i 

far proven to be difficult in living subjects. Cadavers have been used 

(11), for which however the results are questionable due to post-mortem 

changes in organ position, membrane structure, blood distribution, etc. 

For this reason, extensive use has been made of torso models, either 

mathematical and physical.The mathematical models are usually confined 

to simple geometrical structures such as spheres, cylinders, discs; 

whereas, the physical models usually were shaped after human (male or 

female) torsos and filled with electrolytic solution with or without 

additional structures. These models are used to specify the behaviour 

of the human body, the torso. In terms of Eq (27), they help solve the 

coefficients a.,b.,c. Once solved the heart vector can be found from 
i ' i ' i 

the surface potentials. Whether the heart as source is determined as 

a single dipole, multipole, multipole dipoles, or even restricted 

multiple dipoles is immaterial. 
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Another approach was already indicated by Scher (121), who proposed 

that X,Y and Z are determined and then the coefficients calculated from 

the measured surface potentials. The determination of X,Y and Z in vivo, 

however, is difficult if not impossible. It is, of course, possible to 

reconstruct from measured isochronous maps the isochronous surfaces. 

The next step will then be to calculate from these isochronous surfaces 

the surface potential distribution, using a set of coefficients, or 

using a surface potential distribution to calculate a set of coefficients. 

Casts of the isochronous surfaces have also been made (103) and energized 

in electrolytic tank torso models, which yielded surface potential 

distributions on the torso. Here again a logical approach is to make 

a model which dynamically simulates the activation process and will 

yield isochronous surfaces which can be used in further computation. 

Indeed, this approach is now used by several investigators, and is also 

the subject of the present investigation. 

This last type of model can also be useful in two more respects: 

(a) to study the excitation process itself, and (b) to study the 

mechanisms involved in the electrical behaviour of the heart during 

repolarization. 

Two models have been published dealing with the excitation process 

itself. Wiener and Rosenblueth (150) published their study in 1946 on 

impulse conduction in excitable elements, especially focussing attention 

on atrial flutter and fibrillation, whereas Moe et al. (89) simulated 

atrial fibrillation using a digital computer. 



- 28 -

For the mechanisms involved in the po ten t i a l d i s t r i b u t i o n dur ing 

r e p o l a r i z a t i o n , only one real model has been published so f a r . This 

one by the group of Abi ldskov (61 , 4 ) , approaches the problem in a rather 

i n d i r e c t way, const ruc t ing an equivalent T-loop ( 'pr imary T - l o o p ' ) , which 

represent those parts of the repo la r i za t i on which cannot be pred ic ted by 

the depo la r i za t i on . 

1.8 Models in general 

The f i r s t model ever b u i l t was man (143). "God created man according 

to h is image". Ever s ince, models have been b u i l t and used f o r various 

purposes. In science, models have been and are ex tens ive ly used. The 

reason for th is was expressed by Rosenblueth and Wiener (112) as f o l l ows : 

"No subs tan t ia l par t o f the universe is so simple that i t can be grasped 

and cont ro l led wi thout abs t rac t ion . Abst ract ion consists in replacing 

the parts of the universe under considerat ion by a model o f s i m i l a r 

but simpler s t r u c t u r e . " 

S c i e n t i f i c inqu i ry aims at understanding parts of the universe. 

I t fo l lows that model l ing is an essent ia l par t of any s c i e n t i f i c 

procedure. Probably not a l l research workers are aware o f t h e i r model l ing 

e f f o r t , but speak in terms of 'concepts' and ' hypo thes i s ' . 

Models can be i n t e l l e c t u a l or fo rma l , on the one hand, or mater ia l 

on the other . Formal models are a symbolic asser t ion in l og i ca l terms 

of an idea l ized r e l a t i v e l y simple s i t u a t i o n . A mater ia l model is the 

representat ion of a complex system, by a system which is assumed s impler , 

but a lso is assumed to have some proper t ies s i m i l a r to those selected f o r 

study in the o r i g i n a l complex system. More complex c l a s s i f i c a t i o n s of 

models have been proposed (95) , which, however, are not relevant in th is 
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context. The structure of any model can be partitioned in smaller 

structures which, in themselves, form models. Consequently, a largely 

material model might contain several formal models. Digital computer 

models are an excellent example of this 'mixed' type of model, since 

each computer model finally breaks down into abstract numbers. 

The model to be described in this report is mainly a material 

model. It is deterministic in setup, which means that none of the 

operating characteristics is given by a probability function. The 

power of such a setup is the direct logical connection, however complex, 

between input and output. 

1.9 Purpose of the present investigation 

The two aspects of electrocardiography described above, i.e. 

the relationship of sequence of depolarization and repolarization to the 

body surface electrocardiogram and the behaviour of impulses conducted in 

conglomerates of interconnected excitable elements are subjects of this 

report. Both problems have their common root in the membrane of the 

myocardial cells. It applys equally to both problems that studying 

the membrane properties and the cell itself will not solve the problem. 

This is partly caused by the fact that the cells influence each other in 

their behaviour, which makes the functional and anatomical relationship 

of the cells to each other important, and partly by the fact that the 

heart, as electrical source, is embedded in a nonhomogeneous conducting 

medium, the torso. 
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The complex i n t e r r e l a t i o n s h i p o f c e l l u l a r microscopic and macroscopic 

events dur ing e x c i t a t i o n and r e p o l a r i z a t i o n , as we l l as the complex 

e lec t rophys ica l behaviour o f the human torso leads to a complicated 

re la t i onsh ip o f c e l l u l a r membrane phenomena ( i . e . propagated depo la r i za t ion 

and subsequent repo la r i za t ion ) and body surface po ten t i a l d i s t r i b u t i o n 

( i . e . the e lect rocard iogram). However w i th the a v a i l a b i l i t y of 

experimental data on the c e l l u l a r l e v e l , and more r e a l i s t i c data on 

e lec t rophys ica l behaviour of the human torso the p o s s i b i l i t y emerges to 

perform a synthesis of these data to one un i f y ing model, which l inks 

anatomical and e lec t rophys ica l data on one hand w i th the e l e c t r o - and 

vectorcardiogram on the o ther . 

* The primary purpose of the present i nves t i ga t i on is to develop, 

based on r e a l i s t i c anatomical and phys io log ica l data, a model of the 

human v e n t r i c l e s , which can serve as a p r a c t i c a l tool in inves t iga t ions 

o f the e l e c t r i c a l a c t i v i t y of the ven t r i c l es in depo la r iza t ion as we l l 

as in r epo la r i za t i on . 

* Simulat ion of a normal e x c i t a t i o n is attempted, and compared w i th 

the data obtained from a normal sub jec t . 

* A comprehensive comparison is made of d i po la r content of the cardiac 

e l e c t r i c a l a c t i v i t y and the body surface po ten t i a l d i s t r i b u t i o n , as 

re f l ec ted in the various commonly used lead-systems. 

* Hypothet ical explanations of the e l e c t r i c a l a c t i v i t y associated w i t h 

the repo la r i za t i on are tes ted . 

* A pre l im inary analys is is made of the conduction proper t ies of 

impulses under r e p e t i t i v e s t i m u l a t i o n . 
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Real izat ion of the above aims is t r i e d fo r by the const ruc t ion of 

a d i g i t a l model of interconnected exc i tab le elements, shaped according to 

the geometry of a human hear t . With some l i m i t i n g r e s t r i c t i o n s , both 

anatomy and funct ion of heart c e l l s are preserved in the model. In order 

to ca lcu la te the body surface po ten t i a l d i s t r i b u t i o n s use is made o f a 

numerical s u b s t i t u t e of the human to rso , prev ious ly developed in t h i s 

labora tory . This las t model and the present heart model complement each 

other . 

Although the heart model is anatomical ly based on the data obtained 

from one human hea r t , genera l i t y of the resu l ts is provided by s u f f i c i e n t 

amount of unpredetermined f a c t o r s , such as i d e n t i f i c a t i o n of the endings 

of the His-bundle, extent of the Purkyne f i b e r network, smoothing of the 

data, choice of conduction v e l o c i t y , e t c . Furthermore, no q u a n t i t a t i v e 

study is made of the surface po ten t i a l s invo lved. 



Chapter 2 

REVIEW 
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This review of pertinent literature will be limited to models of 

the excitation and repolarization of the human heart used in electro 

and vectorcardiography. Equivalent dipoles and multipoles will not be 

considered to constitute such a heart model. Though the ingredients 

necessary for construction of a model of the excitation process are not 

too complex, surprisingly few attempts have been made as yet to do so, 

Even fewer reports deal with the repolarization. 

In 1946 Wiener and Rosenblueth (150) published in one paper two 

models, one of cardiac flutter, the other of cardiac fibrillation. 

The definition of flutter adopted by these authors is: "Flutter 

consists of a wave or waves of activity in a conducting system with a 

regular cyclic recurrence of paths, and therefore with a well defined 

regular wavefront and period. Flutter differs from the ordinary heart 

beat in that flutter activity is continuous, while beats are separated 

by periods of total rest (diastole of cardiac muscle)". For the properties 

of impulse conduction in interconnected excitable elements three postulates 

are made: 

(a) The cardiac impulses spread with a constant velocity equal in 

all di rections. 

(b) Amplitude of the stimulating process remains constant and exceeds 

the threshold of regions which are in the "resting condition", 

(see below). 

(c) Any given region of a fiber exists only in one of three conditions: 

1. The active state 

2. The refractory state 

3. The resting state 
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These postulates make the following simplifications: 

- Homogeneity and isotropy of the heart muscle in respect of action 

potential properties; duration, depolarization phase, and tissue properties; 

time and space constants. 

- Neither summation nor inhibition is considered. 

- No transition between states is considered; the states are discretized. 

An 'epoch number' is assigned to each state. The epoch number zero is 

assigned to the active state, an epoch number one to the resting state, 

an epoch number between zero and one to the refractory state. The laws 

of propagation are symbolically expressed as follows: 

Let n be the epoch number as a function of point P. of space X, Y 

and Z (or fewer dimensions, as the case may be) and time t. Then 

(1) dn^Kjdt when 0<tl< I , (29) 

where K. is the reciprocal of the absolute refractory period of point P., 

and 

(2) dn*0 when NH (30) 

Except that when at a certain point (x_,yn,zn) N=0, and at a neighbouring 

point (X|,y.,z,) placed within a sphere with center at x„,yn,z- and with 

radius vdt(where V is the conduction velocity) at the same time N=l, then 

over the whole segment between these points 

(3) dn = H (31) 

A wavelength is def ined at P. as 3 1 

T V 

A ~ TT (32) 
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With these postulates and propagation laws, the possibility of self-

perpetuating steady state waves in one and two dimensional systems are 

investigated. 

For one dimensional 'open circuit' systems it is concluded that no 

self sustained activity is possible under the assumptions adopted. For 

one dimensional 'closed circuit' systems self-sustained activity is 

possible if a wave can be originated, which spreads in one direction only. 

Conditions to set up such a wave are discussed. At least one second 

stimulus has to be applied to a region properly chosen and distinct from 

site of application of the first stimulus. 

In a two dimensional system, selfsustained waves can exist only if 

the waveforms are involutes of an obstacle. This implies that there is 

no selfsustaining propagation in a simply connected sheet of elements. 

An obstacle must have a minimum perimeter exceeding a wavelength. If 

at any time there is only one wavefront, then the perimeter of the 

obstacle must be the pacemaker. However, it is possible, under certain 

conditions, to start a single wave moving around an obstacle of 

appropriate length. One of the conditions is to apply stimuli to an 

area in such a way that not in all directions an excitation wave spreads. 

Normally when a stimulus is applied, excitation waves are concentric 

circles growing in diameter. By an appropriate set of stimuli one of them 

gives rise to an excitation wave which is not a closed circle, but a circle 

segment. They named these waves 'single fifth wave'. If such a wave hits 

an obstacle 'and-on' selfsustaining activity will ensue. In other words, 

flutter occurs. Obstacles of varying dimensions and shapes are considered, 

also combinations of obstacles. It is concluded that the 'effective' 
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perimeter of an obstacle or a set of obstacles should exceed one wave

length. 

Three dimensional systems are readily seen to be too complicated for 

simple mathematical analysis. A single example is given in which flutter 

can occur. The above described model gives a continuous description of the 

space. The influence of obstacles on impulse conduction as related to 

selfsustaining activity is exhaustively studied. The model is, however, 

not able to handle more complicated situations, either three dimensional 

or with inhomogeneities in respect to either conduction velocities or 

refractory periods. The most important conclusions from this study are: 

1. It is possible to set up one-way waves with an appropriate stimulus 

pattern. 

2. Selfsustaining activity is possible under homogeneous conditions if 

obstacles are present. 

3. The resulting activity is regular and related to conduction velocity 

and obstacle size. 

They conclude that the definition of flutter as given by them is in 

agreement with their own experimental results and clinical findings of 

others. 

The definition of fibrillation adopted is: "Fibrillation consists 

of a continuous activity over randomly varying paths in a network of 

connected conducting elements". 

The main difference between flutter and fibrillation, according to 

these definitions, is the random nature of fibrillation as opposed to 

the regularity of flutter activity. The authors state about their model 
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based on th is d e f i n i t i o n of f i b r i l l a t i o n : "That such f i b r i l l a t i o n ex i s t s 

and is what we usual ly mean by the term is an assumption". 

At the onset of the development of a model of f i b r i l l a t i o n , Wiener 

and Rosenblueth s t a t e : "The approach to the problem of f i b r i l l a t i o n from 

the standpoint of regu la r ly or semi - regu lar ly repeated short paths Is 

cont rad ic ted by the lack of p e r i o d i c i t y ind icated by the electrograms 

recorded under the cond i t i ons " . Then they proceed accordingly to give a 

f i r s t s t a t i s t i c a l mathematical descr ip t ion of f i b r i l l a t i o n , consider ing 

the node points o f a network randomly d i s t r i b u t e d in space, the a c t i v i t y 

o f the node points randomly d i s t r i b u t e d in t ime, and f i n a l l y to combine 

these d i s t r i b u t i o n s w i th the prev iously given conduction ru les , to a r r i v e 

at a c t i v i t y d i s t r i b u t i o n in t ime. 

In the f i n a l d iscuss ion , however, they abandon t h e i r view of 

f i b r i l l a t i o n in order to adopt the suggestion from Lewis that f i b r i l l a t i o n 

is merely a q u a n t i t a t i v e l y d i f f e r e n t form of f l u t t e r , and suggest to 

use the terms 's low f l u t t e r ' and ' f a s t f l u t t e r ' , the l a t t e r replacing 

the term f i b r i l l a t i o n . 

As already ind icated by Wiener and Rosenblueth, more complex 

geometrical s t ruc tu res are d i f f i c u l t to handle on a mathematical bas is . 

Further attempts to model the ac t i va t i on process were not made u n t i l 

s u f f i c i e n t l y large and powerful computers were ava i l ab l e . By d i s c r e t i z i n g 

both space and t ime, and by consider ing at each point only the inf luence 

of the neighbouring p o i n t s , i t is possible to replace the more complex 

mathematical formulat ion by simple ones. Th is , however, requires a 

tremendous increase in the number of computations to be performed, which 
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is only feas ib le w i th the use of high speed computers. 

Rheinboldt and associates (110) described in 1963 such an at tempt , 

using a d i g i t a l computer. A heart (diagrammed a f t e r 48 progressive cross-

sections of the ven t r i c l es of a dog heart) is d iv ided in to cubic c e l l s , o f 

which a number are labe l led P (Purkyne) ce l l s and the other 0 (ord inary) 

c e l l s . The P-celIs are programmed to ' f i r e ' at predetermined t imes. A 

sequence of ' f i r i n g ' (depolar iz ing) ce l l s is establ ished by ' f i r i n g ' each 

0 - c e l l which borders a c e l l which f i r e d dur ing the previous time s tep. 

As neighbour ce l l s are considered ce l l s which are border ing at least by one 

corner, thus a c e l l may be surrounded by as many as 26 neighbouring c e l l s . 

Unit vectors are establ ished between ce l l s f i r i n g at time t -1 and each 

neighbour f i r i n g at time t , to give a f t e r vec to r i a l summation an e l e c t r o 

cardiographic vector fo r th i s t ime-step. No resu l ts are presented in t h i s 

paper. 

In 1965, Moe, Rheinboldt and Abildskov (89) published t h e i r repor t on 

a computer s imula t ion of a t r i a l f i b r i l l a t i o n . Whereas the previous model 

concentrated a l l e f f o r t s on the anatomical aspects o f the model, t h i s 

model of a t r i a l f i b r i l l a t i o n focused a t t en t i on mainly on i n t e rac t i ve 

behaviour of the elements. A simple sheet of interconnected elements was 

used. Elements were recognized to be in one of f i v e s ta tes . State 5 

was considered the res t ing s t a t e , s ta te 1 the s ta te of absolute re f rac 

to r i ness , states 2 , 3, and 4 were considered to represent various degrees 

of r e l a t i v e re f rac to r i ness . I f ce l l s are exc i ted in one of the states 

of r e l a t i v e re f rac to r i ness , they w i l l t ransmit e x c i t a t i o n , however w i t h 

considerable delay. The length of the re f rac to ry period was determined by 
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the previous cycle length, according to the formula 

R=fKc" (33) 

where C is the preceeding cycle length, R the length of the following 

refractory period and K a constant assigned to the heart cells. Assign

ment of values between 10 and 20, at random, to the parameter K, introduces 

a spatial inhomogeneity in respect of response to stimuli. On repetitive 

stimulation a selfsustaining activity ensued, which stopped only on 

termination of the computer run. To show the nature of the selfsustaining 

activity the authors used several parameters, such as average refractory 

period, average cycle duration, average number of units firing per time 

step, average number of units in excited state but not yet fired, average 

excitation time and average "wavelength". They attempted to assess the 

influence of the inhomogeneity as well as the boundaries on the fibril-

latory action. They concluded that with the parameters used an activity 

resembling that of atrial fibrillation could be produced and they proposed 

the use of a "fibrillation number", which is a measure of susceptibility 

for fibrillatory activity. 

An attempt to take into account both geometry and physiological para

meters, was made by Okajima (102) et al. . They proceeded along the same 

lines as Rheinboldt. 27,000 cubes of 3 mm x 3 mm x 3 mm arranged in 30 

layers, comprising 30 rows and 30 columns were identified either as muscle 

cells, Purkyne cells or nonexcitable elements. For each layer, the data 

for identification was obtained from photographs of 3mm sections of a human 

heart. The cubes adjacent to the ventricular cavities were assigned to 

be Purkyne elements. 
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Excitation was started at predetermined intervals in the Purkyne elements, 

and were spread 10 times faster in these elements than in the ordinary 

muscle cells. Much attention was paid to correction of the directional 

error in conduction velocity. The excitation wavefront was assumed to 

exist on the transition of 'fired' and 'not yet fired' elements, and unit 

vectors were assigned normal to the interfaces of these elements. 

In later work, this model was extended to include the transfer im

pedance vectors of each element to specified body surface locations. They 

successfully simulated the normal Frank-VCG, as well as the VCG encoun

tered in infarction. 

In the same year, Arntzenius (6) published a model of excitation of 

the human heart, also based on the anatomy of a human heart as obtained 

from photographs of 2 mm sections of a normal heart. In the drawings 

made of these photographs, excitation waves were constructed, as concentric 

spheres around the termination points of the left and the right bundle. 

He drew special attention to the cancellation effects which take place 

during excitation, and to the changes in resulting vectors at the time 

of breakthrough of the wavefronts at the epicardial surface. The timing 

of this breakthrough, seen as 'deflection' points in the planar projections 

of the VCG loops, was shown to be a good parameter for differential diagnosis 

between left ventricular hypertropy, right ventricular hypertropy and 

normal. 

A simulation of myocardial activation using a digital computer-model 

was published by Solomon and Selvester (132) in 1970. Selvester and co

workers have been working in previous years on several equivalent source 

models (125,127,126,128), which they used to study a variety of clinical 
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conditions, in both homogeneous sphere, homogeneous torso and non-

homogeneous torso. Their model of myocardial activation used representing 

points on a 1 mm orthogonal grid. The algorithm used to calculate the 

spreading of excitation is based on finding the neighbouring points around 

a point of origin, which are within a sphere with radius vdt, in which 

v is the assumed conduction velocity. After three time increments all 

points reached so far serve as new origin points and the procedure is 

started again. This procedure is very similar to the way Huygens con

structed wavefronts. Restart of the procedure after three time steps is 

necessary to avoid a large directional error in conduction velocity. The 

surface area of the spheres, rather than that of the envelop, is used to 

find the appropriate equivalent electromotive surface. Activation is 

calculated separately for the Purkyne fiber system. The results of the 

Purkyne fiber excitation serve as start for the computation of the 

excitation in the myocard itself. 

The models described above are mainly concerned with the depolarization 

process. Only one theoretical model of the T-wave has been described so 

far. In this model by Harumi (61) et al. the sequence of depolarization 

is taken to determine the sequence of repolarization. 

Action potentials of appropriate duration were assigned to each area 

of the ventricle represented by an activation front. The offset of action 

potentials was made to correspond to the normal sequence of repolarization. 

Action potentials were divided into time units, and the difference in the 

height of the action potential at the beginning and end of each time unit 
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was taken as the po ten t i a l d i f fe rence dur ing tha t time un i t o f 

r e p o l a r i z a t i o n . The d i r e c t i o n of r epo la r i za t i on vectors dur ing each time 

un i t was determined by r e l a t i n g the time phase of act ion po ten t ia l up

strokes to that of down-strokes. With t h i s model i t is possible to 

account fo r the p o l a r i t y and form of T-waves as recorded in animals. 

A computer i t e r a t i o n procedure was used to determine the d i f ferences in 

act ion po ten t ia l du ra t i on , fo r optimal T-wave s imu la t i on . 
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3.1 Introduction 

A digital model of the ventricles of the heart was developed. This 

development divides into two parts. 

Part 1 consists of the collection of anatomical data of a normal 

human heart into suitable digital form. For the collection of anatomical 

data, a technique was used known in our laboratory thanks to Dr. Okajima 

of the Nagoya University, Nagoya, Japan. This technique is described 

in full detail in Appendix 1. The anatomical data collected were 

further processed and converted into suitable digital form. The 

procedures followed are described in Appendix 11. 

Part 11 consisted of the development of a computer program. This 

development took place in three stages. In stage 1 a preliminary study 

was done on the feasibility of using the rhombododecahedron as elemental 

units. Several basic operations ( for example, approximation of con

figurations in orthogonal coordinates by structures composed of elemental 

units and described in hexagonal coordinates) were tested in this stage, 

as well as algorithms developed to be used in later stages. For this 

purpose a simple rectangular structure and a mathematical approximation 

of the ventricles was used. The latter consisted of three half ellipsoids, 

one for the outer boundary of the ventricular myocardium and two others 

for the left and right cavity. 

In Stage 11 the program was used in simple form on the anatomical 

data collected. Conduction velocity was limited to only two different 

values, only one excitation cycle was considered at a time. Results 

presented at the Satellite Symposium of the 12th International Congress 
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of Physiological Sciences "The Electrical Field of the Heart", (89) were 

obtained during this stage. In the third stage, a more sophisticated 

program was devised which contains a large number of features. Attention 

was especially paid to flexibility and generality of the program. In sec

tion 3.4 the structure and features of this last program will be discussed. 

Section 3.2 deals with the assumptions made, whereas section 3-3 describes 

the modelling unit and its properties. 

3.2 Assumptions 

The assumptions are arbitrarily divided into three categories. Most 

of the assumptions were made because of limitations in the procedure used. 

Not included in this list are assumptions made in the context of specific 

experiments, which will be dealt with in the discussion following each 

experiment. 

3.2.1 Assumptions made in connection with the anatomical structure. 

(Al) The anatomical structure of the heart is adequately represented 
3 

by regular elements of 1.28 mm in volume. 

The resolution achieved in representation of the anatomical structure 

depends primarily on the resolution of the photoprints of the specimen 

used. In these photographs the limiting factor is the uncertainty in 

identification of the borderline of the muscle masses. If the information 

about the anatomical structure is sufficiently detailed, the total number 

of elements could be greatly increased. However, the number of elements 

which could be handled conveniently is directly dependent on the computer 
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memory size. The size of the real heart cells is not important, since 

the myocardium is assumed to be piecewise homogeneous. (Assumption A2) 

The finest structure modelled in this report is still at least represented 

by a layer of two elements, which preserves two degrees of freedom for the 

direction of spread. 

Representation of a structure by a single layer is bound to be in 

error since only one degree of freedom is available for this direction. 

(A2) Myocardium is piecewise homogeneous. 

Each element represents only one type of myocardial cells. 

(A3) No fine structure exists within each representing element. 

Although the physical volume of an element would be occupied by 

several myocardial cells, no such subdivisions into smaller cardiac cells 

are considered. As a result, fiber orientation is lost. 

(A4) Purkyne fibers extend as a continuous network on the surface 

of the ventricular cavities^ without penetrating into the myocardium. 

The Purkyne fibers are added to the anatomical structure on a 

functional basis. Little is known about the distribution of the fibers 

across the surface. It is unlikely that the Purkyne fibers should not 

penetrate the myocardium at all. In canine hearts, the fibers are known 

to penetrate the myocardium (43). Effectively, the distribution over the 

surface is equivalent to an endocardial penetration of half unit diameter. 

(A5) The geometry is fixed during the whole cardiac cycle. 

No change during depolarization or repolarization of the elements 

in relative position are considered. The muscle is not 'contracting'. 
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3.2.2 Functions 

Since each element represents several cardiac cells, it is tempting 

to allow for different properties in the different regions of an element. 

However, in so doing, we get into conflict with the anatomical resolution. 

It is unrealistic to make functional distinctions in a volume element in 

which no anatomical distinctions are made. The opposite approach is to 

consider each element as one large cardiac cell. This view is also dan

gerous. Most considered phenomena are membrane phenomena, but the 

axoplasma and its properties will undoubtedly influence these phenomena. 

For instance, the total surface area of the plasma membrane and its ex

tension, the endoplasmic reticulum, are related to the membrane capacity, 

which in turn influences the impulse conduction velocity. Calculating 

these qualities for a 'giant' cell will result in values quite different 

from the actual ones. In order to be able to use data collected from 

single cell studies, we still consider the element to represent several 

cardiac cells. The above considerations lead, in conjunction with assump

tion no. (A2) from the previous paragraph to the following assumption. 

Bl) All functional properties of an element are assigned to its 

centerpoint. 

Real heart muscle is an organized structure and most likely the 

conduction speed is greater along the fiber axis than perpendicular to 

the fiber axis. On the macroscopic level however, this has never been 

proven conclusively. In human hearts, excitation seems to spread rather 

uniformly in all directions. A simplifying view often adopted is that 

each excited cell serves as a starting point from which excitation spreads 
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in all directions with equal speed. This is referred to as Huygens 

principle, in analogy with light wave transmission. 

Christian Huygens (1629-1695) 
The Huygens principle divides into two hypothesis: 
1. Every point on an advancing wavefront can be considered as a source 
of secondary waves, which in an isotropic medium move forward as spherical 
wavelets. The wave amplitude at any point ahead can be obtained by 
superposition of these wavelets. 
2. From a given position of an uninterrupted wavefront, a later position 
of the wavefront can be determined as the envelope of the secondary 
wavelets. 

In the model, no information is preserved about fiber direction, which 

together with the previous assumption leads to the next assumption: 

(B2). Impulses spread in the 12 directions normal to the faces of the 

rhombododecahedra with equal speed. 

The impulse strength in the cell to cell conduction is proportional 

to the action potential height. This height varies in different parts of 

the heart muscle, however, also varying from cell to cell are the space 

constants and the time constants. These three factors together determine 

the reaction of a resting cell to a propagated impulse. Ventricular 

myocardium under normal conditions is quite uniform in respect to these 

properties. In order to economize coding of information, the parameters 

representing cellular interaction are specified solely within the state 

code of the cell which is receiving an impulse. This leads to the 

following assumption: 

(B3) Impulses are of unit strength 

The sequence of cellular reactions upon stimulation serves as a 

physiological basis for the properties assigned to each cell. In analogy 

to this sequence the condition of a cell is described as either at rest, 
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activated, refractory or recovering. These different conditions are 

labelled as four different states. Though rather arbitrarily defined, 

this division into states is convenient in the light of the fact that 

anatomical and physiological conditions are lumped in the center of the 

eel 1. 

(B4) Each cell is in one of four distinct states^ and no transitions 

between states are considered. The state of each element is 

evaluated at discrete time intervals. 

The state of an element is only changed upon stimulation, either 

by one of its neighbours or by external intervention. In real heart 

muscle tissue there exists a continuous influence of neighbouring cells on 

each other, however the most distinct influence occurs during the fast 

depolarization period. Since the mechanisms of the other influences are 

not well described on the cellular level they are left out of consideration. 

(B5) Only elements which are activated (state 2) influence the state of 

their adjacent neighbours. 

(B6) Duration of state 3 (absolute refractory period) is only dependent 

on the properties of the element itself. 

Closely related to the various states of a cardiac cell is its 

membrane potential. For the purpose of calculating the electric field 

caused by the cell membranes in the various states, the voltage time course 

of the action potential is used. Assumption number 8 then follows from 

assumption number 7' 

(B7) Voltage time course of an element is independent of the voltage time 

course of its neighbours. 
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(B8) NO electronic impulse conduction is considered. 

Though it is known that Purkyne fibers show spontaneous 

depolarization and that, under abnormal conditions also myocardial cells 

show spontaneous impulse formation, this is not considered: 

(B9) NO spontaneous impulse formation occurs. 

3.2.3 Physical representation 

Assumptions made in connection with the electromagnetic properties 

of heart muscle and torso. 

In order to evaluate the impressed electric fields E. the con

tribution of each element is separately evaluated. The gradient of the 

impressed potential field is calculated at the center point of each 

element. A current dipole, proportional to this gradient, is then 

assigned to each cell. The first four assumptions are after Horacek (68): 

(CI) The medium of heart muscle and torso is isotropic, that is, the 

physical properties in the neighbourhood of some arbitrary interior point 

are the same in all directions. 

(C2) The medium is homogeneous, that is, the physical properties in the 

interior of a medium do not vary from point to point. 

(C3) The medium is linear, that is, the relations between electric 

-a -* 
displacement vector (D), current density vector (J), and electric field 

intensity vector (E) and also between magnetic induction vector (B) and 
-± 

magnetic field intensity vector (H) are linear under considered conditions. 

(C4) Quasistatic conditions prevail, that is, the tissues are essentially 

resistive, and coupling between electric and magnetic fields can be neglected. 
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(C5) The potential gradient inside an element is constant in direction 

and magnitude. 

(C6) The potential of an element is only evaluated in its center. 

(C7) The impressed electric field is continuous. 

3.3 Modelling unit 

3.3.1 Introduction 

The choice of the modelling unit is rather important. Associated with 

this choice is the whole philosophy on which the development of the program 

HEXCITE is based, and a number of necessary assumptions follow from this. 

Two approaches, opposing in principle, to the choice of the modelling 

unit can be distinguished. 

One starts with the choice of a convenient unit and works out in 

which way this unit can represent the structure to be modelled. An im

portant consideration is how the units can be packed. A regular packing 

of units allows the choice of a coordinate system in such a way as to 

assign each unit integer coordinates, which simplifies storage and 

calculation problems. A second important consideration is the distance 

between adjacent units. If the Huygens principle for wave transmission is 

adopted, this distance plays an important role, especially if this distance 

varies in different directions. 

The other approach starts with the consideration of how to represent 

optimally a three dimensional structure. Since the representation will 

be point wise, it seems logical to use spheres, these being the units with 
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the smal lest surface area per volume u n i t . A l l points o f the three 

dimensional s t ruc tures f a l l i n g w i t h i n one sphere are then represented by 

th i s sphere's centerpo in t . Using spheres w i th equal diameter there ex i s t s 

a large va r ie t y of ways of packing these spheres. No matter how packed, 

there w i l l always be an open space between the spheres, so each of the 

points of the three dimensional s t ruc tu re in t h i s open space has to be 

represented by the nearest sphere. E f f e c t i v e l y the inf luence sphere o f a 

centerpoint is increased by t h i s a d d i t i o n . The amount o f volume added to 

each sphere is good measure f o r the closeness o f the packing of the spheres. 

Another way of looking at i t is to imagine the spheres to grow, w i thout 

growing in to each o ther , u n t i l the t o t a l volume is occupied. The ad

d i t i o n a l growth is the volume d i f fe rence between the f i n a l "grown" sphere 

and the real one, o r , in other words, between the f i n a l s t ruc tu re and i t s 

inscr ibed sphere. 

I f we pack spheres in such a fashion that t h e i r centerpoints are 

located along s t r a i g h t l ines p a r a l l e l to the X-ax is , Y -ax is , and Z-axis 

o f an orthogonal car tes ian coordinate system, then they are equ id is tan t 

and each sphere is surrounded by 6 neighbours. By "growing" the spheres 

to f i 1 1 a l l spaces they obta in the shape of a hexahedron. The d i f fe rence 

volume o f a hexahedron and i t s inscr ibed sphere is 47.64% o f the t o t a l 

volume. 

I f we, however, pack the spheres so that t h e i r centerpoints are 

located along s t r a i g h t l ines p a r a l l e l to the X-ax is , Y -ax i s , and Z-axis 

of an hexagonal car tes ian coordinate system, then they are s t i l l equ i 

d i s t a n t , but now each sphere is surrounded by twelve neighbours. 
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By "growing" the spheres to fill all spaces they obtain the shape of 

rhombododecahedron, for which the difference volume is 25-95% of the 

total volume. Since the hexagonal packing of spheres is the closest 

regular packing (49), any other packing of equal size with less neighbours 

will less sufficiently represent a three dimensional structure. 

It can be shown that 12 spheres comprise the maximum number which can 

be packed around a center sphere (49). 

In view of the above facts, we made a choice for a point 

representation where each point is the node of a grid. The grid lines 

are parallel to the X, ,Y, , or Z,-axis, and are located on integer 

coordinates. Consequently, the grid points have all integer coordinates, 

and the distance between each point and its closest neighbours is unity. 

Each point is surrounded by twelve neighbours at this distance. The 

solid represented by one single point has consequently the shape of a 

rhombododecahedron. (Fig. 3-1) It is convenient to think of the model 

presented here as built from solid rhombododecahedra; this is actually 

not the case; it is merely a pointwise representation of an anatomical 

structure. 

A perspective drawing of X, ,Y,, and Z,-axis is seen in Fig. (3.2), 

which also shows the location of the centers of the twelve adjacent 

neighbours. 

3.3.2 The rhombododecahedron (R.D.H.) 

Rhombododecahedra belong to the family of polyhedra. It is a semi-

regular solid with 12 faces, which are all rhombi. If properly packed it 
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Fig. 3-1 A rhombododecahedron. A perspective drawing of a rhombododeca

hedron. The hexagonal coordinate axes are labelled X, ,Y, ,Z,. 
h h h 

The intersection with X,,Y plane forms a hexagon. The normals 

to each rhombic face are also seen. 



Fig. 3-2 Hexagonal grid points. In this perspective drawing both hexagonal 

X, ,Y,,Z, (and orthogonal XQ,Y0,ZQ) coordinate axes are labelled. 

The twelve grid points surrounding grid point (0,0,0) are labelled 

with their hexagonal coordinates. Taking the surrounding grid 

points as vertices of a solid, a cuboctahedron is formed. The 

angle Z, , origin, Z' is 54 ,44'. 



- 54 -

fills all space just once. A more detailed description of the 

rhombododecahedron is found in Appendix 111. 

3.3-3 The Representing Grid Points: Hexagonal Coordinates 

As discussed above and as implied from the assumptions made, the 

author prefers to think of a point-wise representation of the space. The 

representing points are the grid knots of gridlines parallel to either 

the X, Y, or Z axis in hexagonal space and unit distance apart. 

The volume which is represented by one gridpoint is comprised in the 

above described rhombododecahedron. This does not necessarily mean that 

the total volume of the RDH was occupied by ventricular muscle tissue 

mass. If the coordinates of a grid point (in hexagonal cartesian 

coordinates) are X,Y,Z, then the twe1ve surrounding grid points can be 

obtained by incrementing or decrementing the coordinates by (1,0,0), 

(0,1,0), (0,0,1), (1,-1,0), (1,0,-1), (0,1,-1). 

As can be seen in figure (3.2) for point (0,0,0), these points are 

unit distance apart from the center point. A more precise proof of the 

previous statement is given in Appendix IV. The twelve points around the 

center also form a semi-regular polyhedron, the cuboctahedron. The 

distance, in orthogonal coordinates, between two successive layers of points 

was chosen to be 1 mm. Reasons for this were: (a) an estimation of the 

total amount of representing points matched the available computer memory 

capacity, (b) the slicing technique used does not allow for the making 

of much thinner slices, (c) the volume of the elements comprises 12-20 

real heart cells In which case the assumptions made in respect to 

homogeneity and radial spread are reasonable. 
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(d) all areas of the ventricles are at least represented by a double 

layer. 

The choice of a hexagonal cartesian coordinate system was made in 

order to assure integer coordinates for each grid knot point. Integer 

coordinates are easier to handle and occupy less space in the computer 

memory. Also, simple coding of coordinates triplets into one number 

(occupying one word) is possible, without loss of precision. 

Properties of an hexagonal cartesian coordinate system are des

cribed in detail in Appendix IV. Vector operations, as far as they differ 

from ordinary vector operations are also discussed in this Appendix. 
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3.4 The Program - HEXCITE and VECTORS 

3.4.1 Introduction 

HEXCITE was developed w i t h two major o b j e c t i v e s : 

(a) The f i r s t is to preserve the anatomical s t r uc tu re presented to i t 

and to organize t h i s s t ruc tu re in to su i t ab le form. 

(b) The second is to al low the largest possib le freedom to the user to 

speci fy the rules fo r i n t e rac t i on of the elements. 

The f i r s t ob jec t i ve was eas i l y met by genera l i z ing the form of 

acceptable data. Assumed in the program is a desc r ip t i on o f data in 

hexagonal coord inates, though minor changes w i l l a l low acceptance o f 

orthogonal data. The d i f f e r e n t h i s t o l o g i c a l s t ruc tu res are stored by 

type-numbers. The t o t a l amount of d i f f e r e n t types possib le depends on 

the number of b i t s a l located f o r th i s purpose (see paragraph # 3 . 4 . 2 . 3 , 

var iab le b i t a l l o c a t i o n ) . A t heo re t i ca l maximum o f 8,192 d i f f e r e n t types 

is poss ib le , though such a large set reduces the freedom f o r other 

sped f i c a t i o n s . 

The second ob jec t i ve is accomplished by users i n t e rac t i on at the 

intermediate level ( l . M . l e v e l , see below). Each element is upon 

e x c i t a t i o n presented to a users suppl ied subrout ine together w i th the 

relevant in fo rmat ion , such as type, t ime, d i r e c t i o n of spread, length of 

e x c i t a t i o n or recovery per iod . The decis ion how the element reacts is 

then up to the user, as we l l as the determinat ion of the dura t ion of the 

fo l l ow ing per iods. The program as used allowed only one way opera t i on , 

i . e . the s ta te of an element can only be changed in to the " a c t i v e " s t a t e , 

s ta te 2. 
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3.4.2 Program HEXCITE 

The computer program HEXCITE d iv ides i n t o two pa r t s . 

The f i r s t par t organizes the anatomical data given to the computer in 

coordinate s t r i ngs i n to the model proper, whereas the second par t ac tua l l y 

computes the sequence o f ac t i va t i on w i t h i n these anatomical data, s t a r t i n g 

from users spec i f i ed o r i g i n s . 

3 .4 .2 .1 Organization of the Mode I 

The design of the program is such tha t any anatomical s t r u c t u r e , i f 

represented in su i tab le form, can be used, and the only l i m i t a t i o n is the 

maximum number of represent ing points in one hor izon ta l plane. This maximum 

is (2780) on the computer used (XDS-Sigma 5 ) . The anatomical data are 

read in from magnetic tape in coordinate s t r i n g s . One s t r i n g consists o f 

the consecutive coordinate t r i p l e t s p a r a l l e l to the X, ax i s . Such a s t r i n g 

is coded i n t o one word, which contains the Z, , Y. coordinates of a l l 

t r i p l e t s and the f i r s t and las t X, coordinate of the s t r i n g . A l l elements 

in one s t r i n g must be of the same type. Series of s t r ings of the same 

type are fol lowed by the type code. Each element occupies 16 b i t s in core (one 

h a l f word) in which the type code is s to red , as we l l as informat ion neces

sary fo r the computation of the sequence of a c t i v a t i o n . The locat ion in 

memory (the h a l f word address) is s p e c i f i c for one element, and from t h i s 

address the X, ,Y . , and Z, coordinates can be der ived by means of an index 

t a b l e , and v ice versa, i . e . knowing the X.,Y. , and Z, coordinates the 

represent ing ha l f word can be found. One layer o f elements immediately 

outs ide the anatomical s t ruc tu re is assigned to be " s h e l l " and forms a 

func t iona l b a r r i e r to the spread of a c t i v a t i o n . 
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A temporary storage of data on a rad file is used, organized in sections, 

from which at execution time the necessary sections are brought into 

memory. 

3.4.2.2 Computation of Sequence of Activation 

The computation o f sequence of a c t i v a t i o n is con t ro l l ed by several 

f ac to r s . The users can inf luence these fac to rs at three l e v e l s : 

(a) Factors b u i l t in e x c i t a t i o n program, lowest level of cont ro l 

(b) Factors spec i f i ed fo r one run, intermediate level of cont ro l 

(c) Factors con t ro l l ed at execution t ime, highest level o f cont ro l 

(a) Factors built-in in excitation program; lowest level of control 

At the lowest level of organ izat ion occurs the basic computation o f 

spreading o f the ac t i va t i on in a l l d i r e c t i o n s , provided that no a c t i v a t i o n 

spreads outside the heart muscle or i n to the she l l s t r uc tu re surrounding 

the heart muscle. This computation is done in time s teps , that is a l l 

a c t i v i t y in the s t ruc tu re is computed and completed before the next time 

moment is considered. The element status is the only parameter which can 

be changed at th i s inf luence l e v e l . The status is numbered. An element 

is e i t h e r in Status 1, 2 , 3, or 4 . Status 1 is comparable w i th "at r e s t " , 

Status 2 w i th " depo la r i z i ng " . Status 3 "absolute r e f r a c t o r y " and Status 

4 " r e l a t i v e r e f r a c t o r y " . Under "normal" condi t ions each element passes 

through these four s tates in the above s ta ted sequence. Status 1 is o f 

undefined length and only terminated upon e x c i t a t i o n of the element under 

considerat ion by an adjacent neighbour or by external s t i m u l a t i o n . 
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In the former case cont ro l is passed on to the l,M. l e v e l , in the l a t t e r 

the i n t e r r u p t i o n of the s ta te is forced from the highest level of cont ro l 

and is passed on to I.M. l e v e l . Once an element entered stage 2 , the dura t ion 

of t h i s s ta te and o f the fo l low ing s ta te 3 must be s p e c i f i e d . Without 

f u r t he r i n t e r r u p t i o n by e i t h e r another e x c i t a t i o n from one of the neigh

bours or external s t imu la t i on the elements automat ica l ly passes through 

these stages i n to s ta te 4 , which has a predetermined durat ion and f i n a l l y 

terminates w i th the element re -en ter ing s ta te 1. 

Schematically the parts of one cycle are seen in f i gu re 3-3 which 

depicts a discontinuous funct ion Y=F ( t ) 

The funct ion Y=f ( t ) is def ined as fo l l ows : 

dY= o ^ for t< t0 

dY~-adt rfor U<t<te , and d Y - y | ? &»• t*t0 

dY=0 Ojor t>tt 
, where t is time of excitation and t the time 
' o e 

the element is not under control anymore; a is set equal to Y,/ maximum 

number in counterfield. 

The element is in state 1 if Y=0, 

ih state 2 if V,aY>YJL 

instate. 3 if Y2^Y>V; 

in&tak 4 if y 3 > Y > o 

Since state 1 is of undefined duration, a more attractive way of 

schematizing the possible events for one element is by imagining the 
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F ig . 3.3 Function Y = f ( t ) determining the s ta te o f an element exc i ted at 

time tA«dy = -ad t , when t_ <t <t -dy = 0 when t <t < t n dy = Y, 0 ' 0 e ' e 0» ' 1 

fo r t = t n , a = Y_/maximum number allowed in counter f i e l d of 

h a l f word. The s ta te number of the element is ind icated j u s t 

above the time a x i s . 
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elements to be represented by a point in a plane within a circle with 

radius r2 (Fig. 3.4). Upon excitation the point is placed on the circle 

with radius r2 and enters state 2. 

From there on it starts circling around the center with a constant 

angular velocity and (at constant rate) decreasing distance (d) from the 

center. If the point intersects the circle with radius r_ the state of 

the point changes from state 2 into state 3, on intersection with circle 

with radius r^, it enters state 4. On intersection with circle with radius 

r,, d stops decreasing and the point enters state 1. From here on, it 

can continue to circle around indefinitely till the next excitation which 

places the point back on circle r„. If a point gets excited at any time 

in any state it can only stay either untouched or it is placed on circle 

r„. The basic cycle length (duration of state 4) is determined by the 

biggest number which can be stored in the bits allocated at loading time 

to serve as timestep counter. The radius of circle r_ and r, is determined 

at the I.M. influence level at the moment an element is excited. At the 

intersection of circle r,, the element tries to excite its neighbouring 

12 elements, which, if its state allows it, are placed on their respective 

r? ci rcles. 

A correction algorithm is used to correct for the directional error 

in conduction velocity. This correction is used if the excitation is 

calculated in the steps of .5 msec. The normal conduction (conduction 

velocity of 49 cm/sec.) from one element to the other takes then 5 time-

steps. If, however, an element is excited twice within one timestep, only 

four timesteps are used for the conduction time from one element to the 

other. 
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Fig. 3.4 Excitation cycle. Upon excitation the element is placed on circle 

r?, starts circling around the center with constant angular velocity 

(w) and at a constant rate (a) decreasing distance (d) to the center, 

under the condition that: 

2-n/wa = r^-rj 

in which r . - r , = maximum number allowed in counter f i e l d of an element 

ha l f -wo rd , and that a = 0 i f d = r.. The s ta te in which the element 

i s , is indicated in the c i r c l e s . 
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(b) Factor specified for one run; control at intermediate level. 

At the time an element is excited, control is passed on to a user 

supplied subroutine. In this subroutine the user knows the current status 

of the element, the timestep, its type, the type of the element which ex

cites this element, the direction from which excitation reaches the cell, 

how long the cell will be in the present state if unchanged (for elements 

in state 2 or 3) or how long ago the last change took place (for elements 

in state 4). 

All parameters can be changed under the following conditions: 

1. If the state is changed, it has to be changed into state 2 

2. The time step cannot be changed 

3. If specifications are made for duration of state 2 and 3, these durations 

have to be within the allowable limits. These limits are dependent on 

the number of bits allocated for these parameters within the half word. 

(c) Factors specified at execution time; highest level of control 

Influencing the activation procedure during execution time can only 

be done by means of external "excite" cards, which specify at which time 

step, which element is to be excited. At this level is also controlled 

the total number of time steps to be computed, as well as are 

specifications made for which mode the program has to execute, i.e. 

writing the wavefronts on to tape, or saving at certain time steps the 

total situation of the model by means of a dump of the sections on tape, etc. 

3.4.2.3 Variable Bit Allocations 

In order to keep the program as flexible as possible the allocations 

of the bits of the half word is done for each run separately. Each half 
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word stores the following parameters: 

(a) The status of the element i.e. 1,2,3, or 4. The first two bits are 

allocated for these parameters. 

(b) The duration of the refractory period. 

(c) The delay time after the start of the excitation. 

(d) The time at which the last refractory period ended. 

Since parameters b and c on one hand and the parameter d on the 

other hand are never used at the same time, the same bit allocations are 

used for these parameters. It is up to the user to make use of these control 

possibilities. For instance, if five bits are allocated for storage of 

the types of the elements, a maximum of 31 types are possible, and nine 

bits left over to serve as post refractory periods counter, or to contain 

delay time and absolute refractory period duration. These nine bits allow 

a maximum number of 511. In case less bits for typing of the elements 

are used more space is available for the other parameters. A flow chart 

of the program as outlined above is found in Appendix V. In this flow 

chart, page V.1 depicts the highest level of control, the black box on 

page V.2 the intermediate level of control and the other content of page 

V.2 the lowest level of control. 

3.4.2.4 Output of HEXCITES. 

As controlled by control cards either "wavefront" tapes are 

generated or "model" tapes. "Wavefront" tapes contain the coordinate 

triplets of the model in sequence in which they entered state 2. 
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As additional information can be added type of element or the length of 

the time the element will stay in state 2. At the end of each step a small 

record is added which labels this time step. "Model" tapes contain a 

copy of the model at a certain time step, with all necessary additional 

information to restart from this copy the program HEXCITE. It should be 

noted that the output of HEXCITE is in the form of spacially distributed 

points. No other functional relationships are given. In order to compute 

an equivalent source the program VECTORS is used. 

3.4.3 Program VECTORS 

The program VECTORS is used to calculate for each element an 

equivalent current dipole moment for the time steps considered. The 

voltage time course of each element can be specified according to type or 

any other relevant parameter, such as, location, previous excitation 

interval, duration of refractory period. At each time instant for each 

element, the surrounding potential field is evaluated on the basis of the 

potential of the 12 surrounding elements. Each element is assigned a 

current dipole which is proportional to the negative gradient of its 

surrounding potential field. These current dipoles are used in the direct 

computation of the body surface potential distribution as described by 

Horacek et al (6y) or vectorially summed in which they form the 'single 

dipole' equivalent source. 

This equivalent dipole then combined with the lead vectors associated 

with its source location, also yield surface potentials. 

A third possibility is to compute several distributed equivalent 

dipoles over the heart region. Each of the dipoles is the vectorial sum 
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of all current dipoles of the elements of a region. In this way the 

heart is chopped into regions, an equivalent dipole is computed for each 

region and this dipole is located close to the center of gravity of the 

region (dipole-source location; DSL). The contribution of a region to the 

surface potential at any defined location is equal to the dot product of 

the equivalent dipole moment vector of the region and its lead vector to 

the surface point. To find the surface potential at a certain body sur

face point the potential contributions of all dipole sources to the 

surface point are summed. 

VECTORS is designed in such a way that it is possible to use any set 

of measured data, for instance real action potentials, as voltage time 

course of each element. 

3.5 Error analysis 

3.5.1 Introduction 

In the following paragraphs, the error discussion is divided into 

two parts. 

The first part deals with errors in the data collection, approximation 

procedure, smoothing and .alignment of the sections. These errors are 

referred to as experimental errors. 

The second part evaluates the errors involved in the procedure used 

to calculate the spreading of the activation and to compute the equivalent 

source (or sources). These last errors are not errors in a statistical 

sense, since no variation occurs with repeated measurements. 
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3.5-2 Experimental Errors 

Orientation of the heart in respect to the torso was preserved by 

means of the two orientation needles. These were inserted in the heart 

in a direction perpendicular to the autopsy table. Two possible sources 

of error are encountered here, first of all 'perpendicular' insertion of 

the needles is done to the best knowledge of the pathologist. Secondly 

the position of various internal organs will change after death. Due to 

loss of the muscle tonus of abdominal muscles and diaphragm an unpredic

table change in position of the diaphragm wi11 occur, which will affect 

the heart position. It is known that heart position and movement are 

partially affected by blood pressure in aorta and pulmonary arteries, 

resulting in a change of heart position after death. 

Orientation in the fixation box as far as the orientation needles are 

concerned is quite accurate, which fact was witnessed during the slicing 

procedure, where in section 14 and 50 the holes caused by the needles 

were cut in half and evenly found in the sections above and below these 

levels. 

Finally a check was done on the proper orientation by projecting 

the heart outlines and cavity outlines onto a frontal plane. The heart 

was rotated around the Y-axis stepwise from -60 to +60 in steps of 

15 and around the X-axis from -15 to +15 . A total of 27 frontal 

plane projections were obtained for various combinations of these 

stepwise rotations. 
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Fig . 3.5 Frontal plane pro jec t ions of the heart model. Outer l i ne is 

outs ide contour of muscle mass, inside t h i n l ine is ins ide contour o f r i g h t 

v e n t r i c l e , inside th ick l i ne is inside contour of l e f t v e n t r i c l e . P ic ture 

1-9, 10-18, and 19-27 give the pro jec t ions onto the f r on ta l plane a f t e r 

ro ta t i on of the heart around the X -ax is for -15 , +15 and 0 in a 

clockwise d i r ec t i on (viewed from l e f t s a g g i t a l ) . 



Within each ser ies of nine the locat ion around the Y -ax i s (head-foot ax is) 

ranges from -60 to +60 in increments of 15 . Thus p ro jec t i on 2 , 10 and 30 

are comparable w i t h the r i gh t an te r io r obl ique p r o j e c t i o n , 5, 14 and 23 w i t h 

the postero an te r i o r p r o j e c t i o n , and 8, 17 and 26 w i th the l e f t an te r i o r 

obl ique p ro j ec t i on . 
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(Figure 3.5) These pro jec t ions were f i r s t of a l l compared w i th standard 

"normal" p ro jec t ions (#163) and secondly handed out to 7 c l i n i c i a n s , 

(5 c a r d i o l o g i s t s , and 2 rad io log i s t s ) who had to choose independently o f 

each other the correct an te ro-pos te r io r p r o j e c t i o n , LA obl ique and 

RA obl ique p r o j e c t i o n . These pro jec t ions are general ly used in cardiac 

radiology when cineangiograms are made, and thus they are f a m i l i a r to 

the c a r d i o l o g i s t s . In f i gu re 3-5, number 23 and 24 are compatible w i th a 

normal A P p r o j e c t i o n , whereas 26, and 27 are compatible wi th the 

LAO p ro jec t i on and 20, 21 w i t h the R A O p r o j e c t i o n . The choice of the 

major i ty of the 7 c l i n i c i a n s was compatible w i t h these p ro jec t i ons . From 

these resu l ts i t was decided that the o r i e n t a t i o n of the heart is reasonably 

co r rec t ; and no ro ta t i ona l cor rec t ion was made. Another encouraging fac t 

was encountered whi le pos i t i on ing the heart in the to rso . I t appears that 

the area previously a l loca ted fo r the v e n t r i c l e s , on the basis of cross 

sect ion anatomical data (48) and rontgenograms of the subject which served 

as standard fo r the torso model (68) f i t t e d n e a t l y , wi thout r o t a t i o n , 

around the ven t r i cu l a r masses of the heart model. I t was concluded that 

the o r i e n t a t i o n of the heart was close to normal and did not need any 

fu r t he r co r rec t ions . 

The next possible e r ro r source is the d i g i t i z i n g of the coordinates. 

The D-mac d i g i t i z e r penci l fo l lower i t s e l f has a high reso lu t ion (O.OOlmm.) 

which makes the involved e r ro r n e g l i g i b l y small compared w i th the e r ro r 

made in i d e n t i f y i n g the boundaries on the photographs. Important factors 

in th i s i d e n t i f y i n g procedure are the q u a l i t y of the photographs and the 

o r i e n t a t i o n of the boundary at the area of i n t e r sec t i on . I f the boundary 

surface makes an obl ique angle w i th the plane of cu t , a double edge appears 
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on the photograph. Consistently the upper edge was taken. It was also 

sometimes difficult to identify the nature of the tissue looked at. Errors 

resulting from this will result in a distorted geometry and there is no 

way to avoid them. However, the visual check following the alignment of 

the sections gives a reasonable estimate of the magnitude of this error. 

The first alignment was done when the sections were actually made. At 

that time they were manually aligned to the background paper with grid. 

The second alignment was done after digitizing, by calculating for each 

section the center of gravity (see Appendix II). The visual inspection 

of constructed vertical sections was relied on more heavily than computed 

results whenever errors were suspected. The third alignment involved the 

calculation of the difference area, again followed by visual inspection. 

This last method yielded such satisfactory results that no further 

adjustments appeared necessary. This also gave support to the thought 

that the digitizing procedure must have been quite accurate. As a yard

stick during visual inspection served a smooth transition between sections, 

in their frontal projections. In the approximation procedures, a definite 

error is involved which can be at most .61 mm displacement for each point. 

However, since a large set of points is approximated the overall error 

is small, as compared with the size of the heart. 

3.5.3 Procedural Errors 

All parameters in which the time is implicitly involved are subject 

to error. This is caused by the discrete time step with which time is 

incremented. For simulation under normal conditions a time step com

parable to .5 msec was chosen, which makes the time truncation errors to 

be maximally .25 milliseconds. The only phenomenon which is in sizable 
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proportions affected by this is the upstroke of the action potential. 

For this reason it is not attempted to distinguish elements as being 

partly in the action potential upstroke. More seriously affected by 

this discretization of time are the proportions of different conduction 

velocities. For example, if the unit time step is .5 msec, then the 

maximum conduction velocity cannot be higher than unit distance/unit 

time (i.e. 1.22 mm/.5 msec = 245 cm/sec). Lower conduction velocities 

are all multiples of the integer reciprocals. For the same unit time 

step normal conduction velocity in the ventricle muscle is approximated 

by unit distance/5 unit time steps, which is 49 cm/sec, but the nearest 

distinguishable velocities are 61.25 cm/sec and 41 cm/sec. These 

values are respectively +25% and -16 2/3% of the 'normal' velocity. 

The lower the conduction velocity, the higher the resolution. 

It is assumed within an element that conduction velocity is 

constant in all directions. This holds for the 12 main directions, however, 

outside these 12 main directions a cumulative error occurs. This 

error is largest in the direction of the vertices of the RDH where 

four sides meet. In the nearest gridpoint in this direction arrival 

time of the excitation is estimated 41.4% too late. By applying a 

simple correction algorithm (see page 61) this error is reduced to 27.28%. 

In the direction of the sides of the rhombododecahedron (for example 

+30 in the horizontal plane) the error is 15.5% and using the correction 

algorithm 3.92%. It is difficult to assess how much this directional 

error influences the computed results. In the heart model we deal 

with an irregular surface (the endocardium) from which at different 
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times and at different locations the activation spreads outwards through 

the myocardium. For the thickest wall, the left ventricle, this error 

could amount to approximately 6 msec difference in real and computed 

arrival time of the excitation provided the excitation started from one 

single endocardial point. 

In the calculation of the equivalent source only the time resolution 

for the voltage function of each element is subject to error. As 

mentioned above, the upstroke of the action potential will be liable 

to error if any distinctions are made in this part of the voltage time 

function. Other parts of the action potential are changing sufficiently 

slowly to allow this error to be neglected. To avoid ambiguities the 

elements are either in phase 0 or in phase 2 of the action potential as 

far as voltage calculations are concerned (assumption B4). Since we 

assume uniform conduction speed in all directions, time and space 

variations of the action potential are interrelated by the conduction 

velocity. With a conduction velocity of 49 cm/sec and an action potential 

rise time of 1 msec, the region occupied by phase 1 of the action 

potential is 4 9 0 M , which is well within the distance of two grid points 

(1.22 mm). It follows that the above-mentioned error source is efficiently 

avoided by assumption (B4), which itself does not lead to any serious 

error. 

3.6 Summary 

The structure of the human ventricles was described with sufficient 

accuracy by the knot points of a grid. Orientation of these grid knot 

points in hexagonal space provided optimal representation of the three 
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dimensional structure. The anatomical resolution obtained was mainly 

dependent on the resolution of the used photographs. Physiological 

properties of heart muscle cells served as a basis for a computer program 

HEXCITE which computes in time and space, once excitation is started, 

the propagation and distribution of this excitation. The electric field 

associated with this process could be computed with the program VECTORS 

on the basis of the cellular voltage time course, for which either 

artificial functions or measured action potentials can be used. The 

experimental errors were evaluated and judged negligible. From the 

procedural errors the discretization in time and the directional 

accumulation of conduction velocity error are more serious. It was 

seen that the conduction velocity is seriously affected by both. 

However, in an irregular structure such as that of the ventricles the 

results will be qualitatively barely affected as long as the resolution 

sought is not too high. 
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4.1 Introduction 

In this chapter normal excitation and recovery will be discussed. 

Unfortunately, normal excitation and normal repolarization defy strict 

definition; at best we can consider the excitation and repolarization 

of a normal heart. It is already obvious from the large variation in 

electrocardiograms of healthy adults, that the complex cycle of events 

which leads to the electrocardiogram as recorded is different from 

subject to subject. These differences are caused by differences in 

body structure and composition (torso conductor properties) and, of 

course, differences in the individual hearts (source generator properties). 

However, from beat to beat in one individual these differences are 

remarkably small, which suggests that all factors involved are rather 

constant individually. The primary purpose of this chapter is to use 

the available measured data (most of them measured in a few hearts of 

cardiologically normal humans) in order to simulate the normal excitation 

patterns. As in any simulation experiment, a reasonable agreement 

between simulated and measured excitation patterns will provide support 

for the validity of the model and will justify the use of this approach 

for further studies to determine equivalent sources and surface 

potentials. Simulation of repolarization is also undertaken in this 

chapter. In contrast to the excitation experiments these repolarization 

studies are based on much less specific and more general speculative 

models, due to lack of specific physiological measurements. Certain 

hypotheses commonly offered as explanations of the repolarization 

patterns in electrocardiograms will be tested. 'Profile' vectors are 
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introduced to facilitate analysis of excitation and repolarization 

relationships in the contest of the classical ventricular gradient 

concept. These 'profile' vectors are a more generalized form of the 

ventricular gradient vector, as introduced by Burger (19). The 

influence of the non-homogeneous torso on derived X,Y and Z components 

of the heart vector is studied by combining the author's model with 

a torso model previously developed in this laboratory (68). 

4.1.1 Normal excitation and recovery 

4.1.1.1 Depolarization 

From the very few reports on excitation of human hearts, the one 

by Durrer et al. (42 )was taken as a guideline to determine the locations 

and relative timing of the onset of excitation. These points are 

believed to be the first terminations of left and right bundle branch (6). 

For the right ventricle this point is reported (145) to be located 

with some variation at the base of the anterior papillary muscle close 

to the interventricular septum. Onset of excitation is accordingly 

either in the interventricular septum or the base of the papillary 

muscle. In the excitation pattern shown by Durrer et al. (42 ) (p.902) 

the onset is more towards the base of the papillary muscle. The left 

bundle divides high on the septum into a posterior and anterior portion. 

Normally, the anterior left bundle is the smaller one (142). Its 

terminations are at the base of the anterior papillary muscle (145). 

The large area around the anterior papillary muscle is excited almost 
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at once because of the widespread ramifications of the terminal branches 

of the bundle. The posterior branch of the left bundle terminates just 

below the posterior sleeve of the mitral valve at the junction of the 

posterior wal1 and septum, and on the ventricular septum (145). The 

septal endings of the posterior branch of the left bundle are normally 

the first to activate, followed within 5 msec by the other parts of the 

left bundle. The activation due to the right bundle is normally 10-15 

msec later than on the left side. In order to be able to directly 

compare our resulting excitation wavefront patterns with those by 

Durrer et al., sections were constructed in comparable planes. These 

planes are perpendicular to an axis through the left ventricular apex 

and the mitral valve opening at 1 cm intervals starting from the base. 

The corresponding sections are labelled A,B,C H (Fig. 4.1). 

4.1.1.2 Equivalent source during depolarization 

The current dipole source representation is chosen for each element. 

This current dipole is proportional in strength to the impressed electric 

field. The impressed electric field in the center point of each element 

is evaluated as the gradient of the potential field, whereas the 

potential field in each point is assumed to be proportional to a hypo

thetical transmembrane potential. A simulated action potential 

defined in section 4.2.3.1, was used as voltage time function of the 

transmembrane potential. The equivalent source (for the whole heart 

muscle) will only be given in the form of an equivalent dipole in an 
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1 Frontal view of the heart. Redrawn from computer plots of the outline 

of the cavities and ventricles. The thick lines were actually drawn 

by the computer, whereas the thin lines (aorta and venae cavae) are 

added by hand. The left ventricle cavity is also a direct copy from 

the computer plot. The 8 intersections of the planes for which sections 

were reconstructed, are labelled from base to apex, A to H. The 8 planes 

had normals parallel to an axis through the opening of the mitral valve 

and the left ventricle apex. Scale is 1:1. 
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infinite homogeneous medium. This equivalent dipole is derived by 

vectorial summations of the current dipole sources for each element; 

when treated as a function of time, this vector function of time is 

called 'heart vector cardiogram' (HVCG). Vectorcardiograms computed 

from the body surface potential distribution are labelled with the 

name of the corresponding lead system (i.e. Frank-vectorcardiogram). 

The heart vector is, generally speaking, an equivalent dipole 

in an infinite, homogeneous medium measured sufficiently 

far from the source to make the quadrupole and higher order terms 

negligible. For the computation of the body surface potential dis

tribution the multiple dipole approach was chosen. This approach 

consists of the computation of multiple equivalent dipoles, each 

representing a volume compartment within the heart. For this purpose, 

the heart was partitioned into 1239 compartments. The center of each 

compartment lies on regular grid points in hexagonal space, 5 units 

apart. An equivalent dipole is computed separately for each compartment. 

The 1239 dipoles acquired by this procedure are used as an equivalent 

source in the torso model. The torso model and its properties have 

been described elsewhere (68). 

4.1.1.3 Equivalent source during repolarization 

The heart vector for repolarization is calculated in a similar 

fashion as for the depolarization. Depolarization is assumed to be a 

non-conducted phenomenon. This implies that the duration of the absolute 

refractory periods and the time course of repolarization in each muscle 
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element is assumed to be predictable at the time of excitation of this 

element. In contrast to depolarization, repolarization of a muscle 

element is assumed not to influence its neighbours. These assumptions 

may turn out to be erroneous. Lack of experimental data on normal 

sequence of repolarization, however, does not justify inclusion of 

any features of possible propagated response during repolarization 

in this model. Few reports deal with the duration of the refractory 

periods as measured by excitability (37,73), where the first moment 

of response to an artificial stimulus signifies the end of the 

refractory period. However, no data are available on normal repolarization. 

Reasons for this are partly of a technical nature; the needle electrodes 

used to measure depolarization yield tracings which are very difficult 

to interpret as far as repolarization is concerned. It is also believed 

that, whereas the depolarization is hardly affected by the electrodes, 

the repolarizing process is. No measurement has been done with micro-

electrodes which systematically maps the whole heart. Furthermore, the 

repolarization is a gradual process extending over several hundred msec. 

Even in good tracings are available, the error in interpretation will 

be large. However, the lack of experimental data is easily made up for 

by the number of speculations about the repolarization process. 

There are numerous reports which have attempted to analyze either 

quantitively or qualitatively the excitation and repolarization 

relationships from body surface electrocardiograms and vectorcardiograms. 

Measurements reported in the context of the ventricular gradient concept 

can be used to evaluate the results of the present models of repolarization. 
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4.I.1.4 Ventricular gradient concept 

Wilson et al. (153) found experimentally that integrals of 

electrocardiographic potentials over the time of one heart cycle in 

any lead are far from zero. He associated with this residual voltage-

time integral the name 'ventricular gradient1 and concluded that 'the 

sum of the areas of the initial and final deflections of any curve, 

which represents the excitation of the ventricular muscle is a measure 

of the effects produced by local variations in the excitatory process, 

and particularly by local variations in duration of the excited state.' 

Later Burger (19) defined ventricular gradient as the time 

integral of the heart vector over the period of one heart cycle: 

(34) 

which is therefore i n t r i n s i c a l l y a spa t i a l vector quan t i t y . Fol lowing 

Burger's l i ne of thought [Burger (20) (pp 98-102)] we w i l l next der ive 

some important proper t ies o f the ven t r i cu l a r g rad ien t ; f i r s t , we assume 

the transmembrane po ten t ia l to be a square wave and then we w i l l extend th i s 

concept to any a r b i t r a r y funct ion which returns to an i n i t i a l value w i t h i n 

the per iod of i n t e g r a t i o n . Let us assume the myocardium to be a volume 

of a r b i t r a r y shape. At a given instance, we assume a part of the 

muscle to be e x c i t e d , whereas the remainder is s t i l l not exc i ted . The 

surface between non-exci ted and exc i ted areas can be expressed as a 

func t ion of coordinates and t ime: 
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F(x^jZ,t)=0 (35) 

in which x,y and z are orthogonal coordinates and t is time. From 

the above equation t can be formulated as a function of coordinates: 

t*f(X>)>Z) (36) 

Since the transition between excited and non-excited zone is 

infinltesimally small due to the square wave 'action potential1 at each 

cell, we can describe the electrical behaviour of such isochronous 

surface as a dipole layer; quantitatively, this dipole layer will be 

characterized by a quantity K., with physical dimension of current 

dipole moment per unit area. 

Since the gradient of the function f(x,y,z) has the direction of 

the normal, dn, to the surface, we can state that 

dt^lvfldn (3 7 ) 

The 'heart vector' is defined as a vector sum of all elemental 

current dipole sources in the heart region; when the source is confined 

to the dipolar layer, the definition has the form 

• ' 
H= K.ds (38) 



- 82 -

and the 'ventricular gradient' is then, for the depolarization process 

alone: 

# 
Q<v» - I I K,dsdl - 11 Kteblvf Idn 

Since vectors V f and K. have the same d i r e c t i o n and dsdn = dv, 

equation (39) can be rewr i t ten in another form: 

(39) 

#f <5.-M*f* q*s " i f 'J (4o) 

We assume that the repolarization occurs at time T after depolari

zation. Because this time interval is not the same for all parts of the 

myocardium, T should also be a function of the coordinates; T ^ X C * ^ ^ ) 

Equation (40) solved for the repolarization will give a 

result analogous to that for the depolarization: 

-T«-*if(*f + vr)dv 

In the above formula, the minus sign at K. appears due to the 

reverse polarization of the dipole layer. 

For the whole depolarization - repolarization cycle, therefore, 

the ventricular gradient is: 

W a - * i I VT dv wo 
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From equation (41) i t fo l lows that the v e n t r i c u l a r gradient is 

independent o f the way in which e x c i t a t i o n passes through the hear t . 

So f a r , Burger's l ine of thought was fo l lowed. 

To evaluate the re la t i onsh ip of the v e n t r i c u l a r gradient w i th a 

general time vary ing source d i s t r i b u t i o n , we should f i r s t make several 

assumptions. 

(a) Each cardiac ce l l has i t s own t ime-po ten t ia l func t ion which 

can be i n i t i a t e d by the neighbouring c e l l , but otherwise proceeds on 

i t s own and is not inf luenced by the f i e l d s of other ce l l s (Assumption B7) 

(b) The source region is homogeneous and i so t rop i c (constant 

conduct iv i ty 0* ) f o r i n t e r c e l l u l a r source currents (Assumptions CI and 

C2). 

Exc i ta t ion and repo la r i za t ion of the heart can be expressed as a 

time varying d i s t r i b u t i o n of po ten t ia ls in the source region. Let us 

use fo r th is ' impressed' po ten t ia l the nota t ion T : to d i s t i ngu ish i t 

from the actual p o t e n t i a l * . (Note that the actual po ten t ia l s a t i s f i e s 

Poisson's equat ion, whereas the ' impressed' po ten t ia l is an e f f e c t i v e 

f i e l d which would e x i s t before a l l boundary condi t ions of the surrounding 

volume conductor are met.) 

We use the ' impressed' current density J . fo r descr ip t ion of the 

sources; th is quant i t y has the dimensions of a current d ipole moment 

per un i t volume and evolves, where above assumptions are met, from 

the ' impressed' po ten t i a l (Ohm's Law): 

J,—tfVfc Cl2) 
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Since the heart vector is defined by: 

H**l J: dV (43) 

and by combining equations (34) and (43) we have for the ventricular 

gradient: 

= 1 jjjdvdt =/(/j>)dv 
cycle V *V *fyck 

The term in brackets , expressed as 'impressed p o t e n t i a l ' becomes: 

JjVit--<f/v$ dt <*s> 
cycle. Cycle 

Since this term has physical dimensions of surface charge density 

(electric displacement vector), we can give an interesting physical 

interpretation of the ventricular gradient as a contribution of apparent 

charges, which appear on boundary surfaces between subvolumes of source 

regions. In each subvolume cells are of identical time course of 

impressed potential and differences exist in the time course of the 

impressed potential from subvolume to subvolume. The profile vector P. 

is defined as: 

U-oJV$ " £ (46) 

9 * 
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With subst i tut ion of P. in equation (44), the ventr icular gradient 

becomes: 

V,T
 sj 3 d" C.7) 

which is only a finite value for non zero values of P.. 
' i 

If the shape and duration of the action potential are assumed to 

be dependent only on their location, then P. is constant for each 

region, independent of the course of depolarization. Non-zero values 

of P. only happen if adjacent subvolumes have different action potentials, 

either by different durations, or different slopes, or different resting 

potentials. In the last case, a constant potential difference exists 

continuously. The term G can, of course, also be evaluated for parts 

of the cycle. From its definition, equation (34) follows that G is a 

measure of the average direction and size of the vectors. If equation 

(47) has zero value, G for the depolarization (G-.DC) must be equal 

to G for the repolarization (G-.) and opposite in direction. 

This is illustrated in Figs. 4.2 and 4.3. In Fig. 4.2 a square 

wave was taken as transmembrane potential function of each element of 

our model; the resulting ventricular gradient over one cycle of 

excitation and repolarization was zero. Fig. 4.3 shows the results if 

a simulated action potential is assigned which is identical for all 

elements. The ventricular gradient which resulted was also zero. 

The P.s are dependent on location only, their size and direction is 



Fig. 4.2 Heart V.C.G. computed with square wave as elemental potential function. 

In the left column are seen from top to bottom the X-component, -Y 

component, Z component of the pure dipole. The amplitude scale for 

X, Y, and Z components is arbitrary, the time scale is indicated just 

below the Z-component. Note that the Y component is displayed with 

reversed polarity. In the right hand column are seen from top to 

bottom the projection of the V.C.G. loop on transverse, frontal and 

left sagittal principle plane, respectively. The inscription direction 

is indicated with an arrow, for the depolarization. 
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Fig. 4.3 Heart V.C.G. computed with action potential uniform throughout the 

heart. Layout is identical to the one in Fig. 4.2 
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dependent on the act ion po ten t i a l in the subvolumes o f the surrounding 

heart reg ion. Use of the term ' p r o f i l e ' vectors is proposed, since 

these vectors es tab l i sh fo r a given heart the con t r i bu t i on of each 

separate region to the t o t a l gradient vector . These vectors are not 

necessar i ly i den t i ca l in a l l subregions and thus es tab l i sh a p r o f i l e 

of con t r ibu t ions for a l l d i f f e r e n t subregions. The slope of a p r o f i l e 

is propor t iona l to the s ize of the p r o f i l e vec tors . The slope of the 

p r o f i l e is said to be constant i f a l l p r o f i l e vectors are i den t i ca l 

in magnitude. 

An a b i l i t y to account fo r the existence o f these p r o f i l e vectors 

is one basic requirement fo r any model o f the v e n t r i c u l a r r e p o l a r i z a t i o n . 

4 .1 .1 .5 Hypothesis about GQ^„ „ 

The hypothesis put forward, can be d iv ided in to two categor ies. 

I . Explanation of d i f ferences in ac t ion po ten t i a l s purely on the 

basis of d i f ferences in l oca t i on , i . e . r e l a t i v e pos i t i on of the various 

elements in anatomical sense. 

Explanations for d i f ferences in act ion po ten t i a l durat ion on 

the basis of d i f ferences in locat ion are ev iden t l y consider ing fac tors 

in the condi t ions of the heart ce l l s which inf luence the act ion po ten t ia l 

durat ion and which are not evenly d i s t r i b u t e d throughout the hear t . 

Put forward as such fac tors were: 

A. temperature d i f ferences (75,65,97) 

B. f i b e r - s t r e s s d i s t r i b u t i o n . (118) 

I I . Explanation of d i f ferences in ac t ion po ten t i a l durat ion on the 

basis of d i f ferences in time of e x c i t a t i o n , i . e . r e l a t i v e pos i t i on 

of the elements in phys io log ica l sense. 
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From measurements on leads in the f r o n t a l plane (standard leads 

1, 11, 111) i t was concluded that the only possib le way of exp la in ing 

the T-wave p o l a r i t y was to assume the sequence of repo la r i za t i on to be 

the reverse o f the sequence of depo la r i za t i on , though no obvious reason 

is present f o r th i s ' reversed ' sequence (55) . 

4.1.1.6 Hypothesis 

The following hypothesis is put forward: 

The ventricular gradient of normal human hearts can be explained if 

it is assumed that: 

A. The action potential duration of the cells of the Purkyne 

fiber network is longer than the action potential duration of ven

tricular muscle cells, and 

B. That the elements of the transitional cells have action 

potentials which are intermediate in duration to Purkyne fiber network 

cells and ventricular muscle cells, and 

C. That the action potential duration of muscle fibers of the 

right ventricle is shorter than that of the left ventricular muscle 

fibers. 

It has been reported that the action potential durations of the 

Purkyne fiber network are the longest close to the last termination, 

just before penetration into the muscle fibers (92). 

The transitional fibers reveal action potentials intermediate to the 

typical Purkyne fibers and the typical ventricular muscle fibers (80). 
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A close relationship is observed between mechanical and electrical 

systole. As well known mechanical systole of the right ventricle 

is shorter than that of the left ventricle. It is thus conceivable 

that the action potential duration in general will be shorter in the 

right ventricular wall than in the left ventricular wall. It has also 

been reported that the action potential duration is dependent on the 

mass of tissue, being longer if the mass is larger (29). 

4.2 Methods 

4.2.1 Normal excitation 

The point labelled Rl in section 31 (Fig. 4.4B) was used as a 

starting point of excitation in the right ventricle. This point is 

located in the Purkyne fiber network at the base of the anterior 

papillary muscle. In the left cavity four starting locations were 

selected; LI in the Purkyne network at the septum (Fig. 4.4D) , L2 in 

the Purkyne network paraseptally at the posterior wall (Fig. 4.4E), 

L3A and L3B, paraseptally at the anterior wall (Fig. 4.4A.C). Points 

LI and L3A fired at time 0, L2, L3B after 2 msec and Rl after 10 msec. 

Conduction velocities were chosen to be close to those reported 

by Durrer et al., i.e. 49 cm/sec for ventricular myocardium and 245 

cm/sec for Purkyne fibers. The correction algorithm mentioned in 

page 61 was used. The previous interval was assumed to be of infinite 

length, which results in maximum refractory periods for each element. 

In both right and left ventricular Purkyne network activation was 

allowed for a limited number of timesteps, in preliminary runs. 
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Fig. 4.4 Starting locations for a normal excitation. For the 5 starting locations 

used the sections are seen. The black dots indicate in the sections 

the starting locations itself. At the 5 starting locations the indicated 

elements are 'excited' at predetermined times, reflecting arrival of the 

excitation from the left and the right bundles. Time of excitation: 

Li and L 3 a at time O.L2, L3b a t 2 msec, Rx at 10 msec. 
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In the final runs Purkyne network activation was allowed up till 

50 timesteps (25 msec) after onset of excitation at any starting point. 

This model is referred to as 'restricted' model on page 225. 

4.2.2 Heart vectorcardiogram - depolarization 

Either a step function or the initial part of an artificial action 

potential was used as voltage time function for each element (Fig.4.5). 

The differences between the two functions are mainly in the size of the 

signal (90 mV for the step function and 100 mV for the action potential), 

and the first fast repolarization (phase 1) of the action potential. 

0 

- 9 0 

mV 

J 
100 msec 

Fig. 4.5 Elemental potential functions. 

The potential functions seen in this figure were used for the 

calculation of the heart VCG during depolarization. At left side a step 

function, at right the initial part of a simulated action potential. 
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4.2.3 Heart vectorcardiogram - repolarization 

Different shapes of action potentials of varying duration are 

assigned to the various elements, by means of the element type number. 

Systematically the type numbers from 5 to 15 were used. Type numbers 

from 1 to 4 were reserved for Purkyne fiber elements and special type 

elements. The algorithm which connects type number and action poten

tial duration or slope, is such that the lower type numbers are 

associated with action potentials of which the voltage time integral 

is large and high type numbers with small voltage time integrals. 

The profile vectors thus point from elements with the lower number 

towards elements with the higher numbers. Two variables were used to 

regulate from experiment to experiment the size of the profile vectors. 

The first variable controlled the differences in duration of the 

action potential, the second variable controlled the slope of the 

plateau phase of the action potential. Other variables specifying 

the shape of the action potential (see below) were held constant. 

A linear transition of action potential duration and slope variables 

is assumed between the consecutive type numbers, unless otherwise 

speci f ied. 
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4.2.3.1 Waveforms used as action potential 

Artificial action potentials are used. Though it is possible 

in the model to use actual measured action potentials, artificial 

ones are preferred, since they are easier to manipulate. As basic 

action potential duration was chosen 260 msec. For an element type 

5 a 'normal' action potential is seen in Fig. 4.6. This normal action 

potential is specified by: 

vm(t)=v,+it(i- iU-£_; L ) + ^ ) e - r t m 

if t < t < t + APD, where a= .0333/FS and v = .0666/0T, and 
o o 

if t + APD < t 
o 

a) Resting potential of -90mV (VR = -.9 dV) 

b) Overshoot peak of +10mV (V = .1 dV) 
o 

c) A fast repolarization within 10 msec (0T = .010 sec) 

d) A plateau at -5mV (V = -.05 dV) 
P 

e) A duration of 260 msec, measured at a 

transmembrane potential of -60 mV (APD = .260 sec) 

f) The slope of phase 3 is specified by the membrane voltage 

('slope voltage') at which the second expotential function 

is within .03% of its assymptote. (dashed extension). 

(FS = -1.10 dV) 

(49) 
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100 msec 

6 The artificial action potential. A standard action potential for 

normal fibers. The parameters specifying the shape of the 

potential function are indicated, 

a = the resting potential, b = overshoot peak 

c = the duration of the first fast repolarization 

d = plateau voltage 

e = duration of the action potential 

f = parameter regulating the slope 

The artificial action potential is made up of 3 exponential functions. 

The first for the fast repolarization, the second for the slower 

repolarization following the plateau phase, the third ( which is 

independent of the previous two) for the repolarization during the 

relative refractory periods. 
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For similar specifications, except for a duration of 130 msec and 

a 'slope voltage' (sub f above) of -270 mV the resulting action poten

tial is seen in Fig. 4.7. This action potential was used for the 

transitional infarction fibers of the experiment in paragraph 5.2.5 (see 

below). The profile vectors arising between two elements of different 

types can be found by the difference area of the two superimposed action 

potentials. With each experiment the profile of the left ventricle wall 

and the right ventricle wall will be indicated in a little diagram 

which shows from endocardium to epicardium the area under the action 

potential at each location. The profile vectors are equal to the dif

ference between these areas. For the models specified in the following 

paragraphs identical sequences of depolarization were used as in 

paragraph 4.1.1. 

100 msec 
m V « . 

0 _ 

-90 

Fig. 4.7 The action potential of infarcted fibers. An example of the action 

potential used in the transitional zone of an infarcation. Only 

parameter e (duration) and f (slope) ( see legend fig. 4.6) are 

changed. 
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4.2.3.2 Uniform profile 

No differences in type are assumed. The action potential for 

element type 5 is used for all elements. This model is used to test 

the 'reversed sequence' hypothesis of repolarization. 

4.2.3.3 Temperature profile 

Model 1A. Differences in type are arranged on the basis of the 

distance of the elements from the endocardial wall. The first layer 

around each cavity is typed No. 5, with the largest area under the 

action potential. The next layer is typed No. 6, etc. In Fig. 8A the 

typing of the cells is seen for Section No. 40. In this version 

both left and right cavities start with identical types of elements 

at the endocardium. 

Model IB. Assignment of element types from 5 to 15 for the 

left ventricle is the same as in model 1A. The right ventricle is 

assigned types 10 to 15, from endocardial to epicardial surface. 

4.2.3.4 Stress profile 

Model 2A. The distance to the left cavity was taken as measure 

for the typing. In the left ventricle wall and septum the type numbers 

7,6,5,6,7,8 ...15 are assigned from endocardial to epicardial surface. 

The right ventricle is not typed, but is considered a part of the left 

ventricle. This results in type 15 mainly for the right ventricle 

wall (Fig. 4.9A). 
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4.8 A & B Typing of elements in repolarization model 1A,B 

The element type numbers in section no. 40 are indicated. At both left 

and right endocardium the type numbers start with 5, increasing with each 

layer of elements with one. The symbol used for each type is indicated 

in the right hand bottom corner of Fig. 1A. In fig. IB only type 5, 8, 

11, and 14 are indicated. The symbol of type 14 ( open triangle) is 

replaced by a solid triangle. In model IB typing starts with 5 at the left 

endocardium and 10 at right endocardium. 
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4.9 A & B Typing of elements in repolarization model 2A,B 

Only type 5, 8, 11, and 14 are indicated with the same symbols as used in 

fig. 4.8B. In model 2A the third layer of elements around the left 

cavity starts with type 5 the neighbouring elements increase with 1 etc. 

In model 2B, typing starts with 5 around the left cavity, and with 10 

around the right cavity. 



t 
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Model 2B. The distance to both left and right cavity was taken 

as measure for typing. The first two layers around the left cavity 

are typed 5, the next two 6, the next two 7, from here on each next 

layer with a type :r>crease of 1. At the right endocardial site typing 

started with 10 and increased with each layer of elements. (Fig. 4.9B) 

Fig. 4.9B 

(See legend Fig. 4.9A) 
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4.2.3.5 New hypothesis 

At the endocardial wa l l of the l e f t v e n t r i c l e typ ing s ta r t s 

w i th 5,6 e t c . ; whereas at the r i gh t endocardial wa l l typ ing increases 

from 5 w i th steps of 3, thus: 5, 8, 11. Furthermore the act ion 

po ten t i a l durat ion of type 5 and 6 was increased by 20 and 10 msec res

pec t i ve l y . This typ ing leads to the fo l l ow ing p r o f i l e o f model 3. 

Immediately a t the endocardial wa l l fo r both l e f t and r i g h t v e n t r i c l e 

long, act ion, po ten t i a l s are found, however the t r a n s i t i o n in durat ion 

towards epicardium is much fas te r in the r i g h t v e n t r i c l e wa l l than in 

the l e f t v e n t r i c l e w a l l . 

Typing fo r above hypothesis is seen in F ig . 4.10. 

4.2.4 The lead systems 

For 9 instances of time during the depo lar iza t ion and fo r 15 

instances of time dur ing repo la r i za t ion the torso surface po ten t i a l 

d i s t r i b u t i o n was ca lcu lated from the 1239 d i s t r i b u t e d d ipo les . 

The po ten t ia ls a t the locat ions of the electrodes of the lead 

systems of i n te res t were taken to form e i t h e r the ECGs at these locat ions 

or to be synthesized to the VCGs of the appropr iate lead systems. The 

lead systems studied were: 

a. the 12-lead system (154) 

b. the Burger-lead system (21) 

c. the Frank-lead system (52) 

d. the McFee-Parungao lead system (83) 

e. SVEC-111 lead system (124) 
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Fig. 4.10 Typing of elements in repolarization model 3. Only type 5, 8, 11, 

and 14 are indicated with the same symbols as used in Fig. 4.8B. At both 

endocardial sites typing starts with 5, in the right ventricle wall 

typing increases with 3, in the left ventricle wall with one. 
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4.3 Results 

4.3.1 Normal excitation 

The time fo r a c t i v a t i o n needed was 78 msec. The f i r s t wave-

f ronts are around the s t a r t i n g loca t ions ; at 20 msec a f t e r the onset 

of e x c i t a t i o n the l e f t v e n t r i c u l a r endocardial surface is near ly 

completely exc i t ed . At 10 msec the e a r l i e s t ac t i va t i on in the r i gh t 

v e n t r i c u l a r wal1 s t a r t s . At 20 msec the f i r s t ep ica rd ia l breakthrough 

is found at the area pre t rabecu la r is on the r i gh t v e n t r i c u l a r sur face. 

The f i r s t breakthrough on the l e f t ven t r i cu l a r surface occurs at 25 

msec. The la tes t parts to be exc i ted are the base of r i gh t v e n t r i c u l a r 

f ree w a l l . F i g . 4.11 shows the isochrones fo r e igh t cross sect ions of 

the heart from base (Section A) to the apex (Section H). 

4.3.2 Heart vectorcardiogram - depolarization 

The Q.RS- complex of the H.V.C.G. as computed fo r the a c t i v a t i o n 

sequence described in paragraph 4.2.1 is seen in F ig . 4.12. 

The i n s c r i p t i o n of the p ro jec t ion in the hor izonta l plane is 

counterclockwise. The cen t r i f uga l par t of the loop in t h i s p ro jec t i on 

s t a r t s out to the r i gh t and a n t e r i o r , at 10 msec from the onset the 

r ightward forces are at a maximum (Q. wave in X) , then the loop bends 

to the l e f t an te r i o r . The an te r i o r forces are at t h e i r maximum at 15 

msec (0 in Z ) , at 24 msec the maximum lef tward forces are found (R in X ) , 

which rap id ly d im in ish , to change in to a r ightward maximum at 40 msec 

(S in X). At that time the peak-poster ior forces (R in Z) have been 



H 

F i g . 4 .11 



4.11 Isochronic representation of the simulated ventricular activation. 

Sections A to H correspond to the intersections of the heart seen 

in Fig. 4.1. The sections are made at 1 cm interval perpendicular 

to an axis through the mitral valve opening and the left ventricle 

apex. The time scale is in msec after start of the first stimulation. 



4.12 The heart V.G.G. depolarization. Computed vectorcardiograms for 

the depolarization only. Left hand column contains the X, Y, and Z 

components of the vector cardiogram. Time scale is indicated at the 

bottom.. Right hand column shows the projections of the spatial vector 

cardiogram on the principle planes, transverse, frontal and horizontal 

plane. The centrifugal limb is indicated with an arrow. The gradient 

vector is indicated with the + sign, and connected to the origin. Azimuth 

and elevation of the gradient vector are -75.6 and -79.5 respectively. 

The amplitude scale is arbitrary. Note that the Y component is displayed 

with reversed polarity. 
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Fig. 4.12 
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just passed (38 msec). The late and small forces are again directed 

anterior (S in Z at 56 msec), to return slowly to the origin. The 

general appearance of the loop is narrow. The inscription of the 

projection in the frontal plane is except for the first 16 msec, 

clockwise. The maximum superior forces are found immediately after 

the onset at 7 msec, to change in a small minimum at 16 msec. This 

rapid changes causes the loop to pass below the origin on the way from 

right to left. After the small minimum at 16 msec a transient up

ward deflection (seen as a notch in the y component) is encountered 

at 19 msec, after which the dominant inferior forces develop; with a 

maximum at 38 msec ( S in Y ) , which quickly returns to the origin. 

The last centripetal part of this projection is smooth. The in

scription in the left sagittal plane is predominantly counterclockwise, 

however the mid part of the loop shows a figure of 8 configuration. 

The spatial vector loop is oriented parallel to the frontal plane, 

with a slight clockwise rotation around the y-axis. The main direction 

is inferior. The notches in Y and Z leads (at 16 and 22 msec respec

tively) are due to projections. The first deflection point a (6) 

is at 10 msec, the second deflection point b at 24 msec, the third 

deflection point c at 40 msec. The fourth is not discernable. The 

left/right ratio is 54/24, the anterior/posterior ratio 35/24, the 

superior/inferior ratio 13/142. The H.V.C.G.s computed with the 

step function differed not essentially from the one computed with 

the artificial action potential as potential function of the elements. 
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The gradient fo r the QRS-complex has an e leva t ion of -79-5 degrees 

and an azimuth of -75.6 degrees. 

4.3.3 Heart vectorcardiogram - repolarization 

.jk. 

4.3.3.1 Normal values of G 

Normal'values computed fo r 650 Frank lead vectorcardiograms, 

recorded on male subjects in the age group between 40-70 are sum

marized in Table 1. 

Table 1 

Ventricular gradient in 650 normal subjects (Frank-leads) 

GQRS GT GQRS,T G Q R S , T A R S 

Magnitude 66290.06 90960.69 122604.94 I.85 
(uVmsec) (SD 22699.80) (SD 27648.68) (SD 38633.39) 

Elevat ion -19.66° (18.04) -26.59° (8.58) -31.47° (12.43) 

Azimuth 39.93° (24.24) -45.47° (15.64) -10.50° (16.73) 

Angle GQR$ GT = 74° 46' 

Minimum GQRS>T 2 5 5 5 0 < 7 8 u V m s e c 

Maximum G Q R S > T 2 7 7 5 7 3 . 8 7 y V m s e c 

The v e n t r i c u l a r gradient exceeds the gradient f o r Q.RS on ly , as seen 

from the values fo r the magnitude and the r a t i o of GQRS J / G Q R S '
 N o t e 

that the minimum GnDC T is s t i l l approximately ha l f of the mean value fo r 
U.Ko , I 

Ok 

GnDC and note also that the d i rec t i ona l SD value are much smaller f o r 

% a n d V i , T t h a n f o r GQRS. 
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4.3.3.2 Uniform profile 

The three components o f the heart vector and i t s p ro jec t ions on 

t ransverse, f ron ta l and l e f t s a g i t t a l plane are seen in F ig . 4.13. The 

act ion po ten t i a l used is a lso ind ica ted . In the p ro jec t i on are entered 
-x -A «x ~ i . 

the G_R_, GT. The vectors G Q R S and GT are equal in magnitude and the 

spatial angle between them is 180 . 

The profile diagram for right and left ventricle shows the area 

under the action potential in mVmsec, for the action potentials used 

from endocardium to epicardium. In the following illustrations the 
-x 

depo lar iza t ion is omit ted in the pro jec t ions and replaced by GnDC. I f 
lAKo 

G.R- T is not zero, i t is entered in the pro jec t ions as w e l l . 

4.3.3-3 Temperature profile 

F ig . 4.14-16 contains the electrocardiograms f o r model 1A, fo r the 

d i f f e r e n t act ion po ten t ia ls t r i e d . In F ig . 4.14 the act ion po ten t ia l s 

d i f f e r only in du ra t ion . In F i g . 4.15 the act ion po ten t i a l s d i f f e r only 

in slope and have a l l i den t i ca l durat ions. In F ig . 4.16 the act ion 

po ten t ia l s are of d i f f e r e n t durat ions and d i f f e r e n t s lopes. 

F i g . 4 .17, shows the resu l ts fo r model IB fo r a few chosen 

combinations of durat ion and slope d i f ferences fo r the act ion p o t e n t i a l s . 

Not a l l combinations o f the previous model are used, the less 

i n t e res t i ng ones are omi t ted . 4.17 B,C contains the resu l ts fo r d i f f e r e n t 

ac t ion po ten t i a l durat ions. 4.17 A,D contains a combination of d i f f e r e n t 

durat ions and d i f f e r e n t s lopes. 

The v e n t r i c u l a r gradients computed fo r t h i s model, the angle sub-

tended between GQRS and GT, and the r a t i o o f G-R_ T and GQRS are sum

marized in Table I I . 



4.13 The heart V.C.G. - repolarization. Uniform profile. 

Computed vectorcardiogram for depolarization and repolarization. Part 

A shows the X, Y and Z components, whereas part B shows the projections 

on the principal planes, from top to bottom, transverse, frontal and 

horizontal plane. GnR_ and G_ are marked with Q and T, respectively. 

Inscription sense of the loops is indicated. Part C shows the action 

potentials used for the computation, for fiber type 5, 10 and 15 (in 

this case identical). Part D shows the profile diagram for right and 

left ventricle. The vertical scale indicates the area under the action 

potential in mvmsec. The time scale for panel A and C is indicated 

below the Z-component, whereas the amplitude scale for panel A and B 

is arbitrary. Note that the Y component is displayed with inverse 

polarity, and that the vertical scale in panel D starts with 100 mvsec. 
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4.14 A,B,C,D Computed VCG for model 1A. Differences in duration only. 

Each panel has the same outlay as the previous figure ( 4.13). 

In the projections on the principle planes the depolarization vectors 

are omitted. GQRS is indicated by the + sign, GT with the open circle 

and G with the solid circle. 

Fig. 4.14 A,B,C,D shows the results for differences in duration of the 

action potential only. In A the maximal difference is 25 msec, in B 58 

msec, in C 75 msec, and in D 100 msec. The area ranges with these 

differences from 190 mvmsec to 173, 154, 136, 129 mvmsec respectively. 
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Fig. 4.14 
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Fig. 4.15 A,B,C,D Computed V. C. G. for model 1A. Differences in slope only. 

For outlay and symbols used see figure legend of 4.14. Area ranges from 

190 mvmsec. to 105, 82, 180 and 79 in A, B, C, and D respectively. The 

slope voltage ( see paragraph 4.1.3.0 under f) is decreased with 25,50,75 

and 100 mV for the maximum difference. 
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Fig. 4.16 A,B,C Computed VCG for model 1A. Differences in slope and duration. 

For outlay and symbols used see figure legend of 4.14. 

A. Duration differences of maximal 12 msec, with slope voltage differences 

of 12 mV maximally. 

B . Maximal duration differences of 12 msec, slope voltage difference of 25 mV. 

C. Duration differences with maximum of 25 msec, slope voltage difference of 25 mV. 
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Fig. 4.17 A,B,C,D Computed VCG for model IB. For outlay and symbols used see 

figure legend of 4.14. 

A. Duration difference = 25 msec. Slope voltage differences 25 mV. 

J3. Duration difference = 25 msec. No slope changes. 

C. Duration difference = 50 msec. No slope changes. 

D. Duration difference = 50 msec. Slope voltage difference 25 mV. 
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Note that the elevation of G n D C T is within one standard deviation 
U.rw , I 

JL -X 

of the normal. The ratio of G_R- T/G n R- in Fig. 4.15 indicates ex

tremely small gradient vectors. The increase of this ratio with 

larger differences between action potentials is as expected. The 

direction of GnR_ T is changed in model IB, as seen from azimuth and 

elevation angles. The azimuth now is within 2 standard deviations 

of the normal, however the elevation is outside 2 standard deviations 

of the normal. 

4.3-3.4 Stress profi le 

Figure 4.18 A,B,C shows the results for model 2A with different 

action potential durations and Fig. 4.18 D,E,F and Fig. 4.19 A,B,C,D for 

differences in duration combined with differences in slope. The results 

for model 2B are seen in Fig. 4.20 D,E,F and Fig. 4.21 A,B,C,D for differences 

in duration combined with differences in slope. Table III summarizes 

the orientations of the ventricular gradients found in this model, as 

-X _X -X 

well as the angles subtended between GnR_, and GT and the ratio of GnR_ _. 
_x 

and G Q R S. 
-A. 

In model 2A the direction of G-R_ T in the transverse plane is 

practically anterior. Although the azimuth for both models are well 

outside 2 standard deviations of the mean for normals, the elevation 

is within 2 standard deviations for model 2B. None of the ratios 
-X _x 

°^ ^ORS T^ORS ' s c ' o s e t o normal. 
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Fig. 4.18 A,B,C,D,E,F Computed VCG for model 2A. For outlay and symbols used, 

see figure legends of 4.14. A,B,C. Duration differences of 25, 50, 75 

msec respectively. D,E,F. Duration differences of 12 msec and slope 

voltage differences of 25, 50, 75 mV respectively. 
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4.19 A,B,C,D Computed VCG for model 2A. For outlay and symbols used 

see figure legend of 4.14. A,B,C. Duration differences of 25, with 

slope voltage differences of 12.5, 25, 50 mV respectively. D. Duration 

difference of 50 msec, slope voltage difference of 50 mV. 
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Fig. 4.20 A,B,C,D,E,F Computed VCG for model 2B. For outlay and symbols used 

see figure legends of 4.14. Duration and slope voltages are identical 

as in figure 4.18 A,B,C,D,E,F, respectively. 
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Fig. 4.21 A,B,C,D Computed VCG for model 2B. For outlay and symbols used see 

figure legends of 4.14. Durations and slope voltages are identical as in 

figure 4.19 A,B,C,D, respectively. 
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4.3.3.5 Reversed sequence 

For each model the one or two electrocardiograms computed with 

the reversed sequence of repolarization are seen in Fig. 4.22 A,B,C,D 

and A.23 A,B,C,D. The length and slopes of the action potentials were 

taken from these previous experiments, which yielded the best results. 

Orientations of the ventricular gradient vectors, the spatial angle 
-X -X -*• -X 

between GQR~ and the GT and the r a t i o GQR_ T/GnR<< are summarized in 

Table IV. 

For model 0 both azimuth and e leva t ion are we l l outs ide 2 SD 
- X - X 

of the mean fo r normals. The r a t i o G_R- T /G n R _ is also sma l l . Note 

that in the combined models a l l o r i en ta t i ons are c loser to the o r i e n 

t a t i on of GrtDC (azimuth -75.6 , e leva t ion -79.5 ) . 
U_Ko 

4.3.3.6 The new hypothesis 

Results for model 3 are seen in Fig. 4.24 A,B,C,D. Only com

binations of action potential duration and slope differences are con

sidered. Table V summarizes the orientations of the ventricular gradient 

vectors, the spatial angle subtended between G_DC T and G_ and the 
QKb,I I 

-v -x 
ratio GQR_ T/G 0 R S. Note that all azimuth values are within 1 SD of the 

normal whereas 24 B and D are within 1 SD of the normal for the elevation, 

24 A, and C are well within 2 SD. The ratio of Gftnc T /G O D C for B and 
liKb, I U_Ko 

D are also closer to the normal ratio, than the ratio for A and C. 



A,B,C,D Computed VCG for the reversed sequence of repolarization. 

outlay and symbols used see figure legends of 4.14. 

Uniform model, maximum differences in duration between first and 

last fibers 25 and 50 msec respectively. 

Model 1A. Duration differences due to typing of elements to a 

maximum of 25 msec. No slope voltage differences. Maximum 

difference in duration due to depolarization sequence 25 msec. 

Model 1A, as under C, except slope voltage differences due to 

typing of elements to a maximum of 25 mV. 
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4.23 A,B,C,D Computed VCG for the reverse sequence of repolarization. 

For outlay and symbols used see figure legends of figure 4.14. 

A,B. Model IB, durations and slope voltage differences as in Fig. 4.22 

C,D respectively. 

C. Model 2A. Duration difference due to typing of elements to a 

maximum of 25 msec. No slope voltage difference. Maximum difference 

in duration due to repolarization sequence 25 msec. 

D. Model 2B, as under C. 
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4.24 A,B,C,D Computed VCG for model 3. The new hypothesis. 

Outlay and symbols used, see figure legends of figure 4.14. 

A. Duration differences 37.5 msec, no slope voltage differences. 

B. Duration differences of 55 msec, no slope voltage differences. 

C. Duration differences of 37.5 msec, slope voltage difference of 

maximal 17.5 mv. 

D. Duration differences of 55 msec, slope voltage difference of 

maximal 17.5 mv. 
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4.3 .4 The lead systems 

4.3 .4 .1 The 12-lead system 

The components of the 12 lead system are seen in F i g . 4.25. The 

commonly used symbolic abbreviat ions fo r each lead are used. Note 

that the precord ia l t r a n s i t i o n at V. and the pers is ten t S-waves in 

the precord ia l leads. The negative T wave in I I I and p o s i t i v e T in 

aVL as we l l as the b iphasic T-wave in aVF is unusual. 

4.3 .4 .2 The VCG-lead systems 

The VCGs of the orthogonal VCG-lead systems are seen in F ig . 4.26, 

27, 28, 29. The small aster ixes ind icate the value in X, Y or Z at 

each time i ns tan t , as obtained by the lead-systems. The heart VCG is 

displayed as w e l l . Both are scaled as t o have an i den t i ca l sum of 

squares fo r the 9 time instants of the QRS-complex compared, thus for 

example fo r the Frank system: 

9 9 

L—A L—A (50) 
i«i I»I ' 

To compare the performance of each lead in the various lead systems, 

the difference number N is used. The difference number is defined as 

the sum of the absolute values of the differences at each time instant 

expressed as percentage of the sum of the absolute values at these 

time instances of the reference (heart vectorcardiogram), thus, for 
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Fig. 4.25 Computed standard -12-lead electrocardiogram. The tiny asterixes 

indicate the points which were computed. Nine time instants during the 

depolarization and fifteen time instants during the repolarization were 

computed. The horizontal bars indicate 100 msec. The voltage scale is 

arbitrary, but identical in all leads. 
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Fig. 4.26 Computed Burger - VCG. 

At the left side are seen the X, -Y, and Z component of the Burger - VCG. 

The continuous line indicates the heart VCG, the tiny asterexes the value 

of X, Y, and Z for each time instant as computed with the Burger - VCG lead 

system. Scaling is done in such a way as to minimize the sum of the absolute 

values of the differences in X, Y, and Z simultaneously. Scaling is done for 

the QRS complex only, the same scale is maintained throughout ST,T segments. 

Note that the Y component is plotted with reversed polarity. On the right 

are seen the projections on the transverse, frontal, and left saggital planes. 

Scale of amplitude is arbitrary. 
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Fig. 4.27 Computed Frank - VCG. 

The X, Y, and Z components of the Frank - VCG as computed from the body 

surface potentials, as compared with the heart VCG. For details see figure 

legend of Fig. 4.26. 
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Fig. 4.29 Computed SVEC 111 - VCG. 

The X, Y, and Z components of the computed SVEC - 111 - VCG, as compared 

with the heart VCG. See figure legend of pig. 4.26 for details. 
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instance, fo r the QRS complex of the Frank X-leads: 

v(0_v(i) 
VFX vl>X 

100 (51) 

Leads to be compared are scaled as to have an i den t i ca l sum of 

squares fo r the 9 time instants of the QRS-complex, to avoid bias of 

th i s number by any scale d i f f e rence . 

The same scale is maintained fo r the remaining par t o f the ECG. 

Also the co r re l a t i on of QRS,ST and QRS,T is computed. 

Table VI summarizes the d i f fe rence numbers and cor re la t ions found 

f o r the four lead systems, separate fo r depo la r i za t i on , repo la r i za t i on 

( ind ica ted w i th T) and combined. The highest co r re l a t i on obtained 

in each category is under l ined. 

4.4 Discussion 

4.4.1 Normal excitation 

The t o t a l depo lar iza t ion t ime, 78 msec, is short as compared w i th 

measured QRS dura t ions . QRS durat ions in 110 normal men, aged 20-29 

years, were reported to have a mean of 88 msec w i th a standard dev ia t ion 

of 12 msec (130). Durrer et al (42) pointed out that the conduction 

ve l oc i t y as reported by them is probably 20% higher than the conduction 

ve l oc i t y in the i n tac t heart in s i t u . For dogs, they have shown a 

s i m i l a r increase in conduction ve loc i t y a f t e r removal of the heart from 

the thorax. The reasons fo r th i s increase in conduction ve l oc i t y are 

not known. Possible factors are neural and hormonal in f luences , com

pos i t i on of per fus ion f l u i d s used, work load on the hea r t , temperature 
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changes, etc. Durrer et al found, however, that all conduction 

velocities are proportionally affected. This suggests that the ac

tivation patterns are probably not affected by this change in con

duction velocity. The total depolarization time of 78 msec compares 

very well with the total time of excitation in the surviving perfused 

human hearts. 

The simulated early depolarization events are in very close agree

ment with those reported by Durrer et al. This is not surprising since 

the starting locations of excitation were chosen to match the reported 

observations, and the close agreement only proves that the starting 

locations, as chosen in the horizontal sections, were rightly iden

tified. The most critical parts for comparison are the middle parts 

of the depolarization. Comparison of Fig. 4.11 with Fig. 1 from the 

article of Durrer et al (42) shows that the middle stages of 

depolarization are practically identical. This observation lends 

support to the validity of the assumptions made, especially assump

tions A4 and B2. 

The papillary muscles are excited almost at once, and very early 

in the systole. The physiological significance of this is obvious, 

since the papillary muscles support the AV-valves to withstand the in

creasing pressure in the ventricles during systole. 

The right ventricular apex is among the first parts to be activated 

in the right ventricle. Inspections of the sections in Fig. 11.4 reveals 

that the heart wall in this region is very thin as compared with the 

other parts of the right ventricular wall. Early contraction in this 
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area w i l l reduce the e f f e c t i v e diameter o f encompassed cav i t y and so 

great ly reduce the wal l tension necessary to wi thstand the higher 

pressures which develop dur ing l a t e r parts of the sys to le . 

Although the isochronous l ines n i ce ly depict the e x c i t a t i o n pat 

te rns , the distance of isochrones can be misleading in the assessment o f 

conduction v e l o c i t y , since the isochronous l ines do not give any i n f o r 

mation about the d i r e c t i o n in which the a c t i v a t i o n spreads. 

The simulated e x c i t a t i o n pat terns dur ing the las t po r t i on of 

e x c i t a t i o n d i f f e r in d e t a i l from those reported by Durrer e t a l . This 

is understandable, since i t is we l l known that the terminal events of 

ac t i va t i on are h igh ly var iab le from subject to sub jec t . 

4.4.2 The heart vectorcardiogram depolarization 

The general shape of the pro jec t ions of the H.V.C.G. (and thus 

the QRS complexes of the orthogonal components) and the sense of i n 

s c r i p t i o n (phase re la t i onsh ip of the orthogonal components) are w i t h i n the 

l im i t s of normal v a r i a b i l i t y . 

The i n i t i a l forces are to the r i gh t a n t e r i o r and super io r . At 10 

msec the st rong an te r io r fo rces , as seen in the Z-component, s t a r t to 

develop. The major feature of t h i s H.V.C.G. is the v e r t i c a l pos i t i on 

of the loop, which makes the hor i zon ta l p ro jec t i on more narrow than is 

usual ly seen. A possible explanat ion fo r t h i s v e r t i c a l pos i t i on and 

strong an te r io r forces might be found in the l o c a l i z a t i o n of the 

terminat ions of the r i gh t bundle. Other reported e x c i t a t i o n pat terns 

show that the i n i t i a l e x c i t a t i o n ' i n the r i g h t v e n t r i c l e may s t a r t near the 

apex at the side o f the i n t r a v e n t r i c u l a r septum. The d e f l e c t i o n points 

described agree in general w i th those given by Arntzenius (6 ) . The 
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f i r s t par t (from o r i g i n to a) is supposedly due to septal a c t i v a t i o n , 

whereas the change from a towards b is caused by the r i gh t ven t r i cu l a r 

a c t i v a t i o n . Point b is expected to coincide w i th the f i r s t breakthrough 

on the r i g h t v e n t r i c u l a r w a l 1 , point c w i t h the f i r s t breakthrough on 

the l e f t v e n t r i c u l a r w a l l , and point d marks the disappearance of large 

forces and return to the o r i g i n . Point c at 40 msec appears to be 15 

msec l a te r than the l e f t v e n t r i c u l a r breakthrough. I t is noted, how

ever, that no subs tan t ia l area of the l e f t ven t r i cu l a r ep ica rd ia l 

surface is exc i ted u n t i l 35 msec from the s t a r t of e x c i t a t i o n . 

The most obvious dev ia t ion of a normal pat tern is the S-wave in 

the Z-component. However, r e s t r a i n t should be exercised in comparing 

the pat terns of the H.V.C.G. w i th V.C.G.'s derived from body surface 

p o t e n t i a l s , and using normal standards derived from the l a t t e r to judge 

the normal i ty of the former. 

4.4.3 The Heart VCG-repolarization 

The general appearance of the T-wave in scalar (X,Y,Z) d i sp lay , as 

wel l as the usual VCG p r o j e c t i o n s , as we l l as the magnitude and d i r ec t i on 

of the ven t r i cu la r gradient can be used to evaluate the H.V.C.G. 

repo la r i za t ion pa t te rns . The fo l low ing cha rac te r i s t i c s are known to 

appear in VCGs of c l i n i c a l l y normal sub jects . The T-waves are 

are s l i g h t l y assymmetric. I t s i n i t i a l par t emerges slowly from the ST-

segment and the terminal par t returns more rap id ly to the base l i n e . 

The amplitude of the T-waves as compared w i th the QRS complex var ies 

w ide ly . I t seldom exceeds the amplitude of the QRS complex, except in 

the Z- lead. In the VCG pro jec t ions the o r i e n t a t i o n of the T-loop is 

general ly in the same d i r e c t i o n as the QRS loop (concordant T - loop) , 
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though seldom in exactly the same direction. The average spatial angle 

subtended between mean QRS and mean T was 74 for the 650 normal male 

subjects of the present study. This explains why the T-waves in most 

leads are of the same polarity as the QRS complexes. The Z-lead, again, 

is an exception by showing in most cases negative T-waves. Normally 

the inscription sense (rotation) is identical to the one observed in the 

QRS complex. Normally the T-loop is open, except in infants in which 

narrow hooked T-loops are often seen. Caution should be exercised, as in 

the case of depolarization, in judging heart VCG patterns as 'normal' 

or 'abnormal'. The ventricular gradient vector in respect to G_R_ is 

more objective and suitable for comparison with our measured data. 

The orientation of the ventricular gradient vector is not influenced 

by the parameters regulating slope and duration of the action poten

tials as long as the profile has a constant slope. This could be anti

cipated from the theoretical introduction. However, the magnitude of 

the ventricular gradient is directly influenced by these parameters. 

Differences in upstroke and downstroke of the T-waves could be generated 

in every model by adjustment of the action potential slope parameter. 

This is caused by the relative shift of the action potential area dif

ference towards earlier portions of the repolarization. 

4.4.3.1 Temperature profiles 

Model 1A is based on the assumption that the temperature inside 

the cavities is lower than inside the muscle and epicardial layers, and 

that the action potential duration is influenced by the absolute tem

perature. At lower temperatures the duration is longer. It is seen 
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from F ig . 4.14A that the magnitude and the o r i e n t a t i o n of the T-vectors 

changes s u b s t a n t i a l l y w i t h r e l a t i v e l y small changes in the act ion 

po ten t i a l du ra t i on . A d i f fe rence of maximally 25 msec in act ion poten

t i a l durat ion between endocardial and ep i ca rd ia l layers can produce 

concordant r e l a t i v e l y normal looking T-waves. A l l T-waves produced 

by model 1A a re , however, s t r i k i n g l y symmetrical and t h e i r spa t i a l 

o r i e n t a t i o n is abnormally f a r in pos te r io r and super ior d i r e c t i o n . I t 

is a lso noted tha t w i th increasing d i f ferences in act ion po ten t i a l 

durat ions the T-waves become d i sp ropo r t i ona l l y l a rge , which is caused 

by the increased p r o f i l e vec tors . The o r i e n t a t i o n of GnR_ T however 

does p r a c t i c a l l y not change. 

The increased magnitude of p r o f i l e vectors force the T-vectors 

downwards, and reduce the QRS,T angle from 125 to 70 , which is 

p r a c t i c a l l y the mean normal value. However, the pos te r io r d i r e c t i o n of 

G0R_ j maintains also the pos te r io r d i r e c t i o n of the T-wave, which is 

abnormal. 

I f only d i f ferences in act ion po ten t ia l slope voltages are used 

w i th constant ac t ion po ten t i a l durat ion (F ig . 15A,B,C,D), the resu l t i ng 

T-waves are h igh ly abnormal. This is mainly caused by the las t part 

of the ac t ion p o t e n t i a l s , where the f i be rs w i th the higher type num

bers have a longer ' t a i l ' in the act ion p o t e n t i a l . 

Although the typ ing is i den t i ca l in the above experiments, the 

G0RS T n a s a s ' ' 9 n t W d i f f e r e n t d i r e c t i o n , which also changes w i th i n 

creasing act ion po ten t ia l slope changes. As mentioned in sect ion 4 . 4 . 3 , 

t h i s w i l l happen i f the p r o f i l e does not have a constant s lope , which 

can be confirmed from the p r o f i l e diagrams. The s ize of the p r o f i l e 
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vectors which can be produced by merely changing the slope is not 

s u f f i c i e n t to b r ing the T-loops subs tan t i a l l y down, and the QRS,T 

angle is accordingly large. 

However, i f slope and durat ion d i f ferences are considered s imul 

taneously, the T-waves are very close to the ones generated w i th only 

durat ion d i f f e rences , but now they are more assymet r ica l , the upstroke 

being slower than the downstroke, as is normally seen in adu l t s . I t 

should be noted here, that the T-loop con f igura t ion is very s i m i l a r to 

the T-loop conf igura t ion seen in c h i l d r e n , the so -ca l led ' i n f a n t i l e ' 

T-1oop. 

The gradient is also closer to the case w i th only durat ion d i f fe rences. 

The add i t iona l increase in magnitude of the p r o f i l e vectors due to slope 

changes forces the T-vectors f u r t he r down w i th 25 msec d i f fe rence in 

durat ion (F ig . 4.16,C) than i f only durat ion d i f fe rences are considered 

(F ig . 4 .14,A) . 

The e leva t ion o f G„RS T is w i t h i n one standard dev ia t ion of the 

normal, however, the azimuth is fa r outs ide the normal range. The r a t i o 

of GnR_ T/GnR<. is p r a c t i c a l l y normal w i t h maximal durat ion d i f ferences 

of 50 msec. 

Model IB d i f f e r s from model 1A in assuming that in add i t ion to the 

temperature d i f ferences in cav i ty and heart muscle, the temperature is 

lower in the l e f t cav i ty than in the r i g h t c a v i t y . This d i f fe rence 

could be postulated by assuming that the blood is cooled down when 

passing through the lungs. The resu l ts are very s i m i l a r w i th both of 
-x, 

these models. With model IB a change in G_DC T is seen. This change is 
QKo , I 
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caused by the differences in the septal forces, since the profile vec

tors for all other parts are identical in both models. When using model 

JX 

I B , G_R<. T is directed much more anterior and in fer ior . The resulting 

T-orientation is closer to normal in the horizontal plane. The T-

elevation, however, does not change suf f ic ient ly even with a steep p ro f i l e , 

probably due to the fact that the ventricular gradient is rather small. 

4.4.3.2 Stress profiles 

These models were based on the assumption that the action potential 

duration or waveform is influenced by the stress under which the fibers 

operate. Model 2A is based on the f iber stress distr ibut ion at end 

systole (10), whereas Model 2B is based on the radial stress d ist r ibut ion 

(155). In the lat ter case, stress distr ibut ion in the right ventr icle 

wall is also considered. The results for these two models are rather 

disappointing. 

For Model 2A, the gradient is directed infer ior and straight anterior 

and is in general small. The resulting T-waves point superior and s l ight ly 

anterior. With a rather steep prof i le (4.18 B,C) negative T-waves in 

the Z-component can be brought about, whereas a biphasic T-wave in the Y-

component results only with the steepest prof i le (Fig. 4.18C). The various 

combinations of duration and slope yield no essentially dif ferent result. 

The shape of the T-waves in a l l Y-components is rather abnormal, with a 

fast upstroke and slow downstroke. This is most l ikely caused by the 

right ventricular f ibers, which practical ly a l l have identical (and short) 

action potent ia ls . Support for this view is lent by the fact that the 
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upstroke in 4.18 E and F is less f a s t , whereas the p r o f i l e is p r a c t i c a l l y 

i den t i ca l to the one in 4.18A. In 4.18A only d i f fe rences of durat ion 

are considered, whereas 4.18 E and F have less durat ion d i f f e r e n c e , but 

obta in a s im i l a r p r o f i l e by add i t iona l slope changes. The T-loops are in 

general discordant even w i th rather steep p r o f i l e . 

In Model 2B the v e n t r i c u l a r gradient is d i rec ted less i n f e r i o r and 

more to the l e f t than in model 2A, but also rather sma l l , consequently 

steep p r o f i l e s are necessary to cause concordant T-waves, otherwise 

T loops r e s u l t , which are po in t ing s t r a i g h t upwards. 

4.4.3.3 Reversed sequence of depolarization 

With a uniform model and 'reversed sequence' i t is d i f f i c u l t to 

create concordant T-waves. The p r o f i l e vectors are d i rec ted nearly 

in the same d i r e c t i o n as the depo la r iza t ion vec to rs , consequently much 

larger area d i f ferences are necessary to create concordant T-waves. 
-x 

A second obvious result is the orientation of G_DC T which is also nearly 
y,K i>, i 

_x 
in the same d i r e c t i o n as G0RS 

As a r e s u l t , the T-vectors are p r a c t i c a l l y opposite to the QRS-

vec to rs , w i th a s p a t i a l angle of 172.6 between GnR- and GT. The 

ven t r i cu la r gradient is also rather sma l l , which makes a steep p r o f i l e 

necessary to produce any substant ia l changes. Even w i th 50 msec d i f fe rence 

between f i r s t and las t f i be rs the resu l ts are hardly changed. The com

b ina t ion of the temperature p r o f i l e s or the stress p r o f i l e s w i th ' reversed ' 

sequence produced no essen t i a l l y d i f f e r e n t r e s u l t s . "Reversed sequence' 

- X - X 

tends to make the spatial angle between G0Re. and G T smaller and thus the 
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T-waves tend to become more concordant w i t h the QRS vec to rs . Th i s , 

however, happens at the expense of increased p r o f i l e vec to rs . 

4.4.3.4 The new hypothesis 

Concordant T-waves are eas i l y obtained in X and Z leads. The 

-v 
spa t ia l pos i t i on of GT is more a n t e r i o r a l l y d i r e c t e d , which is caused 

by a more a n t e r i o r a l l y d i rec ted G_R~ _. The spa t i a l angle extended 

between G„R<. and GT is approximately 120 . 

The ven t r i cu l a r gradient is rather la rge , consequently a r e l a t i v e l y 

shallow p r o f i l e creates already concordant T-waves. The T-wave con

f i g u r a t i o n is also reasonably co r rec t , w i th fas te r downstroke than 

upstroke. 

Both azimuth and e leva t ion fo r G_DC T are w i t h i n one standard 

dev ia t ion of the normal in 24.B and 24.D. The QRS-T angle is w i t h i n 

normal l i m i t s (157). Except fo r the innermost layer (purkyne - myocard 

j unc t i on ) t h i s p r o f i l e shows a remarkable agreement w i t h the one repor

ted by Harumi e t al ( 6 l ) , which was exper imental ly determined in dogs. 

This p r o f i l e is also i den t i ca l to the pressure d i s t r i b u t i o n throughout 

the v e n t r i c l e w a l l . Also the pressure d i s t r i b u t i o n is sometimes held 

responsible f o r the sequence of repo la r i za t ion (10). 

A -x 

The ratio of GnR~ T-/GnR<- evaluates in all models described above 

less than normal, except for Model 1A, with action potential duration 

differences of maximally 50 msec. (With larger differences in the same 

model the ratio is substantially larger than normal.) 
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The elevation angle in most models (0, IB, 2A and 2B) is outside 

or just inside two standard deviations of the normal mean. However, the 

azimuth angle in model 0, 1A, 2A, and 2B is well outside two standard 

deviations of the normal mean. Only Model 2 is for both parameters 

within two or one standard deviation of the mean. 

The normal values used above are measured on a group of 650 healthy 

- x 

men, in the age group from 40-70. Changes in GnR_ T and consequently in 

GT are known to occur w i th aging (129). 

The values obtained served as a gu ide l i ne . I f more pe r t i nen t data 

on the fac tors which in f luence the G0R- T become a v a i l a b l e , i t w i l l be 

necessary to revise the models tested so f a r . However, as long as these 

de ta i l ed data are not a v a i l a b l e , the search fo r a per fect match of the 

simulated "data w i th the measured data is u n r e a l i s t i c . 

I t should be noted tha t the above discussed T-wave models are a l l 

hypo the t i ca l . They are a l l based on the assumption that the non-zero 

values of G_RS T are due to d i f ferences in act ion po ten t i a l durat ion 

or shape. So fa r no systematical d i f ferences in act ion po ten t i a l durat ion 

throughout the v e n t r i c l e wa l l are found. Moore, Preston and Moe (90) 

found tha t usual ly ep i ca rd ia l ac t ion po ten t ia l s are shor ter than endo

ca rd ia l ac t ion p o t e n t i a l s , but these resu l ts were not confirmed by 

Durrer and van Dam (37) and Janse (73) . 

The e f f e c t of d r i nk ing ice water on the T-wave p o l a r i t y (9,40) led 

many authors t o speculate that local temperature d i f ferences may be 

the cause o f the predominantly concordant T-waves. However, temperature 

d i f fe rences across the v e n t r i c u l a r wa l l in normal adul ts are only in the 
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order o f 1 , and in which way they are d i s t r i b u t e d throughout the ven

t r i c l e wa l l is unknown. The temperature p r o f i l e model assumes a l i nea r 

temperature d i s t r i b u t i o n . 

The inf luence of stress on a f i b e r ' s act ion po ten t i a l is also pos

tu la ted (118). A rather steep p r o f i l e is necessary to create concor

dant T-waves in these models. No adequate explanat ion has been forwarded 

so fa r to adopt the 'reversed sequence' of a c t i v a t i o n . Abildskov and 

co-workers (4 , 6 1 , 1 , 2) were able to reconstruct reasonable T-waves 

from the QRS complexes, by assuming the act ion po ten t i a l durat ion to be 

dependent on the time of depo la r i za t ion . One would expect , however, tha t 

under the assumption that the ven t r i cu la r gradient w i l l coincide in 

d i r e c t i o n w i th the G_R_, which is c l ea r l y not the case in normal ECGs 

or VCGs. The e f fec ts of cance l la t ion observed dur ing depo la r iza t ion 

( 3 , 6 ) , w i l l also take place dur ing repo la r i za t i on (26,38). The more 

an te r i o r d i rec ted and smal ler gradient in model IB can be explained on 

th i s bas is . In model 1A p r o f i l e vectors in the septum wi11 nearly com

p l e t e l y cancel , whereas the l e f t ven t r i cu l a r wa l l w i l l dominate over 

the forces in the r i gh t ven t r i cu l a r w a l l . In model IB the l e f t v e n t r i c u l a r 

f ree wa l l and l e f t septal p r o f i l e vectors w i l l cancel , however, the 

r i gh t ven t r i cu l a r f ree wa l l w i l l dominate the very few p r o f i l e vectors 

in the r i g h t septal w a l l . 

S i m i l a r l y , the small gradients in model 2A can be explained by the 

fac t that the p r o f i l e vectors are arranged in cup shapes around the 

l e f t v e n t r i c l e , causing most o f them to cancel . P r a c t i c a l l y every d i s 

t r i b u t i o n of p r o f i l e vectors w i l l resu l t in a large amount of cance l la t ion 
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around the l e f t v e n t r i c l e . The i n t e r v e n t r i c u l a r septum belongs func

t i o n a l l y to the l e f t c a v i t y , so only the r i gh t v e n t r i c u l a r f ree wal l w i l l 

be uncancelled and so dominate the r esu l t i ng v e n t r i c u l a r g rad ien t . 

Although the hypothesis o f the new p r o f i l e approached c losest the 

T-wave con f igura t ion found in normal adu l t s , the resu l ts are s t i l l not 

s a t i s f a c t o r y . The upward d i rec ted T- loops, although w i t h i n normal l i m i t s 

(157), resu l t in too large a QRS-T angle. Further i nves t i ga t i on is ob

v ious ly requ i red. The above observat ion of r i g h t v e n t r i c u l a r wa l l 

dominance suggests tha t a t t en t i on should be focused espec ia l l y on the 

r i g h t v e n t r i c l e . The resu l tan t of a l l p r o f i l e vectors in the l e f t wa l l 

could account fo r the lef tward d i r e c t i o n of the ven t r i cu l a r g rad ien t , 

whereas the more an te r i o r located r i gh t ven t r i cu l a r wa l l w i l l give the 

an te r i o r displacement. 

The lack of conf i rmat ion of any of the above p r o f i l e s by experimental 

data forces one also to consider a l t e r n a t i v e explanat ions for the T-wave. 

The inf luence of the mechanical sys to le and espec ia l l y the move

ments of the v e n t r i c l e wa l l in respect to the thorax on the repo la r i za t i on 

pat tern has to be assessed. Our present model is not su i tab le for such 

an assessment. A lso , the e f f e c t of changed ven t r i cu l a r blood masses is 

not known. The e f f e c t of the blood masses in general w i l l enhance the 

r a d i a l l y d i rec ted forces (the Brody e f f e c t ) (15) , and th i s e f f e c t can 

thus be expected to enhance r a d i a l l y d i rec ted p r o f i l e vec tors . 

I t is possible that some or a l l of the above mentioned e f fec t s can 

be accounted for by an equiva lent p r o f i l e . I t could also be speculated 

that the p r o f i l e which was most s a t i s f a c t o r y is an equivalent p r o f i l e 

fo r an unknown condi t ion e f f e c t i n g the repo la r i za t ion vec tors . 
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4.4 .4 The lead systems 

4.4 .4 .1 The 12-lead ECG 

The patterns as found in the 12-leads are in general in agreement 

w i th the heart VCG. Thus also a v e r t i c a l e l e c t r i c a l axis is seen as 

judged from leads I I and J i t . 

The most remarkable disagreement is found in the precord ia l leads, 

espec ia l l y the leads V.,V_ and V, . The R/S r a t i o in these leads could 

be expected to be much larger than 1. However only lead Vi d isp lays a 

r a t i o which is j u s t about 1. The small S-wave in the Z-component is not 

detectable in any of the precord ia l leads. The T-wave shows a s i m i l a r 

disagreement in the precord ia l leads, where i t s amplitude was expected 

to be the largest in Vj. and V, (the mean T-wave has an azimuth of -10.9 ) . 

However, lead V_ and V_ show the largest T-waves. The T-axis is est imated 

to be h o r i z o n t a l , whereas in the heart VCG the e leva t ion o f the mean 

T is 25° . 

Comparison of the computed 12-leads w i th the 12 lead ECG as recor

ded on the subject whose heart was studied by Durrer et al (see F ig . 

4.30) shows a remarkable agreement in pat terns as fa r as the QRS com

plex is concerned. The recorded 12-leads also show a v e r t i c a l e l e c t r i c a l 

heart a x i s , w i t h small Q-waves and large R-waves in leads 11 and 111. 

The precord ia l leads show less agreement, espec ia l l y in the deep S-waves 

in V i , V_, and \l, in the simulated ECGs have no counterpart in the 

recorded ones. The 1:1 r a t i o in the recorded leads is found in V_ i n 

stead of V. as in the computed ECGs. The l a tes t parts of the 

depo la r iza t ion are in general less s i m i l a r ; whereas, the simulated 



4.30 Recorded 12 - lead ECG. 

The Standard 12 - lead - ECG as recorded by Durrer et al., from the 

subject who's heart was revived after death, perfused and studied 

The excitation patterns of this heart served as a basis for comparison 

in this study. 
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T-waves, except for a horizontally directed axis are remarkably con

gruent to the measured ones. As mentioned in paragraph 4.3.1, the last 

parts of the depolarization are in general subject to variation. 

4.4.4.2 The VCG lead systems 

(a) Burger lead system 

For the depo la r iza t ion the Y lead shows the c losest agreement both 

in area accounted for (d i f fe rence number N) as we l l as the wave-shape 

( co r re l a t i on c o e f f i c i e n t ) , lead X is decidedly poorer, and lead Z is 

large ly d i s t o r t e d . Especia l ly from 24 msec on the discrepancy w i th 

the heart VCG is la rge. In contrast w i th th i s is the ST-T segment 

which shows a good agreement in wave shape fo r both X and Z and a much 

poorer one fo r Y. The ove ra l l performance shows again the dominance of 

the Y lead. The Z-lead is poor. 

(b) Frank lead system 

For the depo la r iza t ion an exce l len t agreement in X is ob ta ined, 

and Y and Z are both reasonable. Again the la rgest discrepancy ex i s t s 

at 24 msec and 32 msec. For the ST-T segment the X performs even be t t e r 

than fo r the depo la r i za t i on , also the Z-lead is e x c e l l e n t , the Y-lead 

is in contrast rather poor. In ove ra l l performance, the X-lead is s t i l l 

the best , as could be a n t i c i p a t e d , fo l lowed by the Y lead and the less 

per fec t Z lead. 
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(c) McFee and Parungao 

The Z lead is the best during depolarization, very closely fol

lowed by X and Y leads. Performance is similar during ST-T segment, 

except for the Y-lead which is poor. The overall rating is good for 

all leads. 

(d) SVEC 111 

For both depo la r iza t ion and repo la r i za t i on t h i s system has the 

best Z- lead. The Y-lead is a lso very good dur ing depo la r i za t i on , t h i s 

is however not the case during repo la r i za t i on . The reverse s i t u a t i o n 

is observed w i th respect to lead X, which is exce l len t dur ing 

repo la r i za t ion and worse dur ing depo la r i za t i on . The ove ra l l pe r fo r 

mance of leads X and Y is reasonably good, whereas lead Z is exce l l en t . 

I f we compare the X lead performance of a l l systems Frank's X is 

the best , Burger's Y lead is best f o r depo la r iza t ion but McFee's Y is 

best f o r r epo la r i za t i on . The Z lead of SVEC 111 is the bes t , c lose ly 

fol lowed by McFee. In ove ra l l performance McFee rates 1, Frank and SVEC 

1112 and Burger 3, which confirms the resu l ts of Horacek (68). 

In the above ra t i ng the co r re la t i on c o e f f i c i e n t was weighed 

heav i l y . The c o r r e l a t i o n , as performed here, measures the s i m i l a r i t y 

of waveforms. The d i f fe rence number N, on the other hand, is an index 

of absolute amplitude d i f f e rences , a f t e r sca l ing f o r the QRS-complex, 

between HVCG and VCG recorded w i th various lead systems. 

The X lead appears reasonably good fo r a l l systems except fo r the 

Burger system. The X lead dur ing the las t par t of the depo la r i za t i on , 
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which in the heart VCG could be interpreted as a conduction delay, is 

smooth in Frank and SVEC 111, as is the terminal part of Y in all lead 

systems. In the Z lead Frank and Burger smooth this part, where SVEC 

111 and McFee follow the heart vector exactly. 

The disagreement in all systems starts at 24 msec, which is the 

time of right ventricular surface breakthrough. 

All lead systems show an anterior displacement of the vectors, 

which is most pronounced in the Burger system. This displacement, 

especially during ST-T, enlarges the negative T-waves in Z, and is pos

sibly the result of the Brody effect mentioned on page 4.41. 

All systems have a low correlation in the Y lead for the ST-T 

segment. This is surprising since the QRS complex correlates quite 

well in all systems, and the Y leads as evaluated by Horacek (68) and 

Burger et al (21,22) are very stable and in general show good agreement. 

The overall correlation is quite good, which raises the suspicion 

that the correlation coefficient is misleading on numerical basis, 

which could happen if a series of values (all very small) are scattered 

around the mean. 
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4.5 Conclusions and summary 

The exc i t a to r y process was simulated in the model o f the human 

v e n t r i c l e s , fo r which the data c o l l e c t i o n is described in chapter 111. 

Reported data of a few c l i n i c a l l y normal subjects served as a gu ide l i ne . 

Such s imulat ion was demonstrated to be f e a s i b l e , under the assumptions 

adopted, f o r the major par t of the v e n t r i c u l a r e x c i t a t i o n . The las t 

part of the depo la r i za t i on , however, was not compatible w i t h the measured 

data. The heart VCG computed fo r th i s depo lar iza t ion sequence showed 

remarkable ' n o r m a l i t y ' , except f o r the la te depo la r i za t ions . The de

f l e c t i o n points o f the heart VCG were in agreement w i t h those reported 

by o thers . From the body surface po ten t i a l d i s t r i b u t i o n computed w i t h 

the aid o f a torso model of Dr. Horacek (68) , the 12-lead e lec t roca r 

diogram was ext racted as we l l as the VCG's of four commonly used lead 

systems. 

The general features of the 12-lead electrocardiogram are in 

agreement w i th the heart VCG, however the abnormality in the heart VCG 

at the end of the depo lar iza t ion is not detectable in the 12-lead ECG. 

A comparison of the computed 12-lead ECG wi th the ECG's recorded 

on the sub jec t , who's heart was studied by Durrer et al (42) , showed 

in general s i m i l a r pa t te rns , again w i th exemption of the la te 

depo la r i za t ions . The VCG's of the four lead systems are compared w i t h 

the heart VCG. The best representat ion of the X-component of the heart 

VCG is by the X-lead of the Frank system, fol lowed by the McFee system, 

the SVEC 111 system and the Burger system. The Y-lead of the Burger 

system gives the best representat ion f o r the Y-component of the heart 

VCG, fol lowed by Frank, McFee and SVEC 111. 
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The Z-component is reproduced most c lose ly by the Z-lead of SVEC 111, 

fo l lowed by McFee, Frank and Burger. 

The largest discrepancy w i t h the heart VCG s t a r t s in each system 

at 24 msec, a f t e r onset o f e x c i t a t i o n . Two d i s t i n c t wavefronts e x i s t 

at th i s time i ns tan t , in contrast w i th the two preceeding time ins tan ts . 

The SVEC 111 and the McFee lead system both give a very close ap

proximation of the l a t e depo la r iza t ion pa t t e rns , in cont ras t to the 

Burger and Frank systems. 

For a l l three components at the same t ime, the McFee system performs 

the bes t , fo l lowed by the Frank, SVEC 111, and Burger system. 

Simulat ion of repo la r i za t i on is done on the basis o f spa t i a l and/ 

or temporal d i s t r i b u t e d d i f ferences in vol tage time func t ion of the 

elements. These d i f ferences are expressed as p r o f i l e vec to rs , which are 

defined in the context of the v e n t r i c u l a r gradient concept. A simulated 

act ion po ten t i a l is used as elemental vol tage time f u n c t i o n . 

Four hypothet ica l explanat ions f o r the repo la r i za t i on sequence are 

tes ted , on the basis of the d i r e c t i o n and s ize of the v e n t r i c u l a r 

gradient and T-wave con f i gu ra t i on . 

The hypothesis based on temperature d i f fe rences y ie lds s a t i s f a c t o r y 

resu l ts in the f r o n t a l plane p r o j e c t i o n , however the resu l ts deviate 

s t rong ly from normal in the hor izon ta l p r o j e c t i o n . The hypothesis based 

on f i b e r s t ress d i s t r i b u t i o n is genera l ly less s a t i s f a c t o r y , both in 

ven t r i cu l a r gradient d i r e c t i o n and s i z e , as we l l as in T-wave con f i gu ra t i on . 

The hypothesis based on the "reversed sequence" o f repo la r i za t i on requires 

large p r o f i l e vec tors , and the d i r e c t i o n of the v e n t r i c u l a r gradient is 

abnormal. A new hypothesis o f fe red y ie lds the most s a t i s f a c t o r y r e s u l t s , 
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both in s ize and d i r e c t i o n of the v e n t r i c u l a r gradient as we l l as in 

T-wave con f i gu ra t i on . This hypothesis is based on p h y s i o l o g i c a l -

h i s t o l o g i c a l data. Since a l l r epo la r i za t i on models are h igh ly specu la t i ve , 

the need f o r more exper imental ly obtained data is s t ressed. 

Body surface po ten t i a l s are a lso computed fo r the r e p o l a r i z a t i o n , 

using the model which came closest to normal w i th i t s heart vector

cardiogram. The o r i e n t a t i o n of the T-loop in a l l four vec torcard io 

graph i c lead systems came closer to normal as compared w i t h the T-loop 

of the heart VCG. The T-waves in the simulated 12-lead e lect rocard iogram, 

espec ia l l y in the precord ia l leads, showed a s i m i l a r change in 

o r i e n t a t i o n . 
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5.1 Introduction 

In the previous chapter the properties of the heart were approached 

from a static point of view, i.e. only one excitation was considered 

without interaction of subsequent beats. Interaction of subsequent 

beats will appear either if the following beat occurs within the relative 

refractory period of the previous, or if by some mechanism the heart 

muscle cells are influenced by the overall heart rate. In the first 

case, only the immediate preceding interval is important, in the second 

case the immediate preceding interval has to be evaluated in the light 

of the total heart rate. 

5.2 Formulation of the interaction 

The interaction of cells is determined by the characteristics of 

the impulse of the donor cell and the response of the receiver cell. 

The response is mainly determined by the impulse conduction velocity, 

and the duration of the absolute and relative refractory periods. The 

interaction properties can be formulated without considering the action 

potential shape. However, a close relationship between excitability 

and membrane potential has been demonstrated (149,67). For this reason 

the duration of the absolute refractory period and the duration of the 

action potential (ADP) will be considered identical, and freely inter

changed. Any impulse is either sufficient or insufficient to elicit a 

response (assumption B3). 
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5.2.1 Refractory periods 

The re f rac to ry per iod of the heart is known to be dependent on 

the heart ra te . The mechanism of t h i s dependency, however, is not 

c lear . Measurements in the dog's v e n t r i c l e led Han and Moe (59) to 

the conclusion that the re f rac to ry per iod is only dependent on the 

previous i n t e r v a l . In a l a t e r paper (60) , however, they report some 

inf luence of the t o t a l basic rhythm. Janse (73) c l ea r l y f inds t h i s 

in f luence in the canine hea r t , but he also points out the existence 

of a large d i f fe rence between Purkyne f i be rs and ord inary heart muscle; 

Purkyne f i be rs being much more sens i t i ve than ord inary heart muscle. 

P r io r to the a v a i l a b i l i t y o f the microe 1ectrode, several authors 

t r i e d to i n f e r from the QT- interval the re l a t i onsh ip between the heart 

rate and the re f rac to ry per iod . Freder ic ia (53) proposed the fo l l ow ing 

formula: 

QT= kVM, (52) 

In 1920, Bazett (8) formulated this relationship as: 

qr-kV% (53) 

Simonson et al (130) found that in 960 cases the following regression 

equation predicts the Q-T interval from the R-R interval and age with 

a standard error of .0164 sec. 

G(T= 0.2425+(o.l4o± o.004)RR+ (0,oo63o± 0.00004) aae 
(54) 
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As pointed out by Hoffmann and Cranefield (66), a reasonably 

good prediction for the QT interval might be obtained by these formulae, 

but since the relationship between QT interval and the cellular action 

potential is not univocal little will be learned about the cellular i 

refractory period. Carmeliet (27) studied the relationship of action 

potential duration and stimulus interval, in frog's Purkyne fibers. 

He found the following relation 

A-R^O-e"") (55) 

where A is the action potential duration, R Q ^ is the action potential 

duration at infinitely long interval and C the preceding stimulus 

interval. Vick (146) studied this relationship in dog Purkyne fibers, 

also specifically observing the action potential duration changes after 

a long series of stimuli, including changes taking place when the stimuli 

were stopped. He not only confirmed the exponential relationship found 

by Carmeliet, but also discovered a remarkable influence of the total 

driving rate on action potential duration. This influence was only 

fully developed after 400-800 beats. A similar influence with large time 

constants was established by Janse (73) in perfused surviving dog hearts, 

both for Purkyne and heart muscle fibers. Vick also focused attention 

on the relationship between preceding 'functional recovery period' and 

following action potential duration, rather than between preceding stimulus 

interval and action potential duration. This followed from his experi

mental setup, in which after 2-3 minutes of rest, a train of impulses 
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was started with fixed intervals. With the higher frequencies (i.e. 

shorter stimuli intervals) a remarkable electrical alternans (long and 

short refractory periods in alternating order) was observed, in which 

the correlation of action potential duration and 'functional recovery 

period' is obvious, whereas the stimuli intervals are constant. 

'Functional recovery period' (FRP) is defined as the time interval 

between the end of the absolute refractory period and the next stimulus. 

Vick postulated an explanation for the electrical alternans and the 

earlier mentioned exponential relationship between functional recovery 

periods and action potential duration in the membrane model proposed by 

Noble (98). In this model the plateau phase is terminated by an increase 

in potassium conductance, Q^ , due to activation of factor S. This factor 

S is deactivated after repolarization. If the interval after repolar

ization is only short, deactivation is not complete and the time for 

subsequent full activation is also shorter. In a later model, Nobel 

and Tsien (100,101) proposed the existence of a three component outward 

+ 
cur ren t , I , I and I . I is pure K - c u r r e n t , whereas I and I 

s x, x„ s r ' x. X-

are composed of the potassium current possibly mixed with other ions. 

In this model the termination of the plateau phase is attributed to 

activation of x. (the factor governing the conductance of I ). 
I Xj 

Reported time constant for x. is voltage dependent, being smaller 

close to the plateau voltage and larger at resting membrane potentials. 
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5.2.2 Conduction velocity 

A reduction in conduction velocity is found experimentally if a 

cell is depolarized shortly after the end of the absolute refractory 

period. A possible explanation for this was given by Weidmann (149), 

who determined the availability of the sodium carrying system. A cell 

will be able to react on the next stimulus only if sufficient sodium 

carrier is available, whereas activation of sodium carrier occurs only 

after repolarization beyond -60 mV. In direct relation with the 

available sodium carrier is the slope of the upstroke of the following 

action potential. The conduction velocity is related to the rate of 

rise of the action potential, and it will thus decrease with reduced 

sodium carrier availability, which will happen if there is a short 

interval between next excitation and end of previous refractory period. 

Though this is mentioned by many authors as an important factor in the 

behaviour of a large conglomerate of cells, very few systematic reports 

have appeared on the subject (39,147). 

5.2.3 Impulse conduction with repetitive stimulation 

The reaction of tissue 'en mass', especially to repetitive 

stimulation is of interest in connection with heart rhythm abnormalities. 

If stimulus intervals are of reasonably normal duration, it is easy to 

predict how the tissue will react. Similarly easy is the prediction of 

stimuli intervals of short duration if the tissue is homogeneous in 

properties. An example of such predictions is the study by Wiener and 

Rosenblueth (150) on flutter. However, if inhomogeneities in impulse 
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conduction properties are considered, the prediction becomes more 

complicated and has either to be on a statistical basis (150) or to 

be derived from simpler experiments under controlled conditions. 

Obviously, models provide a good opportunity to experiment under 

controlled conditions. 

5.2.4 Selfsustaining activity 

In I965 a computer model of atrial fibrillation was proposed by 

Moe et al (89). Their procedures were along lines similar to the ones 

outlined below (5.3.3). They studied the interaction of elements 

(hexagons), for which a certain behaviour was specified. A brief outline 

fo11ows: 

The model consisted of 30 rows of 30 hexagons, each element was 

either absolute refractory, relative refractory or fully excitable. 

Time was considered in discrete steps of 5 msec. They proposed the 

length of the refractory period to be specified by 

V, sttfW, (5$) 

where Q.T. is the re f rac to ry pe r i od , RQR. is the preceding RR in te rva l 

and K a constant , ranging from 10 to 20. K was randomly assigned to the 

900 elements of the model. The above formula was based on observations 

by Mendez et al (84) and Alessi ( 5 ) , in analogy to Bazet t 's (8) formula 

f o r the p red i c t i on of the QT- interval from the RR- in te rva l . I f an impulse 

reached an element w i t h i n 15 msec a f t e r the end of the absolute re f rac to ry 

per iod a lso a conduction delay is imposed on the element. 
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Excitation was started in 4 adjacent elements at the same time, 

and repeated in the same elements immediately following the absolute 

refractory period. This was repeated till selfsustaining activity 

occurred, which continued indefinitely unless the computer was instructed 

to stop. 

5.2.5 Ventricular myocardium model 

For the conditions used by Moe et al in the above described model 

it does not seem worthwhile to extend this model to a three dimensional 

structure. Undoubtedly, if sufficient tissue mass is present, self-

sustaining activity will occur. More attractive, however, is to test 

a hypothesis of a possible reentry mediansim in the ventricles. 

Recently extensive work has been done on the properties of the 

Purkyne fiber network and transition from Purkyne fibers to ventricular 

myocardial fibers (94,93,85,36,35). 

(a) It has been shown that the Purkyne fiber network is extremely 

sensitive to environmental changes, especially in respect to conduction 

velocity (85). Under experimental conditions in which a high extra

cellular potassium level (± 47 mM) was maintained extremely slow conduction 

velocities have been observed (35). Action potential changes are found 

under this condition similar to those obtained under conditions of 

hypoxemia or ischemia (66). 

(b) Conduction block will occur first at the gates (85,94). Retro

grade conduction from the heart muscle into the Purkyne fibers is possible 

longer than antegrade conduction (85). 
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(c) In an infarcted area conduction velocities are also lower 

(intrainfarction block) (158), as well as in the heart cells just around 

the infarcted area (peri infarction block) (158). 

5.3 Methods 

In the following paragraphs first the functional relationship of 

the elements will be defined, that is (l) the relationship of the 

functional recovery period (FRP) and the following action potential 

duration (APD), and (2) the relationship of the FRP and the conduction 

velocity (CV). Secondly, the impulse conduction under repetitive 

stimulation in a simple two dimensional sheet will be studied. Random 

inhomogeneity in respect of the first functional relationship is 

assumed. Thirdly, the nature of the induced selfsustaining activity 

will be evaluated and compared with the model of Moe et al. Fourthly, 

an attempt will be made to simulate one possible reentry mechanism 

in the heart model. 

5-3.1 Action potential duration 

Based on the above described model (100,101), the author used two 

exponential functions 

(57) 

(58) 
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to predict the action potential duration from the previous functional 

recovery period. The approach is depicted schematically in Fig. 5.1. 

If function f„ depicts the x.-deactivation, then after time interval 

FRP, the remaining magnitude of x. is h, which initiates the following 

activation function f, h units closer to the threshold than normally. 

This results in a shortening of the time necessary to reach full 

activation of t -t., after which deactivation starts again. 

Using the time constants of oC= .113 sec and A = .180 sec for 

functions 1 and 2, respectively, the used algorithm results in an 

APD-FRP relationship as depicted in Fig. 5.2 A,B. Using the same 

relationship in a train of stimuli with fixed interval, the resulting 

APD's are seen in Fig. 5.2 C,D. 

The ionic component I of Noble and Tsien's model could explain 
X2 

the long term change in action potential duration. When the heart rate 

is normal, the intervals are so short that x_ will never be fully 

activated or deactivated. If the above described relationship is valid, 

the ratio of the 'functional recovery period1 to the 'action potential 

duration' will increase with slow heart rates and decrease with high 

heart rates. In the latter case, the total time of deactivation will 

be smaller than the total time of activation, resulting in a larger 

contribution of 1 to outward current and thus shorter action potentials. 
X2 

Since the time constant of x„ is much larger than that of x., this effect 

will only be appreciable if longer series of stimuli are considered. 

A similar scheme as in Fig. 5.1 is used to calculate the outward 

current component of 1 to outward current at the time of depolarization 
X2 
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5.1 Sequential relation of action potential duration (APD) and functional 

recovery period (FRP). 

Bottom trace gives activation course of X . Function 1 starts at time 

indicated by arrow. As soon as the threshold T is exceeded, deactivation 

function 2 starts. After interval FRP, at time t , F„ (t ) = h. For the 

following APD F starts at this value. Resulting shortening of following 

APD is t, - t in which t is the theoretical time of activation of the 
1 0 0 

element, if no preceeding activation has occurred and the maximum APD -

duration would have followed. Middle line indicates durations of action 

potentials, and functional recovery periods. Arrows indicate the time of 

excitations; which in this example happened after infinite duration of 

FRP for the first excitation, and after 190 msec and 40 msec FRP for the 

following excitations. Top tracing shows corresponding simulated action 

potentials. 
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Fig. 5.2 A,B. Relationship of action potential duration and previous 

functional recovery period. 

A. Linear scale for APD and FRP, both in msec. 

B. Log scale for FRP, linear scale for APD, both in msec. Maximum APD 

obtained is 260 msec. 
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Fig. 5.2 C,D Simulated APD after a train of stimuli with fixed intervals. 

C. APD expressed as percentage of maximum action potential duration. 

The stimulus interval used is indicated on each trace. Horizontal 

scale indicates number of stimuli. Stimulus scale (S) is 

logarithmic. 

D. Scaling as under C. Long term influence of continuing stimulation 

considered. 

is simply added to the one due to.x, to determine the following action 

potential duration. Time constants used for activation and deactivation 

were .250 sec and 0.5 sec, respectively. 

For stimulation with a train of stimuli with fixed intervals, the 

resulting shortening of action potential duration is seen in Fig. 5.2 D. 
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5.3.2 Conduction velocity 

Based on the short time constant reported for activation and de

activation of the sodium carrier (149) the author used an exponential 

relationship between conduction velocity and functional recovery period 

(Fig. 5.3A). In one of the experiments the relationship given by Moe 

et al (89) was also used (Fig. 5-3B). 

DELAY 
mtftc 
20+ 

10-

B 

o+ +-

cv 

cv 
em/i 
+ 80 

•40 

FRP 
SO 

5.3 A,B Relationship of conduction velocity and FRP. 

A. Relationship of authors model. 

B. Relationship as given by Moe. et al (*S2) 

Curve labelled cv. refers to conduction velocity, with scale 

on the right. The same relationship given as delay function, 

labelled d, scale on the left. Assumed maximum conduction 

velocity 80 cm/sec. 
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5.3.3 A simple structure of 2500 elements 

A sheet o f 2500 elements comprising 50 rows and 50 columns was 

chosen. The i n t e rac t i on funct ions described in paragraph 5.2.1 and 

5.2.2 were used. Since only a l im i t ed number of beats w i l l be 

considered, the long term in f luence of ac t ion po ten t i a l durat ion was 

excluded. Inhomogeneity was introduced by randomly assigning type 

numbers to each element. Ten d i f f e r e n t types were assigned. The type 

numbers are used in determinat ion of the maximum act ion po ten t i a l 

durat ion fo r each element. The re la t i onsh ip between act ion po ten t i a l 

durat ion and func t iona l recovery periods fo r the types w i t h longest 

and shor tes t act ion po ten t i a l is seen in F i g . 5.4A. The f i r s t 

a c t i v a t i o n is assumed to have occurred a f t e r i n f i n i t e long i n t e r v a l , 

t ha t i s , the re f rac to ry periods o f ce l l s are long past , so no reduct ion 

in conduction ve l oc i t y w i l l occur and a l l elements are responsive. The 

above model is designated model R. To compare the author 's resu l ts 

w i t h thosedescribed by Moe, a second model (model M) was tes ted fo r 

which the funct ions as spec i f i ed by Moe were used (F ig . 5-4B). The 

randomly assigned type numbers served as K-values in formula (56) . 

For computational convenience the i n te rva l between the end of the 

previous re f rac to ry per iod and the fo l l ow ing e x c i t a t i o n (FRP-interval) 

was used to est imate the previous R-R i n t e r v a l . This est imated R-R 

in te rva l was used fo r the ca l cu la t i on of the absolute re f rac to ry per iod . 

In both models a c t i v a t i o n was s ta r ted in the same element, and th i s 

element was reexc l ted immediately a f t e r the end o f the re f rac to ry 

pe r i od , and a t h i r d time a f t e r the end o f the second re f rac to ry pe r i od , 
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etc. In the computation of electrocardiograms the simulated action 

potential described in 4.2.3.1 is used. Electrograms are computed as 

heart vectorcardiograms. 

APD C 

HP 
0 I I I I I I I I I I I I I I I I I I I I I 

300 1000 

PIP 
ol I I I I I I I I I I I I I I I l l I l l 

0 300 1000 

Fig. 5.4 A,B,C Relationship of APD and FRP 

Linear scale, in msec. 

A. Author's model 

B. Model proposed by Moe et al. 

C. Author's model with decreased spacial dispersity. 

5.3.4 Ventricular myocardium model 

An infarcted area was created in the heart model along the anterior 

interventricular sulcus (see Fig. 5.5). The typing of the elements is 

seen in Fig. 5.6. The center of the infarcted area consists of type 3 

elements, the transitional zone of type 4. Type 3 elements did not conduct 

at all, type 4 elements conducted with a conduction velocity of 8 cm/sec. 

Their refractory period was 130 msec. The Purkyne elements in contact 

with the transitional elements also conducted slowly and are not able to 

transmit an impulse towards the myocardial elements. Excitation was 

started at the normal locations. 
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Fig. 5.5 Area of simulated infarction. 

Area in which elements are typed as 'infarcted' is indicated in black. 
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5.4 Results 

5.4.1 Impulse conduction with repetitive stimulation 

For one single stimulation the results are seen in Fig. 5-7. The 

number of elements activated at each time step are indicated, as well 

as the computed electrocardiogram. The element in which excitation is 

started is excentrically located in column 26, row 16. The number of 

elements activated at each time step is rapidly increasing after the 

start of excitation. The abrupt changes in the curve are caused by 

the extinction of parts of the wave front at the edge of the sheet. 

The resultant electrogram shows in agreement with this, the first 

forces at the moment the closed wave front reached the edge of the sheet. 

Activity spontaneously ceased after 177 msec. In Fig. 5.8 A,B,C,D a 

first stimulation followed by a second stimulation at 132, 135, 153 

and 156 msec intervals, respectively,is seen. The results of the first 

stimulation are identical to those of the single stimulation. A second 

stimulation of the same element after an interval of 132 msec does not 

result in a second excitation of the sheet. A second stimulation after 

three msec larger interval (Fig. 5-8B), however, resulted first in 

excitation of a few elements followed after a few msec by a reexcitation 

of the whole sheet, which however does not stop anymore. From the 

electrogram it can be appreciated that reexcitation occurs first in 

two or three more or less regular excitations, and afterwards becomes 

more chaotic. The computer run was terminated after 900 msec. A second 
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Fig. 5.7 Single excitation of simple sheet. 

Excitation started in one element. Two top traces show X and Y components 

of computed electrogram. Amplitude is in arbitrary units. 

Bottom trace indicates the number of elements excited at each time step. 

The time of stimulus is indicated by arrow. 



Fig. 5.8 A,B,C,D First and second excitation of simple sheet. 

First and second excitation started in same element. In each panel 

top traces show X, and Y components of computed electrogram, bottom 

trace number of elements excited in each time step. Arrows indicate 

time of stimuli. APD - FRP relationship as seen in Fig. 5.4 A. 

A. Second stimulus after 132 msec. 

B. " " " 135 msec. 

C. " " " 153 msec. 

D. „ " " 156 msec. 
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F i g . 5 .8 A,B,C,D 
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stimulation after 153 msec interval (Fig. 5.8c) shows the same 

behaviour as just described, whereas a second stimulation after 156 

msec (Fig. 5 - 8 D ) results in one single reexcitation which spontaneously 

stops after 198 msec. Note the irregular appearance of the reexcitation 

and the increased duration (198 msec) as compared with a 'normal' first 

excitation of 177 msec. For a long train of stimuli with decreasing 

intervals, the results are seen in Fig. 5-9. 

The result of the first stimulation is identical to the above 

described single stimulation. Each following stimulation also results 

in complete excitation. With a stimulus interval of 120 msec the 

resulting excitation becomes irregular, whereas 75 msec interval sets 

off completely irregular chaotic activity. Note that the second, third 

and fourth stimulus are accompanied by an electrical alternans. 

Introduction of selfsustained activity is also possible if the 

spacial dispersity is reduced. The relationship between APD and FRP 

is seen in Fig. 5.4C. A series of stimuli at the same element, 

properly timed, induced selfsustaining activity. A minimum of six 

additional stimuli was necessary to induce this activity, which 

continued indefinitely. Results are seen in Fig. 5.10 for the first 

1.5 seconds. 



Fig. 5.9 Excitation of simple sheet with train of stimuli with decreasing 

intervals. 

Each stimulus applied in the same element. Intervals decreasing from 

210 to 75 msec. X and Y components of computed electrogram, are on top, 

bottom trace shows number of elements excited in each time step. Arrows 

indicate time of stimuli. APD - FRP relationship as seen in Fig. 5.4 A. 
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Fig. 5.9 
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Fig. 5.10 Excitation of a simple sheet with reduced spatial dispersity. 

Each stimulus is applied in the same element, with intervals of 171, 81, 

78, 78, 78, and 78 msec respectively. Top tracings show X and Y components 

of computed electrograms, bottom trace the number of elements excited in 

each time step. Arrows indicate time of excitation. APD - FRP relation

ship as seen in Fig. 5.4 C. 
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5.4.2 Selfsustaining activity 

In both models se l f sus ta i n i ng a c t i v i t y resu l ted . In the author 's 

model (model R) the se l f sus ta i n i ng a c t i v i t y , which occurred a f t e r a 

second s t imu la t i on w i t h 135 msec i n te r va l a f t e r the previous one, was 

maintained fo r 12 seconds, that is 4000 time steps. In the model 

proposed by Moe et al (89) (model M), se l f sus ta in i ng a c t i v i t y occurred 

a f t e r 40 s t imu la t ions w i t h an i n te r va l o f 25 msec. No attempt was made 

t o f i n d the minimum number of s t imu l i which are s t i l l e f f e c t i v e . The 

computer run was terminated a f t e r 4300 t imesteps, that i s , 21.5 seconds. 

For nine elements in the sheet the a c t i v i t y was sequent ia l l y analyzed. 

The locat ion of these elements is seen in F ig . 5 . 1 1 . A sequent ial 

histogram for the points are seen in the same f i g u r e , whereas F ig . 5.12 

shows the corresponding s e r i a l correlograms. 

The Chebyshev polynomial approximation f o r the i n te r va l sequence 

(the continuous l i ne in the sequent ial histogram) shows slow trends 

in the i n t e r v a l s . The s e r i a l correlograms are computed wi thout t rend 

c o r r e c t i o n . A rather large o s c i l l a t i o n of the t rend is seen in element 

3, 6 , and 8. Table VI I l i s t s fo r each of the nine elements the 

number o f times the element was exc i t ed , the mean i n t e r v a l , SD of the 

i n t e r v a l , and the type number o f the element. The same elements were 

also analyzed in model M. The sequent ial histograms fo r the elements 

are seen in F ig . 5.13 and the s e r i a l correlograms in F ig . 5.14. Table 

VI11 l i s t s f o r each element the same data as was l i s t e d f o r model R 

in Table V l l . 
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S*11 Location of elements for sequential analysis. Author's model. 

The sheet of elements ( in center), with black dots identifying location 

of elements analyzed. Sequential interval histograms are shown for 

the elements chosen. 
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5.12 Serial correlograms of sequential intervals. Author's model. 

Correlograms computed from sequential intervals of the nine elements 

shown in Fig. 5.11 . Correlation coefficients plotted vs lag value. 
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Fig. 5.13 Interval histograms of activity of elements. Model of Moe et al. 

Sequential intervals plotted vs interval number as in Fig. 5.11. 
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5.14 Serial correlograms of sequential intervals. Model of Moe et al. 

Correlograms computed from sequential intervals of the 9 elements shown 

in Fig. 5.13. 
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5.4.3 Ventricular myocardium model 

The components o f the pure d ipole VCG are seen in F ig . 5.15-

A f t e r the f i r s t e x c i t a t i o n a second e x c i t a t i o n fo l lowed spontaneously; 

a f t e r t h i s an increas ing ly chaot ic a c t i v i t y takes p lace. A f t e r 1720 

time steps the run was terminated. Note the ST-segment changes in the 

f i r s t exci t a t i o n . 

5-5 Discussion 

5.5.1 The relationship functions 

The purpose of paragraph 5-3.1 was to define the relationship 

of the refractory period and the functional recovery interval, rather 

than explaining it. The relationship used by Moe et al (89) and as 

given by Alessi (5) or Bazett (8) are clearly in disagreement with the 

physiological properties of interacting cells. First of all, it is 

known that a certain maximum action potential duration is associated 

with long stimulus intervals; the mentioned relationships do not 

incorporate this property. Secondly, it is unlikely that the influence 

of the preceding interval length or the heart rate should be mediated 

to the muscle cell, other than by some electrochemical or chemical 

process. These processes tend to follow first order kinetics, so any 

dependent variable will change exponentially with time. The relation

ship functions proposed in the present investigation, based on mem

brane model considerations, show a remarkably good agreement with 

measured data. The relationship of FRP and APD is in apparent 

agreement with the results of Carmeliet (27). 
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-Y 

100 msec 
, 1 

5.15 Excitation of ventricular myocardium with anteroseptal infarction. 

X, - Y, and Z components of heart vector cardiogram. First excitation 

is started at the normal locations (4.2.1 ). Second excitation occurs 

spontaneously and proceeds into increasingly irregular reexcitation 

sequence. 
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in a train of stimuli with fixed intervals, the electrical alternans 

is reproduced (Fig. 3C), however, not the decreasing action potential 

duration after a large series of stimuli. This decreasing action 

potential duration is sufficiently reproduced if the slow activating 

outward current 1 is also simulated (Fig. 3D). The shown relation-
x2 

ship compares very well with the data from Vick (146). 

The conduction velocity is expressed as a conduction delay between 

two elements. It can be argued whether this conduction delay effec

tively increases the functional recovery period and thus influences 

the following refractory period, or only increases the effective refrac

tory period. In terms of the membrane model followed the question is: 

is there still a deactivation of x, and x„ during the delay or not? 

Since activation and deactivation are membrane voltage dependent, it is 

difficult to make an exact prediction of what happens during a slow 

depolarization. For this reason, the delay is only considered to be 

an effective increase in refractory period. It should be noted that the 

fibrillation model of Moe et al (89) also takes the same stand. This 

effective increase in refractory period is seen in the relationship 

of APD and FRP in Fig. 5.4 A,B,C for FRP periods of less than 20 msec, 

causing a 'dip' in the curve. 

The relationship described above between conduction velocity and 

functional recovery period is a functional one. Under normal conditions 

(i.e. functional recovery periods considerably longer then 20 msec), the 

maximum conduction velocity is obtained. It is also conceivable under 

pathological conditions that this maximum conduction velocity is reduced 

or enhanced (supernormal conduction) (39). Other interactions like 

summation or inhibition of impulses are not considered in the present 
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study. 

5.5.1.1 Repetitive stimulation 

The e x c i t a t i o n fo l l ow ing the f i r s t s t imu la t i on is conducted in a 

normal fashion throughout the sheet (F ig . 5 .8 ) . The re f rac to ry per iod 

o f each element is set according to the re la t i onsh ip shown in F ig . 5.4A, 

each element ob ta in ing i t s maximum re f rac to ry pe r i od , which are not 

i d e n t i c a l . The d ispers ion of re f rac to ry periods is be t te r appreciated 

i f the re la t i onsh ip of F ig . 5.4A is transformed i n to the re la t i onsh ip 

of the re f rac to ry per iod fo l l ow ing the second e x c i t a t i o n and the i n 

te rva l length between the f i r s t and second s t imu la t i on (R_ - R.) (F ig . 5.16) 

The second s t imu l i f o l l ow ing the f i r s t w i th an in te rva l shor ter than 

a w i l l not exc i t e any element. The second s t imu l i f o l l ow ing the f i r s t 

w i th an i n te r va l (RQ - R,) where 

# ^ K 0 " " K j — Q w i l l exc i te some elements, and i f 

M ^ Ko~"K| a l l elements w i l l respond. 

As a resu l t o f the f i r s t e x c i t a t i o n , a s p a t i a l l y d i s t r i b u t e d 

inhomogeneity is created, which w i l l in f luence the behaviour of the 

fo l l ow ing e x c i t a t i o n s . The s t ruc tu re is ' cond i t i oned ' by the f i r s t 

e x c i t a t i o n . Each fo l l ow ing e x c i t a t i o n w i l l change the cond i t ion of the 

elements, consequently the behaviour o f any e x c i t a t i o n should be evaluated 

in the l i g h t o f the previous cond i t ion ing e x c i t a t i o n . 

5.5.1-2 The second stimulus 

Any s t imu la t i on w i th an i n te rva l a f t e r the f i r s t s t imu la t i on larger 

than b in F ig . 5.16 is normally conducted wi thout any delay. 
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If the same element is excited, an identical excitation results, however, 

if the stimulus interval is less than approximately 500 msec, the following 

refractory periods are shorter. Any following stimulus with identical 

interval will thus always be conducted. A second stimulus with an in

terval between a and b will be conducted throughout the sheet, though 

not normally. Those elements which have their 'dip' between a and b 

will show slower conduction. After this beat the refractory periods 

are again shorter, permitting the next beat with an identical interval 

to be conducted normally. Second stimuli with intervals between a and 

a will not only be conducted abnormally, but the possibility also 

exists that elements will be still in the absolute refractory period and 

do not participate at all in the conduction. The earlier the second 

stimulus follows the more elements will not conduct. Finally, if the 

interval is shorter than a no response at all will be expected. 

Stimuli with the intervals between a and a possess the pos

sibility to start a selfsustaining activity. For this selfsustaining 

activity it is necessary that the activation survives long enough to 

re-enter elements which are already passed the refractory periods of the 

second activation. This will happen if elements which could not be 

excited at their regular time are excited by elements which are slowly 

conducting. The maximum conduction delay of 20 msec is not sufficient 

by itself to make the elements desynchronized enough to allow the re

entry. With a minimum refractory period of 32 msec for the elements 

with the shortest refractory period a minimum of two maximally delaying 

elements must be passed to allow for the re-entry. 
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This possibility exists only if a number of elements are bypassed in the 

first excitation. As argued above, the earlier the second stimulus 

follows, the more elements are bypassed and the larger the likelihood 

of re-entry. Two factors emerge from the reasoning followed: 

(a) The larger the differences in refractory periods between elements 

of the same structure, the larger the amount of non-conducting elements 

in an early second excitation. This will enhance the probability of re

entry. 

(b) The slowdown in conduction velocity is a prerequisite for starting 

the reentry. 

Fig. 5.8C shows the resulting selfsustaining activity after a 

second stimulus at 153 msec. A second stimulus started at 156 msec 

(Fig. 5.8 D) does not result in selfsustaining activity but yields a 

second excitation, which is not 'normal'. Second stimuli earlier than 

135 msec do not yield any second excitation at all nor selfsustaining 

activity (Fig. 5.8A). 

5.5.1-3 Third and subsequent stimuli 

Third stimuli following with equal intervals the second one can be 

considered in the same way as a second stimulus, preceded by two 

conditioning stimuli. The question of interest is then how the 

conditioning differs from the one in the previous paragraph. For second 

stimuli more or less normally conducted no essential difference occurs, 

however, second stimuli which are not normally conducted and neither 

result in selfsustaining activity (i.e. no reentry occurs) cause a 

conditioning with even wider variety in possible responses than after a 
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first conditioning excitation. This is caused by the elements which 

did not conduct and where the third stimulus has a large previous inter

val. With such third stimuli the likelihood of selfsustaining activity 

is greatly increased. 

Fig. 5.10 is an example of the stimulation of a sheet with reduced 

spatial dispersity. The differences between the elements with maximum 

and minimum refractory periods are very small (20 msec difference in 

maximum APD), decreasing to 4 msec at their 'dips' (see Fig. 5.4c). 

5.5-1.4 A long train of stimuli 

If second and third excitations are more or less normally con

ducted, i.e. all cells responded to excitation, continuation of stimuli 

with equal intervals will not result in selfsustaining activity. As 

outlined, this is caused by the shorter refractory periods due to the 

previous excitations. If the intervals are gradually shortened the 

decreasing refractory periods will allow higher and higher stimulus 

frequencies, of which the maximum is determined by the shortest refrac

tory periods (at the 'dip' of the function curve). Such a series of 

decreasing intervals is seen in Fig. 5.9, in which finally a stimulus 

interval of 75 msec (stimulus frequency of 1250 bpm) resulted in self-

sustaining activity. A second stimulus with this interval would not 

even be conducted. If the long term difference on refractory periods 

would also have been considered, even smaller intervals could have been 

obtained. 
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5.5.2 Selfsustaining activity 

In both models selfsustaining activity is possible. The nature 

of this activity is irregular. This can be seen from Table VI1, where 

elements reasonably close together are excited at different times 

(elements 7, 6, and 5 for instance are excited 179, 129, and 156 times, 

respectively), which could not have happened if regular wavefronts passed 

through all of them. The regularity could also occur on a smaller scale 

if certain pathways were reexcited every time. The serial correlograms, 

however, show little correlation between the intervals of successive 

excitations. This makes any regularity in excitation patterns unlikely. 

For lag value 1 sometimes a fair correlation exists (see Fig. 5.12). 

The serial correlograms of elements with the longer maximum action 

potential durations (elements 3, 6, and 8; type 20, 20 and 18 respec

tively) show rather large correlations for lag value 1 (.42, .39 and 

.43, respectively). It should be noted, however, that the total number 

of excitations (about 140) is relatively small for computation of a 

serial correlogram. No trend correction was done, which will especially 

influence these three elements which show a distinct trend. The dif

ference between the two models is basically the relationship between 

the action potential duration and the functional recovery period. Al

though this relationship in the author's model represents more adequately 

physiological observations than the model of Moe et al, little difference 

is seen in the results regarding selfsustaining activity. The mean 

interval is practically twice as large in model M. This could be 

anticipated because the shortest possible refractory period in model M 

is practically twice as large as in model R. Much smaller differences 
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in spatial distribution of action potential duration still allow self-

sustaining activity, as demonstrated in Fig. 5.10. 

In the above discussion, the random nature of the selfsustaining 

activity was emphasized. According to Bootsma (14) this random activity 

is characteristic for fibrillation. However, in their evaluation one 

more unknown parameter is included, which is the Impulse conduction 

in the AV-node. 

The above simulation experiments show a striking similarity to the 

experiments in which a fibri1lation-1 ike activity was induced in dog 

atria by short bursts of repetitive stimulation of the auricle (88). 

This activity could be maintained if the vagus nerve was stimulated. 

Vagal nerve stimulation was found to create a spatial dispersity in 

refractory periods in dog atria as well as in dog ventricles (59). A 

number of other agents (hypoxia, hypercapnea, hyperhalaemia and several 

drugs) have also been found to be able to create this dispersity (59). 

The possibility to create and maintain the fibrillation-like activity 

was attributed to this dispersity in refractory periods. The model of 

atrial fibrillation as described by Moe et al (89) is based on the re

entry theory. The functional one-way block occurs if an element is 

excited in its absolute refractory period. This will only happen if 

the refractory period duration is different from one element to another. 

The differences introduced between the elements are thus an essential 

feature of this model. However, it does not follow automatically that 

the resulting activity is identical in nature to fibrillation. The 

activity might well be an artefact introduced by the formula used to 
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calculate the refractory periods. 

In the dog experiments quoted, the activity seen was labelled 

atrial fibrillation on the basis of the recorded electrocardiograms, as 

well as on visual inspection of the contracting atria. Recently it was 

demonstrated, however, that atrial fibrillation induced artificially 

differs from autochtone occurring atrial fibrillation (137). The 

argument in this report is based on the interrelationship of ventricular 

excitation intervals, which is seen to be totally uncorrelated in 

spontaneous atrial fibrillation, but shows remarkable intercorrelation 

in artificially induced atrial fibrillations. The validity of the 

proof given is questionable, however, since the fibrillation was main

tained by continuous direct electrical stimulation, whereas in Moe and 

Abildskov's experiment fibrillation was maintained under vagal nerve 

stimulation without direct stimulation of the atria. 

The question is essentially, what type of activity is to be called 

fibrillation and what type is not. It is difficult, if not impossible, 

to provide a satisfactory answer to this question. 

Clinically, fibrillation is diagnosed in physical examination if 

the atrial pulsations are irregular in time and unequal in strength 

(pulsus irregularis et inequalis). Electrocardiograph!cally the fol

lowing criteria are used (74): (l) the absence of P-waves, (2) the 

presence of fibrillation waves, at a rate between 350 and 600, which are 

irregular in spacing, timing, and amplitude, (3) grossly irregular 

beating of the ventricles. These criteria do not adopt an electrophy

siological viewpoint on the cause of fibrillation or the mechanisms 

which maintain fibrillation. 
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Since the f i r s t reports by Engelman (47) and Mines (87) two 

d i f f e r e n t theor ies , both at tempt ing to exp la in f i b r i l l a t i o n , are ad

vocated. The f i r s t is the ec top ic focus theory , which states that 

f i b r i l l a t i o n is s ta r ted and maintained by one or more ectop ic foc i which 

f i r e w i th high frequency. The second is the reentry theory, advocating some 

mechanisms in which the impulse survives and subsequently reenters a 

t issue which is already past i t s re f rac to ry per iod . An extension of 

the las t theory is the mu l t ip le wavelet hypothesis , which proposes that 

the a c t i v i t y is maintained by a large set o f independent wavelets. To 

exp la in the onset of f i b r i l l a t o r y act ion the ec top ic foc i theory is more 

s u i t a b l e . In the reentry theory , f i b r i l l a t i o n w i l l only s t a r t i f an 

e x c i t a t i o n survives at least fo r the durat ion of the re f rac to ry per iod . 

Under normal condi t ions fo r the a t r i a t h i s means a time of 180 msec. 

With an average conduction ve loc i t y of 80 cm/sec th i s amounts to a path

way of 14.4 cm in l eng th , which seems un l i ke l y even w i th a most t o r 

tuous path. For the ven t r i c les an act ion po ten t i a l du ra t ion of 260 

msec and a conduction ve l oc i t y of 45 cm/sec the pathway is 11.7 cm, 

which also seems u n l i k e l y . I f , however, the conduction v e l o c i t y is 

reduced under patholog ica l condi t ions and/or the re f rac to ry per iod 

shor tens, reentry might be poss ib le . The ec top ic focus theory is not 

so su i tab le to exp la in the apparent lack of p e r i o d i c i t y ind icated by the 

electrograms and electrocardiograms recorded under e x i s t i n g f i b r i l l a t i o n . 

E i ther entry or e x i t block has to be assumed, to exp la in the occurrence 

or i r r egu la r rhythms. I f the heart muscle is assumed to be f u n c t i o n a l l y 

a syncyt ium, the reentry theory also needs to postu late a one-way 

b lock. The assumed b locks , e i t he r in the ectop ic focus theory or in the 
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reentry theory, need not be continuous structural defects in the 

anatomical sense, but might as well be functional blocks occuring at a 

particular time instant. 

The multiple wavelet hypothesis as proposed by Moe and Abildskov 

suggests an explanation for the continuation of fibrillatory action, 

independent of the mechanism which started it, be it either reentry 

or ectopic focus mechanism. 

5.5-3 Ventricular myocardium model. 

The experiment of which the results are seen in Fig. 5.15 is 

merely a demonstration of the possibility of reentry in the ventricular 

myocardium, if a sufficiently slow conduction and sufficiently short 

refractory period is postulated. The conduction velocity used (8 cm/sec) 

is on the conservative side as compared with the reported values in 

depressed Purkyne fibers (36). The action potential duration used is 

chosen rather arbitrarily. Once reentry occurred, the onset of fib

rillation flutter-like action is no surprise. More experimental data 

are needed to create a more heuristic model for ventricular fibril

lation. Experimental facts are particularly needed on electrophysiological 

behaviour of an infarcted area. 
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5.6 Conclusions and summary. 

The relationship between functional recovery period and both 

action potential duration and conduction velocity is formulated on the 

basis of membrane model considerations. 

The resulting relationship between action potential duration and 

functional recovery period agrees with experimental data reported in 

the literature. The behaviour of a simple conglomerate of elements is 

analyzed using the above mentioned relationship. 

Second and subsequent stimulations are seen to result in self-

sustaining activity, if applied in a certain time period after the first 

stimulations. This period can be lengthened by subsequent stimulations. 

The nature of the selfsustaining activity is analyzed and compared 

with the selfsustaining activity of a previously reported model of 

atrial fibrillation. 

Though based on different relationship functions, both models exhibited 

similar behaviour. 

Serial correlograms revealed a grossly chaotic and random activity 

in both models. 

Under admittedly rather speculative constraints an infarcted area 

is simulated in the ventricular myocardium model. Infarction resulted 

in ST-segment changes in the heart VCG, and spontaneous occurrance 

of a second excitation followed by a chaotic activity. 



Chapter 6 

SUMMARY AND CONCLUSIONS 
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1) A d i g i t a l computer model o f v e n t r i c u l a r e x c i t a t i o n and repo la r i za t i on 

in man was developed. 

2) The geometry of the human heart obtained at autopsy served as 

anatomical basis fo r t h i s model. The Purkyne f i b e r system was added 

on func t iona l rather than anatomical bas is . 

3) Simulat ion of normal e x c i t a t i o n was performed and seen in general 

to be a s u f f i c i e n t l y accurate subs t i t u te fo r exper imental ly obtained 

data. 

4) The e lect romot ive forces generated by the e x c i t a t i o n wave f ronts 

were computed on the basis of the transmembrane po ten t ia l d i s t r i b u t i o n , 

and expressed e i t h e r as a s ing le d ipo le (the heart vector) or used, 

in the form of mu l t i p le d i s t r i b u t e d d ipo les , to compute body surface 

po ten t ia l d i s t r i b u t i o n s . A numerical subs t i t u t e of the human torso 

was used fo r these las t computations. 

5) The heart vector cardiogram was essen t i a l l y normal except fo r the 

la te depo la r iza t ion sequence. 

6) The 12-lead ECG and VCG's of 4 commonly used vectorcardiographic 

lead-systems are ext racted from computed surface po ten t i a l d i s t r i b u t i o n s 

in order to compare them w i th the heart VCG. 

7) The 12-lead electrocardiogram was seen to be w i t h i n normal l i m i t s . 

Some abnormal i t ies observed in the heart VCG disappeared in the 12-

lead ECG. The largest discrepancies between HVCG and 12-lead ECG 

occurred in the precord ia l leads. 

8) General agreement was found between the simulated 12-lead ECG and 

the 12-lead ECG recorded from the subject s tudied by Durrer e t a l . 

The la te depolar izat ions again showed the largest d iscrepancies. 
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9) The performance of the four VCG lead systems were compared. All 

lead systems appeared to have satisfactory Y-leads. The X-lead of the 

Frank, McFee and SVEC 111 systems are relatively satisfactory and a 

reasonably accurate Z-lead is obtained by the McFee and SVEC 111 lead 

system. The McFee system ranked first in overall performance, followed 

by Frank and SVEC 111, whereas the Burger system is less satisfactory. 

10) Simulation of repolarization was done, assuming the repolarization 

process to be a non-conducted process. Lack of available data forced 

these models to be more speculative and general. Four hypotheses about 

ventricular repolarization were tested. 

11) A generalized definition of the ventricular gradient vector is 

presented. Nonuniformities in different parts of the myocardium are 

represented by means of profile vectors which are operationally 

defined. 

12) The repolarization hypothesis based on the temperature differences 

in the myocardium yields satisfactory results in the frontal plane 

projection; spatial discrepancies are observed, however, and the 

ventricular gradient is directed more posterior than expected. 

13) The repolarization hypothesis based on stress distribution yields 

unsatisfactory results, both in direction and magnitude of the ven

tricular gradient created, as well as the shape of the resulting T-wave. 

14) The hypothesis, which assumed the repolarization to develop in the 

reversed direction of the depolarization is also unsatisfactory. 

15) The hypothesis based on physiological-histological data of Purkyne 

fiber distribution and action potential durations in Purkyne fibers and 

myocardium yields a heart VCG, which is closest to normal, both 

regarding the size and direction of the ventricular gradient as well as 

the configuration of the T-wave. 
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16) The T-waves computed from the body surface po ten t ia l d i s t r i b u t i o n 

appear much c loser to normal T-waves than the T-waves of the heart VCG. 

The four VCG systems y i e l d T-loops which are more an te r i o r and i n f e r i o r 

than the T-loop of the heart VCG and thus resemble much c loser normal 

T- loops. The T-wave amplitudes in the 12-lead ECG are larger than 

an t i c ipa ted from the heart VCG. 

17) The re la t i onsh ip between act ion po ten t ia l durat ion and funct iona l 

recovery period is defined on the basis of membrane model considerat ions. 

Also a simple re la t i onsh ip between func t iona l recovery per iod and 

conduction v e l o c i t y is assumed. 

18) Behaviour o f a simple sheet of interconnected elements under 

r e p e t i t i v e s t imu la t ions is s tud ied . The behaviours of th i s conglomerate 

o f elements resembles in many regards func t iona l behaviour of 

myocardial c e l l s . 

19) The elements e x h i b i t a ce r ta in "vu lnerable pe r i od " a f t e r each 

s t imu la t i on in which a second s t imu la t ion i n i t i a t e s a chaot ic a c t i v i t y . 

I f dr iven w i th a t r a i n of s t imu l i w i th increasing rate shorter i n te rva ls 

are possib le than under res t ing cond i t ions . 

20) The nature of the chaot ic se l f sus ta i n i ng a c t i v i t y is found com

pa t i b l e w i th the mu l t i p l e wavelet hypothesis for a t r i a l f i b r i l l a t i o n . 
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Preparation of the heart specimen for digital processing 

The heart was obtained during autopsy, performed as soon as 

possible after death of the donor. After opening the chest, two 

orientation needles were inserted into the heart in an anterior-

posterior direction. Both needles were lying in the same sagittal 

plane. 

The large vessels were cut as far as possible from the heart, 

the peri card was cut with sufficient space in order to permit removal 

of the heart without disturbing the position of the inserted orient

ation needles. After cleaning with fresh water and removal of blood 

clots, the heart was submerged in a 20% gelatine solution and incubated 

for 4 days at 37 C.* Next, the free openings of all the large vessels 

were closed with suitable cork stoppers. The vessels were ligated 

around the corks with surgical thread, and the corks secured. The 

20% gelatine solution, heated to 40 C was injected by means of large 

size syringe needles into the right and left side of the heart through 

the corks which closed off the vena cava and venae pulmonales, 

respectively. Two medium size syringe needles of the Luer-Lock type 

(B.O. -20) were inserted obliquely through the right and left 

ventricular wal1 into the right and left ventricular cavity, respectively. 

A 3-way valve (B-D, MS -10) permitted injection of gelatin under pressure 

" At this stage, 5 cc of phenol (carbolic acid) was added per liter 

of gelatine, to avoid bacteria from growing during the incubation. 
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By this means, further filling of both ventricles was done until a 

pressure of 20 mm Hg and 80 mm Hg was obtained in the right and left 

ventricular cavity, respectively. Gradually the whole preparation 

was cooled to a temperature of 4 C under alternating control of pressure 

in left and right ventricle. At 4 C the gelatine has sufficient 

viscosity to prevent possible leakage of gelatine through the needle 

holes or alongside the orientation needles, or possible leaks at the 

sides of the corks. 

The heart was kept at 4 C for a period of about 48 hours. Next, 

it was positioned in a wooden box of which the inside measurements 

were 15 x 15 x 15 cm. If the bottom of the box is designated the 

horizontal plane, and the anterior wall the frontal plane, the heart 

was positioned in respect to these planes as it was in the body, by 

means of the orientation needles. A fresh amount of gelatine was 

prepared and warmed to a fair viscosity. The empty spaces surrounding 

the heart were then filled and the whole box frozen to -20 C. Forty-

eight hours later, the wooden box was removed and the frozen gelatine 

block, containing the specimen, positioned on a large microtome (Carl 

Zeiss, Jung-Tetrander l) and fixed by freezing it to the microtome 

wi th 1iquid C0?. 

The whole block was cut into 1 mm slices. Each slice was accurately 

placed on a paper sheet which showed a reference scale and photographed 

(Fig. I.l). The reference scale served to maintain orientation and 

proper scaling factors after magnification of the photographs. On the 

enlarged prints (twice real size) the boundaries of the muscular parts 
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of the ven t r i c l es could eas i l y be i d e n t i f i e d and as such be designated 

fo r f u r t h e r processing w i th the d i g i t i z e r - p e n c i l - f o l l o w e r . 
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Fig. 1.1 Photograph of Section 40. The photograph taken of Section 40 against 

a background with two coordinate axes (X and Y). The edges of the gelatin 

block are aligned with the coordinate axis. The medium dark part in the 

section is muscle. The black areas are blood clots. The sleeves of the 

mitral valve (MV) and tricuspid valve (TpV) are indicated with an arrow. 

Also two corks are seen, which were used to close off the pulmonary veins. 

Left (L) and right (R) atrium (A) and ventricle (V) are also indicated. 

Both right and left coronary artery can be easily identified. 
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PREPARATION OF THE DIGITAL MODEL 
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(a) Conversion of the boundaries into series of coordinates 

The enlarged photographs were placed on the drawing board of the 

pencil follower coordinate digitizer (D-mac, Computer Equipment Corp., 

Peripheral System Division, Rockville, Md., U.S.A.). The intersection 

of the coordinate axis was established as origin, and it was positioned 

so that all X and Y coordinates coded had positive values. The 

coordinates of a vertical scale on the photographs were coded first 

to provide a scaling factor and to retain information necessary for 

correction of possible translation and rotation of the photographs 

with respect to the new coordinate axes. The coordinate digitizer 

automatically punched once per second the coordinates of its position 

into computer cards. Thus by moving the pencil forward along the 

borderlines of the myocardium series of coordinates were obtained. 

Care was taken to move the pencil follower slowly enough to code the 

position coordinates with adequately close spacing. The pencil was 

moved slowly when there were rapid changes in the contours. The 

boundaries were followed in such a way that their paths formed closed 

loops, so the last and first coordinate pair of a series were 

identical. Preceding such series of coordinates was an identification 

card signifying the anatomical part to which the boundary belonged. 

At the front card of a deck of cards for one section the section number 

was stored. A total of 50.492 coordinate pairs were obtained for 78 

sections. 
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The coordinates were read from card onto digital magnetic tape. 

Corrections were made for possible scale differences and for rotation 

of the photographs on the drawing board in respect of X and Y axis. 

(b) Second order interpolation and smoothing 

The curves as obtained in digital form are a non-continuous 

representation of the original continuous surface in three dimensions. 

Since the sampling was done manually, the samples were not equally 

spaced and inaccuracies in positioning the pencil produced minor 

irregularities or 'noise' in the contour lines. A moving average 

filter was used to smooth the curves. The moving average was applied 

to the X and Y coordinates separately. 

To allow the use of a simple moving average, the series of co

ordinates were converted into series of coordinates with equidistant 

sample points. The following procedure was used: 

Let a series of N coordinate pairs be designated 

(K,X) > Where. n-lily.-yN. 

Let us extend this series by 5 more pairs to a total of L, where 

^N+m =X m «»* YH + m=rm , for m fror* I U 5 W L=N+!> 
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Now X and Y can be redefined as a funct ion of distance S. , which is 

sr 
1=1 

XfH-Xjj+fy^-Y,)1 fr f=L=>5f=S 

For each function a new function can be defined X'(S') and Y'(S') for 

whi ch 

The relation between X'(S'), Y'(S') and X(S), Y(s) is given by 

,'/,./ x(*/)=Aae) -HB(S*)+C 

in which A,B and C are the coefficients of the parabola 

X ( s ) - ACO*+BCs) + C 

which is f i t t e d by least square f i t through the points 

X(S.) for i - j - 2 , j - « , - , j + * , 

where j is the value fo r which (S. -S 1 , ) is the smal lest . 
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The new derived funct ions have equ id is tan t sample p o i n t s , w i t h 

distance c. For c the value of .5 mm was used. A t o t a l o f 115.824 

coord inate-pa i rs were obta ined. To t h i s func t ion a moving average 

f i l t e r ( the lowpass type) was app l i ed , w i th 9 terms and weight ing 

funct ion as shown in F ig . ( I J , l ) . The overlap of the beginning and 

the end of each ser ies assures a smooth cont inuat ion between end and 

beginning of the closed loops. An example of the t o t a l procedure is 

given in F ig . ( I I , 2 ) . 

(c) Hexagonal Approximation of the boundaries and filling of the 

sections with rhombododecahedron. 

For each coordinate pa i r of a ser ies an approximated hexagonal 

coordinated pa i r was subs t i t u ted . These approximated hexagonal coor

dinates are the coordinates as measured along the XH and YH a x i s , 

rounded o f f to the nearest integer value. The o r i g i n of t h i s coor

dinate system was chosen in the same locat ion as the o r i g i n fo r the 

orthogonal coordinate system, however, un i t distance along Xu or Yu 

H n 

axis equaled (]|£/6 ) * un i ty along X or Y ax i s . A t o t a l o f 93.609 

hexagonal coordinate pai rs were obta ined. A check was done to v e r i f y 

whether the coordinate ser ies were cont inuous, i . e . consecutive coor

dinates were un i t distance apar t , and whether the ser ies formed s t i l l 

loops, i . e . the last and f i r s t coordinates pa i r were un i t distance 

apar t . Next, the sect ions were f i l l e d w i th rhombododecahedra, by 

approximating each points inside the sect ion boundaries by a point in 

in teger hexagonal coordinates. 
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<'„ = ( s x n + 4(Xn.,+ Xn M) + 3(Xn_2+Xn+2) + 2(Xn-3+Xn+3) + (Xn_4*X n + 4 ) j / 25 

- 4 - 3 - 2 - 1 n +l +2 +3 +4 

Fig . I 1.1 Weighting func t ion of moving average f i l t e r . Value X' is obtained 

by tak ing a weighted average of X . t i l l X . . This f i l t e r is of 

the low pass type, wi thout phase s h i f t . 
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Fig. 11.2 Smoothing of the curves representing the sections. At (A) the 

original measured data are seen. The little arrow indicates the 

starting point of the series of coordinates, the bigger arrow head 

indicates the direction in which the series develops. In (B) the 

same loop is displayed in its two components X and Y, against distance 

measured along the loop from the origin (top tracing for X and for Y). 

At the bottom is indicated at which distance the samples are taken 

(top row). The second tracing in (B) for X and Y shows the same 

curve after second order interpolation, with equal sample spacing 

(bottom row). The third tracing (still with equal sample spacing) 

shows X and Y after smoothing with the moving average filter. In 

(C) the X and Y are again synthesized to form the smooth section. 



- 221 -

(d) Alignment of the Sections. 

In order to ensure proper alignment of all sections correction 

was made for translation and rotation of the coordinates. In the first 

instance, a rough correction was made for translation. Each rhom

bododecahedron was assigned a unit weight, and the center of the 

gravity for each section was determined. Under the assumption that a 

smooth transition in location of the center of gravity between con

secutive sections should exist, a translation of coordinates was done. 

The coordinates of the center of gravity for each section were plotted 

against the section number separately for X and Y coordinates. A least 

square fit using a moving nine point parabolic approximation was 

performed. 

Figure (II,3) shows the original X and Y coordinates of the center 

of gravity for each section and the new coordinates after translation. 

Following this procedure the alignment of sections was inspected by 

observing the projections of the sections on top of each other in the 

horizontal plane. Where necessary a finer adjustment of the trans

lation of any particular section was done. For such a section the 

projection of sections above and below onto this section was taken and 

the difference area with each of them calculated. The section was then 

shifted until this difference area was a minimum. 

In the X-Y plane, rotational correction was judged not to be 

necessary, since the alignment as obtained was satisfactory within the 

limits of the anatomical resolution. The final alignment was applied 

to the data as obtained after the procedure described in part B of this 

appendix. Then a procedure similar to the one in part C was applied. 
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LS F 
CM 

Fig. 11.3 Translation of coordinates according to center of gravity. Black 

dots indicate in left saggital and frontal projection the original 

position of the center of gravity of each section. The continuous 

lines connect the center of gravities after correction. The 

horizontal bars indicate for each section the amount of translation 

used (N.B. The vectorcardiographic convention for X,Y and Z 

directions is used.) The scale is in centimeters from the origin 

used. 
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The approximation as described in part C was an approximation of X and Y 

coordinates. To each coordinate pair was added a Z coordinate which was 

equal to the section number x0,l cm. This placed the origin of the 

cartesian coordinate system 0.1 cm above the first section with the Z 

axis directed footwards. The approximation now was done with unity 

along X,,, YH, and ZH axis equalling (jf̂ /3 ) unity along X , Y , and 

Z axis, which makes the size of units twice as large as before, 

(e) Addition and correction of data. 

The sections which were incomplete or missing in the original 

photographs were dealt with as follows: First, sections parallel to 

the X - Z plane were constructed from the horizontal sections. A total 

of 200 sections 1 mm apart were obtained. These were displayed on the 

cathod ray tube of the computer terminal. A program was devised which 

allowed changing coordinates or adding coordinates. For the missing 

or incomplete horizontal sections, the coordinates were identified and 

coded using the control thumbwheels of the display terminal. The 

adjustments were checked by reconstructing the horizontal sections 

again. The incomplete sections allowed comparison of the parts still 

available with the manually created sections. Luckily enough very few 

sections were incomplete for parts with complicated fine structures like 

the atria and the right ventricle. Section 38, 57, 59, 61, 62, and 64 

were missing completely, and in sections 63, 66, and 67 small parts of 

the left ventricle were missing. As judged from frontal sections and 

superimposition of horizontal sections a satisfactory result was 

obtained. Figure (11.4) shows the ventricle parts as finally used. A 

total of 156.349 rhombododecahedrae dispersed over 84 horizontal 

sections were necessary to represent the ventricles. 



Fig. 11.4 Section 1-84. All horizontal sections as used in the ventricular 

model are seen from top (Section 1) to bottom (Section 84) of the 

heart as positioned in the torso. The tracings shown are the data 

in hexagonal coordinates after smoothing, positioning, correction 

and addition of elements. The Purkinje elements are not shown. 
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(f) Addition of Purkyne fibers 

A layer of elements labelled Purkyne elements were added inside 

the ventricles in order to allow for faster spreading of excitation. On 

displays on the terminal CRT was determined where and to which extent 

possibly Purkyne elements inside the cavities occur. These Purkyne 

elements were then manually added to the total structure. In this way, 

a total of 19.283 Purkyne elements were added. Special attention was 

paid to reconstruct also the false tendons. False tendons are Purkyne 

fibers which are running free from the intraventricular septum through 

the cavities to the papillary muscles. 

N.B. 

After selection of the termination location of the left and right 

bundle a second version of the model was created in which only the 

Purkyne elements were retained which are reached within the first 25 

msec after onset of excitation at this termination locations. This 

model is finally used in the simulation experiments and referred to 

as "restricted" model. 
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THE RHOMBODODECAHEDRON (RDH) 
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The Rhombododecahedron (RDH) 

A rhombododecahedron is a polyhedron. A polyhedron may be defined 

as a finite, connected set of plane polygons, such that every side of 

each polygon belongs also to just one other polygon, with the proviso 

that the polygons surrounding each vertex form a single circuit (33). 

In the large family of polyhedrons, we can distinguish: 

(a) Regular solids 

These are the five platonic solids. A regular solid is defined as 

a solid whose faces are congruent, regular polygons, so arranged that 

the same number of edges meet at each vertex (104). The five platonic 

solids are the tetrahedron, octahedron, icosahedron, hexahedron, and 

dodecahedron (pentagonal). 

(b) Semiregular solids 

These are the Archimedean so l ids as we l l as those so l ids having 

dual features w i th them. 

b l . Archimedean so l ids are convex so l ids w i th regular faces, not a l l 

o f which are the same k i n d , and w i t h non-regular polyhedral angles, a l l 

o f which are i den t i ca l (104). 

b2. Duals of Archimedean so l ids are convex so l ids w i t h non-regular 

faces, a l l of which are i den t i ca l and w i th regular polyhedral angles, 

not a l l o f the same k ind . 

A polyhedral angle is the s o l i d angle of the ver tex . I f the 

midpoints of the sides of one ver tex form the ver t i ces of a regular 

polygon, the polyhedral angle is said t o be regular . 
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A rhombododecahedron falls into category b(2). Its 12 faces are 

equal rhombi. Each face has diagonals in the ratio 1:|2. 

To build a rhombododecahedron: Take two identical solid cubes. Cut 

one of them in six square pyramids based on six faces, with their 

common apex at the center of the cube. Place these pyramids on the 

respective faces of the second cube. Result: A solid rhombododecahedron 

( 18). If we pack rhombododecahedra with their centers on the above 

described grid lines (Fig. 3.2) they fill all space just once. If the 

distance between the integer coordinates is a, then the volume occupied 

by one rhombododecahedron is (\ f*./2. and the surface area of each 

rhombic face is Q I2./T • The normals of two adjacent rhombic faces 

make an angle of 60 , consequently all the dihydral angles are 120 . 

From the way we can build up a rhombododecahedra (see above) it 

follows that if we connect the short diagonals of each rhombic face we 

obtain a hexahedron. In 6 from the 14 vertices 4 faces meet, in the 

other 8 three faces come together. The regular polyhedral angles are 

2 

-ir and ir respectively. The distance from the center of the RDH to 

each face is equal, and - the packing distance a. The distance from 

the center to the vertex with four sides is O^t-jz. , to the vertex 

with 3 sides ^16/4- . 

In the packing used, the orthogonal Z axis intersects with two opposing 

vertices of 3 sides; and one vertex of 4 sides has polar coordinates 

of 30 azimuth and an elevation of 35 .16'. The orientation of the 

RDH in space is thus unambiguously defined. The first known description 
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of a RDH is attributed to Kepler (1619) (71). More well known is the 

pentagonal dodecahedron, which is one of the five platonic solids. 

Although this solid is more regular and has less difference with its 

inscribed sphere (24.54% difference volume for the pentagonal dodecahedron 

and 25.95% for the RDH) it is not suitable for packing, since its 

dihedral angle is 108 . One more polyhedron deserves attention. It is 

a dodecahedron whose faces are made of six rhombI and six trapezoids, 

which can be obtained from the RDH by cutting this in two equal pieces 

by a plane perpendicular to the orthogonal Z axis, and rotating the 

halves 60 in respect to each other. This polyhedron allows a similar 

dense packing as the RDH. However, it is not suitable for our purposes 

since no regular grid fits the center points. 



Appendix IV 

HEXAGONAL COORDINATES AND VECTOR OPERATIONS IN HEXAGONAL SPACE 
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Hexagonal cartesian coordinates 

A hexagonal cartesian coordinate system is a system in which the 

location of a point in space is specified by three coordinates, which 

are the intersections of hexagonal coordinate axis with the plane 

through this point parallel to the plane formed by the other axes. A 

hexagonal coordinate axis is an axis which makes an angle of 60 with 

the other two axes. 

The following formulae transform coordinates in hexagonal cartesian 

coordinate system into coordinates in an orthogonal cartesian coor

dinate system: 

X0 = AH + VH CosClt/3') 4 Z H COJ W/3) 

Y.» Y„ sir. (ir/s)+£ ZH sin CMS) 

The opposite transformation is given by: 

XH
 = Xo-Y.tem(lT/O-if6"Z0 

Y„- Y0/*ih(ir/3)-l-y6Z0 

Unit distance in both systems is equal. The sections were made at 

an orthogonal distance of 1 mm. We preferred to have the Z, grid-

points exactly in these layers. This is accomplished by using the 

constant Q($*>/o) as unity in the hexagonal coordinate system. The two 

sets of transformation formulae then look like: 
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X o
a , /c (X H + 0.SYH+<>.5ZH) 

Y0« Vc (o.aao25 YH 4-0.2^675- z H ) 

H 

and 

XH = C (X0-0.57735 Y„~OAot2S Z„) 

YH = C ( 1.154701Y0 - 0.40*2!. Z„ ) 

z„=z0 

In t h i s se t , X , Y , Z are measured in mi l l imeters as un i t y and o o o 

X. , Y. , Z , , w i th 1/3 V 6 mi l l imeters as u n i t y . 

Vector Operations 

A l l vector operations are done in the same way as in an orthogonal 

coordinate system. However, i t should be kept in mind that the un i t 

vectors i , j , k, make 60 angles w i th each o ther . The dot products of 

two vectors can be derived as fo l l ows : 

Let vector A= A , t + ^ * A j £ Qnd B = &,"! f Ba~j + h£ 

t.t « AjBjt.l * A2Szj.j -HA3&3Xk + 

- * - * jk J>. . » . . » . 

In case of an orthogonal coordinate system i.i=j.j=k.k=l and the 

products of the other unit vectors are zero (cosine 90 = 0) in an 
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hexagonal coordinate system, however, these products all equal to 0.5 

(cosine 60 ), and the dot product of the two vectors A and B is 

^.^-A,B|i -AA*'A3B i + 05^AlVAaBl)+(A2BstA5lV)+fAlBj+AaBl)| 

If two points, P. and P , have hexagonal coordinates (X., Y., Z.), 

and (X„, Y„, Z_), respectively, then the distance is given by the 

formula : 

4(Xi-X,)(21-21) + (^->,)(2Z-Z,))"^ 

For each center point (0,0,0) and any of the twelve coordinate triplets 

given above (page IV.l) this distance evaluates as 1. 
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TABLE II 

Elevation and azimuth angles of ventricular gradients of model I and 

.B I ; angle subtended between G Q R S and G„ and the ratio of Gfl /G QRS 

Data r e l a t i n g 
to f igure 

IA 4 .14 .a 

.b 

. c 

.d 

4 .15 .a 

.b 

. c 

.d 

4 .16 .a 

.b 

. c 

IB 4 .17 .a 

.b 

. c 

.d 

azimuth 
(degrees) 

59.9 

59.9 

59.8 

59.8 

58.9 

55.4 

51 .9 ' 

48.2 

60 .1 

59.6 

59.1 

- 9.0 

-10 .0 

- 1 0 . 1 

-10 .0 

e l eva t ion 
(degrees) 

- 41 .1 

-41.6-

-41.7 

-41 .8 ' 

- 3 8 . 1 

-39.4 

-39.7 

-39.9 

-40.7 

-41.2 

-41.2 

-62.0 

-63.0 

-63 .5 

-62.7 

QRS-T-angle 
(degrees) 

125.0 

9 0 . 3 -

77.2. 

70.8 • 

169.4 

161.6 

157.0 

154.8 

148.4 

119.2 

114.7 

154.4 

162.1 

108.6 

97.9 

G Q R S , T / 3 Q R S 

.89 

1.80 

2.70 

3161 

.20 

.33 

.40 

.44 

.53 

.99 

1.07 

.56 

.46 

.95 

1.04 



- 235 -

TABLE III 

A B 
Elevation and azimuth angles of ventricular gradients of model II and II , 

.-v _ * •-* .-* 

the angle subtended between G Q R S and G„, and the ratio G Q R S T / G Q R S « 

Data relating 
to figure 

II A 4.18 a 

b 

c 

d 

e 

f 

4.19 a 

b 

c 

d 

II B 4.20 a 

b 

c 

d 

e 

f 

4.21 a 

b 

c 

d 

azimuth 
(degrees) 

-88.1 

-87.8 

-87.3 

-87.8 

-84.0 

-80.1 

-87.3 

-86.3 

-83.8 

-84.9 

-76.1 

-75.7 

-75.4 

-74.1 

-70.2 

-65.9 

-75.3 

-74.2 

-71.4 

-72.5 

elevation 
(degrees) 

-57.9 

-58.6 

-58.8 

-57.29 

-58.1 

-58.6 

-58.2 

-58.4 

-58.8 

-59.1 

-52.2 

-52.9 

-53.2 

-51.9 

-52.6 

-53.1 

-52.5 

-52.8 

-53.2 

-53.4 

QRS-T-angle 
(degrees) 

168.0 

133.5 

75.4 

172.7 

171.3 

171.0 

165.8 

164.2 

162.2 

121.1 

163.2 

120.2 

72.7 

169.5 

166.9 

165.4 

160.0 

157.3 

153.6 

105.1 

GQRS,T / GQR S 

.38 

.79 

1.18 

.27 

.31 

.33 

.43 

.46 

.50 

.87 

.43 

.87 

1.31 

.31 

.37 

.40 

.48 

.52 

.57 

.98 
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TABLE IV 

Elevation and azimuth angles of ventricular gradients in models with reversed 

sequence of repolarization, the angle subtended between G and G™ and the 

ratio G /G.nc, 
QRS.T QRS 

Data relating 
to figure 

Fig. 22.a 

b 

c 

d 

azimuth 
(degrees) 

-77.33 

-76.1 

56.5 

56.1 

elevation 
(degrees) 

-60.3 

-69.4 

-54.0 

-52.1 

QRS-T-angle 
(degrees) 

172.6 

167.3 

106.9 

98.4 

G /G 
QRS ,T QRS 

.303 

.58 

1.08 

1.24 

23.a 

b 

c 

d 

-22.1 

-19.9 

-85.5 

-76.0 

-71.2 

-69.5 

-67.1 

-63.1 

146.5 

132.0 

158.4 

150.0 

.74 

.82 

.66 

.70 
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TABLE V 

Elevation and azimuth angles of ventricular gradients in model 3, the angle 

subtended between G„ and Gm and ratio G„ /G„„„ 
QRS T QRS,T QRS 

Data relating 
to figure 

Fig. 24.a 

b 

c 

d 

azimuth 
(degrees) 

-19.5 

-18.5 

-19.3 

-18.4 

elevation 
(degrees) 

-17.8 

-20.5 

-18.3 

-20.6 

QRS-T-angle 
(degrees) 

130.8 

112.4 

126.9 

109.7 

G /G 
QRS,T QRS 

.85 

1.24 

.92 

1.30 
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TABLE VI 

Difference numbers and correlation of the various leadsystems as compared 

with the pure dipoleVCG 

X QRS 

QRS 

QRS 

XT; 

Y T 

XQRS.T 

YQRS,T 

ZQRS,T 

BURGER 

N = 69.1 R = 

N = 19.9 R = 

N = 79.4 R = 

N = 7.33 R = 

N » 85.14 R = 

N = 38.43 R -

N = 43.5 R = 

N = 28.4 R » 

N - 73.9 R = 

.92 

.98 

.49 

.99 

.51 

.95 

.87 

.98 

.53 

FRANK 

N = 21.9 

N = 20.8 

N - 31.5 

N = 2.3 

N = 91.3 

N = 223.5 

N = 13.8 

N = 30.0 

N = 57.3 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

.99 

.97 

.94 

.99 

.46 

.98 

.98 

.97 

.93 

McFEE 

N = 28.7 

N = 21.1 

N = 16.7 

N = 10.5 

N = 79.9 

N = 165.7 

N = 21.1 

N = 28.8 

N = 36.7 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

R = 

.97 

.97 

.98 

.99 

.56 

.98 

.97 

.97 

.97 

SVEC III 

N = 48.2 

N = 24.8 

N = 13.4 

R = .92 

R = .96 

R = .99 

N = 14.8 

N = 99.1 

N = 89.3 

N = 34.4 

N = 34.4 

N = 23.6 

R = .99 

R = .36 

R = .99 

R = .93 

R = .97 

R = .98 
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Table VII 
> 

Number of times of excitation (N) , mean and S.D. of the intervals and type 

number of the elements. Model R. 

Duration of activity analyzed: 4000 time steps (12 seconds). 

Element N Mean SD Type 

1 

2 

3 

4 

5 

6 

7 

8 

9 

191 

161 

118 

186 

156 

129 

179 

144 

169 

62.1 

73.7 

100.4 

63.7 

75.7 

91.5 

65.6 

82.3 

70.0 

10.2 

10.7 

21.3 

10.9 

11.2 

19.1 

11.2 

17.3 

11.7 

10 

17 

20 

10 

17 

20 

13 

18 

15 
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Table VIII 

Number of times of excitation (N), mean and SD of the intervals and type 

number of the elements. Model M. 

Duration of activity analyzed: 4300 time steps (21.5 seconds) 

Element N Mean + SD Type 

1 

2 

3 

4 

5 

6 

7 

8 

9 

152 

143 

106 

147 

144 

118 

146 

136 

145 

141.3 

149.3 

199.9 

144.5 

148.5 

181.2 

145.1 

156.4 

147.3 

12.4 

17.2 

49.1 

15.5 

11.3 

37.5 

11.5 

22.5 

15.7 

10 

17 

20 

10 

17 

20 

13 

18 

15 




