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Chapter I

INTRODUCTION

There are two modes of impulse conduction in cardiac muscle, one
continuous and one discontinuous. The discontinuous mode is far more
common, occurring whenever the heart is driven by its own normal pace-
maker in the sino-atrial node, and also when the heart is following the
rhythm of ectopic pacemakers in the Purkinje system or is being driven
by an artificial electronic pacemaker (at least when the heart rate
is in the low or intermediate ranges). In the discontinuous mode of
activity, each wave of electrophysiologic activity begins at a discrete
point in space and time, travels throughout the cardiac tissue, and
ends. Between one wave and the next, there is an interval of time,
during which there is no impulse conduction occurring at any point in
the tissue.

The continuous mode of impulse conduction is seen during the
abnormal rhythms of flutter and fibrillation, and when the heart is
being driven at high rates by an artificial pacemaker. During the
continuous mode, the discreteness of individual waves is lost., At all
times there is conducted impulse activity somewhere in the tissue, and
often it is impossible to identify a beginning or an ending to a
particular wave of activity.

Flutter and fibrillation in cardiac muscle1 are associated with

continuous conduction of cardiac impulses, but there is not agreement

1 The term "fibrillation'" is used also to designate a state of
activity in skeletal muscle, but there is no reason to believe that this
is related in any fundamental way to the abnormal rhythm in heart
muscle which happens to bear the same name.



as to whether the rhythms are the cause or the effect of the continuous
mode of conduction. Two principal theories have been advanced to
explain flutter and fibrillation. The first holds that the arrhythmias
are caused by the rapid emission of impulses from an ectopic focus or
pacemaker--that is, a cell or small group of cells becomes spontaneously
active at a high frequency, thereby escaping from the domination of
the normal pacemaker and causing the myocardium to be activated in an
abnormal sequence. The rate of the putative pacemaker is sufficiently
high that the tissue cannot respond to every impulse in an orderly
fashion. Hence, successive waves are conducted erratically, producing
the characteristic rapid, irregular trace on the electrocardiogram.
Variants of this theory suggest that multiple ectopic foci are active
simultaneously, either forming spontaneously or developing in response
to rapid excitation from a previous focus.

According to the second major theory, fibrillation and flutter
are produced when a wave of activity, diverted into irregular paths
by conduction blocks, reenters areas of tissue that it had excited
previously, thereby forming a closed circuit over which activity can
be conducted continuously. According to variations on this theory,
there may be one or more than one reentry path, and the circuit(s) may
be shifting and irregular or (in the case of flutter) fixed and con-
fined, possibly associated with the perimeter of an anatomic obstacle
such as the opening of a great vein.

The numerous experimental attempts to resolve these differing
views of the nature of flutter and fibrillation have been hampered by
the difficulty of evaluating impulse conduction during the continuous

mode. Discontinuous-mode conduction has been studied successfully in



humans and animals, in intact hearts and in isolated cardiac tissues,
by means of conventional electrocardiograms, by surface electrograms,
and by microelectrode recordings. From these studies has come a
convincing description of the origin and propagation of low-rate
cardiac impulses. However, during flutter and even more so during
fibrillation, the patterns of activity are sufficiently irregular and
erratic that it has not been possible to identify individual cellular
events and relate them to the behavior of the tissue as a whole.

There have been many descriptions of the appearance of cardiac
muscle during flutter and fibrillation, with emphasis upon the rapidity
of the process, its irregularity, its lack of synchrony and the
abruptness with which the rhythm can revert to the normal discontinuous
mode of activity. Likewise, there have been developed a number of
procedures for producing flutter and fibrillation experimentally,
including: 1local ischemia, such as results from ligation of a coronary
artery; a single, strong electric shock during the so-called '"vulnerable
period"; a series of rapid electric stimuli; mechanical irritation or
injury to the myocardium, such as by jabbing with a needle; the local
application of a chemical irritant, such as aconitinez; the infusion of
a hypertonic solution of sodium chloride; and a number of other pro-
cedures. However, these observations and recipes do not explain why
the rhythms begin, persist, and terminate as they do. (On the other

hand, the great variety in the procedures which can initiate flutter

Aconitine does not itself induce flutter and fibrillation, but
causes the tissue to respond with repeated depolarizations the next

time that it is excited by other means, and these rapid responses may
lead to fibrillation,



and fibrillation suggests that the continuous mode of behavior is a
very natural state of activity for these tissues).

Anatomically, the mammalian heart is a four-chambered organ, but
electrically it consists of just two compartments, which have been
called the bi-atrial and bi-ventricular chambers (Schamroth, 1971).
There is no electrical boundary between the two atria, nor between the
two ventricles; each pair of chambers forms a syncytium and normally
is activated as a single unit. On the other hand, the bi-atrial
chamber is essentially insulated from the bi-ventricular chamber,
except for the specialized conducting fibers of the atrio-ventricular
(A-V) node, which provides a slow-conducting pathway between the
atrial and ventricular fibers.

Flutter and fibrillation can exist in atrial muscle and they can
exist in ventricular muscle, but these arrhythmias are not trans-
mitted across fhe A-V node (i.e. atrial fibrillation does not lead to
ventricular fibrillation, nor vice versa). Although the consequences
of the atrial arrhythmias are very different from those of their
ventricular counterparts, many investigators believe (in the absence
of strong evidence one way or the other) that the underlying mechanisms
for these arrhythmias in the atria and the ventricles are probably
the same.

Flutter appears as a slower, more coordinated rhythm than fibrilla-
tion, though both flutter and fibrillation meet the criteria for
continuous impulse conduction. It has been known for nearly a century
that stimulation of the vagus nerve can convert atrial flutter to
atrial fibrillation, and that upon termination of the nerve stimulation,

the rhythm usually reverts from fibrillation to flutter. Not un-



reasonably, this has led many workers to view flutter and fibrillation
as two states in the same continuum, with the same underlying
mechanism, and differing from one another only in some basic property
(such as refractory period) of the cardiac tissue.

This often-made assumption that the shortening of the atrial
refractory period (such as is caused by vagus nerve stimulation) would
induce a regular continuous rhythm (flutter) to become an irregular
one (fibrillation) is one example of the kind of hypothesis which can
be tested by mathematical modelling. In fact, it is only in a
modelling situation that such a question can be answered, because in
animal experiments or human investigations, there is no maneuver which
can be relied upon to change only a single parameter value. (For
example, vagus nerve stimulation shortens the duration of the atrial
muscle refractory period, but it alters many other properties as well,
such as the homogeneity of the atrial muscle.)

A mathematical model of the myocardium can be endowed with
well-defined structure and properties, its behavior under various con-
ditions can be determined through simulation, and all of the variables
can be controlled or measured, as appropriate. Thus, it is possible
to determine some (though not necessarily all) of the behavior that
is 1ogically consistent with the assumed properties of the excitable
medium, and to determine how the behavior is affected when those
properties (parameters of the model) are altered. This has been the
approach taken in the present study.

The ectonic focus theory is not treated in this study because

too many of the essential questions would have to be settled in



advance, by arbitrary assumption, in order to define the model. That
1s, surely it would be possible to build one or more ectopic foci into
the model of excitable tissue and thereby generate rapid, irregular
rhythms, but the possibility for further, revealing experiments seems
limited. Proper modelling of the ectopic focus will require, first,

an adequate theory of the formation of ectopic foci, and would probably
involve a direct representation of membrane phenomena and ion fluxes,

a level of detail quite removed from the scale of the present model.

The present study explored the conditions under which reentry of
excitation can be established in a network of excitable cells which do
not have the property of automaticity. In particular, we have:

1. simulated on a computer the hehavior of a network which is
composed of cells that have been endowed with somewhat idealized repre-
sentations of the known properties of atrial muscle cells;

2, demonstrated that this network conducts impulses in patterns
which are to be expected from the conduction properties of atrial muscle;
and, in fact, the simulation has produced several of the more complex
conduction phenomena which have been described for atrial muscle but
which were not specifically built into this model;

3. shown that patterns of electrical stimulation, known to induce
flutter or fibrillation in atrial muscle, produce in this network a
self-perpetuating state of activity which continues on after the stimu-
lation has ceased;

4. varied systematically the parameter values of the individual
cells and have observed the effects of these changes upon the ease with
which continuous-mode activity can be induced, upon the duration for

which it persists, and on the manner in which it terminates:



5. tested the ability of cellular parameter changes to convert
a regular, single-wave (flutter-like) pattern of continuous activity
into an irregular, multiple-wavelet (fibrillation-like) pattern; and
6. 1in a few instances, returned to the experimental laboratory,
in the knowledge of the computer simulation results, and have found in
atrial muscle certain patterns of behavior which previously were

unknown and unsuspected.

The remainder of this dissertation is organized as follows:
Chapter II is a brief review of some of the principal studies that
have been concerned with the mechanism of fibrillation and flutter,
particularly in the atria, and with emphasis on models that have been
proposed for the fibrillatory process; Chapter III contains a description
of the model used in the present study, a discussion of its physio-
logical basis, an analysis of its properties in some simple cases, and
a note on its implementation in computer programs for simulation;
Chapter IV presents the results of simulation experiments concerned with
properties of the model '"tissue" itself--the relation between the
timing and strength of external stimuli, the propagation of premature
beats, and some effects produced by non-propagated stimuli; Chapter V
describes the results of simulation experiments concerned with the
the initiation and persistence of self-sustaining activity in the model
and with the effects of variation in model parameters; and Chapter VI
contains a summary and discussion of the simulation results. The
reader who wishes a quick look at the results related to fibrillation
should read the first part of Chapter III and then proceed to Chapter

V; however, confidence in the model is greatly supported by the many



ways in which it reproduces known experimental behavior of cardiac

muscle, as detailed in Chapter IV,



Chapter II

HISTORY

Fibrillation was probably observed as early as 1842 by Ericksen,
who described how the forceful contractions of a dog's ventricles
degenerated into '"tremulous motion' after the coronary arteries were
ligated. Ericksen did not remark further upon the phenomenon, but in
1850 Hoffa and Ludwig gave an unmistakable account of the condition
sometimes produced by strong electric shocks to the dog ventricles:

. . . it is never possible to induce a sustained contraction

by means of electric shock. On the contrary, the following

phenomenon appears: if a very strong electric current

strikes a rather excitable heart, a localized tetanus arises

around the electrode, observable as a small, weak bulge, par-

ticularly prominent in fish and frog hearts. Outside of

this continuously contracted spot, the heart falls into an

extraordinarily rapid, completely irregular motion of very

low intensity. The irregularity of this motion derives from

the fact that the individual anatomical elements lose

connection with each other and cease contracting synchronously; 1

whereby a chaotic relation of rhythm and intensity arises. . . .

The first systematic investigation into the nature and mechanism
of fibrillation was reported by J.A, McWilliam in 1887. Although his
experiments {on '"dog, cat, rabbit, rat, mouse, hedgehog, and fowl")
dez1t mostly with the ventricles, his principal discoveries and deduc-
tions underly the classical theories of both ventricular and atrial
fibrillation.

Observing that rapid electrical stimulation of an isolated ven-

tricle could induce a fibrillation which spread throughout the entire

1 Hoffa, M., and ludwig, C., Einige neue Versuche uber Herzbe-
wegung. Z. rat. Med., 9, 107, 1850, pp. 128-129.
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preparation, while the same preparation exhibited apparently normal
contractions when stimulated at a more moderate rate, McWilliam

concluded that

The state of arhythmic fibrillar contraction is essentially
due to certain changes occurring within the ventricles them-
selves, It is not due to the passage of any abnormal nerve
impulses to the ventricles from other parts, or to the
interruption of any impulses normally transmitted to the
ventricles and necessary for their normal coordinated action.
The condition is not due to injury or irritation of the
nerves _that pass over the ventricles from the base of the
heart.?

McWilliam was probably the first to use the term "flutter" in
describing the result of electrical stimulation of the atria: a rapid,
regular rhythm developed, whose persistence appeared related to the
strength of the initiating stimulus. He reported that flutter was
abolished by stimulation of the vagus nerve, but in retrospect it seems
more likely that vagal stimulation caused the conversion of a '"coarse"
fibrillation to a finer, less discernible fibrillation (Lewis, 1925).

As to the detailed mechanism of fibrillation in either atrium or
ventricle, McWilliam could only guess; yet his speculation concerning
ventricular fibrillation sounds remarkably like current hypotheses of
reentry and continuous conduction:

The peristaltic contraction travelling along such a structure

as that of the ventricular wall must reach adjacent muscle

bundles at different points of time, and since these bundles

are connected with one another by anastomosing branches the

contraction would naturally be propagated from one contracting

fibre to another over which the contraction wave had already
passed.

2 MacWilliam, J.A.: Fibrillar contraction of the heart. J. Physiol.
8:296, 1887, p. 297.

3 Ibid., p. 308.
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A.G. Mayer's experiments on scyphomedusae provided the earliest
biological model for what later came to be known as the circus movement
hypothesis for fibrillation and atrial flutter (Mayer, 1908; Rytand,
1966). By removing the center and periphery from the disk-shaped

jellyfish Cassiopea xamachana, he obtained a ring of muscular tissue

which could be excited by electrical, mechanical, or chemical stimuli.
Once initiated, waves of activity would travel around the ring in both
directions from the point of stimulation, meeting on the opposite side.
According to Mayer's interpretation, cancellation of two such waves
was incomplete, with the result that the stronger wave would remain
circulating about the ring, in one direction, indefinitely (Mayer, 1908).
Later work by Mayer and by others has pointed toward the site of
stimulation, rather than the antipodal region, as the location of the
asymmetry of conduction which produces a unidirectional wave (Mayer,
1917; Kinosita, 1941; Wiener and Rosenbleuth, 1946). (The presumed
difficulty of initiating unidirectional waves in cardiac muscle has
been cited as an objection to circus movement theories, but as the
present study demonstrates, a '"circus rhythm'" need not originate with
such waves.)

By making incisions in the scyphomedusa ring as shown in figure
2.1, Mayer caused the length of the conducting pathway to be essentially
doubled. Instead of increasing conduction time by the expected factor
of 2, the wave took only 1.72 times as long to complete a circuit. He
concluded that the propagation rate had increased accordingly, due to
the fuller recovery of the tissue between each activation. In
recording this dependence of conduction velocity on the tissue's state

of excitability, Mayer was the first to notice a relation important in
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Figure 2.1. Doubling the Conduction Path in a Tissue Ring by
Incision.
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subsequent theories of cardiac arrhythmias, although he himself paid
little attention to problems of cardiac physiology per se.

In experiments on frog hearts, G.R. Mines (1913) discovered
several important properties of cardiac tissue. First, he noted the
effect of heart rate on the cardiac electrogram, showing that the
duration of the ventricular complex decreased as the heart rate
increased. Second, he noticed that the rate of rise of the ventricular
spike also decreased as the stimulation rate was increased, from which
he concluded that the velocity of propagation was slowed at higher
heart rates. Third, he found that increasing the heart rate shortened
the duration of the ventricular refractory period. In the absence of
accurately-timed stimulation, a direct measurement of the duration of
the absolute refractory period was impossible. But Mines devised a
simple experiment to obtain the information indirectly:

If the absolute refractory phase of the ventricular muscle

is directly related to the duration of the electric

disturbance in the muscle, the ventricle should be able

to take a higher rate of rhythm if this rate is approached

gradually than if approached abruptly.4
Mines stimulated a frog ventricle at a low rate, so that it followed
every stimulus. Increasing the rate, he reached a point at which fhe
ventricle could not follow every beat, but responded only to alternate
stimuli. He noted this rate, then reduced the stimulation frequency to
a level at which the ventricle once again followed every stimulus.

Then he increased the frequency slowly to a point just below the rate

at which the 2:1 block had appeared previously. With the ventricle thus

% Mines, G.R.: On dynamic equilibrium in the heart. J. Physiol.
46:349, 1913, p. 363.
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beating rapidly but regularly, he interrupted the stimulator for
several cycles; upon restoring the connection, he found that the ven-
tricle responded only to every alternate stimulus.

According to Mines,

The explanation is simple enough. After the pause, the next

response of the ventricle has a longer electric response and

a longer absolute refractory period: the second stimulus of

the new series therefore falls within the refractory phase

and produces no response., The third stimulus finds the

muscle excitable, the fourth inexcitable, and so on. But

when the same rate of stimulation was approached by a gradual

acceleration, each stimulus fell just outside the refractory

period of the response due to the last, and thus while the

rhythm was accelerated the duration of the refractory period,

like that of the electric response of the ventricle, became

shorter and shorter.>

Mines made a number of observations concerning the effects of rate
and rhythm on the mechanical response of the heart muscle. In one
series of particular interest to the understanding of arrhythmias, he
considered the phenomenon of alternation, in which evenly-spaced
stimuli elicit alternately large and small contractions. Mines con-
curred with an explanation offered earlier by Gaskell (1882), viz.,
that during each alternation, part of the muscle was refractory while
another (unequal) part was excitable, so that each beat was really a
partial systole.

Using a strip of tortoise atrium, Mines demonstrated that stimuli
applied at the center could stimulate the left and right halves (A and

B) alternately, provided a single, properly-timed, extra stimulus was

applied either to A or to B. A second extrasystole, properly placed,

> Ibid., pp. 363-364.
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could cause the preparation to revert to the condition in which both
sides followed the driving stimuli synchronously. The important
principle thus demonstrated was the establishment and persistence of a
purely dynamic block in an otherwise reasonably homogeneous tissue.
Mines appreciated the significance of what he had shown:

The experiment provides a coarse model of extreme alternation

in which the alternating portions of muscle are separated

visibly. Its real interest lies in the fact that at any

time, if the rather rapid rhythmic series of stimuli is

interrupted, a stimulus applied to the region A or to B

causes response all over the muscle. Their apparent indepen-

dence during the course of alternation is essentially due

to a special condition of the muscle which characterizes

its dynamic equilibrium at a rather high level of activity.6

While inVvestigating the phenomenon of reciprocating rhythm (also
known as "echo beats'"), Mines made incisions in the atrial and ven-
tricular walls of a tortoise heart so as to form a ring of conducting
tissue, in which he then easily established a circulating wave of
excitation. In view of his previous experiments, which showed that at
increased rates of stimulation the wave of activity shortened and its
velocity of propagation decreased, Mines proposed that circulating
waves of activity were the basis for fibrillation. He believed that
closed circuits existed in the myocardium, and that these could form
the path(s) over which circus movements would take place.

From Mines' description, it seems that he had in mind rather fixed
circuits; moreover, his hypothesis assumed the existence of some

(unspecified) initiating event which could start a wave going in only

one direction around such a circuit. In view of the present study,

® Ibid., pp. 369-370.
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these two properties appear unduly restrictive; yet they have formed
the basis of many objections to the circus movement hypothesis.
Nonetheless, Mines was probably the first to propose reentry of excita-
tion and continuous conduction as the mechanism of cardiac fibrillation.

Additional evidence that fibrillation entails processes that
involve the entire bulk of the myocardium was provided by W.E. Garrey's
experiments on dog and turtle hearts (1914, 1924). Garrey showed that,
in dog, small pieces of muscle separated from a fibrillating atrium
by excision or clamping would cease fibrillating even though they
retained normal excitability. Excising the section of tissue at which
the fibrillation had been initiated (by electric shock), however, had
no effect on the persistence of fibrillation in the remainder of the
muscle. Larger sections cut from a fibrillating ?enfricle would
continue fibrillating for a time roughly proportional to their mass;
when such trimmings reduced the size of the main muscle mass below some
critical value, it too stopped fibrillating, (It should be noted that
Garrey's reports were almost wholly descriptive, containing neither
details of the experimental procedures nor quantitative presentations
of results., Interpretation of his findings is, therefore, somewhat
speculative.) |

Garrey found that fibrillation could not be transmitted from one
muscle mass to another across a narrow connecting isthmus, and that,
in general, fibrillation seemed impossible in narrow muscle strips.
He also noticed that activity could propagate indefinitely around rings
of tissue cut from turtle ventricles, but that the activity did not
necessarily involve the whole cross-section of the muscle on every

circuit; from this he concluded that dynamic conduction block and
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multi-path propagation were likely mechanisms for fibrillatory activity.
He suggested that in the ventricles, in particular, fibrillation was
due to direct activation of the myocardium resulting in slow,

irregular conduction along the muscle fibers, in contrast with the
normal rapid activation of the myocardium by means of the specialized
conducting system. Modern descriptions of this mechanism emphasize

the difference between aberrant, slow, longitudinal conduction in the
ventricle and the normal, rapid conduction in the transverse direction
(endocardium to epicardium) mediated by the Purkinje system (Schamroth,
1971).

The careful, detailed studies of Sir Thomas Lewis (1925) formed
the basis for the widespread acceptance of the circus movement theory
as the mechanism of atrial (and ventricular) flutter and fibrillation.
Lewis used electric shocks to initiate arrhythmias experimentally in
dogs, and was cognizant of the difference between the arrhythmias that
appeared during stimulation and those that persisted after the stimu-
lator had been turned off; only the latter, he believed, were truly
comparable to the conditions seen clinically. (This is an important
distinction, which has been missed by some of Lewis' critics.)

By measuring the arrival times of flutter waves at various points
on the atrial surface, relative to a standard EKG deflection, Lewis
found that the wave of activity seemed to travel in a circular path
around the orifices of the great veins in the right atrium. He called
this the "mother wave', and referred to its offshoots--which were not
separate waves, but merely the propagation of activity from the main
loop--as "centrifugal' waves. The leading edge of the mother wave was

considered to be advancing always in the incompletely-recovered wake
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of its own trailing edge, which explained why the conduction velocity
of a flutter wave was always lower than normal; this also explained
the increased flutter rate on vagal stimulation, since the shortened
refractory period (a known effect of stimulating the vagus) would
allow the circus wave to follow a tighter, faster loop.

Lewis demonstrated the slow and erratic conduction of premature
beats by means of an experiment in which a linear array of recording
electrodes was arranged along a radius line drawn outward from the
stimulating electrode: under conditions of rapid stimulation, the
recording electrodes were not always activated in linear sequence, as
they would have been with orderly propagation. Fibrillation, then,
was said to involve the same basic circus movement, but with a shorter
excitable gap (distance between the wave rear and the pursuing wave
front) which caused the advancing wave to interlace with its own wake,
resulting in a more sinuous conduction path and the characteristic
irregularity of fibrillation. In support of this thesis, Lewis argued
that the irregularity of electrocardiographic waves recorded during
fibrillation was more apparent than real, often appearing transiently
in only one lead while quite regular oscillations were visible simul-
taneously in the other leads.

The presence of an anatomical obstacle, and the initiation of a
unidirectional wave around it by rapid stimulation when the muscle was
approaching a state of half-rhythm (in which the fortuitously asymmetri-
cal distribution of refractory islets allowed better conduction in one
direction than in the other), were prominent features of Lewis' theory
of circus movements in the atria. Since ventricular fibrillation was a

similar phenomenon with respect to electrocardiographic and visual
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appearance, methods of initiation, and persistence beyond the initiating
stimulus, he believed that it also was due to a circus movement. As

to what might constitute the central obstacle for a ventricular mother
wave, however, Lewis was vague, saying only that his records were
compatible with a single circus wave but that the actual case might not
be that simple. Interestingly, Lewis seems to have been uncertain

about the reasonableness of the concept of a circus wave without an
anatomical obstacle:

Theoretically, it is conceivable that a circus movement

could exist, once started, in a flat sheet of muscle in

the absence of a central aperture . . . but it is difficult

to see how a simple circus movement could be started in

such a sheet, or how it could continue regularly and

without interruption or change.

The present study provides a demonstration of exactly these properties,
in a flat sheet of simulated muscle.

R.S. Lillie (1929a, 1929b) produced a chemical model of propagated
activation waves in soft iron wire immersed in concentrated nitric acid.
Touching the end of the wire with zinc initiated a transient oxidation
reaction that propagated down the wire; there was a "refractory period",
after which a second wave could be set off. Inserting the end of the
wire into a glass capillary produced a spontaneously active focus from
which waves were emitted repeatedly; when the ends of the wire were
joined, forming a ring, a unidirectional wave could be initiated,
establishing a self-perpetuating circus movement. An electrical "action

potential' could be recorded with each passage of the oxidation wave.

Lewis, T.: The Mechanism and Graphic Registration of the Heart
Beat, 3rd ed. Shaw § Sons Ltd., London, 1925, p. 325.
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Lillie suggested that rhythmic activity in cardiac muscle might involve
similar oxidation phenomena at cell membranes.

In 1946, Wiener and Rosenblueth attempted to describe atrial
flutter and fibrillation mathematically, considering them to be special
cases of the general problem of describing the activity patterns which
can arise in interconnected networks of excitable elements. (As another
such particular network they mentioned the cerebral cortex, in which
""reverberations'" due to self-sustaining, localized circuits of
impulses were believed to be associated with episodes of epileptic
seizure.)

The mathematical treatment began with the following postulates,
which specify the properties of the excitable medium, viz., the myo-

cardium:

1. Waves of activity spread with constant velocity in all
directions.

2. The activity is of constant amplitude and exceeds the
thresholds of all neighboring regions which are not absolutely
refractory.

3. Any small region can be in one of three states: active, re-

fractory, or resting.

Transitions among the three activity states are governed by these rules:

1. 1If an active region is adjacent to a resting region, the resting
region becomes activated.
2. A region remains in the active state for only an instant.

3. Immediately after becoming activated, a region becomes refrac-
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tory for a fixed period of time, after which it returns to the resting

state.

Constant conduction velocity and constant duration of refractory
period imply that each active wave front is followed by a refractory
"tail" of fixed size, which is also the minimum possible interval (in
both space and time) by which two successive wave fronts may be
separated. Wiener and Rosenblueth called this distance the '"wave
length'", a recognizedly uncommon usage of the term.

The postulates and transition rules contain, implicitly or
explicitly, a number of simplifying assumptions, of which the most

important are that

a. the conduction velocity of a wave of activity is the same
in all parts of the tissue, uniform in all directions, and independent
of the past history of activity in the tissue;

b. the absolute refractory period has the same duration in all
parts of the tissue, and is independent of other conditions or past
history;

c. there is no relative refractory period;

d. the wave front has negligible thickness;

e. there is no variation in the tissue's response to stimulation;

f. the safety factor of conduction is '"very large".

One effect of these assumptions is to reduce the differences between
atrial and ventricular muscle to a matter of dimension: the atrium may
be approximated by a plane, whereas the idealized ventricle must be

represented as a solid, probably a nonuniform one.
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Using informal, graphical arguments, Wiener and Rosenblueth
applied the model described above to planar and solid bodies of various
shapes with different-sized obstacles (unresponsive regions) located
within them. The -aim was to determine those configurations which
would allow stable patterns of self-sustaining activity waves, under
the supposition that atrial flutter might be explained as the result of
waves circulating about the orifices of the venae cavae. Several likely
cases were shown to be capable of supporting such activity; for
example, they showed how a wave might be made to circulate indefinitely
around an obstacle whose perimeter was greater than the wave length,
irrespective of the presence of a second obstacle. A number of results
were presented in the form of theorems, e.g., "A single stimulus applied
to a single point or region can never result in flutter."8

Because the establishment of appropriate initial conditions is
essential to the initiation of circulating waves such as described
above, objections to the circus wave hypothesis can reasonably be
raised on the grounds that the requisite initial state is highly im-
probable., Wiener and Rosenblueth therefore devoted some attention to
ways of initiating circus waves. Careful examination of their method,
though, shows that they needed to stretch the postulates of the model
in order to deal with the central problem: how to initiate an asym-
metric wave in a homogeneous medium.

With a planar or solid ring of tissue, the object is to establish

a wave that circulates in only one direction; any simple stimulus will

Wiener, N., and Rosenblueth, A.: The mathematical formulation
of the problem of conduction of impulses in a network of connected ex-
citable elements, specifically in cardiac muscle. Arch. Inst. Cardiol.
Mex. 16:205, 1946, p. 231.
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produce wave fronts travelling in both directions which will mutually
cancel at a point antipodal to their origin. For a sheet or solid
figure the problem is to establish a wave front containing a gap, 1i.e.
one that does not propagate in all directions. A one-way wave in a ring
leads to indefinitely self-sustained activity if the ring is large
enough; a partial wave in a plane or solid may, upon encountering a
suitably sized obstacle, circulate around it indefinitely. The two
situations are really the same, and are set up with the same technique:
a single stimulus closely followed by a second one applied a short
distance away. It is argued that if the second stimulus is applied just
as the edge of the refractory tail following the first wave passes by,
then the second stimulus will be only partially effective and will
propagate away from the refractory region but not into it, thereby
creating the desired asymmetry. However, wave fronts in the Wiener-
Rosenblueth model are defined as having no thickness, and therefore
cannot overlap a resting-refractory boundary. Moreover, even if one
could, the boundary will travel as fast as the new wave, so the latter
should simply follow the retreating refractory tail. It seems that the
establishment of asymmetric waves requires some notion of partial
refractoriness and/or partial failure of conduction, neither of which
is allowed by the postulates. The lack of a straightforward means of
initiating, as opposed to maintaining, self-sustaining activity is a
weakness this model shares with others.

Having established a reasonable theoretical basis for viewing
flutter as the continuous circulation of one or more waves of activity

about an anatomic obstacle, Wiener and Rosenblueth turned to the
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question of fibrillation. They seemed to consider fibrillation a

fairly distinct phenomenon from flutter:

It is quite clear that, as opposed to flutter,
fibrillation has not an anatomical but a histological
basis. In other words, it is clear that the only
uniformity from heart to heart in fibrillation is
statistical and that the problem can only be approached,
therefore, on a statistical basis.?

In a complex znd lengthy development of statistical mechanics,
they attempted to formulate mathematically a description of fibrillation
in terms of the basic model described earlier. The result was a set
of complicated formulae to which solutions were unavailable; solving
these equations was, in Wiener's words, 'a question for further and
difficult mathematical work.”10

Wiener and Rosenblueth concluded finally that atrial fibrillation
was the result of a circus wave moving randomly about an obstacle.
They admitted, though, that the existence of ectopic foci was a possible
alternative explanation.

Although perhaps not definitive from an experimental standpoint,
the descriptions of flutter and fibrillation given by Wiener and Rosen-
blueth capture the principal distinctions noted by other users of these

terms:

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 wave
front and period.11

% Ibid., p. 235.

10 1pid., p. 251.

1 1pid., p. 254.
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In flutter, activity is continous, while in normal rhythm beats are
separated by periods of complete rest (diastole).
Fibrillation consists of a continuous activity over

randgmly varying géths in a network of connected con-

ducting elements.

The main difference from flutter is thus the randomness of the paths,
and concomitant lack of well-defined periods.

Two years later, Selfridge (1948) corrected and extended some of
Wiener and Rosenblueth's results. Most important for the theory of
arrhythmias was his demonstration that a circus movement (a 'perpetual
flutter") could be established in a homogeneous, planar sheet of muscle
that was free of obstacles. Although the method shown for initiating
such a flutter wave may appear somewhat unphysiological, this con-
stituted the first rigorous demonstration that a self-sustaining
reentry phenomenon was possible without the aid of an anatomical ob-
stacle. Selfridge argued that such a wave, which had a rotating spiral
pattern, would be unstable and would be halted by just an infinitesimal
increase in the duration of the refractory period. Actually, such
waves can be quite stable, if conduction velocity varies with excita-
bility, as the present study shows for the case where the '"muscle
sheet' is made up of discrete elements; variations in the duration of
the refractory period merely shift the locus around which the spiral
turns, as long as the total area of the sheet remains adequate.

The first major challenge to Lewis' circus movement theory came

in a series of papers by Scherf and his colleagues (Scherf and Terranova,

12 Ibid., pp. 254-255.
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et al., 1953), where experimental flutter and fibrillation were induced
by the topical application of aconitine to dog atria. Criticizing
Lewis' experiments, they rejected the circus movement theory and argued
instead that atrial flutter and fibrillation were due to the rapid
emission of impulses from one or more ectopic foci. Aconitine applica-
tion caused very rapid atrial tachycardia, with rates consistent with
those usually associated with flutter; upon stimulation of the vagus,
the atrial beats became even more rapid and irregular, just as in
fibrillation. The evidence that these arrhythmias were due to impulses
from a single focus is convincing: (1) after cooling the site of aconi-
tine application, or separating it from the rest of the atrial muscle
by means of a clamp, the arrhythmia stopped; the transition between
flutter and fibrillation was a gradual change of rate produced by cooling
or warming the aconitine focus; at slow flutter rates, the electro-
cardiogram showed long isoelectric sections between beats, seemingly
incompatible with the idea of continuous conduction; and so on.

Scherf offered a number of cogent criticisms of the mother wave
hypothesis, e.g., that Lewis did not examine the entire pathway of the
putative circus wave, and that interruption of the supposed pathway by
means of a ligature did not stop (aconitine-induced) flutter. But the
central questicn, which Scherf seems to have settled by assumption, is
whether the aconitine preparation really constitutes an adequate model
of clinical flutter and fibrillation. There is no doubt that aconitine
induces a focus of very rapid, sometimes irregular activity. But it
is much less clear that the production of arrhythmias by the deliberate
establishment of a focus constitutes prcof that similar arrhythmias

occurring naturally or after electrical stimulation are also due to
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focal activity. Indeed, the very differences on which these disputes
were based suggest that two or more distinct mechanisms may be
involved.

Lewis' experiments concerned primarily arrhythmias which persisted
after the initiating electric current had been shut off, while topical
aconitine seems to act as a continuing irritant. Scherf held that the
arrhythmias induced by aconitine were unifocal, whereas those induced
electrically were multifocal; that is, that the electrical stimulus
established a focus of rapid activity, whose emanations then triggered
other foci, presumably in the sinoatrial and atrioventricular nodes.
However, he was not able to explain why the activity from an aconitine
focus should not also excite secondary centers.

Using the same aconitine preparation, Prinzmetal et al. (1952)
made high-speed motion pictures of fluttering and fibrillating atria
in an attempt to determine the patterns of activation. They saw no
evidence of circus contractions. Nevertheless, these experiments are
subject to the same criticism as those described above, namely, the
possible artificial nature of aconitine-induced arrhythmias. Moreover,
the relation between the muscle's electrical activity and contractions
visible at its surface is not sufficiently clear to warrant definite
conclusions about the former based solely on observation of the latter
(Dawes, 1952; Tenney and Wedd, 1954).

Finally, the mechanism by which ectopic foci might be initiated
and maintained over long periods of time has not been explicitly deter-
mined, although various possibilities have been suggested (e.g., Scherf
and Schott, 1953). Brown and Acheson (1952) have shown that topical

aconitine can produce "electrical' flutter, that is, an arrhythmia which
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persists even when the aconitized site is clamped off and in which
various parts of the atrium show activity at rapid but differing rates.
This lends strong support to the view that a combination of mechanisms
may be active, whereby any focal stimulation may, if rapid enough,
initiate a self-sustaining activity based on some form of reentry and
continuous conduction (e.g., Hecht, et al., 1953). Excellent reviews
of these arguments have been published by Katz and Pick (1960) and by
Rytand (1966).

The first computer simulation of fibrillator) processes was probably
performed in 1962, by Farley--who was modelling not the heart, but nerve
nets. He established networks of model neurons whose thresholds were
normally distributed; when such nets were '"densely connected", i.e. with
many local and few distant synapses, stimulation sometimes resulted in
self-sustained activity:

There are many different 'modes' of self-excited oscillation

possible. A particularly pervasive and striking one con-

sists of one or more continuously rotating spirals.

Farley noticed that the firing patterns of his model neurons sometimes
became periodic, or nearly so. Unfortunately, he did not pursue further
experiments related to cardiac arrhythmias.

Swain and Yanagita (1963) constructed an electronic model of circus
conduction, consisting of five units connected circularly in series.
Each unit contained resistance-capacitance timing networks, relays, and
indicator lamps arranged so that, on receipt of an electric signal, it

would undergo transition into an absolute and then a relative '"refrac-

13 Farley, B.G.: Some results of computer simulation of neuron-like

nets. Fed. Proc. 21:92, 1962, p. 93.
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tory period" before returning to the quiescent state. A signal
arriving during the absolute refractory period was ignored; one arriv-
ing during the the relative refractory period was passed on delayed;
one during the quiescent phase was passed on immediately. Using this
model, Swain and Yanagita illustrated how a series of premature stimuli
could engender conduction delay at every stage of propagation, so that
by summation of delay a circus movement could be established in a

small system without excessively slowed conduction at any point. Their
further suggestion, that the dependence of conduction delay on pre-
maturity should exert a stabilizing effect on circus waves in cardiac
tissue, has been supported by the present study.

The computer simulation technique was first applied to cardiac
arrhythmias by Moe, et al. (1964). Atrial muscle was modelled as a
planar array of units arranged in a hexagonal pattern, so that each unit
(except those at the edges) had six neighbors. The units were allowed
five states of excitability: quiescent, absolutely refractory, and
three stages of relative refractoriness. A unit was excitable whenever
not absolutely refractory; when excited, it "fired'" after a delay of
one to four time-steps, depending on its state when excited. A firing
unit transmitted excitation of constant amplitude to all of its neigh-
bors, exciting any which were not absolutely refractory. The duration
of the absolute refractory period depended on the duration of the
immediately preceding cycle of the unit in question, according to an

empirically-based square root law:

ARP duration = k° (cycle length)l/2
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where the constant k for each unit was drawn from a pseudo-random
sequence, values ranging from /10 to ¥20. This random variation in
refractory period duration was the only source of variation between
the units, for they were identical in all other respects. Each time-
step represented five milliseconds. Each stage of relative refrac-
toriness lasted two time-steps, for a total relative refractory period
equivalent to 30 milliseconds.

Although this model embodies many simplifying assumptions, its
implementation on the computing equipment available at the time--an
IBM 650--and the sophistication of the experiments performed constituted

a true tour de force on the part of Moe and his associates. They were

able to demonstrate the development of dynamic conduction blocks, in
which rapid external stimulation leads to progressively increasing
disorder on successive waves of activity; eventually, isolated conduc-
tion failures occur, permitting a reentry that can become self-sustaining.
They zhowed that inhomogeneity among the units is necessary for the
initiation of reentrant activity, but not for its maintenance. Finally,
they found that moderate changes in the refractory period duration had
little effect on the arrhythmia, while substantial (50%) increases in

k led to a merging of reentrant waves, followed by arrest.

During simulated fibrillation, the firing frequency differed at
different units of the networks. A crude "electrogram', generated from
instantaneous counts of the numbers of units in various stages of
activity, resembled real electrograms recorded during fibrillation.
Trimming off the peripheral layers of the network, or making '"cuts' in
its interior, caused the activity to become more regular but did not

terminate it. Altogether, the model resembled in many respects the
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behavior seen in atrial muscle subject to rapid electrical stimulation.

An extensive series of papers has appeared recently in the Russian
literature concerning mathematical models of cardiac muscle related to
theories of fibrillation. Much of the theoretical research seems to
have been stimulated by Wiener and Rosenblueth's 1946 paper on the con-
duction of impulses in excitable media. Most of the papers are concerned
with reentry phenomena and varieties of circus movements (Krinskii, 1966,
1970, 1971; Balakhovskii, 1965; Kholopov, 1968), though a few discuss
"echoes'" in single fibers (Krinskii and Kholopov, 1967; Kholopov, 1968).
Of particular interest are the papers of Krinskii on reentrant theories
of fibrillation (1966, 1970, 1971); Krinskii et al. (1967) on the
critical mass for fibrillation; Krinskii and Kholopov (1967) on problems
of modelling with discrete vs. continuous media; Krinskii et al. (1971)
on the mechanism of anti-arrhythmic drugs; Balakhovskii (1965) and
Kholopov (1968) on fibrillation theory; Abakumov et al. (1970) on errors
in the Wiener and Rosenblueth paper; Berkinblit et al. (1965a, 1965b)
on the electrical properties of syncytial structures; Arshavskii et al.
(1964) on the conduction failure in premature beats; Arshavskii et al,
(1965) on the steady-state behavior of pulses in a ring of excitable
tissue; and Gel'fand and Cetlin (1960) and Gel'fand and Kazdan (1961)
on the supporting mathematics.

There are several papers on the simulation of cardiac arrhythmias
(Lukashevich, 1964, 1964; Chebotarev, 1968), but these are generally
unsatisfying due to inadequacies in the description of the models, in
the establishment of a physiological basis for the assumptions of the

models, and in the presentation of the results of simulation.
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A complete review of these Russian papers would be quite valuable,
since they contain many interesting ideas and are not cited often in
the Western literature; that task, however, is beyond the scope of this

work,



Chapter IIT

THE MODEL

I. General Features

The model of atrial tissue used in this study is essentially that
devised by Flanigan and Swain (1968; Flanigan, 1965), who investigated
the effects of tissue geometry on conduction in the atrioventricular
node. It consists of a planar array of units called cells, each of
which represents a small region of muscle tissue.1 Alternate rows in
the array are offset by one-half cell, thereby creating a uniform hexa-

gonal neighborhood structure in which each cell (except at the edge of

the array) has six equidistant neighbors. The cells constitute a net-
work, in that each is 'connected'" to its neighbors, to which it can
send and from which it can receive stimulation.

The cells are "excitable'", and have an activity cycle characterized
by five principal states2 which occur in the following sequence:
Quiescent, or resting; Stimulated, in which a cell has received super-
threshold stimulation but has not yet responded to it; Firing, in which
a cell responds to stimulation by providing excitation to its neighbors;

the Absolute Refractory Period (ARP), in which a cell is completely

A model cell, so called because the model network is formally
equivalent to a cellular automaton, is not to be confused with a cardiac

muscle cell. Each model cell represents an aggregation of thousands of
muscle cells.

2 Strictly speaking, only the quiescent state is really a single

state; the others are composed of chains of substates, whose transitions
mark the passage of time.

34
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insensitive to stimulation; and the Relative Refractory Period (RRP),

in which a cell can be excited only by a supernormal stimulus.
Passage of a cell from one state to another is governed by a

common rule or transition function, which is applied to all the cells

simultaneously; a single application of the transition function con-
stitutes, by definition, one time-step of the simulation. Repeated
application of the transition function generates a state history of
the model over a simulated interval of time, which is referred to as
the behavior of the model. The correspondence between simulated time
and real time is determined by the parameter values used to define the
cell states and transition function. In the present model, a simulation
time-step is roughly equivalent to one millisecond of real time.

A cell is potentially excitable whenever it is in either the
quiescent or the relatively refractory states. During these periods
a cell may receive excitation from its neighboring cells and/or an
"external" stimulator., The excitation from these sources is summed

(spatial summation) and compared with a threshold; whenever the sum

exceeds the threshold, the cell "fires". The threshold is high early
in the relative refractory period, declining linearly during the RRP to
a lower value. At the end of the RRP the cell enters the quiescent
state, in which the threshold remains constant.

When firing, a cell first enters the stimulated state for a

variable period of time, which represents conduction delay. The

simulated state's duration is longer, i.e. the conduction delay is
greater, whenever the cell is incompletely recovered from a previous
firing or when the stimulus is just barely adequate. Upon entering

the firing state, the cell produces a local response, which will be
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included in the summation of excitation to each neighboring cell. The
local response decays linearly over the duration of the firing state;
the fact that it persists across several time-steps allows adjacent
firing cells to contribute to the excitation of a neighbor even when

they are not in exact synchronization--a kind of temporal summation. At

the end of the firing period the local response becomes zero, and the
cell enters the absolute refractory period. Even though the local
response is expressed only during the firing period, its decay is
computed as though it began at the moment the cell was stimulated; thus,
a greater conduction delay (longer duration of the stimulated state)
reduces both the magnitude and the duration of the local response.

The duration of a cell's absolute refractory period depends on the
rate at which it is firing. The interval between successive excita-

tions of a cell is called the cycle lengths; the duration of the ARP is

proportional to the square root of the immediately preceding cycle
length (Moe, et al., 1964; Bazett, 1918). The constant of proportion-
ality varies from cell to cell, being assigned at the beginning of an
experiment from a pseudo-random sequence. In almost all of the experi-
ments reported here, this random component in the determination of the
ARP duration was the only source of variation in the array of cells,
which were otherwise identical.

At the end of the ARP the cell enters the relative refractory
period, which is of fixed duration and during which the threshold of
excitation decays toward its resting value. At the end of the RRP the

cell is said to be in the quiescent state; it remains there, with the

3 . . . . s .
Also called activation interval, when necessary, to distinguish
it from the cycle length of the external stimulator (q.v.).
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threshold constant, until it next receives superthreshold stimulation.
The major activity states of the model cells correspoend approxi-
mately to various phases of the cardiac cell action potential, and the
recovery of excitability represented by the threshold function in the
model is associated with restoration of resting potential in the real
tissue. Nevertheless, the cell membrane potential is not explicitly
represented anywhere in the model: the cells' functional characteris-
tics are being simulated, not their detailed physical states.
Initially, all cells of the network are quiescent. Since the
quiescent state is a stable one, there being no automaticity in the
model, activity can be initiated only from an external source. The

simulation therefore includes a representation of a stimulating elec-

trode, whose position may be specified by the experimenter and whose
strength may be varied. Cells "under'" the stimulator simply include its
output (when it is "on'") in the summation of stimulation from their
neighbors; if the total stimulus exceeds their thresholds, they fire.
In early versions of the simulation the external stimulator had a fixed
effective radius and affected all cells within that radius equally, but
later the effective radius was made variable and the stimulus strength
was made to fall off with distance according to an inverse-square law.
The maximum size of the model network was determined by the
computing system used for a particular experiment (see below). For most
experiments, the array contained 25 rows and 25 columns, although in
some cases arrays up to 51 by 51 were used. With hexagonal packing,
these could most logically be arranged to form either a near-square or a

parallelogram. But in either case, it is advantageous to cut off the
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corners of the figure in order to reduce the computing requirements
without significantly affecting the behavior of the system (Moe, et al.,
1964); the result is a hexagon-shaped network (figure 3.1). The
addition of a sixth, '"unresponsive' state to the cells' state space
afforded a convenient means of altering the shape of the network:
unresponsive cells could be used to form slits, holes, etc. By making
the entire outer layer(s) of cells unresponsive, the size of the net-
work could be effectively reduced.

Stimulation applied to cardiac muscle during the relative refrac-
tory period is often termed premature. Such stimulation, when super-
threshold, commonly results in a response which is delayed in time
and/or reduced in amplitude as compared with a normal action potential.
The resulting delayed conduction of premature beats is a functionally
important characteristic of cardiac tissue. Premature excitation of
the model cells also results in impaired conduction, and is the major
mechanism by which various "arrhythmias'" can be produced in the

simulated tissue.

ITI. The Neighborhood

The simplifying assumptions which were adopted in the construction
of this model are probably nowhere more evident than in the definition
of the model's geometry, i.e. the neighborhood structure of the cellular
automaton. First, in modelling a section of atrial muscle large enough
to demonstrate the conduction phenomena we wished to study, the simulation
of individual cardiac fibers is ruled out simply by pragmatic considera-
tion of computing capacity. Hence, each model cell is said to represent

an aggregation of muscle fibers comprising a small region of atrial myo-



Figure 3.1.

A 4€9-cell
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Hexagonal Array

(25 rows, 25 columns).
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cardium, and it is assumed that, with respect to excitability, the
cardiac cells of such a region behave approximately as a single entity.
(See the discussion of ''scale'", below.)

Second, since except for their auricles the atria are relatively
thin-walled chambers, the muscle is modelled as a two-dimensional struc-
ture. That is, the aggregation which forms a model cell includes the
entire thickness of the myocardium. Conduction time for an activity
wave to penetrate the muscle, and variations in wave velocity with depth
or muscle thickness, are assumed to be negligible.

Third, the muscle is assumed to be isotropic, that is, without
any preferred direction(s) of conduction. This property was approxi-
mated by arranging the simulated cells in a hexagonal array, so that
each cell has six equidistant neighbers. Such an array is obviously not
isotropic, there being six "preferred directions of conduction",
symmetrically disposed; but it is an improvement over a rectangular
space, and is probably the best that can be done short of a random-

placement scheme, which would entail substantially greater complexity.

I1I. The Transition Function

The events in a typical cell's firing cycle are shown on figure
3.2, which is drawn to scale for a cycle length of 200. The time axis
is integer-valued and labelled in milliseconds, although, strictly
speaking, its units are simulation time-steps. The magnitudes of
thresholds and local responses are both reckoned in the same (arbitrary)
real-valued units, which are marked on the ordinate.

In recognition of the distinction between a model and its realiza-

tion in any particular computer program, this section describes the
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transition function informally, using more or less conventional
mathematical notation.4 In the following descriptions, the five states
of a cell's activity cycle will be abbreviated to their initial
letters: Q (quiescent), S (stimulated), F (firing), A (absolutely
refractory), R (relatively refractory). Simulated time is indicated

by the integer-vaiued variable t, which may take on values 0, 1, 2, ...
Particular moments in simulated time will be indicated by subscripts

on t; for example, the time-step on which a given cell undergoes a
transition from the stimulated to the firing state would be represented

as t In the simulation program, whenever the cell is in state S,

SF*
F, A, or R, the variable TCS contains the time at which the next change
of state will occur. Thus, during a firing cycle, this variable
successively represents tops tpar tagre and tRQ'

Duration of the various states is denoted by T, appropriately sub-

scripted; the duration of a given cell's absolute refractory period,

for example, is designated Tp

L. Threshold

In states R and Q, a cell is excitable and has a threshold of
excitatioh, 8. In the quiescent state, the threshold remains constant
at its minimum valuve,

9(t) = emin
where 8(t) is the threshold at time t.

When a cell enters the relatively refractory period its threshold has a

higher value, emax; during the RRP the threshold declines linearly with

See table 3.1 for a list of variable names. Not all of the

variables in the following equations appear explicitly in the simula-
tion program.

In the interest of clarity, the physiological basis for this
model is presented separately; see section V of this chapter.
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Figure 3.2. Model "Action-Potential''.

The simulation variables are shown in relation to the events of a

typical cycle.

Drawn to scale at a cycle length of 200 time-steps.



Table 3.1. The Principal Global Parameters and Local

Variables of the Simulation Programs

Global Parameters

Maximum strength of local response (Xmax)
)
)

Maximum value of threshold (6
max

Minimum value of threshold (emin
Mean value of ki (k)

Range (*) of variation in ki from k (ko)
Duration of relative refractory period (TR)
Duration of local response period (TS + TF)
Conduction delay factors (Fl’F2’F3)

Strength of external stimulator (Y)

Location of external stimulator (XO,YO)
Maximum value of repclarization-phase stimulus

Random number generator seed

Local ("'Cell") Variables

Current state number
ARP constant
Wave number

Last firing time (time cell most recently
entered S state)

[ime to change state (time-step on which
next state change is due)

ARP duration in current firing cycle

Conduction interval (see "statistics')

Parameter Name

LRMAX
THMAX
THMIN
KMEAN
KSIGMA
RRP

LRT

F1, F2, F3
EXTSTIM
X0, YO
REPOLMAX
ISEED

Variable Name

STATE
K
WVNO
LFT

TCS

ARPD
CI
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time to the resting value, 6 . :
min

- } R
b(t) = 6min * (emax emin) T

or, in terms of computer program variables,

TH = THMIN + (THMAX - THMIN)*(TCS - T)/RRP

2. Summation of Stimulation

Let ei(t) be the threshold of the ith cell at time t, Ni the index

th h

set of neighbors of the i cell, Xj(t) the local response of the jt

cell at time t, and wi(t) the input to the ith cell from the external
stimulator at time t. (The computation of these quantities will be
discussed below.) Then Ai(t), the total stimulation to the ith cell at

time t, is defined as
MORRHORDIENG
JEN,
i
Whenever A(t) equals or exceeds 0(t) for a given cell, that cell
""fires" by entering the S state. When A(t) is less than 6(t), the

cell's state is not affected.
In states other than Q and R, a cell is unexcitable; 6 is undefined,

and the computation of A is not performed.

3. Conduction Delay

The stimulated state is a latent period preceding the firing state,
representing conduction delay. The greater the duration of this state,
the longer is the interval between stimulus and response at the cell in

question, and hence the greater is the delay in the propagation of the
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activity wave "through' that cell. In this model, the major determinant
of conduction delay is the cell's own state of excitability at the time
it is stimulated: a fully excitable (i.e. quiescent) cell delays much
less than a cell which is poorly excitable (i.e. in early RRP). A minor
component of the conduction delay is determined by the strength of the
stimulus the cell receives, relative to its threshold: a just-barely-
adequate stimulus increases the delay, while a strong stimulus affects
it negligibly.

The duration of the S state, then, is computed by the formula

where t is the time at which the cell is stimulated, and Fl, Fz, and

F3 are constants specified by the experimenter for each run.
In the first term, the ratio of present threshold to resting
threshold is a measure of the cell's excitability, being 1 when the

cell is quiescent and greater than one (up to a maximum of © /8 .
max’ min

)
when it is relatively refractory. It provides a direct measure of the
"earliness'" of a premature stimulus, owing to the linear slope of the
threshold-recovery curve. In the usual case, with F1 set to 2.0 and

€ equal to four times 6 . , the first term's contribution to conduc-
max min
tion delay ranged from 2 to 8 time-steps.

The ratio of present threshold to stimulus strength, in the second
term, is at most 1, else the cell is simply not excited. As the stimulus
strength increases, the ratio grows smaller and smaller. In most

experiments F2 was equal to 2.0, so the delay contribution from the

second term varied from 2 time-steps to essentially zero.
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The constant term, F_, was included for convenience in performing

39
certain experiments, such as making the conduction delay independent of
dynamic factors. Its normal value was zero.

During the S state, a cell has no effect on its neighbors, and is

unaffected by them.

4, Local Responses

During the firing state a cell is a source of stimulation to its
neighbors, corresponding to cardiac tissue in the early phases of the
activity cycle. This stimulating force, known as the local response,
is measured in the same arbitrary units as threshold and follows the
time-course shown in figure 3.2. In the model, variation in the local
response is achieved through a complementary relationship between the
S and F states. That is, the magnitude of the local response is
determined by a curve which has the value Amax at the beginning of the
S state and decays linearly to zero at the end of the F state. The
total duration of the S and F states, that is, T, + T

S F?

But the local response is only expressed during the F state; the greater

is constant.

the duration of the S state, the smaller the magnitude of the local
response when it occurs, and the shorter the time remaining in the F
state over which it acts. (See figure 3.3.)

For any cell in the F state, then, the magnitude of its local

response is given by the formula

A:(t-t)—ma_{(__
FA (Ts + TF)

or, in terms of computer program variables,

LR = (T - TCS) * LRMAX / LRT
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Short conduction delay, large local response

Long conduction delay, small local response

Figure 3.3. Complementary Relation Between Stimulated

and Firing
States of the Model Cell.
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In general, the local response will vary from cell to cell in bhoth
magnitude and duration, even though all are following a common time
course, because of variation in the duration of the S state. The total
stimulation to a cell is computed by summing the local responses of all
its neighbors which are in the F state, plus input from the external
stimulator, if any; the result is compared with the cell's present
threshold. This computation is repeated on every time-step, so that a
firing cell contributes to the stimulation of its neighbors over the
entire duration of its F state.

A firing cell stimulates all of its neighbors equally.

5. The Absolute Refractory Period

The duration of the absolute refractory period for a given cell
depends on the rate at which that cell has been firing.6 Specifically,
the ARP duration is proportional to the square root of the immediately

preceding "cycle length':
T, = k.vC,
A i 71

where Ci is the interval between the current and the immediately

preceding firings of the ith cell, and

k. is a constant which is unique to the ith cell,

Whenever a cell is stimulated (i.e. at tS: the time it enters
the S state), the time interval since its previous stimulation is

computed;

See section V of this chapter.
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the square root of that interval, multiplied by the cell's k, yields
the duration of the ARP for that firing cycle. For the purpose of this
computation, the simulation program records each cell's tS as its '"last
firing time':

ARPD = K * SQRT(T - LFT); LFT = T;
where all variables except T are local to the cell in question, and the
computations are performed as part of the process of putting a cell into
the S state.

The coefficients k are independent, identically distributed random
variables. When the model network is initialized, a k value for each
cell is drawn from a uniformly distributed pseudo-random sequence with
mean k and range 2k0. Once assigned, the k's amount to constant para-
meters of the model which are not modified by execution of the simulation
(although, 1like all such parameters, they may be éhanged by the
experimenter during the course of simulation--either explicitly, by
specifying new k values for specific cells, or implicitly, by changing

k, k_, or the seed of the random number generator.)

o
These randomly assigned k's constitute the only source of built-in
variation in the model network, for in all other respects the cells are
initially identical to each other. The differences in k, however, induce
differences in refractory period durations, which in the presence of

premature stimuli, result ir a variety of activity patterns. But if

the k's are made to be all the same (kc = 0), or if no stimuli are
applied prematurely, then the patterns of activity in the network will
always be.perfectly symmetrical.7

7 This applies to the ''leading edges'" of activity waves. Whenever

k >0, there will be some irregularity in the trailing edges (i.e. the
A-R boundary) of activity waves.
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As defined above, the cycle length is the interval between two
successive stimulations of a cell. That is (using a prime to denote
the value of a variable on the previous firing cycle),

= - 1
cycle length tS tS

But the cycle length could equally well be defined in terms of the
interval between successive firings of a cell, i.e.

= - 1
cycle length tF tF

These two quantities will differ whenever Tg differs from TS'. Several
conduction-time experiments were run in which cycle length was computed
both ways, for purposes of comparison. The results indicate that the
difference is not significant when, as here, the maximum differences in
Tg are small relative to the duration of the relative refractory period.
The square root law relating refractory period duration to the
cycle length has been chosen rather arbitrarily, principally for con-
sistency with previous simulations of this sort (Moe, et al., 1964;
Flanigan, 1965)--there being no compelling arguments in favor of some
other function. However, the following exponential relationship has

been proposed by Hoffman and Cranefield (1960):

T, = AL - T
where A_ is the ARP duration at "infinitely long" cycle
lengths,
C is the cycle length of the given cell, and
o is a decay constant.
This formula has the advantage that refractory period duration does not

become arbitrarily large with increasing cycle length, but rather tends

toward a limiting value, just as it does in animal experiments. More-



51

over, the exponential relation seems somewhat more ''matural' for a
physical process.

The expconential function was incorporated into the simulation pro-
grams on an optional basis, in anticipation of using it in place of the
square root law. (By proper choice of A_ and o, the former can be made
to approximate the latter over the range of interest.) However, for the
sake of comparability, all of the experiments reported here were
performed using the square root relationship.

The computation of the ARP duration is the only part of the
transition function that depends explicitly on the cell's history prior
to the beginning of the current firing cycle. The only memory retained
by a quiescent cell is the time-step on which it was most recently

stimulated.

6. The Relative Refractory Period

Y

In this model the relative refractory period is characterized by
an elevated threshold of excitation, which declines linearly toward its
resting value. The properties of the cells during this period have
already been discussed.

The duration of the RRP is a giobal constant, that is, its value
is the same in all cells. Its value is established when the model is
initialized, and ordinarily remains unchanged thereafter (see table 3.2
and figure 3.2.) However, the RRP duration may be modified by the
experimenter during the course of the simulation, as has been done in

. 8
several of the series reported here.

8 If the RRP duration is to be changed at arbitrary times, care

must be taken to avoid compromising the validity of the computations.
Each of the three simulation programs handles this problem somewhat
differently.
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7. The External Stimulator

The simulated external stimulator is the ultimate source of all
activity in the model network, since there is no provision for

activity to arise within the cells spontaneously.

Distance
The external stimulator is said to be located "over" the cell
whose coordinates are (xo,yo), where X and yO are parameters under the

control of the experimenter. Around the cell at (x ) are six other

0°Y0
cells, distributed in a hexagonal pattern; around these are twelve
more cells, forming a larger hexagon, and so on in a series of concen-
tric hexagons in which the nth hexagon contains 6n cells. The concen-
tric hexagons centered on (xO,yo) are called ranks. A cell's distance
from the external stimulator is defined by the rank in which it lies,
i.e. a cell in rank n is said to be at distance n from the external
stimulator. Thus, the six cells surrounding the one at (xo,yo) are at

distance 1, the twelve around them are at distance 2, and so on. For

convenience, the cell at (xo,yo) is also said to be at distance 1.

Distance bias

External stimulation is applied to the model network according to
an inverse-square law. Letting wi(t) denote the strength of the external
stimulation received by the ith cell at time t, we have

‘i’/di2 if the stimulator is on at time t

v, (1)
=0 if the stimulator is off at time t

where ¥ is the strength of the external stimulator and

th

di is the distance of the i cell from it.
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Table 3.2. Standard Network Parameter Values Used in

Simulation Experiments

All values apply to Program B unless otherwise noted.

Netwerk "'N":

Network size (NROWS, NCOLS) = 25 x 25

k (KMEAN) = 7.0
ko (KSIGMA) = 1.5
TR (RRP) = 40

5] (THMAX) = 100
max

O . (THMIN) = 25
min

A (LRMAX) = 75
max

Tg *+ T (LRT) = 20

Y (EXTSTIM) = 200
Stimulator radius (STIMRAD) = 1
F1 (F1) = 2
F2 (F2) = 2
F3 (F3) = 0

Variations:

le Stimulator radius (STIMRAD) = 12
NZ: ¥ (EXTSTIM) = 750
Nyg: k (KMEAN) = 6.0

The following networks used the distance-based stimulator:

: ¥ (KMEAN) = 6.0

¢ Y (EXTSTIM) 750 (Program A)
: Network size (NROWS, NCOLS) 25 x 25 (Program C)
: Network size (NROWS, NCOLS) 51 x 51 (Program C)

z z2 z =z
N O A
]

1



54

The quantity wi(t) is simply added to the stimulation the ith cell
receives from its neighbors at time t (assuming the cell is in state
Q or R); the total is compared with the cell's threshold to determine
whether the cell should fire. If the cell is not in state Q or R, it
ignores external stimulation. In the simulation programs, Y is repre-
sented by the variable "EXTSTIM". In early versions of the programs,
external stimulation was limited to the cells at distance 1, and
(xo,yo) was fixed at the center of the network. These cases are
termed "fixed-radius" or "radius-1" stimulation in the discussion of
results, while the cases which used the inverse-square law are called

"distance-biased" or "radius-n" stimulation.

Stimulation patterns

Provision is made in the simulation programs for applying external
stimulation automatically in either of two regimens: 1) every m time-
steps for a total of n stimuli, n and m set by the experimenter; 2) at
preselected time-steps ty t2, .o tn. In addition, the experi-
menter can switch on the stimulator at any time-step during the course
of simulation. Regardless of how it was turned on, the external stimu-
lator is always turned off automatically after a single time-step has

elapsed--i.e. the stimulator's '"pulse duration'" is one time-step.

IV, Scale

The primitive element in this model of cardiac tissue is the
model cell, the fundamental unit of the cellular automaton, the element
to which the transition function applies. The transition function

itself, and its parameters, have been chosen such that the activity
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cycle of a model cell approximates that of a real cardiac cell (as
seen by a microelectrode) when the time-step of the simulation is
taken to represent about one millisecond of real time. But it is
clear that if we wish to simulate conduction phenomena which in the
heart occur over an area (presumably) several centimeters square, then
each model cell must actually represent an aggregation of many cardiac
cells. Otherwise, the number of model cells required would be so
large as to be unmanageable with the available computing capacity.
Therefore, it is an assumption of this model that small regions of
atrial tissue, containing perhaps thousands of muscle cells, may be
considered to behave approximately as a single unit with respect to
excitability and refractoriness.9

Identifying the time-step of the simulation with a given quantity
of real time--in this case, one millisecond--not only fixes the time
scale of the simulation, but also fixes the distance (or spatial dimen-
sion) scale, for any given transition function. The reason is that the
transition function determines the propagation velocity of activity
waves in the simulation; if the latter is to be a faithful representa-
tion of real tissue, then the "distance'" (number of cells) traversed

by the simulated wave in n time-steps must be equivalent to the dis-

? This assumption is not solely imposed by practical necessity;
in fact, some kind of aggregation is made appropriate just by the
sort of experiments we wish to perform with this model, since they are
directed toward the macroscopic behavior of the whole network rather
than toward the behavior of microscopically small regions. Moreover,
the grain of this model is reasonably in accord with the level of
knowledge about how cardiac cells interact with each other: a model
truly at the level of individual cells would probably be quite
different, involving direct representations of membrane potentials and
ionic fluxes and, no doubt, significant additional assumptions.
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tance an actual activity wave travels in n milliseconds, assuming nor-
mal excitability in both cases.

By definition, there is a minimum delay of one time-step in prop-
agating state-change information from a cell to its neighbor in a
cellular automaton. The transition function of this model imposes
additional delay, namely the duration of the stimulated state, TS'
In most of the experiments reported here, the minimum value of Tg was
2. Thus, in the model, the maximum velocity of activity waves is one
cell every three time-steps. Since an excitation wave in fully-respon-
sive atrial muscle travels at about one millimeter per millisecond,
each cell of the simulation must represent a region of tissue roughly
6

3 mm. in diameter.lo Such an area would contain on the order of 10

cardiac muscle cells,

V. Bases for the Present Model

Historical Basis
Computer simulation was first applied to the study of atrial
fibrillation by Moe, et al. (1964). Several elements of their model

are also present in this one: a fixed number of discrete units arranged

10 . . .
Let d = distance, t = times; subscripts R and M denote real

and model quantities, respectively. Then dy/dr is the ratio of model
to real distance, and tM/tR the ratio of model to real time. We have

d dM/tM _ t

M

M M
dR dR/tR tR

1 cell / 3 time-steps . 1 time-sStep
1 mm./ms. 1 ms.

or model/real distance =

= 1/3 cell/mm, = 3 mm./cell
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in a planar array, one layer thick; a hexagonal neighborhood structure
(i.e. 60° coordinate system); a state space including quiescent,
absolutely refractory, and relatively refractory states; calculation
of the ARP duration from the length of the preceding cycle according
to a square root law, where the coefficient varied randomly from unit
to unit and constituted the only source of variation among the units;
and provision for conduction delay (latency between stimulus and
response) depending on a unit's state of refractoriness at the time

it receives a stimulus.

Taking advantage of faster computers, Flanigan and Swain (1968;
Flanigan, 1965) developed a model of cardiac tissue that incorporated
a number of extensions and refinements of the Moe model. Although they
used it to study conduction in the atrio-ventricular node, Flanigan
and Swain's model is quite suitable as a representation of atrial
tissue if certain of its parameters are adjusted appropriately. The
principal features it introduced were: a threshold of excitation, that
was elevated in proportion to a unit's degree of relative refractori-
ness; spatial summation cf stimuli from neighboring units (which is
almost a corollary of the threshold concept); temporal summation of
stimuli from units whose firing times were not identical, with a con-
comitant firing state during which the local response latency and
amplitude depend on a unit's state of refractoriness and the strength
with which it was stimulated.

The Flanigan-Swain model used a smaller step size than the Moe
model (one millisecond instead of five), which facilitated a finer
subdivision of some of the units' properties, such as degrees of rela-

tive refractoriness (forty versus three). In the Moe model, which
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had a minimum conduction delay of one time-step (five milliseconds)

per unit and which assumed a maximum atrial conduction velocity of

0.8 meters per second, each unit represented about 4 mm. of tissue.

In the atrial version of the Flanigan-Swain model, the units (called
"cells'") have a minimum conduction delay of three time-steps, or three
milliseconds; assuming a maximum atrial conduction velocity in the

range 0.8 to 1.0 meters per second (Hoffman and Cranefield, 1960;
Curtis, 1971), each cell corresponds to a section of tissue 2.4 to 3.0
mm. in diameter. The maximum conduction delay per unit in the Moe model
was 20 milliseconds, twice that of the Flanigan-Swain model.

The present study has required no essential changes in the
Flanigan-Swain model, although the simulation programs have been
rewritten incorporating several additional features important for some
of the experiments reported here. Among these are the variable
network size, the movable external stimulator with distance-biased
strength, the cathode-ray-tube display of the simulated tissue, and the
collection of statistics during simulation. For one experiment (p. 238),
a repolarization-phase excitation mechanism was added to the model and
incorporated into one of the simulation programs.

The elements of the Moe and the Flanigan-Swain model are in accord
with the known properties of mammalian cardiac muscle tissue, or are
reasonable assumptions about those characteristics whose nature has
not yet been very well determined. The aim in designing models such
as these is not to produce an exact replica of the system in question,
but rather to abstract what seem to be its essential features in order
to study their interactions, and their contributions to the system's

behavior, under controlled conditions. Many simplifications are thus
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made quite deliberately, in the hope of obtaining a model whose
behavior sufficiently resembles the real system's to be interesting,
but whose structure remains relatively simple and controllable. Such
models permit the investigator to conduct experiments using the terms

in which he understands the system and to which his data apply.

Physiological Basis

Atrial muscle, for the most part, is quite thin, especially with
respect to the speed with which it conducts activity. It is not a
homogeneous mass, but specialized fibers are not prominent (outside
the sinoatrial and atrioventricular nodes) and their significance is
unclear; for experimental purposes, it is often considered relatively
homogeneous, histologically. A planar array of unit thickness thus
constitutes a reasonable representation of an excised section of atrium.
(It would not be as adequate a model for ventricle, which has substan-
tial thickness, well-defined layers, and prominent conducting fibers.)
Anatomic obstacles are represented in the model simply by putting cells
in a special permanently unresponsive state; they have been omitted
from most of these experiments because we are interested in determining
the behavior that is possible in the absence of specific obstacles.

A hexagonal neighborhood is used because it is the best simple
approximation to a continuous sheet, in which all the cells are sym-
metrically disposed with respect to each other.

The cells' quiescent, absolutely refractory, and relatively
refractory activity states correspond directly to well-known portions
of the activity cycle of cardiac muscle cells, while the stimulated

and firing states represent properties of cell-to-cell conduction that
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are known but not well quantified. Except where the scale is directly
relevant, such as in the calculation of the conduction delay, most of
the properties of the model cells are patterned closely after properties
of single muscle cells as revealed in microelectrode studies, on the
assumption that the fibers in a small region are likely to be relatively
synchronous with each other much of the time. A model cell thus
averages or typifies the behavior of the muscle cells in the region

it represents.

The square root law relating ARP duration to the length of the
preceding cycle is a classical relationship (Bazett, 1918), although
purely empirical. Hoffman and Cranefield (1960) have argued convincingly
that an exponential law is preferable on both empirical and theoretical
grounds, but, as pointed out earlier in this chapter, the two laws need
not differ substantially over the range of interest here. For the sake
of comparability, all the experiments reported here used the square
root relationship.

Vagal stimulation always shortens the refractory period of atrial
muscle, but to a marked degree at some sites, very little at others
(Alessi, et al., 1958). Since the vagi are tonically active, one may
expect ARP durations to be distributed quite unevenly throughout the
atrium. This effect is simulated by distributing the ARP coefficients
k of the model cells randomly about a specified mean value (using a

uniform distribution, for lack of better information). Data11 from

11 For consistency, numerical quantities are all taken from exper-

iments on canine hearts, although important relationships may also be
supported by reference to experiments on rabbits and other mammals.
(Hence this model represents, more or less, a simulated dog heart.) For
convenience, durations are stated in milliseconds; the transformation

to time-steps is implied where a model is involved.
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Brooks, et al. (1955) suggests that a mean k value of 6 or 7 is probably
correct, although in the Moe model a mean k of about 8.5 was normally
used. (The Moe model also used larger networks, and as the present
study shows, larger nets readily accommodate larger k values.) The
fact that conduction velocity, in the present model, is not depressed
until the stimulator cycle length is shortened to 140 ms. or so may
suggest that the total refractory duration is somewhat short.

The duration of the relative refractory period has been shown to
remain fairly constant, independent of variation in cycle length, in
both ventricle (Brooks, et al., 1955) and atrium (Curtis, 1971). In
the Moe model, RRP duration was set at 30 ms.; Brooks, et al. (1955)
indicate values ranging from 25 ms. up to 70 or 80 ms. Most of the
experiments in this study used an RRP duration (TR) of 40 ms.

Since membrane potentials are not directly represented in this
model, the recovery of excitability during RRP is measured simply by a
declining threshold, which is expressed in arbitrary units. A linear
threshold decay function is used, for simplicity; Flanigan (1965) has
reported that a quadratic relationship, though possibly more accurate,
is not noticeably different in effect.

The threshold's maximum value is four times its resting level.
This approximation receives some support from strength-interval data
(Brooks, et al., 1955) if one assumes, as this study indeed suggests,
that the moderately-sloped portion of a strength-interval curve is
largely a measure of the increasing thresholds of "individual cells",
and that the sharp changes in slope are due to the emergence of other
mechanisms. The threshold's resting level is set arbitrarily, the

only requirement being that it be consistent with the equally arbitrary
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magnitude of the model cells' local response, A. Here, the best test
of reasonableness seems to be the safety factor of conduction, that is,
the ratio of stimulus strength to threshold. Hoffman and Cranefield
(1960) have estimated the safety factor for normal propagated action
potentials to be in therange 4.5 to 6.5; the measured safety factor
for a wave propagating normally in the model tissue is about 4.9.

The term '"local response' has been used in the literature to mean
both a non-regenerative response to subthreshold stimulation, and a
regenerative depolarization which does not propagate. Our use of the
term is similar to the latter, except that we call every response to
stimulation a '"local response', regardless of whether it propagates.
The maximum value of the model cells' local response, Amax’ is set
arbitrarily for consistency with the threshold, as described above.
Both the time period (Ts + TF) over which the local response decays to
zero, and the linearity of that decay, are estimates, since it is
known neither how long a depolarized region acts as a stimulator to
adjacent regions nor the manner in which that stimulation fades.

Polarity of stimulation is not represented in this model; for both
external and internal (cell-to-cell) stimulation, the stimulus strength
is simply an unsigned quantity.

Brooks, et al. (1955) have shown that the latency of a response
increases progressively as the stimulus is moved earlier into the
relative refractory period, but that the latency is reduced by increasing
the stimulus strength. Moreover, they have demonstrated that the
relationship between response latency and stimulus prematurity is a
roughly linear one. These dependencies are explicitly represented in

the expression by which conduction delay in the model (the analog of



63

response latency) is calculated. The delay factors F. and F2 are set

1
to give reasonable numerical values to the conduction delay, and to
ensure that prematurity is the primary determining factor in delay,
with stimulus strength of secondary importance.

In the model, increasing conduction delay also implies a reduced
magnitude of the local response, which is intended to represent the
reduced magnitude and rate of rise (and thus net stimulating effective-
ness) of action potentials evoked by premature stimuli. This factor
also reduces the speed with which a premature stimulus is propagated
to a distant point. These mechanisms have been summarized succinctly
by Hoffman and Cranefield (1960, p. 250):

- . . First, the time required for the local response to

rise to an effective level varies with both the strength

of the stimulus and the level of membrane potential

during phase 3. Second, the rate of rise and amplitude

of the resulting action potential vary and thus influence

the rate at which activity spreads in the immediate

vicinity of the stimulating electrode.

No doubt there is some random variation, in both time and space,
in essentially all of the cells' properties described above. Random-
ness in the model is limited to ARP durations, not only for the sake
of simplicity, but also because such variation is prominent in atrial
tissue, and because the presence of premature stimulation induces
random variation in other important variables, such as threshold and
local response,

Automaticity has been omitted from this model not because it
would be difficult to include (in fact, the repolarization-phase
stimulation mechanism is a form of automaticity), but because we

explicitly wish to see what sort of behavior can arise independently

of automaticity.
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VI. Analysis of Simple Cases

Even small networks of these model cells are sufficiently complex
that analysis of their interactions becomes quite tedious; hence, we
simulate. However, certain cases are simple enough to permit straight-
forward analysis and yet still provide some insight into the behavior
of the cells. We shall consider the response of a single cell to
premature excitation, and the passage of a premature stimulus along
a row of cells. The situation is depicted graphically in figure 3.4,
which shows how the variables defined below relate to the activity
cycle of a typical cell.

To determine how the local response of cell 1 depends on the

prematurity of the excitation to cell 1, define

Ci = prematurity of test stimulus at cell i
= 0 if the stimulus is not premature, i.e., arrives when cell
i is quiescent; increases linearly, reaching R when the
test stimulus is as early as possible.
Di = delay between stimulus and response at cell i, i.e., the

value of Tg following the test stimulus.

From the transition function, A depends on Di:

A
Ai - >\max Tt Ta: Di (D
S F
Dy, in turn, depends on 8,

F F

_ 1 2
Di‘ei(e. *r) (2)

min 1

[<
~ 1 .
Di 2 ei (e ) when Ai>>6i (strong stimulus) (2a)
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Di * 0.15 Ci + 4, Ai = el (45Di510) (10a)
D, = 0.15 C, + 2, A,>>8, (25D, 58) (10b)
A, T 60 - -2C., A %@ (11a)
i 16 7i’ i i

- 9
Ai * 67.5 - TE'Ci’ Ai>>ei (11b)

These relationships are graphed in figure 3.5,
To deternine how conduction between cell 1 and cell 2 depends
on the prematurity of the stimulus at cell 1, we must consider cell

2's threshold. Dsfine Rl 5 2s the relative difference in the-

’

time origins of the RRP's of the two cells:

R1 5 = (time cell 2 enters RRP) - (time cell 1 enters RRP)

2

Then C, = Rl,2 +C - D, (see figure 3.4) (12)

Substituting (7a) into (12) yields C2 in terms of Cl as the "initial

condition'", R

1,2°
SOFl
C2 = Rl,2 - F1 - F2 + (1 - 6—T~DC1, Ai = ei (13)
min
At the usual values of the parameters,
C2 = R1,2 -4+ 0.85 Cl’ Al * 61 (13a)
C2 = R1,2 - 2+ 0.85 Cl’ Al>>81 (13b)

Hence, by substitution of (13) into (6), we have a relation between

62 and Cl:
SoF,
Oy = Cnin * SelRy o - Fp - Fy+ (1 + emié)cl] (14)

With the usual parameters, this becomes

62 = 17.5 + 1.59 C1 + 1,875 Rl,Z’ A1 = 81 (14a)
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Fl
Di = ei 5 + F2 when
min

Finally, ei depends on Ci:

8 - 0.
max min

i i T
min R

For convenience, we define SX and Se

time) of the local response and threshold, respectively:

Amax
SA = "
s T TF
Onax =~ %min
S, = a
'R
Substituting back,
6. =6, + S C,
1 min 0 1
F F
1 2
Dy = (Opin * SeC3) (e ) +'KT)
min i
F1
Dy * (Opin * SeCi) g—— * Fys
min
F1
Dy = Opin * SeC3) ——
min
A= A - S.D.
1 max Al
F.S
~ 176
AT Amax T S FrtFy r g G
min
F.S
176
T A = —_—
Xi max SA(FI * 6 . Ci)’
min

At the usual values of the simulation

6. = 25 + 1.875 C.
1 1

/\.l & ei (weak sfimulus)

as the slopes (with respect

N.>>0,
i i

parameters,

(2b)

(3)

(4)

(5)

(6)

(7)

(7a)

(7b)

(8)

(8a)

(8b)
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62 = 21.25 + 1.59 C1 + 1.875 Rl,Z’ A1>>81 (14b)

With expressions for both A and 0, in terms of C,» we can
determine the maximum value of Cl consistent with conduction, that
is, the earliest premature stimu1u§ at cell 1 that will still be
propagated to cell 2. At the critical point where conduction just

fails, A, = 82; call this point CI.

1

For example, assume that cell 1 and cell 2 have identical ARP

durations and that a just-adequate stinmulus is being used.

Then R1,2 = 4, and from (11)

A, =60 - 0.562 C; (15a)
From (14),

6, =17.5 + 1.59 C; + 7.5 (15b)

Equating (15a) and (15b) and solving for Cp» we find

C; (42.5 - 1.875 R1 2)/2.15 = 35/2.15 - (16)

= 16.3
Thus, in this case, stimulating cell 1 more than 16 time steps prema-
turely will cause conduction to fail. Conversely, if conduction is
observed to fail at a particular value of Cl’ equations (11) and (14)

can be used to solve for R1 29 the initial phase difference between the
3

two cells.

From equation (13), we see that if we assume marginal conduction,12

then premature stimulation at the i'th cell depends on prematurity

12 .

That is, Ai—l 2 91-1' Actually, Ai-l depends on Ci~2 and Ai—z
in a complicated way, hence so does the a. term in (17). We use the ap-
proximation in the interest of simplicity} since the contributicn of
Ai—l to variation in a; is limited.
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at the i-1'st cell by an equation of the form

C1 =a, ¢ uci—l 17)
where
= . - >
8 =R, TP o T i 7
S F
=1 - 86 1
min
C0 =0
C1 =a; = prematurity of the test stimulus
i.e.,
L=
C2 = a, + aa;
2
C3 = ag* u(az + aal) = ag *oa, +oa
C, = +a+2 +:7>
g = 3y toagtaa, aa

With the usual parameter values, o = 0.85.
If all the cells have the same ARP constant and if they are synchronized
by a normal drive stimulus preceding the test stimulus, then
a, =0, 1>1
In that case, the prematurity of the stimulus to the i'th cell bears
a simple relationship to the prematurity of the test stimulus:
C, = ai—lal (18)
where a; is the prematurity of the test stimulus.
In any case, the effect of the prematurity of the test stimulus
dies out exponentially with distance from the stimulating electrode.
Since, with the usual parameters, a4 * 0.52, the prematurity

should be reduced to about half its original value after conduction

through four model cells. As inspection of the conduction-time graphs
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in Chapter IV shows, the simple exponential relationship is often

distorted by multiple-cell interactions.

VII. Organization of the Simulation Programs

In the course of this study, three separate simulation programs
were employed, all of which used the same basic algorithms. The first,
designated Program A and written in the Fortran language, was a modified
version of the atrioventricular node simulator used by Flanigan and
Swain (1968; Flanigan, 1965). It was implemented on a large scale,
general purpose time-sharing system.13 This program was primarily used
to verify the appropriateness of the model for studying self-sustaining
rhythms and to test various techniques for conducting simulation experi-
ments, It was used for a number of the early experiments, but suffered
from awkward graphic facilities and was relatively expensive to run.
Consequently, Program B was implemented on a small computing systeml4
which was dedicated to simulation projects and which included a
specially-developed language for the simulation of cellular automata
(Brender, 1970; Frantz and Brender, 1971). Most of the experiments
reported here were performed using this system, whose chief advantages
were its graphical display capability and its negligible marginal cost
of computation. However, its limited processing speed and storage
capacity restricted the size of the model network to the 469-cell

(25 x 25) case.

13
The Michigan Terminal System.

Logic of Computers Group, University of Michigan.



72

Program C, written in the PL/1 language, was implemented on the
same time-sharing system as program A. Its principal virtue was that
it established the simulation space dynamically, thus permitting the
network size to be varied arbitrarily. The cost of calculating the
state transitions15 became the limiting factor, rather than the
availability of storage or the need for reprogramming. It was primarily
used for experiments on large (1951-cell) networks.

The functions performed by the simulation program can be grouped
into several major categories which are present to a greater or lesser
extent in all three programs. They are mentioned here for completeness'
sake, though only the discussion of statistics collection is directly

relevant to the interpretation of the results of this study.

1. Compute the state-transition function for all the cells in the
network.

Procedure: iterate over the space, examining each cell. If its
"time for change of state" (recorded therein) has arrived, change the
cell's state indicator to the proper new value, and compute and record
a new "time for change of state" in that cell. If, at the end of this
process, a cell is in state Q or R16 , sum the stimulation provided by
its neighbors17 and the external stimulator (if any), and compare this

with the cell's threshold. If stimulus exceeds threshold, then place

Excessive computational overhead was avoided by coding the
state transition routine in assembly language.

16 Recall Q = quiescent, R = relative refractory, S = stimulated,

F = firing, A = absolute refractory.

17 Care must be taken to determine whether or not the neighboring

cells have been updated yet and handle them accordingly.



the cell in the S state, compute the conduction delay and, hence, the
time at which the cell should enter the F state (this is recorded as

the cell's new "time for change of state'"); compute the.cycle length
(elapsed time since previous firing of this cell) and, from this, the
duration of the upcoming absolute refractory period. A complete itera-
tion over all cells constitutes one time-step of the simulation.18
Between each scan of the network a list of "event times'" is consulted to
determine whether some additional function(s) should be performed. Some
functions, e.g., the printing of statistics, reschedule themselves
regularly; others, such as stopping the simulation, are scheduled by

the experimenter.

2. Display and modify parameters of the simulation--either
interactively, or according to a prearranged sequence.

3. Print a log, in order to have an automatic record of each
experiment. It is particularly important to record initial parameter
values and subsequent changes therein.

4. Display the state of the network, i.e. selected elements of
each cell's state vector. It is helpful to have several mappings of
cell state tc graphic representation.

5. (Re-)Initialize--to minimize the cost of performing series of
experiments. This function and item (2) have certain procedures in
common.

6. Save and restore the state of the simulation.

7. Collect and display statistics as the simulation proceeds.

18 . .
It is not necessary to scan the network on every time-step, but

only on those at which some cell undergoes a transition that can affect

a neighbor (e.g., firing) or be affected by a neighbor (e.g., leaving the
absolute refractory period). Since such times can be calculated easily,
the programs do this; as a result, there are sometimes '"jumps' in
simulated time.
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VIII. Statistics

In a sense, it is the patterns of activity which arise in the model
network that constitute the real "output" of this simulation. Such
things as regular and irregular wave fronts, fast and slow conduction,
and reentries, are often more readily perceived on a graphic display
than quantified numerically. However, in an attempt to produce some
more objective measures of the network state and, if possible, to
correlate the behavior of the network with the activity of the indivi-
dual cells, some additional computations were incorporated into the
various simulation programs.19 The information generated primarily
concerns wave numbers, conduction intervals, counts of the number of

cells in various states, and means and variances of cell variables.

1. Wave Numbers

One element of the state vector of each cell is an integer
variable known as the wave number. Its initial value is zero. There
is also a wave number associated with the external stimulator; it
starts at zero, and is incremented by one every time the stimulator is
turned on. When a cell is fired by the external stimulator, its wave
number is set equal to the stimulator's. When a cell is fired by
excitation from its neighbors, its wave number is set equal to the
maximum of its neighbors' wave numbers. The result of this is that
waves "entering" the net from the external stimulator are numbered
sequentially, and the wave number propagates along with the wave itself.

Displaying the network wave numbers aids in sorting out the sequence of

19 Not all of the statistics are generated by each program.
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activation when conduction becomes irregular, and also makes it clear
where conduction failure has occurred. Moreover, the wave numbers make
it convenient to determine exactly where reentries occur: if a cell

is stimulated by neighbors whose wave numbers are no greater than its
own, then it is being reexcited by the same wave which fired it
previously (or possibly by an even earlier one). Such "reentry cells"
are flagged,20 so that a map of the network's reentry sites can be
printed, if desired; also, the reentry wave is assigned a unique number
so that its statistics can be kept separate from those of externally-

. . 21
stimulated waves present at the same time.

2. Conduction Intervals

Whenever the external stimulator is turned on, a new wave number is
assigned and the time of this event is recorded as the time of the wave's
origin. Each time a cell fires, the difference between its firing time
and the time of origin of the wave which excited it is computed and
stored as the 'conduction interval' for that cell. These data can be
printed whenever desired, to facilitate the study of the conduction of

activity waves.

3. Counts
Running counts are kept of the number of cells in the stimulated,
firing, and absolutely refractory states. Printed periodically, these

serve as the chief monitor of activity in the network; plotted against

20 In Program C only; Programs B and A are more primitive in this

respect.

21 . .
Several reentry waves may arise with the same wave number, due

to multiple reentry sites on a given wave. But the ''nmext generation"
of reentry waves will be numbered differently, as will any stimulated
waves.
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time, they constitute a crude "electrogram'" of the simulated tissue.

4. Means and Variances

When a cell is being fired, several quantities must be calculated
to determine its detailed behavior. Of these, means and variances are
accumulated for the following:

(a) activation interval (also called cycle length or inter-stimulus
intervalzz), the elapsed time since the cell was previously
fired;

(b) delay on firing, the duration of the stimulated state, Tgs

(c) safety factor of conduction, the ratio of the total stimulus
received by the cell to its threshold of excitation;

(d) ARP duration, Tps
Program B records items (a) - (c). These are collected on a global
basis, that is, over the entire network. At regular intervals the
current totals are printed out and the accumulators reset to zero.
Program C records items (a) - (d), and, in addition, counts the number
of "stimulation failures', that is, the number of cases in which an
excitable cell (state Q or R) received some stimulation from its
neighbor(s), but not enough to exceed its threshold. The '"safety
factor" in these cases, i.e. the ratio of stimulation to threshold, is
accumulated in the same manner as item (c). In program C, these statis-
tics are collected separately for each activity wave (using the wave
numbering scheme described above), rather than globally; thus it is

22 When we wish to distinguish between the cycle length (i.e.

period) of the external stimulator and the cycle length of the cells,
we use the term "activation interval' or "inter-stimulus interval' for
the latter,



Chapter 1V

RESULTS 1: EXCITATION AND CONDUCTION

The response of individual units to stimulation is clearly defined
and relatively simple, as described in Chapter III. The question is:
Do networks of such cells also exhibit simple, predictable, easily
described behavior when subjected to external stimulation? To find the
answer, the model network was subjected to various patterns of stimula-
tion, as detailed below. Its responses to these stimuli confirm the
suspicion that behavior of the aggregate is often a different matter
entirely from simply the sum of the responses of its components, because
of the complex interactions which can arise as the components lose

synchrony with each other.

I. The Strength-Interval Relationship

A. Fixed-Radius Stimulation

A common functionai measurement of cardiac tissue, made in the
course of pharmacological and electrophysiological studies, is the
strength-interval curve. This is essentially a graph of the time course
of recovery of excitability of a segment of cardiac tissue either in
vivo or in vitro, and serves as a base line against which to gauge the
effects of experimental variables. Accordingly, it seemed appropriate
to determine the strength-interval characteristics of the model tissue.

Procedure
Network N of table 3.2 was initialized with cycle length 200. One

stimulus of strength 25 was applied at time 200, and the state was_

77
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saved in file 1 at time 260. Then the sequence [restore file 1, apply
test stimulus] was repeated for test stimulus timings in the range 325
to 305 in steps of 5, and below 305 in steps of 1. At each timing of
Pl the same sequence was repeated while the stimulus strength was
incremented from a low value until a propagated response occurred.

In algorithmic notation, the procedure was

INITIALIZE NETWORK N, BASIC CYCLE LENGTH 200;

AT TIME 200 APPLY STIMULUS OF STRENGTH 25;

AT TIME 260 SAVE IN FILE 1;

A: DO P1 = 325 TO 305 BY -5, 304 TO 300 BY -1;

DO SS = 25 TO 2000; (increment varied by experimenter)
RESTORE FILE 1;
AT TIME P1 APPLY STIMULUS OF STRENGTH SS;
IF (propagated response) THEN DO NEXT Aj

END;

END;

Thus, the network was driven at a basic cycle length of 200, which
it followed easily. Increasingly stronger test stimuli were applied at
specified times (relative to the immediately preceding drive stimulus)
until a propagated response was observed, with enough time allowed
between test stimuli for the network to recover fully. Figure 4.1

shows a strength-interval curve obtained by this procedure.

Results
When a test pulse of strength equal to the cells' resting threshold
was placed later than about 150 time-steps after the preceding drive,

it elicited a uniform, symmetric response, since the stimulated cells
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were in the fully recovered state. As the test pulse was advanced
toward the preceding drive stimulus, the cells directly "under' the
stimulator began failing to respond, one by one, owing to their
differing ARP durations. Finally a time was reached at which the
resting-threshold stimulus failed to elicit any response; this point,
at which the earliest-recovering (shortest ARP) cell under the stim-
ulator was not quite fully recovered, marked the beginning of the
relative refractory period for the network as a whole.

As the test pulse was moved still earlier, the threshold rose
linearly at the same slope at which an individual cell's threshold
changes; the test stimulus was measuring the recovery characteristic
of only one cell, namely the earliest-recovering one in the set of
cells subject to the full strength of the external stimulator. The
linear rise in threshold was maintained over an interval of about 23
time-steps, or more than half of the individual cell's relative
refractory period. In Chapter III, some formulas were developed which
predict the behavior of this model in very simple cases. Applying
equation (16) to this case, which involves a single cell being stimu-
lated and in turn stimulating one or more of its neighbors, we have
CI = 23. That is, conduction between rank 1 and rank 2 fails when
the test stimulus is more than about 23 time-steps premature. Solving

for R we find that the second cell (which is in rank 2) must be

1,2’
recovering about 4 time-steps earlier than the earliest cell in rank
1, whereas it should recover about four time-steps later than the

rank 1 cell if all refractory periods were of the same duration. This

difference in recovery time, however, is consistent with the difference

in k-values between the earliest-recovering cell in rank 1 and its
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most excitable neighbor in rank 2. Hence we can ascribe this linear
part of the strength-interval curve simply to the threshold-recovery
characteristics of a single cell,.

A different situation arises in the experiment shown in figure
4.3 (which is described below). Here, the distribution of k-values is
such that the earliest-recovering cell in rank 1 has the same refractory
period duration as its most excitable neighbor in rank 2. Hence,
according to equation (16) of Chapter I11I, conduction should fail when
the test stimulus is more than 16 time-steps premature; yet the
strength-interval curve is linear for more than 25 time-steps.

The explanation is that conduction does indeed fail at time 304
(which is 16 time-steps into the RRP of the earliest-recovering cell,
whose RRP ends at timg 320); but a very slight increase in stimulus
strength causes the next most excitable cell to be stimulated also.
Since these two excited cells are in close proximity to each other,
their local responses add and thereby propagate the activity wave where
the single cell, firing alone, could not. In effect, the network
threshold graph shifts from the threshold-decay curve of the most
excitable cell to the parallel, but slightly higher, threshold-decay
curve of the next most excitable cell. Tn figure 4.3, the shift is
simply too small to be noticed, so the graph appears linear over the
wvhole range.

As the test pulse is advanced into very early RRP, spatial and
temporal summation become important in conduction of the activity
beyond the cells stimulated externally. Conduction delays (influenced
by stimulus strength) and the distribution of k-values (ARP durations)

interact in such a way that only a substantially stronger stimulus,
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which imposes additional synchrony on the cells' responses, generates
enough summation that the wave 'escapes' to the second rank of cells.
Once there, conduction delay is sufficient to permit further propaga-
tion through better-recovered regions. Thus the threshold rises
abruptly to six or eight times its resting value; then stimulation
fails completely, no matter how strong the stimulus. (Actually, what
fails is conduction. The external stimulus fires a number of cells,

but they are unable to excite enough of their neighbors for propagation

to occur.)

No-ResEonse

After the threshold-recovery curve had been delineated as described
above, another simulation run was made to determine the response of the
model to suprathreshold stimuli during RRP. A steady-state network at
cycle length 200 was established; then the timing of P1 was stepped in
one-millisecond increments while, for each increment, stimuli of

strength ranging from 200 to 2000 were applied. In algorithmic notation,

INITIALIZE NETWORK N, BASIC CYCLE LENGTH 200;
AT TIME 200 APPLY STIMULUS OF STRENGTH 25;
AT TIME 260 SAVE IN FILE 1;
A: DO Pl = 300 TO 320 BY 1;
B: DO SS = 200 TO 1000 BY 100, 1200 TO 2000 BY 200;
RESTORE FILE 1;
AT TIME Pl APPLY STIMULUS OF STRENGTH SS;
[observe response]
END’B;

END A;
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The result of this experiment (figure 4.1) is noteworthy at only
one point, namely time-step 303, where stimuli of strength 400 or
greater failed to elicit any propagated response. On this time-step
six of the seven central cells were in their relative refractory
periods and hence capable of excitation by the external stimulator.

A strong stimulus caused these cells' firing delays, which are influenced
by the stimulus strength, to be slightly reduced; the cells fired too
soon for their neighbors (whose thresholds are quite elevated) to

become excited, and so conduction failed. This no-response phenomenon
occurred only on time-step 303, as shown by the line in figure 4.1.

At all other time-steps, suprathreshold stimuli elicited one and only

one propagated response.

B. Distance-Biased Stimulation

It was evident from the foregoing that conduction in the immediate
vicinity of the external stimulator is an important factor in the
strength-interval relationship. Yet the external stimulus was applied
only to the seven central cells of the network, a recognizedly unrealistic
situation, especially when the stimulus strength was varied over a
wide range. Consequently, a second strength-interval determination was
made on the same network, following the same procedure as outlined above
but using the distance-biased stimulator described in Chapter III
(network Nl)’ in which the stimulus strength varies inversely with the
square of the cell's distance from the stimulator. The result is shown

in figure 4.2
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No~Response

As expected, the threshold-recovery curve was identical to that
in figure 4.1, for when the stimulus is just suprathreshold only the
cells at distance 1 from the stimulator--that is, the seven central
cells--are effectively excited. However, the no-response phenomenon,
where a stimulus of a certain strength elicits a conducted response
while a stronger stimulus at the same time fails to produce a conducted
response, occurred much more readily. There was a threshold associated
with the no-response phenomenon, so that stimuli whose strength was
above the response threshold and below the no-response threshold pro-
duced conducted responses, whereas stimuli below the response threshold
or above the no-response threshold elicited no propagated activity.
The no-response region, as shown in figure 4.2, was seen only in quite
early RRP, As the respone threshold rises, the distance between it
and the no-response threshold decreases, leaving a relatively small
range of stimulus strengths over which conducted beats can be
initiated. One may think of the effective refractory period as the
point where the response and no-response thresholds come together,

closing off propagated excitation.

Miltiple-Response

If strong stimuli are applied slightly later than the earliest
time in RRP at which a conducted beat is possible, then instead of
no-response, the stimulus may cause a reentry pattern to develop,
leading to multiple responses. The regions in which these various
phenomena occur are mapped on the strength-interval diagram in figure

4.2, It is apparent that a clear separation of 'mo-response'" from
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"multiple-response' regions is not possible: one response, no response,
or multiple responses may be produced with only slight variation in
stimulus strength and timing. 'Multiple responses' may range from a
single extra beat to a seemingly persistent pattern lasting thousands
of time-steps.

The mechanism by which these aberrations arise is essentially that
hypothesized by Brooks, et al. (1955, p. 149 ff.). The site where
external stimuli are applied is surrounded by an irregular margin of
partially recovered tissue. In order to produce a conducted response,
a stimulus must be strong enough to excite some of these cells, whose
thresholds are all elevated to varying degrees. But this initial
excitation must be delayed enough in its propagation for a path of
more recovered cells to open up in front of it, or else the excitation
will not be conducted much beyond the region of the external stimulator.
This is what happens when the stimulus is too strong: a larger area
is excited, pushing the leading edge of the activity wave closer to the
retreating border of the absolute refractory period from the previous
wave. These cells on the wave front, having relatively high thresholds
at the time they become excited, experience nearly the maximum delay
before firing; but their response is thereby reduced in magnitude, and
their neighbors' thresholds are still quite high, so conduction fails.
Consequently the stronger stimulus produces a larger local response,
but no conducted response.

Reentries arise, when the timing is right, because of the irregu-
lar pattern of excitability in the region around the stimulator. A
strong stimulus may produce a large local excitation, some of whose

edges may lie in more excitable regians than others. If conduction
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l
then fails cbmpletely at most places along the wave front (as with the
no-response situation described above) but proceeds, delayed, at a
few spots, then after a short time there will be a patch of absolutely
refractory cells in the area around the stimulator with a few regions
of activity at its borders, all surrounded by increasingly excitable
cells. The small activity regions grow and propagate in all directions,
except that the excitation wave must skirt the area where the stimulus
was originally applied, as that section is absolutely refractory. If
that refractory region is large enough, then portions of it may be
beginning to recover their excitability by the time the activity
wave (s) reach them; then reentry occurs, and continuous conduction may
ensue,

Because the no-response/multiple-response phenomena appear to be
so dependent on the local distribution of excitability in the region
near the stimulator, another strength-interval graph was made using
procedures identical to those above but with the k-values assigned from
a different sequence of random numbers. The result is shown in figure
4.3. The rise in threshold at early RRP was much less abrupt, and the
no-response/multiple-response phenomena appeared in different places
on the diagram. The no-response region was quite large, and its
threshold in early RRP was quite close to the threshold of excitation,
leaving a very small range of effective stimulus strengths., The
multiple-response region lay somewhat later and at rather lower stimulus
strengths than in figure 4.2; it was also much smaller. However,

multiple responses occurred frequently at isolated spots fairly late

in RRP.
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Some indication of the reasons for these differences between
figures 4.2 and 4.3 can be obtained from figure 4.4, where the k-values
for each case are shown for cells near the stimulator. In the first
case (a) the sample mean values of k are fairly close to each other and
to the mean of the distribution, 7.0. But in the second case (b) the
average k-value of cells at radius 1 from the stimulator is only 6.4,
which is rather low; and at radius 2 the mean is 6.6, still somewhat
low. Only at radius 3 is the cells' mean near, in fact slightly above,
the mean of the distribution. The low k-values near the stimulator
mean that the cells there will be more easily excited, all other
things being equal, and will show less conduction delay. Hence it will
be easier to 'bump into' the refractory border as stimulus strength is
increased in early RRP, and one would expect the no-response phenomenon
to appear more readily.

A typical strength-interval curve obtained from a dog's atrium is
shown in figure 4.5, Comparing this graph with figures 4.2 and 4.3,
perhaps the most significant difference is that the simulated cells
show no response at all in very early RRP, while the real tissue con-
tinues to respond if the stimuli are strong enough. That is, the
simulated cells simply cut off at a certain degree of prematurity, and
remain unexcitable regardless of the strength of the stimulus.

There are a number of possible explanations, of course, for the
real tissues response to very strong stimuli in early RRP, but most
would seem tc involve some change in local properties of the tissue
wrought by the strong current, such as drastic changes in ionic con-
centrations or alterations in the characteristics of the cell membrane.

Another possibility, which does not require any change in the local
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properties, was suggested by observation of the simulated tissue and by
description of the procedures used to obtain strength-interval curves
in an animal laboratory [Brooks et al., 1955]: namely, some spatial
separation of the test electrode from the driving electrode.

Reflection on the behavior of the model led to the idea that
responses elicited by very strong stimuli might be due to the existence
of areas a short distance from the test electrode that would be excitable
when the region right around the stimulator was incapable of a conducted
response. This condition might be produced by a drive beat originating
at a slightly different place than the test stimulus; when it was
discovered that such was indeed the situation in some animal experiments,
a similar experiment was arranged with the simulation. The procedure
was exactly as described above (figures 4.2 and 4.3), except that the
drive stimulus was applied at coordinates (-3,0), while the test
stimulus was applied at the usual place, (0,0). The resulting strength-
interval graph is shown in figure 4.6.

The threshold curve is similar to the prior cases, except that
very strong stimuli at early RRP produce conducted responses where none
occurred previously. The no-response region is greatly reduced in size,
and appears only at relatively low stimulus strengths. The multiple-
response region is larger, and occurs earlier in the relative refractory
period. Neither effect is unexpected, for with a more-recovered region
located further from the site of the test electrode, it will be more
difficult to stimulate enough of the total excitable region that
conduction would fail completely; yet it should be less difficult to

produce an asymmetric activity pattern that would be prone to reentry.
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It should be observed that the strength-interval determination
affords a clear illustration of the distinction between properties of
individual components of a cellular system and the properties of the
aggregate. Considering only individual elements, in this case the
units which represent small tissue regions, the strength-interval
characteristic is immediately apparent; in fact, it is built into the
model directly, as the linear slope of threshold during RRP. It is
perhaps not obvious that the strength-interval, or equivalently, the
threshold-recovery, curve for aggregates of units should be any
different. Yet the curve departs considerably from linearity in early
RRP, because where the aggregate is concerned the response of interest
is a propagated wave, not simply the firing of single units.

It might also be noted that in no case did the minimum effective
stimulus cause a multiple response; the same observation was made by
Brooks, et al. (1955, p. 69):

.« « . it was possible to avoid fibrillation even when

testing during the vulnerable period of the cardiac cycle

because no period was ever found during which the

minimum effective stimulus produced fibrillation in a
normal heart.

II. Conduction of Premature Beats

In laboratory animals, atrial fibrillation is commonly induced
by premature stimuli. One shock is rarely sufficient, but two or more
shocks placed in early diastole frequently elicit a series of propagated
responses which often then passes into the disordered rhythm of
fibrillation.

The mechanism by which fibrillation arises under these conditions

is not known, but the principal theories are two: that the premature



95

beats somehow initiate repetitive firing at one or more ectopic foci; or
that the premature wave fails to propagate in certain regions of the
tissue which other parts of the same wave later find excitable, pro-
ducing continuous conduction via circus movement or reentry. The

former mechanism involves automaticity, which is not present at all in
this model. The latter mechanism supposes that very premature beats
suffer impaired conduction of a sort that allows reentry to occur; it
therefore seems appropriate to investigate the conduction of premature
beats in the model, particularly as influenced by their number and
degree of prematurity.

"Premature stimuli'', as the term is used here, refers to near-
threshold shocks applied to the experimental preparation before it has
completely recovered from the previous beat; the threshold of stimulation
is elevated from its resting value, and/or the resulting beat is con-
ducted at reduced velocity. (Such premature stimuli are much weaker
than the strong shocks which sometimes elicit arrhythmias when applied
during the so-called vulnerable period, as described in the previous
section.)

Certain advantages accrue to studying premature conduction in a
computer model. The discrete time scale allows precise measurement of
conduction times and inter-stimulus intervals (although, by the same
token, timing differences less than one time-step will be obscured).
It is relatively easy to measure the conduction of a wave along any
desired path; in fact, the bassage of a wave can be made to leave a
permanent record of the state of every cell, so that the choice of a
measurement path may be made after the fact. Since situations can be

exactly reproduced, it is possible to run various cases under identical
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conditions. And it is possible to perform experiments on such idealized
"preparations' as the completely homogeneous network described below.

If reentry and continuous conduction are significant factors in
- the maintenance of atrial fibrillation, they certainly must involve
something analogous to premature conduction; hence better knowledge of
premature conduction ought to aid our understanding of the fibrillatory
state., It would also be desirable, if possible, to establish a cri-
terion by which beats which result in arrhythmias might be distinguished,
on the basis of their conduction, from those that do not.

In order to gain some understanding, then, of the way premature
stimuli are conducted in the model, the following series of experiments

were performed.

A. Conduction of a Single Premature Beat

Procedure

Network N of table 3.2 was initialized with basic cycle 250.
Stimuli were applied at the basic rate until the network appeared to
have reached a relatively stable state, at which time it was saved in
a file. Then the sequence [restore state from file, apply test
stimulus] was repeated while the test stimulus was moved progressively
earlier, starting in very late RRP and ending when the ERP was reached.
For each cell in the network, the arrival times of the activity waves
were recorded. That is, the time at which each cell was excited, by
both the normal drive and the premature waves, was stored in a file,
so that the course of each wave could be reconstructed later. In algo-

rithmic notation, the procedure was:
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INITIALIZE NETWORK N, BASIC CYCLE 250
AT TIME 280 SAVE IN FILE 1;
A: DO P1 = (values selected by experimenter);
RESTORE FILE 1;
AT TIME P1 APPLY STIMULUS;

AT TIME Pl + 250 WRITE CONDUCTION-INTERVALS;

END A;

Several radial paths extending outward from the site of stimulation
are shown in figure 4.7 and numbered for reference in the discussion
below. Graphs of arrival time vs. distance along a path are plotted
with the independent variable on the ordinate so that the slope of the
curve has dimensions of velocity.

This procedure was repeated using basic drive cycle lengths of
200, 150, and 100, Conduction-time graphs for representative cases are

shown in figures 4.8 and 4.9.

Results

]. Delay Near the Stimulator

Figure 4.8(b) shows a typical case. Stimuli placed late in the
relative refractory period caused beats which were conducted at
essentially normal velocity. As the stimulus was moved progressively
earlier, the premature wave began to be conducted more slowly. The
slowing was most pronounced in the vicinity of the stimulator; this
delay allowed the '"recovery wave' to outrun the premature activity
wave (see figure 4.18), so that further from the stimulator the wave
encountered cells which had had additional time to recover, and con-

duction velocity increased. The more premature a beat, the more slowly
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it was conducted near the stimulator and the longer the distance over
which its velocity was depressed. Even very premature waves, however,
finally reached a point, distant from the stimulator, at which suffi-
cient delay had been accumulated that the tissue in front of the wave

was well-recovered and the wave attained normal conduction velocity.

2. Focal Block

Figure 4.8(3) shows another conduction-time graph from the same
experiment as figure 4.8(b). The only difference between the two
graphs is the path along which the waves' progress was measured: path
3 in figure 4.8(b), path 1 in figure 4.8(a). Yet figure 4.8(a), while
similar to figure 4.8(b) for moderately premature waves, is radically
different for beats initiated at time 120 or less. The latter show
very large conduction delays near the stimulator--much larger than a
single cell can sustain--followed by very high apparent conduction
velocities, with some cells near the stimulator actually being excited
later than cells more distant.

The explanation is to be found in the random distribution of
k-values. The cells along path 1 happened to have relatively high k's
near the stimulator, while the k's along path 3 were, in general,
lower. Therefore, at very short cycle lengths, conduction block
occurred on path 1 but not on path 3. Cells along path 1 were not
activated by a wave spreading radially from the center, but rather by
waves that originally began on other paths, including path 3. This
activity skirted the block and eventually crossed path 1 from the side,
thereby exciting some distal cells earlier than more proximal ones

(the latter, part of the original block, having recovered excitability
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Figure 4.8. Premature Conduction, Basic Cycle 250 Time-Steps.

(a) Conduction Measured Along Path 1.
(b) Conduction of the Same Beat Measured Along Path 3.

(c) Inter-Response Interval as a Function of Inter-Stimulus
Interval.

Figure 4.9. As Above, but with a Basic Cycle of 150 Time-Steps.
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by the time the skirting wave arrived). The fact that the activity
wave crossed path 1 at an angle accounts for the (nearly) simultaneous
activation of many cells along the path; the high apparent conduction
velocity is really a '"phase velocity".

Comparison of figures 4.8(a) and 4.9(b) shows that the overall
conduction times to the edge of the network (d=12) were nearly
independent of path--certainly the difference in final arrival time
between path 1 and path 3 was slight, compared to the radical
difference in conduction patterns closer to the site of stimulation.
The sudden appearance of a conduction block on path 1 when the premature
stimulus was advanced from time 130 to time 120 (relative to the
preceding drive) had almost no effect on the ultimate propagation
times. Yet, as will be seen later, such blocks can lead to reentry
and self-sustaining activity quite suggestive of fibrillation and other

arrhythmias.1

3. Effect of Rapid Drive

To test the effect of increased basic drive rates on premature
conduction, the experiment described above was repeated with the cycle
length of the driving stimulus reduced to 200, 150, and 100 time-steps.
Figure 4.9 is representative of the results.

The ERP was, of course, shortened at higher drive rates, because of

the reduced duration of the absolute refractory period. Consequently

If a similar situation obtains in cardiac muscle, one must wonder
whether gross conduction-time measurements can be very revealing with
regard to the genesis of arrhythmias. Indeed, recent studies indicate
that the initiation of arrhythmias in experimental atrial preparations
is not associated with consistent changes in conduction time to various
widely-spaced recording sites on the atrial surface (Curtis, 1971).
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conduction block, if it occurred, happened with earlier stimuli. The
range of premature stimuli over which conduction block occurred also
varied, erratically, with the rate of basic drive.

The faster basic drive rates did not appear to cause premature
block to occur on paths where it did not occur previously; but the
delay due to such blocks was sometimes greater, owing to the depressed
conduction of the skirting wave. This caused the total path propagation
time to become significantly longer than on a path where no conduction
block occurred, with the result that a noticeable difference in arrival
time was observed at a distal recording "electrode'". Thus, increasing
the rate of basic drive revealed the presence of a conduction block
which was in fact present even at a slower rate, but which was unde-
tectable by a gross conduction-time measurement.

When the driving rate was relatively high, the drive beats them-
selves were conducted at reduced velocity, since they amounted to a
continuous train of premature stimuli. Such a situation occurred when
the basic cycle length was reduced to 100, where the drive beats prop-
agated at a rate of 0.2 cells per time-step (compared with 0.33
cells per time-step at slower driving rates). The conduction velocity
of premature beats was depressed still further, at least near the
stimulator; further away their velocity increased to match, but not
exceed, that of the driving beat. It would appear, then, that a
premature wave tends to be delayed in its early stages of propagation
just long enough for cells more distant from the stimulation site to
reach their average recovery state, but that this average recovery
state is different from full recovery in the case of high basic drive

rates.
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4. Response Latency

Several of the properties of premature conduction discussed above
can be seen quite clearly in figures 4.8(c) and 4.9(c), which show
response latency as a function of prematurity at each of the basic

driving rates tested. The driving stimulus is denoted S., and the

1,

premature stimulus S The respective responses are denoted R, and

1

Rz; these were measured at the edge of the network (distance 12 from

2°

the stimulator). Plotting the R1 - R, interval yields a straight
&

line of slope 1, when the S1 - 82 interval is large. That is, any

change in the interval between stimuli is reflected a2s an identical

change in the interval between responses. As the S1 - 82 interval

shortens, however, the R1 - R2 interval does not decrease by quite the

same amount, due to the increased S2 - R2 interval resulting from

depressed conduction of the S wave. This appears on the graph as a

2
departure from the 45° line. When conduction delay just compensates
for prematurity, the latency curve becomes flat. At very short S1 - 52
intervals the conduction of the 82 wave may be so depressed that the
82 - R2 interval becomes excessive, appearing as an actual upturn of
the latency curve. Similar conduction patterns in cardiac muscle have
been observed by Moe, et al. (1956).

As figures 4.8(c) and 4.9(c) show, these phenomena are path-
dependent: All paths show a flattening of the R1 - R2 curve as 52

becomes more premature, but noticeable upturn occurs only on paths where
a conduction block occurred. (Significantly, at some S1 - S2 intervals,
the block may be quite pronounced and yet have no effect on the latency

curve.) These curves are not affected greatly by changes in the basic
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drive rate, except at quite fast driving rates where only the flat part

of the curve is present.

B. Conduction in Homogeneous Networks

Because of the variation from path to path seen in the previous
experiments, an additicnal series was performed in which the network of
simulated cells was made completely homogeneous by setting the parameter
kO to zero during initialization, so that each cell was given the same
k. This made all cells identical, but, as noted below, did not have
the effect of making all conduction paths identical. Nevertheless,
when all cells are the same, it is much easier to discern the timing
relationships between them and to determine the interactions of delay,

threshold, local response, and so forth in some detail.

Procedure
These experiments were performed in essentially the same manner as
those described in section A (above) with the obvious extensions being

made in cases where more than one premature beat was required.

Results

1. Conduction of a Single Beat

Figure 4.10 shows single premature stimuli at various coupling
intervals, under different rates of basic drive. These curves are
quite similar to those discussed previously (figures 4.8, 4.9), except
that they are much smoother because of the uniformity of the conduction
path. It is evident that most of the delay, especially on early beats,
cccurred quite close to the stimulator, and that it varied in a com-

pensatory way with prematurity so that activity reached distant points
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at a fixed time even when the S1 - 82 interval was varied over a range
of some 30 time-steps. Regardless of the prematurity of the stimulus,
the resulting wave eventually propagated at normal velocity, unless the

basic drive rate was quite high, in which case all waves propagated at

subnormal velocity.

2. Accumulation of Delay

Figure 4.11 shows the conduction of four successive premature beats
under different rates of basic drive. Fach premature stimulus was
applied just outside the ERP of the previous wave, i.e. these were the
earliest-possible premature beats, The accumulation of delay over
successive waves was quite evident in the prolongation of the early
slowed-conduction phase: the breakpoints (at which velocity increases
toward its normal value) moved further and further from the stimulator
on successive beats., (In fact, the second, third, and fourth premature

waves reached the edge of the network before they achieved full speed.)

3. Delay at a Distance

A case of delay at a distance, due to a rapidly-conducted wave
running into the refractory tail of the preceding wave, is evident in

figure 4.12, where the first two premature beats, P, and Pz, were

1

elicited as early as possible while the timing of the third premature

beat, P,, was varied. Early PS'S were similar to cases seen previously;

3
that is, they were conducted quite slowly initially and tended to merge
into a single curve over a range of inter-stimulus intervals. However,

when P3 was applied later, the region near the stimulator was relatively

well recovered, so the wave moved rapidly. Soon it caught up with the
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Figure 4.11. Conduction of Multiple Premature Beats in a
Homogeneous Network.

(The curve showing Py at a basic cycle length of 100 is
approximately correct; the exact data were lost due to a
computer malfunction.)
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partially refractory trailing edge of the P_ wave, whereupon it slowed

2

suddenly to a velocity even less than that of P2. The later P3 is

applied, the more distant is the point at which this '"'collision" occurs.

4. Effect of the Hexagonal Neighborhood

When the network is homogeneous, conduction is always symmetric
about six axes radiating outward from the site of stimulation. Never-
theless, conduction is not the same in all directions, for certain path
differences are inherent in the hexagonal neighborhcod structure, viz.,
that some cells in rank n have only one neighbor in rank n-1 while
other cells in rank n have two neighbors in the lower rank. TFor example,
compare paths 1 and 4, as defined in figure 4.7 (see also figure 3.1).
When an activity wave is progressing outward in a symmetrical fashion,
rank by rank, each cell along path 1 receives stimulation from only one
cell in the next lower rank, while cells along path 4 each have as
neighbor two cells in the next lower rank. (Path 4 thus represents a
slightly preferred direction of conduction.) There is no difference
when the wave is progressing through well-recovered regions, because
then stimulation from even a single cell is more than adequate., But
when the area is in early RRP and the conduction velocity is depressed,
the magnitude of the local responses is depressed as well; and for very
premature waves it may sometimes be impossible for a single cell to fire
another. Then conduction can be sustained along one path by summation
while it fails along another; the activity wave advances slowly along a
zig-zag path, and the net propagation velocity is very low. These path
differences are accentuated over successive premature beats, particularly
when the latter are all very early, because then the thresholds are

high, safety factors of conduction are low, and temporal and spatial
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summation become important in the maintenance of conduction (see

figure 4.17). If enough early beats are evoked, the difference in
propagation velocities along two adjacent paths, e.g., path 3 and path
4, may cause conduction failure on one but not on the other, so that an
excitable path opens up through the (fragmented) wave front, and re-
entry occurs.2 Such a situation is shown in figure 4.13.

This sort of reentry through "cracks in the neighborhood" is
certainly an artifact of the model and does not, presumably, correspond
very directly to any property of cardiac muscle. However, it provides
a dramatic demonstration of the way in which premature beats, whose
conduction is fairly marginal, can greatly magnify the effects of
minor variations in the conducting properties of the excitable medium.3
By analogy, cardiac tissue might be expected to conduct increasingly

premature beats with increasing irregularity.

C. Conduction of a Second Premature Beat in Non-Homogeneous Networks

Single premature beats always show some conduction delay, and

sometimes encounter focal conduction blocks. When two or more premature

2 Interestingly, it is in the preferred directions of conduction
that conduction failure occurs, as the wave runs abruptly into abso-
lutely refractory cells. Activity along the other paths is delayed
more near the stimulator, giving the cells further away more time to
Tecover,

3 Many of the interesting effects observed in the experiments
reported here are due to the non-uniform conducting properties of the
model, but the reader should be aware that such differences are pre-
dominantly due to variations in k from cell to cell, not to the
neighborhood structure, as is evidenced by the fact that reentry can
occur after only two premature beats in the presence of k-variation
but requires five premature beats in its absence.
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stimuli are applied in succession, these effects are usually enhanced.
Such conditions of marginal conduction can lead to various interesting
phenomena, such as the unexpectedly long effective refractory period
(ERP) which follows a very premature beat (see figure 4.15). They can
also lead to reentry, particularly when the premature stimuli are closely
spaced. Reentries may or may not result in self-sustaining activity,
but they always complicate the measurement of premature conduction
because the concept of an activity wave with a definite origin becomes
muddied when such a wave activates some cells more than once. The
situation is still more uncertain when reentries occur at more than one
locus and/or time. In the computer simulation these effects can be
minimized by proper selection of the path along which to make conduction

measurements.

Procedure

Network N1 of table 3.2 was initialized with initial cycle 200, The
conduction-time characteristics for single premature beats at various
time intervals were determined as described in the preceding section.
Then the same series was re-run under identical conditions except that,
for each placement of the first premature beat, a second premature
beat was elicited over a range of inter-stimulus intervals. That is,
after applving the first premature stimulus Pl’ the state of the network
was saved in file 2; then the sequence [restore file 2, apply P2] was
repeated for various intervals of the second premature stimulus P2.

Then the whole step was repeated at a different timing of P].

4 Obtaining adequate conduction-time data in spite of interference
from reentires, and without adding undue complications to the computer
program, required judicious operation of the simulation system, for
which purpose the graphic display facility was quite useful,
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Figure 4.13. The Development of Reentry in a Homogeneous Network

Computer-printed state of the network at time-steps 819 and 859,
Network N. of table 3.2 was initialized at cycle length 150;
stimuli wére applied at time-steps 150, 300, 390, 485, 570,

655, and 745 (i.e. 5 premature stimuli, as early as possible).

Legend: $ = stimulated
* = firing
- = absolutely refractory
- = relatively refractory
blank = quiescent
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In algorithmic notation,

INITIALIZE NETWORK Nl’ BASIC CYCLE 200;

AT TIME 260 SAVE IN FILE 1;

A: DO P, = 300, 305, 310, 315, 320, 330, 350;
RESTORE FILE 1;
AT TIME P, APPLY STIMULUS;

AT TIME P1 + 50 SAVE IN FILE 2;
B: DO P2 = (values selected by experimenter);
RESTORE FILE 2;
AT TIME P2 APPLY STIMULUS;
AT TIME (selected by experimenter) WRITE CONDUCTION-INTERVALS;
END B;
END A;
Representative results are shown in figures 4.14(a) through 4.14(d).
Path 1 was chosen for display because it was least affected by conduc-

tion block, yet shows the principal features of P,'s propagation.

2
Results

1. Accumulation of Delay

When a second premature beat, PZ’ was initiated soon after the

first premature beat, Pl’ P2 was always conducted more slowly than Pl,

regardless of how premature P1 was. As was usually the case with P

1’
most of the conduction delay on P2 occurred near the stimulator;
however, incontrast to Pl’ the conduction velocity of early P2 beats
remained subnormal over the entire path. If a conduction block was
present in the path of a P2 wave, then the apparent propagation delay
may have been exceptionally long because of the greatly reduced velo-

city of the wave which skirted the block (see figure 4.14(a)).
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Figure 4.14. The Conduction of P2 After Various Placements of Pl'

Network N Driving Stimulus

1’
at Time-Step 20

(a) P, at time-step 300 (the earliest possible), scan Pz.

1
(b) P1 at time-step 305, scan PZ’
(c) P1 at time-step 310, scan P2.
(d) P1 at time-step 350, scan P2

In each graph, the conduction curve of P1 has been translated to the
origin for comparison with the curves of PZ'
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The same compensatory delay mechanism observed with P, also operated

1

on P2 beats: There was a range of inter-stimulus intervals over which

final propagation time along a given path remained constant. This range

was greater when P1 was early, becoming smaller as P1 was placed later

and later (figure 4.14); however, its maximum occurred not at the

earliest Pl’ which was at time 100 (figure 4.14(a)), but rather when P1

was placed slightly later at time 105 (figure 4.14(b)).

As the P1 - P2 interval was increased, the conduction velocity of

P2 rose. The improvement came first in the vicinity of the stimulator,

where conduction had been slowest; in fact, conduction sometimes

improved so quickly that, in the region near the stimulator, PZ was

conducted more rapidly than P 's conduction velocity then

, with P

1 2

falling off as the wave moved away from the stimulator, finally becoming

slower than Pl' (This phenomenon is accentuated by the rate-related

foreshortening of the refractory period of P. near the stimulator, as

1

discussed on page 137.) The P2 wave, in such cases, actually caught up

with the refractory tail of the preceding (slowed) P. wave, whereupon

1

P2 slowed also. Lengthening the P1 - P2 interval still further caused

the conduction velocity of P, to improve along the entire path, finally

2
reaching normal speed (which may, of course, be greater than that of

the preceding P1 wave).

2. Conduction Failure

In general, conduction anomalies--'kinks'" in the conduction-time
graph, mainly due to the erratic path taken by the advancing wave--were
greater on P_ than on Pl. As with delay (above), the most pronounced

aberrations of P, conduction were associated with P

1 slightly later than
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the earliest (at time 305), as a comparison of figures 4.14(a) and
4.14(b) will show. The graph of P2 conduction does, of course, depend
on the path chosen for measurement; but it is the case that when

P. was initiated at time 305, there was no simple path along which P

1 2

was conducted in a relatively uniform way. Partial conduction failures

seem, then, to be widespread on early P_'s, not confined to certain

2
paths as with early Pl's.

ITI. Non-Propagated Responses to Stimulation

Conduction failure as seen in conduction-time graphs takes the
form of some sort of focal block, usually of a quite transitory nature,
which is responsible for abnormally large conduction delays. Another
form of conduction failure occurs when a premature stimulus elicits a
local response which is not conducted at all; that is, the premature
stimulus (usually, but not necessarily, from an external stimulator)
excites some poorly-recovered cells whose own responses are not strong
enough to excite their equally-poorly-recovered neighbors in sufficient
numbers to propagate the activity. Such non-propagated responses are
believed to be responsible for two phenomena seen in cardiac tissue:
(1) the ability of a very premature stimulus, which itself produces
no observable response, to interfere with a slightly later stimulus
which ordinarily would have produced a response, and (2) the
abnormally prolonged effective refractory period following a very

premature stimulus.
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A. Unexpected Prolongation of ERP

It has long been supposed that, in general, the refractory period
following a premature beat will be shortened, due to the reduced cycle
length. This relationship has been directly programmed into the
simulated cells (see Chapter II1), but the distinction between proper-
ties of the elements of the model and properties of the aggregate must
be observed. In particular, it is not apparent a priori just what the
relation between refractory period and prematurity in the model will be
when speaking of conducted beats rather than simply the 'local response"
of isolated units.

Accordingly, a series of experiments was performed in which the
simulated tissue was driven at a moderate rate that was interrupted
periodically by the interpolation of a premature stimulus. The refrac-
tory period following the premature beat was measured by applying a
second premature stimulus shortly after the first and noting whether or
not a conducted beat resulted. By varying the timing of P_ relative to

2

P, the effective refractory period of P

1 could be measured accurately.

1

By varying the timing of P, relative to the preceding drive, the

1
dependence of refractory period on degree of prematurity could be

determined.

Procedure

Network N1 of table 3.2 was initialized with initial cycle length
200. One stimulus of strength 200 was applied at time 200, and the
state was saved in file 1 at time 290. The following sequence was then
1; if Pl elicits

a propagated response, determine the refractory period]. The refractory

done repetitively: [restore state from file 1, apply P



period was determined by saving in file 2 the simulation state some time

after the activity wave due to P_ had developed, but before recovery

1
from that wave had begun. Then the following sequence was iterated:
[restore state from file 2, apply PZ’ note result], with the time of
application of P2 initially quite short but increased on each iteration.

The iteration was stopped when P2 elicited a conducted beat.

In algorithmic notation, the procedure used was essentially

INITIALIZE NETWORK N], . «  BASIC CYCLE LENGTH 200;

AT TIME 200 APPLY STIMULUS OF STRENGTH 200;
AT TIME 290 SAVE IN FILE 1;

A: DO P1 = 290 TO 304 BY 1, 305 TO 375 BY §5;
RESTORE FILE 1;
AT TIME P1 APPLY STIMULUS OF STRENGTH 200;
IF (propagated response occurs)

B: THEN DO;

AT TIME 380 SAVE IN FILE 2;

P9 = 380;
C: RESTORE FILE 2;
AT TIME P APPLY STIMULUS;
IT (propagated response) THEN DO NEXT A;
ELSE Pz = P2 + 1, GO TO C;
END B;

END A;

The above procedure was applied to four cases: the standard net-

work N1 of table 3.2 (where kG = 1.5), and that same network with k(T

reduced successively to 1.0, 0.5, and 0.
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Results

The dependence of the refractory period of Pl on its degree of pre-
maturity is illustrated in figure 4.15(a), where for each time of
application of Pl, plotted along the abscissa, the minimum value of P2
at which a propagated response to P2 occurred is plotted on the
ordinate. The variation of kO corresponds to a variation in the amount
of inhomogeneity in the network. The general form of all four curves
is roughly the same: the refractory period duration drops smoothly as
Pl becomes more and more premature, until a minimum duration is reached;
then occurs an upswing, whose sharpness depends on the amount of in-
homogeneity present in the network. A more gradual upturn in the curve
is associated with the more homogeneous networks, whereas the network
with the greatest amount of inhomogeneity from cell to cell also shows
the smallest minimum value of refractory period and the sharpest rise
in refractory period at very premature cycle lengths.

The smooth decrease in refractory period with increased prematurity
of the test stimulus is in accord with classical observations (Bazett,
1918; Moe, et al., 1964) and is a direct reflection of the incorporation
of such a relation into the definition of the individual cells of the
model. The sudden upturn in R.P. duration following very premature test
stimuli is entirely unanticipated, and seemingly at variance with
observations on real cardiac tissue.S

Detailed analysis of the behavior of the inhomogeneous networks

(those for which kO > 0) is very complicated and tedious; those cases

> However, recent careful studies of rabbit atrium have shown that
the refractory period following a premature stimulus is, indeed, leng-
thened when the test stimulus is very premature, as shown in figure
4,15(b) (unpublished results of Dr. H. Fukushima). The similarity to
the results of computer simulation (figure 4.15(a)) is apparent.
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are best "analyzed" by observing the results of simulation. A homo-
geneous network (kO = 0), though, because of its symmetry, is amenable
to a degree of analysis sufficient to explain the principal features of
the curve shown in figure 4.15. Since the discussion of this case
will, of necessity, involve detailed properties of the model cells, the
reader should remember that the aim here is to understand why the model
behaves as it does, and not to imply that directly analogous statements
would necessarily be true of cardiac tissue.

For Pl later than time 325, the ERP curve follows the k/C relation
of refractory period to cycle length: increasingly premature stimuli
mean a progressively shorter cycle and, hence, a shorter refractory
period. This property is, of course, directly programmed into the
model. The question is, why does this relation fail as Pl becomes still
more premature?

Figure 4.16 shows the arrival time of the stimulus wave Pl‘at
each of the cells along a radial path from the point at which the
stimulator was located. For P1 placed after time 340, the conduction
velocity of tﬁe premature wave is the same as that of the normal drive
stimulus, that is, the Pl wave is not really premature, since it
travels entirely through fully-recovered tissue. As P1 is moved
earlier, it begins to encounter incompletely recovered cells at the
site of stimulation, and so the initial conduction velocity decreases.
The delay due to this reduced conduction velocity allows the regions

in front of the advancing P, wave front additional time to recover, so

1
that the premature wave encounters cells that are increasingly more
excitable as it moves outward. These more fully recovered cells suffer

less delay between receipt of stimulus and response, so the wave's
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Figure 4.15. The Dependence of Refractory Period on the Degree
of Prematurity.

(a) in the Simulation
(b) in Rabbit Atrium
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Figure 4.16. Conduction of a Single Premature Beat in a Homogeneous
Network.

Same network as in figures 4.14 and 4.15. The driving stimulus
was applied at time-step 200; its conduction curve has been
translated to the origin of this graph for comparison with the
curves of Pj.
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conduction velocity rises. Eventually, as is apparent in figure 4.16,
the premature wave becomes conducted at normal velocity.

If one thinks of a "wave of recovery" passing over the tissue behind
a wave of depolarization, then the situation here can be viewed as a
case of the slowed premature wave being outrun by the preceding recovery
wave, which moves at the same speed as the driving wave. As figure
4.16 shows, the more premature a wave becomes, the more it is delayed,
particularly during its early stages of propagation. The net result is
that conduction delay largely compensates for prematurity, so that the
conduction time graphs for all premature waves coalesce to a single
curve at a point remote from the site of stimulation.

This compensatory delay effect, which means that the interval
between P1 and the preceding drive beat, as measured, say, 10 units
from the site of stimulation, cannot be reduced below some fixed mini-
mum regardless of how early P1 is applied, explains the phenomenon of
increased ERP at short P1 cycle lengths.

Essentially, P2 is constrained by two factors: the time course
of recovery of excitability following Pl, and the maximum delay per cell
that can be achieved without failing to sustain propagation. In the
example shown here, moving P1 earlier than approximately time 325 does
not cause the resulting wave to reach portions of the tissue distant
from the stimulator any sooner (in fact, it may reach some places later)
than it would have otherwise; thus P2 cannot be applied any earlier in
spite of the earlier application of Pl, given the assumption that P

2

was already as early as possible and was sustaining the maximum possible

conduction delay.
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A second effect which occurs as Pl is placed earlier and earlier
can be seen in figure 4.16: reduction in effective radius of the
external stimulator, due to the distance bias. For P1 earlier than
about time 325, units at radius 2 from (XO,YO) (the coordinates of the
external stimulator), which receive a stimulus of strength ¥/4, are
insufficiently recovered to be excited, whereas those units at radius
1, in the same recovery state as the units at radius 2 (because the
drive stimulus fired both sets at the same time), are excited by
virtue of the stronger stimulus they receive, Y. The concomitant
increased conduction delay between rank 1 and rank 2 accounts for the
conpensatory phenomenon described above. It will be noted that the

curve comes just at the value of P, where

breakpoint in the ERP vs P 1

1

the partial failure of external stimulation is encountered.
The extra delay induced by the diminished radius of the stimulator

more than offsets the time increment gained by moving P1 from 325 to

320 (figure 4.16), so that the activity wave actually arrives at the

cells in rank 2 later when Pl is applied earlier.

A third mechanism comes into play when P, is moved still earlier,

1
in this case from time 320 to time 315, which allows conduction delays
to become even larger than the apparent maximum allowed by the equations
of the model, i.e. 10 time-steps per cell.6 What happens is that the
conduction paths indicated by the graphs no longer represent the actual

paths followed by the advancing activity waves when the latter are very

premature, even though the netwerk is homogeneous.

6 . . .. . . .
If we call this minimum sustainable conduction velocity the

"critical conduction velocity'", then it represents the absolute maximum
delay that a wave can accumulate under the terms of the model as it
spreads from cell to cell.
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The conduction times shown in the graph of figure 4.16 were
recorded along path 1 in the network, as defined in figure 4.17. As
described previously, it is possible for the hexagonal neighborhood
structure to affect the propagation of premature beats. This happens
in the present case: when P1 is applied at time 315, there is a
conduction failure along path 1 but not along path 4 in passing from
rank 1 to rank 2. Hence some cells in rank 2 receive excitation from
other cells in the same rank, rather than exclusively from cells in
rank 1. The effective path length is thereby lengthened, and may be
lengthened still further as the same process occurs in the higher-num-
bered ranks. This temporal dissociation among the cells may increase
on PZ’ providing additional zig-zag routes for the activity wave to
follow. In this case, paradoxically, breakup of the wave front actually
enhances conduction by virtue of the extra delay it allows, whereas one
might ordinarily expect the more integrated waves to be conducted
better because of the added summation that takes place. Consequently,
the P2 wave can be initiated earlier than would have been possible had
the dissociation not developed. This factor contributes to the
reduced slope, and even downturn, of the ERP vs P1 curve at very short
cycles.

The solid lines in figure 4.17 show the P1 and P2 waves' progress

along path 1 for the earliest possible beats; the conduction velocity

is greatly slowed, particularly on P (Compare with the "minimum"

2
conduction velocity line also shown in figure 4.17, which indicates the
maximum attainable conduction delay per cell. The conduction delay

appears larger than this maximum because, as explained above, the path

actually involves more than one cell.) The dashed lines in figure 4.17
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show the same waves, along path 4. In both cases the P2 wave propa-

gates faster, initially, than the P This seemingly contradictory

1
behavior can be understood by recalling the dependence of absolute
refractory period duration on the interval between stimuli (the

"cycle lengthﬁ). The large delay in the early conduction of P1 means
that the region near the stimulator sees a substantially shorter inter-
stimulus interval than does the region further away; consequently the
region near the stimulator recovers its excitability somewhat earlier,
relative to the more distant region, than would be expected on the

basis of conduction time alone. That is, the "recovery wave'" from Pl,

as shown in figure 4.18, has a time course that is similar to that of

the P1 activity wave but is foreshortened during the early phase. It

might appear that this extra shortening of the early P. refractory

1

period should allow P, to be placed earlier than shown in figure 4.18.

In fact, P, can be placed earlier and still be effective, that is,

2

excite the cells under the stimulator; but the activity will not be

propagated. The shallow slope of the P. recovery curve implies a very

1
slow rate of recovery with respect to distance from the simulator,
which in turn requires very long delays in the early phases of P2 if
that wave is to find excitable cells always in its path. The required
delay is simply too large for the cells to sustain. Therefore, a
propagated wave can result only when P2 is applied somewhat later.

But by then the rank 1 cells are relatively well recovered, due to
their foreshortened refractory period on Pl’ and so the initial con-
duction velocity is larger than it was on Pl'

In summary, the duration of the effective refractory period

following a single premature beat, in this idealized, homogeneous model,
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Figure 4.17. Conduction of Early First and Second Premature Beats,
Showing Path Differences.

Homogeneous network (network N

of table 3.2, with k0 = 0;
basic cycle length 200).

1
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Figure 4.18, Conduction of Early First and Second Premature
Beats Showing Relation to Recovery of Excitability
(Homogeneous Network).

Pl, P, indicate conduction of activity on first and
second premature beats;

RD’ R, indicate '"conduction'" of the recovery process
(i.e. the ARP-RRP boundary) following the
driving and first premature beats;

Shaded area indicates relative refractory period.

(Network N, of table 3,2, with ko = 0; basic cycle
length 200.)
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depends in a somewhat complicated way on the degree of prematurity of
that beat. Denoting the first premature stimulus as Pl, we define
its ERP as the earliest time at which a second premature stimulus,v
PZ, can produce a propagated response. The following factors, then,
relate the ERP duration to the timing of Plz

1. The dependence of the absolute refractory period duration
on cycle length, causing the ERP to shorten, at first, as P1

is made more premature;

2. the increase in conduction delay at more premature P1 timings;

3. the partial failure of external stimulation, entailing
additional conduction delay reflected in a sharp breakpoint
in the ERP vs. P1 curve;

4, the temporal dissociation of cells due to (mainly spatial)
summation of stimuli, resulting in increased effective path
lengths and permitting, thereby, the propagation of very

premature P, and P, at velocities less than the 'critical

1

conduction velocity."

B. Interference

In animal experiments on the conduction of premature beats, it has
been observed that certain very early stimuli, which do not themselves
elicit a propagated response, nevertheless interfere with slightly
later stimuli which ordinarily would have produced propagated responses
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