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Abstract

Background—Measurements of intramural V,, would greatly increase knowledge of cardiac
arrhythmias and defibrillation. Optrodes offer the possibility for three-dimensional V, mapping but
their signal quality has been inadequate.

Objectives— The objectives of this work were to improve optrode signal quality and use optrodes
to measure intramural distribution of action potentials and shock-induced V, changes in porcine
hearts.

Methods—Optrodes were made from seven optical fibers 225 or 325 um in diameter. Fiber ends
were polished at 45° angle which improved light collection and allowed their insertion without a
needle. Fluorescent measurements were performed in isolated porcine hearts perfused with Tyrode’s
solution or blood using V,-sensitive dye RH-237 and a 200-W Hg/Xe lamp.

Results—The signal-to-noise ratio for 325-um fibers was 44423 in blood-perfused hearts (n=5)
and 106+45 in Tyrode-perfused hearts (n=3), which represents a =4-fold improvement over
previously reported data. There was close correspondence between optical and electrical
measurements of activation times and action potential duration (APD). No significant intramural
APD gradients were observed at cycle lengths up to 4 s and in the presence of dofetilide or d-sotalol.
Application of shocks (5-50 V/cm) produced large intramural V,, changes (up to ~<200%APA)
possibly reflecting a combined effect of tissue discontinuities and optrode geometry.

Conclusions—A substantial improvement of optrode signal quality was achieved. Optical
measurements of APD and activation times matched electrical measurements. Optrode
measurements revealed no significant intramural APD gradients. Application of shocks caused large
intramural V,, changes that could be influenced by the optrode geometry.
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Introduction

Optical mapping of electrical activation has become an important research tool in cardiac
electrophysiology.1 This method employs fluorescent dyes and arrays of photodetectors to
measure changes in membrane potential (V) at multiple locations on the heart surface. Optical
mapping offers several advantages over electrical mapping techniques including the ability to
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measure the repolarization phase of the action potential as well as V, changes caused by
electrical shocks. In addition, optical mapping allows for simultaneous measurements of Vy,
and other electrophysiological parameters such as intracellular calcium concentration.2—>
Optical mapping has been employed in various experimental preparations ranging from single
cells to whole hearts to study mechanisms of impulse propagation,®:’ cardiac arrhythmias®~
14 and defibrillation.15.16

Although application of optical mapping in cardiac electrophysiology has been very successful,
it has important limitations. Unlike electrical mapping, which allows measurements both from
the heart surface and from intramural muscle layers, -19 optical mapping was until recently
restricted to the heart surface. However, information on the three-dimensional V, dynamics
is critically important for understanding the mechanisms of cardiac arrhythmias and
defibrillation. Thus, electrical mapping studies using plunge needle electrodes demonstrated
that the source of ventricular fibrillation may be intramural.20 Microelectrode recordings and
optical mapping in wedge preparations revealed large transmural heterogeneities of action
potential duration (APD) that may play an important role in arrhythmogenesis.Zl'22 Intramural
shock-induced V, changes are believed to be critical for defibrillation. 16,23 Investigation of
these phenomena requires three-dimensional mapping of V,, in intact hearts but no such
methods are currently available.

To circumvent this limitation, a new optical technique was introduced recently,24’25 which
employs fiber-optic technology. In this method, bundles of optical fibers (“optrodes”) are used
to deliver excitation light to intramural tissue layers and to collect the emitted fluorescence,
which is measured with arrays of photodiodes. The initial optrode studies demonstrated the
feasibility of this approach for V,, measurements at multiple sites across left ventricular wall.
These studies also exposed several limitations of optrode recordings that hinder the extension
of this technology to fully three-dimensional mapping. One important limitation of current
optrodes is a relatively low signal-to-noise ratio, which is significantly smaller than in surface
optical mapping. Such low signal quality precludes intramural optical measurements in hearts
perfused by blood, which is preferable in long-lasting experiments on isolated hearts.9
Therefore, the main goal of this work was to enhance the quality of optrode recordings by
improving the optrode design and optimizing the optical system. The other goals were to use
the new optrodes to characterize intramural distribution of action potentials in the left ventricle
of porcine hearts, to compare optical recordings with electrical measurements and to measure
intramural V,, changes caused by electrical shocks.

Optical Setup

The optical setup for intramural optrode recordings, schematically shown Figure 1A, was
similar in its overall design to the one described previously25 with several modifications. A
stronger 200-W Hg/Xe lamp was used as an excitation light source which resulted in increased
fluorescence. The excitation light was filtered at 530-585 nm, deflected by a dichroic mirror
(>600 nm) and focused on optrode entrance by an objective lens (5x Fluar, Carl Zeiss Inc.).
The emitted fluorescence was collected by the same lens, passed through the dichroic mirror
and filtered at >650 nm. The fluorescent light was converted to voltages using a 16x16
photodiode array (PDA) integrated with current-to-voltage converters with 100-MQ feedback
resistors (model C4675-102, Hamamatasu Corp.). Electrical signals were conditioned using a
256-channel set of 2"d-stage amplifiers (Innovative Technologies) and digitized at a 12-bit
resolution and a sampling interval of 0.512 ms using a data acquisition system which consisted
of four 64-channel data acquisition cards (PCI-6071E, National Instruments) installed in a PC.
An additional 8-channel digital card (PC1-6602, National Instruments) was used to control
stimulation, light excitation, shock application, and change of amplifier parameters.
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Optrodes were made from silicon fibers with an outer diameter of 225 or 325 um (FT-200-
URT and FT-300-UMT, Thorlabs Incs.). These fibers have core diameters of 200 and 300
um, respectively, and numerical apertures of 0.50 and 0.39, respectively. Each optrode
consisted of 9 fibers. Seven fibers were used to record optical signals and two other fibers were
used for optrode-PDA alignment. At one end (tissue end), seven fibers were polished at
approximately 45° to the fiber axis. This was different from the previous work?S where flat-
cleaved fibers were used. Polishing fibers resulted in a closer contact with the tissue and better
light collection. In addition, optrodes made from polished fibers could be introduced into the
heart without the aid of an insertion needle, which reduced the extent of tissue damage. This
made possible the use of the larger 325-um fibers, which resulted in much higher signal levels
with less tissue damage in comparison to the previous study.25 Fibers were arranged in a
hexagonal pattern as shown in Figure 1B with fiber ends spaced 2 or 3 mm apart. At the other
end (detector end), fibers were polished perpendicular to the fiber axis and arranged in a line
(Figure 1C). Two additional alignment fibers were prepared in the same fashion but with both
ends polished perpendicular to the fiber axis and placed on both sides of the linear fiber array.

The optrode detector end and the PDA were mounted on micro-positioners. Their mutual
alignment was performed by shining light from a light-emitting diode (LED) at the alignment
fibers and measuring optical signals at corresponding diodes of the PDA. The optrode-lens and
the lens-PDA distances as well as lateral positions of all optical elements were adjusted until
the maximal cross-talk between the diodes receiving light from the alignment fibers and any
other diode in their immediate vicinity became less than 3%.

The quality of fiber preparation was examined by immersing an optrode into a 6-umol/L
solution of rhodamine and measuring its fluorescence. The fibers were considered acceptable
if the differences in signal magnitudes between all seven fibers were less than 30% of the
maximum signal magnitude.

Porcine heart preparation

The investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Pigs with a weight of =25 kg of either sex were anesthetized with Telazol (4.4 mg/Kg), Xylazine
(4.4 mg/Kg) and Antropine (0.04 mg/Kg). Anesthesia was maintained with inhalation of
Isoflurane (1.3-2.5%) in oxygen. If blood was used for heart perfusion, a warm Tyrode’s
solution(in mmol/I, NaCl 128.5, Glucose 20, KCI 4.7, MgCl, 0.7, NaH,PO4 0.5, CaCl, 1.5,
and NaHCOg3 28) was infused in the carotid vein and the blood was drained from the carotid
artery. Heart contraction was stopped by KCI injection or by the application of a 9 V battery
to induced fibrillation. The heart was quickly removed from the chest and placed in a cold
physiological solution. After weighing the heart, the aorta was cannulated and the heart was
retrogradely perfused with either Tyrode’s solution or blood. The perfusate temperature was
maintained at 37°C and was bubbled with a mixture of 95% O, and 5% CO,. The flow rate
was maintained at approximately 1 mL/min per 1 g of heart weight. At the end of the
experiments, the heart was weighted again to estimate the degree of tissue edema. The LV wall
was dissected to determine the wall thickness.

To enable external pacing, the sinus node was removed. Hearts were paced using a bipolar
electrode and a custom made stimulus generator at a cycle length (CL) of 0.5 s. Rectangular
shocks with duration of 10 ms were applied via two large mesh electrodes sutured to the LV
and RV epicardium using a custom-made current pulse generator. An optrode was inserted
through a whole at the center of the mesh LV electrode. Intramural shock strength was
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measured using a bipolar plunge needle electrode inserted approximately 5 mm away from the
optrode.

For optical measurements, hearts were stained with fluorescent V,-sensitive dye RH-237. The
dye was diluted in 10 mL of Tyrode’s solution at a concentration of 0.25 mmol/L. This solution
was injected into a perfusion line at a rate of 3.3 ml/min for 3 min using a syringe pump. The
estimated dye concentration in the perfusion solution during injection was 5.5 umol/L. To
prevent motion artifacts in optical recordings, excitation-contraction uncoupler 2,3-
butanedione monoxime was added to the perfusion solution at a concentration of 15-25 mmol/
L.

Optrode recordings

Results

An optrode was inserted into the free anterior LV wall perpendicular to the epicardium.
Recording sites were at a depth of 2 to 14 mm (2-mm optrode) or 3 to 21 mm (3-mm optrode).
If necessary, optical signals were low-pass filtered to reduce noise. AP amplitude (APA) was
determined as a difference in optical levels measured before and after an upstroke. Activation
times (AT,) were measured at a moment of 50% of AP upstroke. The signal-to-noise ratio
(SNyms) was calculated from unfiltered signals as the ratio of APA and root-mean-square noise
measured over a 20-ms time interval preceding the AP upstroke.

The APD was measured as a time interval between the AT and 80% level of repolarization
(APDgg). Transmural APD gradients were measured in control conditions, at various CLs (0.5—
4 s) and in the presence of potassium channel blockers d-sotalol (125 umol/L) or dofetilide (2
umol/L) that are known to augment intramural APD heterogeneity.26’27 Optical recordings
were compared with extracellular electrical recordings from a plunge needle electrode inserted
near an optrode. Electrical activation times (AT,) were measured at the moment of minimum
derivative of the QRS complex. Activation-recovery intervals (ARI) were measured as the time
difference between AT, and the time of maximum derivative of the T M.ZS The correlations
between AT, and AT, as well as between APDgy and ARI were calculated usin% linear
regression. Shock-induced V, changes were measured as previously described. 6

Optrode signal quality

Figure 2 shows intramural action potentials recorded using 325-um fiber optrodes in porcine
hearts perfused either by Tyrode’s solution (Panel A) or blood (Panel B). Measurements in
Tyrode-perfused hearts had substantially higher SN,ms than the ones obtained in blood-
perfused hearts. Recordings shown in Panels A and B had SN, of 154+86 and 58+16,
respectively. Average SNymg vValues obtained from all hearts were 106+46 for Tyrode perfusion
(n=6 sites in 3 hearts) vs. 44423 for blood perfusion (n=12 sites in 5 hearts, p<0.001). The
highest SNy in Tyrode-perfused hearts could reach ~300. When optrodes with narrower 225-
um fibers were used in Tyrode-perfused hearts (recordings not shown), SNy was 40£8 (n=7
sites in 6 hearts).

Signal quality decreased over time, likely due to dye washout and photobleaching. Panel C
illustrates changes in SN;m,s measured in a Tyrode-perfused heart. It shows that signal quality
decreased by approximately 40% during a 1-hour time period. In 4 hearts, the average decrease
of SNms Over 1 hour was 33£7%.

Action potentials sometimes exhibited a triangular shape, which is exemplified by intramural
AP atsite 5 in Panel A. Such AP shape indicates local tissue ischemia.29 Such AP shapes were
observed more often in Tyrode-perfused hearts than in blood-perfused hearts. This could be

partially attributed to tissue edema developed during the course of experiment, which was more
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pronounced in Tyrode perfused hearts than in blood-perfused hearts. Over the duration of an
experiment (=4 hours), the heart weight increased by 118+34% in Tyrode-perfused hearts (n=3)
and by 35+15% in blood-perfused hearts (n=3).

Comparison of optical and electrical recordings

Extracellular electrical recordings of ARI have been used as an estimate of intramural APD
measurements,28 which is based on the assumption that electrical AT and ARI match AT and
APD obtained from V, measurements. To validate this assumption, we compared optrode
measurements of intramural V,, with electrical measurements from a nearby location.

Figure 3A shows examples of simultaneous optical and electrical recordings at different pacing
CLs. ATs measured optically and electrically were very similar when CL was changed between
200 and 1000 ms. The average difference between AT, and AT, measured at all CLs was 1.3
+1.4 ms. Similarly, repolarization times changed in parallel, which was reflected in a high
correlation between optical APDgg and electrical ARI (R?=0.98) upon changes of CL (Panel
B).

Intramural APD heterogeneity

Intramural heterogeneity of APD, previously reported in studies on single cells and isolated
wedge preparations, is considered an important factor in arrhythmogenesis. To examine the
presence of APD gradients in porcine hearts, we measured intramural APD in the LV wall at
various CLs and in the presence of drugs. The APD values obtained from different tissue depths
were combined in three groups: sub-epicardial group (Sub-Epi) with APD measurements
obtained at a depth of 2-4 mm; mid-myocardial group (Mid) with data obtained at a depth of
6-10 mm, and sub-endocardial group (Sub-Endo) with measurements from a depth of 12-14
mm.

In control conditions and pacing CL of 500 ms, no significant APD gradients were detected
(Figure 4A). The average APDgg was 20017, 199+18 and 20528 ms in Sub-Epi, Mid, and
Sub-Endo regions, respectively. The differences between all regions were not statistically
significant. Increasing CL up to 4000 ms resulted in prolongation of average APDgg to 229
+29 (p<0.05, comparison with APDgq at 500-ms CL), 225+25 (p<0.05) and 23036 ms
(p<0.05) in corresponding regions without increase in regional APDgg differences. Such degree
of CL-dependent prolongation of APD is similar to previously reported data obtained from
porcine heart preparations.

Application of d-sotalol (Figure 4B) or dofetilide (Panel C) caused a statistically significant
increase of APDgq (p<0.05 for both drugs) at all intramural regions but didn’t increase
intramural APDgq heterogeneities even at slow pacing rates. The increase of APD under the
influence of these drugs is consistent with previous publications. 26,27

Shock-induced AV,

Figure 5A shows examples of intramural V,,, changes caused by 10-ms shocks with strength
of 8 V/cm applied during the AP plateau phase in one heart. Shocks produced significant
polarizations at the majority of intramural locations. The AV, magnitude was highly variable
ranging between approximately 5%APA and 100%APA at different locations. In most cases,
the sign of AV, was reversed with changing the shock polarity.

Qualitatively similar findings were obtained in other cases. Panel B depicts maximal and

minimal AV, measured at different shock strengths in 5 preparations. Similarly to previous
AV, measurements in wedge preparations,16 shock-induced polarizations were asymmetric
with negative AV, exceeding positive AV, approximately 2-fold. Increasing shock strength
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resulted in increase of both maximal and minimal AV, that reached magnitudes of
approximately 100%APA and 200%APA, respectively.

Discussion

Fiber optics technology allows for multi-site intramural V\,, measurements in the heart.
Extension of this technology to full 3-dimensional mapping depends on improvements in
existing optrode techniques with regard to signal quality, reliability and ease of use. The present
work achieved a significant improvement in the quality of optrode recordings using a standard
optical design. These optrodes were tested by measurements of intramural APD, comparison
of optical and electrical recordings and shock-induced AV, in porcine hearts.

Optrode signal quality

Comparison

One of the most important parameters of optical recordings is the SNyys. In comparison to our
previous study,25 which employed the same overall optical system design, the SNy value
was approximately doubled when using optrodes made from 225-um fibers and increased 4-
fold when using the 325-um fibers. The gain in SN,,s was due to several factors. One of them
was the use of a brighter 200-W Hg/Xe lamp instead of a 100-W Hg lamp. Another factor was
the use of fibers polished at a 45° angle. This improved the contact of fiber ends with adjacent
tissue and, therefore, light collection. Another advantage of such optrodes is that they can be
introduced into tissue without the aid of an insertion needle used previously. This resulted in
a lower degree of tissue damage even when 325-um fibers were used. The diameter of such an
optrode varied between 325 and 975 um along its length, which is comparable to the diameter
of plunge needle electrodes used previously. 1

Gains in signal quality allowed optical measurements even in blood-perfused hearts where
optical signals are much weaker due to strong light absorption by hemoglobin. Perfusion with
Tyrode’s solution is known to cause a slow change of electrophysiological tissue properties
during the course of experiment,32 which is partially caused by tissue edema. Perfusion with
blood significantly reduced tissue edema and thus provided for better preservation of tissue
properties.

SN;ms decreased over time at the rate of approximately 33% per hour. This is consistent with
the rate of signal decay measured using surface optical mappin93 and reflects washout and
photobleaching of the voltage-sensitive dye. Si%nificantly faster signal deterioration was
reported previously in optrode measurements.24 A higher rate of signal decay in that study
was probably caused by a much stronger intensity of excitation light and longer light exposures
associated with averaging of multiple consecutive beats that resulted in faster dye
photobleaching.

of Optical and Electrical Recordings

Electrical mapping with plunge needle electrodes was used previously to map intramural
activation, repolarization and ARI as a substitute for APD measurements.33:34 This assumes
a close correspondence between electrical and optical measurements but direct experimental
verification of this relationship is lacking. Furthermore, previous measurements utilizing
optrodes and plunge electrodes reported significant differences between electrically and
optically measured ATs as well as between APD and ARI 35 such differences were explained
by a larger interrogation volume in electrical recordings in comparison to optical recordings.
An alternative explanation could be the spatial separation between optical and electrical
recording sites. Results obtained here are more consistent with the second explanation. Both
ATsand APD measurements were very similar and highly correlated with changes of CL when
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measured from closely adjacent sites. Such close correspondence justifies the use of ARI
measurements as a substitute of APD.

Intramural APD heterogeneity

Spatial heterogeneities of repolarization and APD are considered important factors in
arrhythmogenesis?l’22 One of the major reasons for electrophysiological heterogeneity is the
existence of “M cells” in the mid-myocardium that respond to slowing in pacing rate and
inhibition of potassium currents byéarolonging APD to a much greater extent than cells in
epicardial and endocardial regions. 6 until recently, intramural APD heterogeneities were
most often measured usin% microelectrodes and surface optical mapping in isolated cells and
in wedge preparations.21’ 2,37 Optrodes offer a possibility to characterize
electrophysiological heterogeneities in the intact hearts. Optrode measurements of intramural
APD performed here did not reveal significant differences in APD values across the LV wall
in porcine hearts. Slowing of pacing rate and blocking of potassium currents with d-sotalol or
dofetilide, which were used previously to expose M cells,26’27 did not increase intramural
APD differences either. The lack of M cells is consistent with previous measurements in
isolated tissue preparations of porcine LV myocardium.30 As argued previously,38 their
absence may be related to the young age of animals (=8-10 weeks) used in that and in the
present studies.

Optrode measurements of shock-induced AV,

Measurements of intramural V,,, changes are critical for understanding the mechanism of
defibrillation. Previously, intramural AV, were measured only in wedge preparations using
surface optical mapping.16 Although these studies provided valuable information about shock
effects, their extrapolation to whole hearts is limited by the differences in tissue properties and
boundary conditions at the cut transmural surface of wedge preparations vs. the ones in the
intact LV, which necessitates mapping of intramural AV, in the intact hearts.

Optrode measurements of AV, in porcine hearts performed in the present study revealed
similarities as well as important differences from AV, measurements in wedge preparations.
Similarly to wedge preparations, shocks produced intramural AVy,. In contrast, the magnitude
of these changes was significantly larger in the optrode recordings in comparison to wedge
mapping. This can be attributed to a higher spatial resolution of optrode recordings and,
therefore, to a smaller degree of spatial averaging in comparison to surface optical mapping.
In wedge mapping experiments, strong shocks produced globally negative AV, that didn’t
change sign upon changing the shock polarity, which was attributed to “virtual electrodes”
formed at microscopic tissue discontinuities.18 In contrast, positive polarizations were
detected by optrodes even at the strongest shocks and the AV, sign reversed with change in
the shock polarity. Such differences in AV, behavior may be due to the differences between
wedge preparations and whole hearts. Alternatively, the discrepancies between the optrode and
wedge mapping data could be due to the effect of optrodes on AV,. It was shown in computer
simulations that, with appropriate orientation of the shock field, plunge electrodes provide a
substrate for shock-induced polarizations.39 The optrodes may possibly cause the same effect.
The role of optrodes in shock-induced AV, requires further investigation.

Conclusions

The quality of optrode recordings was substantially improved, which should facilitate a
development of 3-dimensional mapping. The optrodes can be used for high-fidelity intramural
measurements of activation and repolarization times. Measurements of shock-induced V,
changes, however, may be affected by the optrode itself; this question requires further
investigation.
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Lists of Abbreviations

Vim

APA

APD

APDgg

AT

AT

AT,

CL

LED

PDA

SNrms

Sub-Endo

Mid

Sub-Epi

membrane potential

action potential amplitude

action potential duration

action potential duration at the 80% level of repolarization

activation time

electrical activation time

optical activation time

cycle length

light-emitting diode

photodiode array

signal-to-noise ratio

sub-endocardium

mid-myocardium

sub-epicardium
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Figure 1.

Panel A, Schematic diagram of the optical system. HF, heat filter; S, electromechanical shutter;
ExF, excitation filter; DM, dichroic mirror; PDA, 16x16 photodiode array. Panel B, View of
the cross section of an optrode and its tissue end. Fibers are arranged hexagonally with ends
spaced at 2 or 3 mm intervals. Panel C, View of the optrode detector end. Blank circles in the

middle represented seven measurement fibers; two shaded circles depict fibers used for
alignment. This linear fiber array is projected onto a column of nine photodiodes in the PDA.
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Figure 2.

Optrode recordings of intramural action potentials. Panel A, Intramural action potentials
measured with a 325-um fiber optrode in a porcine heart perfused with Tyrode solution.
Numbers 1 through 6 designate recordings obtained from sub-epicardium through sub-
endocardium. One fiber was outside the muscle in the cavity (not shown). Panel B, Intramural
action potentials measured in a blood perfused heart. Panel C, Reduction of the average signal-
to-noise ratio (SNymns) during the time of experiment in one heart.
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Figure 3.

Comparison of optical and electrical recordings. Panel A, Simultaneous recordings of optical
action potential (V) and extracellular electrical potential (V) at different cycle length (CL).
The optical recordings were made using a 225-um fiber; electrical signals were made using a
closely adjacent plunge needle electrode. Panel B, Correlation between APDgg and ARI with
variation of CL between 200 and 1000 ms. Straight line depicts linear regression.
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Figure 4.

Intramural APD distribution. Panel A, APDgg measured in sub-epicardial (Sub-Epi), mid-
myocardial (Mid) and sub-endocardial (Sub-Endo) muscle layers at pacing CL of 0.5, 1 and 4
s in control conditions. The data were obtained from 5 hearts perfused with either Tyrode
solution or blood. Panels B and C, APDgg in different tissue layers in the presence of 125 uM
of d-sotalol (B) and 2 uM of dofetilide (C).
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Figure 5.

Optical measurements of shock-induced AVy,. Panel A, Intramural V, recordings in control
and during application of 8-V/cm shocks of two polarities. Recording 1 was obtained form
sub-epicardium, recording 6 from sub-endocardium. Panel B, Dependences of minimal and
maximal AV, magnitude on the shock strength. Solid lines depict second-order polynomial
fits of the data.
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