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Chapter 19

New Perspectives in
Electrophysiology from
the Cardiac Bidomain

Shien-Fong Lin and John P. Wikswo, Jr.

Introduction

For many years, the uniform double layer model was widely accepted
and used to describe the macroscopic electrical behavior of cardiac tissue.
It predicted that outside a closed wave front, there should be no extracel-
lular potential. In 1977, Corbin and Scher! measured the extracellular po-
tential outside an expanding wave front and found a positive potential
parallel to the fibers and a negative potential perpendicular to them. This
observation was inconsistent with the uniform double layer model, and
implied that a new and more general model was required to accurately re-
late the extracellular and transmembrane potentials. Corbin and Scher ex-
plained their results in terms of nonuniform dipole strength within the
wave front, with the individual dipoles aligned with the fiber axis. Colli-
Franzone and colleagues? developed an oblique dipole model to explain
the experimental data.

An alternative model, with few ad-hoc assumptions, is the bidomain
model, in which a 3-dimensional electrical cable represents the cardiac
syncytium with distinct intracellular and extra cellular spaces separated
by cell membrane.3-1! The bidomain model treats the macroscopic heart
as a continuous, nonlinear, 3-dimensional cable, with the effects of inter-
cellular junctions incorporated into the anisotropic intracellular conduc-
tivities. As shown in Figure 1, this view is supported by the fact that the
intracellular spaces of all cardiac cells are connected together sufficiently
tightly through the gap junctions in the intercalated disks to form a 3-
dimensional syncytium that can carry currents and support voltage gradi-
ents in all directions. Similarly, the cells share a common extracellular
space that also forms a 3-dimensional conductor. Because of the tissue ar-
chitecture, the electrical conductivities of the intracellular and extracellu-
lar spaces are directionally dependent, i.e., anisotropic, such that each
domain in the model has its own anisotropic electrical resistivity. This
also leads to the well-known anisotropic conduction velocity. At present,
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Figure 1. Schematic representation showing how the syncytial nature of cardiac tis-
sue can be represented by a 3-dimensional coaxial cable. Intracellular (red) and ex-
tracellular spaces (blue) are represented by a pair of superimposed, 3-dimensional re-
sistor arrays that are interconnected by the nonlinear membrane, represented by the
yellow cylindrical elements. A. Irregular bidomain reflecting actual cardiac cellular
structure. Bottomn: Cardiac cells (red) are surrounded by the extracellular space (blue).
Middle: Equivalent resistor network is superimposed on the cell structure, with the in-
tracellular resistor network in red and the extracellular network in blue. The two are
connected by the yellow nonlinear membrane elements. Top third: The resistor and
membrane network is shown alone. Such cellular-scale bidomain models have yet to
be implemented. B. A regular, 2-dimensional bidomain suitable for numerical calcula-
tions; the entire pattern can be transiated out of the page to create a 3-dimensional
bidomain. The choice of the resistors would define the fiber direction, in that the in-
tracellular resistance would be 10 times greater across the fibers than along them for
a 10:1 intracellular anisotropy ratio; the extraceilular anisotropy would be 4:1. Typi-
cally, one element of a 3-dimensional bidomain mesh would be 100 pmto1mmona
side and, as such, would represent a large number of individual cardiac cells.

the complicated heterogeneous geometry in Figure 1A is homogenized to
form the idealized, locally homogeneous, and highly regular bidomain
seen in Figure 1B.

Mathematically, the bidomain model accounts fully for the syncytial
nature of cardiac tissue, including the effects of tissue anisotropy, using a
pair of coupled, partial differential equations governing the intracellular,
V,, and extracellular, V,, potentials

V.- o.VV, = B(C, 3V, /ot+ Jipn) - I

1on
V-0, VV, = B(CoV, /ot + ) -1,

where o; and ¢, are the anisotropic electrical conductivity tensors of the
two spaces (S/m), C,, is membrane capacitance per unit area (F/m?2), B is
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the ratio of cell membrane area to tissue volume (m~1), J,,, is the membrane
ionic current per unit area (A/m2), and I; and I, are the intracellularly and
extracellularly applied external current sources per unit volume (A/m?).

While these equations are easier to solve if the anisotropies of the in-
tracellular and extracellular space are assumed to be the same, the physi-
ologically realistic values for the tissue resistivities show the intracellular
resistivity transverse to the fiber direction to be 10 times that of the resis-
tivity along the fibers, for an intracellular anisotropy ratio of 10 to 1, while
the ratio for the extracellular space is 4 to 1.81213 When the bidomain
model has equal anisotropy ratios for the intracellular and extracellular
spaces, it predicts zero extracellular potential outside a closed wave front,
just as does the uniform double layer. However, if the two spaces are as-
signed the physiologically realistic, differing anisotropy ratios, the model
predicts a variety of unexpected and interesting effects. In 1987, we
showed that for a model with unequal anisotropy ratios, the extracellular
potential is qualitatively similar to that observed by Corbin and Scher,
with a region of positive extracellular potential leading the wave front in
the direction along the fibers.12

Another implication of the bidomain model, first reported by Plonsey
and Barr,? is that the intracellu lar and extracellular action currents asso-
ciated with an expanding wave front are not equal and opposite. Rather,
they form closed loops of net current with a fourfold (quatrefoil) symme-
try. We realized that these current loops produce a magnetic field, whose
quatrefoil pattern provides a unique signature of wave front propagation,?
and that current injection produces a similar but quantitatively different
pattern.’® We have measured this magnetic field pattern using a high spa-
tial resolution superconducting quantum interference device (SQUID)
magnetometer scanned over a tissue slice from a dog heart.* Measurement
of the magnetic field is a particu larly sensitive test of the bidomain model
and unequal anisotropy ratios, because in the limit of equal anisotropy ra-
tios, the magnetic field vanishes.

The doubly anisotropic bidomain model was rarely used to study
electrical stimulation of cardiac tissue prior to 1989, when we calculated
the transmembrane potential induced in a 2-dimensional bidomain stim-
ulated with a unipolar electrode.° For strong stimuli, the boundary of the
depolarized tissue under the cathode (the virtual cathode) has a complex,
“dog-bone” shape that results in the wave front originating farther from the
cathode in the direction perpendicular to the fibers than in the direction
parallel to them. Concurrent with this theoretical study, we measured the
virtual cathode size and shape in a dog by back-extrapolating the extra-
cellular action potential wave front measurements to their site of origin.!s
We found a dog-bone-shaped virtual cathode that increased in size as the
stimulus strength increased and was similar in shape to that predicted by
the bidomain model.'8 The observed virtual cathode shape is sensitive to
the tissue and membrane electrical properties and may provide a way to
assess the effects of different drugs on cardiac tissue.!” However, it was not
until the widespread use of epifluorescence imaging of the transmembrane
potential that the role of virtual cathodes and virtual anodes, and hence
the importance of the complexity introduced by the unequal anisotropy ra-
tios, became widely recognized.
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As experience was gained with the doubly anisotropic bidomain
model, it became clear that the model might be able to explain several
long-standing puzzles in cardiac electrophysiology, including the mecha-
nisms for cathodal and anodal make and break excitation,!! as well as pre-
dict specific details of not-yet-observed phenomena, such as how a long
premature pulse from a point source could induce a quatrefoil reentry pat-
tern due to unequal dual anisotropies in myocardium.!8-22 As we see when
these two predictions and their confirmation are discussed later in this
chapter, there is now unequivocal evidence, at least macroscopically, that
the traditional model of cardiac tissue as a nonlinear monodomain should
be replaced by a nonlinear bidomain with dual anisotropies.

The peculiar distribution of tissue depolarization and hyperpolariza-
tion, as described by virtual cathodes and anodes, during and immediately
after tissue excitation, raises an important question as to how these patterns
interact with wave front propagation. Because these patterns are more pro-
nounced when the intensity of the stimuli approximates that required for
defibrillation, their interaction with dynamic wave fronts should have im-
portant implications in defibrillation research. Thus, there is increasing ev-
idence that tissue anisotropy, as described by the unequal anisotropy bido-
main model, determines the spread of stimulus and action currents in a
manner that affects the initiation and propagation of action potentials in
both the normal and the abnormal heart. It is from this perspective that we
describe the evolution of our imaging system and discuss how the bido-
main model and epifluorescence imaging of the cardiac transmembrane po-
tential support new perspectives in cardiac electrophysiology.

Optical Imaging Approach

Because the bidomain responses in cardiac tissue are manifested more
clearly in the transmembrane potential rather than in the extracellular po-
tential, the optical recording technique is ideally suited to allow high-
resolution observation of bidomain behavior. During the past few years,
we have developed several imaging systems with different configurations
specifically designed for a variety of bidomain research projects. The first
system, shown in Figure 2, was a small-field, synchronous-capture epiflu-
orescence cardiac imaging technique with wide dynamic range and high
temporal and spatial resolution to image point activation patterns.23.24 The
wide dynamic range and precise timing control of the system provided us
with the capability to captureé synchronously a small, fractional change in
the laser-induced epifluorescence proportional to transmembrane poten-
tial change. Boxcar averaging techniques in which the stimulus timing was
sequentially shifted with respect to the stroboscopic illumination of the
heart allowed us to achieve frame exposure times of only 0.5 ms and in-
terframe intervals of a millisecond with a camera that had an intrinsic
speed of only 7 frames per second (fps).

Subsequently, the camera system was upgraded to allow asynchro-
nous imaging of aperiodic events such as fibrillation. The image sensor (a
charged couple device [CCD] camera) was replaced by a frame-transfer
CCD, which employs a double buffer technique to shorten the data trans-
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Figure 2. The first-generation synchronous imaging system developed at Vanderbilt to
study cathodal and anodal make and break excitation. An acousto-optic modulator (not
shown) in the laser beam allowed modulation of the laser intensity to provide submil-
lisecond exposures of the heart to the laser illumination. Boxcar averaging techniques
that involved stepwise adjustment of the interval between sequential stimuli and the
laser illumination made it possible to record a sequence of 0.5-ms images separated
by 1 ms with a camera that could record only 7 frames per second. Reprinted, with per-
mission, from reference 24.

fer time. The fast frame speed led to the discovery of a quatrefoil reentry
pattern?s that had only been inferred by theoretical analyses but had never
been observed in real tissue. In the meantime, a panoramic imaging tech-
nique was successfully developed to allow visualization of wave fronts on
the entire heart surface,?8 as shown in Figures 3 and 4. It is now possible
to measure with unprecedented detail wave front propagation on the en-
tire heart surface. Such a capability is especially favorable for fibrillation
and defibrillation studies, because the formation, maintenance, and dy-
namics of the reentrant patterns can be traced and measured realistically
in whole heart models, not restricted to either small local areas or to only
one view of the heart. We are currently completing the development of an
interactive 3-dimensional wave front visualization procedure,?6:27 as well
as automated, geometrical measurement of wave fronts. These are best ac-
complished by digitizing the 3-dimensional heart geometry using non-
contact methods. The interactive visualization will allow free tilting and
rotation of the computerized heart model with the animated wave fronts
attached to it as texture. Such a capability will greatly facilitate geometri-
cal tracing and measurement of the wave fronts.

The imaging system was upgraded in 1997 to a higher speed of 267 to
330 fps, with a frame resolution of 128 X64 pixels.?” This was achieved by
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Figure 3. Schematic layout of the panoramic imaging system developed at Vander-
bilt. The mirrors M1 and M2 not only allowed the camera to view the front of the heart,
but also provided two other simultaneous views that included lateral and posterior por-
tions of the heart. The seven optical fibers could be adjusted to provide uniform illu-
mination over the entire heart.

replacing the cooled CCD camera with a faster room temperature camera,
and by increasing the speed of the frame grabber and the computer. In ad-
dition, a graphic user interface panel was designed to allow fast playback
of the acquired image sequences with simplified processing algorithms.
More advanced image processing, including temporal/spatial filtering and
analysis of electrodynamics, is performed after the experiment to improve
the image quality and to extract important wave front information. Movies
are produced to allow visualization of the dynamics of wave front propa-
gation. These movies were found to be superior to frame-by-frame inspec-
tion in revealing the dynamic information due to the involvement of human
visual perception. Recently, we have completed the design of camera-
control software to obtain a maximum imaging speed of 1200 fps at 64X 64
pixels with a 12-bit digitization.

The Role of Virtual Electrodes in Cardiac Stimulation

A surprising and unexpected result of our early bidomain simula-
tions?? was that during unipolar cathodal stimulation, cardiac tissue is de-
polarized in a dog-bone-shaped region (the virtual cathode) that lies un-
derneath and adjacent to the cathodal electrode, and that a pair of hyper-
polarized regions (virtual anodes) exist adjacent to the cathode along the
directions parallel to the myocardial fibers. Until the application of high-
resolution optical imaging, the complete dog-bone-shaped activation pat-
terns had not been observed directly, despite numerous predictions from
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Figure 4. Panoramic imaging of spiral reentry. A. A frame of unprocessed fluores-
cence image showing the three views of the heart obtained simultaneously with the
camera. The central image is the frontal view of the heart, predominantly the anterior
left ventricle. The side images are obtained simultaneously using two mirrors. These
side mirror images were flipped left to right to provide contiguous anatomical features.
Lines have been added to indicate the left ventricle (LV) and the right ventricle (RV).
B. Six successive frames of the processed images containing the information about
V,, distribution at different times during fibrillation. The black patterns represent fully
depolarized tissue. Note the evolution of the spiral wave front in the central panels and
an independent reentrant pattern on the rightmost images. These frames are out of a
set of 100 recorded at 67 frames per second with a 2-ms laser exposure time.

model calculations and electrode experiments that inferred its existence.!5
In 1995, three laboratories, including ours, published experimental re-
sults23.28.29 that provided unequivocal evidence in support of the predic-
tion that stimulation with a point electrode creates perpendicularly posi-
tioned virtual cathodes and virtual anodes, with the orientation of the
patterns determined by the local muscle fiber orientation.’® The shape of
the virtual cathode and anodes was most clearly shown in our images
recorded from refractory epicardial tissue of an isolated rabbit heart, as
shown in Figure 5A.

We considered stimulation not only with a cathode, but also with an
anode. In this case, the tissue is hyperpolarized under the anode but de-
polarized at regions along the fiber direction (virtual cathodes), as can be
seen in Figure 5B.
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Figure 5. False-color images of the transmembrane potential associated with injection
of current into refractory cardiac tissue. A. Image for a—10-mA, 2-ms cathodal S2 stim-
ulus applied at a point electrode. Note the dog-bone-shaped virtual cathode (orange)
and the pair of adjacent virtual anodes (blue). The fiber orientation is from lower right
to upper left. The range in colors corresponds to a total fluorescence change of greater
than 4%. B. Complementary image fora +10-mA, 2-ms anodal S2 stimulus at the same
location on the heart. Note that the dog bone is now the virtual anode (blue), whereas
the adjacent areas are the virtual cathodes (orange). Reprinted from reference 23, with
permission from Biophys J.

While the virtual electrodes in Figure 5 were recorded from refractory
tissue, for which there would be no propagating response, the same effects
would be expected for application of a stimulus to resting cardiac tissue.
Most importantly, the simultaneous existence of virtual cathodes and an-
odes for either a cathodal or anodal stimulus provides a mechanism for an-
odal stimulation: if the depolarization is strong enough, a wave front can
be excited that propagates outward from the pair of virtual cathodes that
are adjacent to the central, anodal dog-bone. This mechanism for anodal
stimulation is called anodal make, because it occurs after the start (or
make) of the stimulating pulse. The role of virtual cathodes and anodes for
cathodal make and anodal make stimulation is shown schematically in
Figure 6.

Theoretical models also showed that virtual electrodes play an impor-
tant role in anodal break and cathodal break stimulation.'* Anodal break
and cathodal break stimulation of cardiac tissue have both been observed
for decades,3%-3¢ but no adequate mechanism appropriate to cardiac tissue
had been proposed until the bidomain studies. Break stimulation is defined
as excitation that occurs upon the termination (or break) of a long stimulus
pulse. With the doubly anisotropic bidomain model, the predicted mecha-
nism of cathodal break stimulation is as follows: The strong hyperpolar-
ization within the virtual anode removes any inactivation of the sodium
channels resulting from the prolonged depolarization, and thereby renders
the tissue excitable, but during the stimulus, there is no charge available by
which this tissue could be stimulated. The tissue within the virtual cath-
ode is depolarized throughout the duration of the pulse and remains unex-
citable after the end of the stimulus for an interval approximately equal to
the refractory period. However, upon the break of the stimulus, the positive
charge that has been localized inside the cells within the depolarized vir-
tual cathode can now diffuse into the hyperpolarized tissue within the vir-
tual anode and excite it. Figure 6D shows how the activation wave fronts
(yellow lines) will propagate away from the pair of virtual anodes adjacent



New Perspectives from the Cardiac Bidomain ® 343

Depolarized

Resting

Fiber & 2mm Hyperpolarized
Direction

C

Cathodaf Make Anodal Make

Cathodal Break Anodal Break

Figure 6. Schematic representation of the theoretical predictions of action potential
propagation for point stimulation of cardiac tissue (based on references 9 through 11).
A. Cathodal make stimulation in an equal anisotropy model. An elliptical region of tis-
sue would be directly depolarized (orange) by a strong point stimulus (black dot) and
would act as a virtual cathode. An elliptical action potential wave front (yellow lines
separated by 2 ms) would propagate away from the edge of the virtual cathode. B.
Cathodal make stimulation in a model with differing anisotropic conductivities for the
intracellular and extracellular spaces. The virtual cathode is yellow to orange and the
virtual anode is blue. The resulting propagating wave front would initially have the
transverse dog-bone shape, but because of the greater longitudinal conduction ve-
locity, the wave front would become elliptical by the time it was 5 mm from the stimu-
lus electrode. C. The same model as in B, but for anodal make stimulation. A pair of
action potential wave fronts propagating outwardly from the virtual cathodes (orange)
merge and form an elliptical wave front within 1 cm of the stimulus electrode. D. The
same model for cathodal break stimulation. Early activation occurs from the virtual an-
odes (blue) along the fiber direction. E. Anodal break stimulation, in which initial acti-
vation progresses transverse to the fibers from the dog-bone-shaped virtual anode
(blue). Reprinted from reference 23, with permission from Biophys J.
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to the dog-bone-shaped virtual cathode, but will be blocked initially from
propagating through the refractory virtual cathode.

A similar mechanism was predicted to underlie anodal break stimu-
lation, with the exception that a smaller amount of charge is stored within
the pair of virtual cathodes and the nonlinearity of the membrane con-
ductance may play a larger role in the stimulation process. This process is
shown in Figure 6E, wherein the anodal break activation again propagates
away from the virtual anode, which in this case is dog-bone shaped, and
is delayed by the pair of adjacent virtual anodes.

Using our synchronous fluorescence imaging system, we verified all
four mechanisms of unipolar stimulation: cathodal make, anodal make,
cathodal break, and anodal break.1! As shown in the leftmost column of
Figure 7, we were able to observe the initial activation patterns of all four

A)

Cathode
Make
=10 mA

B)

Anode
Make
+10 mA

C)

Cathode
Break
-2 mA

D)

Anode
Break
+3mA

1 Fon
Figure 7. Virtual electrodes and the four modes of excitation of cardiac muscle. Each
frame is a false-color image of the transmembrane potential associated with injection
of current into fully repolarized, excitable cardiac tissue. The number in each frame is
the time in ms. A. Cathodal make stimulation with 1-ms, —10-mA stimulus current; B.
1-ms, +10-mA anodal make stimulation of the same heart; €. 180-ms —2-mA catho-
dal break stimula tion of another heart; and D. 150-ms -+3-mA anodal break stimula-
tion of a third heart. For each row, the leftmost images are at the end of the stimulus
(0 ms) and the other images are at 2-ms intervals (A and B) or 3-ms intervals (C and
D) thereafter. The direction of the epicardial fibers is from lower right to upper left. Note
that in both cathodal make and anodal make excitation, the early propagating wave
fronts in the 2-ms and 4-ms frames are seen to originate from the orange virtual cath-
odes in the 0-ms frame; in break excitation, the early propagating activity in the 3-ms
and 6-ms frames originates from the hyperpolarized virtual anodes in the 0-ms frame.
Reprinted from reference 23, with permission from Biophys J.
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different modes of cardiac stimulation, as well as the subsequent out-
wardly propagating wave fronts. The agreement with the theoretical pre-
dictions (Fig. 6) is remarkable.

The experimental observation of these phenomena would have been
difficult using electrical mapping techniques that record the extracellular
signals, because the early activation patterns appear only in the trans-
membrane potential distribution,!? and these activation patterns are es-
sentially embedded in the electrical stimulus artifact. Thus, optical tech-
niques provided, for the first time, the ability to image directly and with
submillimeter spatial resolution both the virtual anodes and cathodes dur-
ing activation and the subsequent propagating wave fronts. Our results
clearly demonstrated that current injection into the extracellular space of
tissue with unequal anisotropies simultaneously produces distinct depo-
larized and hyperpolarized regions of transmembrane potential that are
the mechanism by which anodal make and anodal break excitation occurs.
This study also demonstrated that the differing anisotropic conductivities
of the intra- and extracellular spaces are not just a biophysical curiosity
but play a significant role in the stimulation of the heart with strong elec-
trical current.

Discovery of Quatrefoil Reentry

Single spiral wave rotors with circular movement, and two opposing
rotors with a figure-of-8 reentrant pathway are basic patterns of electrically
induced reentry in normal cardiac muscle that provide the fundamental
elements for understanding and treatment planning of many cardiac ar-
rhythmias. In contrast to anatomical reentry that arises from an anatomi-
cal obstacle or inhomogeneity about which the reentrant excitation prop-
agates, both of these functional reentry patterns can be produced in
anatomically homogenous tissue solely by the interaction between a spa-
tial gradient in stimulus strength and another spatial gradient in ex-
citability. As a result, the reentrant activation propagates around a phase
singularity, i.e., a region of tissue whose electrical phase is indeterminate,
with the spiral wave exhibiting a single singularity and a wave front that
extends from this singularity to the edge of the active tissue, and figure-of-8
reentry having a pair of singularities that define the ends of a wave front.

Theoretical studies based on the dual anisotropies in cardiac tissue
suggested the existence of an unusual 4-loop reentry.18-22 Using numerical
simulations, Roth and Saypol20-22 found that when the pacing (S1) and the
premature (S2) stimuli were delivered at the same site on the tissue, the hy-
perpolarization at the virtual anode shortened the refractory period of the
S1 wave front parallel to the fibers, and the depolarization at the virtual
cathode lengthened the refractory period of the S1 wave front perpendicu-
lar to the fibers. Thus, a wave front initiated by the S2 stimulus could prop-
agate parallel to the fibers, but was blocked perpendicular to them. This
“arc of functional conduction block” would lead to a fourfold symmetrical
reentrant pattern in their computer model, shown in Figure 8.

Similar to other functional reentry patterns, the reentry is established
by the interaction of a spatial gradient in excitability following the S1 stim-
ulus with a differing spatial gradient in the strength of the S2 stimulus.



346 ¢ OPTICAL MAPPING OF CARDIAC EXCITATION AND ARRHYTHMIAS

A) Cathodal §2 B)

Anodal §2

\ 310 360 410

Fiber Direction Time (ms)
Figure 8. The predicted sequence of quatrefoil reentry in cardiac tissue. A. The
isochrones (10 ms separation) following a strong cathodal S2 break stimulus applied
to refractory tissue as predicted by the bidomain model of cardiac tissue. The strong
S2 stimulus was delivered to tissue that was still refractory from the earlier, twice-
threshold S1. Because of the tissue anisotropy, the cathodal S2 produces a dog-bone-
shaped virtual cathode region that maintains the tissue depolarization and refractori-
ness. The adjacent anodal regions on either side of the dog-bone are hyperpolarized
by 82, which returns the tissue to excitability. At the end of S2, charge flows from the
cathodal region into the anodal ones, so that activation propagates along the fiber axis
but is blocked from spreading transversely. Subsequently, the wave front propagates
around the region that was directly polarized during the S2 stimulus, so that the S2
wave fronts finally reenter toward the electrode from both sides, collide near the elec-
trode, and then launch another wave front that again moves along the fiber direction.
B. The isochrones predicted for an anodal break S2. Courtesy of Bradley Roth.

Winfree!® has described this in terms of the critical point hypothesis, in
which phase singularities, about which the reentrant wave front propa-
gates, are created at the intersection of the excitability contour T* and the
stimulus threshold contour S*. In spiral wave reentry, crossed-field stimu-
lation by a pair of orthogonal line electrodes produces orthogonal T* and
S* that cross at the point that defines the fixed end of a spiral wave; figure-
of-8 reentry occurs when the T* generated by a planar S1 wave front crosses
a circular S* from a point stimulus, producing a pair of singularities that
define the ends of a single wave front. Quatrefoil reentry is unique in that
it can be produced by sequential stimulation by a single electrode: a nearly
elliptical T* from S1 is cut four times by the dog-bone-shaped S* of a strong
S2 delivered at the same stimulus site. Consequently, there are four phase
singularities that define the ends of a pair of synchronized wave fronts.
Using our frame-transfer CCD camera system, we performed high-
speed imaging to investigate the induction mechanism of such a peculiar
reentrant pattern. In 16 isolated, Langendorff-perfused rabbit hearts, high-
speed optical imaging at 133 or 267 fps allowed us to observe the induced
response with a unipolar point electrode. Delivering long stimuli during
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the vulnerable phase created the novel quatrefoil-shaped reentry pattern
consisting of two pairs of opposing rotors. Successful induction occurred
in a narrow range of coupling intervals. A dog-bone pattern of virtual elec-
trodes was established during the premature stimulus (Fig. 9A). Wave
fronts that were launched began to propagate from the virtual anodes im-
mediately after the termination of S2. The alternating blocking and con-
ducting effects of the virtual electrodes, as well as the boundary between
virtual cathode and virtual anode, provided the necessary substrate for
quatrefoil reentry. As predicted by the theory, the direction of propagation
of the reentrant spiral wave fronts reversed with a reversal in S2 polarity
(not shown). Because of interference by secondary wave fronts propagat-

4 8 12 18 20 24 28
Fibsr Direction Frame Number

Figure 9. A. Dye-fluorescence images of the transmembrane potential of an isolated
rabbit heart as a function of space and time during cathodally induced quatrefoil reen-
try. A cathodal S2 stimulus (—20 mA, 20 ms) is applied at the center of the tissue; the
stimulus ends after frame 1. Adjacent frames are separated in time by 3.8 ms, and show
a20Xx13.5-mm? area of tissue. The arrow indicates the fiber direction. B. Pseudo-color
isochronal map showing the position of the activation wave front at subsequent times
after the end of the S2 stimulus. C. The transmembrane potential as a function of time,
at the three different locations marked T, L, and B. The vertical dotted line a is the time
of the last S1 stimulus, b and c are the start and end of the S2 stimulus, andd and e
are start times of subsequent depolarizations in the VT trace. The Vg trace shows that
the B recording site in panel B is within or near the region of functional block.
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ing back into the region of the reentrant pattern, quatrefoil reentries were
not sustained and lasted between one and four complete cycles.

One of the key findings of our studies of quatrefoil reentry is that for
strong shocks we can clearly distinguish between cathodal make or anodal
make activation, for which the wave front propagates away from the de-
polarized virtual cathode, and cathodal break or anodal break activation,
for which activation propagates from the hyperpolarized virtual anode.
Activation of cardiac tissue by the break mode of stimulation may prove
to be an additional new mechanism for defibrillation.

Tissue-Medium Interface

The role of the tissue surrounding the heart is important in transtho-
racic defibrillation, in that the distribution of defibrillation currents and
the fraction of currents that actually enter the heart are determined by the
conductivity of the skin, the thoracic muscles and ribs, the lungs, the me-
diastinum, and the great vessels. The effects of the extracardiac tissues and
great vessels on intracardiac defibrillation, such as with an implantable de-
fibrillator, is not well known. Studies of internal defibrillation are con-
ducted on intact humans either during transthoracic surgery or in the
catheterization lab, on intact dogs or dogs with exposed hearts supported
in a pericardial cradle, and on isolated rabbit or dog hearts in air or in a
conducting bath. In each of these preparations, the heart is located in a dif-
ferent conducting environment, and if the surrounding environment has
any effect on cardiac defibrillation, then there could be substantial differ-
ences between studies conducted with different conductor configurations.
An example of the effect of extracardiac conductivity is shown in Figure
10,% which demonstrates the modeling results of tissue response from an
endocardial shock. Although the endocardial response appears to be the
same, the epicardium shows different activation patterns due to different
tissue-medium interface conditions.

In a monodomain model of the heart, the heart-tissue interface serves
as a boundary between two regions of differing conductivity, and the pri-
mary effect of the interface is to alter the direction of the electrical field
and thereby bend the lines followed by the electrical current. In the bido-
main model, the situation is substantially more complex. For example,
current flowing in a passive monodomain, such as the blood, crosses into
the bidomain by the extracellular space, and then proceeds to redistribute
itself between the intra- and extracellular spaces in accordance with the
length constant of the tissue. The transmembrane potential reflects this re-
distribution of current and shows the effect predominately within a length
constant of the surface.

Although the bidomain boundary effects have been the subjects of
some theoretical debate,3 there have been few direct observations of
boundary effects. One of the clearest demonstrations involves comparison
of the epicardial transmembrane potential during application of intracar-
diac defibrillation-strength shocks. Figure 11A shows tissue response from
an endocardial anodal shock with an isolated, Langendorff-perfused rabbit
heart pressed against the frontal glass window of the bath. The activation
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Endocardium

Epicardium

Figure 10. Model predictions of the transmembrane potential during intracardiac de-
fibrillation in a slab of cardiac tissue that is 5 mm X 5 mm X 3 mm thick. Only one
quarter of the tissue is shown. Left: Endocardial (upper) and epicardial (lower) views
of the potential distribution when the epicardial surface is bounded by an insulator. The
shaded regions have a negative transmembrane potential change due to the shock.
Contours are every 300 mV; contours above 20 V and below —7 V have been omit-
ted. Right: The same views when the epicardial surface is bounded by a conducting
bath. Note the two endocardial distributions are similar but there is a pronounced ro-
tation of the potential distribution and the zero-volt line between the two boundary con-
ditions. Reprinted from reference 35, with permission of /EEE Trans Biomed Eng.

Figure 11. The dye fluorescence image of the epicardial surface of an isolated rabbit
heart during an intracardiac defibriliation-strength anodal shock. A. The heart is
pressed against a glass plate to produce a horseshoe-shaped depolarized region (yel-
low) surrounding a hyperpolarized one (blue). B. The heart is suspended freely in the
bath, and only depolarization is evident on the epicardium.
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pattern shows a horseshoe-shaped depolarized region surrounding a nega-
tively polarized region. Such an epicardial observation of bipolar response
from endocardial shocks is consistent with the result obtained in the right
ventricle by Efimov et al.3” However, when the heart was suspended in the
bath without being pressed against the frontal window, the tissue response
did not show such a horseshoe pattern (Fig. 11B), and the negative polar-
ization cannot be observed from optical recordings on the epicardium.

The difference between these two epicardial responses could be the
result of 1) changes in the propagation of direct activation during the
shock, or 2) differences between the heart-medium interface through the
action of pressing the heart against the frontal window. Using high-speed
imaging at 1200 fps with a frame interval of 0.8 ms, we observed the pro-
gression of tissue response during the shock. The results showed that the
negative polarization was not detectable with our instrumentation when
the heart was freely suspended in the bath. Therefore, we conclude that
the high impedance created by the heart-plate interface is responsible for
the bipolar response as shown in Figure 11A, in that the plate serves as a
no-current boundary and prevents current from leaving the bidomain at
the epicardium and from producing a large transmembrane potential
change at the monodomain/bidomain interface.

For the first time, the ability to observe regions of depolarization and
hyperpolarization during the shock and to identify these in terms of vir-
tual anodes and cathodes had made possible the detailed examination of
the mechanisms by which a defibrillation shock alters the state of cardiac
tissue over large regions of the heart. Studies by the group of Efimov37:38
as well as those studies reported in this chapter demonstrate that the trans-
membrane potential distribution on the epicardial surface depends upon
whether the heart is hanging free in a bath or pressed up against an insu-
lating window. Mathematical modeling by Latimer and Roth3% confirms
that the epicardial potential distribution is altered significantly between a
surrounding material of air or saline. All of these observations suggest that
interpretations of transmembrane potentials on the epicardial surface dur-
ing defibrillation are strongly affected by the surrounding environment.
We conclude from these studies that investigators studying defibrillation
mechanisms must be aware that the transmembrane potential distribu-
tions on the epicardial surface depend upon the electrical conductivity of
the surrounding medium.

The Role of the Bidomain Model
in Cardiac Defibrillation

In the past few decades, a trend in defibrillation research has been es-
tablished toward the understanding of mechanistic shock action. Chrono-
logically, the proposed defibrillation mechanisms include total extinction,38
critical mass,2041 upper limit of vulnerability (ULV),%2 and synchronization
of repolarization.* Other defibrillation mechanisms, including more spec-
ulative ones such as perturbation of chaotic systems,* generated a lot of
interest, and experimental results have been gathered to support the chaotic
nature of ventricular fibrillation.45:46
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The relationship between defibrillation energy or voltage or current
and the likelihood of success has been found experimentally to be well de-
scribed by a sigmoid-shaped curve, reflecting a probabilistic function.4”
Actual defibrillation thresholds (DFTs) must be determined experimen-
tally, and even mathematical models of defibrillation current distributions
require empirical calibration.*8 Surprisingly, there is no theory or mathe-
matical model that provides a first-principles connection between the vast
knowledge of cellular cardiac electrophysiolo gy and the growing under-
standing of fibrillation and defibrillation. Today, there are no models that
can predict, from a description of ion channel kinetics, the response of a
fibrillating heart to a defibrillation shock. The role of tissue anisotropy in
the distribution of defibrillation currents is unknown.

It is no coincidence that the progress in defibrillation research is tightly
coupled to the capability of the research instrumentation, especially the
exponential increase over the years in the number of recording sites on the
heart. It is through the advances in instrumentation that many different lev-
els of defibrillation mechanisms can be pursued.#® By recording simulta-
neously from a large number of sites, more global information, such as reen-
trant conduction pathways, location of the ectopic focus, or wave front
curvature, can be investigated. The hypotheses of total extinction and crit-
ical mass were proposed when only a small number of recording sites were
available. Such views have led to the argument over continued versus re-
generated fibrillation wave fronts.59.51 In contrast, the ULV hypothesis has
been studied extensively by the group of Ideker and Chen,%24950 with an
electrical mapping system of more than 200 recording sites. This hypothe-
sis has significant clinical implications because a correlation between ULV
and DFT has been suggested.*2 However, the ULV hypothesis has been
reevaluated recently, in theory and in experiment,52-53 as a result of rare ex-
perimental observations of critical point formation resulting from delivered
shocks, and also due to the dynamic variation of isocontours during the
shock. The ability to record the transmembrane potential using optical
recording techniques has led to a recent hypothesis of synchronization of
repolarization.*3

Of all of the questions presented by cardiac defibrillation, the most
fundamental relates to the interaction between the electrical field of the
shock and the transmembrane potential of individual cardiac cells. It is
well recognized that the myocardial syncytium has cablelike properties,
including an exponential drop in transmembrane potential with distance
from an extracellular electrode, described by a length constant of 1 or 2
mm. Hence, during a defibrillation shock, one might expect that cells only
within a few length constants of the electrodes would experience appre-
ciable changes to their transmembrane potential, and that the bulk of the
heart would be unaffected. However, it is clear that a sufficiently strong
defibrillation shock, delivered by some combination of transthoracic, epi-
cardial, or intracavitary electrodes, can render virtually all of the heart
transiently unexcitable.

Obviously, changes in transmembrane potential are required to ren-
der cardiac tissue unexcitable, but a uniform cable can carry large amounts
of current, appropriately distributed between the intracellular and extra-
cellular spaces, without requiring transmembrane potential differences
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beyond several length constants from the electrodes. One hypothesis to ad-
dress this problem was advanced 10 years ago: with the sawtooth mecha-
nism, the discrete cell-to-cell resistance at the gap junctions causes each cell
to be depolarized and hyperpolarized on opposite ends.5455 If the sawtooth
has sufficient amplitude, one end of each cell would be depolarized above
threshold, and the resulting sodium influx would then depolarize the entire
cell. This could provide a possible explanation of how a shock can activate
a large volume of tissue. Despite its theoretical plausibility and observation
of the phenomena in a single, isolated myocyte®857 and a single strand of
myocytes,38 the search in real tissue or in wider cultured strands for this spe-
cific sawtooth excitation has been unsuccessful, 5960 apparently because the
staggering of adjacent myocardial cells provides shunt pathways across the
high-resistance cell junctions, thereby attenuating the sawtooth amplitude.

An alternative bidomain mechanism for the interaction of defibrilla-
tion shocks with bulk myocardium was suggested by Trayanova and col-
leagues®!: the curvature of the cardiac fibers and the un equal anisotropy
ratios cause depolarization and hyperpolarization throughout the heart, in
that as the applied stimulating currents transverse the heart, they en-
counter fibers at different orientations, which would induce a redistribu-
tion of current between the intracellular and extracellular spaces and a
concomitant change in the transmembrane potential. Their analysis also
predicted that the transmembrane potential at the heart surface is quite dif-
ferent from the transmembrane potential below the surface. The differ-
ences may be so large that the surface may be depolarized while the bulk
of the tissue is hyperpolarized.

Another bidomain mechanism has been proposed to explain the de-
fibrillation of bulk myocardium. Under the syncytial heterogeneity hy-
pothesis,%? localized heterogeneities in the cellular volume fraction (the
ratio of intracellular to extracellular space in a given element of myocar-
dial tissue) at the level of a few percent could lead to current redistribu-
tions that are sufficient to depolarize the tissue. This hypothesis can be
generalized to include localized heterogeneities of any number of bido-
main parameters, or even millimeter-scale changes in tissue connectivity
or conductivity. Thus, it appears that the bidomain model and the under-
lying tissue anisotropy may hold the answer to the fundamental questions
of how strong shocks can inactivate most of the heart.

As a first step toward quantifying shock-tissue interactions during de-
fibrillation, we have used optical imaging of the epicardial transmembrane
potential V, during far-field stimulation.83 Langendorff-perfused, di-4-
ANEPPS-stained, isolated rabbit hearts with atria excised were immersed in
a 10X10X 15 cm? bath of Tyrode’s solution. Following 20 right ventricular
pacing pulses at a constant cycle length of 500 ms, a diastolic 1-ms S2 was
delivered to plate electrodes at the ends of the bath to produce horizontal
shock fields of 3.3, 6.7, or 10 V/cm. High-speed optical imaging at 322
fps measured V,, changes during and after S2. The heart axis was at either
0°, 45°, or 90° to the vertical. The prompt response of V,, was recorded in the
frame taken during S2. To detect shock-induced asymmetries in V,,, we cal-
culated the x and y components (p, and py) of the dipole moment ‘of the Vi
image by integrating the prompt-response image intensity weighted by the
x or y distance from the center of a pre-S2 image. Figure 12 shows the
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Figure 12. The prompt response of an isolated rabbit heart to field stimulation by a
horizontal electrical field at three different angles and shock polarities (+10 V/cm).
Red/yellow is depolarization. For 90°, +10 V/cm, the valve ring may block the field.
Otherwise, the pattern is clearly determined by the orientation and sign of the field and
not the orientation of the heart, consistent with the monodomain/bidomain boundary
between the surrounding bath and the heart.

prompt responses of shocks delivered horizontally with the heart at three
angles. Spherical and ellipsoidal models of cardiac shock response using a
bidomain with unequal intracellular and extracellular anisotropy ratios and
fiber curvature predict that the dominant epicardial effect arises from the
monodomain/bidomain interface, which to first order is independent of the
orientation of the underlying fibers. As a result, the cardiac surface facing
the cathodal electrode would exhibit depolarization while the surface fac-
ing the anode would hyperpolarize.61.64 If macroscopic or cellular conduc-
tivity discontinuities play the dominant role in defibrillation, prompt de-
polarization would be expected on both sides of the heart. Our data show
that p, is determined by shock strength and polarity; our data are not yet ad-
equate to ascertain whether we can detect secondary, fiber orientation ef-
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fects, in the form of a p, dipole moment or curvature of the isopotential line
between the depolarized and hyperpolarized regions of the epicardium. We
are continuing with these experiments, and are devising experimental con-
figurations for which the boundary effects should be smaller than those due
to bidomain anisotropies or heterogeneities.

Conclusions

Over the past decade, a variety of linear and nonlinear bidomain mod-
els have been developed.!1.1214-17.23,65.66 New instrumentation and exper-
imental techniques have been devised to test quantitative predictions by
these models, and we have conducted a series of in vitro experiments to
provide qualitative and quantitative tests of most of the specific predic-
tions of the bidomain model. The results present convincing evidence that
at the spatial scale of 1 mm and larger the bidomain model accurately de-
scribes the electrical behavior of cardiac tissue, particularly its response to
strong electrical shocks. The bidomain model with unequal electrical
anisotropies has been used to make a number of surprising and nonintu-
itive predictions that were not anticipated by earlier models, such as the
existence and shape of virtual cathodes and anodes, which were subse-
quently confirmed experimentally. The unequal anisotropy bidomain
model provides the first explanation of how cathodal and anodal make and
break stimuli induce propagating activation. The experimental confirma-
tion of quatrefoil reentry is the capstone of these predictions.

The bidomain model has led to the replacement, during excitation
from a point source of strong currents, of the traditional concept of an el-
liptical excitation wave front with a cloverleaf, or dog-bone, excitation pat-
tern.11:23 Furthermore, the shock effects from either far-field shock elec-
trodes, epicardial patches, or internal coil electrodes have been shown to
be consistent with bidomain predictions.37:6367-69 ]t is important to em-
phasize that the phenomena that validate the bidomain model all result
from differences in the electrical anisotropy of the electrical conductivi-
ties of the intracellular and extracellular spaces. Because of these differ-
ences, the spatial distribution of stimulus currents will differ between the
two spaces, which in turn leads to previously unexpected transmembrane
potential distributions. These phenomena in turn have led to the revision
of several historical concepts in cardiac electrophysiology, including de-
fibrillation mechanisms. A representative case is the reevaluation of the
critical point hypothesis,’87% which was based on simple excitation and
repolarization gradients to determine the intersecting singularity points.
The complex rather than simple pattern of excitation gradients will make
it necessary to review this important hypothesis in fibrillation and defib-
rillation theory.52

Given the recent demonstrations of the cardiac bidomain response and
the growing acceptance of the bidomain concept in the cardiac electro-
physiology community, it is worthwhile to contemplate the future contri-
butions that such a model may offer. Historically, the electrical behavior of
the membrane of isolated cardiac myocytes has been studied using patch-
clamp recordings and carefully designed current and voltage protocols. The
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immediate response of cardiac tissue to electrical stimulation, as occurs
during pacing and defibrillation, has been studied with micropipettes that
measure the transmembrane potential, V,,, of a single cardiac cell, or with
dye/fluorescence techniques that record from a number of adjacent cells, or
with macroscopic electrodes that are placed within the myocardium or on
the epicardial, endocardial, or torso surfaces. The models used to explain
the resulting data have a similar span in spatial scales and describe, for ex-
ample, the kinetics of single ion channels or the movement of activation
wave fronts through the heart. The challenge facing defibrillation research
is to couple channel-scale and cellular-scale observations to those of the
whole heart, recognizing that in fibrillation all scales are active: from the
single channel to the macroscopic geometry of the reentry pathways.
Thus, a detailed understanding of the propagation of electrical activ-
ity through ventricular myocardium requires a knowledge of both the elec-
trical behavior of an individual cardiac cell and the role of the cardiac syn-
cytium that couples together the 4 billion cells that form the ventricles. A
similar range of scales occurs in atrial fibrillation. Over the past decade,
patch-clamp techniques, coupled with molecular biology, have been pro-
viding an increasingly clear picture of ion channel structure and the role
of specific ion channels in the cardiac action potential. Progress has been
slower in combining this knowledge with models of myocardial tissue,
primarily because of the formidable computational challenge imposed by
the requirements for 10-um spatial discretiza tion and 5-us time steps in a
simulated block of myocardium, no less the entire heart. At present, mod-
els that support active propagation of wave fronts are discretized at the
scale of a millimeter, and hence cannot include cellular level effects such
as the explicit role of intercellular discontinuities and intracellular gradi-
ents in voltage or channel density. Although the spatial resolution and
geometric and physiological complexity of models is continually increas-
ing, it is unlikely that a single model will be able to span between the ion
channel and the whole heart. Given the present impossibility of such a cal-
culation, the bidomain model offers great promise as a physiologically re-
alistic intermediate step to link the submicron spatial scale associated
with molecular electrophysiology to the 10-cm spatial scale of macro-
scopic electrical behavior of the intact heart. Toward this end, the bido-
main model has already far exceeded the ability of other madels to make
quantitative predictions regarding cardiac electrical activity that subse-
quently have been verified experimentally. The coupling of realistic bido-
main models of the entire heart with detailed electrophysiological models
of the cardiac membrane promises to be a fruitful area of cardiac research.
From this perspective, there are a number of questions that remain to
be answered, about the bidomain model and about cardiac electrophysi-
ology. At issue are concerns such as how best to describe the actual car-
diac syncytium at all spatial scales, how spatial variations in electrical
anisotropies, other bidomain parameters, and tissue macrostructure affect
propagation of depolarization and the spread of repolarization, and how
myocardium responds to external electri cal stimuli of differing time
courses. The clinical cardiac literature is replete with observations of elec-
trophysiological phenomena that have defied theoretical explanation,
such as the strength-interval characteristics of two sequential stimuli and
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the differences in threshold for monophasic and biphasic stimuli. Other
areas of interest include the exact angular dependence upon conduction
velocity, wave front curvature during collisions, and the effect of the con-
ductivity of the medium surrounding the heart on both propagating action
potentials and defibrillation shock distributions. Some phenomena, such
as the directional dependence of the rate of rise of V,, have been addressed
with models that may be unnecessarily complicated or whose wider impli
cations are not fully understood, such as cardiac models with large num-
bers of discrete cells. As the role of individual ion channels is described
in finer and finer detail, the severity of the gap between our understand-
ing of the molecular electrophysiology of the heart and our knowledge of
how the ~10° cardiac cells interact to form the heart is becoming more
pronounced. Reentrant phenomena that exist at spatial scales of 1 mm to
1 cm will undoubtedly be governed by both ion channel kinetics and the
nature of the 3-dimensional cardiac cable, which in some cases must in-
clude local heterogeneities. Addressing these questions and others will re-
quire further refinement of the advanced optical, electrical, and magnetic
recording techniques developed so far, and may require extension of the
bidomain model to include the effects of regional heterogeneities and dis-
continuities in tissue conductivity.
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