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Abstract
Background—Previously, we showed that the cardioversion threshold (CVT) for ventricular
tachycardia (VT) is phase-dependent, when a monophasic shock (1MP) is used. I

Objective—In this study, we aimed to extend these findings to a biphasic shock (1BP), and to
compare efficacy of phase-independent multiple monophasic (5MP) and biphasic shocks (5BP).

Methods—Panoramic optical mapping with Blebbistatin (5 µM) was performed in post-MI rabbit
hearts (n = 8). Flecainide (1.64 ± 0.68 µM) was administered to promote sustained arrhythmias. 5MP
and 5BP were applied within one VT cycle length (CL). Results were compared to 1BP and
antitachycardia pacing (ATP).

Results—We observed monomorphic VT with CL = 149.6 ± 18.0 ms. Similar to 1MP, CVTs of
1BP were found to be phase-dependent and the max vs. min CVT was 8.6 ± 1.7 vs. 3.7 ± 1.9 V/cm,
respectively (p = 0.0013). Efficacy of 5MP was higher than 1BP and 5BP. CVT was 3.2 ± 1.4 vs.
5.3 ± 1.9 V/cm, for 5MP vs. 5BP, respectively (p = 0.00027). 5MP vs. averaged 1BP CVT was 3.6
± 2.1 vs. 6.8 ± 1.5 V/cm, respectively (p = 0.00024). ATP was found completely ineffective in this
model.

Conclusions—Maintenance of shock-induced virtual electrode polarization (VEP) by multiple
monophasic shocks over a VT cycle is responsible for unpinning of reentry leading to self-
termination. Elimination of VEP by shock polarity reversal during multiple biphasic shocks proved
ineffective. A significant reduction in CVT may be achieved by applying multiple monophasic shocks
within one VT CL or one single shock at the proper coupling interval.
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INTRODUCTION
Prior myocardial infarction (MI) is manifest in 75% of victims.1, 2 The most common event
leading to SCD is ventricular tachycardia (VT) degenerating into ventricular fibrillation (VF).
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Sustained VT in patients with chronic MI is predominately found to be monomorphic VT,
which is caused by stable reentry.3, 4 The mechanism of reentry in ischemic heart disease
relates to electrical remodeling at the infarct border zone (IBZ) which refers to the region of
functioning myocytes at the edge of myocardial scars, which is characterized by slow and more
heterogeneous conduction properties.5–7

The risk of arrhythmic death is found to be higher than that of non-arrhythmic death in patients
over a two-year period after MI.8 Radiofrequency catheter ablation is successfully used to
interrupt the reentrant circuit. But there are risks associated when the patient has to remain in
VT for a relatively long period of time required for the selection of ablation sites. Moreover,
VT of other morphologies may reoccur and cause SCD even if the ablation procedure was
successful.4, 9, 10 ICD therapy, which is now used as the primary treatment in patients with
serious ventricular arrhythmias, has higher efficacy than antiarrhythmic drug therapy in
preventing SCD in high-risk post-MI patients.11–14 Therefore, the defibrillation therapy for
post-MI patients deserves further studies and improvements, especially in the model of chronic
MI.

Previously, we have shown that the CVTs of a single monophasic shock (1MP) for sustained
VT, in a model of isolated rabbit RV preparations with acute MI and in the intact rabbit hearts
with chronic MI, depend on the VT cycle length (CL) and the coupling interval of the
cardioversion shock.15, 16

The goals of this study are: 1) to provide deeper insights into mechanisms of arrhythmia and
cardioversion in the rabbit model of chronic MI; 2) to explore whether the CVTs of a single
biphasic shock (1BP) for sustained VT are also phase-dependent; and 3) to compare the efficacy
of phase-independent multiple monophasic and biphasic shocks in this infarct rabbit model.

MATERIALS and METHODS
Survival Surgery

The experimental protocol was approved by the Institutional Animal Care and Use Committee
of Washington University. Nine New Zealand White rabbits of either sex were used in this
study. The infarction was created by left coronary ligation during in vivo survival surgery as
previously described.17 One rabbit died of congestive heart failure and subsequent pulmonary
effusion 10 days after the surgery. Therefore, eight rabbits with chronic MI were used for in
vitro experiments.

Heart Preparation
Rabbits were allowed to heal for an average of 102 ± 41 days before acute optical mapping
experiments. Rabbits were injected intravenously with sodium pentobarbital (50 mg/kg) and
1000–2000 U heparin and the heart was removed Langendorff-perfused and optically mapped
as previously described.18 To eliminate the motion artifacts in optical recordings, we used
Blebbistatin (5µM, BB; Fisher Scientific, Fair Lawn, NJ).19

Acute Experimental Protocol
Imaging was performed using a panoramic imaging system as previously described.20, 21

Flecainide was used to promote sustained (lasting more than 3 minutes) ventricular arrhythmias
in rabbit hearts. A dose of flecainide started with 0.5µM and was increased at a step of 0.5µM
until sustained ventricular arrhythmia could be induced by burst pacing or a multiple shock
protocol (4 pulses, 5 V/cm, 130–170 ms coupling interval). For the same VT morphology, five
monophasic shocks (5MP) with duration of 10 ms (Online Figure 1A) and five biphasic shocks
(5BP) with durations of 6 ms for the first phase and 4 ms for the second phase (Online Figure
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1C) were applied within one VT CL. The ratio between the 1st and 2nd phase leading edge
voltages was 2:1. Besides 5MP and 5BP, 1BP (Online Figure 1D) was also applied at various
phases throughout one CL for the same VT morphology. All the cardioversion shocks were
applied from two external stainless steel mesh electrodes, which were configured and
connected to the pulse generator as previously described.16 CVTs were determined for each
shock waveform. Antitachycardia pacing (ATP, 8 pulses, 88% of VT CL) was applied in 6
hearts, 6 trials per heart.

Data Analysis
A 3D geometry of the heart was reconstructed and optical signals were registered with the
epicardial surface as previously described.20, 21 The epicardial geometry is represented by
spherical coordinates (θ, φ, r), where (θi, φi) is an evenly spaced grid, which can be easily
redrawn on a 2D plane. A 2D unwrapped epicardium map is shown in the middle panel of
Figure 1. Although unwrapping the 3D geometry to a 2D plane causes distortion at the apex,
the 2D grid is very useful in calculating and visualizing epicardial data for which the analyses
do not involve distance between data points, for example, the calculation of phase maps. In all
2D unwrapped maps the anterior septum is located on the middle.

CVTs of different shock waveforms were compared. Comparisons of each pair were made for
the same VT morphology and then averaged for all the morphologies. A paired Student’s t-
test was used, and p < 0.05 was considered statistically different.

RESULTS
Initiation of sustained ventricular arrhythmias

Sustained VT could not be induced in this model by either multiple plateau-phase shocks or
burst pacing. All induced ventricular arrhythmias were short-lived meandering rotors that self-
terminated within several seconds. Therefore, we used flecainide (1.64 ± 0.68 µM) to promote
sustained VT. The effective refractory period (ERP) was 183 ± 11 ms before administration
of flecainide, and increased to 198 ± 15 ms thirty minutes after administration of flecainide
(p=0.0005).

Multiple shocks (CL=125–160ms) were the most effective way to induce VT. Figure 1 shows
a representative example of initiation of VT by the multiple shocks. The first shock was applied
following 1 minute of continuous pacing (CL=300ms). The VEP pattern of 1MP (5 V/cm) is
shown in Figure 1, the rightmost one in the middle panel. The first activation map in Figure 1
shows the epicardial activation sequence after a diastolic field excitation. In the first activation
map, the depolarized region was excited first. The wave front spread across the apex toward
the base of the heart and excited the hyperpolarized area. A counterclockwise reentry close to
the infarct region is observed in activation map 2 and 3. A new wave front was induced by the
last shock in activation map 4. After the shock sequence, a clockwise reentry meandered for a
short time and then stabilized at the IBZ forming a mother rotor (See activation map 5 and 6).

Mechanism of sustained ventricular arrhythmia in CMI
A total of 95 sustained VTs were induced in 8 hearts. They were monomorphic VTs with
CL=149.6±18.0ms. We identified 28 different ECG morphologies of VT (3.5±0.9 VT
morphologies per heart). A mother rotor, anchored to the infarct region, was the primary
mechanism of sustained VT in 89% (25 of 28) morphologies. Figure 2 shows phase maps and
Lead I ECG recordings of two main VT morphologies (56% inductions for the clockwise
reentry and 22% inductions for the counterclockwise, respectively) in a representative heart.
Similar patterns were observed in all hearts.

Li et al. Page 3

Heart Rhythm. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Efficacy of Antitachycardia Pacing
All ATP trials failed to terminate the sustained VT.

Termination of sustained VT by a single biphasic shock
Figure 3 shows an example of 1BP applied at an appropriate phase, and terminated a sustained
stable VT after three post-shock extra beats. The shock, with an amplitude of 4 V/cm, was
applied at t=160ms when the reentry wave front just arrived at the apex. The shock-induced
secondary source generated a new wave front propagating in the direction opposite to the
reentry wave front. The excitable gap in the reentry circuit was completely eliminated, and the
reentry detached from the IBZ anchoring site. After the unpinning of the reentry, the arrhythmia
meandered for three extra beats and then self terminated.

Figure 4 shows an example of cardioversion failure, when the shock was applied at the
inappropriate phase of the reentry. As shown in the phase map at t=264, a shock, with a strength
of 4 V/cm, was applied when the reentry wave front spread most of the right ventricle, and was
about to turn around toward the left ventricle. The posterior and lateral RV base was excited
simultaneously by the shock-induced VEP effect and the reentry wave front. However, there
existed a large excitable area in the clockwise propagation direction of the reentry wave front,
at the anterior RV base, after the shock at t=276 ms. Moreover, the greater refractory area in
front of the reentry wave front at t=320 ms, compared to the same phase of VT at t=40 ms,
became fully excitable at t=360 ms. Therefore, the reentry persisted and the shock failed.

Figure 5 shows an example that an inappropriate application time requires a higher CVT. As
shown in the phase map at t=280 ms, the shock with a strength of 8 V/cm is applied at the same
phase of reentry as that in Figure 4. In the phase map at t=291 ms right after the shock, we
observe two regions, which were effected by the shock-induced VEP. Besides the depolarized
region (red), there is a hyperpolarized region (blue) at the anterior LV and RV base. A faster
conduction occurred in this example, compared to the one shown in Figure 4, because a stronger
shock produces deeper deexcitation.22 Therefore, the rapid propagation through the excitable
regions, which is shown in the phase map at t=300 ms, led to the elimination of excitable gaps
soon after the shock and therefore a successful unpinning. The arrhythmia self-terminated after
meandering for two extra beats.

Figure 6 shows a representative plot of coupling intervals versus CVTs of 1BP for one VT
morphology, after recalculating the actual shock application time and the exact VT CL. In this
example, the minimum CVT is 5 V/cm at 29%, while the maximum CVT for this VT
morphology is more than 10 V/cm since the shock strength of 10 V/cm failed at 4% of CL.
This difference in CVTs is significant in all eight hearts, where the maximum vs. minimum
CVT of 1BP applied at various phases was 8.6 ± 1.7 vs. 3.7 ± 1.9 V/cm, respectively
(p=0.0013). Therefore, similar to our previous results on 1MP, the CVTs of 1BP are phase-
dependent and the appropriate time of shock (reentry vulnerability window) varies with the
VT morphology.

Termination of sustained VT by five monophasic and five biphasic shocks
Due to the phase-dependent efficacy of both 1MP and 1BP, successive multiple pulses within
one VT CL were explored. We used five pulses in order to cover the whole phase grid which
we scanned separately with one single shock. In eight infarcted hearts, the CVT of 5MP versus
5BP was 3.2 ± 1.4 vs. 5.3 ± 1.9 V/cm, respectively (p=0.00027).

Figure 7 shows the application of 5MP with strength of 4 V/cm terminated a stable reentrant
VT after one post-shock beat. The phase maps from 0 to 120 ms show a nearly complete VT
reentry. As shown in the phase map at t=190 ms, the depolarized region (red) consumed part
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of the excitable gap. The remaining four shocks provided additional depolarization of already
depolarized myocardium in this region via VEP effect. Therefore, the clockwise reentry wave
front was halted when it propagated to the refractory area at t=264 ms, and the wave front
vanished at t=280 ms after the fourth shock.

Figure 8 shows an example of a reentrant VT destabilized by the application of 5BP with
strength of 5 V/cm. The first biphasic shock excited part of RV, as shown in the phase map at
t=224 ms. The following four shocks prolonged the refractory period of the same area, which
was excited by the first shock. After the last shock, the clockwise wave front encountered the
refractory region and the reentry circuit was disrupted and destabilized. However, this
arrhythmia self-terminated after meandering for approximately one minute beyond the
administration of the shocks, unlike the one shown in Figure 7.

For all the VT morphologies, a maximum CVT of 1BP is higher than that of 5MP: 8.8 ± 1.2
vs. 3.2 ± 1.2 V/cm, respectively (p=0.00001). Interestingly, 5MP has nearly a two-fold lower
CVT than averaged 1BP CVT at 3.6 ± 2.1 vs. 6.8 ± 1.5 V/cm, respectively (p=0.00024).
Meanwhile, CVT of 5MP is similar to the minimum CVT of 1BP at 4.3 ± 1.9 vs. 4.9 ± 2.7 V/
cm, respectively (p=0.37).

DISCUSSION
In this study, we have demonstrated that (1) in accordance with our previous studies on 1MP,
1BP has a strong phase-dependent efficacy in terminating monomorphic VT.15, 16; (2) an
application of 5MP during one cycle of VT may offer a novel approach to cardioversion, which
is not phase dependent; (3) in contrast to single shock cardioversion, a 5-pulse cardioversion
approach is more efficacious with monophasic shocks compared to biphasic shocks; (4) ATP,
applied from RV endocardium, is not efficient in this model of VT.

The evolution of defibrillation therapy from its initial discovery by Prevost and Bettelli
included significant work on optimization of the defibrillation waveform.23 The original study
of Prevost and Battelli reported the possibility of defibrillation by both alternating current (AC)
and capacitor discharge energy delivery. However, during the 1st half of the 20th century,
defibrillation studies were primarily focused on AC defibrillation, including seminal reports
on the first clinical defibrillation in open heart and closed chest configurations.24, 25 Gurvich
was the first to demonstrate significantly higher efficacy of DC defibrillation as compared to
AC, including first monophasic and then biphasic shocks.26, 27 Following his lead during the
second half of the 20th century, defibrillation therapy evolution focused on DC shock
defibrillation by optimizing the biphasic waveform. Yet, multiple pulse electrotherapies
remained under investigation in basic electrophysiology laboratories.28 Success of this
approach is evident from the widespread application of antitachycardia pacing for treatment
of VT.

In clinical trials, ATP has been approved in order to terminate 90% of spontaneous VT with a
CL longer than 300 ms.29–31 Wathen MS et al applied 1~3 ATP trains to fast VTs which are
defined by a CL 240–320 ms, and successfully terminated 84% of episodes with mean CL
280–320 ms versus 69% of episodes with mean CL 240–280 ms.32 However, in this study,
ATP applied from RV endocardium did not terminate the sustained monomorphic VT. Thus,
the efficacy of termination of VT by ATP may well depend on the nature of VT; for example,
the VT CL, the conduction velocity, and the methods used to initiate VTs. Besides, the location
of the pacing electrode, with respect to the myocardium infarct may also affect the success rate
of this therapy.33

Sustained VT could not be induced, in all eight rabbit hearts with chronic myocardium infarct,
without the administration of Flecainide (1.64 ± 0.68 µM), which is a class IC anti-arrhythmic
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drug. Flecainide has been shown to have significant ventricular proarrhythmic effects, such as
converting unsustained VT to sustained VT, by decreasing both the longitudinal and transverse
conduction velocity of ventricular myocardium without blocking the central common pathway
in healing infarcts.34, 35 In this study, 95 sustained ventricular arrhythmias were monomorphic
VT, 89% of which are observed to be rotors anchored to IBZ. We also observed shock-induced
polymorphic VT whose rotor kept meandering until it self-terminated before achieving
stabilization at IBZ. Flecainide slowed the conduction and shortened wavelength, which
allowed circus movement in the dimension of rabbit heart. Ischemia or hypoxia in patients also
promotes arrhythmia by reducing the conduction velocity. Therefore, the model in this study
can be used to further understand the mechanism of initiation and termination of VT in the
patient with myocardium infarct under the condition of ischemia and/or hypoxia.

We observed the same phase-dependency of 1BP as 1MP in termination of monomorphic VT
in this model. 1BP applied at the appropriate phase could successfully unpin the VT reentry
with relatively low shock strength by creating a new post-shock wave front that activates all
the excitable gaps in the loop ahead of the reentry wave front. Consequently, the VT self-
terminated after several extra beats (Figure 3). For 1BP applied at an inappropriate phase, it
fails because it could not eliminate all the excitable gaps (Figure 4). It could also fail by
changing the VT morphology instead of terminating it. However, with higher shock strength,
an improperly-timed biphasic shock could unpin reentry by causing rapid propagation through
newly excitable regions, which results in the elimination of excitable gaps and successful
cardioversion (Figure 5). Therefore, elimination of the excitable gap by shock-induced
depolarization (Figure 3) or hyperpolarization (Figure 5) is a crucial way to interrupt the
reentrant circuit as well as the main mechanism of cardioversion for this model. Since the
shock-induced VEP pattern is settled, if we could sense the reentry wave front and apply the
shock before the reentry wave front reaches the depolarized region of the VEP, reentry can be
terminated with lower shock strengths.

In our previous study, the maximum and minimum of 1MP applied at different phases of VT
were found to be: 7.75 ± 1.89 V/cm versus 4.13 ± 1.55 V/cm, p=0.005.16 We would like to
compare the cardioversion efficacy between 1MP and 1BP in this study. However, each
experiment already lasts 8~10 hours without including the 1MP protocol. Moreover, our animal
model is exactly the same as the previous study. Therefore, we can rely on the results from the
previous study, which suggest that 1BP has a similar efficacy with 1MP.

Due to the phase-dependency of 1MP and 1BP, we studied the phase-independent multiple
pulses. We found that multiple pulses unpinned reentry VT by maintaining the shock-induced
depolarization effect, which sustained the tissue refractory until the reentry wave front was
annihilated. The CVT of 5MP was approximately one half lower than that of 5BP. This is
because the sequential multiple monophasic pulses reinforce the shock-induced VEP effect,
which could keep the tissue refractory. In contrast, the second phase of the biphasic shocks
reverses the VEP effect of the first phase and prevents maintenance of the secondary source.
Therefore, after comparison among 1BP, 1MP, 5BP, and 5MP, we found that 5MP was phase-
independent and the most efficient waveform for the low-voltage cardioversion of the rabbit
heart with MI.

STUDY LIMITATIONS
In order to optically record the electric activity on the surface of the heart and to register the
optical recordings to the myocardium, we have to use the excitation-contraction uncoupler,
Blebbistatin. This agent frees up adenosine triphosphate that would be used by contraction and
thus improves metabolic state of the heart including possible protection against arrhythmia.
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Our fluorescence optical mapping system only allows us to study the action potentials from
epicardium. The electric activity of septum and endocardium cannot be mapped. Therefore,
those intramural reentry circuit or post-shock breakthrough cannot be explored in this study.

In order to panoramically map the whole ventricular surface of the rabbit heart, the spatial
resolution is reduced to approximately 1.7×1.7 mm2, which is relatively low with respect to
the size of a single myocardial cell. Each channel of photodiode array also collects optical
signal scattered from neighboring tissues due to the light scattering effect. Moreover, the infarct
region contains largely fibrotic scars intermingled with surviving myocardial fibers and
adhesions from the pericardium caused by the surgery. Therefore, the signal from the infarct
region has lower signal-to-noise ratio than normal tissue.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Initiation of a stable VT by multiple shock protocol. Top: Optical signal (purple) showing that
a VT was induced by four monophasic shocks (red, 5 V/cm, 163 ms between each shock).
Numbers 1–6 correspond to the time windows of activation maps 1–6 in the lower panels,
respectively. Mid: Left panel is a digital photograph of the anterior view of the heart. Middle
panel is the 2D unwrapped epicardium map. The solid line represents the septum. Infarct region
is indicated with a dashed line. Right panel is a 2D unwrapped map of shock-induced VEP for
a 5 V/cm 1MP. Bottom: Six successive activation maps show the process of the initiation of
a stable reentrant circuit. Left column shows anterior view of 3D activation maps. Right column
contains 2D unwrapped activation maps.
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Figure 2.
Two main morphologies of sustained stable VT in one heart. A. Photograph of anterior view
of heart. Infarct region is white tissue from mid LV to apex. B. 3D phase maps of stable reentrant
VTs rotated clockwise and anchored at IBZ. C. Lead I ECG during clockwise VT. This was
the predominant VT morphology which appears at 56% inductions. The small peak that
appeared every three beats indicates 3:1 retrograde excitation of atria during VT. D-F. Similar
panels as A,B, and C only for a second primary VT morphology (22% inductions) which was
counter-clockwise.
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Figure 3.
Termination of stable VT by 1BP applied at the proper phase. Heart and VT morphology
correspond to Figure 1 and 2. Top: Optical action potential (blue) shows that VT terminated
after 1BP (red, 4 V/cm, t=160 ms). Lower panels are 2D wrapped phase maps from t=0 to
t=780 ms. Asterisks indicate shock-induced secondary sources. Arrows represent the directions
of the wave front propagation.
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Figure 4.
Failure of cardioversion due to the improper application time of 1BP. This VT had the same
morphology as that in Figure 3. Top: Optical action potential (blue) shows the cardioversion
failure of a 1BP (red, 4 V/cm, t=266 ms). Lower panels are 2D wrapped phase maps.
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Figure 5.
Termination of stable VT with improper application time of cardioversion shock requires
higher energy. This VT had the same morphology as previous figures. Top: Optical action
potential (blue) showing that VT was terminated by 1 BP shock (red, 8 V/cm, t=281 ms). Lower
panels are 2D wrapped phase maps.
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Figure 6.
Plot of the application phases of the shock versus CVTs with 1BP for the VTs with a same
morphology. The application phase varied within one VT CL. Shock strength started with 1
V/cm and was increased by 1 V/cm until VT was terminated or the shock strength reached the
maximum amplitude we could deliver (10 V/cm). The CVT varied greatly as a function of the
application phase.

Li et al. Page 15

Heart Rhythm. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Termination of VT by 5MP applied within one VT CL. Top: Optical action potential (blue)
shows that VT unpinned and self-terminated after application of 5MP (red, 4 V/cm, t=177 ms).
The first panel below the optical trace is a VEP map measured from a 1MP shock (5V/cm)
applied at the plateau-phase. The other panels are 2D unwrapped phase maps.
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Figure 8.
Destabilization of stable VT by 5BP. Top: Optical action potential (blue) shows that VT was
destabilized after application of 5BP (red, 5 V/cm, t=213 ms). Lower panels are 2D wrapped
phase maps. Termination of this VT was not recorded in this file. However, it self-terminated
after approximately one minute.
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