A computer model of atrial fibrillation
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Fibrilhxtion can be initiated by pre-
mature excitation of some elements
while others are still refractory. The in-
duction of ibrillation should be facilitated
by any agency which increases temporal
dispersion ol excitation and  recovery.

It has been proposed that Abrillation
can be initiated by unidirectional propaga-
tion of impulses about an obstacle. This
e hanism can account for the rapid but
~ull rhvthmic activity of atrial flutter, but
‘Uis doubtful that a fixed circuit is com-
patible with the persistent chaotic activity
characteristic of fibrillation.

\ variunt of the circus movement theory
proposes that fibrillation is nuaintained by
the irregular wandering of numerous wave-
let= wenerated by the fractionation of
wive front passing through tissue in a state
of inhomogeneity with respect to excita-
hility and  conduction velocity.!*  The
arrhy thimia is assumed o sustain  itsclf
when the number of wavelets 1s so great
that  chance coalescence s improbable.
The number of wavelets which can coexist
i1 the tissue should be directly related o

soime function of the mass of

the tissud, .

and inversely related to the duration ot the
refractory period and to the conduction
velocity.

These three {unctions have been demon-
strated to influence the probability  of
persistent fibrillation in the expected man-
ner, but direct test of the hypothesis in
vivo is difficult if not impossible. We do
not know, for example, the critical number
of wavelets below which spontaneous re-
covery is likely and above which per-
sistence is possible, nor indeed whether
multiple independent wavelets exist at all.
It is known, however, that: (1) the atrium
is not homogencous with respect to the
duration of refractory period in closely
adjacent spots’; (2) the refractory periud
ol the atrium is not uniformly abbreviated
by vagal stimulation®; (3) the conduction
velocity, approximately 80 cnr/sec. in
fully excitable atrial muscle, is depressed
in the relatively refractory state; and (4)
the duration of the Tunctional refractory
period is related to the preceding cyele
duration.t Given reasonable  approxima-
tions of these properties of atrial behavior,
it was believed possible to construct a
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mathematical model i1 which the postu-
lated mechanism of fbrillation could be
tested on a digital computer.

Methods

A. The mathematical model. The model
was designed on the basis of a number of
simplifying assumptions: (1) The piece of
atrial tissue under consideration consists
ol a finite number of discrete “"units.” No
fine structure is considered within a unit.
{2) The units are arranged i a regular
hexagonal packing as a flat sheet one unit
thick. Each unit, except those on the
boundary, has six neighbors (see Fig. 2).
{37 A unit, when fired, transmits excita-
von of a constant amplitude* to all its
neighbors; after some delay these neighbors
will fire or not, depending on their state of
excitability. ,

To follow the propagation process i1 the
computer, the time as well as the tissue
was  considered as  discrete units. The
fundamental time-step was chosen to give
a4 conduction velocity of one unit per time-
step in fully recovered tissue. If we assume
the time-step to equal 5 msec.,, a conduc-

“The assumption of constant gmplitude for the “‘action po-
tential” is a convenient simplification of relative unim-
portance to the nperation of the model. Conduction velncity,
which is the important parameter to be considered, must
in real tissue be a function of the “excitability” of a re-
cipient unit, and of the amplitude and rate of rise of the
action potential of the donor unit. It would be possible to
incorporate these separate determinants of conduction
velocity, and, in fact, this is planned for a later stage of
e study. Spatial and temporal summation have also been
disregurded in the preliminary model.
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tion velocity of 80 cm. per second corre-
spounds to a 4-mm. dianmeter of one tissue-
unit.

Five states of excitability were assigned,
as indicated in Fig. 1: )

sTATE 1, the absolutely refractory state,
has a duration represented by the formula
R = KC, where C is the preceding cycle
duration and K is a constant (K? has the
dimension of time). The value of K is a
property of the unit and is generally dif-
ferent from unit to unit. A unit in State 1
will be uninfluenced by discharge of a
neighboring unit.

STATE 2, the first stage of excitability
recovery, lasts two time-steps (10 msec.).
During this period, discharge of a neighbor
excites the unit, but only after the lapse of
4 time-steps, i.e., the conduction velocity
has a lower limit equivalent to one fcurth
of the value obtaining i fully excitable
tissue, or, transposed to real tissue, 20 cm.
per second.

STATE 3, second stage of relative re-
fractoriness, is assumed to last an additional
two time-steps, and provides for discharge
after the lapse of 3 time-steps.

STATE 4, persisting for two-time steps
after State 3, permits firing two time-
steps after a neighboring discharge.

sTATE 5, which lasts until re-excitation,
i1s the fully recovered state in which ex-
citation requires only one time-step per
unit.

The three stages of partial refractoriness
correspond to a relatively refractory period

FIRING TIME
o | STATE:
[%p]
g 10
-
L R.P RRP
=
=z
D
> tos —
"8
- — -
] L
7/

Fig. 1. Schematic representation of the live states of activity. Abscissae,
“rime'’; ordinates, conduction velocity. R.P.: Duration of State 1 = absolutely
r refractory period. R.R.P.: Duration of States 2,3, and 4 = relatively refractory
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202 Moe, Rheinboldt, and Abildskov.

of 30 msec., which is close to the observed
values in the exposed atria of dogs under
barbiturate anesthesia and is assumed to be
eindependent of the cyele length.®

To start the propagation process certain
units were externally stimulated. It was
assumed that the external stimulus was
delivered at a strength so much in excess
of the normal “‘action potential” amplitude
that the selected tissue-units, unless ab-
solutely refractory, responded with a mini-
mal delay of one time-step. '

The only assigned variability from unit

(o unit was that of the parameter K. The

size of the tissue-sheet, the distribution of
the parameters K, and their range of
variability were assumed to be primary
{actors in the initiation of turbulent propa-
cation, i.¢., atrial fibrillation.

B. The computer program. Two closely
relited  programs  were  written for an
1 B.AL-630 tape system with 4,000-word
drum (three tape drives) and an on-line
[.B.M.-407 printer. A more elaborate
1.B.M.-7090 program is now in preparation.
The details of these programs will be
described separately®; we outline only
some of the main points here.

To provide for hexagonal packing of the
ssue-units a 60-degree coordinate system
was used. In this coordinate system each
anit is identified by two coordinates, n
and m. The six neighbors of the unit
(1,m) then are the units with the coordi-
nates  (num=—1),  (n,m+1), (n—1,m),
(n—1m41), (n1,m), (n+1,m—1). Each of
the units of the sheet was represented in
the main memory of the computer by two
ten-decimal digit words. In order to find
these words in memory a mapping function
was needed correlating the coordinates n,
s of the unit with the address in memory.
To permit changes of geometry, a general
mapping function was built into the pro-
grams. The words in memory describing
one tissue-unit contained the coordinates
of the unit, its state of excitability, its last
time of firing, the time the unit was to re-
main in its present state of excitability,
and, in case a neighbor fired, the time in-
terval until the unit would fire next.
Other information recorded in these words
was of importance only for the actual de-
{ails of programming. ‘

At each time-step the program searched
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all units in memory. If a particular unit
was to fire at that time-step, the refractory
period was calculated, all excitable neigh-
bors were stimulated, amd appropriate
information about the Hhring unit was
printed out. Every unit not firing in that
time-step was checked whether subject to
a change in its state of excitability. As
long as an external stimulus acted upon
certain units of the tissue-sheet, these
units were checked to find out whether
they changed from total to partial ve-
fractoriness, in which case they were
stimulated to fire in the next time-step.
Ounce all units had been searched, the time
was advanced and the process begun again.

The second program permitted replica-
tion of up to 9 copies of the same tissue-
sheet. These copies were run in parallel;
changes could be effected in the various
copies, retaining the original sheetas a con-
wrol. The different copies were kept on
maguetic tape and were read-in and proc-
essed in succession at every time step.

At a later stage a visual [.B.M.-407
printout of the tissue-sheet at a piven
time-step was incorporated (see Fig. 11).
This was a slow process and was used only
for a few selected time-steps.

The [.B.M.-650 programs were severcly
limited by the size of the 4,000-word niain
memory of the computer. By using a
variety of special features, and in particular
by applying certain overlay techniques,
it was possible to permit tlat tissue-sheets
of up to 999 tissue-units. The first com-
puter-runs performed with these prograins
used o diamond-shaped 31 X 32 matrix
of 992 tissue-units.

Results

A. Behavior of 992<unit matrix {(Program
1.
INITIATION OF SELF-SUSTAINED ACTIVITY.
At the outset it was not known whether
self-sustained activity could be accommo-
dated within the framework of 992 units.
The selection and distribution of the
parameters K were obviously of crucial
importance. For the original sheet a range

“of values was chosen which, assuming 1

time-step to be equal to 5 msee., would yield
refractory  periods in  the approximate
range observed in dog atria.® The 11 values

10, /11, V20 were selected, and
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were distributed at random among the
tissue-units. The 11 classes of units com-
prised approximately equal proportions of
the total population.

As m real tissue, the refractory periods
(i.e., K values) assigned to the model de-
termined the maximum frequency at which
a unit could fire. For the lowest value of
K the mmimum eycle duration was 17 time-
steps (State 1 = 13 plus 4 for excitation);
for the highest value the minimum cycle
duration was 28 time-steps. Since the
maximum frequency which the whole tissue
could follow uniformly was determined by
those units which had the longest refrac-
tory  period, the maximum regular  fre-
quency would be 1 response per 28 time-
steps, or the equivalent of 7.15 impulses
per second. This is roughly comparable to
what has been observed in the exposed dog
atrium.!

At the start of the first run, it was
assumed that the duration of the preceding
cyele for all units was 40 time-steps, cor-
responding in “real” time to a frequency of
5 per second, a frequency which the-atria
may be expected to follow with regularity
and at uniform conduction velocity. Stimu-
lation was applied to a cluster of 4 units
at a frequency of 1 stimulus per time step.
By convention, a stimulated unit having a
refractory period of 20 time-steps (R =
3.16+/40) would be excited at time-step 1,
recover at time-step 21, and would respond
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again at time-step 22, The units chosen
for stimulation were selected to permit the

escape of an carly premature beat. Selec-
- tlon was necessary, for if stimulaton were

applied only to units with maximal K
values, or those surrounded by neighbors
with high K wvalues, then re-excitation
could not lead to self-sustained activity;
the tissue would merely be driven at the
highest rate permitted by those units with
the longest refractory periods. The site of
stimulation was selected as a cluster con-
taining low K values, and with a pathway
of neighbors of suitably low values.
Propagation of the first beat progresscd
uniformly at the maximum velocity of 1
umt per time-step; the excitation wave
reached the most remote extremity of the
matrix at time-step 32, The duration of
State 1 ranged from 20 to 28 time-steps.
At rthe earliest possible moment, an addi-
tional response was induced in one of the
stimulated units. At this moment regular
and concentric propagation of the impnlsc
was  impossible  because  of  nonuniform
excitability among neighboring units. The
orderly progress of the first impulse, wnd
the necessarily irregular escape of the
second, are illustrated in Fig. 2, which indi-
cates those units which fired in time-steps
20 to 34. The four units cnclosed by the
heavy beaded line were subjected to the
external stimulus. Escape of the premature
response occurred as individual small wave
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Fig. 2. Pattern of activity during time 20 to 34, Program 1. Regular patterns labeled
0-12 represent position of excitation wave of first response. Irregular patterns around
stimulated units indicate escape of first “premature’’ beat.
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Fig. 3. “Electrogram’ of activity in 992-unit matris {
broken line.

fronts arising from the units which were
fired at t=23 (3—7-—11, erc.), at =25
(5—-9—13), and at t=30 (10—13 and 14).
Because of slow conduction in the rela-
tively refractory units near the site of
stimulation, additional time was available
for the recovery of more reniote units;
accordingly, acceleration of the premature
wave [ronts occurred, with fusion into a
single wave similar in contour to the initial
one.

" In preliminary trial runs, the external
stimulus was turned off at each successive
time when any one of the four stimulated
units was re-excited. Stimulation through
time-step 44 resulted ina single premature
beat which involved the whole wmatrix,
followed by an abortive re-entry which
invaded only a few central units. Stimula-
tion through time 61 caused two successive
premature responses, but again permitted
re-entry of only a few units before the
process expired. Stimulation through time
69 caused a self-sustained arrhythmia
which persisted with no apparent tendency
for spontaneous arrest for some 1,500 time-
steps, at which time the run was ter-
minated. ‘

Fig. 3 represents an “electrogram’  of
the activity through the frst 400 time-
steps. The ordinates represent the total
aumber of units in State 1 (e, “de-
polarized”), plotted against time. A flutter-

rom time 0 to 400. Abortive respounses are indicated by

like oscillation persisted until ahout tine-
step 300, after which the number ol active
units Auctuated irregularly within o narrow
range, much like the over-all electrical
record of activity in fibrillating atria. The
abortive responses to stimulation through
times 44 and 61 are shown for comparison.

DEVELOPMENT OF ASYNCHRONY. To illus-
trate the influence of inhomogeneity on
impulse transmission, the times of excita-
tion and recovery were tabulated for two
different groups of units for four successive
discharges, including the three initial re-
sponses induced by external stimulation.
A near group of 15 units fived for the first
time at v=23. For comparison, i more re-
mote group firing at t=19 was sclected.
The behavior of these two groups is illus-
trated in Fig. 4.

The proximal group is displayed in the
lower half of Fig. 4, and the distal group in
the upper half. In the near group the time
of successive discharges was greatly in-
fluenced by the time of recovery from pre-
ceding activations, i.e., the advancing wave
front was rholded by the ‘retreating’ edge
of a prior respouse, so that neighboring
units were forced out of phase with each
other. More distant units preserved their
temporal “unity’" for a longer period, hav-
ing been protected by the transmission
delay near the site of initial re-excitation.
The average ‘‘excitable gap” (ie., the
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interval between the end of State 1 and
ré-excitation) was considerably briefer for
the proximal gang of units than for the
distal elements. In other words, many of
the distal elements were allowed time for
full recovery (to State 5) before discharge
ol neighboring elements caused re-excita-
tion.

Spreading of the turbulence and pro-
gressive conduction delay due to repeated
premature activations is apparent in Fig.
5, which illustrates the first 5 activations
of a unit on the periphery of the matrix,
21 units away from: the stimulated site.
The first impulse (A4) traversed the 21 units
in 21 time-steps. Impulse B was delaved
near its origin, then accelerated to full
speed. To reach the same goal, B traversed
24 units in 31 time-steps. Further delay
and  increasing  tortuosity  of the  path
oceurred, until response F required 75
time-steps  and  traversed 40 units
pussage.

Inhomogeneity, built into the program
as o range of K values, was increased by
re-excitation. ‘‘Premature”’ excitation re-
sulted in a molding of subsequent responses

Computer model of atrial fibrillation 203

by the recovery pattern of the preceding
event (Fig. 4). As a result, dispersion of
refractory periods due to variation in pre-
ceding cycle length was added to the initial
mhomogeneity. After the lapse of 100
time-steps, the average refractory period
dropped to 20.4, with a range of 14-24, and
the average cvele length to 27.9, with a
range of 20-29. The range of variation of
cycle lengths and refractory periods then
increased progressively with time, although
the mean values did not change appre-
ciably. By time 900, some units were re-
sponding 5 times per 100 time-steps,
whereas others responded less than twice
during the same interval. This result is in
conformity with experimental observations
of different frequencies recorded simul-

taneously from two microelectrodes in-
serted into Abrillating tissuel”
PDEVELOPMENT oF CIRCUITS. [t will be
noted in Fig. 3 that the responses D and
E were traced back to the same time of
origin, at t=069. [t is obvious that a circuit
occurred in the pathway, and this can in-
deed be traced out. The impulse D, which
reached the “‘goal” over an irregular path,

TIME 19

15! RESPONSE AT

15! RESPONSE AT TIME 5

Fig. 4. First 4 responses of 15 units near stimulated site (It response af time 5) and of
15 remote units (st response ai time 19). Shaded area represents duration of State 13
heavy black line represents deletion of 10 time-steps. First three responses resulted
from stimulation; fourth respounse, first spontancous re-entry.
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Distance

T

/ A 1- 22
} B 25- 56
C B4~ 87
D 68-116
E 69~144
Time
;o ‘u‘ i T

Fig. 5. First 5 responses traced to a unit on the periphery of the matriy, 21 units
distant from site of stimulation. Time 0 1In cach case represeits parent response
at stimulated site. Upper end of euch liue represents arrival ar goal. Distance in

units; time in steps.

generated a vortex which again resulted
in excitation of the.peripheral unit. The
existence of such circuits is illustrated in
Fig. 6, in which the source of activity of
three corner elements firing at t=28357, 864,
and 875 was traced through nearly 200
time-steps. The routes indicated by arrows
were traced backward in time, for it can be
established [ront whence a given unit was
excited, but it cannot readily be deter-
mined that a given wave Tront will reach
A unit ot some later time, or indeed that
the wave front will survive at all. Circuits
occurred in all three pathways, and all can
be traced to a common origin at time 686.
Euch of the “goal” units fired several
times during the period covered by the
wandering of these impulses.

The fact that the excitation pathways for
three widely separated units were traced
back to a common trunk might suggest
that a basic circuit existed which repeat-
edly discharged the rest of the matrix,
When the self-sustained arrhythmia was
initiated, and for about 300 subsequent
time-steps, re-excitation occurred repeat-
edly, although irregularly, near the stimu-
lated site where turbulence was most pro-
nounced. Progressive disorganization oc-

curred, however, and spread to all areas
of the matrix, with muny scattered and
varying sites of “re-entry.” Plots of the
sequence of discharge of all units firing over
a period of several hundred  time-steps
failed to reveul any fixed re-entrant path-
way., Many circuits developed in widely
scattered areas, circuits which shifted
position, frequency, aund direction  with
time, and which died and were replaced
by others.

wave rroxts. The nature of the simu-
tated arrhythmia can be illustrated by
plotting the wave [ronts coexisting at a
given instant. The term “wave front” is
used to indicate those contiguous units
which, at a given instant, are being excited
by neighboring elements. Since we have
decided that an element in State 2 caunot
fire until 4 time-steps after the discharge
of a neighbor, we must include events both
before and after the selected moinent.
Consider the wave fronts existing-at the
imaginary ijustant between time-steps !
and (1. Any unit which fires in time-step
{+1 will be included, since it must have
received the impulse from a neighbor firing
at ¢ or earlier. Not all units firing in time-
step t+2 can be included, for some of these
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will have received activity from neighbors
firlng at 41, i.e., alter the selected instant.
Similarly, some units firing at +4+3 and f-++4
will be included in the wave {ront, for they
will have fired in response to events at
i—1 or ¢, but others will be excluded be-
cause they responded to events at (41 or
later.

Fig. 7 depicts the wave fronts existing
between time-steps 527 and 528. All units
firing at 528 (labeled & i the diagram) are
included, and those units which fired at
529, 5330, and 531 in response to events
prior to t 328 are also included. Contiguous

2
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units constituting an entity are enclosed by
heavy beaded lines; a total ol 30 wave
fronts coexisted at rhat mstant.

The further progress, 0 any, of these
wavelets is indicated by small arrows. If
activity passed to additional units after
the moment under consideration, an arrow

idicates the recipients. These waves are
considered to be ‘‘active.” Some wave
fronts were enclosed by refractory tissue
or had encountered a boundary and would,
therefore, be snuffed out. These are con-
sidered “dead.” [t is apparent-that fusion
of some wavelets, particularly those to the

22209%

]

98884 875
7
zg}

Fig. 6. Impulse pathways traced to three peripheral units tiring at time 857, 864, and 875.

221362834

iy 1200 1 15 5 12 1819 40 s
BSCHS SN Re

FRONTS

Fig. 7. Wave fronts mapped at thue 528 in Program 1 Arrows indicgte direction of
progress of wave fronts; numbers indicate fring time (328 == §, cte.).
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left, would occur within the subsequent
time-step, but others would become dis-
continuous at the same time. Similar
diagrams were plotted at many times dur-
ing the program. During the initial phases
of the “arrhythmia’” most of the turbu-
lence and re-entry were confined to the
region immediately surrounding the stimu-
lated site. During this period (i.e., up to
about t=300) the number of wave fronts
was relatively small, ranging from 4 to 11
active, 0 to 6 “‘dead,” and S to 14 total. At
time-step 103, for example, two large wave
fronts were progressing toward the pe-
riphery in a nearly regular sweep, whereas
re-entry spawned two single-unit wavelets
near the site of original stimulation. A
fifth wave was about to be extinguished
at a boundary of the matrix.

After the development of widespread
turbulence, the number of wave fronts in-
creased, whereas the average number of
units in each wavelet diminished, i.e.,
further fractionation occurred. Between
=300 and t=2816 the number of active
wavelets varied between 15 and 33 (aver-
age of 17 samples = 20.6), the number of
“dead"” wavelets varied between 4 and 16,
with an average of 10.8, and the toral
number Auctuated between 23 and 40.

No sign of repetition of patterns wus
discovered, although 1t is certain that
periodicity would eventually have to ap-
pear, since behavior of the matrix was not
truly up to chance but was predestined.
However, the number of permutations is
so large as to preclude any obvious ten-
deney toward periodicity.

FEFFECT OF REDUCTION IN SIZE AND PRO-
LONGATION OF  REFRACTORY  pErtob. The
program as developed to this point demon-
strates that self-sustained activity can be
induced in the matrix as designed, and that
in some respects the activity resembles
fibrillation. The next step was to test
some of the variables known from animal
experimentation to influence fibrillation,
namely, tissue mass, geometry, and re-
fractory period.

A preliminary test of reduction ‘in size
and of prolongation of the refractory period
was made in the first run. At t=2810, the
matrix was nearly bisected by removal of
elements along a straight line, leaving an
isthmus of 4 units in the center. The

Am. Heart ],
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arrhythmia continued on cither side of the
scission. In effect, the area had been bi-
sected, for wave fronts from cach side re-
peatedly collided, with mutual extinction,
at the isthmus. After an additional 400
time-steps, the retractory’ periods (i.e., the
K values) of all units on one side of the
isthmus were increased by 50 per cent. As
soon as this change in behavior became
effective, that hall of the matrix ceased to
exhibit spontaneous activity, but it con-
tinued to be excited by impulses trans-
mitted through the isthmus from the
fibrillating portion. At t=1350, the isthmus
was severed; fbrillation continued 1 the
Yeontrol” half, but activity ceased in the
altered portion, even though the latter
contained the inidallv stimulated units
and the area of earliest turbulence and
re-entry.

B. Compuratiwe behavior of smaller mat-
rices (Program 2).

Although the preliminary resulrs sug-
gested that the initial matrix was larger
than need be for scli-sustained activity,
and that prolongation of the refractory
period might terminate the arrhythmic,
they also indicated the necessity of main-
taining a control matrix for compurison
with experimental patterns.

Program 2 was designed to permit o
simultaneous comparative study of several
matrices of originally identical geometry
and parameters. One group was main-
tained as a control, whereas changes which
might be expected to alter the arrhyvihmia
were imposed on parallel groups. To save
computer time, and also to mike the model
more critically balanced with respect 1o
continued activity, the matrix was reduced
m “mass’ 1o a regular hexagon composed
of 547 units. The hexagon, cut out of the
original parallelogram, included the area
mitially subjected to stimulation. The dis-
tribution of K values was the same as in
the comparable area of the original pro-
gran.

ALFERATION  OF  REFRACTORY  PERIODS
(PROGRAM 2-A.)* As before, stimulation was
contirrued through (=69, and a self-sus-
tained arrhvthmia resulted. By =300, as

- - .
*Only two programs were written for these studies. In the text

of the paper and in the rables and illustrations the several
runs of Program 2 ure identified as Program 2-A, 2.8,
and 2-C.
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Table 1. Effects of alteration of refractory periods (Program 2-4)
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i \ l | i .
Group } A (avg.) E K (range) R l C ! ny i ; S ; s 1 N
i | ! i | | |
i i | i | : ! |
2 3.46 2.84~4.02 16.8 23.6 363 23.2 34 2 34 10.1
1 3.85 3.16-4 .47 19.8 26 .4 384 20.7 48 2 32 14
3 4.23 3.48-4.92 23.6 31.2 394 17.5 10 2 .28 13.7
4(A) 1.62 3.79-5.36 27.9 36.3 404 15.1 33 2.19 16.6
+(B) 4.62 3.79-5.36 281 36.9 365 14.8 23 1.55 23.8

K: Constant in relation R = K+ C. R: Average refractory period (duration of State 1). C:

total number of units in matrix. ni: Average number of units in State | ni: Average number of units fring per time-step. S: Average
number of units in excited state but not yet fired. T: Average excitation time == —. A: \verage ‘wave length' ==
In groups 2,3, and 4 the values of K were changed from those of Group 1 after self-sustained activity had progressed for 300 time-

steps. The other values listed in the table represent the average behavior between
and between t = 683 and 719 for Group 4(B). At the latter time, Groups 1,2, and 3 had not changed significantly from rhe fisted

values.

. N .
\verage cyvele duration == —, where N =

t = 400 and t == 500. for Groups 2,1,3 and (A
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Fig. 8. “Electrogram’ of Groups 2 and 4 of Program

i

1

instituted at time 300. Upper curves, number of units in State 1 (scale at right)

firing in each time-step (scale at left).

7

2-A in which K values were reduced from initial values
by 10 per cent (Group 2, solid lines) and increased by 20 per cent (Group 4, broken lines). Change in K values
: lower. curves, number of unirs
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in the first program, turbulence was wide-
spread and a diagnosis of fibrillation was
made. At that time the program was
replicated to create 4 groups, all of which
started in the same condition. Group 1 was
continued with the original I values; in
Group 2, all K values were reduced by 10
per cent; in Groups 3 and 4, the X values
were increased by 10 and 20 per cent, re-
spectively. At t=730, Group 4 ceased
firing.

[t should be pointed out that inhomo-
geneity, the sine qua non ot inducing
sustained activity in the model, was re-
tained in all groups; the refractory periods
of all units were altered in proportion. It
follows that, for a given area and configura-
tion of the model, the likelihood of con-
tinued self-sustained activity was reduced
by prolongation of the absolutely refrac-
tory period.

Fig. 8 illustrates the behavior of Groups
2 and 4 (the extremes of the K values)
after the parameters were changed. Oscilla-
tion of the number of units active in Group
4 became accentuated beginning at about
=580 as the active wave fronts began to
coalesce. .

A statistical comparison of the effects
of alteration of the refractory periods is
presented in Table T, The average and
range of K values for the various groups
are the independent parameters introduced
at time 300. The computed parameters R,
C, ny, ng, S, T, and X are listed for Groups
2, 1, 3 and 4(A) as average values derived
from 5 samples of 16 consecutive time-
steps cach, taken between t=400 and 300,
The values tabulated for Group $(B) are
the average lfor these same parameters
over 36 consecutive time-steps (684 to 719)
shortly before spontaneous arrest. DBe-
tween t 400 and 500 the four groups had
become differentiated with respect to the
computed parameters, but Group 4 had not
vet clearly exhibited the signs of progres-
sive organization which preceded its arrest.

[t is predictable that increasing the
value of I inust increase the average re-
fractory period (R) and cycle duration
(C). The average Irequency of excitution,

in other words, must diminish. Accord-"

ingly, given a fixed number of units, the
inereased refractory periods must be accom-
paniced by a reduction in the average nuin-

A, Heart J.
February, 1964

ber of units firing per tme-step (ng). The
value of 1y was roughly inversely pro-
portional to the average K value in the
four groups. Unc might also expect the
average number of wmts in State 1 (uy) 0
be increased by prolongation of the re-
fractory period, but since fewer unirs
entered State 1 during each time-step as
the average value of K was increased, the
difference between the several groups was
not great, raunging from 363 in Group 2
to 404 in Group 4.

Tt was expected that the progressive
organization of acrtivity preceding arrest
in Group 4 (highest K wvalue) would be
accompanied by a progressive increase in
the conduction velocity, i.e., by a decrease
in excitation time. At time 400 1o 500,
however, this trend was not yet apparent.
The average excitation time, T, is repre-
sented by

(4!13 —{‘- 3!\:; +- 2!1\ "I" Ils)

it ST .
where ns, ny, n,, and ns represent che nun-
ber of units fring per time-step from
States 2, 3, 4, and 3, respectively, and n;
represents the total number of units firing
per time-step. The sum (d4ne + 3ny +
2ng 4+ ns) is represented in the table as S.
There is no significant systematic relation-
ship between the average K and the aver-
age excitation time in the several groups.
Shortly before arrest of Group 4, however,
mean conduction velocity did indeed in-
crease (Group 4(B), t=681 to 719).

The values for wave leagth (M) in the
table are average values computed from
the ratio of N (the total number of units
in the matrix) to S (the number of units
in the excited suite, ie., the number of
units comprising wave {ronts).* The aver-
age value of X increased in proportion (0
the value of K.

Details of the events prior to arrest of
Group 4 are displayved in Fig. 9, which

*3ince it may not be immediately apparent that the ratio NS
yields A, the following derivation is appended: Let 8 == the
average number of stimulated units, T =: the average
excitation time, and ne == the average number of units
firing per sime-step. Then, 8 = nfT. The average cyele

. . N
duration, C, can be defined us —, where N represents the
ng
wotal area of the matrix. The wave fength, which is equal
to velocity divided by {requency, must also be cqual to
eyvle duration {inverse of frequency) divided by excitation

. . X o . C N N
tine (inverse ol veloctty ) Accovdingly, Moo= == o7 w0
T ST S

g

o,

g P AR L 33

S,

5 | o .

= ———

s aniih

{olime
Number

encont
proces
figure,
low el
time-s
re-enti
from «
time
slowly
tively
averag
unit},
from t
wave
rapidl
the wi
of uni
per
decre
the e
rapid]
tered
numtbs
until ¢
Ove
sentec
units
than
Table
less si
numb
hehav



R ——

ey st e

T

.

gorgrion s WRPRAPGTINIE H_; prorinictte, s o

[Molume 67
Nawmber 2

encompasses the last major excitation
process in that group. At the start of the
figure, the number of units firing was at a
low ebb, falling to one or two units per
time-step. This was at a time when a single
re-entrant circuit was progressing not far
{rom one corner of the matrix. During the
time that this excitution process was
slowly escaping through a barrier of rela-
tively  refractory units (excitation time
averaging more than 2.5 time-steps per
unity). more peripheral units were emerging
from the refractory state. The fractionated
wave fronts progressed more and more
rapidly, merged, and eventually swept out
the whole matrix at full speed. The number
of units fAring increased to more than 30
per  time-step, average excitation  time
decreased to 1.3 time-steps per unit, and
the number of units in State 1 increased
rapidiy. As the united wave {ront encoun-
tered the boundary of the matrix, the
number of fAring units rapidly declined,
until the excitation process died out.

Over the span of 36 time-steps repre-
sented in Fig. 9, the average number of

units in State 1 was 365, significantly less

than at the time of the sample 4() m
Table 1. The average fgure is relatively
less significant than the fluctuation of that

number, but even the apparently periodic

behavior in Fig. 8 is not necessarily indica-
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tive of periodically repetitive  activity,
Periodic behavior in the model could be
accomipanied by little or no luctuation of
the “electrical” correlates  of  activity,
whereas aperiodic  behavior < could result
in wide oscillations. For example, it is true
that a stable circus movement flutter
about an obstacle cccentrically located in
a relatively small matrix  would  yield
waves of regular amplitude, contour, and
period, but it is also true that the swings
would be damped out if the obstacle were
centrally located or it the matrix were
great in area. [t could be shown that the
increasing  amplitude ot oscillations  of
Group 4 was associated with a progressive
decrease in the number of vortices until,
at the time represented in Fig. 9, a single
re-entrant circuit accounted for the last
major activation ol the model. Tv s appur-
ent, then, that the shrinkage of turbulence
imiposed by the tncreased K value left o
large area of the matrix {ree to recover Lo
State 5, and to respoud at full velocity.
Re-entrant activity was wiped out as
inhomogeneity of excirability was erased.

The very slight effect of K on conduction
velocity while turbulence was still manifest
in all groups merits some detailed analy sis.
Short of arrest of turbulent activity it can
be shown, in a reduced model, that altera-
tion of the refractory period should not

Ve 4140

L 4 i i

Fig. 9. Group 4, Program 2-A; events from t = 684 to 719, just prior to spon-
taneous arrest. Abscissae, time; intervals of 4 time-steps. Ordinates, number of
units in State 1 (n1); number of units firing per time-step (#;); average excita-
tion time (7). Each plotted value represents the average of 4 successive time-

steps.
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Fig. 10. Comparison of Groups 2 and 4 ot Program 2
on left, time 578-597, inclusive (578 =
of further activity.

significantly alter the average excitation
time. In a cluster of units having the same
refractory period, determined by K=3
"consider 12 arranged in two contiguous
columns of 6 units each, such that unit 1
is a neighbor of units 2, 3, and 4. Assume
that one-way transit has been established,
up one column and down the other, with a
conduction time of 3 time-steps per unit.
Total circuit time will be 36 time-steps,
and the refractory period will be 54/36 or
30 time-steps. 1, now, the value of K were
ru.luced by 10 per cent, to 4.3 a “short
circuit” would occur, resulting in a 10-unit
path. Total circuit time would drop to 31
time-steps, and the refractory period to
25 time-steps, but the average conduction
time would increase to only 3.1 time-steps
per unit. Conversely, an increase of K by
10 per cent would result in an addition of
one unit to the path length. Total eircuit
time would increase to 41 time-steps, re-
fractory period to 35 time-steps, and the
average conduction time would become
3.15 time-steps per unit. If the system were
more finely resolved, it is apparent that
the net effect of a change in K would be a
corresponding change in refractdry period,
transit time, and path length, without any
2
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-A shortly before arrest of activity in Group 4. Group 2
1; Group 4 on right, time 656-675 (656 =

1). Arrows indicate direction

change in excitation time. The data of Table
I show that the average behavior of the
four groups of Program 2 at t 400 to 500
fits this reduced conjectural model. The
average wave length increased with the
value K, and a further increase occurred
in Group 4 as turbulence diminished, con-
duction velocity increased, and wave fronts
coalesced.

Coalescence of wave fronts is illustrated
by Fig. 10, which compares Groups 2 and
4 at a ume shortly before the spontaneous
arrest of the arrhythmia in Group 4
The times were not identical, for Group 4,
with higher K values, was fcr(,cd to operate
at a slower average frequency than Group
2. L\Lgordingly, a time was chosen when a
particular “indicator’ unit had fred, in
both groups, for the twenty -second time.
In cach matrix, the units which fired during
a span of 20 time- s‘rcps are represented as
crosshatched areas (time t+1 to 4), diag’
oua]ly striped areas (time t+5 to 16), and
black areas (t417 to 20). Where the black
areas, which include the advancing wave
fronts, are separated from the Class 1-4
by white areas, poteml(ﬂ sites of re-entry
exist. In Group 2, in which the average
refractory period was less than 17 time-
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steps, re-entry was possible without an
intervening white area; in Group 4, with
an average refractory period of 28 time-
steps, re-entry could not occur without at
least oné mtervening white unit. In Group
4, waves of activity swept downward on
both sides, converged in the center, and
emerged at the top of the diagram as a
single wave front which accomplished one
more activation of the matrix before
expiring.

EFFECT OF UNIFORM K VALUES (PROGRAM
2-8). An additional series, also starting with
4 groups under initially identical conditions,
was set up to test whether abolition of the
inhomogeneity of K values would alter the
behavior of the tissue. Group ! was main-
tained as a control. At t=300, all K values
in Group 2 were changed to the average of
K values in the control group, namely,
3.85. In Groups 3 and 4 they were reduced
to 3.5 and 3.16. '

At the outset, all groups were inhomo-
geneous because of a range of K values to
which was added the dephasing due to
rariation in the preceding cycle lengths for
individual units. It was expected that the
assignment of constant K values would
reduce the inhomogeneity, that is, the
cycle lengths would become equal. After
the lapse of about 300 additional time-
steps, the variation in cycle lengths dis-
appeared in Groups 2, 3, and 4. Periodicity,
however, also became apparent. Exact
repetition of behavior was not apparent

GROUP 1

TIME 1505

Computer model of atriul fibrillation 213

during the time the program was allowed
to run, but in Group 3, an approximate
period of 84 time-steps (involving, on the
average, 4 successive excitations) was dis-
cerned. Repetitive circuits occurred at
several sites in the matrix. Because the
parameters of all units were equal, exact
periodicity at some multiple of 21 time-
steps should be expected. The run was
terminated when it was decided that spon-
taneous arrest was unlikely.

In Fig. 11, the behavior of the control
group, in which the average value of K
was 3.85, is compared with Group 2, in
which all units were assigned the value
K = 3.85. The two patterns are reproduc-
tions of the [.B.M.-407 printout sheets
taken at time-step 1505, Units labeled S
represent those units which have been
stimulated but have not vet fired. Con-
tiguous .S units are outlined to indicate
the number of wave fronts coexisting at
the selected moment.

In this program a given unit would be
expected to fire repeatedly with the same
cycle length; many “‘electrodes” sportted
at various points on the surface would yield
the same frequency. In other words, the
deliberate introduction of homogeneity
resulted in periodicity more characteristic
of flutter than fibrillation.

EFFECT OF CHANGES IN GEOMETRY (PRO-
GRAM 2-C). In the final run of this series, an
attempt was made to study the influence
of the size of the matrix. Group 1 of the

GROUP 2

Fig. /1. Sample of hexagonal printout for Groups 1 and 2 of Program 2-B. Group 1,
control with unchanged parameters. Group 2, all K values changed to 3.85 (mean of
values in Group 1). Printed characters indicate state of activity: 0 = excitable (i.e.,
units in States 2,3,4, or 5); { = refractory (State 1); S == units excited but not yet fired.

2 F = units firing in that time-step (time 1505). .S units are outlined to define coexisting
wave fronts.

Eowe
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prior series continued as a control. Group
2 differed by the removal of the 78 units of
the outer shell; in Group 3 the two marginal
lavers (130 units) were removed; Group 4
was subjected to removal of 79 units by the
creation of a central hole, and Group 5 was
glit internally by the excision of 4 non-
contiguous columns of cells. The values of
K were not altered.

The number of wavelets, by comparison
with Group 1, was reduced in all the ex-
perimental groups, but turbulent activity
continued in all except Group 5. In this
group, as illustrated in Fig. 12, activity
was converted to a circus movement flutter
about one of the internal obstacles. The
obstacle was sufficiently large to sustain
periodic behavior in perpetuity (average
cycle length, 32 time-steps), and the run
was therefore terminated. At the tine that
such periodic behavior was evident, tur-
bulence still existed in Groups 2 and 3, hut
had become restricted in Group 4 to oue
corner of the matrix, from which nearly
regular wave fronts spread in both direc-
tions about the obstacle, colliding at the
opposite side. Truly periodic activity,
however, had not yet developed even in
this group.

Table II lists a statistical comparison of
the five groups. The average refractory
periods and cycle lengths of Groups 2 and
3 remained approximately equal to the
control values. The average number of
units firing in each time-step was reduced
in the smualler matrices, and the number of
stimulated units (8)Y was reduced out of
proportion to the reduction i size. The
excitation time (T) was reduced and the
wave length (N) increased 1 the smaller

A Heart J.
Fobruary, 1964

groups. The changes in the derived param-
eters are consistent with a reduction in
turbulence, and they indicate that the
chance of persistent, self-sustained, aperi-
odic activity was correspondingly reduced.

That size alone is not a simple deter-
minant of the possible persistence of tur-
bulence is apparent {rom the comparative
behavior of Groups 4 and 3. A more
appropriate factor, N/P, incorporates both
size and shape. This factor, the ratio of the
total number of units to the number of
boundary units, provides an index of the
latitude available for wurbulent activity.
It is approximately equal to one half the
radius in the solid sheets (Groups 1, 2, and
3), or to one half the averave diameter of
cell columns in the groups with internal
obstacles (Groups 4 and 3). [t is roughly
proportional to  excitation time, or in-
versely proportional to N, in all of the
groups of Table .

Discussion

The sell-sustained activity exhibited by
the model resembles experimental atrial
fibrillation in several respects. The activity
can be initiated by repetitive “premature’”’
excitation, and it maintains itself after the
external stimulus is withdrawn. The ac-
tivity is turbulent rather than rhythmic
and regular; the simulated clectrical ac-
tivity  begins  with  periodic  flutter-like
waves which disintegrate as  turbulence
spreads. Like true fibrillation, the process
can be arrested by sufficient prolongation
of the relractory period, and, as in true
fibrilation, the activity appuars 1o beconie
“organized”  and  periodic before arrest
occurs. T other words, the model demon-

Table 11, Effects of alteration of geometry (Program 2-C)

i

i i i
Growp | N 1 R S Y S ] 1 by T Y
1 347 19.6 259 1.0 505 2 40 10.8 78 7.0
2 469 19 2 249 18 8 381 2.02 123 72 6.5
3 397 19 2 24.8 160 30 2 195 131 66 6.0
1 168 242 39.3 1.9 225 1.89 208 112 42
5 500 21.8 32.0 _15.6 6.9 1.08 293 188 2.7

Average values based on 3 samples of 16 time-steps each, taken from 1485-1500, 1545-1560, and 1565-1880 for Groups 1,23, and 4.
6 for Group 5. Group 1° Control (same independent parameters as Group tin Table I).
Group 2: Outer shell removed. Group 3: Two outer shells removed. Group 4: Central hexagonal core removed. Grouwp 5: Four internal

Thirty-two consecutive time-steps, 1547-157

columins removed. P == number of units un perimeter; other symbols as in Table 1.
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Fig. 2. Circus movement fnteer in Group 5 of Program 2-Co Arrows Badicare direction

of advancing wave fronts,

strates that something akin to hbrillation
can sustain itself in a limited system in
which inhomogeneity, comparable to that
observed in exposed dog atria, is built in.

Differences between the model and real
tissue. In many respects the model departs
from the structural and functional char-
acteristics of living tissue. One of these,
although perhaps not of cardinal impor-
tance in an assessment of the validity of
the hypothesis, is the geometry. The model
is a flat sheet. Topologically it could be
asstmed 1o be a sphere with a large ob-
stacle: but the perimeter of the obstacle,
unlike the boundaries of the several orifices

in real atria, is large with respect to the
total “mass’ ol the sheet. Closer simulation
could be incorporated in a more complete
program; for example, all units on one
margin of the original sheet could be made
neivhbors of the units of the opposite edge;
Al margins could be fused to create a
sphere, with or without orifices; the sheet
could be folded to simulate a three-dinien-
sional system two or more units thick.
Until these extensions of the program have
been studied, it is difhcult to predict their
influence on the activity of the network.
IFor example, in the present simple,sheet
it has been obvious that many marginal
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anits did not participate fully in the tur-
bulent activity characteristic of the interior
of the model. Presumably this is because,
having fewer neighbors, they were exposed
to fewer possible routes for re-entry.

The packing of units in the model was
arbitrarily chosen to provide six neighbors
for each internal unit. We do not know how
far this may depart from the functional
anatomy of atrial tissue, but systems with
smaller or greater numbers of potential
contacts can be readily devised.

The model differs from living tissue in
physiologic as well as anatomic features.
[nhomogeneity was introduced as a random
distribution of K values. Once assigned,
these values remained attached to the in-
dividual units, except for major changes
introduced for specific study. It is certain,
however, that the “K values'' in real tissue
cannot be invariant. Irregular fuctuations
of local refractory periods might be ex-
pected to favor persistence of truly tur-
bulent activity.

No preferential conduction pathways
were incorporated into the model, although
evidence indicates that the propagation of
impulses in living atria is not uniform in
all directions from a stimulated site. Con-
duction velocity is faster in the direction
of the longitudinal axes of the trabeculae
than transversely.® This feature would
probably be of little significance in the
model: if we assume, for example, that
the tissue units are “‘longer’” in the n-axis
than in the m-axis of the matrix, then the
“yvelocity” of propagation is faster in that
direction.

The model was constructed with fixed
definition of neighbors, and with no pro-
vision for temporal or spatial summation.
Models of nerve-nets incorporating sumi-
mation, together with axonal transmission
from remote units, have been constructed,
and have been shown to exhibit more or
less rhythmic self-sustained activity.® It is
perhaps significant that the atrial model is
capable of “fbrillation” without . the in-
corporation of these additional complex-
ities.

Analysis of turbulent impulse propagation.
Admittedly, the model bears only a super-
ficial resemblance to real atrial tissue.
Nevertheless, it provides a “means of
examining some features of propagation in

e

=
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a nonuniform two-dimensional excitable
medium in a manner which cannot be
approached in living tissue.

The model illustrates that re-entrant
circuits can be generated without an ana-
tomic obstacle. Islands of refractory tissue
have long been assumed to provide oppor-
runities for circuit formation, although it is
commonly supposed that such islands result
from pathologic alteration of the properties
of the tissue, and that the resultant cir-
cuits continue as fixed sources of repeated
excitation of the atria or, in effect, pace-
makers. ITn the model, numerous vortices,
shifting in position and direction like eddies
in a turbulent pool, accounted for the
sustained activity in all programs except
those in which the purameters were changed
to permit fixed circuits.

Inhomogeneity was clearly necessary for
the induction of self-sustained activity in
the model and must be responsible for
continued turbulence, but inhomogeneity
was not necessary for perpetuation of a
periodic flutter-like process. In the groups
in which all K values were made identical,
two or three residual circuits continued to
operate through fixed pathways ol 50r6
units. These conditions were grossly ar-
tificial, for exact uniformity could hardly
be expected in a biologic system. If the
values of K, instead of being made identical,
were limited to a narrower range about the
samme mean value (3.85) as the control
group, it is possible that the model would
show an increase in apparent periodicity
and a decline in turbulence. In other words,
there might be no sharply defined boundary
between what we may call *“true” fibrilla-
tion and “true” flutter. At least in this
respect the model appears to resemble
certain cases of atrial dysrhythmia as ob-
served in the clinic.

The statistical comparison in Tables |
and [I permit conjecture of the nature of
turbulent activity in the model and of the
influence of the induced alterations in K
values and size upon it. Lt is clear that, if
turbulence is characterized by drifting
eddies or wave fronts, then some spatial
latitude is necessary for persistent activity.
To cite the extreme case, turbulence
cannot be maintained in a single column

of cells; even if the ends of the column were

joined to form a ring, only periodic activity
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would be possible. In other words, not only
the total area (N) but the shape of the
matrix is important. In the regular hexagon
of unit thickness used in the- present
studies the “latitude” or space available
for turbulent activity must be some func-
tion of the radius or total area, but it is
apparent that the “space’ factor would be
4 different {unction of area in matrices of
different shapes. Two hexagons of equal
area connected by a narrow isthmus would
not  be expected to sustain  turbulent
activity  any  more readily than either
member alone. The probability of - self-
sustained aperiodic activity should be re-
Jated, therefore, to the area or mass of the
matrix multiplied by a constant which
would be characteristic for a given shape.
The prehmmar\ uox ractlon for shape (N/P)
as listed in Table T cannot be universally
applicable, for su(‘h a ratio would be in-
finity in a closed spherical surface, vet a
simall sphere would be unlikely to support
self-sustained turbulence.

Persistence of arrhythmia was clearly
related to the mean value and the range
of the assigned K wvalues, ie, upon the
duration of the refractory periods. Fibril-
lation could not have been induced without
the initially programmed inhomogeneity,
and  the self-sustained activity quickly
became organized and periodic when the
K values were equalized. It is safe to con-
clude that persistence is directly related
to some function of the range of K and
inversely related to some function of the
mean value. The precise definition of the
appropriate functions, however, is not yet
ipparent. For example, persistence is not
simply related to the ratio of the range of
X to the mean of K, for this ratio was
mnst;mt in the four groups of Program
2-A (Table l) Nor does the range of K
describe the full influence of the frequency
distribution amd the random geometric
distribution of the 11 families of K. If, for
example, only the classes K = 10 and
N = "v/20 were included, and if all the
values +/10 were placed on one side and
all the values 20 on the other side of a
dividing line, then turbulent activity would
surely be impossible, yet the range and the
nmean of K would be the same as in Pro-
gram 1. “Some [unction of the range”
would, therefore, have to take into account
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the range, frequency distribution, and
random disposition of K values.

It is )robablc that the intluence of the
range ot K becomes incorporated into the
dependent variable, T. [t was shown n
Table | that the average value of T did not
change very much as the value of K in-
creased, and an argument was presented to
explain the apparent insensitivity of that
parameter. It should be obvious that during
self-sustained activity a wave f{ront will
move at the maximum velocity permitted
by the state of recovery of the surrounding
units, and that re-entry of any given unit
in a circuit will, correspondingly, occur
over the briefest (not necessarily the
shortest) possible pathway. If such a path-
way includes units with different values of
I, as it must do in the several groups of
Program 2-A, then the conduction velocity
cannol be constant. The tmpulse will b
maximally delayed by units which are in
Srate 2, and will accelerate when traversing
units in a more advanced stage of recovery.
The mean excitation time will accordingly
have to be less than 4 and more than I,
but the range of T will be wide. If all the
ralues of K are made equal, as in Program
2-B, the briefest path will also be the
shortest in distance, but the excitation
tine at each unit in the circuit will be
maximal. On the other hand, 1n the group
i which a stable circus movement resulted,
the excitation time was reduced to the
minimal value of 1 in all but a few units,
In the latter case, the programmed inhomo-
genetty, although sull present, was no
longer operative; nearly all units were in
State 5 when the excitatory process reached
them. In both cases, self-sustamed activity
continued, but i a completely periodic
manner. Turbulence, in other words, was
eliminated when inhomogeneity with re-
spect to conduction velocity was abolished,
whether by eliminating the initial variation
of K wvalues or by introducing anatomic
barriers.

The inhomogeneity with respect to con-
duction time can be expressed as the
standard deviation of T. The deviation 1s
the result of the programmed spread of K
values, but it is also influenced by the
geometric configuration. A wide range of K
has no significance if the system is driven
at slow frequency, for all units will re-
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spond at full speed; the group in which
circus movement  flutter became  estab-
lished (Table 11 is a case in point. These
considerations lead to the conclusion that
rurbulent activity was characterized by «
wide range of variation of conduction
velocity, whereas periodic activity was
associated  with  more nearly constant
velocity at either minimal or maximal
values.™

The parameters of size, shape, and range
and mean value of K, do not provide a
direct index of the likelihood of persistence
of turbulence. The comparison of Group 4
of Program 2-A at the times represented in
Table I indicates that the parameters
directly derived fromt K (ie,, R and C) did
not change appreciably as turbulence
abated, whereas the parameters T and X
clearly indicated the approaching arrest.

Similar conclusions can be drawn from
Table II. In Groups 1,2,3, all of similar
shape but differing in size, neither R nor
C provides a measure of the stability of the
arrhythmia, whereas T and N differentiate
the groups.

It is clear enough that the wave length
must increase as R and C are increascd.
It is perhaps-less obvious that X niust also
increase when the “spatial freedom” avail-
able for turbulent activity is constricted.
A re-entrant circuit may be responsible
for the excitation of its surrounding domain
for one or more successive passages. In a
matrix of sufficient size, this domain may
be invaded and the re-entrant circuit wiped
out by newly generated circuits in closely
adjacent areas, with the result that most
of the units within that domain are again
excited while they are still relatively re-
fractory. H, however, a circuit becomes
extinguished and is not replaced at once,
as is likely when the distance to boundaries
is diminished, the units in its feld will be
permitted to advance to a more complete
stage ol recovery, with the result that wave
fronts entering from more remote sites of
impulse generation will accelerate and

*(learly this does not imply that periodic activity is possible
only at the limiting values of T. Intermediate values would
be obtained if appropriate consfant values of K were assigned
in association with an obstacle of smaller size. If, however,
nonuniform distribution of K values were retained, a suffi-
cient reduction in obstacle perimeter would again yield
turbulence, and would be incompatible with a stable circus
movement flutter.

Am. Heart J.
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coalesce.  Adjacent units will, in other
words, become Vre-phased,” and the possi-
bility ol reacwed turbulence will bere-
duced. This wiil deprive stull existing re-
entrant circuits of possible substitute ex-
citution sources when they, in turn, fall
victini to chance extinction. The result will
be an acceleration of conduction (reduction
of T) and an increase of A, wogether with
a further regression of turbulence.

The changes in X and T can occur with-
out comparably striking changes in R and
C (Table I, Groups #(A) and +(B); Table
[1, Groups 1,2, and 3). This is not sur-
prising, for a shilt from an average excita-
tion time of 2 time-steps to 1 time-step
could be accomplished by allowing a single
additional time-step for recovery. For
example, a unit with eycle duration of 23
time-steps and w refractory period ot 18,
determined by K o= 3.6, would have an
excitation time of 2 thme-steps if a neighbor
fired during the twenty-fourth time-step
of the evele; but if the neighbor red at the
twenty-Afth  time-step,  excitation  time
would be reduced to 1 time-step, while €
and R remained unchanged.

A cyibrillation wumber.” The considera-
tions outlined above suggest that  the
conditions which permit turbulence may
be expressed in a form resembling the
definition of the Reynolds number in fluid
dynamics. Let us assume that the atrial
model, instead of being “discrevized” in
time and space, s o continuous model.
Then, as applicd to geometrically similar
atrial models, equality of a suitable “filieil-
Lation” number at all corresponding points
and times would be a condition Tor dynamice
similarity of the propagation pattern in the
models. If the propagation paitern is de-
fined by the conduction time T (the inverse
of conduction velocity) as the dependent
variable, and by the parameters Kooas
Soaterials™  constants, then it can be
shown by dinensional-analy tic arguments
that the fibrillation number has to have
the form

LT
K

in which L is a characteristic length that
identifies the size of the particular model
within the set of geometrically similar
models. The fibrillation number will depend
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on the particular point and on the time.
Two geometrically  similar  continuous
models will exhibit a dynamically similar
propagation pattern if at all corresponding
points the above dimensionless numbers
are identical for all corresponding times.

FFor the discrete model this does not
immediately  apply, siuce  point-by-point
dynamic similarity cannot exist unless the
models are geometrically equal (not just
similar). However, m similarity with the
properties of the Revnolds number, one
may conjecture that the number indicates
whether the propagation pattern in a con-
tnuvous model s laminar or turbulent. For
the discrete model we may ask whether,
instead of a “local”” fibrillation number
changing [rom point to point, a suitable
“global”  index  exists  which indicates
whether propagation s laminar or tur-
bulent. As such a global index, one miaght
use the average of the individual focul
Abrillation numbers. However, the dis-
cussions presented earlier suggest that an
cmpirical relationship which permits com-
parison of some of the groups of Program
2 may be expressed in the form:

e Lo
2

where op represents the standard deviation
of T, and K represents the average value
of K. This dimensionless index is obviously
related to the local fbrillation number,

Table 111, Average values used in calculation
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LT K2 but further study of the model and
its mathematical properties will be neces-
sary to arrive at o clearer understanding
of these numbers and their properties as
indicators ol Luninar or turbulent propaga-
tion patterns.

Application of this formula to the results
obtained in the groups studied so far is
Hustrated in Table 11, The expressiou
NP (ie., the ratio of area to perimeter
is substituted as a convenient approxinu-
rion of L, recognizing that it cannot be
stricty appropriate for comparison ol dis-
similar groups. The data suggest that the
critical value of I 1s close to 0.5 within
the four groups of Program 2-A, i which
only the assigned values of K were changud;
and in Groups 1,2, and 3 of Program 2-C,
which differed in size but not i shape.
Groups 4 and 5 of Program 2-C, in whieh
internal abstacles were created, cannot he
direcihy compared with cach other or with
the other groups; but i Group 4, arrest or
periodicity was approaching, and in Group
3« circus movement Hutter had established
itself at the time of the smuples frony which
the tabulared ~values were  calculated.
Group 2 of Program 2-B had also become
periodic.

The wavelet hypothesis. Beyond providing
an opportunity to relate the number of
individual wave fronts to various induced
alterations in the parameters of the mut-
rices, the model adds little to the wavelet

of JE

Group NP } r

4 K | I Remuarks
2A-2 7.0 234 1.20 12.0 70
21 7.0 2.32 123 148 58
2A-3 7.0 2.28 125 17.9 49
2NN 7.0 2.19 1.23 3 40
2A-4H(B) 7.0 1.53 104 21.3 34 Arrested
2C 1 7.0 232 1.23 148 3
2C 2 6.5 2.02 1.18 148 .52
2C 3 6.0 1.95 1.13 14.8 46
20 4 4.2 1.89 113 14.8 32
2C 3 2.7 .08 28 14.8 03 Periodic
28 2 7.0 - 3.96 20 14.8 10 Periodic

*In relation: FM = -
mation of L.
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hypothesis as originally proposed. Altera-
tions expected to reduce the likelihood of
persistence (increased refractory period,
decreased size) do indeed reduce the num-
ber of wavelets, but it is apparent that a
mere numerical tally provides neither an
adequate description of mechanism nor o
basis for predicting future status. Numer-
ous wavelets, fractionated in the sense of
noncontiguity, may represent fragments
of a relatively uniform process, sweeping
across relatively large areas without pro-
viding opportunity for re-entry. In other
words, a single impulse generator beating
at o sufficiently high frequency could yield
as many individual wavelets as the more
complex seli-sustained activity described
1bove. Previously published studies huve
‘adicated  the superficial similarity but
difference in mechanisms between these
two forms of dysrhythmia.! To assess the
functional significance of the number of
wavelets in existence at a given moment it
would be necessary to know their past
history and future course, attributes diffi-
cult to describe quantitatively. In short,
the model supplies insight into possible
mechanisms of sustained turbulent impulse
propagation,” but has not yet provided a
stringent and exclusive definition of fibril-
lation.

Summary

A mathematical model of mmpulse propa-
gation i a nonuniform  two-dimensional
system was prepared as a program for a
digital  computer. The model  exhibited
seli-sustained  turbulent activity  having
many  similarities  to atrial  fibrillation.
The activity was not the result of fixed
impulse generators or circuits, but was
sustained by irregular drifting eddies which
varied in  position, number, and  size.
Tucreasing the refractory periods  while
retaining nonuniformity resulted in arrest
of activity. Restoration of absolute uni-

formity resulted in periodic activity chars |

acterized by fixed re-entrant circuits with-

Awm, Heart J.
February, 1964

out obstacles. Reduction ot the area of the
model altered the self-sustained activity
the direction of arrest, and the creation of
internal obstacles resulted in a periodic
circus movement fatter. The behavior of
the model suggests the formulation of a
“brillation” number, similar i coucept
to the Reynolds number related 1o tur-
bulence in fluid flow.

The authors wish to acknowledge the assistance
of John Menard, Charles Mesztenyi, and Harvey
Quay in setting up the computer programs and runs,
and of Robert Warmuth, Dzintra Liepios, Jane
Fahy, Kent Curley, and Christopher Moe in aui-
lyzing the printout records and preparing the illus-
trations. The authors are also grateful o Dr. Carlos
Mendez for invaluable discussions which aided in
the interpretation of the results.
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