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Stimulus-induced Critical Point
Mechanism for Electrical Initiation of Reentry in Normal Canine Myocardium
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Abstract

The hypothesis was tested that the field of a premature (S2)
stimulus, interacting with relatively refractory tissue, can
create unidirectional block and reentry in the absence of non-
uniform dispersion of recovery. Simultaneous recordings from
a small region of normal right ventricular (RV) myocardium
were made from 117 to 120 transmural or epicardial electrodes
in 14 dogs. SI pacing from a row of electrodes on one side of
the mapped area generated parallel activation isochrones fol-
lowed by uniform parallel isorecovery lines. Cathodal S2
shocks of 25 to 250 V lasting 3 ms were delivered from a mesh
electrode along one side of the mapped area to scan the recov-
ery period, creating isogradient electric field lines perpendicu-
lar to the isorecovery lines. Circus reentry was created follow-
ing S2 stimulation; initial conduction was distant from the S2
site and spread towards more refractory tissue. Reentry was
clockwise for right S1 (near the septum) with top S2 (near the
pulmonary valve) and for left SI with bottom S2; and counter-
clockwise for right S1 with bottom S2 and left SI with top S2.
The center of the reentrant circuit for all S2 voltages and cou-
pling intervals occurred at potential gradients of 5.1±0.6 V/cm
(mean±standard deviation) and at preshock intervals 1±3 ms
longer than refractory periods determined locally for a 2 mA
stimulus. Thus, when S2 field strengths and tissue refractori-
ness are uniformally dispersed at an angle to each other, circus
reentry occurs around a "critical point" where an S2 field of

- 5 V/cm intersects tissue approximately at the end of its
refractory period.

Introduction

The mechanism for the electrical induction of fibrillation has
been attributed to nonuniform dispersion of recovery follow-
ing stimulation during the relative refractory period (1-5). Re-
covery may be dispersed uniformly or nonuniformly (6).
Whendispersed uniformly, it changes approximately the same
amount over a given distance throughout the region, i.e., it has
a constant gradient. Whendispersed nonuniformly, it changes
at different rates at different places and may change rapidly
over a small distance so that one site remains refractory long
after a nearby site has recovered. Nonuniform dispersion of
recovery may be present due to intrinsic differences in refrac-
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tory periods of individual cells or to asymmetric spread of
activation with accompanying differences in recovery times (1,
7). According to traditional theory, premature stimulation re-
sults in temporary unidirectional conduction block in areas of
later recovery with the spread of activation towards areas of
earlier recovery, thus favoring the development of reentry and
ventricular fibrillation. Although some have alluded to the
"extra inhomogeneity" induced by the electrical shock (8), the
underlying nonuniform dispersion of recovery has usually
been assumed to be present before the application of the elec-
trical stimulus. The fibrillation threshold decreases as the un-
derlying dispersion is increased by premature stimulation, beta
adrenergic stimulation, ischemia, infarction, or various drugs,
thereby lending support to this hypothesis (1-4, 7-1 1).

Other evidence suggests, however, that nonuniform dis-
persion of recovery is not crucial for the induction or mainte-
nance of reentry. In small regions of normal myocardium, the
underlying dispersion of recovery after basic drive beats is
small (2, 4, 6, 12). The induction of fibrillation in normal
myocardium by single premature stimuli usually requires cur-
rents of 10-20 mAor more (9, 11, 13-17), a value larger than
that required to excite most relatively refractory tissue. Lower
stimulus currents require additional measures to increase the
electrical instability, such as ischemia, before fibrillation can
be induced. Spach et al. (18) have shown that different safety
factors along and across fibers can lead to unidirectional block
during premature stimulation. Anisotropic conduction veloc-
ity alone can sustain reentrant circuits, with the long axis of
block oriented parallel to the local fiber orientation (12, 19).

The purpose of this study was to test a different hypothesis
for the mechanism of the induction of reentry in normal myo-
cardium via suprathreshold electrical stimulation: that inter-
action of a certain strength of S2 shock field with tissue of a
certain refractoriness creates reentry at the point where the
critical values of S2 field strength and refractoriness intersect,
i.e., the "critical point," without requiring refractoriness to be
dispersed nonuniformly (6, 20-22).

Methods

Surgical procedure
14 mongrel dogs weighing 19 to 28 kg were anesthetized with pento-
barbital (30-35 mg/kg) (23) and succinylcholine (1 mg/kg). Each was
intubated with a cuffed endotracheal tube and ventilated with 30-40%
oxygen. Ringer's lactate was continuously infused and supplemented
with potassium chloride, sodium bicarbonate, and calcium chloride
when indicated. Via a separate intravenous line, pentobarbital was

infused at a rate of - 0.05 mg/kg per min throughout the experiment.
The dose of pentobarbital was adjusted according to the depth of
anesthesia as assessed by shivering, eyelid reflexes, and pedal reflexes
(23). Succinylcholine at a bolus dose of 0.5 mg/kg was given no more

than once per hour to decrease muscle contractions induced by the
electric shocks. A catheter was inserted into the femoral artery, and the
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systemic blood pressure was continuously displayed on an oscillo-
scope. Blood was withdrawn to determine the pH, P02, Pco2, CO2
content, base excess, and bicarbonate, sodium, potassium, and cal-
cium concentrations. Normal metabolic status was maintained
throughout the study by taking blood samples every 30-60 min and by
correcting any abnormal value.

The chest was opened through a median sternotomy, and the heart
was suspended in a pericardial cradle. The sinus node was crushed to
allow stable pacing rates. In three dogs a fixed array of 40 plunge
needles (120 electrodes) was inserted into the right ventricular free
wall, allowing transmural recordings from subendocardial, midmyo-
cardial, and subepicardial planes (Fig. I A) (24). In the remaining 11
dogs an array of 1 7 bipolar electrodes was sutured to the epicardium
(Fig. 1 B). Wire mesh electrodes were sutured to the epicardial surface
at the top, bottom, and/or left sides of the electrode array. Eight epi-
cardial pacing wires, 4- to 5-mm apart, were sutured parallel to and
within 3 mmof the left and right sides of the electrode array.

Stimulation protocol
Baseline cathodal Sl pacing using a 10-mA constant current source
was performed simultaneously from the eight pacing wires on one side
of the array using the tongue as the anode. An S1 strength of 10 mA
was chosen because lower currents often failed to capture some of the
eight pacing sites. A train of 10 Sls was given at a cycle length of
300-350 ms, and the pattern of activation following the tenth S1
stimulus was analyzed to verify the presence of uniform and parallel
activation wavefronts. If parallel isochronal lines were not created,
additional pacing wires were placed along the row of eight pacing wires
at regions of late activation and determination of the S1 activation
pattern was repeated.

After verification of a stable parallel S 1 activation pattern, recovery
periods were determined at 24 to 44 recording electrode sites. The time
of recovery of excitability after the basic response (VI) following the
tenth S1 stimulus was successively determined at each electrode site by
delivering a premature cathodal stimulus (S2) at an intensity of 2 mA
and a duration of 3 ms. S1 -S2 intervals were decremented in steps of 2
or 3 ms. The shortest S1-S2 interval that produced a propagated re-
sponse to recording electrodes 3.8 mmaway was taken as the recovery
period duration for that electrode site (25). The refractory period was
defined as the V 1-S2 interval for that electrode site. To obtain a mea-
sure of the average tissue refractoriness within the mapped area, the
mean of the refractory periods at 24-44 recording electrode sites for
each dog was determined and called the mean refractory period. Re-
fractory period measurements were repeated once or twice during the
course of each study.

After determination of the recovery periods, unipolar cathodal S2
shocks (25-250 V) were delivered to each wire mesh electrode follow-
ing the last S1 stimulus, with the anode attached to the metal chest wall
dividers. The activation patterns after these S2 stimuli were mapped.
Initially, diastolic shocks of selected voltages, 10 ms in duration, were
delivered from each mesh electrode to allow determination of the
potential gradient distribution. S2 stimuli 3 ms in duration were then
delivered at decremental or incremental S1-S2 intervals of 3-5 ms to
span the recovery periods of the tissue under the electrode array. Al-
though all combinations of S1 and S2 locations plus all voltage ranges
and S 1-S2 interval ranges were not possible within individual dogs, all
dogs received Sl pacing from the right (septal) side of the electrode
array and S2 shocks from the top (nearest the pulmonary valve) with
S2 voltages that produced potential gradients of 4-6 V/cm near the
center of the electrode array. In addition, a range of S2 voltages pro-
ducing large or small potential gradient ranges within the array was
also tested. In eight dogs the SI and S2 locations were from neighbor-
ing sides to create Sl activation patterns perpendicular to S2 field
strength patterns. In the remaining dogs the activation patterns follow-
ing both perpendicular and parallel interactions of the isorecovery and
isogradient lines were mapped. 5-15 fibrillation episodes per dog were
analyzed on-line to allow verification of the activation patterns. A
specially designed defibrillator (Intermedics, Inc.) with a capacitance

of 900 gF was used to deliver the S2 shocks. Waveforms were moni-
tored on a waveform analyzer (Data Precision) to ensure accurate and
reproducible delivery of a desired voltage. For shocks that initiated
fibrillation, defibrillation was achieved within 10 to 15 s using internal
defibrillator paddles applied over the pericardium. There was a mean
of 21 ± 10 fibrillation-defibrillation episodes per dog. A minimum of 5
min and usually 10-15 min elapsed between fibrillation episodes.

Data acquisition
A computer-assisted mapping system capable of simultaneously re-
cording from 128 channels was used to record both the stimulus po-
tentials and the activation complexes (26). Activations before and after
the S2 stimulus were filtered from 0.1 to 500 Hz and digitized at a rate
of 1,000 samples per second. 15 ms before the S2, a 1,000:1 voltage
attenuator was switched in front of each channel, and each amplifier
gain was switched to a value that allowed adequate potential field
recording. During the period of attenuated recording the bandwidth of
all amplifiers was DCto 500 Hz. Immediately after the S2, the atten-
uators were switched out and the amplifiers returned to the electro-
gram recording state (27). This allowed the detection of activation
complexes 5-7 ms after the end of high voltage stimuli. Surface ECG
leads I, II, and III were recorded simultaneously, and all data were
stored on video tape for off-line analysis (28). The recordings from
each channel were subsequently displayed on a Tektronix 4014
graphics terminal to allow measurement of S2 stimulus potentials and
detection of activation times before and after the S2 stimulus.

Tissue examination
At the end of each study the dog was sacrificed by electrically induced
ventricular fibrillation, and the portion of myocardium under the
electrode array was removed. The endocardium under the electrode
array was immediately stained with Lugol's solution to demonstrate
the Purkinje fibers. The portion of myocardium was then fixed with
10% buffered formalin for at least 48 h.

For the three dogs with intramural recordings, serial sections of
tissue were taken transmurally at 0.5-mm intervals parallel to the
epicardial surface. For the 11 dogs in which the epicardial electrode
array was used, sections were taken at 0.5-mm intervals for the first 2
mmfrom the epicardium and then at 1-mm intervals until the endo-
cardium was reached. The sections were stained with hematoxylin-
eosin and the fiber orientation determined relative to the horizontal
axis of the electrode array (29). The fiber orientation was used in the
calculation of potential gradients, current densities, and energies. For
the epicardial array, only the epicardial fiber orientation was used in
the calculations.

Data analysis
Calculation of potential gradients. The stimulus potential was defined
as the unipolar potential recorded by an electrode during the stimula-
tion pulse relative to the left hind leg potential. The 10-ms baseline
immediately preceding each stimulus was used as the zero value in the
measurement of stimulus potentials for each recording electrode. The
calculation of potential gradients, current densities, and energies from
the measured stimulus potentials has been previously described (29).
Briefly, a finite element model was used to incorporate the anisotropies
of myocardial fiber orientation and of conductivity. In four dogs from
preliminary studies in which the basic techniques of the stimulation
protocol were developed, plus three dogs included in the data analysis,
the plunge electrode array was used to record transmural potentials
during the S2 shocks. The component of the potential gradient perpen-
dicular to the epicardial surface at the level of the midwall accounted
for 9.7% of the total magnitude of the potential gradient for the entire
range of potential gradients created by the 25- to 250-V S2 shocks. In
the region of the reentrant sites, i.e., the critical points, the transmural
component was < 5% of the total magnitude. For the 11 dogs with the
epicardial electrode array, therefore, the measured epicardial poten-
tials were used to compute the field strength parameters with the as-
sumption that, since the transmural component was small, the calcu-
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lated parameters were approximately equivalent to those obtained
from the plunge electrode array.

Analysis of recordings. For bipolar recordings, the time of activa-
tion was taken as the time of the fastest slope for biphasic waveforms
and the time of the absolute peak magnitude for monophasic and
triphasic waveforms (30). Isochronal maps were drawn for all activa-
tions analyzed (31). Regions in which conduction velocity would be
less than 0.1 m/s if conduction were present are designated as exhibit-
ing conduction block and are indicated on the maps by block lines.
The border representing the transition between successive activation
maps is defined as the frame line. Frame lines are the break points
between maps and are necessary to represent the dynamic continuous
activation sequence of reentry by a series of static discrete isochronal
maps. The preshock interval at each recording electrode site is defined
as the time from S1 activation at that site to the S2 shock, or S2 minus
the local VI.

Statistical methods. Data were analyzed using the paired t test and
linear regression (32). P < 0.05 was interpreted as being significant.
Values are given as mean±SD.

Results

Isogradient and isorecovery patterns
The principal goal of the experimental design (Fig. 1) was to
create parallel isorecovery lines following S 1 pacing and paral-
lel isogradient lines during S2 shocks, allowing perpendicular
or parallel interaction of these lines depending on the locations
of the SI and S2 electrodes. Thus, the initial step in the exper-
iment was the creation and on-line verification of these paral-
lel lines.

Instead of a point source, which would have generated
elliptical isopotential lines, the S2 shocks were delivered from
a long mesh electrode extending beyond both sides of the
mapped area to create parallel isopotential lines (Fig. 2 A). The
isogradient lines calculated from these stimulus potentials
were approximately parallel to the top and bottom sides of the
mapped area, with gradient magnitudes for the example shown
in Fig. 2 B ranging from 13.6 to 2.7 V/cm with 6 V/cm ap-
pearing approximately in the middle of the array. The S2 stim-
uli from other mesh electrodes and in other dogs produced
similar parallel distributions of potential gradients.

The activation patterns during S1 stimulation were uni-
form and nearly parallel in all cases (Figs. 3, 9 A, 10 A). The
recovery periods at 24 to 44 sites (a mean of 33 per dog) were
determined using 2 mApremature stimuli (Fig. 3). These
2-mA stimuli were typically four to six times diastolic thresh-
old for four to eight random sites tested during each experi-
ment. Nearly parallel isorecovery lines were created closely
approximating the S1 isochronal activation lines (Fig. 3). Al-
though slightly more heterogeneity in the recovery periods was
occasionally seen than in Fig. 3 (see Fig. 9 A), the refractory
periods were approximately the same at all electrode sites
within each dog; the mean of the standard deviations of the
refractory periods for all dogs was 2.7±0.8 mswith a range of 1
to 4 ms. Thus, a minimum of inhomogeneous refractoriness
existed.

The approximate boundary of the region of myocardium
directly excited by the S2 shock was determined from the dis-
tribution of refractoriness following S1 stimulation, from the
S1-S2 interval at which the S2 shock was delivered, and from
the patterns of activation following the S2 shock. At a given
S1-S2 interval, if a uniform potential gradient field could have
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Figure 1. Transmural and epicardial electrode arrays. (A) Trans-
mural array. 40 plunge electrodes held within a plastic array were in-
serted into the right ventricular outflow tract and free wall, allowing
recording from 120 transmural bipolar electrodes in the subendocar-
dial, midmyocardial, and subepicardial planes of myocardial tissue.
The top of the array was located within 2 cm of the pulmonary valve
and the right side parallel to and within I to 2 cm of the left anterior
descending coronary artery. Stainless steel mesh electrodes, 4.5 X 1
cm (as shown in B), were sutured to the epicardial surface along the
top and bottom of the array. S2 stimuli were delivered from one of
the two mesh electrodes. A row of eight epicardial pacing wires (as
shown in B) was sutured along the right and left sides of the array. S1
stimuli were delivered from one of the two rows of pacing wires. (B)
Epicardial array. Epicardial recordings were obtained from an array
of 1 7 surface bipolar electrodes (open circles) held within an epicar-
dial array placed in approximately the same position on the right
ventricle as the transmural array. The stainless steel mesh electrodes
were sutured to the epicardial surface along the top (labeled "S2
site"), bottom, and/or left sides of the array, and epicardial pacing
wires were placed along the right (labeled "S 1 sites") and left sides of
the array. In the remaining figures the sites of the pacing wires and
mesh electrodes are designated as S1 and S2, respectively.

been created over the entire array that was equivalent to the
field produced locally by the 2-mA point stimulus used during
determination of the recovery periods, then all of the area with
recovery periods less than or equal to this Sl-S2 interval
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Figure 2. Stimulus potentials and potential gradients. (A and B) The

epicardial stimulus potentials and potential gradients, respectively,
for a unipolar cathodal shock of 150 V from the bottom mesh elec-
trode. Isopotential and isogradient lines approximately parallel to the
bottom of the array are created, with gradients of 6 V/cm occurring
near the middle of the array. The isopotential values are given in

volts (V), and the isogradient values in volts per centimeter. (C and

D) The potentials and gradients for a 100-V S2. Gradients of 6 V/cm
occur closer to the S2 site than for the 150 V S2. Figs. 2 through 7

are taken from the same animal.
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tant from the S1 site,
probably indicates a sizable endocardial to epicardial component to
the spread of activation in that region (24). The recovery periods
(dashed lines) were calculated at 32 electrode sites evenly spaced
across the array for this example. The refractory periods were similar
at all electrode sites (166±3 ms), indicating minimal inhomogeneous
refractoriness. The mean epicardial fiber orientation under the array,
in this case was 24±5 degrees with respect to the horizontal.

should have been directly excited by the field of the S2 shock.
The S2 shocks delivered from the mesh electrodes, however,
generated a range of potential gradients that presumably
spanned the local field strength created by the 2-mA point
stimulus. The isogradient diastolic threshold is known to be
0.8 to 1.2 V/cm (29, 33). Thus, potential gradients of 4-6
V/cm are approximately five times larger than the gradient at
the diastolic threshold, similar to the 2-mA stimuli, which are
approximately five times the diastolic threshold. In regions
with potential gradients slightly higher or lower than 4-6
V/cm, the region directly excited by the S2 shock can be pre-
sumed to be slightly greater or lesser, respectively, than pre-
dicted from the S1-S2 interval and the recovery periods.
Therefore, the border of the region directly excited by the S2
field should not be exactly parallel to the isorecovery lines, but
should be slightly tilted, the border being closest to the S1
electrodes where the potential gradient field is weakest, i.e.,
farthest from the S2 electrode. Identification of the directly
excited border is straightforward in those regions where acti-
vation conducts away from this border after the shock; the
border is coincident with the frame line of the first activation
map (Fig. 4 A). In regions where activation does not conduct
away from the border after the shock, the area directly excited
by the S2 shock is not definitely known. The affected area is
assumed to depend on the pattern of isorecovery lines, and,
because of large field strengths in this region, to tilt slightly
away from the S1 site as shown by the hatched area in Fig. 4 A.
Even though the activation times in the hatched area (85 to
156 ms) are the first recorded in this region following the
shock, they are assumed to be the second activation associated
with the shock since the first was direct excitation caused by
the S2 shock itself.

Activation patterns for perpendicular isorecovery and
isogradient lines
Alteration of SI and 52 sites. Reentrant activation leading to
ventricular fibrillation was induced following all four perpen-
dicular interactions of the isorecovery and isogradient lines:
right S1 with bottom S2 (Figs. 4 and 5), right S1 with top S2
(Fig. 6 A), left S1 with top S2 (Fig. 6 B), and left S1 with
bottom S2 (Fig. 6 C). To allow comparisons of the different Sl
and S2 sites, Figs. 2-7 are taken from the same dog. For the
three dogs in which transmural recordings were obtained (see
below), the patterns of activation on the subepicardium did
not differ substantially from the subendocardial and midmyo-
cardial patterns, nor were the subepicardial patterns substan-
tially different from those obtained using the epicardial array.
Because greater detail in the reentrant circuits was obtained
using the more closely spaced epicardial electrodes, the pat-
terns of activation leading to ventricular fibrillation are pre-
dominantly illustrated with data obtained from the epicardial
array.

Fig. 4 shows reentrant patterns for the combination of right
S1 (isogradient pattern shown in Fig. 2 B) and bottom S2
(isorecovery pattern shown in Fig. 3), with selected electrode
recordings shown in Fig. 5. Initial poststimulus propagation
occurs distant from the S2 site at the top of the array, with
activation times of 8-14 ms occurring along the frame line
marking the border of the directly excited region. Activation
fronts then conduct towards the S2 site around a region of
apparent conduction block (hatched line). No activation front
conducts away from the directly excited boundary near the S2
site; this region is excited via the activation front propagating
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Figure 4. Activation
patterns for perpendicu-
lar isorefractory and
isogradient lines. The
patterns of activation
following SI pacing
from the right and S2
shock from the bottom
are shown in A (cycle
1), B (cycle 2), and C
(cycle 5). Activation
times, shown in milli-
seconds, are measured
from the start of the
3-ms S2 shock. Solid
dots represent sites of
inadequate recordings.
The solid line repre-
sents the transition be-
tween successive activa-
tion maps and is called
a "frame line." The
hatched line represents
a zone of conduction
block and is called a
"block line." Isochrones
are at 10-ms intervals.
The doubled-headed
arrow for this figure
and for Figs. 6 and 7
represents the mean
epicardial fiber orienta-
tion in the area of con-
duction block, in this
case 21 degrees with re-
spect to the horizontal.
(A) The initial activa-
tion pattern following
the S2 shock at an
Sl-S2 interval of 191
ms and an S2 strength
of 150 V. The letters a
to mrepresent the elec-
trode recordings shown
in Fig. 5. The hatched
area indicates the region
assumed to be directly
excited by the S2 shock
field. Earliest postshock
activation occurs dis-

tant from the S2 site, with no early activation wavefronts conducting
away from the directly excited region located between the S2 site and
the critical point, i.e., the point where the activation front blindly
ends at the junction between the frame line and the block line. A
counterclockwise reentrant circuit is formed around the region con-

taining the critical point and the line of block. The potential gradient
equals 5.8 V/cm and the preshock interval equals 171 ms at the criti-
cal point (critical refractory period = 169 ms). (B) The second cycle
of the reentrant pattern. No slow conduction occurs at the frame line
between the first and second reentrant cycles. The activation pattern
is similar to the first cycle except that the circuit time is decreased to
122 ms, (C) The fifth cycle of the reentrant pattern. The reentrant
pattern is similar to the previous cycles; however, the total circuit
time has further decreased to 1O ms.

away from the directly excited boundary distant from the S2
site. Conduction velocity is rapid in the first half of the reen-

trant circuit, - 0.5 m/s (with wide variation). Slow conduc-

m ~

Figure 5. Electrode recordings around the critical point. Bipolar elec-
trode recordings are shown for the sites labeled a through min Fig. 4
A beginning 3 ms after the end of the S2 shock. The S1 activations
and S2 shock are not shown.

tion, 0.15 to 0.25 m/s, occurs in the reentrant circuit over a 6-
to 10-mm region near the S2 site. This region contains the
assumed boundary of direct excitation. Once past this region,
the activation front accelerates and forms a complete reentrant
circuit. Slow conduction is not present near the frame line
between cycles 1 and 2. This pattern is essentially repeated for
the first 10 cycles (Figs. 4, B and C).

A critical point occurs, above which an activation front
conducts away from the directly excited boundary and below
which it does not. Activation spirals around the region en-
compassing the critical point and the line of conduction block,
forming a reentrant pathway. The local potential gradient
during the S2 shock at the four electrodes surrounding the
critical point in Fig. 4 A is 5.8 V/cm. The preshock interval is
171 ms as compared to the critical refractory period (the mean
of the refractory periods at the four electrodes surrounding the
critical point) of 168 ms. Thus, counterclockwise circus reen-
try is created following perpendicular interaction of uniform
isorecovery and isogradient lines for SI on the right and S2 at
the bottom, with a critical point at a potential gradient of
slightly < 6 V/cm and at a preshock interval approximately
equal to the critical refractory period.

Moving the S2 site to the top of the array produces a simi-
lar reentrant pattern (Fig. 6 A), except the reentrant pattern is
clockwise and is shifted in phase by - 180 degrees, with earli-
est activation occurring at the bottom of the array. Slow con-
duction again occurs near the S2 site but over a slightly larger
area and with a slightly faster velocity than in the previous
example.

Left S1 with top S2 produces counterclockwise reentry
(Fig. 6 B), while left S1 with bottom S2 produces clockwise
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:|,2' O3\0 l2\0 l00 )oo0 o 197 ms) with S2 at the

S2 top and S1 at the RV
side, a counterclockwise
reentrant circuit is

formed, the same as for Fig. 4 A (septal S I with bottom S2). The two
reentrant patterns, however, differ in phase by - 180 degrees. The
potential gradient equals 5.2 V/cm and the preshock interval equals
173 ms (critical refractory period = 171 ms) at the critical point. In
C(S2 of 150 V, S1-S2 of 197 ms), with S2 at the bottom and S1 at
the RV side, a clockwise reentrant circuit is formed, the same as for
Fig. 6 A (septal S1 with top S2). These two reentrant patterns, how-
ever, also differ in phase by - 180 degrees. The potential gradient
equals 5.9 V/cm and the preshock interval equals 169 ms (critical re-
fractory period = 170 ms) at the critical point.

reentry (Fig. 6 C). In both cases, earliest activation is again
distant from the S2 site with slow conduction near the S2 site.

Thus, counterclockwise reentry is created by the combina-

tion of right S I with bottom S2 and left S I with top S2, the two
patterns differing in phase by - 180 degrees due to the differ-
ent sites of early activation. Conversely, clockwise reentry is
created by the combination of right S1 with top S2 and left SI
with bottom S2, these two patterns also differing in phase by

- 180 degrees. The critical points for this dog all occur at
gradients of 5-6 V/cm and at preshock intervals approxi-
mately equal to the critical refractory period. The region of
slow conduction occurs predominantly between the critical
point and the S2 site near the presumed border of direct exci-
tation. Even within the same animal, however, the magnitude
of the area over which slow conduction occurs and the con-
duction velocity vary (compare Figs. 4 A, 6, and 7).

Change in SJ-S2 interval and S2 voltage. Decreasing or
increasing the Sl-S2 interval moves the reentrant circuit to-
wards or away from the SI location, respectively. A compari-
son of Figs. 6 B and 7 A indicates the change in location of the
reentrant circuit following a small change in the SI -S2 inter-
val. The recovery period at the critical point in Fig. 7 A is 8 ms
greater than that of Fig. 6 B, which is comparable to the 6-ms
increase in the SI-S2 interval. Thus the preshock interval re-
mains relatively constant even though the location of the criti-
cal point moves - 5.5 mmacross the array, being 173 ms for
Fig. 6 B and 171 ms for Fig. 7 A. For all dogs, increases in the
S1-S2 interval moved the reentrant circuit away from the S1
site and eventually off the array, while decreases in the S1-S2
interval moved the reentrant circuit towards the S1 site and
finally off the array. For both cases the changes in the SI -S2
intervals are approximately equal to the differences between
the recovery periods at the original and new critical points.

For all cases in all animals, the preshock interval at the
critical point is longer than the critical refractory period by
1±3 ms, indicating a close relationship between the SI-S2 in-
terval and the recovery period at the critical point (Fig. 8).
However, some variability exists as indicated by the scatter of
the preshock intervals (Fig. 8). Some of this small scatter may
be due to the changes in the recovery periods over time; in
most dogs, the recovery periods declined by 5-15 ms over the
course of the experiment. Because it was impractical to deter-
mine the recovery periods at the time of each S2 shock, all
preshock intervals are compared to the refractory periods de-
termined at the beginning of the study.

The potential gradients at the critical points also remained
relatively constant, regardless of the change in the voltage of
the S2 shock. Figs. 4 A and 7 B demonstrate the changes in the
reentrant pattern following a decrease in the S2 voltage from
150 to 100 V. The critical point moves towards the S2 site
following the decrease in the S2 voltage, but its location rela-
tive to the S1 site does not change, because the preshock inter-
vals are almost the same. The potential gradients at the critical
points are nearly identical even though the locations differ by
approximately 5.5 mm; 5.8 V/cm for the 150 V S2 and 5.6
V/cm for the 100 V S2. Increases in the S2 voltage move the
reentrant circuit away from the S2 site, while decreases in the
S2 voltage move it toward the S2 electrode. For all reentrant
circuits, the critical points occurred at sites where isogradient
lines of 5.1±0.6 V/cm intersected relatively refractory tissue
(Fig. 8). The mean current density at the critical point is 19.5
mA/cm2, and the energy is 290 1J/cm3. Increasing the S2 volt-
age so that the potential gradients exceed - 5 V/cm over the
entire array or decreasing the S2 voltage to less than - 5 V/cm
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Figure 8. Preshock intervals and gradients at the critical points. The
preshock intervals and the potential gradients at all critical points
shown for all dogs. Although the mean refractory periods differed
widely among the 11 dogs (129 to 179 ms), the preshock intervals at
the critical points approximately equaled the critical refractory pe-
riods for all cases. The preshock intervals, in milliseconds, are shown
on the x-axis referenced to the critical refractory period and the po-
tential gradients, in V/cm, are shown on the y-axis. Values for criti-
cal points are shown as circles. Values for all other recording elec-
trodes are designated as dots. For the critical points, the mean pre-
shock interval is 1±3 ms longer than the critical refractory period,
and the mean potential gradient is 5.1±0.6 V/cm.

over the entire array move the reentrant circuits off the array,
away from or towards the S2 site, respectively.

A small scatter is also present in the potential gradients.
Part of this scatter is probably due to errors in calculation of
the gradients and to the effect of averaging the values at the
four electrodes surrounding the critical point. Another possi-
ble reason for the small scatter in both potential gradients and

0 O \O 0 0 0 '00 O 0.-0 0 0

60

Figure 7. Effects of changing S1-S2 interval or S2 voltage on the lo-
cation of the reentrant circuit. (A) Change in S1-S2 interval. Because

the critical point occurs at a relatively constant preshock interval in
each dog, increases and decreases in the S l-S2 interval moved the
reentrant site away from and towards the SI site, respectively. (A)
The reentrant pattern following a 150 V S2 at an S 1-S2 interval of
203 ms, vs. the pattern following a 150 V S2 at an S l-S2 interval of
197 ms in Fig. 6 B, a change in the S 1-S2 interval by 6 ms. The re-

covery period at the critical point was 194 ms for Fig. 6 B and 202
ms for Fig. 7 A, an increase of 8 ms. Because the SI activation pat-

terns were nearly identical, the preshock intervals therefore differed
by only 2 ms, even though the locations of the critical points differed
by 5.5 mm. (B) Change in S2 voltage. Change in the S2 voltage pro-

duced changes in the potential gradients. Although S2 voltages of
75-175 V produced reentry within the array, the potential gradient
at the critical points remained relatively constant, the mean being
5.1±0.6 V/cm. The reentrant pattern following a 100-V S2 at an

SI -S2 interval of 190 ms is shown and should be compared to the
pattern in Fig. 4 A following a 150-V S2 for identical SI and S2 loca-
tions and almost the same SI -S2 interval (190 vs. 191 ms). Decreas-
ing the S2 voltage moved the reentrant circuit towards the S2 site.
The potential gradient at the critical point following the 100 V S2,
5.6 V/cm, remained approximately the same as that following the
150 V S2, 5.8 V/cm (Fig. 4 A), even though the locations of the criti-
cal points differed by 5.5 mm.
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preshock intervals is that the critical points may occur over a
range of values, i.e., a critical region. In no case, however, did
reentry occur in regions of very large or small potential gra-
dients nor did large differences occur between preshock inter-
vals and critical refractory periods (Fig. 8).

Transmural recordings. Transmural recordings were ob-
tained from three dogs following perpendicular interaction of
isorecovery and isogradient lines. Fig. 9 shows the activation
patterns following S 1 pacing from the septal side and S2 stimu-
lus from the bottom. A counterclockwise reentrant pattern is
formed with earliest activation distant from the S2 site, the
same pattern seen with the epicardial array (Fig. 4). Subendo-
cardial activation occurs slightly earlier than subepicardial ac-
tivation in this example, in most electrodes the difference
being 4 to 6 ms. Subendocardial activation was slightly earlier
in most examples, although occasionally subepicardial activa-
tion occurred earlier than midmyocardial or subendocardial
activation. Slow conduction is present in two separate loca-
tions in Fig. 9 B, from isochrones 50-70 ms and 100 to 130
ms. The slow conduction from 100 to 130 ms occurred in a
position not normally seen, possibly due to the non-parallel
nature of the isorecovery lines for this dog (Fig. 9 A).

For all three dogs, the critical point occurs at approxi-
mately the same positions on the subendocardium as on the
midmyocardium and subepicardium; thus, the locus of critical
points in three dimensions is a line. The potential gradient and
preshock values at the critical points and the patterns of acti-
vation are not significantly different following transmural re-
cordings obtained with plunge needles than for the recordings
obtained with the epicardial array. Thus, the plunge needles do
not appear to alter significantly the patterns of activation.

Activation patterns for parallel isogradient and
isorecovery lines
To understand further the patterns of activation following in-
teractions of specific field strength and isorecovery lines, SI
pacing and S2 shocks were delivered from the same side of the
epicardial array in six dogs, thus creating isorecovery and iso-
gradient lines parallel to each other (Fig. 10, A and B). Delivery
of the S2 shock at an S 1-S2 interval of 198 msproduced direct
excitation of most of the mapped area with activation spread-
ing away from the directly excited border (Fig. 10 C). This
outcome is similar to that observed in the area away from the
S2 site and past the critical point for perpendicularly oriented
isorecovery and isogradient lines. A decrease in the S1-S2 in-
terval by 3 msdecreased the directly excited area with continu-
ing spread of activation away from the directly excited border,
as would be expected for stimulation of tissue slightly less
recovered (Fig. 10 D). At the directly excited boundary, the
potential gradients are < 4-6 V/cm while the recovery periods
are approximately equal to the S1-S2 interval for both exam-
ples.

This pattern does not hold true following a further 3-ms
decrease when the S1-S2 interval is equal to the recovery pe-
riod in a region where the potential gradients are 2 4-6 V/cm
(Fig. 10 E). No early activation is seen conducting away from a
directly excited border; instead, earliest activation enters from
outside the mapped area and spreads towards the S I site. Slow
conduction and block occur along a line approximately paral-
lel to the S1 site, probably representing the border of direct
excitation and/or graded response for this SI -S2 interval. The
region proximal to the line of block (near the S I site) is proba-
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Figure 9. Transmural recordings of activation patterns following per-
pendicular interaction of isorecovery and isogradient lines. (A) The
baseline SI activation pattern (solid lines) with the corresponding
isorecovery lines (dashed lines) for the midmyocardial layer. Al-
though the SI activation pattern is less uniform and parallel than the
example in Fig. 3, the refractory periods are relatively constant
within the array (149±3 ms). Only small differences are present in
the transmural distribution of activation patterns. The double-
headed arrow at the bottom represents the mean fiber orientation
within each plane. (B and C) The first and second cycles of reentry,
respectively, following a 100-V S2 at an S1-S2 interval of 170 Ins. A
counterclockwise reentrant pattern is created with earliest activation
distant from the S2 site, similar to the epicardial pattern seen in Fig.
4 A. The line of block and the critical point occur along the 170 ms
recovery period isochrone, the same value as the S1 -S2 interval at
which the S2 shock was delivered. The potential gradient equals 5.7
V/cm and the preshock interval equals 148 ms (critical refractory pe-
nod = 148 ms) at the critical point.

bly directly excited by the S2 stimulus because the SI -S2 in-
terval is longer than the recovery periods for this region and
the S2 field strength is strong in this region. The average po-
tential gradients along this line of block and slow conduction
are 4 to 6 V/cm. With further decrease in the SI-S2 interval,
the line of slow conduction and block moves closer to the SI
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Figure 10. Activation patterns for parallel isorefractory and isogra-
dient lines. (A) The S1 activation pattern and recovery periods fol-
lowing Sl pacing from the left. The isochronal and isorecovery lines
are nearly parallel (r = 0.94). The double-headed arrows in A and B
represent the mean epicardial fiber orientation under the array. (B)
The distribution of potential gradients for a 150 V S2 from the left.
Gradients of 4-6 V/cm occur at the center of the array. (C and D)
The initial activation patterns following S2 shocks of 150 V at S1-S2
intervals of 198 and 195 ms, respectively. In both cases early activa-
tion conducts away from the presumed border of direct excitation.
The triangles represent areas thought to be directly excited by the S2
shock. A decrease in the SI -S2 interval moves the directly excited
border closer to the S1 site (D). The double-headed arrows represent
the mean epicardial fiber orientation along the border of direct exci-
tation in Cand Dand the mean epicardial fiber orientation along
the region of conduction block in E and F. (E) The initial activation
pattern following a further decrease in the Sl -S2 interval to 192 ms.
Early activation no longer conducts away from the boundary of a di-
rectly excited region; instead, activation enters from outside the array

and conducts towards the S1 site. The wave of activation encounters
a line of block or slow conduction, shown by the hatched line. This
region of slow conduction and block may represent the border of the
directly excited region, with activation blocking or conducting slowly
because the tissue is refractory following direct excitation by the S2
field. The directly excited region is not indicated by triangles in order
to demonstrate the patterns of activation across the region; however,
this area is assumed to be directly excited by the S2 shock. The po

site, indicating progressive decrease in size of the directly ex-
cited region (Fig. 10 F). Thus, absence of conduction away
from the border of direct excitation occurs at specific interac-
tions of stimulus strength and tissue refractoriness, the same
situation occurring for perpendicularly oriented isorecovery
and isogradient lines.

Parallel isorecovery and isogradient lines were not always
created by S 1 and S2 stimulation on the same side of the array.
Nonparallel S1 activation patterns, usually due to rapid endo-
cardial conduction, resulted in the creation of isorecovery and
isogradient line intersections at various angles between 0 and
90 degrees. In these instances, reentry occurred within the
mapped area, similar to the patterns following perpendicular
interactions. Early activation typically occurred along one
portion of an isogradient line with lack of conduction away
from the other portion. Decrease in the SI1-S2 interval, how-
ever, eventually lead to absence of conduction away from the
directed excited region across the entire width of the array, as
for parallel oriented isorecovery and isogradient lines.

Effects of fiber orientation on activation patterns
The orientations of the lines of block and the long axis of the
myocardial fibers were measured relative to the horizontal axis
of the mapped area for both the epicardial and transmural
recordings. The orientations of the lines of block around which
the reentrant circuits develop did not correlate with the local
fiber orientations (r = 0.18), the mean difference in these ori-
entations being 43 degrees. Within individual dogs the orienta-
tion of the line of block varied widely for different reentrant
cycles depending on the location of the S1 and S2 sites and the
pattern of recovery of refractoriness before the S2 shock (Figs.
4, 6, 7).

In many reentrant circuits, sharply curved lines of block
exist (Figs. 6, B and C). For such examples in which the lines
of block spanned more than one pair of recording electrodes,
the orientations of the different sections of the line of block
were individually compared to the fiber orientation. For exam-
ple, in Fig. 6 B the line of block has segments at 0 and 90
degrees, compared to the local fiber orientation of 29 degrees.
For most transmural recordings, the orientations of the lines of
block are nearly identical throughout the myocardium (Fig. 9).
Because the fibers rotate between the different planes of tissue,
the area of block occurs at different orientations of fiber direc-
tion depending on the plane of tissue.

The choice of 0.1 m/s as a lower limit for conduction veloc-
ity to identify conduction block may not be correct. The acti-
vation maps were usually consistent with this choice, however,
with isochronal lines approaching or travelling at right angles
to the lines of block rather than emanating away from them as
would be expected if slow conduction, and not block, were
present. If the lower limit of conduction velocity is made
smaller, the conclusions of the study still hold, although some
of the quantitative values change. For example, use of a lower
limit of conduction velocity of 0.05 m/s results in conduction
block only between the two electrode sites with activation
times of 68 and 137 ms in Fig. 4 A. If a lower limit of conduc-

tential gradients along this line of block and slow conduction are 4 to
8 V/cm. A further 3-ms decrease in the S 1-S2 interval to 189-ms (F)
moves this border slightly closer to the S I site, directly exciting less
tissue.
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tion velocity of 0.02-0.03 m/s is used, most reentrant circuits
appear to rotate around very short regions of block, most
< 2-3 mmdiam (Table I). The use of 0.05 m/s or slower
conduction velocities did not increase the relationship between
fiber orientation and the lines of block.

Slow conduction did not appear to occur predominantly
along or across the fibers. Rather, slow conduction appeared to
be associated with the location of the S2 site and the approxi-
mate border of direct excitation. For example, in Fig. 6, B and
C, slow conduction occurs both across and along the approxi-
mate long axis of the local fiber orientation, respectively.

Discussion

Nonuniform dispersion of recovery and reentry
The induction of reentry depends on the creation of a region of
temporary or permanent unidirectional conduction block
(34). Nonuniform dispersion of recovery has been assumed to
be the mechanism creating this region of temporary unidirec-
tional block (1-5). According to this hypothesis, a premature
stimulus produces activation fronts that conduct away from
the stimulus site and then block in regions of greater refractor-
iness. Reentry occurs if tissue proximal to the region of block
has recovered by the time activation fronts arrive from the
distal portion of the region of block. This theory is supported
by numerous studies demonstrating lower fibrillation thresh-
olds as the dispersion of refractoriness is increased ( 1, 2, 10, 1 1,
14), and by studies showing the formation of reentry around
lines of block created in regions containing disparities of re-
fractoriness (35).

To initiate reentry according to this hypothesis, large dif-
ferences in the degree of recovery must exist prior to the appli-
cation of the inducing stimulus. Otherwise, premature stimu-
lation should merely result in the propagation of wavefronts
away from the site of earliest capture following S2 stimulation,
as no abrupt change in refractoriness exists to produce unidi-
rectional block. It is known, however, that reentry can be in-
duced in myocardium that possesses small inherent differences
in refractoriness (- 10-20 ms) (5, 6, 35-37).

In this study, uniform parallel isorecovery lines were cre-
ated following S1 stimulation that highly correlate (r
= 0.95±0.03) with the uniform SI activation isochrones for all

Table I. Conduction Velocity and Length of Block

Conduction velocity Length of block Number without block

m/s mm

0.1 11.1±4.9 0
0.05 5.6±2.4 5
0.03 0.9±1.6 34
0.01 0 55

The conduction velocity is the minimum velocity allowed below
which conduction block occurs. The length of block is the mean
value from all episodes of reentry in all dogs following orthogonal in-
teraction of isorefractory and isogradient lines. Number without
block refers to episodes of reentry in which conduction block could
not be detected between any recording electrodes for the indicated
lower limit velocity. In these cases a conduction block length of 0
mmwas assigned. No sites of block could be detected for the con-
duction velocity 0.01 m/s.

dogs (Figs. 3, 9 A, 10 A). The range of the standard deviations
of the refractory periods for all dogs is 1-4 ms, indicating that
significant nonuniform dispersion of refractoriness did not
exist immediately before the S2 stimulus. In addition, the
reentrant sites and regions of conduction block do not occur at
the same location within individual dogs as would be expected
if a region of nonuniform dispersion of refractoriness were the
primary determinant for the induction of reentry. Rather, the
sites of reentry and block change position as the S1 and S2
locations, S I -S2 interval, and S2 strength are altered (Figs. 4, 6,
7). These findings correlate with those of Chen et al. (6) who
demonstrated the induction of figure-of-eight reentry in nor-
mal myocardium devoid of large changes in refractoriness, and
imply that other mechanisms are more important than the
nonuniform dispersion of recovery in the induction of reentry
by suprathreshold electrical stimuli. These findings do not ne-
gate the possible importance of the nonuniform dispersion of
recovery in the induction of reentry by other means or in the
degeneration of electrically induced reentrant circuits into fi-
brillation.

Fiber orientation and reentry
Recently, the importance of fiber orientation has been em-
phasized for the induction and maintenance of reentrant cir-
cuits (12, 18, 19). Spach et al. (18) demonstrated a reduced
safety factor for conduction along versus across the fiber axis
following premature stimulation which can create a region of
temporary unidirectional conduction block leading to reentry
in the absence of large inherent differences in refractoriness.
Other investigators have demonstrated ellipsoidal reentrant
circuits with the long axis of the circuits parallel to the long
axis of the myocardial fibers (12, 19). These recent studies,
however, fail to explain why single premature stimulation at
low currents rarely induces fibrillation in normal myocar-
dium. Rather, stimulus currents of at least 10-20 mAare
usually required for a single S2 stimulus to induce reentry (9,
11, 13-17).

Although fiber orientation may be important in the initia-
tion or maintenance of reentry in other situations, it appears to
play a minimal role in the induction of reentry by the su-
prathreshold electrical stimuli used in this study. The orienta-
tions of the lines of block around which the reentrant circuits
develop do not correlate with the local fiber orientation (r
= 0.18). Transmural recordings also fail to show a strong influ-
ence of fiber orientation on the location of block (Fig. 9), since
the transmural rotation of fibers from epicardium to endocar-
dium does not yield a similar rotation in the line of block. The
results obtained with parallel isorecovery and isogradient lines
also imply that the line of block and area of slow conduction
are determined not by fiber orientation, but primarily by the
border of direct excitation (Figs. 10, E and F).

Critical points and reentry
Mechanism for the initiation of reentry and creation ofa criti-
cal point. Because neither nonuniform dispersion of recovery
nor fiber orientation appears critical for the induction of reen-
try by suprathreshold electrical stimuli, an alternative mec~ha-
nism is needed. Two recent studies report that activation fol-
lowing a premature suprathreshold stimulus begins distant
from the S2 stimulation site (6, 22). Although S2 field
strengths were not measured in either study, both propose that
unidirectional block at the border of direct excitation in re-

1048 Frazier, Wolf; Wharton, Tang, Smith, and Ideker



A

G8 X.2

>Glo

z \

U4-6; xE

2 ,i

nJ24 O'

=~.-.';

-.i'

;-,

_. :

.--- +-1-I
:;- s

g. / ... e I

w_ t v
- , wOf;,R

8
',( ..

.F * t

ark
O

..: -! ._ . _ . _ . _
f A

c

Si
S2

RI, R9 R7 R5 R3
4.

DE -jl NE
..2 -

----4
- p-7

---j

Gio GC G6 G4 G2 :J JR e -4

Figure 11. Graded response theory for reentry. (A) Strength
curve. A modified strength-interval curve is shown, with stir
strength in volts per centimeter on the -axis and SI -S2 inte
refractoriness, on the x-axis. On the y-axis, GI2 represents th
potential gradient and Go the smallest. On the x-axis, RI2 re]
the most recovered tissue and Ro the most refractory. Ro do(
represent phase 0 of the action potential, but merely tissue f
fractory to a premature stimulus. Interaction of the isorecov
isogradient lines produces either direct excitation (DE), grad
sponse (GR), or neither effect (NE). The potential gradient a
- 5 V/cm while the potential gradient at the rheobase is -

V/cm (24). The critical refractory period (for the 2 mAstim
equals the preshock interval at R5. The dashed arrow repress
position of the critical point in this panel and in B. The dash
labeled "c" and "d" are described in Cand D. (B) Perpendic
isorecovery and isogradient lines. A diagramatic representati
results of Fig. 4 A is shown, with gradient and refractory valL
responding to the diagram in A. The row of pacing wires (SI'
right creates parallel isorecovery lines (R7 through R2), with J
least refractory and R2 the most refractory. The S2 from the
creates parallel isogradient lines (G7 through G3), with G7 the
gradient and G3 the weakest. The solid and hatched lines are
frame and block lines, respectively. The -i represent areas of
rary unidirectional conduction block. For this idealized diagr
S 1-S2 interval equals the recovery period (preshock interval e
the critical refractory period) at R5, and the S2 voltage create
tential gradient of 5 V/cm at G5. The S2 shock directly excite
area near the S1 site (DE) and produces a region of graded re
(GR). Activation fronts only propagate away from part of the
excited area, activation fronts do not propagate away from th
rectly excited area abutting regions of graded response, thus f
an area of temporary unidirectional conduction block. An ac
front conducting towards the S2 site from the early sites of ac
produces another region of conduction block (hatched line) W

enters tissue insufficiently repolarized from graded response o
excitation. Whenthe myocardium has recovered, activation c
duct through this area and form a reentrant circuit, as shown
arrows spanning the GRzone and entering the DEzone. (C a
Parallel isorecovery and isogradient lines. SI pacing and the S
are delivered from the same side of the array, as in Fig. 10. In
S2 shock creates a potential gradient of 5 V/cm at G5, and
livered at an SI -S2 interval such that R5 intersects G4, thus fo

-< - -- E gions of high S2 field strength may be the mechanism under-
lying the formation of reentrant circuits.

The present study was designed to determine if a critical
point exists around which reentry develops, and, if so, the
strength and timing of the stimuli that cause this critical point.
This was accomplished by creating parallel uniform isoreco-
very and isogradient lines oriented perpendicular to each other
(Figs. 2 and 3), which allowed identification of the critical
isogradient and critical isorecovery lines, i.e., the lines at whose
intersection the critical point exists.

Activation fronts after the S2 shock conduct away from the
directly excited region towards tissue exhibiting greater refrac-
toriness (longer recovery periods). Poststimulus conduction is

_2 _-_ rapid away from the directly excited region where the stimulus
field is weakest but is somewhat slower where the stimulus
field is slightly larger. This slower conduction can probably be
explained by the fact that the stronger stimulus field directly

E excites tissue that is more refractory, so that poststimulus con-
duction occurs in less recovered myocardium. Where the po-
tential gradient field created by the S2 stimulus is more than

- 5 V/cm, activation does not conduct away from the bound-
ary of the region of direct excitation. Thus, earliest poststimu-

7 Blus activation occurs only distant from the S2 site. The absence
interval of conduction away from the directly excited region in areas of

mulus high gradient can be thought of as a type of temporary unidi-
rval, or rectional conduction block.

ie largest The mechanism for the unidirectional block induced by
presents the S2 stimulus is unknown. One possible mechanism is the
es not induction of a graded response, which causes a temporary
.ully re- prolongation of refractoriness. A graded response and prolon-
'ery and gation of refractoriness occur during stimulation of relatively
led re- refractory tissue, with the magnitude and resulting prolonga-
t G5 is tion of refractoriness dependent on both the strength and tim-

ui.) ing of stimulation (38). While the exact extent of the region of
ents the graded response on the strength-interval plot is not definitely
ied lines known, we hypothesize its location to be that shown by the
-ular stippled area in Fig. 11 A. In Fig. 11 B, unidirectional block
ion of the away from the directly excited area occurs where the graded
ues cor- response is assumed to be present, creating an activation front
) on the that terminates at the critical point. The portion of the activa-
R7 the tion front near this blind end rotates towards the S2 electrode
bottom to conduct into the tissue adjacent to the region of graded
largest response. If the tissue is sufficiently recovered, activation then
the conducts through the regions of graded response and direct

ram, the excitation and forms circus reentry. Thus, the stimulus itself
equals induces temporary inhomogeneity of refractoriness and unidi-
's a po-
es the
,sponse

directly
e di-
orming
tivation
,tivation
{hen it
)r direct
van con-
by the

ind D)
'2 shock

C, the
is de-

orming

a directly excited boundary from which activation conducts away.
No region of graded response is formed by this interaction of isorecov-
ery and isogradient lines (dashed line "c", A), creating the same situ-
ation as in Figs. 10, Cand D. Decreasing the S I -S2 interval, how-
ever, yields isorecovery-isogradient interactions that produce a region
of graded response (dashed line "d" in A), and thus temporary unidi-
rectional block, distal to the directly excited area (D), similar to the
experimental data in Fig. 10, E and F. Activation fronts cannot enter
the directly excited area until the tissue has repolarized, thus slow
conduction and/or block occurs along the nearly vertical directly ex-

cited border when wavefronts conduct inward from tissue not di-
rectly excited by the S2 shock, again similar to the patterns seen in
Fig. I0,EandF.
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rectional conduction block that can lead to reentry. These
ideas are speculative and await experimental evaluation.

The creation of an activation front that blindly terminates
may not by itself produce a reentrant circuit. Another prereq-
uisite may be the recovery of the directly excited tissue (and
the tissue undergoing graded response, if it exists) before the
arrival of the activation fronts swinging around from the other
side of the critical point. Otherwise, bidirectional conduction
block would occur and abort the reentrant circuit. This con-
cept explains the mechanism for the formation of the conduc-
tion block lines around which the activation front rotates. The
early activation fronts conduct rapidly away from the border
of the directly excited area into tissue that was not directly
excited by the S2 field. As fronts conduct downward towards
the S2 site, they encounter tissue with prolonged refractoriness
due to direct excitation and possibly graded response. Because
the tissue initially is not recovered at the time of arrival of
activation fronts, a short region of block is created (hatched
line, Fig. 11 B). The length of this block depends on the rapid-
ity with which early activation fronts reach this region after
conducting away from the directly excited boundary on the
opposite side of the critical point and also depends on the time
course of recovery of the tissue. Factors that increase the length
of this block line, such as prolonged refractoriness or rapid
conduction, would decrease the probability that a reentrant
circuit would form (39). Because activation fronts conduct
into relatively refractory tissue in this region, conduction ve-
locity is slow (Figs. 4, 6, 7, 9, 10). In most cases activation
fronts entered the directly excited area after a shorter time
interval than the refractory period following S1 stimulation
(Fig. 4 A). The results are consistent with the finding that
action potential duration is shortened by premature stimula-
tion (2). Thus, the reentrant circuit may rotate around a line of
block, the length of which is not precisely known since the
estimated length varies with the assumed value of the slowest
possible conduction velocity (Table I).

Movement of the S1 site to the opposite side of the array
changes the reentrant circuit from clockwise to counterclock-
wise because the right-left orientation of the directly excited
region to the region excited by conduction is reversed (com-
pare to Figs. 6, A to B, Figs. C to 4 A). The phase of the
latencies, i.e., the location of earliest activation near the critical
point, is changed only slightly, because the up-down orienta-
tion of the two regions remains approximately the same, since
the S2 site remains constant. Because initial unidirectional
block occurs near and early activation occurs far from the S2
site, movement of the S2 location reverses the orientation of
these two regions. Therefore, movement of the S2 site alters
the orientation of reentry from clockwise to counterclockwise
and changes the site of earliest activation, thereby altering the
phase by approximately 180 degrees (Figs. 6 A to 4 A, Figs. 6 C
to B).

The critical points occurred over narrow ranges: preshock
intervals being 1±3 ms longer than the critical refractory pe-
riods and potential gradients being 5.1±0.6 V/cm (Fig. 8). The
majority of the scatter occurred among various animals, not
among different episodes of reentry in the same animal. Other
factors in addition to differences from animal to animal may
also have contributed to this scatter, such as (a) a 5- to 15-ms
decline in the refractory periods over time, (b) errors in calcu-
lation of the potential gradients, and (c) the possibility that the
critical points may occur over a range of values, i.e., a critical

region instead of a critical point. The potential gradient mag-
nitude for excitation of fully repolarized myocardium is de-
pendent on the local fiber orientation (29); thus, the critical
point may also depend on the fiber orientation relative to the
isogradient lines. The values of preshock interval and potential
gradient at the critical point may be influenced by the particu-
lar stimulus waveform and duration used.

Length of conduction block, point stimulation, and parallel
isogradient and isorefractory lines. The length of the region of
temporary unidirectional conduction block required for the
electrical induction of reentry is uncertain from our data, al-
though a mean length of - 11 mmwould be necessary if
identification of conduction block is based on 0.1 m/s as the
lower limit of conduction velocity. If even slower conduction
can occur in normal ventricular muscle (0.01-0.05 m/s) as
reported for atrial muscle (40) and for abnormal ventricular
muscle (19), very short regions of initial block (1-2 mm)could
create the conditions necessary to initiate and sustain reentry.
Based on experimental data (29), modeling studies indicate
that point stimulation with 10 mAproduces a potential gra-
dient magnitude of 5 V/cm approximately 2 mmfrom the
point source (Frazier and Krassowska, unpublished observa-
tion). Thus, with a lower limit of conduction velocity of 0.03
m/s or less, the distance between the stimulus site and critical
point is greater than the length of conduction block observed
in this study (Table I). Thus, a reentrant circuit can be main-
tained. Stimulus currents of only a few milliamperes, however,
would not produce sufficiently large potential gradients to in-
duce a great enough region of graded response and temporary
block to support the initiation of a reentrant circuit, i.e., the
critical point would not be created or would be located too
close to the S2 stimulation site to support reentry. This could
explain why stimulus currents greater than 10 mAare usually
necessary for the electrical induction of fibrillation using single
premature stimuli in normal canine and human ventricles (9,
11, 13-17).

Isorecovery and isogradient lines do not have to be pre-
cisely perpendicular for the induction of reentry. Any angle of
interaction other than parallel can create critical points. For
example, interaction of an elliptical or circular potential gra-
dient field produced by point stimulation (29) with a linear
dispersion of refractoriness will yield twin critical points and
mirror image circus patterns of reentry (6, 20). This would be
analogous to extending the plane of S I stimulation in Fig. 11 B
below the S2 site, thus forming mirror image reentrant circuits
above and below the S2 site, similar to superimposing the S2
electrodes of Figs. 4 A and 6 A. Chen et al. (6) obtained similar
qualitative results using SI and S2 point stimulation 1 to 2 cm
apart on the endocardial surface of the canine right ventricle.
In that study, figure-of-eight reentry occurred following S2
stimulation of 10-100 mA, and the earliest poststimulus acti-
vation occurred distant from the S2 site, between the SI and
S2 locations, as would be predicted based on the existence of
critical points.

The only apparent interaction of isorecovery and isogra-
dient lines unable to create a critical point and reentry is a
parallel orientation. This type of orientation is shown experi-
mentally in Fig. 10 and diagrammatically in Fig. 11 Cand D.
No critical point is created because either early activation con-
ducts away from the entire border of direct excitation (Figs. 10,
Cand D, 11 C) or lack of conduction occurs along the entire
border (Figs. 10, E and F, 11 D).
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This model does not necessarily apply to situations in
which tissue abnormalities are present. Factors producing isch-
emia, anatomic abnormalities, depressed conduction, or large
disparities in repolarization can create regions of unidirec-
tional block and thus support the induction of reentry inde-
pendent of the isorecovery-isogradient interactions. In these
cases, inhomogeneity is present before the application of the
premature stimulus; thus, stimulus-induced inhomogeneity is
not a necessary prerequisite for the induction of reentry. Also,
the interaction of a uniformly changing potential gradient field
with a region of nonuniform dispersion of recovery could
create several critical points which might be more arrhythmo-
genic than the single critical point observed in the experimen-
tal model of this study. Although fiber orientation does not
appear to be important in the initiation of reentry in this study,
it may play a role we were unable to detect in the conduction
velocity characteristics of the reentrant circuits.

Correlation to theory. Based on the phase resetting patterns
of various periodic oscillators such as cardiac pacemakers (20,
21, 41-44), Winfree has developed a topological model dem-
onstrating the unavoidable existence of a critical point which
he calls a "phase singularity." At a phase singularity, the inter-
action of a specific stimulus within the natural cycle of the
oscillator causes the response of the oscillator to become un-
defined. Winfree has applied these concepts to cardiac muscle
and predicted the clockwise reentrant conduction patterns for
the SI -S2 configuration shown in Fig. 6, A and Cand coun-
terclockwise patterns for the S1-S2 configuration shown in
Figs. 4 and 6 B (20).

All systems of rotating waves studied by Winfree require a
certain minimum region around which the phases or excitable
fronts rotate, and which may correspond to the region of con-
duction block in our study. Because of our wide electrode
spacing and inability to record transmembrane potentials, the
characteristics of conduction and block in the center of the
reentrant circuit could not be precisely determined. Instead of
a discrete line of block, a region of abnormal conduction and
block may have been present at the center of the reentrant
circuit. Allessie et al. (45) have postulated that the center of the
vortex in leading circle reentry is continuously invaded by
multiple centripetal wavefronts which are blocked in the
center of the circuit when they encounter refractory tissue. The
converging wavefronts and region of central block thus form a
functional obstacle around which the leading circle rotates.
Based on this explanation, the minimum region for cardiac
muscle would depend on electrophysiologic properties such as
conduction velocity, the time of recovery of excitability, and
the stimulating efficacy of the advancing wavefront.

Regardless of the precise size and mechanism of events
within the central region, this study indicates that the disper-
sion of stimulus strength is equally as important as the disper-
sion of recovery in the creation of reentry by suprathreshold
electrical stimulation. This finding may have application to
the upper limit of vulnerability and electrical defibrilla-
tion (46).
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