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Chapter 4.4

The Virtual Electrode Hypothesis
of Defibrillation

Crystal M. Ripplinger and Igor R. Efimov

Introduction

Despite significant research efforts of investigators in academia, medicine, and the pharma-
ceutical industry, no effective pharmacological alternative to defibrillation by electric shock
has been developed. Thus, defibrillation has evolved to become the only effective therapy
against sudden cardiac death. Highly detailed knowledge of ion channel biophysics and
cell signaling cascades has allowed for the development of numerous specific agonists and
antagonists, but as of yet, has failed to deliver safe and effective antiarrhythmic therapy. In
contrast to this approach, electrotherapy is steadily improving its efficacy and safety.

Despite major improvements over the past several decades, defibrillation is not free from
side effects, which may include both contractile and electrical dysfunction.1–3 In addition
to physical damage to the heart, defibrillation is also associated with psychological side
effects.4,5 Therefore, reduction of defibrillation energy is highly desirable. However, the
basic mechanisms of defibrillation still remain debatable a century after its inception,
which has slowed further improvement of the therapy. This chapter explores one of the
leading hypotheses of defibrillation, the virtual electrode hypothesis, which has emerged
over the past decade through the successes of novel research methodologies, including optical
mapping and bidomain modeling.

Historical Overview of Defibrillation Therapy

The motivation to explore the relationship between electrical activity of the heart and that
of external electric stimuli began in the late nineteenth century, presumably due to the
increasing electrification of urban areas.6 In 1899, while studying induction of ventricular
fibrillation in the dog heart, physiologists Prevost and Batelli working at the University
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of Geneva discovered that they could defibrillate a dog heart by applying an appropriate
high current shock directly to the surface of the myocardium: “We have shown that the
fibrillatory tremulations produced in the dog, in which they are definitely established can
under certain circumstances be arrested, the heart re-established its beats, if one submits
the animal to passages of a high current of high voltage (of 4800 volts, for example).”7

In 1946 Russian physiologists Gurvich and Yuniev8 reported defibrillation of the mam-
malian heart, with a capacitor discharge applied externally across the closed chest. The
next year Beck et al.9 reported the first successful human defibrillation in which they used
two 110-V, 1.5-A alternating current (AC) current shocks to resuscitate a 14-year-old boy
who suffered cardiac arrest during elective chest surgery. In 1956 Zoll et al.10 performed the
first successful human external defibrillation using a 15-A AC current that produced 710 V
applied across the chest for 0.15 s. However, the superiority and safety of direct current (DC)
over AC for defibrillation were demonstrated by several investigators such as Kouwenhouven
and Milnor,11 Lown et al.,12 and Gurvich.13 In 1969 Mirowski et al.14,15 began research on
the implantable cardioverter-defibrillator (ICD). In 1980 the first ICD was implanted in a
human patient at Johns Hopkins Hospital. Since the advent of ICD technology, survival for
those at high risk for ventricular tachycardia/fibrillation (VT/VF) has greatly improved.

Despite profound advancements in defibrillation therapy over the past century, little was
known about the basic mechanisms of defibrillation until the past two decades due to the
advent of fluorescent optical mapping with voltage-sensitive dyes. In parallel, advancements
in numerical simulations using the bidomain model of cardiac tissue provided the theoretical
means to interpret these complex experimental findings.

Bidomain Model

The bidomain model is now widely accepted for numerical and theoretical studies of
cardiac electrophysiology. The tissue is represented by two interpenetrating intra- and
extracellular domains with each of them having different conductivities along and across
the direction of the fibers.16,17 The state variables describing the system are intracellular
(φi) and extracellular (φe) potentials defined everywhere in the domain of interest Ω.
The transmembrane potential is defined as Vm = φi − φe. The following coupled reaction-
diffusion equations constitute the bidomain model:

∇ · (σ̂i∇φi) = Im, (1)

∇ · (σ̂e∇φe) = −Im − Io, in Ω, (2)

where σ̂i and σ̂e are intra- and extracellular conductivity tensors, respectively, Im is the
volume density of transmembrane current, and Io is the volume density of the stimulation
or shock current.

The transmembrane current is described as a sum of capacitive, ionic, and electroporation
currents18 :

Im = β

(
Cm

∂Vm

∂t
+ Iion(Vm, t) + G(Vm, t) · Vm

)
, (3)



BOOK SNW001-Efimov (Typeset by SPi, Delhi) 333 of 635 October 10, 2008 17:33

The Virtual Electrode Hypothesis of Defibrillation 333

where β is the surface-to-volume ratio (total membrane area divided by total tissue volume),
Cm is the membrane capacitance, and G(Vm, t) is the electroporation conductance, which
can be described by empirical equations.19

The ionic current, Iion(Vm, t), depends on the model of the cardiac myocyte used and
can range from relatively simple and therefore less accurate (Beeler-Reuter,20 BRDR21) to
more complex (Luo-Rudy phase I22 or II,23 Hund-Rudy dynamic model24). These models
describe individual ion channels kinetics and are based on Hodgkin-Huxley formalism.25

Fluorescent Optical Mapping

The development of optical recordings of membrane potential was driven by the need to
overcome many obstacles in electrophysiology and the promise of a technology “for mea-
suring membrane potential in systems where, for reasons of scale, topology, or complexity,
the use of electrodes is inconvenient or impossible.”26 Based on our current experience in
cardiac electrophysiology, this list needs to be extended to recordings of action potentials in
the presence of external electric fields during stimulation and defibrillation; an impossible
task with both extra- and intracellular electrodes due to the large electrical artifacts caused
by external fields. Optical mapping techniques and potentiometric probes have now made
major contributions to our understanding of cardiac electrophysiology in ways that could
not have been accomplished with other approaches.

Over 30 years ago, investigators discovered molecular probes that bind to the plasma
membrane of neuronal27 and cardiac cells28 and exhibit changes in fluorescence and/or
absorption that mimic changes in transmembrane potential. Thus, the transmembrane
potential can be measured by illuminating tissue stained with the fluorophore and detecting
changes in the intensity or wavelength of the emitted light. Several useful classes of
fluorophores have emerged over the past 30 years, including merocyanine, oxonol, and
styryl dyes. However, styryl dyes represent the most popular family of dyes for cardiac
electrophysiology applications, with RH-421 and di-4-ANEPPS being the most prominent
members of this family. The spectroscopic properties of these dyes have been shown to have a
linear response to transmembrane potential changes in the normal physiological range.29–31

The typical optical mapping experimental setup consists of an isolated tissue preparation
or Langendorff-perfused heart that is perfused and/or superfused with an oxygenated
physiologic crystalloid solution. The heart is stained with the voltage-sensitive fluorophore
and illuminated with light at the correct excitation wavelength. The excitation light can
be produced with lasers,32 tungsten-halogen lamps,28 or more recently with light emitting
diodes (LEDs).33–35 The emission light is filtered and can be collected by a charge-coupled
device (CCD) camera, complementary metal-oxide semiconductor (CMOS) camera, or
a photodiode array (PDA). The optical signals are typically digitized at 1–5 kHz and
normalized, and two-dimensional maps of propagation can then be constructed. Many
groups are now using one36–38 or two39 optical detectors in combination with a panoramic
mirror arrangement, or three40 optical detectors to record electrical activity on the entire
surface of the heart and reconstruct propagation in three dimensions.
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Virtual Electrodes and the Activating Function

The term virtual electrode was coined by Seymour Furman to explain the clinical observation
of stimulation far from a chronically implanted pacemaker lead.41 Later, this term was
adopted by investigators studying both pacing and defibrillation in parallel with a synony-
mous but more rigorously defined term activating function to designate the “driving force,”
which drives transmembrane potential in either a depolarizing (positive) or hyperpolarizing
(negative) direction following an externally applied electric field. The bidomain equations
(1)–(2) can be rewritten in terms of the transmembrane (Vm = φi − φe) and extracellular
(φe) potentials:

∇ · ((σ̂i + σ̂e)∇φe) = −Io −∇ · (σ̂i∇Vm), (4)

Im −∇ · (σ̂i∇Vm) = ∇ · (σ̂i∇φe). (5)

During diastole, one can neglect the gradient of transmembrane potential in the left-hand
side of (5) as well as the total transmembrane current. Therefore, the only source of
transmembrane potential changes is the term in the right-hand side of (5), which is known
as the generalized activating function:42,43

S = ∇ · (σ̂i∇φe) = σ̂iΔφe + ∇σ̂i · ∇φe. (6)

Quantitative investigation of virtual electrodes and the activating function started with the
theoretical predictions of Sepulveda et al.,44 who demonstrated that a unipolar stimulus
produces both positive and negative polarization in a two-dimensional syncytium. These
positive and negative polarizations are induced by virtual cathodes and virtual anodes,
respectively.45 The magnitude and location of positive and negative virtual electrodes
depend on both the field configuration (φe) and tissue structure (σi and σe).43

These findings explained the phenomenon of anodal stimulation, which had eluded
investigators for many years. According to classical cable theory, anodal stimulation hyper-
polarizes tissue and thus cannot bring about an action potential. However, experimentalists
had long observed excitation as a result of anodal stimulation. The virtual electrode
theory predicts that virtual anodes are accompanied by virtual cathodes; therefore, action
potentials can arise from these regions.

Early theories of predicted efficacy of defibrillation shocks were entirely based on the
minimum external voltage gradient (∇φe). As evident from the definition of the activating
function (6), voltage gradient (∇φe), while important, is not the only source of membrane
polarization. Tissue structure (σi and σe) may be just as important. Microscopic and
macroscopic tissue heterogeneities play an important role by providing the substrate for
virtual electrodes during defibrillation shocks. What remains to be determined is the relative
contribution of different scales of heterogeneities to defibrillation. Some groups argue that
microscopic cell-size heterogeneities play the major role,46 while other groups are convinced
that large-scale heterogeneities are more important, because of the averaging effect of small-
scale virtual electrodes by electrotonic interaction.47
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Mechanisms of Defibrillation

In order to terminate an arrhythmia by electric shock, the shock must (1) terminate all
or most wavefronts that sustain VT/VF; (2) not reinduce VT/VF; (3) suppress sources of
VT/VF if they are focal in nature; and (4) not suppress postshock recovery of the normal
sinus rhythm.

Theories of Defibrillation

In 1899 when Prevost and Battelli7 discovered that large electric shocks could defibrillate
the fibrillating myocardium, they posed the first theory of defibrillation, which was based
on the “incapacitation” effects on the myocardium of strong electric shocks. It was not until
1939 that Gurvich and Yuniev proposed the first stimulatory theory of defibrillation.48 They
postulated directly stimulating and exciting the myocardium achieved defibrillation.

The stimulatory theory of defibrillation was later refined into the critical mass hypoth-
esis in which experimentalists as well as theorists proposed that a critical mass of the
myocardium (75–90%) needs to be directly defibrillated in order to fully terminate fibrilla-
tion.49–51 This theory stated that the remaining fibrillating areas not affected by the shock
would self-terminate.

In 1967 Fabiato and colleagues52 demonstrated the first correlation between shock-
induced fibrillation and defibrillation in a mechanism they called the “threshold of syn-
chronous response.” This idea was later extended by Chen and co-workers53 into the
now well-known “upper limit of vulnerability” hypothesis. This hypothesis states that the
shock must terminate all wavefronts of fibrillation and that, in order to be successful, the
shock must produce a sufficient voltage gradient (above the upper limit of vulnerability
[ULV]) everywhere in the myocardium as not to reinduce fibrillation. This correlation was
subsequently demonstrated in several experimental studies54,55 and in humans.56,57

Although the concept of stimulus-induced reentry had been laid down decades earlier by
Wiener and Rosenblueth,58 Frazier and colleagues59 were the first to obtain experimental
evidence of this mechanism in 1989 in what they called the “stimulus-induced critical point”
mechanism. Frazier et al. demonstrated that the chirality of reentry could be predicted
based on the direction of the preshock repolarization gradient and the voltage gradient of
the applied shock. After its discovery, the critical point mechanism was held responsible for
reinduction of fibrillation after a failed defibrillation shock.60,61

In 1998 Dillon and Kwaku62 proposed the “progressive depolarization” hypothesis of
defibrillation and shock-induced fibrillation. This theory expanded on the critical mass,
threshold of synchronous response, and ULV hypotheses but with a different interpreta-
tion of the supporting experimental evidence. The progressive depolarization hypothesis
states that: “(1) Progressively stronger shocks depolarize, (2) Progressively more refractory
myocardium, to (3) Progressively prevent postshock wavefronts, and (4) Prolong and
synchronize post-shock repolarization, in a (5) Progressively larger volume of ventricle, to
(6) Progressively decrease the probability of fibrillation after the shock.” Thus, this theory
is based on the prolongation of repolarization and refractory periods to effectively eliminate
the excitable gap and terminate fibrillation.



BOOK SNW001-Efimov (Typeset by SPi, Delhi) 336 of 635 October 10, 2008 17:33

336 Crystal M. Ripplinger and Igor R. Efimov

However, contrary to this hypothesis, theoretical and experimental evidence supports
the creation of virtual electrodes of opposite polarity in response to an applied stim-
ulus.44,45,63–66 Although the shock may prolong repolarization in some regions of the
myocardium, it may be shortened in others. Thus, the virtual electrode mechanism casts
doubt on all of the previously outlined theories of defibrillation, as these theories only
account for the “stimulatory” response of defibrillation shocks. An alternative theory
that accounts for both shock-induced excitation and deexcitation is the virtual electrode
hypothesis of defibrillation.66–68

Virtual Electrode Hypothesis of Defibrillation: The Role of
Deexcitation and Reexcitation

The virtual electrode hypothesis was the first to account for shock-induced deexcitation
in both the mechanisms of defibrillation and shock-induced reentrant arrhythmias. When
cardiac tissue is exposed to external field stimulation, areas of the tissue can be depolarized
or hyperpolarized. Depolarization can result in prolongation of the action potential if the
tissue is refractory (Fig. 1, middle trace) or activation if the tissue is excitable. Hyperpo-
larization can shorten the action potential and completely repolarize the tissue (Fig. 1, top
trace) to restore excitability. This phenomenon is often referred to as “deexcitation” and is
an all-or-none response. In addition, deexcitation may be followed by reexcitation caused
by a postshock propagating wave (Fig. 1, bottom trace).

Figure 1: Tissue responses to virtual electrode polarization. The virtual anode deexcites the
tissue and shortens the action potential and refractory period. The virtual cathode extends
the action potential duration and refractory period. If deexcitation fully or partially restores
excitability in the area of the virtual anode, and if the virtual cathode is within one space
constant, reexcitation will take place
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Further illustration of simultaneous shock-induced prolongation and shortening of the
action potential is shown in Fig. 2.69 The top panels of Fig. 2a show maps of postshock
(+200 V) transmembrane potential (left), and action potential duration during a control
beat (middle) and postshock (right). The action potentials were shortened in areas of
negative polarization and prolonged in areas of positive polarization, resulting in dispersion
of repolarization. In contrast, Fig. 2b shows a response that appears as action potential
prolongation in all areas when the shock voltage was increased to +300 V. There is little
difference in the areas of positive polarization (red traces), but dramatic differences in the
areas of negative polarization (blue traces). In these areas, action potentials were shorted
with a +200 V shock and lengthened due to reexcitation in response to a +300 V shock.

Virtual Electrode-Induced Phase Singularity Mechanism

Shock-induced arrhythmias were discovered over 150 years ago by Hoffa and Ludwig.70

Since that time, experimentalists and theorists alike have investigated the relationship
between defibrillation and shock-induced arrhythmogenesis. We can assume that shocks
initiate arrhythmias via reentry, and that defibrillation shocks fail because they either leave
fibrillating myocardium unaffected by the shock or because they produce a new reentrant
arrhythmia. Therefore, it is relevant to discuss shock-induced arrhythmias in the settings
of the virtual electrode hypothesis of defibrillation.

It is known that shocks delivered to refractory myocardium can induce reentry via break
excitation.67,71,72 Figure 3 shows how the postshock virtual electrode pattern can lead to
reentry.67 Figure 3a shows the postshock virtual electrode polarization (VEP). Deexcitation
occurred only in the most negatively polarized region near the bottom right corner of the
field of view. After the shock, the positively polarized region interacted electronically with
the deexcited region (break excitation) to create a new wavefront that propagated from left
to right (Fig. 3b). This new wavefront of activation then propagated slowly upward into the
recovering myocardium to create a reentrant circuit (Fig. 3c). The circle in Fig. 3a indicates
the point of shock-induced phase singularity73 responsible for the initiation of reentrant
activity.

It was subsequently demonstrated by Cheng et al.69 that creation of reentrant arrhyth-
mias via the virtual electrode-induced phase singularity mechanism is critically dependent
on the magnitude of the applied electric field. Figure 4 shows examples of postshock VEP
and resulting patterns of activation in response to an −80 (Fig. 4a), −160 (Fig. 4b),
and −220 V (Fig. 4c) shocks. In Fig. 4a, complete deexcitation occurred only in the most
negatively polarized region in the bottom right corner (darkest blue). As illustrated in the
corresponding activation map, this region was excited first, followed by slower excitation
spreading upward as these areas recovered. Excitation then spread to the left of the
field of view producing a reentrant wavefront. At larger shocks strengths (Fig. 4b, c),
larger regions were completely deexcited by the shock (darkest blue). Thus, a wavefront
of reexcitation was produced in a larger area, promptly exciting the entire deexcited region.
Such fast excitation does not allow for recovery of the incompletely deexcited regions;
therefore, reentry is not produced in these cases. Thus, conduction velocity of the postshock
wavefront depends on the magnitude of VEP (degree of shock-induced deexcitation).
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Figure 2: Simultaneous negative and positive polarizations induced by a monophasic anodal
shock. (a) Response to a +200 V shock, which produced a high degree of dispersion of
repolarization. (b) Response to a +300 V shock, which prolonged action potential duration
everywhere in the region of interest. See text for details (Cheng et al. 1999)69
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Figure 3: Virtual electrode-induced phase singularity mechanism. (a) Postshock pattern
of virtual electrode polarization (VEP). (b) Immediately postshock, activation spreads to
the deexcited region in the lower right corner and proceeds upward into the recovering
myocardium to create a reentrant circuit (c). (d) Optical recordings from eight sites marked
with the red arrow in (b). (e) Optical recordings from 16 sites marked with the blue arrow
in (b) (Efimov et al. 1998)67

Presumably, the stronger negative polarization results in more complete recovery of
sodium channels from inactivation and, therefore, faster conduction of postshock reexcita-
tion. This relationship between conduction velocity and negative polarization is now thought
to underlie the mechanisms of the upper and lower limits of vulnerability.74 Low-intensity
shocks producing inadequate negative polarization will result in failure of postshock con-
duction and, thus, failure to produce phase singularities. High-intensity shocks will produce
a strong gradient of polarization, resulting in supernormal conduction, immediately extin-
guishing the excitable gap. Only shocks of “moderate” magnitude will produce conduction
velocities appropriate for the creation of phase singularities and reentrant arrhythmias as
in Fig. 4a.
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Figure 4: Modulation of virtual electrode polarization (VEP) magnitude and resulting con-
duction velocity by shock intensity. Top: Transmembrane potential at shock end. Bottom:
Isochronal maps of postshock activation. (a–c) correspond to shock intensities of −80, −160,
and −220 V, respectively (Cheng et al. 1999)69

Chirality of Shock-Induced Reentry Predicted by VEP
Not the Repolarization Gradient

Frazier and colleagues59 were the first to experimentally demonstrate the cross-field induced
critical point (CFICP) mechanism of reentry induction by point stimulation. This mecha-
nism predicts chirality (direction of rotation) of the induced reentrant circuit based on the
directions of the preshock repolarization gradient as well as the applied voltage gradient.
Reversal of either direction would result in reversal of chirality. The virtual electrode-
induced phase singularity (VEIPS) mechanism,67 on the other hand, suggests that chirality
is predicted by postshock VEP alone and not by the direction of repolarization.

A series of experiments by Cheng et al.75 successfully demonstrated this hypothesis.
An example is shown in Fig. 5. The first two columns show isochronal maps of activation
and repolarization, respectively, as a result of pacing from three different locations. The
third and fourth columns show pre- and postshock transmembrane potential. As evident
from the maps of postshock potential, shock-induced VEP dominates regardless of the
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Figure 5: Reentry induced by shocks applied while pacing from three different locations
(right ventricle [RV], left ventricle [LV], and apex). Columns from left to right are: activation,
repolarization, preshock transmembrane potential, postshock transmembrane potential,
and postshock activation. Rows from top to bottom are: apical pacing, RV pacing, and
LV pacing. Chirality of shock-induced reentry is preserved regardless of the gradient of
repolarization (Cheng et al. 2000)75

pattern of repolarization. The last column shows postshock activation with reentry rotating
counterclockwise in all cases, thus the data support the VEIPS mechanism and contradict
the CFICP hypothesis.

A more detailed analysis of the two mechanisms is shown in Fig. 6. In both panels, a
planar wavefront propagates from top to bottom with the transmembrane potential indi-
cated by differing shades of gray. The left panel depicts the CFICP hypothesis and assumes
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Figure 6: Schematics of the cross-field induced critical point (CFICP) and virtual electrode-
induced phase singularity (VEIPS) mechanisms. See text for details (Cheng et al. 2000)75

that cathodal point stimulation produces positive polarization near the stimulation site.
Two critical values are important in this mechanism: critical recovery, indicated by the line
dividing refractory and excitable myocardium at the tail of the action potential, and critical
depolarization, indicated with the circle dividing subthreshold from suprathreshold depo-
larization. The top of the circle of critical depolarization occurs in excitable myocardium,
generating a new wavefront. The two points of intersection of critical depolarization and
critical recovery represent the sites of wavebreak and are called critical points59 or points of
phase singularity.73 In this mechanism, reversal of the direction of repolarization will result
in wavefront generation along the bottom of the circle of critical depolarization and reversal
of chirality.

The VEIPS hypothesis is shown in the right panel of Fig. 6 and predicts that point
stimulation will produce regions of adjacent positive and negative polarization. For the
case of cathodal stimulation, the stimulation site will be positively polarized (excited)
with two negatively polarized (deexcited) regions on either side. The VEIPS mechanism
does not rely on existence of an excitable region at the tail of the action potential, as
the negatively polarized regions deexcite the tissue, creating an excitable region regardless
of repolarization. Two wavefronts will be generated at the areas of adjacent positive and
negative polarization, and a total of four wavebreaks or points of phase singularity will be
induced. In Fig. 5, only one of the four phase singularities was observed. Reversal of the
repolarization gradient can change the location of the two wavefronts of reexcitation, but
it will not change their direction. Therefore, chirality will be preserved.
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Shock-Induced VEP as a Mechanism for Defibrillation Failure

Thus far, the examples presented have all dealt with shock-induced arrhythmogenesis.
However, shock-induced VEP is also present during ventricular arrhythmias and can be
responsible for failed defibrillation shocks. Figure 7 illustrates an example of a failed
monophasic −100 V defibrillation shock applied from an implantable right ventricle (RV)
lead during ventricular tachycardia.76 By panels 5 and 6, shock-induced VEP completely
erases the existing tachycardia. However, due to the strong gradient of VEP, a new reentrant
arrhythmia is immediately produced via the VEIPS mechanism.67 The reentry core of

Figure 7: Shock erases ventricular tachycardia via virtual electrode effect. Maps of trans-
membrane potential during a failed 8 ms monophasic shock. Panel 1 shows reentrant
excitation just before shock application. By panels 5–6, reentrant activation is completely
erased by typical virtual electrode polarization with simultaneous areas of positive (red)
and negative (blue) polarization (Efimov et al. 2000)76
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this arrhythmia is distinctly different from the preshock arrhythmia, indicating that the
shock terminated the existing arrhythmia and reinitiated a new one, resulting in failed
defibrillation.

The Role of Electroporation

Transmembrane polarization produced by virtual electrodes present during a defibrillation
shock may reach significant amplitudes, which results in breakdown of the cell mem-
brane.77,78 This effect is known as electroporation. On one hand, electroporation imposes
a limit on virtual electrode polarization, due to the formation of low resistance pores,
which shunt the transmembrane potential and make it impossible to maintain even the
resting potential until the pores are resealed.78 On the other hand, electroporation may
have important electrophysiological implications for arrhythmia maintenance. Experimental
evidence suggests that electroporation occurring after a defibrillation shock may result
in the creation of new centers of focal activity.2 However, the pro- and antiarrhythmic
effect of electroporation in the clinical setting remains a subject of debate.1 However, data
from implantable defibrillators clearly indicate that spontaneous sinus rhythm does not
recover immediately postshock and requires pacing for several seconds. This period of time
is consistent with the time course of resealing of electroporated membranes.

Clinical Implications of the Virtual Electrode
Hypothesis of Defibrillation

The virtual electrode hypothesis of defibrillation, along with optical mapping techniques,
has made great strides toward explaining many experimentally and clinically observed
phenomena, which had remained a mystery to scientists and clinicians alike. Many of these
discoveries have clinical implications for safe and efficient defibrillation.

The Role of Virtual Electrodes and Shock Polarity

Optical mapping experiments revealed the mechanism of superiority of anodal versus catho-
dal shocks when applied from transvenous defibrillation leads.66,79 Figure 8 illustrates the
general concept. During anodal shocks (Fig. 8a), the virtual cathodes created adjacent to the
real anode produce wavefronts that propagate inward, toward the area of deexcitation. These
wavefronts frequently collide and annihilate each other, whereas the positive polarization
under the real cathode during cathodal shocks (Fig. 8b) creates wavefronts that propagate
outward, having more “elbow room” (in Art Winfree’s terms) for turning around and
creating sustained reentry. These experimental findings were recently confirmed in a meta-
analysis of clinical studies on ICD shock polarity, which revealed that anodal defibrillation
shocks lower the defibrillation threshold (DFT) by 14.8% compared to cathodal shocks
and result in a lower DFT in 83% of patients.80 The lower DFT is presumably due to the
decreased probability of reinitiating a reentrant arrhythmia postshock.
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Figure 8: Anodal versus cathodal monophasic defibrillation shocks applied from an
implantable lead. (a) Left panels: Transmembrane potential before and after an anodal
shock (+100 V, 8 ms). Middle: Spread of postshock activation. The areas of first activation
correspond to the virtual cathodes. Activation then spreads to the area of the real anode,
collapsing on itself, and no arrhythmia is produced. Right : Diagram of postshock activation.
(b) Similar panels as in (a) for a cathodal (−100 V, 8 ms) shock. In this case, activation
spreads immediately outward from the real cathode to the virtual anodes where it has room
to reenter, creating a sustained arrhythmia (Yamanouchi et al. 2001)79

Waveform Optimization

The efficacy of different defibrillation waveforms has also been determined with the
virtual electrode hypothesis. It has been widely accepted that biphasic shocks have a
lower defibrillation threshold than monophasic shocks,81,82 but this phenomenon has its
roots in the virtual electrode theory. Monophasic shocks must be greater than the ULV
in order to avoid creation of a shock-induced phase singularity, which may reinduce
reentry. However, the second phase of biphasic shocks acts to reverse the first phase
polarization, thus eliminating the substrate for postshock reentry.67 This phenomenon
is illustrated in Fig. 9. The three maps in Fig. 9a show the postshock polarization in
response to monophasic (+100 V), optimal biphasic (+100/−50 V), and nonoptimal biphasic
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Figure 9: Homogenization of virtual electrode polarization (VEP) by the second phase
of biphasic shocks. (a) Maps of polarization produced by monophasic (+100 V, 8 ms),
optimal biphasic (+100/−50 V, 8/8 ms), and nonoptimal biphasic (+100/−200 V, 8/8 ms)
defibrillation shocks. The area of recording is indicated by the red box. ICD, implantable
cardioverter defibrillator; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right
ventricle (Efimov et al. 1998)67 (b) Asymmetric reversal of first-phase polarization. Plot
shows gradient of transmembrane potential after second phase of biphasic shocks in which
the first phase voltage was held constant and the second phase voltage was varied. Positive
polarization produced by anodal first phase was fully reversed by approximately 70 V or
more, whereas negative polarization produced by cathodal first phase required only 40 V to
reverse
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(+100/−200 V) defibrillation shocks. The optimal biphasic shock does not result in reentry
due to the homogeneous pattern of VEP at shock end, whereas the large gradient of VEP
produced by the monophasic and nonoptimal biphasic waveforms provides the substrate for
reentry.

The “homogenization” of VEP by the second phase of a biphasic shock occurs in
a nonlinear fashion. After the first phase, the deexcited hyperpolarized region is easily
reexcited and completely depolarized, whereas the depolarized regions are only partially
deexcited.67 Therefore, not every biphasic shock will be able to produce this homogenization
(Fig. 9a, right panel). If the energy of the second phase is below a certain threshold, it will
not be able to reverse the hyperpolarization. If the energy of the second phase is above a
certain level, it will reverse both the positive and negative polarization, creating a mirrored
VEP pattern similar to a monophasic shock. Efimov et al.67 found a ratio of between 0.2
and 0.7 of second- versus first-phase voltage for optimal biphasic shocks. This agrees with
clinical observations of optimal biphasic waveforms.82 Figure 9b illustrates these findings
and suggests that optimal biphasic waveforms result in total positive polarization with
no excitable hyperpolarized tissue remaining to provide the substrate for shock-induced
arrhythmias.

Monophasic ascending defibrillation waveforms have also been shown to be superior to
descending waveforms.83 As shown in Fig. 10c, d, ascending waveforms produce maximum
polarization at the end of the shock. Therefore, break excitation resulting from these shocks
is likely to produce faster propagation into the deexcited regions and will not form reentry
(Fig. 10f). However, descending waveforms tend to reach maximum polarization before the
end of the shock (Fig. 10c) and typically have lower magnitude polarization at shock end
(Fig. 10d), which contributes to slower conduction and provides the substrate for shock-
induced reentry via the VEIPS mechanism (Fig. 10f).67

Toward Low-Energy Defibrillation

The virtual electrode hypothesis of defibrillation has not only allowed for explanation of
the basic mechanisms of defibrillation, but it is also allowing us to entirely rethink our
approach to conventional defibrillation. Reentrant VT is often pinned or anchored at a
functionally or anatomically heterogeneous region that comprises the core of reentry. The
theory of virtual electrode polarization and the activating function predict that areas near
the reentry core will experience greater polarization in response to an applied electric field
compared to the surrounding, more homogeneous tissue. Thus, the core of reentry can be
preferentially excited with very small electric fields to destabilize and unpin reentrant VT
from its stationary core. However, the external field must be applied at precisely the right
moment for the virtual electrode-induced excitation to properly interact with and terminate
VT. This idea has been recently validated both in theory84 and in experiments.85,86

Takagi et al.84 demonstrated this concept in a two-dimensional bidomain model with a
nonconductive circular obstacle comprising the core of reentry. Figure 11 shows a successful
and nonsuccessful shock application. At t = 0ms, a spiral wave (S) is shown anchored to
the obstacle rotating counterclockwise. A 0.52V/cm−1 uniform external field is applied at
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Figure 10: Ascending versus descending ramp monophasic waveforms. (a) Schematic of
experimental setup showing shock electrode locations (green lines), field of view (blue box ),
and locations of individual optical traces shown in (b) and (c) (blue and red lines). RA,
right atrium; LA, left atrium. (b) Optical action potentials during shock application for
ascending and descending ramp defibrillation waveforms. (c) ΔVm for the traces shown in
(b). Ascending waveforms produce maximum polarization at shock end, whereas descending
waveforms produce maximum polarization near the beginning of shock application. (d)
Maps of polarization at shock end. (e) Voltage gradient at shock end. (f) Maps of postshock
activation (Qu et al. 2005)83
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Figure 11: Bidomain simulations illustrating the low-energy “unpinning” concept. (a) Suc-
cessful unpinning. t = 0ms: spiral wave (S) is anchored to the obstacle rotating counterclock-
wise. t = 40ms: a 0.52V/cm−1 external field is applied. Positive and negative polarization
(D+, D−) occur on opposite sides of the obstacle. t = 80ms: the positive polarization results
in a new wavefront (W), which rotates clockwise. t = 280ms: the wavefronts collide resulting
in detachment of both spiral waves. (b) An unsuccessful attempt due to improper timing
of the applied field (Takagi et al. 2004)84
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Figure 12: Low-energy unpinning in an isolated rabbit right ventricular free wall prepa-
ration. A 0.58V/cm−1 shock is applied at t = 13.3ms. Unpinning is similar to theoretical
example presented in Fig. 11. See text for details (Ripplinger et al. 2006)85

t = 40ms. Positive and negative polarization (D+, D-) can be seen on opposite sides of
the obstacle. The positive polarization results in a new wavefront (W), which begins to
rotate clockwise around the obstacle. Counterclockwise rotation of W is prevented due to
refractory tissue in this direction. The wavefronts collide at t = 280ms, which results in
detachment of both spiral waves from the obstacle. The lower panels of Fig. 11 illustrate
an unsuccessful attempt due to improper timing of the applied field. In this case, W can
propagate in both directions and results in resetting of the spiral wave.

Our group recently validated this mechanism experimentally in a rabbit using isolated
right ventricular preparation.85 Figure 12 shows a spiral wave rotating counterclockwise
around a line of block indicated with a black line (panel 1). At t = 13.3ms, a 0.58V/cm−1

external field is applied, creating a new wavefront that propagates in both directions around
the line of block. The clockwise-propagating wavefront then collides with the existing spiral
wave (panel 3) causing detachment from the core and termination at the tissue boundary
(panels 4–5). The counterclockwise portion of the new wavefront eventually terminates upon
hitting a refractory region (panel 6–7). Our experimental results in this model indicate
that a 20-fold reduction in defibrillation energy may be obtained compared to conventional
defibrillation. In a follow-up study, our group demonstrated a similar 20-fold reduction in
defibrillation energy required to terminate sustained VT in a canine 4-day healed myocardial
infarction model.86 This new low energy approach may provide a promising alternative to
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conventional high-energy defibrillation and may alleviate many of the side effects currently
associated with strong electric shocks.

Conclusion

The virtual electrode hypothesis of defibrillation has emerged as a result of the combined
efforts of the theoretical and experimental research communities, which have developed
bidomain modeling and optical mapping. These two research methodologies have allowed us
to formulate novel hypotheses and to test them in various models of defibrillation. However,
clinical advances are still to be gained from this theory. We believe that further improvement
of the virtual electrode hypothesis of defibrillation will result in the development of low-
energy electrotherapy of ventricular and atrial tachyarrhythmias.
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