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Contribution of Depolarized Foci With Variable Conduction
Impairment to Arrhythmogenesis in 1 Day Old Infarcted Canine

Cardiac Tissue: An in Vitro Study

JAMES E. ROSENTHAL, MD, FACC
Chicago, Illinois

To assess the roles of entrance and exit block after canine
myocardial infarction, single stage coronary artery li-
gations of canine circumflex coronary arteries were per-
formed. After 1 day, atria and ventricles were paced
using single stimuli and trains. After isolation, simul-
taneous microelectrode impalements were made in in-
farcted and uninfarcted tissue. Spontaneous foci, when
identifiable, were always located in infarcted tissue. They
could frequently be triggered by one or more driven
beats, and their activity could often be terminated (‘‘an-
nihilated’’) by a properly timed beat. Foci with varying
combinations of extrance and exit conduction impair-
ment were observed.

Variations in conduction characteristics altered the
manifest arrhythmic pattern. With partial entrance block
and intact exit conduction, foci could be electrotonically
modulated and entrained into regular patterns. Activity
that emerged from a focus with sufficient conduction
delay could modulate the focus, and entrain it to dis-
charge at a slower rate (‘‘autoentrainment’’). The re-
sults suggest that modulated parasystole may contribute
to arrhythmogenesis after canine myocardial infarction
and that variations in entrance and exit characteristics
of depolarized foci may result in variable and complex
arrhythmic patterns.

(J Am Coll Cardiol 1986,8:648-56)

The arrhythmias occurring after myocardial infarction are
often complex, and their pattern may be highly variable,
not only from one patient to another, but also over time
within a single patient. It is well established that arrhythmias
may arise through two general mechanisms, reentry and
abnormal impulse formation. Each of these has been studied
extensively, and each probably plays an important role in
the generation of arrhythmias in ischemic tissues (1-4). The
experiments described in the present study were designed
to investigate arrhythmias generated by the latter of these
two mechanisms, abnormal impulse formation.
Depolarized Purkinje fibers and myocardium can give
rise to spontaneous activity, so-called depolarization-in-
duced automaticity (5,6). In recent studies, Ferrier and I
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(7,8) showed that when a small area of isolated, healthy
cardiac tissue was depolarized, generally by the focal ap-
plication of current, the focus of depolarization-induced au-
tomaticity had varying entrance and exit conduction im-
pairments. The nature of the impairments was related in
large part to the degree of focal depolarization. Alterations
in entrance and exit block could lead to wide variability in
the expression of the focal automaticity. Although mild
depolarization allowed exit conduction, greater depolari-
zation produced exit block, thereby ‘‘silencing’’ the ectopic
pacemaker. With lesser degrees of exit block, activity could
emerge with Wenchebach periodicity.

Electrotonic modulation and entrainment., When exit
pathways were intact, but entrance block existed, the de-
polarized area behaved as a parasystolic focus. A classic
parasystolic focus has such a high degree of entrance block
that its spontaneous activity is unaffected by activity oc-
curring in tissue surrounding it. Thus, interectopic cycle
lengths are constant and the coupling intervals to sinus beats
are variable (9). However, in our experiments, foci had a
lesser degree of entrance block, which allowed external
action potentials to generate subthreshold electrotonic de-
polarizations, but not regenerative activity, within the foci.
These electrotonic depolarizations could modulate the tim-
ing of the spontaneous activity. Such electrotonic modu-
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lation is a well described phenomenon in which an electro-
tonus at a spontaneous focus, generated by a blocked extrafocal
beat, delays or accelerates the focal activity in a predictable
and reproducible manner, depending on the phase relation
between focal and extrafocal activity (10-12). The modu-
lation made it possible to ‘‘entrain’’ the focus to discharge
at rates that were faster or slower than its unmodulated rate,
and could result in regular arrhythmic patterns that included
bigeminy and trigeminy. During such entrained patterns,
the coupling interval between focal and extrafocal activity
was frequently fixed, resulting in arrhythmias resembling
those associated with a reentrant rather than an automatic
mechanism. An ectopic pacemaker entrained so that its ac-
tivity regularly emerges at a time when the ventricle is
refractory may appear to be totally silent. The pattern of
entrainment at any given moment depends on the relation
between the rate of the dominant pacemaker and that of the
ectopic pacemaker, as well as on the degree of electrotonic
interaction between the two pacemakers. Electrotonic mod-
uiation and entrainment have been studied in vitro (7,10-12)
and have also been described in studies of clinical electro-
cardiographic records (13,14). (This use of the term en-
trainment (11,12) differs slightly from that of Waldo et al.
(15,16), who used it to describe a clinical situation in which
reentrant atrial and ventricular arrhythmias were accelerated
to the rate of a faster pacemaker, often an artificial one.)

Other complex behaviors observed in our preparations
included reflected reentry, intermodulation of two pace-
maker sites and abrupt termination of pacemaker activity
by properly timed driven beats. The latter phenomenon has
been called ‘‘annihilation’” (17). It has been described in
isolated Purkinje fibers and sinoatrial strips (17,18) as well
as in diseased human ventricle (19). Castellanos et al. (14)
found evidence for annihilation in clinical electrocardio-
grams.

Arrhythmias in myocardial infarction. I questioned
whether phenomena similar to these, which had been ob-
served in isolated preparations that had been artifically de-
polarized by focal current application or by alteration of the
ionic composition of the superfusate (8), might underlie
arrhythmias observed after myocardial infarction. Such ar-
rhythmias are frequently complex and often show consid-
erable variation over time. I hypothesized that at least some
of the complex and variable arrhythmic patterns after myo-
cardial infarction might result from variation in the expres-
sion of protected, depolarized automatic foci. Spatial het-
erogeneity in electrophysiologic characteristics (including
maximal diastolic potential) has been shown to be present
in infarcted canine ventricle at 24 hours (20). Such spatial
heterogeneity would be expected to generate gradients in
maximal diastolic potential that might predispose toward
the occurrence of modulated parasystole. Moreover, changes
over time in the resting membrane potential of tissue within
or surrounding depolarized foci would be expected to result
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in changing conduction defects and consequently in chang-
ing arrhythmic patterns (8). Such changes might be the result
of hypoxia or of the accumulation of potassium in the ex-
tracellular space (21-23).

Methods

Experimental preparation. Mongrel dogs of either sex
(n = 16) were anesthetized with intravenous sodium pen-
tobarbital, 30 to 40 mg/kg body weight. They were intubated
with an endotracheal tube and ventilated with a Harvard
respirator using room air. Using sterile techniques, a left
thoracotomy was performed; the heart was supported in a
pericardial cradle. The left circumflex coronary artery was
exposed and ligated near its origin in a single stage. The
chest was closed in layers and the animal was allowed to
recover. When necessary, animals were given morphine
sulfate or fentanyl and droperidol (Innovar) for analgesia.

After | day (22 to 26 hours), the dogs were reanesthe-
tized, and the heart was rapidly excised and dissected. One
day after coronary artery ligation there is a clearly visible
difference in color between normal and infarcted ventricular
tissue, with a well demarcated boundary. This permitted
visually directed dissection of a fairly large piece of left
ventricle which contained both infarcted and uninfarcted
tissue. Preparations measured 4 to 8 X 4 to 5 ¢cm. To
facilitate mounting of the preparations, and to prevent them
from curling upward as inner layers of myocardium died,
their thickness was reduced to approximately 5 mm by care-
ful dissection parallel to the endocardial surface (except at
the area of the papillary muscle, where the myocardial thick-
ness was greater).

Preparations were then mounted with stainless steel pins
to the wax surface of a tissue bath with the endocardial
surface facing up, and were continuously superfused with
modified Tyrode’s solution containing (in millimoles): so-
dium chloride, 137; sodium bicarbonate, 12; potassium
chloride, 4.0; sodium phosphate, monobasic, 1.8; magne-
sium chloride, 0.5; calcium chloride, 2.5; and dextrose, 5.5.
The solution was bubbled with a 95% oxygen to 5% carbon
dioxide gas mixture; pH after bubbling was 7.0. Temper-
ature was maintained at 37°C. A large tissue bath with a
volume of 110 ml was required to contain these preparations.
However, the preparations were sufficiently large to displace
a large amount of the bath’s contents so that the actual
volume of Tyrode’s solution that it contained was much
smaller. A rapid flow rate of 18 to 20 ml/min and a wax
dam in front of the bath’s inlet, which created turbulence
to prevent streaming and pooling of solution, maintained
uniformity to flow and of temperature to within +0.25°C.

Electrical recording technique. It has been demon-
strated that spontaneous rhythms in infarcted canine ven-
tricular tissue arise primarily in subendocardial Purkinje
fibers (20). Impalements, therefore, were made in the sub-
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endocardial Purkinje network using glass microelectrodes
that were filled with 3.0 M potassium chloride and had a
resistance of 15 to 30 M{). Signals were amplified by a
high impedance, capacity neutralized amplifier (WPI 750).
There were displayed on a Tektronix oscilloscope and re-
corded on a Grass Kymograph camera. Observations were
made after preparations had been allowed to recover in the
tissue bath for at least 1 hour.

Stimuli, generated by digital stimulators with optically
isolated outputs (Frederick Haer 41 and 6i), were 1 to 3 ms
in duration and were delivered to the preparations through
a pair of silver wires that were insulated except at the tips.
The stimulating wires were always placed on the uninfarcted
portions of the preparation, and were generally at least |
cm away from sites of abnormal impulse formation.

Preparations were mapped by means of multiple con-
secutive impalements by two simultaneously recording mi-
croelectrodes, one in the infarcted and the other in the
uninfarcted area. A spontaneous focus was defined as an
area in which cells had action potentials (viewed at a fast
sweep speed on the oscilloscope), with diastolic depolari-
zation and a fairly gradual transition from phase 4 to phase
0. At times, it was possible only to impale cells that were
near but not precisely at a site of impulse generation. Such
cells had a more abrupt transition to phase 0. The upstroke
of action potentials in an automatic site had to precede the
upstroke in any other simultaneously impaled cell at least
some of the time during each experiment. Because of changes
in conduction patterns (which could allow activity to reach
a remote impalement before reaching one closer to, but not
precisely at, a site of impulse formation) and because of
shifts in sites of impulse formation, automatic foci occa-
sionally did not ‘‘lead’” throughout an entire experiment.

Definitions. The term entrance block will be used to
describe a situation in which a beat initiated extrafocally
failed to generate an action potential in the cell impaled
within the focus, whereas exit block will be used to describe
the opposite situation. Precise identification of the site of
block, or of conduction pathways between the two impale-
ments, was not relevant to the goals of this study; therefore,
extensive mapping using arrays of multiple simultaneous
recordings was not attempted. Other terms, such as elec-
trotonic modulation, entrainment and annihilation, have al-
ready been defined.

All procedures involving experimental animals were car-
ried out in conformance with the animal welfare regulations
of Northwestern University and the guiding principles of
the American Physiological Society.

Results

Ventricular specimens from 16 infarcted dog ventricles
were studied in the tissue bath. Spontaneous activity was
present in all 16. In 11 experiments, sites of impulse for-
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mation could be identified by means of mapping with mi-
croelectrodes. These sites were always located within the
infarcted portion of the ventricle. Their distance from the
border demarcating infarcted from noninfarcted tissue ranged
from 5 to 34 mm (measured by an ocular micrometer in the
dissecting microscope). Data for this report were obtained
from those 11 experiments. In the other five experiments,
a site of impulse formation could not be located. Foci were
markedly to moderately depolarized, with maximal diastolic
potentials ranging from —42 to —76 mV. (In only two
preparations, however, was maximal diastolic potential neg-
ative to —70 mV; no entrance or exit conduction block to
the foci was present in either of these experiments.) Maximal
diastolic potentials within the noninfarcted area ranged from
—67to —84 mV.

Spontaneous activity. Runs of spontaneous activity were
often intermittent and, in five of the experiments, could be
triggered by one or more driven beats (Fig. 1). These beats
appeared to arise from oscillatory afterpotentials (delayed
afterdepolarizations). In other experiments, the generative
mechanism of the arrhythmia could not be identified. For
example, when an arrhythmia was continuous it was not
possible to determine whether it was triggerable and arose
from oscillatory afterpotentials (24) or whether it was an
example of depolarization-induced automaticity (5,6). In
two experiments, oscillatory afterpotentials were present,
but triggering could not be demonstrated and the mechanism
of spontaneous activity could not be defined. Therefore. in
this report, the general terms ‘‘spontaneous activity’ or
“*spontaneous focus’” will be used to encompass all mech-
anisms of abnormal impulse initiation.

Conduction characteristics of pathways leading to the
spontaneous foci were variable. Rarely, the coexistence of
complete exit and entrance block totally isolated the focus

Figure 1. Spontaneous activity ‘‘triggered’” by a short train of
driven action potentials. The top trace is a record of stimulation.
The upper intracellular recording was recorded from an ectopic
focus in the infarcted part of the preparation, and the lower re-
cording was recorded from distant, uninfarcted tissue. The stim-
ulating electrode was located near the lower trace electrode, on
uninfarcted tissue. The driven train initiated a burst of automatic
activity that terminated spontaneously and was followed by a
subthreshold oscillatory afterpotential. Entrance and exit pathways
to the focus were intact.
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from the remainder of the preparation. Focal activity did
not emerge to the remainder of the heart. Activity initiated
extrafocally did not penetrate or electrotonically modulate
the focus. Conversely, when both entrance and exit con-
duction were successful, as in the example illustrated in
Figure 1, the dominant rhythm of the preparation as a whole
was that of the fastest pacemaker at the time. Thus, in Figure
1, the seven driven beats captured the spontaneous pace-
maker. When stimulation was terminated, spontaneous ac-
tivity successfully captured the rest of the preparation.
Modulation and entrainment of ectopic foci. Figure 2
illustrates one of five experiments in which entrance block
with intact exit conduction allowed electrotonic modulation
to occur. In this experiment, stimuli were delivered to the
uninfarcted portion of the preparation at varying times dur-
ing the diastolic interval of the ectopic pacemaker. The
driven activity was prevented by entrance block from bring-
ing the impaled cell in the infarcted area to threshold, and
thus produced only electrotonic depolarization within the
focus. Exit conduction from the automatic site, however,
was intact, and focal activity was successfully propagated
to the remote part of the ventricle. The first driven action
potential occurred early in the diastolic interval of the ec-
topic focus, and delayed the next discharge of the focus.
The third driven beat occurred later in diastole and resulted
in even greater delay of the next discharge of the focus.
The second driven action potential accelerated (or captured)
the focus.
~ The relation of the cycle length of the interpolated beat
to the resulting ectopic cycle length in all experiments in
which modulation of foci occurred was typical of the phase-
response relation described previously for ectopic pace-
makers (10,11). Figure 3 illustrates the phase-response re-
lation for the experiment illustrated in Figure 2. Test beats

Figure 2. Modulation of an ectopic focus. The top trace is a
record of stimulation. The upper trace represents an impalement
in the apparent site of impulse formation, and the lower trace
represents an impalement in the remote, uninfarcted part of the
preparation. Because of entrance block to the focus, driven activity
initiated near the remote impalement produced only electrotonic
depolarizations within the focus. The first and third driven beats
delayed the next discharge of the focus, and the second driven
beat, which occurred late in the spontaneous cycle, accelerated
the focus.
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Figure 3. Phase-response curve illustrating the modulating effect
of ectopic pacemaker cycle length (ECL) by test beats initiated on
a remote part of the preparation and interpolated at various points
during the pacemaker’s cycle (interpolated cycle length, ICL). The
abscissa represents the point at which test beats were delivered,
expressed as a percent of the unmodulated cycle length. The or-
dinate represents the resulting ectopic cycle length as a percent
of the unmodulated cycle length. The data are from the same
experiment illustrated in Figure 2 (see text).

delivered progressively later in the initial part of the pace-
maker’s cycle caused increasing delay of the next sponta-
neous beat. After a crossover point, test beats accelerated
(or captured) the focus.

To test whether ectopic pacemakers observed in infarcted
canine ventricular tissue could be entrained, continuous
stimulation was applied to the noninfarcted part of the ven-
tricle. Figure 4 illustrates a sequence from one of four ex-

Figure 4. Entrainment of an ectopic pacemaker. The top trace
in each panel is a record of stimulation. The upper (thick) traces
of action potentials (voltage calibration on left) were recorded from
an electrode in the infarcted area, probably near, but not directly
at, the site of impulse formation. The other (thin) trace (0 in-
dicated on the right) was recorded from the uninfarcted portion of
the preparation. Altering the cycle length at which the preparation
was driven resulted in various patterns of entrainment. Examples
are shown at 1200, 980 and 920 ms.
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periments in which entrainment could be demonstrated. In
each panel, the top trace represents a record of stimulation.
The action potentials with the upsloping phase 4 (voltage
calibration indicated on the left) were recorded from an
electrode in the infarcted region, probably near but not di-
rectly at the site of impulse formation. The other trace rep-
resents an impalement in the uninfarcted part of the prep-
aration. In this sequence, the unmodulated cycle length was
approximately 725 ms. The first cycles in both panels B
and C, in which the stimulus did not capture the remote site
because it was refractory, represent examples of unmodu-
lated cycles. When the remote site was stimulated as a basic
cycle length of 1,200 ms (panel A), the focus was entrained
into a bigeminal pattern. Progressively decreasing the basic
cycle length of the driven activity resulted in a trigeminal

Figure 5. Autoentrainment of an automatic focus. The top trace
in each panel is a stimulation record. The upper trace of action
potentials (voltage calibration on left) was obtained from a spon-
taneous focus in the infarcted area, and the lower trace (0 on
right) was obtained from uninfarcted tissue. A, When delayed exit
conduction was prevented by introducing a driven beat simulta-
neously with the upstroke of the automatic beat, the spontaneous
cycle length became shorter. B, Action potentials recorded later
in the experiment, when cells in the focus had become more de-
polarized. (Apparent loss of maximal diastolic potential in the
remote site impalement is probably due to the fact that this trace
represents a different impalement from the corresponding trace in
A.) Intermittent exit block was now present. Successful exit con-
duction resulted in delay of the next spontaneous beat and, in the
case of the second successfully conducted beat, in a baseline de-
flection of the focal recording. Upstrokes have been retouched,
and spontaneous cycle lengths (in milliseconds) are shown.
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pattern (basic cycle length = 980 ms, panel B). At a cycle
length of 920 ms (panel C), a complex pattern of entrainment
resulted.

Autoentrainment of a spontaneous focus. Activity ex-
iting from a focus with sufficient delay may modulate that
focus (Fig. 5). In Figure S5A, the basic cycle length of the
spontaneous beats was 1,690 ms. There was considerable
delay in the emergence of activity from the ectopic focus.
To test whether the emerging beats might be resulting in
electrotonic delay of the next scheduled spontaneous beat,
thereby slowing the apparent rate of the focus, test beats
were delivered as soon as a spontaneous beat was sensed.
This eliminated the delayed emergence of activity, and
shortened the ectopic pacemaker’s cycle length of 1,600
ms. Such shortening of cycle length consistently occurred
when delayed emergence of exiting activity was prevented.
In this experiment, resting potential and exit conduction
characteristics of the focus were unstable. Figure 5B was
recorded from the same experiment at a time when the
maximal diastolic potential of the focus had decreased. and
exit block had developed. Spontaneous activity was now
conducted only intermittently to the impaled cell in the
uninfarcted area, still with conduction delay. Occasionally
(see fourth cycle), a large electrotonic baseline deflection
was present in the depolarized spontaneous site, and cor-
responded in time with the conducted action potential’s ar-
rival at the remote site. As in Figure 5A, cycles in which
activity emerged successfully from the spontaneous site were
prolonged, suggesting that an electrotonic influence of the
emerging activity affected the spontaneous cycle length.
Although a large electrotonus was apparent only after the
fourth beat in panel B, close examination of both panels
reveals a flattening of the initial part of phase 4 depolari-
zation after just those beats in which exit conduction was
delayed. This flattening probably represents a small elec-
trotonic baseline deflection induced by the emerging activ-
ity.

The examples illustrated in Figure 5 suggest that a spon-
taneous pacemaker may be ‘‘autoentrained’’; that is, activity
initiated by an ectopic focus may itself alter the apparent
cycle lengths of that focus.

Temporal variation in conduction characteristics.
Frequently, conduction characteristics varied spontaneously
within brief periods of time. A recording from an experiment
in which this occurred is illustrated in Figure 6. In the initial
part of the recording, spontaneous beats propagated, al-
though slowly, from the spontaneous ectopic focus to the
remainder of the uninfarcted part of the preparation. A few
seconds later, complete exit block appeared. Activity ini-
tiated in the uninfarcted portion was able to capture (or
accelerate) the focus even at a time when exit block was
present (note the last two driven beats). Throughout this
experiment, transient exit block appeared and disappeared.
As in the experiment illustrated in Figure 5, cycle length
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Figure 6. Temporal variation in conduction characteristics. The
top trace is a record of stimulation. The lower trace of action
potentials was recorded in or near an ectopic focus in the infarct,
whereas the upper trace was recorded from a remote site in un-
infarcted tissue. In the initial part of the trace, activity propagated
from the spontaneous site to the area of the remote impalement.
A few seconds later, complete exit block appeared, although driven
activity initiated at the remote area was still able to capture or
accelerate the focus. With the appearance of exit block, the cycle
length of automatic activity decreased slightly, suggesting the pres-
ence of autoentrainment.

decreased in duration (from 1,514 to 1,405 ms) when exit
conduction failed, suggesting the presence of autoentrain-
ment. In this experiment there was no change in the resting
membrane potential of the cell impaled in or near the focus,
nor was there a change in the rate of the spontaneous activity
to explain the sudden change in conduction. In other ex-
periments, however (Fig. 5), the development of conduction
block was accompanied by a loss of resting membrane po-
tential and of action potential amplitude of cells near the
spontaneous site.

Annihilation of pacemaker activity. In 4 of the 11
experiments, properly timed beats, either driven or arising
from an alternate spontaneous focus, reproducibly annihi-
lated ectopic activity or prolonged the ectopic cycle length
more than expected. In the experiment depicted in the phase-
response curve of Figure 3, a stimulus delivered at 45% of
the spontaneous cycle resulted in disproportionate delay of
the next spontaneous beat. Characteristically, such dispro-
portionate delay results from a stimulus delivered at or near
the crossover point of the phase-response curve.

Figure 7 is the cellular record from two other experi-
ments in which annihilation occurred. Panel A (recorded
from the same experiment as in Figure 4) shows that the
test beat resulted in an electrotonic deflection of the mem-
brane potential recorded in the infarcted portion of the prep-
aration, which was followed by a 14.7 second pause. The
pause was ended by a beat that probably arose from a dif-
ferent pacemaker site. Panel B (recorded from a different
experiment) shows that the test beat, delivered 350 ms after
the last spontaneous beat, resulted in an action potential in
the uninfarcted area of the preparation and in a low ampli-
tude depolarization in the focal cell. It is impossible to say
whether that depolarization was purely electrotonic or rep-
resented a depressed regenerative response. In any case, it
was followed by a small, damped oscillation, and it initiated
a 20.4 second pause. In this experiment, multiple test beats
delivered at a similar point in the cycle resulted in pauses
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ranging in duration from 6.25 to 35.25 seconds. Sponta-
neous activity could be reinitiated by one or more driven
beats or, at times, by beats that arose spontaneously else-
where in the preparation.

Discussion

The results suggest that some of the variability in ar-
rhythmias arising from spontaneous foci in infarcted canine
ventricular tissue may arise because of variability in the
characteristics of entrance and exit pathways to the foci.

Initiation and termination of spontaneous activity. The
foci identified in the present experiments were markedly to
moderately depolarized, and approximately half of them
could be triggered by one or more driven beats or by beats
arising spontaneously from an extrafocal site. This is con-
sistent with recent reports (25,26) which have suggested
that triggered automaticity may be an important mechanism
of impulse formation after canine myocardial infarction.
Activity at times started and stopped spontaneously. In four
experiments, it could be abruptly terminated by a properly
timed driven beat. Abrupt termination of pacemaker activity
has been demonstrated previously in several situations, in-
cluding simian mitral valve leaflet (27), Purkinje fibers and
papillary muscle (8,17) and tissue treated with cardiac ste-
roids (24). As in previously described experiments (17,18),
in the present experiments termination was dependent on

Figure 7. Two examples of annihilation of pacemaker activity.
A, Records are from the same experiment illustrated in Figure 4.
and the arrangement of traces is the same. The driven test beat,
initiated near the remote impalement, resulted in an electrotonic
baseline deflection of the focal trace, and was followed by a 14.7
second pause, after which spontaneous activity resumed, probably
initiated by a beat from a different, unidentified pacemaker site.
B, In this experiment, the lower trace of action potentials was
recorded near an ectopic focus in the infarct. The driven beat,
initiated near the remote impalement (lower trace), produced only
a low amplitude depolarization in the focus, which was followed
by a damped oscillation and a 20.4 second pause.
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the proper timing of the annihilating beat, and in some cases
(Fig. 7B) cessation of the spontaneous activity was followed
by one or more damped oscillations. Thus, activity gener-
ated by a depolarized focus can abruptly appear and dis-
appear, either spontaneously or as a result of triggering and
annihilation by extrafocal activity. The ability to initiate or
abolish a ventricular tachyarrhythmia with properly timed
beats, therefore, is not helpful in distinguishing reentrant
from spontaneous arrhythmias, as had previously been sug-
gested (28-30).

Variations in exit conduction. Manifest ectopic activity
may appear and disappear, also as a result of alterations in
the patency of the exit pathways of an ectopic focus. The
development of exit block within pathways surrounding a
spontaneous site may render the focus clinically silent, even
if its activity is unchanged (Fig. 5 and 6). Such intermittent
exit block may occur because of loss of maximal diastolic
potential (8) (Fig. 5), which would decrease the amplitude
of the focal action potential (31), thereby attenuating its
electrotonic image beyond the site of block sufficently so
that the remote tissue is no longer brought to threshold.
Instability of maximal diastolic potential would be expected
to occur after myocardial infarction because of the increased
permeability of the cells to potassium (22,23). Thus, inter-
mittent exit block of ectopic foci might be one of several
possible explanations for the intermittency of ventricular
arrhythimas that is often observed after myocardial infarc-
tion.

Exit block may also contribute to the manifest arrhythmic
pattern by allowing activity to emerge from a focus with
sufficient delay to allow it to electrotonically modulate and
autoentrain itself. Jalife and Moe (12) demonstrated in a
sucrose gap experiment that the electrotonic influence of
beats emerging from a pacemaker with varying conduction
block may result in predictable variability of that pace-
maker’s basic cycle length. Rosenthal and Ferrier (8) dem-
onstrated a similar phenomenon, in which activity emerging
from a focus with Wenckebach periodicity modulated that
focus to result in a complex pattern. In one experiment (Fig.
5), marked exit delay and, at times, complete exit block,
suggested the presence of an area of discontinuous conduc-
tion in the exit pathway of the focus. An electrotonic base-
line deflection was produced in the focal recording early in
diastole, approximately coincident with the arrival of activ-
ity at the extrafocal side of the area of block. This may
represent a special case of reflection or reentry in which the
reentrant beats did not reach threshold. Because the emerg-
ing spontaneous activity had constant exit delay, the cou-
pling interval of the electrotonus was fixed, thereby uni-
formly delaying the next spontaneous beat. The focus was
entrained in a 1: 1 ratio by activity that it itself had initiated.
Autoentrainment may be yet another mechanism whereby
conduction delays in tissues surrounding the focus may in-
fluence an arrhythmia’s rate.
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Variations in entrance conduction. The characteristics
of entrance conduction pathways may also have profound
effects on the manifestation of spontaneous activity arising
from an ectopic foci. It has been suggested that classic
parasystole, modulated (and entrainable) parasystole and
reflected reentry are all part of a spectrum of possible man-
ifestations of a protected focus. Which of these expressions
of the focus predominates depends on the degree of entrance
block (32,33). Complete entrance block, in which the focus
is totally protected from the effects of surrounding activity,
would be expected to result in classic parasystole.

A low degree of entrance block, on the other hand, is
characteristic of an escape pacemaker whose rate exceeds
that of surrounding activity or of a pacemaker that is suf-
ficiently rapid to render surrounding conduction pathways
continually refractory. The latter mechanisms was proposed
more than 30 years ago by Scherf and Schott (34) to explain
the occurrence of entrance block in rapid parasystolic ar-
rhythmias.

A spontaneous focus with an intermediate level of en-
trance block, in which entrance pathways allow extrafocal
activity to produce electrotonic depolarizations within the
focus, resulting in modulation and entrainment, may lead
to a complex array of arrhythmic patterns including bigem-
iny and trigeminy. Spontaneous activity has been reported
to arise from or near localized, depolarized areas in infarcted
tissue (1-3,20,35-38). We have previously shown (7,8)
that the prerequisites for modulated parasystole—automa-
ticity, entrance block and exit conduction—may all be the
consequence of a single generative event, namely focal de-
polarization. Therefore, the occurrence of modulated and
entrained parasystole in depolarized ischemic tissue seems
likely. Gilmour et al. (19) recently reported the presence of
pacemaker modulation and annihilation in specimens of hu-
man ventricular tissue from patients with ischemic heart
disease.

Foci with entrance conduction impairment may also re-
sult in the generation of reentrant type arrhythmias. If ex-
ternal activity accelerates, or captures the focus with so
much delay that surrounding tissues can recover excitability,
then the activity may reexcite the surrounding tissues, pro-
ducing a closely coupled reentrant beat. This phenomenon
has been called reflected reentry (33), and has been observed
in several models, including the 1 day old canine myocardial
infarction model described in the present report (39).

Limitations. The problem of precisely localizing a dom-
inant pacemaker site has been discussed by other investi-
gators (40). Only sites that had both action potentials, with
characteristics of a pacemaker, and an upstroke that pre-
ceeded that of all other sites, were labeled as dominant
pacemaker sites. Thus, any possible error in localizing the
pacemaker was probably small, and should not have qual-
itatively affected the interpretations of the results.

The meaningfulness of any attempt to make direct cor-
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relations between arrhythmic behavior in vivo and experi-
mental results in isolated in vitro tissue preparations is highly
questionable. The intact ischemic ventricle in vivo is apt to
contain more foci and more potential reentrant pathways
than a much smaller, isolated in vitro preparation. More-
over, the heart in the intact animal is subject to autonomic,
hemodynamic and mechanical influences not present in the
isolated tissue bath. Thus, arrhythmias in vivo are likely to
be even more complex and variable than those observed in
vitro. Alternatively, overdrive suppression of an arrhythmia
by a faster sinus rhythm may lead to concealment of the
arrthythmia in vivo.

Conclusions. Studies in healthy cardiac tissues have shown
that small changes in entrance and exit pathways, as well
as in the spontaneous activity, may profoundly alter the
nature of the manifest arrthythmia. The present study pro-
vides evidence that similar mechanisms may play a role in
the genesis of the profoundly variable patterns of arrhyth-
mias seen after myocardial infarction. After myocardial in-
farction, the instability of resting membrane potential may
affect conduction characteristics of entrance and exit path-
ways. Thus, for example, the sudden development of exit
block may suppress an arrhythmia (or vice versa). Similar
alterations in entrance pathways may also profoundly affect
the manifest expression of arrhythmias. Finally, small changes
in membrane potential may alter the cycle length of the
spontaneous activity itself, and phenomena such as trig-
gering and annihilation, as well as actual shifts in pacemaker
sites, may further contribute to the instability and com-
plexity of arrhythmias after myocardial infarction.
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