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Virtual Electrodes in Cardiac Tissue: A Common Mechanism for Anodal

and Cathodal Stimulation

John P. Wikswo, Jr., Shien-Fong Lin, and Rashida A. Abbas
Living State Physics Group, Department of Physics and Astronomy, Vanderbilt University, Nashville, Tennessee 37235 USA

ABSTRACT Traditional cable analyses cannot explain complex patterns of excitation in cardiac tissue with unipolar,
extracellular anodal, or cathodal stimuli. Epifluorescence imaging of the transmembrane potential during and after stimulation
of both refractory and excitable tissue shows distinctive regions of simultanecus depolarization and hyperpolarization during
stimulation that act as virtual cathodes and ancdes. The results confirm bidomain model predictions that the onset (make) of
a stimulus induces propagation from the virtual cathode, whereas stimulus termination (break) induces it from the virtual
anode. In make stimulation, the virtual anode can delay activation of the underlying tissue, whereas in break stimulation this
oceurs under the virtual cathode. Thus make and break stimulations in cardiac tissue have a common mechanism that is the
result of differences in the electrical anisotropy of the intracellular and extracellular spaces and provides clear proof of the

validity of the bidomain model.

INTRODUCTION

Cardiac tissue can be stimulated electrically with the onset
(make) or termination (break) of an electrical current that is
applied with either a negative (cathodal) or positive (anodal)
electrode (Dekker, 1970). However, classical, one-dimen-
sional cxcitable cable theory cannot explain either anodal
make or cathodal break stimulation in cardiac tissue. It has
been assumed historically that cathodal make stimulation
simply involves the direct depolarization of the cardiac cells
immediately adjacent to the stimulating electrode and the
subsequent opening of the activation, or m-gates of the
transmembrane sodium channels, In the resting squid giant
axon, a prolonged hyperpolarizing (anodal) stimulus opens
the inactivation (or h-gates of the Na channels} such that
when the anodal stimulus is terminated, the transmembrane
potential V,,, overshoots the resting value and produces
anodal break cxcitation. However, this mechanism cannot
explain anodual break excitation in cardiac muscle because
there is little if any resting inactivation of the sodium
channels (Beeler and Reuter, 1977; Ebihara and Johnson,
1980).

In this paper, we report a series ol experiments in
which we used epifluorescence imaging technigues to
record directly the transmembrane potential distribution
in the immediate vicinity of an electrode that injected
current into the tissue. We present data that confirm
unequivocally our earlier prediction using the cardiac
bidomain model that point injection of either anodal or
cathodal current into resting cardiac tissuc produces si-
multancously virtual cathodes and anodes that are the
result of diffcrences in the anisotropy of the electrical
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conductivity of the intracellular and extracellular spaces
of the cardiac syncytium. We show that cathodal make
stimulation is more complex spatially than expected from
classical models of cardiac tissue, and that the primary
distinction between cathodal make and anodal makc cx-
cilations is which regions of tissue comprise the virtual
anode and the virtual cathode. We also demonstrate that
cathodal- and anodal break stimulations occur at the
virtual anode. Because thesc cxperiments were conducted
to verify specific theoretically predicted phenomena, we
first review the cardiac bidomain model and the relevant
predictions.

THEORY

There have been extensive theoretical analyses in which the
cardiac syncytium is modeled as two superimposed intra-
cellular and extracellular domains, each with its own aniso-
tropic electrical resistivity (Muler and Markin, 1977a,b,c;
Tung, 1978, Geselowitz and Miller, 1983; Plonscy and
Barr, 1984; Roth and Wikswo, 1986; Scpulveda and Wik-
swa, 1987). Inn these bidomain models, the distinel intracel-
lular and extracellular conducling spaces are separated by
cell membrane to form an anisotropic, three-dimensional
cable or bidomain, Based upon experimental studies (Clerc,
1976), the electrical conductivities of the intracellular and
extracellular spaces have differing anisotropies: oy, = 0.17
S/m, ry = 0.019 S/m; o, = 0.62 8/m;and o, = 0.24 (1 =
intracellular, e = extracellular, € = longitudinal, ¥ = trans-
verse). The anisotropy ratios for the two spaces (oy/oy, =
8.9 and o 4o, = 2.5) ditfer, and 1t is just this difference
that is responsible for the effects wc report.

Equal anisotropy models

Despile the experimental evidence to the contrary, much of
the early theoretical work with bidomain models assumed
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for computational convenience that the anisotropy ratios for
the intracellular and extracellular spaces were equal. These
studies found minimal departures from monodomain mod-
els (Eisenberg et al., 1979; Henriquez and Plonsey, 1990a,b;
Trayanova, 1994). As shown in Fig. 1 A, a model with equal
anisotropy ratios for the electrical conductivities of the
intracellular and extracellular spaces of the cardiac syncy-
tium predicts that a strong cathodal make stimulus applied
to the point electrode (black dot) would produce an oval-
shaped region of tissue (vellow to orange), termed the
virtual cathode, that is directly depolarized by the stimulat-
ing current. Activation would propagate outward from the
edge of the virtual cathode, as shown by the curved yellow
lines that correspond to the activation wave fronts separated
by 2 ms. In this equal-anisotropy model, an anodal stimulus
would produce a virtual anode of the same shape as the
shaded ellipse, but the tissue inside the virtual anode would
be hyperpolarized instead of depolarized, and there would
be no propagating action potential.

FIGURE 1 A schematic representation of the the-
oretical predictions of action potential propagation
for point stimulation of cardiac tissue (based upon
Sepulveda et al., 1989; Roth and Wikswo, 1994;
Roth, 1995a). (A) Cathodal make stimulation in an
equal-anisotropy model. An elliptical region of tissue
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
(vellow 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 velocity, the wave front
would become elliptical by the time it was 5 mm
from the stimulus electrode. (C) The same model as
in (B), but for anodal make stimulation. A pair of
action potential wave fronts propagating outward
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
anodes (blue) along the fiber direction. (£) Anodal
break stimulation, in which initial activation
progresses transverse to the fibers from the dog-bone
shaped virtual anode (blue).
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Unequal anisotropy models

When the more realistic, differing anisotropy ratios are used
for the intracellular and extracellular spaces, the model
calculations are more difficult because it is necessary to
solve a pair of coupled, nonlinear partial differential equa-
tions over the region modeled, rather than a single equation.
Our two- and three-dimensional models predict a number of
unexpected phenomena (Sepulveda et al., 1989; Roth and
Wikswo, 1994; Wikswo, 1994a). From the perspective of
cathodal and anodal make and break stimulation, the most
important of these is that the point injection of cathodal
current into cardiac muscle would produce a region of
directly depolarized tissue (virtual cathode) as well as two
regions of directly hyperpolarized tissue (virtual anodes)
with complex geometrical shapes that are determined by the
differences in the electrical anisotropies of the two domains.
As we will show below, with cathodal or anodal make
stimulation, action potentials propagate away from the vir-
tual cathode and are delayed or possibly blocked by the

Depolarized

Resting

L

Hyperpolarized

"\\\;\,

Anodal Make_ /

Anodal Break




Wikswo et al.

virtual anode. These effects are not predicted by models
with equal anisolropy ratios,

Cathodai make stimulation

For strong cathodal stimuli, as shown in Fig. 1 B, we
predicted that the virtual cathode (vellow to orange) would
be shaped like a dog bone aligned transverse to the fiber
direction, with an adjacent pair of virtual anodes (blue)
displaced from the stimulating electrode along the fiber axis
(Seputveda et al., 1989; Roth and Wikswo, 1994). The early
activation wave front is also dog bone shaped, and propa-
gation along the fiber direction is delayed so that the dog
bone shape is maintained until the wave front has passed
beyond the originally hyperpolarized, virtual anode regions.
Measurements made at distances greater than 5 to 10 mm
from the stimulus electrode would simply detect an ellipti-
cal activation wave front.

Anodal make stimulation

As shown in Fig. 1 , model calculations have also
predicted that with a strong, short anodal stimulus ap-
plicd to resting tissue, the central dog bone shaped region
beneath the stimulus electrode is now the virtual anode
(blue), and morc importantly, there would be a pair of
adjacent virtual cathodes (erange) on cither side of the
virtual anode. If the stimulus is strong cnough that the
depolarization at the virtual cathodes reaches threshold
Ievels, a wave [ront ol activation is initiated in the
longitudinal direction {rom the cuter edge of each of the
virtual cathodes. Propagation in the transverse direction
is delayed until the hyperpolarization at the virtual anode
has decayed. Eventually, the two wave fronts moving
outward from the virtual cathodes merge to form an
elliptical wave front that has a greater eccentricity than
that produced by cathodal make stimulation. Because of
the dependence of conduction velocity on both fiber
direction and wave front curvature, this ellipse will be-
come less eccentric as it propagates outward, so that by 1
cm from the stimulus, the cathodal make and anodal
make wave fronts will be virtually indistinguishable.
Hence activation begins at the edge of the virtual cathode
for both cathodal and anodal make stimulation. Fig. 1, B
and C, shows the novel prediction of unequal anisotropy
maodels that anodal stimulation produces virtual cathodes.

Cathodai break stimulation

The bidomain model predicts that the virtual anode in
Fig. 1 D provides the mechanism for cathodal break
stimuiation (Roth, 1995a). Cathodal break activation is
generated with a long cathodal stimulus (52) that is
initiated during the refractory period of the action poten-
tial elicited by a preceding, short cathodal stimulus (S1),
so that S2-make cannot activate the tissue. Cardiac tissue
is inexcitable unless the sodium inactivation gates are
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open (Beeler and Reuter, 1977), which occurs at trans-
membrane potentials less than approximately —70 mV.
Because the virtual cathede from S2 is strongly depolar-
ized, the tissue within the virtual cathode is inexcitable;
the virtual anode is, however, weakly hyperpolarized so
that the sodium-inactivation gates are opened before the
terimination of the 52 stimulus. After the end of 52, large
spatial gradients in V should cause diffusion of positive
charge into the hyperpolarized virtual anode (Barach and
Wikswo, 1992), which is transiently depolarized by this
charge. Propagating activation is initiated at the virtual
anode (blue) after a latency and does not propagate into
the depolarized virtual cathode (vellow to orange), except
at the ends furthest from the stimulus (Roth, 1995a).

Anodai break stimuiation

A reversal of stimulus polarity exchanges the virtual
cathode for a virtual anode and vice versa (Fig. | E), so
that anodal break stimulation occurs by a mechanism
similar to that for cathodal break stimulation. However,
because the anodal dog bone is morc strongly hyperpo-
larized than the adjacent virtual cathodes, the virtual
cathodes contain insufficient charge to transiently depo-
larize the virtual anode, and the active membrane prop-
erties are necessary to cxplain anodal break stimulation.
The membrane resistance (and thercfore the RC time
constant) is smaller for hyperpolarized membrane than
for depolarized membrane because of inward rectifying
K™ channcls (Roth, 1995a). The hyperpolarization there-
fore deeays more rapidly, allowing the depolarization of
the virtual cathode to diffuse into the hyperpolarized
virtual anode sufliciently to transiently depolarize the
lissue. Activation spreads initially in the transverse di-
rection only because the inactivation gates of the tissue in
the longitudinal direction are still closed because of de-
polarization at the virtual cathode. After a latency, a pair
of short wave fronts move transversely out of the ends of
the dog-bone-shaped virtual anode and subsequently
grow quickly along the fiber direction. As before, the
wave fronts would merge to form a closed wave front
only after the activation has progressed beyond the vir-
tual cathodes (yellow fo corange) along the fiber axis
(Roth, 1995a). Cathodal and anodal break stimulation do
not occur in space-clamped tissue and hence are the result
of the syncytial properties of the tissue and not the cell
membrane alone. The complex patterns of virtual elec-
trodes in the cardiac syncytium have not been visualized
previously, nor have their varied roles in the initiation of
activation from cathodal and anodal make and breuak
stimulation been established experimentally.

MATERIALS AND METHODS
Imaging system

The imaging system consisted of a high-sensitivity coaled CCD camera
with 12-bit resolution (Astromed Model 4100) and a 50-min 1.8 objeclive
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lens (Pentax), a 2-W argon laser with a 514-nm wavelength, a computer
equipped with a frame-grabber board for acquiring digita! images, and a
separate computer that gencrated timing for the procedure. The duration of
the CCD exposure was controlled by an acousto-optical beam deflector
(NEOS N23080, Melbourne, FL) with an activation time in the microsec-
ond range. Pixel images (100 X 100) covering a 7.5 mm X 7.5 mm field
of view were taken with a 0.5-ms CCD exposure. The depth of focus of the
imaging setup was approximately 2 mm.

Heart preparation

White New Zealand rabbits weighing 2 to 3 kg were preanesthetized with
intramuscular ketamine (50 mg/kg). Intravenous sodivm pentobarbital (50
mg/kg) containing 2000 units of heparin was given for anesthesia. The
hearts were removed guickly, mounted on a Langendorff apparatus, and
perfused with Tyrode’s solution containing 130 mM NaCl, 4 mM KCI, 11
mM dextrose, 1.8 mM CaCl,, 0.6 mM MgCl,, 24 mM NaHCO,, and 1.2
mM NaH,PO, at pH 7.4. The Tyrode’s solution was maintained at 37°C
and was saturated with a 95% 0./5% CO, gas mixture. All experiments
were conducted in accordance with National Institutes of Health regula-
tions for the ethical use of animals in rescarch and were approved in
advance by the Vanderbilt Institutional Animal Care and Use Commitlee.

The experiments were performed on the left ventricle of Langendorff-
perfused isolated rabbit hearts. The voltage-sensitive dye di-4-ANEPPS
(Molecular Probes, Eugene, OR) was added to the Tyrode’s solution,
which perfused the heart at a concentration of 0.5 M. The dye molecules
bind to the cell membrane and, when excited by blue-green light, emit red
fluorescence with an intensity proportionat to the transmembrane potential
(Cohen and Lesher, 1986). Diacetylmonoxime (15 mM) (Sigma) was
added to the Tyrode’s solution to block muscle contraction. The isolated
heart was pushed gently with a plastic supporting plate against another
plastic plate with a circular opening to provide a reflection-free window for
imaging the heart. A pair of platinum wires mounted along the edge of the
window were used for S| stimulation to provide refractory tissue for the $2
stimulation. The S2 stimuli were delivered through a teflon-insulated,
100-pm platinum wire wound two and a half tarns around a supporting
suture that was stretched across the window. The teflon insulation was
removed from a central kink in the wire to allow the platinum to contact the
epicardium over an area of 100 pm by 200 pum. A l-cm-diameler spiral of
silver wire situated at the center of the supporting plastic plate on the
apposite side of the heart was used as the reference electrode for S2
stimulation.

Stimulation and image acquisition
Refractory lissue

The heart was paced at a constant rate (typically 120180 beats/min) with
a train of pacing (S1) stimuli applied to the electrodes at the edge of the
field. After the heart reached steady-state response, a baseline, resting
image was acquired at a time ¢ = £, just before an St stimulus. Five more
81 stimuli were applicd. An 82 stimulus was delivered to the refractory
tissuc by the central clectrode 78 ms after the last S1. The second,
refractory image was acquired during the first 2 ms of 52. This process was
repeated until we had acquired eight image pairs. To correct for spatial
variations in tissue illumination and fluorescence, the images recorded after
a stimulus were divided by the preceding baseline image. As described in
detail below, the images were also corrected for fluctations in laser
intensity. The cight corrected images were then averaged. The resulting
transmembrane potential images were digitally filtered with a Wiener
adaptive spatial filter to enhance the signal-to-noise ratio (Lim, 1990). To
prevent the filter from spreading the 1-to-4 pixcl-wide image of the
stimulus wire that spanned the middle of the image, those pixels were
removed digitally and replaced with normally distributed random numbers
with a mean and a variance equal to those of the neighboring pixels so that
they would not affect the adjacent pixels during subsequent filtering. A
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fuint indication of the vertical wire can be seen in several of the images
presented in the Results.

Make excitation

Similar methods were used to image activation after make excitation of
resting cardiac tissve, except that S1 was delivered from the ceniral
clectrode and the tissuc responsc to S| was recorded. Because of the
limitations of the camera frame rate, we used boxcar averaging techniques
to acquire a series of sequential, synchronized images that were effectively
separated by 2 ms. The heart was paced at a constant rate (typically 120 to
180 beats/min) from the central electrode with a train of 1-ms pacing (51)
stimuli. After sleady state was reached, a baseline image was acquired just
before an S1 stimulus, the second image (0 ms) during the next S1
stimulus, the third image (2 ms) 2 ms after the third S1, and so on. Bight
images at each of six sequential times were recorded over a total of 48
stimuli. For each time, the eight images were averaged and divided by the
baseline image. All images were spatially filtered as described above. For
anodal 81 stimuli, bipolar recording electrodes at the edge of the window
were used to confimn that anodal stimulation occurred at the central
electrode and did not propagate into the tissue from the distant, cathodal
electrode.

Breai excitation

Boxcar averaging techniques similar to those used for make excitation
were used for break excitation, but with a different stimulation protocol.
After steady state was reached, the heart was paced with a train of six
4-ms S1 stimuli followed by a single 150-ms to 180-ms S2 stimulus.
The baseline image was acquired just before the last S1. There would
then be six more S1 stimuli; the second image was recorded at the end
(break) of the second S2; there would be six more §1 stimuli; the third
image was acquired 3 ms after the second §2, and so on. The process
was repeated until four images at each of eight sequential times had
been acquired over a total of 224 stimuli. The image processing was as
described above. To ensure that the S2 stimulus onsct occurred during
the refractory (unexcitable) period from the preceding S1 stimulus,
51-S2 intervals of 100 ms and 80 ms were used for cathodal break and
anoedal break stimulation, respectively, and a long {180 ms and 150 ms}
S2 duration allowed the cathodal break and anodal break to oceur when
the tissue was fully excitable.

The need for strong stimuli

Weak cathodal stimuli will produce propagated activity from a small
virtual cathode, with a size at threshold given by the liminal length. As
predicted by the model, the dog-bone-shaped virtual cathode is present
only for strong cathodal stimuli. Anodal make and both cathodal and
anodal break stimulation require strong virtual cathodes and anodes and
hence high stimulus strengths. Break excitation requires that these
stimuli be applied for longer than 150 ms. However, repeated applica-
tion of long stimuli many times the threshold intensity can result in
tissue damage under the electrode. We found that, for the cathodal and
anodal make experiments, a stimulaticn current of 10 mA was a good
compromise between large virtual cathodes and anodes and minimal
tissue damage. For the break experiments, bubble formation under the
electrode was a direct result of electrolysis due to the long duration of
stimulation currents and suggests the possibility of underlying tissne
damage. The advantage of our imaging approach, in contrast to earlier
experiments using fixed electrode arrays with off-line data analysis, is
that cumulative tissue damage from repeated stimulation could be
identified immediately from the images of the membrane potential
distribution as areas having 4 stationary level of [luorescence and hence
not supporting an action potential. The resulting images in which tissue
damage could be identified were discarded, and the heart was reposi-
tioned to study an undamaged region of tissue.
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Image rotation and normalization

Each of the four different modes of excitation was observed in multiple
experiments. Although the shapes of the virtual electrodes and the subse-
quent activation patterns were qualitatively consistent between experi-
ments, there wag some variability in the shape of the patterns both between
recording sites on an individual heart and between hearts. The fiber
direction and hence the virtual electrode oricntation relative to the camera
were different at each recording site. In addition, the tissue fluorescence
corresponding to maximum depolarization varied between recording sites
and animals. In our previous study of the virtual cathode (Wikswo et al,
1991), we used measurements of the virtual cathode at selected angles to
construct the average virtual cathode pattern and thereby average over
inter-experiment variation. In the present work, we have expanded upon
this approach to construct automatically a composite set of images repre-
senting the average sequence of activation for each mode of stimulation by
averaging the results of the appropriate experiments.

The first step was to align the images for each set of experiments. To do
this, we determined the x-y coordinates of the center of the central dog bone
in the first frame of a sequence by computing the center of intensity of the
dog bone, which is the mean of the intensity squared weighted by the x or
y ¢oordinate. To rotate the images to a common orientation, we determined
the longest axis of symmetry of the dog bone, corresponding to the
ditection trunsverse to the fibers, by first dividing the dog bone into right
and left halves as defined by a vertical axis through the center of intensity.
The coordinates of the center of intensity of each of these halves were
determined as before, and a least-squares fit through these two points and
the center of the dog bone determined the dog bone axis. We then
computed the angle between the dog bone axis and the horizontal axis of
the image. All images in a sequence were then rotated by this same angle
50 that the dog bone axis in the first frame was vertical. Thus the direction
of fast propagation, i.e., the fiber direction, is horizental in all frames of the
sequence. After rotating, the images were cropped to a 71 X 71 pixel
region centered about the center of intensity, so that all images would have
the same number of pixels regardless of the original orientation of the
pattern.

Becanse of inter-site and inter-animal ditfcrences in dye absorption and
fluorescence intensity, the averaging of images required that each image be
normalized beforehand, so that a pixel value of zero corresponds ta resting
tissue and a valug of 1 corresponds to maximum depolarization. The
fluarescence intensity F(xy¢) as measured in a single exposure of the
camera is determined by the transmembrane potential of the tissue Vix,y.1),
the spatially varying efficiency of fluorescence of the tissue F(x,y}, and the
time-dependent laser intensity L{#). Ideally, £(x,y) would be the same at all
values of x and y for homogeneously stained tissue, and L{#) would be a
constant for a perfectly stable laser and a totally repeatable acousto-optic
modulator; in our analysis, we account for non-ideal behavior of E(x,y) and
L), ie.,

F(x,y, 1) = LE(x, »)Vix, », 8. (1)

As stated above, we recorded a reference image F(x.y.5,) of resting tissue
att = t,, so that

F.(x,y,t) = LI)E(x, )V, {x, y. t.). (2

To eliminate the effects of spatial variations in fluorcscence due to tissue
inhomogeneities, i.e., £(x,y), the intensity of sach pixel of the image at time
t is divided by the intensity of the corresponding pixel of a reference image
of the same region at rest at ¢ = £,

F(x,y, OIF(x, y, 1)
= {LEULEIHY (x, y, DV (v, 6 (3)
We corrected for the laser fluctuations L(f) by identifying a 20 X 20 ¢luster

of N = 400 calibration pixels in each sequence of images for which the
tissue did not depolarize within the time interval examined. Typically,
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these pixels were located in one corner of the rotated images. The mean
intensity of the resting calibration pixels at points x,y, in the frame at time
tis given by

F.(t) = UNZ{LOE G, yo, Vi (xe yo D). (4)

If we assume that the tissue in the calibration pixels remains at rest
throughout the sequence, then V,(x,y.2) = V{(x.¥. 0, and it follows that
the effect of laser fluctuations can be eliminated by dividing each image by
the corresponding mean intensity of the calibration pixels

{F(‘x! y’ t)/FC (t)}/{Fr(x‘ y’ zl')/FC (tl.')}
=V, y, WV, (x 3. 8. (5

The commonly stuted measure of fluorescence is the fractional change in
fluorescence AF/F,

AFIF ={F(x,v,t) — F.(x, y, t)VF.(x, v, 1,)

=F(x,y, DIF(xy,1)— 1. (6)

When corrected for fluctuations in laser efficiency, the observed AF/F
cquals AV/V, or

AV(x,y, DV(x, y, 1)

= {F Oy, OIF(OMAF o, y, I () — 1. (D)

All that remains is to identify a constant X multiplying Eq. 7 for a particular
sequence such that all images in every sequence would span the same range
of intensity between resting and depolarized tissue, i.e., from 0 to 1. To do
this, we identify a cluster of pixels in an jmage at time #, that were
maximally depolarized by a propagating wave front {in contrast to those
depolarized directly by the stimulus pulse). It can be shown that for these
depolarized pixels

VK = {F(xd! Yas Id)/Fc(rd)}/{Fr(xd9 Yas tr)/FL(Ir)} - L (8)

The normalized image intensity {(x,y./) that we averaged across experi-
ments is thus

I(x.y, 8} = K[{F (x, y, OIF(OW{F {x, y, 1M1} — 11,

The images that corresponded to the standard deviation of the average
value of each pixel were also computed to determine the effects of
inter-site and inter-animal variation on cach average image. For the quan-
titative analysis of the virtual electrode shapes with the different stimuli,
the images from the second through fourth quadrants of the rotated and
normalized ¢t = 0 image for cach experiment were reflected across the x and
y axes before computation of the averages so that all data could be
combined into a single image in the first quadrant, as was done in our
previous unalysis (Wikswo et al,, 1991).

RESULTS
Refractory tissue

Fig. 2 shows images of the trunsmembrane potential
distribution for injection of cathodal and anodal current
into the depolarized, unexcitable epicardium of an iso-
lated perfused rabbit heart. The data are consistent with
both the numerical models (Sepulveda et al., 1989; Roth
and Wikswo, 1994; Wikswo, 1994a; Roth, 1995a) and
observations by cthers (Knisley et al., 1994; Neunlist and
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FIGURE 2 False-color images of the transmembrane potential associated with injection of current into refractory cardiac tissue. (A) The image for a —10
mA, 2-ms cathodal S2 stimulus 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 color bar shows the fractional change in fluorescence. (B) The complementary image
for a +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 virtual cathodes (orange).

Tung, 1994a,b, 1995; Knisley and Davis, 1994; Knisley,
1995), and validate our measurement technique.

Images from typical experiments

Our measurement techniques can also be applied to vi-
sualizing the propagation of activation after make exci-
tation of resting, excitable tissue. Fig. 3, A and B, shows
the initial activation patterns for anodal and cathodal
point stimulation, as well as the subsequent outwardly
propagating wave fronts with a frame interval of 2 ms. To
show the changes in transmembrane potential associated
with propagation, i.e., the additional tissue depolarized
since the preceding frame and hence the shape and width
of the propagating depolarization wave front, each aver-
aged image was subtracted from the following one. The
post-stimulus images shown for times greater than 0 ms
are these difference images. Cathodal stimulation (1 ms,
—10 mA) in Fig. 3 A shows a clear dog bone virtual
cathode and adjacent virtual anodes. By 2 ms, activation
has spread outward from the virtual cathode to tissue
within 2 mm of the stimulus site. The images at 4 and 6
ms show a central filament of delayed activation along
the fiber axis that overlies the region of the earlier virtual
anodes. The activation spreads past the virtual anode
region only by 8 ms, so that the filament disappears.
Fig. 3 B shows the complementary hyperpolarized, dog-
bone-shaped virtual anode transverse to the fiber direction,
and a pair of adjacent, depolarized virtual cathodes along
the fibers that were elicited by a 1 ms +10 mA anodal make
stimulus. These two virtual cathodes serve as the sites of
origin of an outwardly propagating action potential wave
front. At 2 ms, activation is expanding in all directions from
the pair of virtual cathodes, so that the activation along the
fiber direction is 50% further than for the cathodal make
stimulus of the same duration and strength in Fig. 3 A, while

it has progressed only half as far in the transverse direction.
The filament of delayed activation is again present for the 4
and 6 ms images, but is transverse to the fiber direction; it
has disappeared by 8 ms, when the activation has propa-
gated in the transverse direction beyond the area covered by
the dog-bone-shaped virtual anode. Because the propagat-
ing wave front at 8 ms originated from the pair of virtual
cathodes along the fiber direction, the anodal make wave
front has a greater eccentricity than that produced by
cathodal make, as shown by the theoretical predictions
(Roth, 1995a) in Fig. 1, B and C.

Fig. 3 C shows the result of cathodal break stimulation. In
the 0 ms frame immediately after the end of the 180-ms, —2
mA cathodal stimulus, the transverse dog bone virtual cath-
ode is depolarized, while the longitudinal virtual anode is
hyperpolarized. The circular, multicolored region at the
center of each frame is from bubbles at the electrode. The
virtual anodes and cathode are not apparent in the 3 ms
frame, and activation first appears in the 6 ms frame as a
pair of wave fronts propagating along the fiber direction,
originating after a one-frame latency from the site of the
virtual anode.

Fig. 3 D shows the results of anodal break stimulation. In
the 0 ms frame immediately after the end of the 150-ms, +3
mA anodal stimulus, the transverse dog bone virtual anode
is hyperpolarized, whereas the longitudinal virtual cathodes
are depolarized. Activation first appears in the 6 ms frame
as a pair of short wave fronts propagating transverse to the
fiber direction, originating after a one-frame latency from
the site of the virtual anode. These wave fronts move slowly
away from the electrode while extending quickly along the
fiber direction, eventually merging in the last frame to form
a closed, nearly elliptical wave front. A subsequent frame
(not shown) has a delayed longitudinal filament of activa-
tion due to the effects of the early, longitudinal virtual
cathodes.
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FIGURE 3 False-color images of the transmembrane potential associated with injection of current into fully repolarized, excitable cardiac tissue. The
number inside each frame is the time in milliseconds. Upper two rows: make stimulation. (A) Cathodal make stimulation with a 1-ms, —10 mA S1 stimulus
current; (B) 1-ms, +10 mA S1 anodal make stimulation of the same heart. Lower two rows: break stimulation. (C) 180-ms, —2 mA cathodal break S2
stimulation of another heart; (D) 150-ms, +3 mA anodal break S2 stimulation of a third heart. For each row, the leftmost images are at the end of the S2
stimulus (0 ms), and the other images were at 2-ms (A and B) or 3-ms (C or D) intervals thereafter. The direction of the epicardial fibers from lower right
to upper left is evidenced by the shape of the virtual electrode pattern and the elongation of the propagating wave front in the last two images of each

sequence. The color scale is the same as in Fig. 2.

Averaged propagation images from
multiple experiments

We conducted multiple experiments at a total of ten loca-
tions on seven rabbit hearts, so that we obtained images
suitable for averaging from eight cathodal make, eight an-
odal make, four cathodal break, and two anodal break
experiments, at a variety of stimulus strengths. (Make-
excitation stimulation experiments from multiple sites on 8
additional rabbit hearts and break-excitation experiments on
4 hearts were conducted with different experimental param-
eters that were not consistent with the images used to
compute these averages, or were eliminated because of the
possibility of tissue damage. The results of these experi-
ments, while consistent with the results we present, are not
included in this analysis). All of the data showed excellent,
qualitative agreement. The most obvious differences ob-
served were in the exact shapes of the virtual anodes and
cathodes and the wave fronts that propagated from them, as
would be expected, for example, from inter-animal varia-

tions in how coronary vasculature affected the images. In all
cases, the results were fully consistent with the theoretical
predictions. We used the image-processing techniques out-
lined in the previous section to compute the average and
standard deviation images for each type of stimulation for
those experiments that used the same stimulus strength. Fig.
4 shows the average and standard deviation images resulting
from cathodal and anodal make stimulation at =5 and =10
mA. The actual images rather than the difference images are
shown. The results are consistent with those in Fig. 3,
except that the later wave fronts are more spread out be-
cause of inter-site and inter-animal variations in conduction
velocity and excitability.

Cathodal make

The dog-bone-shaped virtual cathode is clearly evident in
the leftmost (+ = 0) cathodal make frames in the top two
rows of Fig. 4 A, with the dog bone shape and the adjacent
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FIGURE 4 (A) False-color images of the average transmembrane potential associated with injection of current into excitable cardiac tissue. Each
sequence represents the average of four separate experiments. The top two rows show cathodal make stimulation with a 1-ms stimulus current of —5 and
—10 mA. The bottom two rows show anodal make stimulation with a 1-ms stimulus current of +5 and +10 mA. The time in milliseconds is labeled below
the images with the + = 0 image acquired during injection of the stimulus current. Fiber axis is in the horizontal direction. The fractional change in
fluorescence, AF/F, as a fraction of the maximum change (which corresponds to fully depolarized tissue), is shown in the color bar. (B) False-color images
showing the standard deviation from the mean for each of the average images. The color scale and fiber orientation are the same as in (A).
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hyperpolarized virtual anodes along the fiber (horizontal)
axis being more prominent in the —10 mA image. The 8 ms
activation patterns are less elliptical for —10 mA stimula-
tion than for —5 mA, consistent with the larger dog bone
and stronger on-axis hyperpolarization. The web of delayed
activation is readily apparent in the 2 ms and 4 ms frames.
Because the dog bone virtual cathode is larger at —10 mA
than at —5 mA, more tissue is depolarized at 8 ms in the
transverse direction for the —10 mA stimulus; depolariza-
tion along the fiber axis is restricted by the pair of virtual
anodes and hence does not extend with increased /. The
standard deviation images in the top two rows of Fig. 4 B
show that the virtual electrodes are quite consistent for all of
the measurements, but differences in conduction velocity
cause the standard deviation to increase with time in the
vicinity of the edge of the depolarization wave front.

Anodal make

The lower two rows of Fig. 4 A show that anodal make
excitation occurs at the virtual cathodes adjacent to the
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FIGURE 5
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dog-bone-shaped virtual anode. As was the case for
cathodal make excitation, the virtual electrodes are larger,
stronger, and more clearly defined for the +10 mA stimu-
lation, and by 8 ms a larger area of tissue is activated for the
stronger stimulus, both longitudinally and, on either side of
the vertical axis defined by the virtual anode, transversely.
The standard deviation images in the lower two rows of Fig.
4 B confirm that the virtual electrode patterns are consistent
between animals and that the variation in conduction veloc-
ity leads to blurring of the depolarization wave front. The
right-left asymmetry of the later +5 mA, anodal make
images in Fig. 4 A is consistent with larger standard devi-
ations in the corresponding images of Fig. 4 B, apparently
because of an asymmetric tissue response in one of the
experiments.

Cathodal break

The top row of Fig. 5 A shows the averaged data for —2
mA, 180-ms cathodal break stimulation. The most strongly

1 mme—

| RN

u.———a

12 15ms

1.0 AF/F
(AF/F)max

(A) False-color images of the average transmembrane potential associated with break stimulation of cardiac tissue. The top row shows

cathodal break stimulation with a 180 ms, —2 mA S2 pulse and represents the average of four separate experiments. The bottom row shows anodal break
stimulation with a 150-ms, +3 mA S2 pulse and represents the average of two experiments. The time in milliseconds is labeled below the images, with
the 1 = 0 image acquired just before the offset of the S2 stimulation pulse. (B) False-color images showing the standard deviation for the average images.
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depolarized tissue, in the [orm of the yellow circular region,
remains essentially static in all frames and is the lingering
result of the prelonged depolarization of the tissue by the
long stimulus pulse. The dog bone virtual cathode is easily
seen in the r = O frame. By the 3 ms frame, the furthest
edges of the virtual cathode have diflused (o the extent that
the outer edges of the depolarized region (red) are now
circular. In the next frame (6 ms), excitation of the tissue
underneath the two virtual anodes has begun, in that the
depolarization on the axis away from the stimulus site is
increasing, and depolarization (yellow) is appearing in these
regions by the 9 ms frame. Outward propagation in the form
of an expanding red envelope is occurring in the last frame.
In the standard deviation images in the top row of Fig. 5 B,
the central region shows that there is, as expected, signifi-
cant variation in the response in the tissue in the immediate
vicinity of the stimulus electrode due to bubbles at the
electrode visible in Figs. 3 C and 5 A. The standard devia-
tion outside this region increases in time as the propagation
progresses in the later frames, consistent with the experi-
mental variation in conduction velocity.

Anodal break

The average and standard deviation for the +3 mA anodal
break images in the lower row of Fig. 5, A and B, are
consistent with all of the previous results. The earliest
propagating activity is evident in the 9 ms frame as the
horizontal yellow regions above and below the fiber axis,
and hence is initiated from the dog-bone-shaped virtual
anode. Note that the diffusion effects seen for cathodal
break are not as pronounced in anodal break, as expected,
because the pair of virtual cathodes adjacent to the stimulus
electrode store less depolarizing charge than does the larger
and more strongly depolarized virtual cathode in cathodal
break stimulation,

Averaged virtual electrode images

Fig. 6 shows the single-quadrant virtual electrode (r = 0)
images for the various stimulation protocols (lefimost col-
umn) and the corresponding standard deviation images
(rightmost column). In the middle, we show the variation in
the normalized membrane potential along the longitudinal
and transverse axes (solid lines) along with the standard
deviations (dotted line). The transmembrane potential for
resting tissue, as determined at ¢ = ¢, is the zero baseline
(dashed line). Tt is clear that the stronger the stimulus
current, the larger and stronger are the virtual electrodes.
The largest standard deviations are for anodal break exci-
tation, for which the central bubbles were the most pro-
nounced, and for which we had the least data. In the
cathodal and anodal make data, the standard deviations are
largest midway between the stimulus electrode and the edge
ol the image, reflecting variation in the exact size of the
virtual electrodes between experiments. The second column

Volume 69 December 1995

shows that along the fiber axis, cathodal make stimulation
produces depolarization close to the electrode, but hyper-
polarization of up to 40% of the action potential amplitude
from 0.8 mm to 2.2 mm from the electrode. The stronger the
stimulus, the stronger the hyperpolarization. Identical ef-
fects arc scen in anodal make stimulation, but of the oppo-
site sign. The tissue response is argest in the vicinity of the
stimulating electrode and has the largest response of the
opposite sign at an average distance of 1.43 * 0.06 mm. On
the fiber axis, the virtual cathodes and anodes are clearly
demarcated as the transmembrane potential crosses zero, at
0.97 = 0.08 mm. As expected from theory (Sepulveda et al.,
1989; Roth und Wikswo, 1994), the location of the zero
crossing is the same for both cathodal and anodal make
stimulation and does not depend upon stimulus strength.
The hyperpolarization is not as pronounced in the cathodal
break data as in the make data, possibly because of changes
in the membrane conductance, i.e., nonlinearities, associ-
ated with the depolarization. The zero crossing for the
average cathodal break data occurs at 1.65 mm, whereas
that for anodal break occurs al 0.86 mm. The data in the
third column demonstrate that transverse to the fiber axis,
the tissue is depolarized everywhere lor cathodal stimula-
tion and hyperpolarized everywhere for anodal stimulation,
again consistent with theory. The strongest response oc-
curred at 0.62 = 0.13 mm.

DISCUSSION

Video-based optical imaging techniques have proved in-
valuable for the direct visualization of cardiac tissue acti-
vation and the dynamics of wave front propagation
(Davidenko et al., 1991; Pertsov et al., 1993). Virtual elec-
trode effects in cardiac tissue have not been widely studied
experimentally for a variety of reasons: the potential distri-
butions associated with the virtual electrodes are often dis-
missed as “stimulus artifact”; the small spatial extent of
these patterns requires dense electrode arrays within several
millimeters of the stimulus electrode; and the extracellular
isopotentials are approximately ellipsoidal for both equal
and unequal bidomain anisotropies, so that the dog-bone-
shaped patterns appear only in the transmembrane potential
distribution (Sepulveda et al., 1989; Roth and Wikswo,
1994). Our earlier measurements have used either closely
spaced arrays of bipolar electrodes (Wikswo et al., 1991} or
superconducting  quantum interference device (SQUID)
magnetometers (Staton et al., 1993) to contirm several of
the predictions of the uncqual-anisotropy model. In this
study, we extend the cardiac epifivorescence imaging tech-
nique by incorporating a wide dynamic-range acquisition
system, short-duration laser excitation, and an incremental
timing sequence o study in detail the initiation and propa-
gation of activation in the immediate vicinity of a point
stimulating electrode. Our technique provides significantly
higher spatial resolution (75 um) than does the scanning
laser system (1 mm) used by Knisley (1995). The fact that



Wikswo et al.

>
~

B) Longitudinal

Virtual Electrodes in Cardiac Tissue 2205

Qo

3
3
I

Transverse

05
Cathode
Make 0.0
-5 mA
-0.5
0.5
Cathode
Make 0.0
-10 mA
-0.5
0.5
Anode
Make 0.0

+5 mA

-0.5

0.5

Anode
0.0

Make
+10 mA

-0.5

50}
Cathode
Break

00

" ML PP Pr

-2mA
-1.0
0.5
Anode i
Break i

+3 mA 050

0 .75 150 225

0 .75 150 2.25

Distance from electrode Distance from electrode

(mm)

(mm)

FIGURE 6 (A) Folded average images for cathodal make (—5 and —10 mA), anodal make (+5 and +10 mA), cathodal break (—2 mA) and anodal break
(+3 mA) stimulation. The average images were divided into quadrants with the origin at the center of intensity and averaged. Before averaging, each

quadrant was flipped so that the electrode is in the bottom left corner. Outward longitudinal propagation is toward the right, and outward transverse

propagation is upward. (B) The normalized fractional change in fluorescence as a function of distance from the electrode in the longitudinal and transverse
directions obtained from the folded images in (A). The dotted lines are the standard deviation: the dashed straight line is the zero line, with depolarization
above it and hyperpolarization below. (C) Standard deviation images for column (4).

the most important features of the virtual electrode patterns
in Fig. 6 occur within 1 mm of the stimulating electrode
points out the need for high-resolution images or electrode
arrays to study these phenomena.

Our images of the complementary transmembrane poten-
tial distributions elicited by positive and negative current
injection into refractory tissue, as well as the patterns asso-
ciated with anodal and cathodal make and break stimula-

tion, directly confirm the predictions of two- and three-
dimensional unequal-anisotropy bidomain models for
cardiac tissue (Sepulveda et al., 1989; Roth and Wikswo,
1994; Wikswo, 1994a; Roth, 1995a). Model studies show
that these complex patterns of virtual cathodes and anodes
cannot exist if the anisotropies of the electrical resistivity
are the same for both the intracellular and extracellular
spaces. Hyperpolarization consistent with virtual anodes
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during the injection of current into refractory, depolarized
tissue has been observed in the frog heart and rabbit heart
{Knisley et al., 1994; Neunlist and Tung, 1994a,b, 1995;
Knisley and Davis, 1994; Knisley, 1995). All of these
experimental observations provide convincing evidence that
there are significant differences between the anisotropies of
the two spaces.

Because of the excellent spatial and temporal resolution
of our imaging system, we were able to visualize not only
the detailed shape of the virtual electrodes, but also the
complex configuration of the action potential wave front as
it propagates away from the virtual electrodes. The results
we report in this paper demonstrate for the first time that
cathodal and anodal break stimulation in cardiac tissue is
the result of virtual cathodes created adjacent to the stimu-
lating electrodes. These results, combined with our earlier
measurements of the virtual cathode in the in vivo canine
heart (Wikswo et al., 1991) and the quatrefoil magnetic field
produced by canine cardiac slices (Staton et al., 1993),
demonstrate unequivocally that the bidomain model with
unequal anisotropy ratios provides an excellent representa-
tion of the electrical behavior of cardiac muscle at the
millimeter spatial scale. Other predictions of this model that
require experimental confirmation are block of propagating
activation by the virtual anodes, virtual electrodes produced
by fiber curvature, alteration of virtual electrode shape by
ion-channel blockers, and a stable, quatrefoil reentry pattern
(Wikswo, 1994b; Roth, in press). All of these effects are the
result of differences in the anisotropies of the electrical
conductivities of the intracellular and extracellular spaces.
Given the excellent qualititative agreement of these data
with the theoretical predictions, the next logical step would
be to adjust key parameters of the bidomain models to
provide the best quantitative fit to the observed data, and
hence to determine physiologically correct electrical param-
eters for the rabbit heart.

Three-dimensional effects

Whereas the early unequal-anisotropy models were two-
dimensional and assumed a passive, lincar mcmbrane
(Sepulveda and Wikswo, 1987; Sepulveda ct al., 1989),
more recent calculations have treated the heart as three-
dimensional tissue either with an active membrane and a
uniform fiber direction (Roth and Wikswo, 1994; Roth,
1995a), or with a passive membrane and a rotating fiber
direction (Sepulveda et al.,, 1991). The three-dimensional
models show that the epicardial potentials and the virtual
cathodes and anodes produced by point epicardial stimula-
tion are qualitatively the same as those predicted by two-
dimensional models.

Understanding of break excitation requires a model with
an active membrane, and all of these nonlinear model cal-
culations were three-dimensional representations of cardiac
tissue. However, these models assumed a uniform fiber
direction throughout. Because of the computational diffi-
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culty, we have yet to create nonlinear models with a depth-
dependent fiber axis. A linear finite element model was used
to compare three-dimensional models with and without
fiber rotation (Sepulveda et al., 1991). This study demon-
strated that the shapes of the epicardial transmembrane
isopotential contours, and hence the shape of the virtual
cathodes and anodes as viewed on the epicardium, are
essentially the same, regardless of fiber orientation, with the
exception that the epicardial patterns exhibit a slight twist.
In our earlier experiments on the in situ canine heart
(Wikswo et al., 1991), we saw this twist clearly in only one
of six dogs studied, suggesting that it may be a small effect
compared to other possible factors affecting the virtual
cathode shape. Deeper in the tissue, the model showed that
the portions of the virtual anodes furthest from the electrode
had a slight rotation-induced distortion. The axis of the dog
bone rotated to track the fiber axis, but because the virtual
cathode for realistic thresholds extended only one-quarter of
the thickness of the myocardium, the rotation was less than
25°. Because the virtual anodes are weaker than the virtual
cathode, they did not extend as deep into the tissue. The
most notable effect of fiber rotation was a helicity in the 0
mV (resting) transmembrane isopotential, which extended
deep into the tissue, but the shape of this isopotential would
have little effect on the initiation and propagation of acti-
vation from the virtual cathode or anode. Tn the present
study, we find that the virtual cathode and anode are not
perfectly symimetrical, but we are unable to ascertain as yet
how much these asymmetries are due to fiber rotation as
compared to local heterogeneities in rabbit myocardium
arising from fiber bundic architecture, connective tissue, or
cardiac vasculature. In any case, the observed shapes of the
virtual cathodes and anodes and the locations where prop-
agating activation is initiated that we report in this paper are
in excellent agreement with all of our model calculations,
both two- and three-dimensional and linear and nonlinear.

Tt is also worthwhile to consider the possibility that
activation will reach the Purkinje network on the endocar-
dial surface of the rabbit heart. One approach to avoiding
this would be to freeze the endocardial surface and thereby
ensure that only a thin layer of epicardial tissue was active
(Knisley et al., 1994). We chose not to use this preparation
because the model studies have yet to address the effects on
two-dimensional propagation over a substrate of passive yet
highly anisotropic lissue. Becavse the freezing of the tissue
will undoubtedly rupture cell membranes, the electrical
anisotropy of the intracellular and extracellular spaces
would be altered in an undetermined manner. Thus there
exists the possibility that in our preparation, activation
could enter the Purkinje system, whose excitability and
propagation velocily are appreciably greater that those of
working muscle in the epicardium and mid-myocardium.
Under such conditions, one might expect that epicardial
activation would result from wave fronts breaking through
the subendocardium rather than from direct make or break
excitation of the epicardium. There are several reasons why
we do not believe that these effects occur in the data we
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have presented. Because we are using point epicardial stim-
uli with a large counter electrode on the opposite side of the
heart, the stimuli are not strong enough to directly stimulate
the endocardium or the Purkinje system. This is consistent
with model calculations that show activation beginning to
propagate from the edge of the virtual cathode or anode,
which are relatively close to the stimulating electrode. Al-
though activation originating on the surface will propagate
into the myocardium and eventually reach the epicardium, it
will do so with the lower transverse propagation velocity. If
the Purkinje system is activated in this manner, the resulting
propagation will return to the surface again with the slower,
transverse velocity. In our studies, we are examining data
from cathodal and anodal make stimulation for only the first
8 ms after the stimulus and within 3—4 mm of the stimulus
electrode. By 4 ms, the spread of epicardial activation is
dominated by the rapid, longitudinal activation. During the
8 ms spanned by our images, there is inadequate time for
propagating activation to reach the endocardium and return
to a region of excitable epicardium. Obviously, were we to
study activation further from the stimulus site and at longer
times after stimulus, we might expect that the activation
patterns could shift from small shells of activation driven by
epicardial events into larger, transmural wave fronts driven
by Purkinje activation. For break excitation, the bulk myo-
cardium is refractory, and excitation occurs in the immedi-
ate vicinity of the virtnal anodes, where the tissue is hyper-
polarized by the stimulus. Although the same endocardial
effects might occur, they will do so even later and further
from the stimulus electrode.

Tissue nonlinearity

We have yet to ascertain the extent (o which the voltage and
time dependence of the membrane conductance affects the
size and shape of the virtual electrodes. The theory (Roth,
1995a) predicts that changes in membrane conductance play
a role in anodal break stimulation. We have yet to acquire
sufficient data at multiple stimulus strengths to determine
whether virtual electrode size has the logarithmic depen-
dence upon stimulus current that is predicted by linear
models and was observed in the previous electrode/back-
extrapolation measurements (Wikswo et al,, 1991), or
whether membrane nonlinearities play a role.

Alternative models

The propagating, three-dimensional waves of electrical ac-
tivation that are responsible for either the normal, rthythmic
cardiac contractions or mere complex patterns, such as
those of fibrillation, are made possible by the coupling of
adjacent myocardial cells by gap junctions within the inter-
calated disks to form a functional syncytium. The carliest
mathematical models of cardiac tissue assumed that the
tissue conld be modeled by a homogeneous, isotropic con-
ductor, i.e., a monodomain, upon which would be superim-
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posed active current sources, corresponding to the cardiac
cells that were in the process of being depolarized. How-
ever, the cylindrical shape of cardiac cells, their branching,
and the distribution of gap junctions produce a directional
dependence, i.e., anisotropy, of key parameters, such as a
2:1 ratio of conduction velocity longitudinal versus trans-
verse to the fibers and a similar ratio of the electrical
conductivities of the bulk muscle (Rush et al., 1963). Thus,
later models required the addition of either anisotropy or
pon-uniform, fiber-oriented wave fronts (o explain record-
ings of extracelluiar potentials in advance of small, expand-
ing action potential wave fronts (Corbin and Scher, 1977),
but such models did not provide a coupling between mac-
roscopic potential distributions and membrane physiology.

A proposed model predicted that the electrical disconti-
nuities formed by the high resistance across the intercalated
disks between cardiac cells would lead to the depolarization
of one end of each cell and the hyperpolarization of the
other during current injection (Plonsey and Barr, 1986).
Although this effect has been described in singie isolated
cardiac myocytes in the presence of defibrillation-strength
electric fields {Knisley et al., 1993), the predicted spatial
variation of the transmembrane potential associated with the
resistive discontinuities has not yet been found experimen-
tally within a single cell that is coupled to neighboring cells
in situ,

Only the bidomain model with unequal anisotropy has
been able to explain the observed quatrefoil magnetic field,
the dog-bone-shaped virtnal cathode, the anodal regions
adjacent to cathodal stimuli, and the ability of cathodal
break and anodal make and break stimuli to e¢xcite the heart.
Despite these successes, it is likely that the homogeneous,
unequal-anisotropy bidomain model will eventually be fur-
ther enhanced by the incorporation of small-scale disconti-
nuities, such as those between cells or between fiber
bundles.

Limitations of the technique
Camera system

A variety of approaches have been developed to use volt-
age-sensitive dyes to measure the spatial and temporal de-
pendence of action potentials propagating through cardiac
tissue. Photodiode arrays and laser scanning systems pro-
vide good time resolution at a limited number of points
(Dillon and Morad, 1981; Salama et al., 1987; Hill and
Courtney, 1987). Fiber optic systems provide exccllent sig-
nal-to-noise ratios at one or two points (Bowmaster et al.,
1991; Neunlist et al., 1992) and can be used to map out
virtual electrodes at a small number of locations (Neunlist
and Tung, 1994ab, 1995). High-speed video techniques
provide images with a large number of pixels and can be
used to create impressive movies of propagating activation
and reentry (Davidenko et al., 1991; Pertsov et al., 1993);
however, the effective shutter open time of these video
cameras is sufficiently long (typically 16 ms) that the edges
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of the activation wave fronts are blurred to the extent that it
would be difficult to examine the detailed evolution of the
activation wave fronts in the first few milliseconds after
stimulation, and the limited dynamic range of these cameras
complicates data acquisition and analysis. The approach we
have taken represents a compromise that provides high
spatial resolution, 0.5-ms exposure times, a 2-ms or shorter
frame interval, and a 12-bit dynamic range. In exchange for
these capabilities, we are at present limited to using boxcar
averaging techniques 10 create movies that are only several
frames long, and we are not able to study asynchronous or
nonstationary phenomena such as ectopic beats or reentry.
Future enhancements to our camera should extend the ca-
pabilities of our imaging system.

As we discussed above, we are utilizing a preparation in
which the entire heart is excitable, in contrast to frozen
endocardium preparations for which only an epicardial layer
is active. ln our case, excited tissue beneath the surface can
contribute to the fluorescence signals and could lead to a
blurring of the wave fronts. Because we are concentrating
on the initiation of activation, which will occur first on the
epicardial surface, the contributions of deeper tissue at a
given distance from the electrode will occur later and hence
on any single frame will appear on the inner edges of the
propagating wave fronts; the effect will be largest for areas
of faster, longitudinal propagation, and may contribute to
the observed width of the longitudinal activation in the later
frames of Fig. 3, A and D, More detaited measurements,
probably requiring transmural electrodes and shorter frame
intervals, will be needed to clarify this effect.

Stimuiation electrode

Because the stimulating wire is in the center of the tield, and
it is supported by a suture that crosses the field, the details
of activation within several hundred microns of the center of
the stimulus are not readily visible. Because this study was
directed toward the identification of the onset of propagat-
ing activation at the edges of the virtual cathodes and
anodes located a millimeter or more from the electrode, the
loss of information under the electrode did not limit the
present study.

The use of strong stimuli

The theorelical predictions reviewed above and confirma-
tory experimental studies (Wikswo et al., 1991) indicate that
the sizes of the virtual electrodes are dependent upon the
strength of the stimulus. The bidomain model shows that for
any stimulus strength, the transmembrane isopotentials are
dog-bone-shaped only beyond a millimeter from the elec-
trode. Hence for threshold cathodal make stimuli, the virtual
cathode will be small and will not have the dog bone shape,
and the virtual anodes will be distant and only weakly
hyperpolarized. As the stimulus strength is increased, the
isopotential contour that corresponds to the membrane
threshold (and hence defines the edge of the virtual cathode)
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will lie further from the stimulus electrode and the virtual
cathode will be larger. For adequately strong stimuli, typi-
cally 10 times threshold, the threshold isopotential will be 1
to 2 mun from the electrode and hence will exhibit the dog
bone shape. For such strong stimuli, the adjacent virtual
anodes will be strongly hyperpolarized and can affect the
propagation that originates from the virtual cathode that lies
between the virtual anode and the stimulus electrode. Sim-
ilarty, the effects responsible for anodal make and both
cathodal and anodal break stimulation require strong virtual
cathodes and ancdes, and hencc require higher stimulus
strengths. As discussed under Materials and Methods, these
strong stimuli can lead to tissuc damage, particularly with
repeated, long anodal or cathodal break stimuli. Damaged
tissue immediately adjacent to the stimulus electrede would
become passive and would effectively increase the size of
the physical electrode. The cffects we report occur far
beyond any possible region of tissue damage. The possibil-
ity of tissue damage could have been reduced by using a
larger stimulus electrode, but that would have made the
measurements less representative of the model calculations
being tested. ‘

The use of diacetylmonoxime

Currently, optical imaging in mammalian hearts requires the
use of a contraction-blocking agent, such as diacetylmon-
oxime, to eliminate motion artifact. As shown by Liu et al.
(1993), this can cause a small, reversible, nonselective re-
duction of several membrane conductances and a concom-
itant decrease in action potential duration and a slight re-
duction in conduction velocity. Although this may result in
quantitative changes in virtual electrode size and shape, it is
unlikely that diacetylmonoxime will have any effect on the
overall phenomena we report.

Effects of averaging across expetiments

As a result of unavoidable inter-site and inter-animal vari-
ation in stimulus threshold and conduction velocity, the
averaged images in Figs. 4-6 are broadened over the sin-
gle-experiment images in Figs. 2 and 3. A camera with a
[aster frame speed would obviate the need for the boxcar
averaging techniques and would reduce the number of stim-
uli required for a single frame, thereby allowing the same
number of stimuli to be used to obtain more frames and
hence a cleaner set of averaged images for each experiment,
or for more values of / for a given tissue region. For the
average images, we chose fixed stimulus currents of =5 and
=10 mA for cathedal and anodal make stimulation, —2 mA
for cathodal break, and +3 mA for anodal make. Thesc
values were in the range of 3 to 10 times threshold; were
more data available, it would be possible to determine the
extent to which the inter-experiment variation was deter-
mined by variations in stimulus threshold. Even wilh the
limitations of the present system, the images averaged
across experiments are quite consistent and provide a clear
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indication of the role of virtual electrodes in the stimulation
of cardiac tissue. However, this analysis approach reduces
the effects of fiber curvature if there are differences between
sites and animals. The fiber axis was represented by a
straight line through the entire recording region, whereas the
actual fiber axis may have been changing. Similarly, the
images were summed about a center corresponding to a
single point, and asymmetries in the images may have
affected the simple algorithms that determined automati-
cally the center and fiber axis. In the data in Fig. 6, the
reflection of the second through fourth quadrants into the
first increases the signal-to-noeise ratio but also eliminates
any asymmetries in the data. Hence these results cannot
address the effects of fiber curvature or rotation on virtual
electrodes. However, these data represent an average re-
sponse (o the stimulus current and hence could be used with
thevretical models to determine average values of particular
lissue parameters.

Definition of the edges of the virtual electrodes

In our earlier work we defined the edge of the virtual
cathode as the locus of points for which the transmembrane
potential reached the threshold value (Wikswo et at., 1991;
Sepulveda et al., 1989). Because the threshold is determined
by the duration, sign, and timing of the stimulus, this is
somewhat simplistic. As shown in Fig. 6 B, the virtual
electrodes do not have sharp edges, and hence it is difficull,
excepl tor the zero crossing hetween an adjacent virtual
cathode and anode, to define precise houndaries from mea-
surements of the transmembrane potential distribution at the
end of the stimulus pulse. For those virtual electrodes that
are the source of a propagating wave front, the sequential
imaging of these wave [tonts might be used te determine the
locus of points that represents the earliest propagating wave
front. Undoubtedly, the carly wave fronts may exhibit a
transient alteration in conduction velocity due to electro-
tonic effects lingering after the stimulus, and from curva-
ture-dependent velocity arising from the complex shape of
the virtual electrodes. The velocity will stabilize only after
the wave front enlarges beyond both the range of influence
of the opposite-signed virtual electrode and the region
where the curvature dependence and the electrotonic effects
are significant. Future studies will address the initiation of
action potential propagation [rom the virtual electrodes.

Implications

The flow of current in multidimensional, anisotropic cables
can produce effects that are not predicted by one-dimen-
sional models. The anisotropy in the electrical conductivily
implies that current flow need not be parallel to the local
electric field (ie., the potential gradient); the differences in
anisotropy between the intracellular and extracellular spaces
further imply that the division of current between the intra-
cellular and cxtracellular spaces does not obey a simple
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length constant, as occurs in one-dimensional cables, but is
determined by the overall potential distribution in each
space. The full implications of these anisotropic bidomain
effects arc not yet known. It is clear from this work that the
current injection into the extracellular space of tissue with
unequal anisotropies simultanecusly produces distinct de-
polarized and hyperpolarized regions of transmembrane po-
tential that arc the mechanism by which anodal make and
anodal break excitation occur. These adjacent regions of
hyperpolarization and depolarization may also produce a
directionally dependent modification of the refractory pe-
riod of cardiac tissue that could provide a mechanism for the
reentrant arrhythmias that arc produced by strong and/or
repetitive high-frequency pacing stimuli in the canine and
human heart. The defibrillation of cardiac tissue involves
the injection of strong currents, and there are undoubtedly
large regions of the heart that are either virtual cathodes or
virtual anodes. More detailed mathematical models and
experimental measurements will be required to further un-
derstand the role of unequal anisotropics in human cardiac
physiology and pathology.
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