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Roles of Electric Field and Fiber Structure in Cardiac Electric Stimulation
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ABSTRACT This study investigated roles of the variation of extracellular voltage gradient (VG) over space and cardiac fibers
in production of transmembrane voltage changes (AV,,) during shocks. Eleven isolated rabbit hearts were arterially perfused
with solution containing V,,-sensitive fluorescent dye (di-4-ANEPPS). The epicardium received shocks from symmetrical or
asymmetrical electrodes to produce nominally uniform or nonuniform VGs. Extracellular electric field and AV,,, produced by
shocks in the absolute refractory period were measured with electrodes and a laser scanner and were simulated with a
bidomain computer model that incorporated the anterior left ventricular epicardial fiber field. Measurements and simulations
showed that fibers distorted extracellular voltages and influenced the AV,,,. For both uniform and nonuniform shocks, AV,
depended primarily on second spatial derivatives of extracellular voltages, whereas the VGs played a smaller role. Thus, 1)
fiber structure influences the extracellular electric field and the distribution of AV,,; 2) the AV,, depend on second spatial
derivatives of extracellular voltage.

INTRODUCTION

The local extracellular voltage gradient (i.e., VG) has beercellular voltages andV,, were measured using an array of
used to measure shock thresholds for effects of cardiagecording electrodes and a laser scanner system With
electrical stimulation including cellular injury, myocardial sensitive fluorescent dye. The voltages were also examined
excitation, reentry induction and defibrillation (Frazier et with a bidomain computer model that incorporated cardiac
al., 1988, 1989; Ideker et al., 1991; Lepeschkin et al., 1978fiber orientations found in hearts.

1980; Zhou et al., 1993). Such effects are thought to depend

on the transmembrane voltage changk¥ () that are in-

duced during the shock pulse. However, the VG may noMATERIALS AND METHODS

determing thekvm.. One—dimt_ansional continuous cable the- Experimental preparation

ory predicts that in the region beyond several space con-
stants from a stimulation electrode there are\w, during Hearts were removed from 11 pentobarbital-anesthetized New Zealand
a stimulation pulse, even though the VG is nonzero (Weid_\Nhite rabbits in accordance with Institutional Animal Care and Use

. . . Committee guidelines. Hearts were arterially perfused as described (Knis-
mann, 1970). To introduc&V,, in a continuous cable there ley and Baynham, 1997). The perfusate contained (in mM) 129 NaCl, 4.5

may also need to be a local second spatial derivative ofcy, 1.8 cacy, 1.1 MgCh, 26 NaHCQ, 1 NaHPO,, 11 glucose, 0.04 g/L
extracellular voltage or “activating function” (Rattay, 1989; bovine serum albumin, bubbled with 95%/5%/QQ,, at a pH of 7.3-7.4,
Sobie et al., 1997). We have not found a publication inan aortic pressure of 60—80 cm®, and a temperature measured in the
which the second spatial derivative of extracellular voltageright ventricular cavity of 35-36°C. Diacetyl monoxime was added at a

duri fi lati di di ti On th concentration of 15 mM to lessen motion effects in optical recordings (Li
uring stimulation was measured In cardiac ussue. On g, al., 1985). This agent does not markedly alter the passive cardiac

other hand, spatial variation of VG may not be required forgjtfusion constant or stimulation-inducesV/,, (Knisley, 1995: Knisley et
AV,, to occur in the heart, because anatomical features ofi., 1993; Knisley and Hill, 1995).

the heart that are not included in all models (e.qg., structural

discontinuities and fiber curvature) may introdud®/,

even where the VG is uniform (Krassowska et al., 1987 Electrical stimulation

Plonsey. and Bgrr, 1986; Trayanova.et al., 1993)' . The heart was paced with a train of S1 pulses generated by a stimulus
The aim of this study was to examine the role of a spatialsolator (A365; World Precision Instruments, Sarasota, FL) to produce

variation of VG in theAV,, in rabbit hearts. Electrical action potentials. The S1 had a 300-ms interval and 3-ms duration and was
stimulation was performed to produce nominally uniform delivered from electrodes outside of the recording grid (bipolar) or near the

: : : : : _center of the grid (unipolar).
and nonuniform VGs in a region of the epicardium. Extra Then a uniform or nonuniform shock (S2) of 5 ms duration was given

at an S1-S2 interval of 80 ms, i.e., when cells were still refractory. This
allowed the approximately passive response of the membrane during the
Received for publication 28 December 1998 and in final form 27 Mayp_lJIse to be studied (K”'S'?Y et al., 1993). The S2 was generated with a
1999. bipolar power supply/amplifier (6827A; Hewlett Packard, Rockaway, NJ)

Add ) Dr. Stephen Knislev. D ¢ Bi dand a photovoltaic relay (PVR1301; International Rectifier, El Segundo,
ress reprint requests to Dr. Stephen Knisley, Department of Biome CA). The S2 electrodes were parallel>d 32 mm stainless steel mesh
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’ ’ ) ' electrode above the recording grid (Fig. 1). The electric field produced with
4724; Fax: 205-975-4720; E-mail: sbk@crml.uab.edu. the two mesh electrodes in the myocardium was not completely uniform,
© 1999 by the Biophysical Society because details of cardiac structure may influence the field. The distance
0006-3495/99/09/1404/14 $2.00 between inside edges of mesh electrodes was 18 mm, so that recordings
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terminals and leads did not block laser paths. Finally, the photomultiplier
tube that collected the fluorescence was positioned immediately outside of
laser paths and coplanar with the ribbon to ensure a straight-line path for
fluorescence from each spot to the tube.

Each terminal in the array was connected to a 0.1 voltage divider that
consisted of a 100 resistor and a 111(k resistor. The signals then passed
through operational amplifiers (LT1014CN; Linear Technology Corpora-
tion, Milpitas, CA) in the unity gain configuration with an isolated battery-
electrodes power supply.

Signals were unfiltered in initial trials and low-pass-filtered in later
trials at a cutoff frequency-3 dB) of 1.6 kHz to lessen wideband noise
and not attenuate makes and breaks of S2. Signals were passed to a
digitizer (MIO16; National Instruments Corporation, Austin, TX) and
stored in a computer (Power Macintosh 7100-80; Apple Computer, Cuper-
tino, CA). The digitizing range was 10 V, which provided a measurement
range before voltage dividers af100 V. To protect the digitizer in initial
trials, each signal was also connected to a series of two oppositely biased

FIGURE 1 Sketch of S2 electrodes and laser recording grid on epicar-zener diodes leading to the ground terminal of the amplifier and digitizer.

dium. Mesh stimulation electrodesréss-hatched rectanglgsvere near The ground termlpal was connect'a_da 2 onf Ag/AgCI'c0|I_e|ectrode
base and apex of heart. Small S2 electrdiled bar) was above the laser mounted on e.lﬂex[bl'e arm anq positioned on the opposite side of the.heart.
recording grid $équarg. Uniform S2 was applied from mesh electrodes. I_n each trial, digital sampllng was controlled .by soﬁwgrg_(Labwew;
Nonuniform S2 was applied from the small electrode and the mesh elec'-\l.atlonal Instruments Co_rporat_|on).. Data collection was 'mt.|at6d by a
trode near the apex. trigger pulse from the stimulation timer (A300; World Precision Instru-
ments). Voltage at each electrode was sampled at a rate of 1 kHz. Mea-
surements were reproducible when S2 was repeated under the same

) conditions.
were obtained several space constants away from mesh electrode edges,In the first six hearts, shock voltages were measured only on the

where initial current redistribution between intracellular and eXtraceHUIar_apicobasal axis. In five more hearts, shock voltages were measured in two

spaces occurs (Weidmann, 1970). To produce a nonuniform S2 electrig o nsions, with the linear array perpendicular to the apicobasal axis and
field, the small electrode was used in place of one of the mesh elec'[rode(,itached to a micromanipulator that allowed precise movement in the

(Fig- 1). . ) picobasal direction. Epicardium, S1 and S2 electrodes, and the reference
) TeSts_ were pe_rformed V\_"_th the electrode array on a 50-ml beakgr f|||e lectrode were held stationary. Measurements for all 16 terminals were
with saline to verify the ability to generate and measure S2 electric field erformed with the array at the basal side of the recording grid. Then the
in a homogeneous and isotropic medium and to help determine which S rray was moved toward the apex (step siz8.5 mm), and measurements
current stre_ngths to use. Current strengths were sought for which uniforrulere performed after each move. For all measurements, constancy of the
and ponUQ|fqrm S2 prOdgced a 'Iocal VG efS—lO'V/cm at the same shock current was verified with a series resistor, isolation amplifier, and
location within the recording region. Such a VG is thought to prOducedigitizing oscilloscope. After a typical total movement of 6 mm (for a total

igg;ts |_Ir_1hmyocard|um that Erfe |mp9frtant fsozr c'ief};bnllatlon (Kg|sleg etal, of 208 measurements), the array was moved back to its starting position to
). The current strength for uniform in hearts w&Z00 mA or reproduce the first measurements.

~450 mA, and for nonuniform S2 it was50 mA. In two hearts, nonuni-
form S2 of ~120 mA was also tested. The VG depended on characteristics

of the volume conductor as well as the current strength. With a given .
current strength, a noticeably larger VG occurred in a heart compared witfFluorescence recording
the saline. Furthermore, VG in a heart decreased after electromechanical
uncoupling with diacetyl monoxime, consistent with a rise in cavitary
volume. Therefore extracellular shock voltages were directly recorde
during optical recordings.

......... S
]
e

Uniform S2
electrodes

Nonuniform $2

’—ylearts were stained with 0.5-0.8 liters of perfusate containing 0.5 mg
(Pyridinium, 4-(2-(6-(dibutylamino)-2-naphthalenyl)-1(3-sulfopropyl)-, hy-
droxide, inner salt (di-4-ANEPPS) (Molecular Probes, Eugene, OR) dis-
solved in 1 ml ethanol. Fluorescence signals that followad, were
measured with a laser scanner system using an argon laser with a wave-
length of 514 nm (Hill and Courtney, 1987; Knisley, 1995). Acoustooptic
deflectors steered the beam to scan 55 laser measurement spots with
Metallic electrodes and leads to measure extracellular voltages producediameters of 10Qum in a 6 X 6 mm grid. Fluorescence was measured
by S2 can interfere with optical recordings by blocking excitation light or When the linear electrode array was near the center of the laser grid. Three
fluorescence. To overcome this, a limited measurement electrode array ai@ws or columns of spots were on one side of the array, and four were on
careful alignment with optics were required. A single 6.4-mm linear arraythe other side. Fluorescence emitted from the heart passed through a
containing 16 Ag terminals was fabricated, with average terminal width590-nm long-pass filter and into a photomultiplier tube with a wide-band
0.23 mm, terminal length 0.3 mm, and interterminal insulation space 0.1Zurrent-to-voltage amplifier. The fluorescence signal was filtered at 80 kHz
mm. The terminals were cemented between edges of two coplanar gladg allow fast settling after the laser beam moved to a spot. The digitizing
microscope slides that contacted the heart (Knisley and Baynham, 1997jate was 1 kHz for each spot (Knisley, 1995). Fluorescence collection was
There was no conductive bath adjacent to the epicardium. The array wdéggered by the stimulation timer.

oriented approximately parallel or perpendicular to the apicobasal axis of

the heart. Plate contact pressure was kept lower than perfusion pressure to

qvoid occlusion _of epicardial vessel_s. The leads were arranged in a flghgtg analysis

ribbon that was in a plane perpendicular to the glass and between laser

beam paths for the laser measurement spots on either side of the terminalor each terminal, the average extracellular voltage was measured in a
Because the beam paths were approximately normal to the glass, the ribb&ms window during S2. Differences between averages for each pair of
was also tilted 40° upward in its plane so that leads came out of the regioadjacent measurements were divided by the mean intermeasurement dis-
of paths. The mirror that directed laser light to the heart was adjusted whileéance (0.426 mm in the direction parallel to the linear array and 0.5 mm
the heart was viewed with a binocular magnifying loupe to ensure thaperpendicular to the array) to obtain components of local VG. These

Electrical measurements
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differences represented an average of the differences in tissue between the A direct method was used to solve the differential-algebraic equations
pair of measurements. Differences between pairs of adjacent local VGhat result from the discretization of Egs. 1 and 2 and 4 and 5. Because
components in a given direction were divided by the mean intermeasuretissue properties were constant throughout the simulations, a lower-trian-
ment distance to obtain the local spatial variation of VG. The Laplaciangular, diagonal, upper-triangular (LDU) decomposition was carried out
was the sum of spatial variations of VG in perpendicular directions. only once. For each time step, the right-hand side vector was calculated
The AV,, at each spot were determined as follows. The difference inusing the modified BRDR membrane kinetics and the intracellular and
fluorescence averages from a 3-ms window just before the S2 to a 3-mextracellular voltages (and hend&g,) found in the previous time step.
window during S2 was determined. Each of th¥, was this difference  Using the updated right-hand side, the calculated LDU decomposition was
minus the difference in fluorescence averages at the same times relative then used to efficiently solve the large system of algebraic equations for the
the action potential phase zero depolarization in a preceding action poterintracellular and extracellular voltages. By using this solution scheme, it
tial (control) that did not receive S2. Tha&V,, were expressed as a was possible to inject current at a given location in the tissue and remove
percentage of the amplitude of the action potential phase zero depolarizaurrent by simply grounding (i.e., setting the extracellular voltage to zero)
tion from the same recording (Knisley et al., 1993). To preserve the fasanother region in the tissue.
response of di-4-ANEPPS, recordings were not smoothed. Measurements The experimental protocols were duplicated as closely as possible
were performed by a computer program and verified visually. Measurewithout compromising the computational feasibility of the simulations.
ments were not affected by baseline shifts due to photobleaching. ContouBecause of these concerns and the fact that no accurate measurements
of AV,, were generated with PV Wave (Snyder, 1978) or by hand. could readily be made through the ventricular wall in the experimental
portion of the study, a two-dimensional geometry was used for the model
studies. The fiber field was taken from one heart and contained features of
Computer simulations the epicardial fiber structure near the anterior left ventricular recording
region that were common to all six hearts examined with the blue dye.
The bidomain model of excitable tissue is the best available model for the=iber directions more than10 space constants away from the recording
study of virtual electrodes and relationships between field-induced extraregion, which were too far away to affect our results, were estimated by
cellular andV,, distributions (Henriquez, 1993). It has been shown extrapolation. Along with Clerc’s local conductivity measurements (Clerc,
(Sepulveda et al., 1989; Trayanova, 1996) to predict the electrically in-1976), the fiber field was used to calculate the global conductivity tensors
duced V,, distributions in hearts (Efimov et al., 1997; Knisley, 1995; that appear in the bidomain equations, using Eq. 3.
Wikswo et al., 1995). We employed the bidomain model with a modified  The size of the tissue in the simulations was 2X48.64 cm. The
version (Skouibine et al., 1999) of the Beeler-Reuter-Drouhard-Robergeliscretization step size was 2@0n in both thex andy directions, and the
(BRDR) membrane kinetics (Beeler and Reuter, 1977; Drouhard andime step was 1Qus. In all figures that show model results, 66 mm
Roberge, 1982) to simulate the experiments in this study, in an attempt teentral area of the model is displayed that corresponds to the recording
elucidate the relationship between extracellular voltage \pdlistribu- region near the center of the heart in the experimental protocolxA4.8
tions. The governing bidomain equations are mm S2 ground electrode was located at the bottom of the tissue model. An
S1 pulse was delivered via an electrode above the recording region to elicit
~ m an action potential. A 5-ms S2 was then delivered 80 ms after the S1 either
V(o V) = _B<|ion + Gy, 6'[) = lstim (1) via a small electrode just above the recording region to establish a non-
uniform extracellular S2 electric field or via aX¥ 24.8 mm S2 electrode
9 m) at the top of the tissue to establish a uniform field. Within the recording

- 2 region, the extracellular VG produced by the S2 ranged from 5.9 to 36.3
ot

V/cm for the nonuniform S2 and from 11.1 to 14.1 V/cm for the
uniform S2.

V(0" VO) = B(Iion +C

whered, ; are the extra- and intracellular voltages, afg= &, — & B

is the surface area-to-volume ratiQ,, is the ionic current determined by

the modified BRDR membrane kinetids,, is the membrane capacitance, RESULTS

andlg, is the stimulus current, applied extracellularly. Finafy,; are the

global conductivity tensors that depend on the local fiber direction and theNonuniform field stimulation
conductivities in the directions longitudinal and transverse to fibers for the

extra- and intracellular spaces: Fig. 2 shows the effect of nonuniform S2 ®f, at individ-
R R ual recordings (Fig. 2) and the entire recording grid (Fig.
Oei= (A" d) (Grei — Gre) T 1 * Gre, (3)  2B). The upper left quadrant of the grid underwent positive

AV,,, and the upper right quadrant underwent negaiiVg,
(Colli-Franzone and Guerri, 1993), wheat- d is the outer product of the | {le] hpp " g qh'ChV % ﬁ]th
unit vector parallel to the local fiber direction and its transpdsis; the n the seven hearts in whi m WEre measured on the

identity matrix; andg, andg, are the local conductivities in the direction anterior left V?ntride' thle meaA.Vm (e>_(pressed as a per-
parallel and transverse to fibers in the extra- and intracellular spaces. In a@entage of action potential amplitude) in upper left and right
attempt to mimic the experimental conditions, we used sealed-end boundyuadrants were 13.5 12.9 and—17.6 = 17.8 when the
ary conditions: small electrode was the cathode= 0.006, for left versus

P _ right, t-test) and—14.3 = 14.7 and 7.1+ 13.8 when the
n: (o V@) =0 ) small electrode was the anode € 0.03).
A+ (5 VD) = 0 (5) Fig. 3 shows the @stnbuuons of the ext.racellular voltages
produced by nonuniform S2. Variations in the voltage gra-
wheref is the unit vector normal to the tissue boundaries. dient existed in two dimensions. The fall of the extracellular

The equations were discretized using a finite difference scheme that igoltage with distance in Fig. 3 was not purely symmetrical

second-order accurate in space and first-order accurate in time. The bounabout the apicobasal axis. Instead voItages were |arger in
ary conditions were discretized on a layer of nodes at which Egs. 4 and 5 ' '

hold. Second-order accuracy was maintained at the boundaries by ug_eglons closer to the left lateral heart (I'e" ”ght side of

ing a three-point backward or forward difference discretization of first graph). In the _fOUI’ hegrts in_ which ?Xtrace”m_ar voltages
derivatives. were mapped in two dimensions during nonuniform S2 on
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FIGURE 3 Extracellular voltage distributioW)in recording grid during
nonuniform S2. InA, the small S2 electrode just above the recording grid
was anodal, and the mesh electrode near apex (below grid) was cathodal.
In B, the polarity was reversed (i.e., polarity as in Fig. 2). The S2 strength
was 55 mA.

the anterior left ventricle, the most apical point of the
extracellular isovoltage contour at midheight in the record-
ing region was 1.4~ 0.7 mm to the right of centemp(=

0.025,t-test). If fibers had no effect or were absent (e.g., in
an isotropic medium), we would expect this point at the

The small S2 electrode just above the recording grid was cathodal, and theenter.

mesh electrode near the apex was anodal-(uorescence recordings from

neighboring laser spots near the boundafyletween regions, in which

V,, changes had opposite sigrsi{erish. The local voltage gradient on the
apicobasal (vertical) axis was 7.4 V/cm. Each recording shows the pha

zero depolarization produced by S1 stimulation and\thechange pro-

We evaluated approximate fiber direction in the record-
ing region of four hearts from activation times by using the

Jact that action potential propagation near the origin of

excitation is faster along fibers versus across fibers (Spach

duced by S2 given during the plateau phase of the action potential. Thand Barr, 1975; Roberts and Scher, 1982; Knisley, 1995).
timing of the S2 is shown by the horizontal bar above each recording. Sign;r_ig. 4 shows measurements of S1-induced activation times.

and magnitudes o¥,, change as a percentage of the action potential

amplitude are shown below plateau portions of each recordBjgMéa-
surements and contour plot of the distribution\gf changes at all laser
spots. The S2 strength was 44 mA.

The S1 electrode was near the center of the recording grid.
On the anterior left ventricle of three hearts, the fast axis
was significantly tilted from the upper left to lower right at
an angle of—19.2 = 3.8° (p = 0.013,t-test).

We further studied fiber direction by direct visual exam-
ination of six hearts after the completion of the experiments
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1 mm

FIGURE 4 Contour plot of activation times (ms) after S1 stimulation in

diastole from an electrode within the recording grid. Contour lines are
drawn from 15 to 35 ms in 5-ms increments. FIGURE 5 Anterior view of rabbit heart, showing epicardial surface.

The fluorescence recording grid was in the approximate center. Linear

marks indicate the fiber field that was used in the bidomain computer

model. Fibers became more horizontal in epicardium toward the apex, and
and fixation of the hearts with formalin (Nielsen et al., more vertical in the left lateral epicardium.

1991). Hearts were held with approximately coaxial needles
that penetrated the heart from the base and apex to minimize
epicardial distortion. The direction of minute epicardial . .
grooves was taken as the epicardial fiber direction (LeGricéJpper right quadrant. The model results agreed with the

et al.,, 1995). Fig. 5 shows the anterior of a rabbit heargea;utrﬁmen;s (ﬁ,?/m 'ndﬂ;)e tl;]ppler Iteftdand rllghtt_ quadratr)l_ts. q
observed after staining with Evans Blue dye and transillu- or both quadrants and both electrode polarities combined,

L , S : . the sign test rejected the null hypothesis that the probability
minating. The average fiber direction in the recording grid ) "
(center) was from the upper left to lower right. of agreement with the model was 0> € 0.0002,n = 28)

The visual examinations also indicated that fibers curvec"vlendenhalII et al., 1986). Thus the two-dimensional bido-

in the hearts. Fiber curvature has been predicted to affect thgam model incorporating appropriate geometry of the S2

. o ectrode and epicardial fibers is sufficient to explain signs
AV, (Trayanova, 1993; Trayanova and Skouibine, 1998). InOf AV,.. during nonuniform S2.

all six hearts studied with blue dye, fibers became more . .

horizontal in epicardium toward the left ventricular anterio- X![:rurthI(IerTn(r)rel, t?rei" t;:dlczjma:m dmo%e\llviﬁrm) nstr;atﬁdstzhalt the

apical region and more vertical toward the left latera| SXtracetiuiar electric ield produce €sma elec-
trode was modulated by fiber structure. Fig. 7 shows that

region. . . :
. - extracellular voltage contours tilted toward the right side of
We hypothesized that thAV,, in Fig. 2 result from a the graph, as they did in hearts (Fig. 3).

nonuniform electric field that is not simply determined by
electrode geometry, but instead is the field produced with

the small electrode modulated by the fiber orientation on thq..lniform field stimulation

epicardium. To test this, we performed computer simula-

tions that incorporated the S2 electrode geometry and epkig. 8 showsAV,,, during uniform S2 in a rabbit heart and in
cardial fiber structure. The structure is shown by the lineaithe bidomain model. In the heart (Fig.A, negativeAV,,
marks in Fig. 5. The structure near the anterior recordingpccurred in the lower left quadrant and upper half of the
region is consistent with a recent detailed study of rabbigrid, and positiveAV,, occurred in the upper left and lower
ventricular anatomy by Vetter and McCulloch (1998). Fig. right. Magnitudes ofAV,, were frequently as large in lower
6 shows that the simulatelV,,, were positive in the region quadrants as in upper quadrants. The model (Fid3)8
that corresponded to the upper left quadrant of the recordingroducedAV,, that agree with measurements shown in
grid and negative in the region that corresponded to théig. 8 A.
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FIGURE 6 Results of the bidomain model, showing the effect of non-
uniform S2 on transmembrane voltagg, J. The timing of the S2 is shown

by the horizontal bar at the plateau level of each simulated action potential.
The small S2 electrode located just above the recording grid was cathodal.
(A) ComputedV,, at sites that correspond to the four recordings in Fig. 2
A. (B) The distribution of theV,,, change in the recording grid during S2,
which corresponds to Fig. B. The S2 strength was 44 mA.

The AV,, during uniform S2 varied among hearts. For
example, in one heart with the electrode nearer the apex as —t S0 ..
the cathode, ndaV,, that had a positive sign occurred at any
laser recordlng Spot, whereas tJ.hb'm were negative at 54 FIGURE 7 Tilt of epicardial fibers and extracellular voltages during
spots and zero at one spot, and in another heark¥hghad nonuniform S2. A) Evans blue-stained heart, showing tilt of anterior left
a positive sign at 15 spots and a negative sign at 36 spot§entricular fibers from upper left to lower right of the Figur&) Results
and were zero at four spots. The sigmdf,, frequently was  of the bidomain model, showing the distribution of extracellular voltages
constant for a group of adjacent spots. In no case was apfoduced by t_he same nonunil_‘orm S_2 as _in Fig. 6. Extracellular voIta_ge
individual spot found that had a given signzwm and was contours are tllteq beca_use of fiber orientation. The small S2 electrode just

. . . . . bove the recording grid was cathodal.

surrounded by neighboring spots with the opposite sign of
AV,

Fig. 9 shows the distribution of extracellular voltage
during uniform S2 in a heart and in the model. The gradient
of the S2 voltage was approximately constant. Despite the
uniformity of the applied electric field, extracellular voltage
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Origin of the transmembrane voltage changes

The model of shock-inducetlV,,, demonstrates close agree-
ment with experimental results. This allows us to use the
model to understand the factors that contributeAtd,,
during uniform and nonuniform S2. The relationship be-
tween transmembrane and extracellular voltages in the first
bidomain equation (Eq. 1) can be represented as follows:

| c oV,
_B ion T mW

D, D, D, oD, 6)
= 9o T Oy g5y T Ixaxay T Oy oy

0%y 0D, N 00y 0P, N a0y 0P, N agyy 1P
X X 9x ay  ay Ix  dy ay

The left hand-side of this equation isgl,,, wherel,, is
the total transmembrane current density. In the passive case,
which approximates the membrane response during the
plateau of an action potential, th&V,, at a given time
during S2 are proportional tQ,. The right-hand side of the
above equation is then proportional ta\V,,,. Comparison
betweemV,, shown in Figs. 8 and 8B, and the right-hand
side of Eg. 6 shown in Figs. 18 and 11C, respectively,
clearly demonstrates this proportionality with a negative
sign.

Examining Eq. 6, one sees that the relationship between
AV, (with a negative sign) an@, can be considered as
consisting of two parts. The first part (the first four terms on
the right) relates the shock-inducetl,, to the second
spatial derivatives of extracellular voltage. The coefficients
of proportionality are the tissue conductivities. The second
part of this relationship (i.e., the second group of four terms
on the right) involves the first derivatives of the extracel-
lular voltage (the components of the extracellular VG). The
coefficients of proportionality are the derivatives of the
global conductivities, which are nonzero when the fibers
curve in space.

Thus, from Eqg. 6 one can conclude that in the case in
which the fibers were straight, the relationship is then re-
duced to only the first part, i.eAV,, are related to the

FIGURE 8 The effect of uniform S2 on transmembrane voltagg)(  derivatives of extracellular VG. Alternatively, if the extra-
(A) Measurements from a rabbit heart (% of action potential amplitude).cellular voltage gradient is uniform, then the first part of the
(B) Bidomain model results. The S2 electrode near the base of the heart ?Ealationship vanishes, |eavmgn as a function of the com-
the top of the model was cathodal. The S2 strength was 312 mA. ponents of the extracellular VG. However, neither of these
two conditions is fulfilled in the real case. In the heart, fiber
contour lines were not horizontal, as evident from the tilt oforientation changes and the extracellular voltages are dis-
isovoltage lines in the model (Fig. 8). Thus even with torted by fibers, even if the applied field is uniform. This
uniform S2, fiber orientation distorts extracellular voltagesbehavior of the extracellular voltage is clearly observed in
in the model, indicating that the extracellular field dependsFig. 9C. Thus, both groups of terms contributeAv,,,; it is
upon both the applied electric field and fiber structure. Tilttheir relative magnitude that is altered when the S2 is
was smaller in hearts, which may be due to fiber rotation inswitched from uniform to nonuniform, as demonstrated
deeper layers. In four hearts during uniform S2 on thebelow.
anterior left ventricle, the isovoltage contours in the approx- Figs. 10 and 11 display maps of the sum of the first group
imate center of the recording region were at an angle obf terms, the sum of the second group of terms, and the sum
—1.3* 3.7° (p = 0.5, t-test). of all terms in Eq. 6 for nonuniform and uniform S2 stim-
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FIGURE 9 Maps of extracellular voltage during uniform S&.andB)

Measurements\) from a rabbit heart for both S2 polaritie€)(Bidomain o ) ) o

model results for the S2 polarity & The S2 strength was 220 mA in the FIGURE 10 Maps of “activating functions” for nonuniform S2 in bido-

heart and 312 mA in the model. main model. &) “Activating function 1,” i.e., the first group of four terms
in Eq. 6. B) “Activating function 2,” i.e., second groups of terms in Eq. 6.
(C) “Total activating function,” i.e., right-hand side of Eq. 6.
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FIGURE 11 Maps of “activating functions” for uniform S2 in the bido-
main model. The panels are defined as in Fig. 10.
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ulation. These are called “activating function 1,” “activating
function 2,” and “total activating function,” respectively,
following terminology by Rattay (1989) and Sobie et al.
(1997). Thus, it is expected that Figs. @and 11C will
provide the pattern of shock-inducéy,,, as seen in Figs. 6
and 8, but with an opposite sign, in accordance with Eq. 6.
Indeed, the similarity is clearly evident upon visual inspection
of these figures. In the case of a nonuniform S2 (Fig. 10), the
first and second groups of terms have similar patterns, but the
deflections are in opposite directions. When they are added, the
deflections partly cancel each other. The sum of the two plots
(“total activating function”) has a range of magnitudes four
times smaller than that of the original plots.

Therefore, when the applied shock is nonuniform, both
groups of terms in Eq. 6, i.e., terms that contain second
derivatives of extracellular voltage and terms that contain
VGs, contribute to the pattern in Fig. T The terms for the
second derivatives make a larger contribution because de-
flections in Fig. 10C often retain the shape and sign of those
in Fig. 10 A, which is most notable near the top, where
deflections are large. For all computed points in Fig. 10, the
RMS difference between Fig. 18,andC, was 20.2 mA/cri}
whereas the RMS difference between Fig. BGand C, was
55.4 mA/cni. The smaller difference between Fig. Z0and
C, indicates that “activating function 1” contributes more to the
“total activating function” than does “activating function 2.”

For the case of a uniform S2, Fig. 1A,and B, shows
“activating function” maps with deflections in opposite
directions that largely cancel each other. The pattern of the
“total activating function” (Fig. 1C) retained the shape and
sign of the deflections in Fig. 1A. However, unlike the
nonuniform S2, contributions of second derivatives of ex-
tracellular voltage were only slightly larger than contribu-
tions of voltage gradients. This is evident from the range of
the “total activating function” (Fig. 1XC), which was 10
times smaller than the ranges in the original plots. The RMS
difference between Fig. 11A and C, was 31.5 mA/cri,
whereas the RMS difference between Fig.RBndC, was
34.1 mA/cn?, indicating a slightly greater contribution by
“activating function 1.”

As a final verification that model and experiment agree,
and thus considerations made above apply to the stimulation
of real myocardium, a comparison was made between the
calculated and experimentally recorded Laplacians of extra-
cellular voltage (or, equivalently, the first four terms in Eq.
6, assuming the conductivities are unity). Fig. 12 shows the
Laplacian maps during nonuniform S2 for the S2 polarity in
which the small electrode above the recording grid was the
cathode. Experimental measurements and contouts/pf
are overlaid upon the experimental Laplacian map from the
same heart (Fig. 12). In both experiment and model, the
top region of the graph contained a negative Laplacian on
the left side and a positive Laplacian on the right side. When
the S2 polarity was reversed (not shown), the signs of the
Laplacians on the left and right sides reversed. In the four
hearts in which extracellular voltages were measured in two
dimensions on the anterior left ventricle, when the small



Knisley et al. Voltages and Fibers during Shocks 1413

Nonuniform

300

200

100

FIGURE 12 Maps of Laplacian of
extracellular voltage during nonuni-
form S2. @) Epicardial measure-
ments (V/cm) from a rabbit heart.
Transmembrane voltage changes 1 mm
(numbers and contour lingsare
overlaid on a gray-scale Laplacian

for the same heart.B) Bidomain B
model results. The S2 strength was

56 mA in the heart and 44 mA in the
model.

V’lcpe (V/Cm:); TS

Dm0 30 150




1414 Biophysical Journal Volume 77 September 1999

electrode was the cathode, the Laplacian was more negativield was not measured (Holley and Knisley, 1997; Zhou et
on the top left compared with the top right. When the smallal., 1995). Only a handful of model studies (Sobie et al.,
electrode was the anode, the Laplacian was more negativi997; Entcheva et al., 1998, 1999; Trayanova et al., 1993,
on the top right compared with the top left, which again1998) document the involvement of fiber curvature in the
agreed with the model. For the two electrode polaritiesAV,, under conditions of electric stimulation. Most of these
combined, the sign test rejected the null hypothesis that thewodels employed stylized fiber fields. Here we incorporate
probability of agreement with the model was 05 €  a realistic fiber orientation found in rabbit heart. Further-
0.008,n = 8). more, our preliminary simulation in which fibers were
straighter than those of the heart used in Fig. 8 produced less
agreement with the experiment, which supports a role of
DISCUSSION fiber curvature in the generqtiop ﬂNm. - _
The extracellular voltage distributions are strictly nonuni-
This study examined the/,, and extracellular voltage form for both uniform and nonuniform S2, with the highest
changes induced in rabbit hearts during an electric shock fafonuniformity near the small electrode for nonuniform S2
both uniform and nonuniform applied fields. A computer (Figs. 3, 7, and 9). These distributions demonstrate an
model representing the experimental preparation was alsgyportant point: even for a uniform S2, isovoltage lines do
assembled and used to calculate the correspondingnd ot coincide with a uniform applied field. This is because
extracellular voltages. The model, which demonstrated exge fiper orientation in the myocardium distorts the electric
cellent agreement with the experiment, was further used tQg1y Thus the extracellular shock voltage that actually
relate AV, to extracellular voltages and their derivatives ..rs in the myocardium is distinctly different from the

and thus aid in understanding the factors responsible fog,jieq shock field, i.e., the field that would be produced in
AVp, during the shock. a homogeneous isotropic volume conductor if fibers were

neglected (Rattay, 1989).

Distributions of transmembrane and extracellular

voltage changes during S2 Does voltage gradient determine transmembrane

The distribution ofAV,, found in the laser recording grid voltage changes?
during the nonuniform S2 had features that would be ex_Numerous investigations have quantified electric stimula-
pected in regions surrounding the small stimulation elec- 9 q

trode. Taking into account the specific fiber orientation ingon_ eﬁl[(r:]acyr:n tkhel(;ﬂsks ue tt)y Ithel Sl)c;cla.\l Lextracilll(glar tVGI
the region of recording (Figs. 4 and 5), a portion of the uring the shock (ldeker et al., » Lepeschkin et al.,

familiar “dog-bone” pattern is observed (Figs. 2 and 6).1978’ 1980). However, the VG may not determinedhé,,

Such a pattern has been documented in both comput&‘hiCh ?S stro_ngly indicated_ bRV, in diffe_r_ent parts of the
simulation (Sepulveda et al., 1989; Trayanova et al., 1998?ecord|ng grid. For nonuniform S2, positive/,, occur on
and experimental studies (Knisley et al., 1994, 1995: Neuntn€ left side of the map in Fig. 2, and negatiVé,, occur on
list andTung, 1995; Wikswo et al., 1995). Indeed, because thd"€ 1ight. This is true even for spots near the main apico-
average fiber orientation is parallel to a line from upper left toPasal axis (Fig. 21), where extracellular VG is similar (Fig.
lower right, the upper right portion of the plot for nonuniform 3)- Moreover, the uniform S2 in Fig. 8 produced heteroge-
S2in Fig. 2B is away from the small stimulation electrode in NEOUSAVy,, even though the VG did not vary greatly (Fig.
the direction parallel to the fibers. This is the direction along®)- If VG alone determined thaV,,, we would expect the
which the sign ofAV,,, reverses away from a point electrode, VG t0 be very different among the regions whef¢, have
producing negative\V,, during cathodal stimulation. More- OPPOSIte signs.
over, the positive\V., in the upper left portion of the plot are  In this study we demonstrate that th¥/;, in the record-
expected because the sign/df,,, does not reverse away from ing region are predominantly due to second spatial deriva-
the electrode in the direction perpendicular to fibers. The factives of extracellular voltage (Fig. 10). Although this is most
that the small electrode used to produce nonuniform S2 waglearly seen for the nonuniform S2, even in the case of a
not a single point does not prevent reversal of the sigh\of uniform S2 where the extracellular VG was expected to
away from the electrode in the direction along fibers, which isdominate (Sobie et al., 1997; Trayanova et al., 1998), we
evident from studies of line stimulation (Knisley and Bayn- still observe quantitative prevalence of the terms containing
ham, 1997; Knisley et al., 1994). the second spatial derivatives of extracellular voltage (Fig.
A uniform S2 resulted in a rather different distribution of 11). Because terms containing the VG in Eq. 6 depend upon
AV,,.. Regions of positive and negative/,,, could be found spatial changes in conductivity, future studies may reveal
throughout the recording grid of our model. There are fewwhether the terms become larger if fiber orientation changes
published data to compare, becausé,, during S2 deliv- more rapidly or if cells become electrically uncoupled, as
ered from symmetrical electrodes on hearts were reported aiccurs in ischemia. Our finding that fiber structure alters the
only one or a few spots, and the uniformity of the S2 electricelectric field suggests that contributions of second spatial



Knisley et al. Voltages and Fibers during Shocks 1415

derivatives of extracellular voltage may also become largeLimitations of the study

with curvature or cellular uncoupling. . .
. . The model represented a two-dimensional sheet of myocar-
To reach our conclusions, we used our model of electric;. . . X
stimulation that incorporated the relationship between thglum’ whereas the optical recordings were from the epicar-
P P dium of three-dimensional rabbit heart. Thus the model

transmembrane gnd ex.tracel'luliar voltage changes mduper veals effects of fibers and electric field independent of the
by the ShQCk' This relationship is gove_rned _by Eq. 6. Th'scontribution of deeper layers in the heart wall to the epicar-
however, is not the only way the relationship betwd&n  gia1v or extracellular voltage. In hearts, deeper layers may
and®, could be expressed mathematically in the bidomain,nyibute; however, evidence indicates that this effect was
model. Alternative equations are offered by Sobie et algmal. Regarding epicardialV,, if deeper layers had a
(1997) and Trayanova et al. (1998). All of these equationqarge effect, we would expect disagreement between the
represent generalizations of the “activating function” theoryheart experiments and the model instead of the agreement
of Rattay (1989). The equations derived by Sobie et alseen in Figs. 2 and 6 and previously among hearts and two-
(1997) and Trayanova et al. (1998) incorporate either theind three-dimensional models (Sepulveda et al., 1989; Roth
intracellular conductivities (Sobie et al., 1997) or combina-and Wikswo, 1994; Knisley, 1995). Furthermore, our un-
tions of intra- and extracellular conductivities (Trayanova etpublished simulation results demonstrate that changes in
al., 1998), as well as additional terms that involve theepicardialV,, in a three-dimensional bidomain model with
derivatives ofV,,. Although examination of these equations fiber curvature are only slightly altered by fiber rotation in
ultimately may result in the same general conclusions redeeper layers, which agrees with results in the absence of
garding the relationship betwe&fy,, the derivatives ofb,,  fiber curvature (Muzikant and Henriquez, 1998). Regarding
and fiber orientation (Sobie et al., 1997; Trayanova et al.extracellular voltages, the effect of deeper layers that rotate
1998), we chose Eq. 6 for our numerical analysis because fiounterclockwise (Streeter, 1979) may change the tilt of
is straightforward and relatively simple in relatiity, and  isovoltage lines for uniform S2 in hearts (Fig. 9). This can
®_. When the different terms of this equation were numer-be demonstrated in a three-dimensional bidomain model
ically calculated for the particular fiber structure of the With or without fiber curvature (our unpublished simula-
experimental preparation, quantitative conclusions regardions and Muzikant and Henriquez, 1998) and may be due to

ing the contributions of extracellular VG and its derivativesthe effect of fiber_ rotation on current in deeper _Iay_ers
to AV could be obtained (Baynham and Knisley, 1999). Our measurements indicate
m .

The finding that the extracellular VG does not determinetha_t th'_s effect_ls m'”'”_‘a' for nonuniform S2 (Figs. 3 _and 7.)’
hich is consistent with current from the small epicardial

AV during the shock has some support in other studies of . .
m. 9 . € suppo! . ! electrode more concentrated near epicardium. The model of
cardiac stimulation. ThaV,, during a unipolar stimulation

. L= . : Muzikant and Henriquez (1998) predicted that epicardially
pulse in the heart have opposite signs at different sites away i rmined Laplacians have opposite polarity along and
from the electrode in the direction parallel to the cardiac

fib Knis| | 1994. 1995: Neunli 4T 1994 across epicardial fibers, which agrees with our measure-
ibers (Knisley etal., ' ; Neunlistand Tung, 'ments. Moreover, our measurements did not miss epicardial

1995; Wikswo et al., 1995), although the sign of the extra~q i the depth direction because insulation was adjacent to
cellular VG does not reverse among the sites (Sepulveda gtq recording region.

al., 1989). Such results were predicted by two- or three- precision of fiber orientations in the model was limited
dimensional theory of myocardium with realistic resistancepacause only macroscopic changes in fiber orientation were
anisotropy (Roth and Wikswo, 1994; Sepulveda et al., 1989etermined. However, hearts were moist and structurally
Entcheva et al., 1998, 1999; Trayanova et al., 1998). Furintact, eliminating geometrical errors due to drying, cutting,
thermore, studies of electric field stimulation of isolated or loss of reference to the apicobasal axis. Tissue inhomo-
cardiac myocytes showed that excitation depends not onlgeneities not included in the computer model, such as in-
on VG but also on myocyte orientation with respect to thetracellular conductivity gradients along the fibers due to
VG (Tung et al.,, 1991). ThelV,, at ends of myocytes discrete cellular structure (Plonsey and Barr, 1986; Kras-
aligned with the electric field have opposite signs when thesowska et al., 1987), distribution of clefts (Gillis et al.,
sign of the VG is constant and depend on myocyte size996; Fast et al., 1998), or changes in intracellular volume
(Knisley et al., 1993). Irreversible injury is a function of fraction (Fishler, 1998) may lead to localiza®,. Despite
myocyte orientation (Knisley and Grant, 1995). Action po- the incompleteness of the model, agreement between exper-
tential prolongation in isolated papillary muscles dependdmental and model results indicates involvement of the
on the orientation of the muscle (Knisley et al., 1992). Somdibrous organization of myocardium in the shock-induced
of these results were predicted by the theory of an elongatedVm-

cell in an electric field (Klee and Plonsey, 1976). A recent
theoretical paper also showed correspondence between the
Laplacian of extracellular potential and/,, during bipolar QONCLUSIONS

stimulation (Muzikant and Henriquez, 1998), consistentThis study examined epicardial transmembrane and extra-
with the conclusion that VG does not determih¥,,,. cellular voltages induced by uniform and nonuniform
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shocks in rabbit hearts and in a computer model that incorHill, B. C., and K. R. Courtney. 1987. Design of a multi-point laser

porated the epicardial fiber structure. TA®. and extra- scanned optical monitor of cardiac action potential propagation: appli-
) m cation to microreentry in guinea pig atriurAnn. Biomed. Engl5:

cellular voltages during the shocks indicate that 1) the fiber gg7_577.

structure inﬂuences the eXtrace”_UIar ShO_Ck electric field andyjiey, L. k., and S. B. Knisley. 1997. Transmembrane potentials during
the distribution ofAV,,,. 2) The spatial variation of extracellular  high voltage shocks in ischemic cardiac tissBACE.20:146-152.

VG, and not VG itself, is a major determinant AW, for Ideker, R. E., A. S. L. Tang, D. W. Frazier, N. Shibata, P.-S. Cheng, and

nonuniform shocks. For uniform shocks, both extracellular VG j- M. Wharton. (1199:1- Ve”;ficu'?f deﬁb”"?tioh”i t;aSi% CO“CEI““SCara
. . T iac Pacing and Electrophysiology. N. El-Sherif and P. Samet, editors.
and, to a greater extent, its spatial variation influeatg,. W. B. Saunders, Orlando, FL. 713-726.

Klee, M., and R. Plonsey. 1976. Stimulation of spheroidal cells—the role

. . of cell shapelEEE Trans. Biomed. En@3:347-354.
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