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INTRAMURAL ELECTRICAL UNCOUPLING DURING LONG DURATION 

VENTRICULAR FIBRILLATION IN RABBIT 

 

TRENIKA A. MADDEN 

 

BIOMEDICAL ENGINEERING 

 

ABSTRACT  

 

Ventricular fibrillation is a lethal cardiac arrhythmia which alters 

electrophysiological properties of the myocardium while concurrently inducing global 

ischemia and is associated with high mortality rates. Studies on the organization of long-

duration ventricular fibrillation (LDVF) have shown that an endocardial to epicardial (i.e. 

transmural) activation rate gradient exists during ventricular fibrillation in canine and 

human myocardium; however, the underlying mechanism is unknown. This study tested 

the hypothesis that the activation rate gradient reflects heterogeneous changes in tissue 

electrical resistivity resulting in differential transmural electrical uncoupling of the 

ventricular myocardium. LDVF (>5min) was electrically induced in anesthetized, open-

chest rabbits using an AC stimulus. Intramural electrograms for activation mapping were 

recorded using bipolar plunge needle electrodes throughout the left and right ventricles. 

Intramural resistivity was measured in the sub-endocardial (Endo), midmyocardial (Mid), 

and sub-epicardial (Epi) layers of the basal anterior left ventricular wall using a novel, 

modified four-electrode resistivity technique. Activation mapping and resistivity were 

assessed concurrently in each study. An activation rate gradient developed during LDVF 

in the left ventricle where the Epi developed a significantly slower activation rate 

compared to more endocardial levels of myocardium soon after fibrillation onset. This 

gradient occurred with spatiotemporal heterogeneity. LDVF induced immediate steep 

increases in Epi resistivity with Mid and then Endo increases developing subsequently. 
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Steep resistivity increase consistent with electrical uncoupling proceeded transmurally in 

the left ventricle with earliest rise developing in the Epi. The onset of Epi steep resistivity 

rise was closely associated with the development of the Endo-Epi activation rate gradient. 

Steep resistivity increases developed much more quickly during LDVF than during 

global myocardial ischemia. Our novel resistivity measurement system enabled us to 

observe a mechanism of ventricular fibrillation which had not previously been described. 

Steep resistivity increases indicating differential transmural electrical uncoupling occur 

with similar time course as the LDVF activation rate gradient  and is most marked in the 

epicardium during early stages of ventricular fibrillation. Gap junction proteins such as 

Connexin43 may play a role. These findings suggest pharmacologic modulation of 

electrical coupling as a potential therapeutic approach to improve treatment for LDVF. 

 

 

Keywords: electrophysiology, ventricular fibrillation, activation rate gradient, resistivity, 

electrical uncoupling  



v 

 

 

 

 

 

 

DEDICATION 

 

I dedicate this work to my husband for his love, strength, and encouragement 

whether near or far and to my mother who is the best support system for which a 

daughter could ask. 

 

 

  



vi 

 

 

 

 

 

 

ACKNOWLEDGEMENTS 

 

 I would like to thank the Department of Biomedical Engineering at the University 

of Alabama at Birmingham and my research advisor and chair of my committee, Dr. 

Steven Pogwizd, for his instruction, guidance, and advice throughout the duration of my 

graduate studies. I am grateful to the members of my thesis committee, which includes 

Dr. Xun Ai, Dr. Raymond Ideker, and Dr. Andrew Pollard, for their time as well as 

assistance and support toward this research.  

 I express my sincere gratitude to the research staff in the Cardiac Rhythm 

Management Laboratory, including Sharon Melnick, Dennis Rollins, Shannon Salter, 

Frank Vance, and Cheryl Killingsworth, who has played a very instrumental role in the 

completion of research experiments necessary to this project. A special mention must be 

made of Sharon who provided countless hours of excellent surgical assistance during in 

vivo animal studies. I would also like to acknowledge Dennis for his assistance with the 

usage of mapping systems utilized for acquisition of data in this research project. Both 

Sharon and Dennis aided in the development and fabrication of the specialized resistivity 

array created specifically for this project.  I am appreciative to Greg Hoeker and Ashleigh 

Hood for lending their expertise in rabbit in vitro preparations and assistance with control 

in vitro resistivity experiments necessary for this project.  

This research was supported by National Institutes of Health grant R01 

HL080093. 

  



vii 

 

 

 

 

 

 

TABLE OF CONTENTS 

Page 

ABSTRACT ....................................................................................................................... iii 

DEDICATION .................................................................................................................... v 

ACKNOWLEDGEMENTS ............................................................................................... vi 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES ............................................................................................................ x 

LIST OF ABBREVIATIONS ........................................................................................... xii 

INTRODUCTION .............................................................................................................. 1 

Clinical Problem ............................................................................................................. 1 

VF Gradient .................................................................................................................... 2 

Electrical Uncoupling ..................................................................................................... 4 

Resistivity ....................................................................................................................... 5 

Objectives ....................................................................................................................... 6 

METHODS ......................................................................................................................... 9 

Studies in the in vivo Rabbit Heart ................................................................................. 9 

Preliminary Studies in the in vivo Dog Heart ............................................................... 10 

Control Studies of Global Ischemia in the Isolated Rabbit Heart ................................. 10 

Activation Mapping System ......................................................................................... 12 

Resistivity Measurement ............................................................................................... 13 

Data Analysis ................................................................................................................ 16 

Activation Mapping Analysis .................................................................................... 16 

Resistivity Measurement Analysis ............................................................................. 17 

RESULTS ......................................................................................................................... 18 

VF Induction ................................................................................................................. 18 

Activation Mapping ...................................................................................................... 19 

Selection of Bipolar Mapping System ....................................................................... 19 

Preliminary Activation Mapping in Dog .................................................................. 22 

Activation Mapping in Rabbit ................................................................................... 26 

Activation Selection Criteria..................................................................................... 27 



viii 

 

Activaton Rate Gradient Develops During LDVF in Rabbit .................................... 27 

Heterogeneous Development of ARG ....................................................................... 33 

Resistivity ..................................................................................................................... 39 

Voltage Response Assessment for Resistivity Measurement ..................................... 39 

Voltage Response Selection Criteria ........................................................................ 39 

Stability of Electrode Array ...................................................................................... 42 

Resistivity Measurement Does Not Alter VF Activation Rate ................................... 44 

Characteristics of Transmural Changes in Intramural Resistivity ........................... 44 

Changes Observed in Relative Resistivity ................................................................. 46 

Relationship Between ARG and Resistivity in LDVF ............................................... 49 

DISCUSSION ................................................................................................................... 53 

Discussion of Results .................................................................................................... 53 

VF Induction ............................................................................................................. 53 

Activation Rate Gradient .......................................................................................... 54 

Resistivity .................................................................................................................. 57 

Alternate Mechanisms for the Activation Rate Gradient .............................................. 61 

Future Direction ............................................................................................................ 62 

Limitations .................................................................................................................... 63 

Conclusion .................................................................................................................... 66 

REFERENCES ................................................................................................................. 67 

APPENDIX: IACUC Approval Form .............................................................................. 72 

 

 

  



ix 

 

 

 

 

 

 

LIST OF TABLES 

 

Table  Page 

 

1 LDVF Duration Following 60s AC in Rabbit.................................................................19 

2 Transmural LV Average AR During LDVF ...................................................................31 

3 Activation Rate Gradients Observed in LV Sites During LDVF ...................................34 

4 Onset Time of Steep Resistivity Rise .............................................................................47 

5 Epicardial Steep Resistivity Rise Onset vs. Activation Rate Gradient Onset.................52 

 

  



x 

 

 

 

 

 

 

LIST OF FIGURES 

 

Figure  Page 

 

1 LV Activation Mapping Needle...................................................................................12 

2 Activation Mapping and Resistivity Measurement Equipment Diagram ....................12 

3 Four-electrode Resistivity Array..................................................................................13 

4 Four-needle Resistivity Array ......................................................................................14 

5 VF Duration Following AC Stimulation .....................................................................18 

6 Preliminary Unipolar Electrogram Analysis ................................................................20 

7 Preliminary Unipolar and Bipolar Electrogram Analysis ............................................21 

8 Activation Rate Gradient Development in Dog ...........................................................23 

9  Time of Gradient Onset in Dog by Location ...............................................................24 

10  Heterogeneous Gradient Development in Dog ............................................................25 

11  Four-needle Resistivity Array in the in vivo Rabbit Heart ..........................................26 

12  Rapid Rabbit Cycle Lengths During LDVF ................................................................28 

13  Activation Rate Gradient Development in Rabbit .......................................................29 

14  Time of Gradient Onset in Rabbit by Location ...........................................................32 

15  Heterogeneous Gradient Development in Rabbit ........................................................33 

16 ARG Development by Ventricular Location ...............................................................35 

17  Inactivity Amid Areas of Activity During LDVF in Rabbit ........................................36 

18  ARG Does Not Develop Due to an Endo Threshold AR .............................................37 

19  Endo Cycle Length For Conducted vs. Non-Conducted Activations ..........................38 



xi 

 

20  HPF and Exclusion Criteria for Resistivity Analysis ..................................................41 

21  Attenuation of Unfiltered Data Resulting from HPF ...................................................42 

22  Voltage Response Pulse Diagram ................................................................................42 

23  Stability of Resistivity Electrode Array During SR .....................................................43 

24  Average Resistivity Values During SR in Rabbit ........................................................43 

25  Rabbit LDVF Activation Rates With and Without Resistivity  

 Measurement ................................................................................................................44 

26  Representative Rabbit Intramural Relative Resistivity During LDVF ........................45 

27 Mean Intramural Relative Resistivity During LDVF in Rabbit...................................48 

28  Relative Resistivity During LDVF vs. Global Ischemia in Rabbit ..............................49 

29  Intramural AR vs. Intramural Resistivity During LDVF in Rabbit .............................51 

 

 

  



xii 

 

 

 

 

 

 

LIST OF ABBREVIATIONS 

 

AC  Alternating current 

AR  Activation rate 

ARG  Activation rate gradient 

Cx43  Connexin43 

d  Interelectrode distance 

DC  Direct current 

ECG   Electrocardiogram 

Endo  Sub-endocardium 

Epi  Sub-epicardium 

ETCO2  End-tidal carbon dioxide  

HPF  High pass filter 

I  Current 

λ  Constant of resistivity 

LAD  Left Anterior Descending (coronary artery) 

LDVF  Long-duration ventricular fibrillation 

LV  Left ventricle 

Mid  Mid-myocardium 

ρ  Resistivity 

RV  Right ventricle 

σ  Standard deviation 



xiii 

 

SCA  Sudden Cardiac Arrest  

SpO2  Saturation of peripheral oxygen 

SR  Sinus rhythm 

V  Potential difference 

VF  Ventricular fibrillation 

 

  

  



1 

 

 

 

 

INTRODUCTION 

Clinical Problem 

Sudden cardiac arrest (SCA) is often a lethal outcome of cardiac disease in which 

an electrical disorder causes abrupt cessation of cardiac pumping. SCA leads to 

approximately 450,000 deaths each year in the U.S. alone.
1
 Ventricular fibrillation (VF) 

is a major cause of SCA. During this lethal cardiac arrhythmia, erratic electrical 

activations cause rapid but uncoordinated contraction of cardiac fibers resulting in 

ineffective contraction of the heart and consequently loss of cardiac output. VF alters 

electrophysiological properties of the myocardium while concurrently inducing global 

ischemia. The current intervention for VF is defibrillation to electrically reset the heart. 

The chance of successful defibrillation leading to patient survival decreases by 7% to 

10% per minute of VF.
2
 Often, out-of-hospital VF is not defibrillated until 8 to 12 

minutes of VF,
3
 which is long-duration VF (LDVF). While the out of hospital survival is 

low in these settings, successful resuscitation with neurological and cardiovascular 

recovery is possible and has been obtained.
4
 The myocardial properties which determine 

successful therapy and survival are largely unknown, but are likely related to the 

mechanisms which sustain LDVF. 

The pattern of activation during ventricular fibrillation is thought to be maintained 

by reentrant mechanisms originating from a mother rotor
5
 or multiple reentrant circuits.

6
 

Reentry occurs when the end of an activation wavefront path connects to its origin, 

activation proceeds continuously, and conduction velocity remains similar from the path 

end to re-initiation of the activation wavefront.
7
 During VF, complex activation 
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sequences are thought to occur when wavefronts encounter an area of refractory tissue 

causing wavebreak.
8,9

 Decreased conduction velocity increases total activation time 

which eventually exceeds the coupling interval resulting in areas of functional block.
7,10

  

 

VF Gradient  

Several studies on the organization of LDVF have shown that a transmural 

gradient of activation rate (AR) exists in the canine
11,12,13

 and human
14

 myocardium. As 

VF progresses, coupling interval regularity and discreteness of activation deflections 

decreases first at the epicardium and progresses transmurally toward the endocardium.  

Worley et al. demonstrated in a canine bipolar plunge electrode study that an LV 

endocardial to LV epicardial (transmural) activation rate gradient develops as soon as 2 

minutes after onset of electrically induced ventricular fibrillation.
13

 Distinctness of 

electrogram deflections decreased as a function of distance from the endocardium and 

time where epicardial levels first showed decreased distinctness. The regularity of the R-

R interval decreased and the average R-R interval increased first in the epicardial levels 

and progressively toward the endocardium. The activation rate gradient did not occur 

when animals were maintained on cardiopulmonary bypass, but developed shortly after 

bypass cessation. Their findings support the hypothesis that the gradient is due to effects 

of ischemia. They further show that the activation gradient is not a result of a gradient in 

temperature, high energy phosphate, or pH. 

Cha et al. extended this study of activation rate gradient to test whether the 

development of the gradient in dog is due to cavitary blood sustaining the endocardium or 

Purkinje fiber resistance to ischemia.
11

 Their results showed that in the absence of blood 
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in the RV cavity, an endocardial-epicardial activation rate gradient developed. This 

refutes the hypothesis that the gradient is due to preservation of the endocardium by 

oxygenated cavitary blood. Ablation of the right ventricular sub-endocardium resulted in 

slowing of both endocardial and epicardial activation rates over the course of VF and 

prevented development of the activation rate gradient supporting the notion that Purkinje 

fibers are the source for the sustained rapid endocardial rates. A study that compared 

septal activation rates to that in the endocardium and epicardium concluded that the 

activation rate gradient cannot be fully attributed to Purkinje fiber distribution.
12

 They 

found sites of fastest activation located in the septum and at least 4mm away from an 

endocardial surface containing the Purkinje layer. Additionally, septal mid-myocardial 

and epicardial activation rates were similar to LV endocardial rates and consistently 

faster than surrounding RV and LV epicardial rates. While these studies have 

successfully refuted several hypothesis of the activation rate gradient, the mechanism for 

the decreased conduction and reduced excitability that develops during LDVF has yet to 

be described. 

Optical mapping experiments
15,16

 in the isolated rabbit heart presented findings 

that the dominant frequency of the ECG slows significantly during non-perfused VF. 

Perfusion prevents rate slowing and the ECG remains rapid and highly irregular. Also, 

reperfusion restores rates to that comparable to control (perfused) conditions. Epicardial 

electrode mapping studies
17

 in isolated rabbit hearts have shown similar results. These 

findings indicate that the slowing induced by VF that occurs in hearts in vivo is an effect 

of fibrillation-induced ischemia. 
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Significant epicardial VF activation rate differences develop between the left and 

right ventricle in isolated rabbit hearts during ischemia where LV epicardial rates become 

slower than RV epicardial rates.
15,18

 Meanwhile, LV endocardial rates remain similar to 

RV endocardium. A difference in activation rate develops between LV endocardium and 

LV epicardium
18

 similar to that shown in dog. The limitations of these studies in rabbit 

are two-fold. First, these studies have only investigated VF in the isolated heart. These 

studies are unable to fully describe the natural progression of VF that occurs in the intact 

heart. Secondly, there have been no studies to investigate activation rates transmurally. 

Most studies have only measured activations on the epicardium.
15,16,17

 Wu et al 

investigated the activation rate of the endocardium and epicardium; however, separate 

methods and systems were used to measure each of these layers. Information about how 

the activation rate gradient progresses transmurally has yet to be investigated in the rabbit 

heart. 

 In an investigation of VF in myopathic human hearts, Massé et al. found an 

endocardial to epicardial gradient develops within 3 minutes of VF with global 

ischemia.
14

 This study demonstrates the occurrence of a gradient phenomenon in human 

which also occurs in canine and rabbit hearts. Investigation of the gradient mechanism 

will yield information that may be translatable to the mechanism of VF in humans. 

 

Electrical Uncoupling 

We believe the gradient in activation rate may reflect heterogeneous biochemical 

changes in conduction. Cardiac conduction is mediated by gap junctions primarily 

composed of Connexin43 (Cx43), a phosphoprotein.
19

 These junctions serve as 



5 

 

intercellular electrical coupling channels permitting the rapid flow of ions during cellular 

excitation.
20,21

 Cells become uncoupled when gap junction resistance increases and Cx43 

dephosphorylation occurs.
22

  

 

Resistivity 

Electrical uncoupling can be observed by measuring changes in cardiac 

resistivity. Studies of myocardial ischemia have demonstrated that the steep increase in 

resistivity correlates with the onset of electrical uncoupling through the assessment of 

intracellular resistivity and Cx43 dephosphorylation.
22

  

Bridge, two-electrode, and four-electrode techniques have been used to measure 

biological electrical resistivity.
23,24 

Bridge techniques offer high resolution, however they 

are not the best fit for tracking resistivity in systems where rapid changes occur.
24

 The 

two-electrode method uses two electrodes to both deliver current and measure 

resistivity.
23

 However, the resistivity value obtained represents both the impedance of the 

tissue as well as the impedance at the electrode-tissue interface. Polarization can occur in 

the electrodes due to current delivery further complicating interpretation of the resistivity 

value. The four electrode method of measuring tissue resistivity (ρ) employs a set of four 

electrodes in a linear array and equally spaced, in which current (I) is delivered through 

the outer two electrodes and the resulting potential difference (V) is measured between 

the inner two electrodes.
25

 For a homogenous, isotropic resistive medium the potential 

difference is defined
25

 by Equation (1),  

 

 V = ρI/ 4πd    (1) 
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where d is the distance between the inner electrodes. However, this relationship only 

holds when electrode diameter can be considered negligible in comparison to 

interelectrode distance. In practice,
25,26

 the resistivity is calculated as in Equation (2), 

 

 ρ = V*d*λ/ I    (2) 

 

such that λ is a constant derived by delivering a current and measuring the potential 

difference in a solution of known resistivity (such as saline). Separate electrode pairs for 

current injection and voltage measurement can essentially eliminate the problem of 

electrode polarization.
24

 Also, by measuring voltage with high input impedance, 

polarization can be averted. The four-electrode technique was chosen as the measurement 

system for this project. This technique was modified in order to perform intramural 

resistivity measurements for an assessment of transmural changes in coupling. 

 

Objectives 

Ventricular fibrillation alters electrophysiological properties of the myocardium 

while concurrently inducing global ischemia and is associated with high mortality rates. 

Studies on the organization of long-duration ventricular fibrillation have shown that a 

transmural gradient in activation rate exists during ventricular fibrillation in canine and 

human myocardium. The mechanism causing this rate gradient is currently unknown, but 

may result from electrical uncoupling of the ventricular myocardium. Investigation of the 

course of electrical uncoupling during long-duration ventricular fibrillation is clinically 
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relevant in that it may yield new information about the mechanism of the LDVF 

activation rate gradient.  

Hypothesis: The LDVF activation rate gradient reflects heterogeneous changes in 

cardiac conduction resulting in differential transmural electrical uncoupling of ventricular 

myocardium. 

Specifically, significant changes in myocardial resistivity reflecting electrical uncoupling 

occurs transmurally beginning in the epicardium and proceeding transmurally toward the 

endocardium. 

The first objective is to develop a model of LDVF in the in vivo rabbit heart. Few 

if any studies on the activation rate in rabbit have been performed in vivo. This type of 

model would allow for investigation of VF in the intact, innervated rabbit myocardium. 

The second objective is to perform transmural activation mapping LDVF in 

anesthetized, open-chest rabbits and describe the development of the activation rate 

gradient in this species. Description of the activation rate gradient development using 

transmural activation mapping in the in vivo rabbit heart is a novel concept in itself. No 

studies to our knowledge have performed VF mapping in the sub-endocardial (Endo), 

mid-myocardial (Mid), and sub-epicardial (Epi) layers of the rabbit left ventricle 

concurrently to describe the progression of the activation rate gradient. Investigation of 

the activation rate gradient using bipolar plunge needle mapping electrodes will yield 

new information about LDVF in this species.  

The third objective is to develop and utilize a method of multi-level intramural 

resistivity measurement. Information beyond single level resistivity measurement during 

regional or global ischemia has not previously been obtained. Furthermore, no studies 
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have assessed resistivity during VF. The use of a multi-level intramural resistivity 

measurement method will yield novel data to indicate the progression of transmural 

electrical uncoupling during LDVF in any species. A modified four-electrode resistivity 

technique developed using plunge needles will be used for intramural resistivity 

measurements in the sub-endocardial, mid-myocardial, and sub-epicardial layers of the 

basal anterior left ventricle to assess transmural changes in resistivity. Resistivity will be 

measured concurrently with activation mapping during LDVF. 

The fourth objective is to correlate the development of the activation rate gradient 

with transmural changes in resistivity. Comparison of the time course of the activation 

rate gradient with the time course of transmural resistivity steep increases will determine 

whether a relationship exists between these two parameters and subsequently whether 

electrical uncoupling is the mechanism by which the activation rate gradient develops. 
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METHODS 

Studies in the in vivo Rabbit Heart 

Seven adult New Zealand White rabbits of either sex (weighing 2.99-3.69kg) 

were anesthetized with 45mg/kg of ketamine. The rabbits were intubated with an 

endotracheal tube and anesthesia was maintained with 2-3% isoflurane in oxygen. After 

the base of the tail, the chest, and the neck were shaved, a 22 gauge intravenous catheter 

was placed in the marginal ear vein and flushed. The rabbits were transferred from the 

preparation room to the operating room. Warm Lactated Ringers solution was delivered 

intravenously on a microdrip at 1 drop per 3 seconds. The rabbits were then instrumented 

for measurement of heart rate, blood pressure, SpO2, ETCO2, and temperature. The heart 

was exposed via midline sternotomy and suspended in a pericardial cradle. The chest 

cavity was covered with a thin, flexible plastic to retain heat and moisture and 

occasionally moistened with warm saline. Body core temperature was controlled through 

the use of heating pads to maintain temperature within a narrow range.  

For each study 14 to 17 bipolar plunge needles (88-106 transmural sites, see 

Activation Mapping System for further description) were placed in the LV and sewn in 

the RV for transmural activation mapping. RV needles were sewn in to reduce the chance 

of electrode dislodgement from the thin RV wall. The distance between needles within 

each ventricle was approximately 0.6-2cm. A four-needle resistivity array was inserted 

into the basal anterior LV parallel to the LAD for resistivity measurement (see 

Resistivity Measurement for further description). Two stainless steel wires were sewn 

onto the anterior RV epicardium 1cm apart for AC current delivery. After insertion of all 
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needles, 60 minutes of normal sinus rhythm was observed to allow stabilization and 

reduction of the injury current. Baseline measurements of activation mapping, resistivity, 

and ECG were recorded throughout the stabilization period. VF was induced with a 60s, 

60Hz AC current (a duration necessary to obtain consistent VF induction, see VF 

Induction). Ventilation was terminated within 30 seconds of sustained VF. Resistivity 

measurements were successively recorded at the Endo, Mid, and Epi within 15-30s of VF 

induction and at each minute following for 30 minutes of VF. The first set of resistivity 

measurements were labeled as occurring at minute 1 of VF. Activation mapping was 

performed continuously for 30 minutes of VF. At completion of each study, needle 

locations were localized with labeled stainless steel pins; the heart was excised and 

preserved in 10% formalin. 

 

Preliminary Studies in the in vivo Dog Heart 

In a separate series of studies, activation mapping was performed in two female 

dogs weighing 9.2-9.4kg. Surgical preparations were done in a manner similar to that 

described for in vivo rabbit studies.  After dogs were anesthetized with Telazol, the hearts 

were exposed, and 37-42 bipolar plunge needles were placed throughout the LV and RV. 

VF was induced with a 5-10s DC shock by touching a 9V battery to two electrodes sewn 

to the RV. Activation mapping was performed continuously for 30 minutes of VF. 

  

Control Studies of Global Ischemia in the Isolated Rabbit Heart 

Two male adult New Zealand White rabbits (weighing 3.6-3.9kg) received 2mL 

of heparin intravenously via the left ear vein, were sedated with an intramuscular 
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injection of 44 mg/kg of ketamine, and then anesthetized with 5% isoflurane via mask 

inhalation. After a surgical plane of anesthesia had been achieved, hearts were rapidly 

excised by thoracotomy. Hearts were transferred to a Langendorff apparatus and perfused 

through the aorta with Tyrode’s solution at 37C oxygenated with 95% O2 and 5% CO2 

(in mM: 125.0 NaCl, 4.5 KCl, 24.0 NaHCO3, 1.8 NaH2PO4, 0.5 MgCl2, 5.5 Glucose, 1.8 

CaCl2, pH 7.4, in Milli-Q water with 100 mg/L albumin). Following cannulation, the 

perfusion flow rate was adjusted to maintain a retrograde perfusion pressure of 60-

80mmHg. A four-needle resistivity array was inserted into the basal anterior LV for 

resistivity measurement. Three bipolar plunge needles were placed within 1 cm 

surrounding the resistivity array. Following electrode placement, hearts were transferred 

to a chamber and superfused in a bath of Tyrode’s solution. All hearts were perfused 

continuously during electrode placement and a subsequent 30 minute stabilization period.  

Baseline measurements of activation mapping, resistivity, and ECG were 

recorded throughout the stabilization period. Global ischemia was achieved through 

termination of perfusion for a 60 minute period. Resistivity measurements were 

successively recorded at the Endo, Mid, and Epi immediately following perfusion 

cessation and at every other minute following for 60 minutes of ischemia. The first set of 

resistivity measurements were labeled as occurring at minute 0. Activation mapping was 

performed concurrently with resistivity measurement. At completion of each study, 

needle locations were localized with labeled stainless steel pins and the heart was 

preserved in 10% formalin. 

 

 



12 

 

Activation Mapping System 

Bipolar plunge needle electrodes previously designed in the UAB Cardiac 

Rhythm Management laboratory were used for transmural activation mapping. All 

needles contained 76µm diameter silver wire electrodes with a 0.5mm interelectrode 

distance. The most epicardial needle was approximately 0.5mm from the needle bend. 

LV plunge needles (Figure 1) contained 9 electrodes (8 bipolar pairs) and RV plunge 

needles contained 3 electrodes (2 bipolar pairs). 

 

Figure 1: Schematic of an electrode used for activation mapping in the rabbit left ventricle. The needle 

(gray area) houses 9 electrodes exposed through epoxy and represented by the black circles. (Figure not 

drawn to scale.) 

 

 

Figure 2: Diagram of mapping and stimulation equipment used for activation mapping and resistivity 

measurement during LDVF. 

 

All plunge needles were connected to a 256-channel mapping system (Figure 2) 

and a ground electrode was placed at the left leg. Signals from plunge needles and limb 



13 

 

leads I, II, and III were sampled at 1 kHz and bandpass filtered from 40 to 500Hz. The 

data was saved to file and analyzed off-line.  

 

Resistivity Measurement 

Myocardial resistivity was measured using a four electrode resistivity technique to 

employ a set of four electrodes equally spaced in a linear array, in which current (I) was 

delivered through the outer two electrodes and the resulting potential difference (V) was 

measured between the inner two electrodes (Figure 3). We designed plunge needle 

electrodes (Figure 4) to measure resistivity in multiple levels of the tissue including the 

sub-endocardium, mid-myocardium, and sub-epicardium. In summary, plunge needles 

contained five 0.28mm diameter silver wire electrodes with a distance of 2mm between 

electrodes along the needle.  The most epicardial electrode was approximately 1mm from 

the needle bend. The four plunge needles were inserted into the LV parallel to the LAD 

with a linear spacing of approximately 2.5mm (a spacing widely used for resistivity 

measurements).
27,28,29,30,31

  

 
 

Figure 3: Diagram of a four-electrode array used to measure resistivity. The four electrodes are represented 

by black circles with an interelectrode spacing of distance d. Current delivery is represented by the lines 

and arrows connected to current, I, flowing through the outer two electrodes. Voltage, V, is measured using 

the inner two electrodes. 
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Figure 4: Schematic of a plunge needle used for resistivity measurement (A) and the four needle array used 

to measure intramural resistivity for several layers (B). Each plunge needle contains 5 electrode which are 

referred to by level along the needle: L1 (level 1), L2 (level 2), L3 (level 3), L4 (level 4), and L5 (level 5). 

For all rabbit studies, L5 was always the most epicardial electrode and referred to as the Epi level electrode 

and L3 was the most endocardial electrode and referred to as the Endo level electrode. The red rectangle 

(B) indicates a four electrode array composed of one electrode from the same level in each needle that is 

used to make an intramural measurement of a layer of the myocardium. (Drawings are not to scale.) 

 

The plunge needle electrodes were fabricated according to methods commonly 

used in the Cardiac Rhythm Management Laboratory. Heat shrink tubing (3M FP301 

3/64”) approximately 4cm in length was used as a mold to create the body of the needle 

for the plunge needle electrodes. A milling machine was used to pierce 5 holes into the 

heat shrink tubing with a spacing of 2mm for electrode locations. Two strands of 

fiberglass were threaded through the hollow tubing. Since electrodes used for resistivity 

measurement in cardiac tissue range 0.2-0.4mm in diameter,
26,27,29,30,31,32

 0.28mm 

diameter silver wire was selected due to its compliance within this range and availability 

in the lab. A silver wire was threaded through each of the five tubing holes until only 1cm 

of wire protruded through the electrode hole creating an electrode unit. The loose wires at 

the opposite end of the unit were braided. The heat shrink tubing was carefully shrunken 

around the wires using a butane torch. The electrode unit was placed on an aluminum 

right angle mold with the most proximal electrode (to later be designated most epicardial 

electrode) 1mm from the mold bend. After heating the tubing at this proximal end, the 

unit was bent into a right angle. Epoxy was injected into the distal and proximal ends of 
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the tubing to fill in epoxy around the wires. After the epoxy was cured at room 

temperature for 30 minutes, the unit was placed in an oven to bake at 80C for 1 hour, 

and allowed to cure an additional 12 or more hours at room temperature. The heat shrink 

tubing was then removed from the electrode unit. The wires were trimmed with a #11 

scalpel to expose the silver at the needle surface. The needle point was created by using 

the scalpel to cut the end of the epoxy into an approximate 45 angle; the point was 

smoothed and refined with an emory cloth. Insulation was removed from the ends of the 

braided wires, each end was soldered to a pin connector, and then all five pins were 

placed in a plastic connection card. Four plunge needles were created using these 

fabrication methods. 

Resistivity within three intramural levels was measured using different levels of 

electrode groups (e.g. The subepicardial resistivity was determined by injecting current 

into the most epicardial electrodes of the outer two needles and measuring current 

between the most epicardial electrodes of the inner two needles.) A subthreshold direct 

current consisting of rectangular pulses of alternating polarity
33

 (± 10µA, 10ms pulse 

width, 200ms delay) was delivered across the outer electrodes and potential difference 

was measured between the inner electrodes. The tissue was probed for 10s within each 

level with 5s separating each measurement.  All plunge needles were connected to a 528-

channel mapping system (Sun Microsystems) with a high-input impedance, sampled at 2 

kHz and bandpass filtered from 0.5 to 500Hz.
34,35

 The data was saved to file and analyzed 

off-line.  
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Data Analysis 

Activation Mapping Analysis  

I developed a set of automated algorithms in Matlab 7.10 to determine activation 

times in bipolar electrograms from each electrode during sinus rhythm (SR) and VF. This 

algorithm selected activations using a 35ms search window to find rapid deflections with 

maximum magnitude greater than an absolute value of 0.25mV. The search window 

progressed forward 35ms after each selected activation to continue the search. 

Electrotonic deflections were excluded if the deflection was less than 50ms from an 

activation and: 1) the magnitude of the deflection was less than 50% that of the nearest 

activation, or 2) the slope of the deflection was less than 33% that of the nearest 

activation. Double potentials were labeled as deflections without an isoelectric period
11

 of 

at least 3 time samples (3ms) separating them. If double potentials were identified, only 

the deflection with the greatest absolute magnitude was called as an activation. For all 

activations, the time of greatest absolute magnitude greater than 0.25mV was chosen as 

the activation time.
7
 Automated analysis was followed with manual analysis reviewing to 

confirm accurate activation selection. Average activation rate was calculated as the 

average number of activations per second over a 3s time interval. Averages were 

calculated immediately after VF induction and within 5s of each resistivity measurement 

set at minutes 1-20 after VF induction. The first VF analysis time point is considered as 

minute 1 of VF. Areas with no activations were considered to have an activation rate of 

0Hz. SR was also analyzed using the same methods. Activation rate differences between 

electrograms on the same needles at each time point were tested using Student’s t-test 

(p=0.05). Activation rate gradient was defined as the time when the first of at least 3 
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consecutive occurrences of significant difference in the activation rate was observed 

between the most endocardial and most epicardial point along the same needle. Average 

activation rate gradient was defined as the time when the first of at least 3 consecutive 

occurrences of significant difference was observed between the average of activation 

rates of all epicardial sites compared to all endocardial sites. Data from any electrode 

showing poor signal quality, unstable baseline, or low voltage (<0.25mV) during normal 

sinus rhythm or initial VF measurement were excluded from analysis. 

 

Resistivity Measurement Analysis  

I also developed an algorithm in Matlab 7.10 for analysis of bipolar voltage 

response data. This algorithm measures the magnitude of every voltage response over a 

10s segment of data for each minute of VF and also for SR. The magnitudes of all 

positive voltage response pulses (with exceptions, see Voltage Response Selection 

Criteria) were averaged for each time segment analyzed. Resistivity (ρ) was calculated 

by Equation (2) where V is the average voltage response, d is distance between the inner 

electrodes, and λ is a constant derived prior to each experiment through calibration in 

0.9% saline with known resistivity. Relative resistivity was calculated by dividing all 

resistivity values by the value of resistivity obtained just prior to VF or global ischemia 

induction.
22,26,28,36

 The onset of the steep rise in resistivity (indicating electrical 

uncoupling) was determined as the time when a 5% increase in relative resistivity from 

the previous measurement was observed and followed by a 3% increase. 
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RESULTS 

VF Induction 

VF induction was attempted using an AC current source. Current stimulation 

lasting less than 45s often resulted in short duration VF or failed VF induction (Figure 5). 

Current duration of 50-60s led to higher incidence of long-duration VF.  Animals 

weighing 3.3-4.0kg most reliably developed long-duration VF exceeding 10 minutes 

when stimulated with 60s AC current. LDVF was more difficult to achieve in lighter 

animals (<3.3kg), even with 60s current. 

 

Figure 5: Duration of VF when using differing durations of AC current grouped by animal weight. Current 

durations less than 45s led to short-duration VF or no VF induction. Current duration of 60s resulted in VF 

episodes exceeding 10 minutes in heavier rabbits (3.3-4.0kg). 

 

AC current stimulation lasting 60s was chosen as the method of VF induction for 

activation mapping and resistivity experiments. Duration of electrically induced VF (by 

60s AC stimulus) is listed in Table 1 for each of the 7 rabbit studies in which activation 

mapping and myocardial resistivity measurement was performed. These studies included 
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animals which sustained VF a duration of 5 minutes or greater from a single VF 

induction attempt and which did not prematurely develop myocardial ischemia (assessed 

by epicardial cyanosis). 

Table 1 

LDVF Duration Following 60s AC in Rabbit 

Study Weight (kg) VF Duration (min) 

1 3.53 21 

2 3.69 11 

3 3.13 6 

4 3.00 14 

5 2.99 16 

6 3.10 8 

7 3.37 13 

 

 

Activation Mapping 

Selection of Bipolar Mapping System 

Unipolar and bipolar mapping systems were available in the UAB Cardiac 

Rhythm Management Laboratory. When recording electrograms with a unipolar mapping 

system, analysis of the electrograms using a self-developed algorithm with minimum 

slope criterion (dV/dt<-0.5mV) often led to visually confirmed under-selection of 

activations (Figure 6A). Modification of this criterion to a lower threshold reduced under-

selection in some electrograms and resulted in over-selection in others (Figure 6B). After 

off-line conversion of the unipolar electrograms to bipolar electrogram, analysis using a 

minimum magnitude based criterion resulted in more accurate selection of activations 

(Figure 7).  Several iterations of a new Matlab algorithm which uses both magnitude and 

slope to identify activations in bipolar electrograms led to an automated process which 

requires much less manual analysis thereby reducing human bias. While both modes have 
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been used by other investigators to record cardiac electrograms in VF models, bipolar 

mapping using a bipolar mapping system was chosen for use in this study because of the 

higher accuracy of activation selection when automatically analyzing data with Matlab 

algorithms. 

 

Figure 6: Representative unipolar electrograms that were analyzed using a slope threshold criterion of 

dV/dt<-0.5mV/ms (A) and dV/dt<-0.3mV/ms (B). In the top electrogram of (A), activations have been 

under-selected. However, after lowering the slope criterion and analyzing, the first electrogram is 

accurately selected, but the second electrogram is over-selected. 
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Figure 7: Transmural electrograms from one unipolar plunge needle plotted with red vertical lines 

indicating activations with slope at least |0.4mV/ms| (A). Unipolar data converted to bipolar data and 

plotted with vertical lines indicating automatic activation selection as well (B). Blue lines on bipolar data 

indicate activations identified in first pass analysis which meet both criteria of being greater than |0.25mV| 

and having slope greater than |0.4mV/ms|. Red lines indicate deflections identified in a second pass with 

magnitude greater than |0.25mV|. Analysis of unipolar electrograms resulted in under-selection of 

activations particularly in the first (most endocardial) line. Analysis of bipolar electrograms with a 

magnitude threshold of 0.25mV eliminates the under-selection.  
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Preliminary Activation Mapping in Dog 

Bipolar activation mapping was performed in two dogs for the purpose of 

validating the activation mapping technique and comparison with data previously 

described by other investigators.
11,12,13

 During SR and 0-1 minutes of VF, activation rates 

were similar across all sites and layers mapped in the myocardium. Cycle lengths were 

regular and activation deflections were discrete. A significant difference in activation rate 

developed between the most endocardial point and the most epicardial point at several 

sites in the LV and RV as soon as 2 minutes of VF which agrees with previous findings.
13

 

By 5 minutes of VF, a gradient was present at 78% (49 of 63) of sites across the two 

experiments. The development of the activation rate gradient in a representative site from 

one of the dogs of is shown in Figure 8. Activations are regular and discrete during 

normal sinus rhythm as well as at 1 minute of VF. At 5 minutes of VF, the AR in the Epi 

and the adjacent mid-myocardial layer is much longer than that of the more endocardial 

points. At 7 minutes, the AR has slowed dramatically in the Epi. The epicardium is 

completely inactive at that site by 10 minutes of VF when the Endo still shows activity. 

An activation rate gradient developed in 92% of LV sites and 60% of RV sites by 10 

minutes of VF. We found that the onset of the activation rate gradient occurs 

heterogeneously across sites within the LV and RV. This has also been shown in dog 

previously.
12

 As shown in Figure 9, in each dog the earliest sites of AR onset were often 

in the posterior LV. In other areas of the hearts, the time of onset was variable. This 

heterogeneity was very marked in some areas, such as that shown in Figure 10, where 

one site developed a gradient at 3 minutes and the adjacent site had not developed a 

gradient even after 10 minutes of VF. 
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Figure 8: Bipolar electrograms from a plunge needle of a representative dog study during the first 10 

minutes of LDVF. In each electrogram grouping (for each time point) the first plot is Endo electrogram, the 

next two plots are the successive Mid electrograms, and the fourth plot is the Epi electrogram. Activations 

are regular and discrete during normal SR as well as at 1 minute of VF. At 5 minutes of VF, the AR in the 

Epi and the adjacent Mid layer is much slower than that of the more endocardial points. At 7 minutes, the 

AR has slowed dramatically in the Epi. The Epi is completely inactive by 10 minutes of VF when the Endo 

still shows activity. 
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Figure 9: Heart diagram of the time of activation rate gradient onset during LDVF for each of two dogs 

studied. The color bar in the top right corner is a legend for the time in minutes of the onset of AR gradient. 

Activation rates were determined for up to 10 minutes of VF. Those sites marked with >10 indicate that no 

gradient was present at 10 minutes and either no gradient developed before inactivity occurred or a gradient 

developed but at a later time point. 
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Figure 10: Electrograms from the most endocardial and most epicardial electrodes of three sites of one dog 

heart (heart map shown in Figure 9B) for selected time points up to 10 minutes of LDVF.  At site A, a 

gradient develops at 3 minutes of LDVF and persists. At site B, CL are similar at SR and 3 minutes. A 

gradient does not develop until 7 minutes of LDVF. At site C, no gradient develops. 
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Activation Mapping in Rabbit 

Rabbits were chosen as the focus for this research due to the many advantages 

that investigation in this species could bring. By mapping the rabbit heart, which is  

relatively small in size, higher electrode mapping density could be achieved. Transmural 

mapping of the rabbit ventricles in vivo could provide information which does not 

previously exist on transmural activation rates during LDVF in the rabbit heart. 

Furthermore, assessing LDVF in the normal, in vivo rabbit heart would allow parallel 

studies in the in vitro and heart failure models which have been developed in our 

laboratory.  

Plunge needle electrode placement was a skill which was required in order to 

successfully perform transmural cardiac activation mapping. Fourteen to seventeen 

needles were placed in the in vivo heart (Figure 11) during normal sinus rhythm (212-

300bpm). A suture was threaded through the apex to allow for gentle adjustment of the 

heart during placement and to make the posterior ventricular areas accessible. Care was 

taken to avoid puncture of major epicardial arteries to prevent the undesirable occurrence 

of myocardial ischemia.  

 

Figure 11: Four needle resistivity array located in the anterior LV and surrounded by mapping needles in an 

in vivo rabbit heart. 
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Activation Selection Criteria 

Activation rates during LDVF were initially measured using a minimum cycle 

length criterion of 50ms. Bipolar activation mapping data revealed activations with 

magnitude much greater than 0.25mV occuring with cycle lengths much less than this 

minimum and as short as 35ms. During these short cycle lengths, a clear return to 

baseline was observed between activations and there was little doubt that these 

deflections were true activations. To avoid underestimation of the true activation rate, the 

minimum cycle length was lowered to 35ms (Figure 12).  

 

Activaton Rate Gradient Develops During LDVF in Rabbit 

From analysis of bipolar activation mapping electrograms, an LV endocardial to 

epicardial activation rate gradient (ARG) was also shown in the rabbit. In Figure 13, 

electrograms from the LV Endo, Mid, and Epi electrode from one needle in a 

representative rabbit show the development of the activation rate gradient during the 

course of LDVF. Activations occurred 1:1 from Endo to Epi during SR. At 1 minute of 

VF, the ARs were similar (10.5Hz, 10.5Hz, 10.5Hz in Endo, Mid, and Epi respectively). 

A significant difference in AR developed by 3 minutes where the Epi had a much slower 

rate than the Endo (15Hz vs. 10.0Hz respectively, p<0.05). As VF progressed, the 

activations in the Epi developed increasingly irregular cycle lengths and rate continued to 

slow. Endo and Mid activation rates became more rapid during VF until after 5 minutes 

when the rate began to slow. But even by 10 minutes of VF, Endo activations were rapid 

(7.5Hz) and discrete.  
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Figure 12: (Top) Electrograms recorded from 3 sites ranging sub-endo to mid at 1 plunge needle in the 

lateral LV (of a representative rabbit) are shown during 4 minutes of LDVF. Activations are marked with a 

vertical red line and cycle length is shown between each activation. Cycle lengths much shorter than 50ms 

are apparent in all 3 electrograms. (Bottom) A needle location map displays the location of all needles 

placed throughout the LV and RV. The representative electrograms (top) were obtained from the plunge 

needle labeled “816” located in the lateral LV and has been indicated with a black box. 
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Figure 13: Electrograms from an Endo, Mid, and Epi site of 1 plunge needle in the LV (of a representative 

rabbit) are shown for several time points during LDVF. Activations are marked with a vertical red line. 

Activations occur 1:1 from Endo to Epi during Sinus Rhythm and 1min VF. A significant difference in AR 

develops as soon as 3min after VF onset where the Epi has a slower rate than the Endo. From 5 to 10min of 

VF, a dramatic slowing in rate is observed in the Epi while the Endo and Mid maintain activity. 

 

LV Endo, Mid, and Epi average intramural activation rates for for several time 

points during LDVF are shown for each study in Table 2. LV Endo had the most rapid 

rates throughtout the course of VF. In each study, AR increased in the Endo and Mid 

from 1 minute to approximately 5 minutes of VF then began to decline. However, Mid 

AR did not increase to the same extent as the Endo with the exception of studies 6 and 7. 

In 4 of the 7 VF studies, maximal Epi rates occurred at by 1 minute of VF. A gradient in 

AR between the Endo and Epi developed within 2 minutes of VF for all studies (p<0.05). 

This gradient persisted until the end of VF for all studies except study 4 which had very 
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irregular changes in VF rate after 5 minutes of VF. A significant difference in rate 

developed between the Endo and Mid within 2-3 minutes of VF for 5 studies (p<0.05). 

For 4 of these studies (Studies 1-4) there was also a significant difference between Mid 

and Epi, in other words there was a significant difference in rate between each of the 3 

layers. In the remaining study with an Endo-Mid gradient (Study 5), there was no 

significant difference in rate between Mid and Epi such that the Mid and Epi were 

similarly depressed in rate and both significantly slower than Endo. In Study 6, there was 

no significant difference between Endo and Mid, however both were significantly 

different from the Epi. Thus, the gradient was largely located between the Mid and Epi. 

In Study 7, there was no significant difference between Endo and Mid rate or Mid and 

Epi rates. There was 1 RV site for each of 4 studies in which an ARG developed during 

LDVF (Figure 14). This translates to only 20% of all mapped RV sites presenting a 

gradient, whereas 60% of RV sites developed a gradient in our dog studies. Each of these 

gradients developed in the rabbit apical anterior RV. The time of gradient onset ranged 3-

8min. For all other sites, no gradient was present.  

VF spontaneously terminated and converted to pulseless electrical activity with 

very slow activation rates within 6 or 8 minutes in 2 of 7 LDVF studies. For all other 

studies, VF persisted for 10 minutes or greater. This suggests that VF duration is related 

to maximal Endo AR achieved within the initial 5 minutes of VF. For the 2 

spontaneously terminating VF episodes, maximal Endo AR averaged 13Hz, such that 

neither Endo AR ever exceeded 14Hz. In the remaining 5 studies which sustained VF 10 

minutes or longer, maximal Endo AR averaged 16.4Hz, such that each Endo AR 

exceeded 14Hz. It may be  necessary for some sites, particularly sites in the Endo, to 
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achieve very rapid rates greater than 14Hz for VF to last greater than 10 minutes. It is 

important to note that regardless of maximal Endo AR, an Endo-Epi ARG developed in 

all LDVF studies. 

 

Table 2 
Transmural LV Average AR During LDVF 

  
Activation Rate (Hz) 

Study Layer SR 1 min 2 min 3 min 5 min 10 min 15 min 20 min 

1 

   

 

   

 

 

 

Endo 4.3 ± 0.0 11.5 ± 0.4 15.0 ±0.9 18.1 ± 1.4 18.3 ± 0.9 14.9 ± 2.4 8.8 ±1.7 0.0 ± 0.0 

 

Mid 4.3 ± 0.0 10.5 ± 0.3 13.6 ±0.5 14.5 ± 0.7* 14.6 ± 0.7* 9.5 ± 2.4 9.8 ±1.5 0.0 ± 0.0 

 

Epi 4.3 ± 0.0 10.1 ± 0.4* 11.5 ±0.6* 14.8 ± 1.1* 10.3 ± 1.4* 6.4 ± 1.9* 1.4 ±1.1* 0.0 ± 0.0 

2 

 
  

 
   

 
 

 

Endo 4.3 ± 0.0 10.3 ± 0.1 12.1 ±0.2 17.2 ± 0.8 16.4 ± 0.5 6.6 ± 0.7 3.0 ±0.3 2.7 ± 0.2 

 

Mid 4.3 ± 0.0 10.2 ± 0.2 11.0 ± 0.3* 12.2 ± 0.8* 11.0 ± 0.9* 6.8 ± 0.5 3.7 ±0.6 1.5 ± 0.4* 

 

Epi 4.3 ± 0.0 9.7 ± 0.3 9.2 ± 0.4* 9.1 ± 0.9* 7.5 ± 1.0* 4.4 ± 1.0 1.8 ±0.7 0.5 ± 0.4* 

3 

 
  

 
   

 
 

 

Endo 3.3 ± 0.0 9.2 ± 0.2 9.6 ±0.3 12.0 ± 0.4 10.7 ± 0.2 1.7 ± 0.0 2.3 ±0.0 1.3 ± 0.0 

 

Mid 3.3 ± 0.0 8.7 ± 0.2 7.9 ± 0.5* 10.2 ± 0.7* 9.7 ± 0.5 1.7 ± 0.0 2.3 ± 0.0 1.3 ± 0.0 

 

Epi 3.3 ± 0.0 8.8 ± 0.3 6.8 ± 0.4* 7.6 ± 0.7* 6.5 ± 1.0* 1.5 ± 0.2 1.4 ± 0.4* 0.5 ± 0.2* 

4 

 
  

 
   

 
 

 

Endo 5.0 ± 0.0 11.1 ± 0.3 11.4 ±0.3 14.1 ± 0.2 8.2 ± 0.1 8.0 ± 0.1 1.3 ±0.0 0.8 ± 0.2 

 

Mid 5.0 ± 0.0 10.7 ± 0.5 10.0 ± 0.4* 12.1 ± 0.8* 7.8 ± 0.5 7.5 ± 0.4 1.2 ±0.1 0.8 ± 0.2 

 

Epi 5.0 ± 0.0 9.3 ± 0.7* 7.1 ± 0.4* 8.1 ± 0.9* 6.8 ± 0.8 5.8 ± 0.8* 1.2 ±0.2 0.8 ± 0.2 

5 

 
  

 
   

 
 

 

Endo 5.0 ± 0.0 10.5 ± 0.2 11.1 ±0.3 13.4 ± 0.2 14.9 ± 0.5 12.7 ± 0.6 11.0 ±1.1 0.0 ± 0.0 

 

Mid 5.0 ± 0.0 9.8 ± 0.3* 9.6 ± 0.3* 10.0 ± 1.1* 9.5 ± 1.2* 8.0 ± 1.1* 6.0 ± 1.6* 0.0 ± 0.0 

 

Epi 5.0 ± 0.0 9.1 ± 0.3* 7.7 ± 0.4* 8.0 ± 0.7* 7.6 ± 0.8* 5.6 ± 1.0* 3.6 ± 1.1* 0.0 ± 0.0 

6 

 
  

 
   

 
 

 

Endo 4.7 ± 0.0 9.8 ± 0.3 10.8 ±0.2 13.9 ± 0.0 12.5 ± 0.1 1.3 ± 0.0 6.1 ±0.1 2.3 ± 0.5 

 

Mid 4.7 ± 0.0 9.9 ± 0.2 9.8 ± 0.2* 13.0 ± 0.5 11.4 ± 0.6 1.5 ± 0.2 4.5 ± 0.8* 1.8 ± 0.4 

 

Epi 4.7 ± 0.0 9.0 ± 0.2* 7.7 ± 0.4* 9.1 ± 1.0* 8.2 ± 0.8* 1.4 ± 0.2 2.0 ± 0.6* 1.1 ± 0.4 

7 

 
  

 
   

 
 

 

Endo 4.8 ± 0.0 11.8 ± 0.1 12.1 ±0.2 15.8 ± 0.6 16.7 ± 0.6 8.3 ± 0.0 7.8 ±0.1 2.4 ± 0.3 

 

Mid 4.8 ± 0.0 11.6 ± 0.1 11.2 ±0.5 15.1 ± 0.7 16.3 ± 0.9 8.3 ± 0.4 7.2 ±0.7 2.1 ± 0.5 

 Epi 4.8 ± 0.0 11.2 ± 0.2* 9.9 ± 0.6* 12.7 ± 1.0* 11.5 ± 1.2* 6.5 ± 1.0 4.4 ± 1.2* 1.2 ± 0.4* 

*P<0.05 by paired t test when compared with Endo average AR at same time point within same study. 

Data obtained after the end of the VF episode, apparent through ECG observation, are italicized.  
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Figure 14: Ventricular heart maps showing time of gradient onset for all LDVF studies. “X” marks sites 

where a gradient could not be assessed due to poor signal quality. “S” marks the location of wires sutured 

to the RV for AC stimulation. Linear array of 4 gray circles represents the location of the resistivity needle 

array. The legend on the lower right lists each minute and corresponding color. 
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Heterogeneous Development of ARG  

The development of the gradient is heterogeneous in the rabbit. In the same 

rabbit, sites within the LV develop an activation rate gradient at different points in time. 

At 3 minutes of LDVF (Figure 15), the AR of the Endo and Epi at the posterior LV site is 

similar (8.7Hz vs. 8.7Hz, not significant) and no gradient is present. At the lateral LV site 

the Epi AR is significantly longer compared to the Endo (8.7Hz vs 6.7Hz respectively, 

p<0.05). Table 3 summarizes the heterogeneity of gradient development within each 

study. While each heart had at least one LV site to present a gradient at the time of the 

first activation rate measurement (obtained immediately after the end of AC stimulus), 3 

of 7 hearts had a range of gradient onset times equal to 4 minutes. Five of 7 hearts had at 

least one site in which no sustained AR gradient was present. Gradient onset maps for 

each study show time of gradient onset for all sites during LDVF (Fig 14).   

 

 

 
 

Figure15: Endo and Epi electrograms from two plunge needles in the same heart at 3min after VF onset. A 

schematic of the ventricles is included below the electrograms to illustrate the location of each plunge 

needle. At the lateral LV site the Epi AR is significantly longer compared to the Endo. The AR of the Endo 

and Epi at the posterior LV site is similar and no gradient is present. 
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Table 3 
Activation Rate Gradients Observed in LV Sites During LDVF 

Study 
Average Gradient 

Onset (min)  

First Gradient 

Onset (min) 

Range of Gradient 

Onset (min) 

Sites with no 

sustained gradient 

Total LV 

Sites 

1 1 1 4 1 11 

2 2 1 4 1 11 

3 2 1 1 3 10 

4 1 1 1 0 8 

5 1 1 3 0 10 

6 1 1 1 2 11 

7 1 1 4 3 11 

 

 

Observation of the development of the ARG with respect to ventricular region 

revealed differences between the apical area and more basal areas for the LV. The mean 

time to gradient onset was significantly later in the LV apex (2.8±0.4min) compared to 

the LV base and mid (1.6±0.2 and 1.9±0.2min, respectively) as shown in Figure 16A. All 

LV sites which would develop an ARG had developed the gradient within 5 minutes of 

LDVF. Figure 16B shows that the basal LV had the most sites to develop a gradient 

(96%, n=26 sites), followed by the Mid LV (84%, n=32 sites). The apical LV had 69% of 

sites (n=13) with an ARG and was the LV area most prone to have sites that did not 

develop a gradient. There were no sites in the RV base (n=6) or mid (n=3) to develop an 

ARG. In the RV apex, 36% (n=11) of sites developed the gradient by 10min of LDVF 

with the average time to gradient onset being 5.3±1.1min. 

Activation not only revealed spatiotemporal heterogeneous gradient development, 

sites of inactivity appeared during times when the surrounding area retained activity. 

Figure 17 displays electrograms from 3 neighboring Epi sites at 11 minutes of VF from a 

representative rabbit. Site B has no deflections with magnitude greater than 0.25mV and 

is found to be inactive while nearby sites A and C remain active.  
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Figure 16: Mean time of ARG onset is shown for the basal (Base), middle (Mid), and apical (Apex) regions 

of the LV (A). Data values are means ± standard error of the mean obtained from 7 LDVF in vivo rabbit 

studies. Percentage of sites having the ARG at certain time points of LDVF is shown for the Basal, Middle, 

and Apical regions of the LV (B) from the same LDVF studies. 
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Figure 17: Epicardial electrograms from 3 sites at the posterior LV of a representative rabbit study are 

shown during 11min of VF. Activation rate is displayed at the top right of each electrogram. A diagram 

indicating the location of each site is shown to the right of the electrograms. Site B becomes inactive at 

11min of VF while neighboring sites A and C retain excitability. 

 

Analysis was performed to determine whether the activation rate gradient was a 

result of Epi inability to attain rapid activation rates below a certain threshold rate. There 

was only 1 Epi site at one point in time for 2 VF studies in which an Epi site reached a 

maximal AR equivalent to the maximal Endo AR. In the other 5 studies, the difference 

between the maximum AR achieved by any Epi site compared to Endo sites ranged 2.3-

5.6Hz. Despite the fact that Epi rarely achieved maximal Endo rates, there was no 

threshold Endo activation rate to result in the Endo-Epi gradient. Endo AR are shown 

from 3 sites in 2 VF studies in Figure 18. In Figure 18A, AR is similar and no gradient 

has developed at SR or 1 minute VF for all 3 sites. At 2 minutes VF, sites 1 and 2 have 

developed a gradient when Endo AR reaches 12.3Hz and 11Hz, respectively. However, 

site 3 has not developed a gradient even though Endo AR has reached 11.7Hz. The ARG 

persists in sites 1 and 2 for the duration of LDVF. Although Endo AR progresses to a rate 

of 13.3Hz, rates for which an ARG occurs in sites 1 and 2, an ARG does not develop in 
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site 3. Figure 18B displays AR for site 1 which develops an ARG at 1 minute of VF and 

sites 2 and 3 which develops an ARG at 5 minutes of VF. At 1 minute VF, AR at site 1 

(13Hz) is greater than AR at sites 2 and 3 (10.3Hz and 11.7Hz, respectively) and a 

gradient has developed and persists for the remainder of VF. Although Endo AR in site 3 

surpasses that in site 1, an ARG does not develop until 5 minutes of VF when Endo AR 

reaches 20.3Hz. These representative sites demonstrate that the gradient does not develop 

due to Endo AR exceeding some specific rate of activation. There are rapid Endo rates 

for which no gradient develops, and there are slower Endo rates for which a gradient does 

occur. Therefore, the Endo-Epi gradient is not a rate threshold effect.  

 
Figure 18: Activation rates are shown for each minute of VF from 2 rabbit LDVF studies (A and B) at 3 

Endo sites each. Open circles indicate no Endo-Epi AR gradient, closed circles indicate the presence of an 

Endo-Epi AR gradient. In (A), a sustained AR gradient develops in sites 1 and 2 by 2min of VF. Site 3 does 

not develop a gradient. In (B), site 1 develops a sustained AR gradient by 1min while sites 2 and 3 do not 

sustain a gradient until 5min of VF. 

 

To assess whether the ARG was a result of activations which did not conduct 

from Endo to Epi due to shorter cycle lengths, the Endo cycle lengths for activations 

which conducted from Endo to Epi were compared to Endo cycle lengths for activations 

which did not conduct to the Epi from selected sites of each study. There was no 

significant difference between the average of cycle lengths for activations which 
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conducted compared to those which did not. There was also no minimum Endo cycle 

length for which the Epi would not activate. Average Endo cycle length for activations 

which conducted from Endo to Epi compared to activations which did not conduct to Epi 

are shown for the first 5 minutes of VF from a site in a representative rabbit LDVF study 

in Figure 19. In this study and at this site, an ARG developed by 1 minute of VF. There 

was no significant difference between cycle length for any time point. By 4 minutes of 

VF, average cycle length for non-conducted activations were very short, but cycle length 

of conducted activations were similarly short (40.2±1.0 vs. 45.4±2.0, p=NS). These 

results indicate that the gradient is not simply a consequence of Epi inability to activate in 

response to Endo activations with short cycle lengths, further indicating no threshold 

effects. 

 
Figure 19: Average Endo cycle length for activations which conducted from Endo to Epi 

compared to activations which did not conduct to Epi for the first 5 minutes of VF from a 

site in a representative rabbit LDVF study. Standard error bars are included. There was 

no significant difference between average cycle lengths at any time point. 

 

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

1 2 3 4 5 

C
y
cl

e 
L

en
g
th

 (
m

se
c)

 

VF Duration (min) 

Conducted 

Non-conducted 



39 

 

Resistivity 

Voltage Response Assessment for Resistivity Measurement 

Myocardial resistivity was measured using a four electrode resistivity technique to 

deliver a subthreshold direct current consisting of rectangular pulses of alternating 

polarity (± 10µA, 10ms pulse width, 200ms delay) across the outer electrodes of each 

array and concurrently recording potential difference between the inner electrodes of 

each array. The voltage response of the myocardial layer from each current pulse was 

contained in voltage recordings. I designed an algorithm in MATLAB to take a user input 

of the time location of the first positive voltage response, create a measurement window 

based on the pulse width, measure the magnitude of the rise and fall of the pulse, and 

then progress forward in time equal to the pulse delay after each measured pulse. Pulse 

onset time is the point before the onset of rapid rise of the voltage response. Voltage 

response magnitude is measured as the voltage after a rise time of 1.5ms minus voltage at 

pulse onset. Since pulse onset time is entered for the first positive pulse, the algorithm 

separates every other pulse into a matrix of positive voltage response values and negative 

voltage response values. Average voltage response is determined by the average of 

voltage response magnitudes from all positive pulses.
33,37

  

 

Voltage Response Selection Criteria 

Measurement of resistivity using DC current with the four electrode resistivity 

technique during VF presented the challenge of resolving voltage responses that 

overlapped with rapid cardiac activations. This problem resulted in initial difficulty in 

accurately selecting pulse onset time and distortion of the measured pulse magnitude. As 
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a solution, a set of algorithms were developed which use a combination of evaluation of 

voltage response characteristics and high pass filtering in order to only include square 

pulses that are largely unaffected by local activations. All data is subjected to an online 

high pass filter of 0.5Hz during data acquisition and recording. The application of a high 

pass filter (HPF) mentioned through out the rest of this document refers to an offline 

filter applied to the data during data analysis. High pass filtering with a cutoff frequency 

of 40Hz was incorporated to remove low frequency components within the electrogram, 

especially that of the activations, thereby reducing activation width and increasing the 

quiescent time between activations for square voltage responses to occur. Through the 

use of this filter, identification of the pulse onset time is made more clear resulting in 

accurate selection of pulse onset time and proper alignment of the analysis window with 

the pulse location. Data from a representative rabbit analyzed using HPFs with cutoff 

frequencies of 10Hz, 20Hz, 30Hz, and 40Hz is shown in Figure 20B. While the HPF 

attenuated the magnitude of the voltage response as well as the activations, the decrease 

in voltage response magnitude was less than 10% even at an HPF with 40Hz cutoff 

frequency (Figure 21) and the measured relative change in resistivity was largely 

unchanged (Figure 20B). Response characteristics exclusions were developed through 

evaluation of the effects activation overlap has on voltage response characteristics and 

were applied to each pulse analyzed. Exclusions include: 

BmA < 0 OR CmD < 0 

amA < 0 OR amA < 0.1*BmA 

BmA >           + 2σ OR BmA <           – 2σ 

DmA >            + 2σ AND (BmA >           + σ OR BmA <           – σ) 

|DmA| > 0.5mV 
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Refer to Figure 22 for a further description of variables. The use of these exclusions 

removes a majority of outlier pulses from all data analyzed in a consistent fashion and 

without user bias. Figure 20 shows results of data analysis with (Figure 20C, 20D) and 

without exclusions (Figure 20A).  

 
 

Figure 20: Data analysis of resistivity from the Endo level (L3) of a representative rabbit using high pass 

filtering and points of exclusion. Relative resistivity values from analysis (A) with no high pass filter or 

exclusions applied, (B) when high pass filters with cutoff frequency ranging from 10-40Hz are applied, (C) 

when all points of exclusion are applied, and (D) when all points of exclusion and a high pass filter with 

cutoff frequency of 40Hz are applied. In plot B, each color line represent a different high pass filter applied. 
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Figure 21: Bar graph of the attenuation of the original unfiltered data by the application of high pass 

filtering with cutoff frequency ranging from 10-40Hz in the Endo level (L3) of myocardium from a 

representative rabbit. 

 

 

 
Figure 22: Schematic of a voltage response to a square current pulse. Points of the voltage response are 

labeled for reference in response characteristic calculations. The value “a” is the average of voltage 

response values between the response rise and response off time. 

 

 

Stability of Electrode Array 

The stability of the electrode array is shown in data measured during 60 minutes 

of SR preceeding VF onset. Relative resistivity values (n=3), shown in Figure 23, remain 

stable over the 60 minute time period with less than 9% change in any array level. These 

results indicate that the electrodes remain stable over the course of the experiment and 

have little to no impact on the resulting resistivity values observed in the myocardium. 
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Average baseline resistivity during SR is plotted in Figure 24. The average values seen in 

the Endo, Mid, and Epi levels (287 cm, 468 cm, and 461 cm respectively) are 

within the range of values other groups have measured.
33,37,38

 The average value observed 

in the cavity level array during SR (81 cm) is well below our observed values in tissue 

and also below that observed by other groups. The difference in resistivity allows for 

distinction between the tissue and the ventricular cavity and confirmation that our tissue 

level arrays, especially the endocardial array, is truly in tissue. 

 
Figure 23: Average relative resistivity of rabbit LV (n=3) during 60 minutes of SR in three resistivity array 

levels: Endo (L3), Mid (L4), and Epi (L5). Time 0min represents the time when VF begins. Time -60min 

represents SR, 60min prior to VF.  Recordings were made every 10min and also 1min before VF onset. 

 

 

 
Figure 24: Average resistivity of rabbit LV (n=3) in four resistivity array levels at baseline (SR). The four 

arrays are identified in the chart legend as Endo (L3), Mid (L4), Epi (L5), and Cav (L1). Resistivity in the 

cavity level array was, as expected, much lower than that of the tissue level (Endo, Mid, Epi) level arrays. 
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Resistivity Measurement Does Not Alter VF Activation Rate 

Measuring resistivity using the four-electrode resistivity technique requires that 

current be injected into the myocardium frequently in order to observe minute by minute 

changes that occur during LDVF. To determine whether the selected current magnitude 

imposed any changes in the rate or progression of VF, a comparison of activation rate 

was performed between studies with the resistivity array (n=3) and without the resistivity 

array (n=3) for the Endo and Epi levels (Figure 25). There was no significant difference 

found in activation rate for either level at any time point examined. Therefore, the 

insertion and use of the resistivity array does not change the course of VF. 

 
Figure 25: Frequency of activation during LDVF with and without insertion of a resistivity array in the 

(left) Endo and (right) Epi. Standard error bars are included for each point in time. There was no significant 

difference in activation rate between hearts with (W) and without (WO) the resistivity array for the Endo or 

the Epi levels. 

 

 

Characteristics of Transmural Changes in Intramural Resistivity 

All resistivity values were normalized (referred to as relative resistivity) in order 

to permit data comparisons between myocardial layers of each heart as well as 
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comparisons between all hearts. Relative resistivity for each myocardial layer in each 

study was calculated as the ratio of each resistivity value to the value of resistivity 

obtained during SR just prior to VF or ischemia induction. From this point on, any 

mention of resistivity refers to relative resistivity. 

Resistivity data from a representative rabbit study is shown in Figure 26. 

Resistivity increased rapidly immediately after the onset of VF in the Epi level compared 

to the Endo and Mid levels. In the Mid level, resistivity exhibits a more gradually rate of 

increase after VF onset. Very little change in resistivity was seen in the Endo level from 

baseline to 11 minutes of VF. After that time point, a steep increase in resistivity 

occurred. By 10 minutes, relative resistivity increased 1.36 fold in the Epi, 1.17 fold in 

the Mid, and there was only minimal change from baseline in the Endo. By 20 minutes of 

VF, both the Epi and Mid have peaked at 1.6, however, the Endo never reaches this 

magnitude of relative change and peaks at only 1.37. The differential resistivity changes 

observed qualitatively across the Endo, Mid, and Epi in this study supports the idea of 

altered coupling as a basis for development of transmural gradient.  

 
Figure 26: Relative resistivity for the Endo, Mid, and Epi layers shown for 1-20min after induction of long-

duration VF in a representative rabbit study.  
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Changes Observed in Relative Resistivity 

Qualitatively, resistivity profiles in the Endo, Mid, and Epi consisted of only a 

single prominent rise in most cases of LDVF, whereas resistivity profiles during ischemia 

consisted of an immediate rise followed by a significant, steep secondary rise. Analysis 

of the relationship between resistivity and activation rate obtained during LDVF revealed 

that a steep increase in resistivity often occurred during the time of marked changes or 

events in activation rate. Subsequently, the definition of uncoupling used by Jain et al. 

was modified and stated for this study as follows: The onset of the steep rise in resistivity 

occurs when a 5% increase in relative resistivity from the previous resistivity 

measurement is observed, the average of the subsequent 3 values demonstrates a 3% 

increase, and resistivity sustains a relative value of 1.0 or greater. This definition was 

designed as more stringent criteria to avoid premature labeling of the steep resistivity rise 

onset due to transient fluctuations in resistivity measurements that transpire during VF 

measurement. The time of steep resistivity increase for the Endo, Mid, and Epi layers in 

each study are listed in Table 4. In all but one in vivo LDVF study, steep rise onset times 

occurred progressively with Epi onset before or concurrently with Mid, and Mid before 

Endo. In Study 3, VF duration was 6 minutes which would make the Mid and Endo onset 

times (14min and 17min, respectively) invalid. In study 7, resistivity analysis determined 

Epi onset time to be simultaneous with Endo onset time. It is possible that signal noise or 

overlap with activations caused disruption of the resistivity profile resulting in a less 

precise calculation of steep resistivity rise onset time. In Study 6, the LV wall was too 

thin (approximately 3.2-3.8mm) to obtain Endo resistivity measurement. During the 

course of LDVF, the average time of Epi steep resistivity rise onset (4.4±1.5min) was 
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earlier than Mid onset (7.3±1.5min, p value not significant) and significantly earlier than 

Endo onset (12.7±1.2min, p<0.01). Also, Mid onset occurred significantly earlier 

compared with Endo onset time (p<0.05). Mean values at the time of steep resistivity rise 

onset in the Endo, Mid, and Epi were 1.12±0.03, 1.11±0.04, and 1.16±0.03 respectively.  

 

Table 4 
Time of Intramural Steep Resistivity Rise Onset 

Study Endo Mid Epi 

Ventricular Fibrillation 
  

1 11 7 1 

2 12 3 2 

3 17 14 3 

4 12 11 11 

5 15 4 1 

6 
 

5 4 

7 9 7 9 

In vitro Global Ischemia 
  

1 36 22 
 

2 48 28 
 

 

 

The differential rate of change in resistivity during LDVF is presented in Figure 27 which 

shows the mean relative resistivity at each time point for the Endo, Mid, and Epi layers. 

Epi rapidly increases immediately after VF onset and has a significantly greater rate of 

increase compared to the Endo (p<0.05). The rate of increase reaches or exceeds 5% per 

minute at 1, 7, and 12 minutes for the Epi, Mid, and Endo respectively. The steep rate of 

resistivity increase exhibited by the mean data is very similar to the mean onset times for 

the steep rise in resistivity observed across studies individually. 
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Figure 27: Relative resistivity for the Endo, Mid, and Epi myocardial layers is shown during the course of 

LDVF. Data values are means ± standard error of the mean obtained from 7 LDVF in vivo rabbit studies 

(n=6 for Endo, n=7 for Mid and Epi).   

 

Resistivity measurements during global ischemia in the in vitro preparation 

revealed that Mid steep resistivity rise onset occurred prior to Endo onset (25±3min vs. 

42±6min, respectively). Average relative resistivity values at the time of onset were 

1.57±0.1 in the Mid and 1.61±0.21 in the Endo. Resistivity for the Epi could not be 

assessed due to exposure of the Epi level resistivity array to the surrounding Tyrode’s 

solution. Steep resistivity rise onset in all layers occurred much sooner during VF than 

rise onset for the Endo or Mid during global ischemia. Resistivity data from a 
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representative LDVF study and a representative global ischemia study is shown in Figure 

28. Resistivity increases proceed much more quickly during LDVF compared with global 

ischemia. Very minimal change develops during global ischemia even by 20 minutes (see 

inset of Figure 28B) whereas steep rise onset during LDVF occurs by 2, 3, and 12 

minutes in the Epi, Mid, and Endo respectively. Steep rises do not occur in global 

ischemia until 22 minutes in the Mid and 36 minutes in the Endo. This quantitative 

assessment of myocardial resistivity demonstrates the occurrence of differential 

transmural increases in resistivity in both LDVF and global ischemia.   

 
Figure 28: Relative resistivity is shown from (A) a representative in vivo rabbit study for 20min following 

induction of VF in the Endo, Mid, and Epi layers and (B) a representative in vitro rabbit heart study for 

60min following global ischemia induced by cessation of perfusion in the Endo and Mid layers. An inset 

shows the same resistivity data for global ischemia plotted only from 0-20min with a similar relative 

resistivity scale as plot A. 

 

 

Relationship Between ARG and Resistivity in LDVF 

Average intramural activation rate and intramural relative resistivity for the Endo, 

Mid, and Epi layers are plotted side by side for 3 studies of LDVF performed (Fig 29). 

Onset of the steep rise in resistivity is indicated as a large black data point for each 

intramural layer in each relative resistivity plot. Changes in intramural relative resistivity 
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closely related to changes in activation rate in most instances. In Figure 29A, onset of Epi 

steep resistivity rise (determined as a 5% increase in resistivity with subsequent 3% 

increase) occurred at 2 minutes of VF. This same point in time is when the ARG 

developed between the Endo and Epi. Onset of steep rise in the Mid occurred by 3 

minutes of VF and at the same time point an ARG developed between the Endo and Mid. 

At 12 minutes of VF, the Endo layer experienced onset of the steep resistivity rise. This 

closely followed the time when a substantial slowing in AR occurred in the Endo. A 

separation in the profiles of relative resistivity presented with rapid Epi rise, moderate 

mid rise and slower time to Endo rise.  In Figure 29B, onset of Epi steep resistivity rise 

and the Endo-Epi ARG develop at 1 minute of VF. An ARG develops between the Mid 

and Endo by 3 minutes of VF. After 5 minutes Mid AR begins to decline. Shortly 

thereafter, Mid steep rise onset occurs at 7 minutes of VF. Endo steep rise onset occurs 

by 11 minutes preceding a substantial slowing in Endo AR at 15 minutes of VF. 

Qualitatively, Epi resistivity has a rapid rise while Mid and Endo progress closely 

together with a moderate time to rise. Figure 29C displays AR and resistivity for a study 

in which VF only sustained for 6 minutes. Epi steep resistivity rise onset at 3 minutes 

shortly follows the development of the Endo-Epi ARG at 2 minutes. Epi resistivity rises 

more quickly compared to Mid and Endo resistivity which progress with similar relative 

increase. Mid and Endo steep rise onset did not occur until after VF converted to 

pulseless electrical activity. The steep rise in resistivity in these layers were attributed to 

ischemia following the 6 minute VF episode. The 3 studies outlined in Figure 29 are 

representative of the relationships between intramural ARG and resistivity which 

occurred in all LDVF studies performed. Table 5 shows the time of Epi steep resistivity 
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rise onset and time of ARG development. There was a significant difference in average 

Epi steep rise onset time compared to average ARG time of development (4.4±1.5min vs. 

1.29±0.18min), however, these times only differed by 3.1min. Therefore, the time when 

the steep rise in Epi resistivity occurs closely follows the time when a significant 

difference in activation rate develops between the Endo and Epi.  

 
 

Figure 29: Average intramural activation rate (on left) and intramural relative resistivity (on right) are 

shown for the Endo, Mid, and Epi layers in 3 studies of LDVF in rabbit. In each relative resistivity plot, 

black data points indicate the onset time of steep resistivity rise for each intramural layer. 
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Table 5 
Epicardial Steep Resistivity Rise Onset vs. Activation Rate Gradient Onset 

 

Time After VF Onset (min) 

Study Epi Uncoupling ARG 

1 1 1 

2 2 2 

3 3 2 

4 11 1 

5 1 1 

6 4 1 

7 9 1 

Average 4.43 1.29 

Standard Error 1.51 0.18 
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DISCUSSION 

Discussion of Results 

This project has investigated the mechanisms of the activation rate gradient which 

develops during LDVF. In summary, we developed a novel preparation of LDVF in the 

in vivo rabbit heart, demonstrated that an activation gradient develops with similar time 

course as in dog, developed and validated a method using a plunge needle resistivity 

array to assess transmural changes in resistivity, delineated the time course of the 

activation rate gradient with steep resistivity increases during LDVF, and utilized in vitro 

control studies to demonstrate our transmural resistivity results to be comparable with 

previously documented ischemia results and reveal a dissimilarity of resistivity steep rise 

time course in VF compared with myocardial ischemia. The major finding of this project 

is the development of differential transmural increases in resistivity in the left ventricular 

myocardium with steep rise onset progressing from Epi to Endo. Particularly, the steep 

rise in epicardial resistivity developed earliest and was closely associated with the 

development of the Endo-Epi activation rate gradient. Steep rises in resistivity developed 

much more quickly during LDVF than during myocardial ischemia. 

 

VF Induction 

Long-duration VF was most successfully obtained in rabbits weighing 3.3kg or 

greater using an AC stimulus of 60s duration. Due to the fact that a critical size of 

myocardium of at least 100-400mm
2
 is necessary to sustain fibrillation,

39,40
 and that the 

rabbit heart is at the crux of this critical size, investigation in rabbit presented a challenge 
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to consistently obtain sustained VF. Larger rabbits with larger hearts yielded a higher 

likelihood to develop sustained VF. Despite improved probability, it was still necessary 

to use the prolonged current to sustain VF even in the larger hearts as demonstrated in 

Figure 5. Our review of the literature did not find a study citing VF induction methods in 

the in vivo rabbit heart; the majority of VF studies have been performed in in vitro 

preparations. This stimulation protocol is substantially longer what others have used in 

those in vitro rabbit heart preparations;
15,16,41,42

 however, electrophysiological properties 

differing between the in vivo and isolated preparations likely demand a more rigorous 

protocol to obtain sustained fibrillation in the in vivo rabbit heart. Adult rabbit hearts (of 

rabbits greater than 3.3kg) consistently developed LDVF with 60s stimulation creating an 

intriguing model with which to assess VF. 

 

Activation Rate Gradient 

A minimum cycle length criterion of 35ms was used for activation rate 

calculation. A 50ms criterion is widely used with activation rate assessment in dogs
11,34

 

and pigs.
43

 However, the justification for the 50ms minimum rate criterion comes from 

studies on canine cardiac refractoriness. Due to the fact that rabbits have an intrinsic 

activation rate much faster than dogs or pigs, this minimum cycle length was 

reconsidered. Many studies that investigate AR in rabbit estimate the activation rate using 

a dominant frequency method
15,16,17,18

 which does not depend on each individual cycle 

length but the overall rate over time.  Calculation of activation rate using an activation 

selection minimum cycle length criterion is highly dependant on the minimum allowable 

time span between activations. The decision to use a minimum cycle length of 35ms was 
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supported by reports of VF dominant frequency in rabbit exceeding 20Hz to values 

ranging 21-26Hz.
15,16 

 

After selection of the lower minimum cycle length (35ms), it was necessary to 

implement further analysis criteria to prevent the selection of electrotonic deflections or 

double potentials as activations. Double potentials are two closely spaced deflections in 

which one or both are electrotonic activity propagating from nearby activations.
44

 Double 

potentials are defined in canine ventricular muscle as deflections occurring less than 

50ms from one another.
11

 To prevent selection of double potentials, activations must have 

an isoelectric interval occurring between them. We defined an isoelectric interval as a 

3ms period of 0 slope. If a double potential occurred, only the potential with the greatest 

absolute magnitude was selected as the activation.
5
 Activation times were assigned to the 

peak of activations with magnitude greater than an absolute value of 0.25mV.
7
 The use of 

different criteria to evaluate electrograms may lead to different rate values; however, the 

definitions outlined here were determined as the best fit for the data we obtained based on 

literature review and data analysis. 

Studies on the organization of LDVF have shown the development of activation 

rate gradients between the LV Endo and LV Epi in the dog and rabbit.
 11,12,13,18

 Gradients 

also develop between the RV Endo and RV Epi in the dog,
12

 but not the rabbit.
18

 The 

activation rate gradient develops within 1-3 minutes of LDVF in the dog LV.
11,12,13

 In the 

isolated rabbit heart preparation, an Endo-Epi disparity of AR develops within 3 minutes 

of VF in the LV;
18

 however, this study only investigated rates on the Endo and Epi 

surface and used separate measurement techniques. Results from our investigation of in 

vivo rabbit LDVF are consistent with previously mentioned studies showing early 



56 

 

development of the Endo-Epi LV gradient and provide transmural data on the 

development of the gradient in rabbit. An Endo-Epi gradient developed in every VF 

study. Similar to Venable et al., we found a significant difference in rate to develop 

between Endo and Mid and between Mid and Epi, but in 57% of studies. There was one 

instance of Endo-Mid similarity and one instance of Mid-Epi similarity. There was also 

an instance in which there was no significant difference between adjacent layers, only an 

Endo-Epi difference. Based on our analysis of resistivity, the transmural heterogeneity of 

excitability is due to cellular electrical uncoupling. This uncoupling is likely due to 

heterogeneous expression and dephosphorylation of Cx43, the principle protein of gap 

junctions. Canine Epi has a lower expression of Cx43 compared with more endocardial 

layers in the ventricle
45

 and this may also hold true for the rabbit ventricular myocardium. 

Lower expression of Epi Cx43 would lead to a faster rate of Epi electrical uncoupling 

should dephosphorylation (induced by concurrent fibrillation and ischemia) occur with 

similar extent across the myocardium. Otherwise, heterogeneous dephosphorylation of 

Cx43 during fibrillation may be the biochemical mechanism for the differential 

transmural steep increases in resistivity during LDVF in the rabbit myocardium.   

Venable et al. also documented the occurrence of inexcitable areas during later 

periods of LDVF.
12

 This study described areas of inexcitability adjacent to regions which 

were still active. We found that at individual sites within the LV, the gradient of 

activation rate developed at different points in time during LDVF. Furthermore, areas of 

inexcitability occurred during times when adjacent sites were still active. This pattern of 

gradient development further implicates heterogeneous Cx43 expression as a mechanism 

for altered excitability and electrical coupling.  
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Resistivity  

During the course of this project, we successfully fabricated an array capable of 

measuring intramural resistivity for several layers of the myocardium and developed a 

way to measure and quantify changes in resistivity to indicate intramural electrical 

uncoupling. Multi-level resistivity measurement is a novel concept in the realm of 

myocardial resistivity. Epicardial resistivity
22,28,29,30,46

 and mid-myocardial resistivity
26

 

have only been assessed in separate studies by different groups during myocardial 

ischemia. In ischemia preparations, resistivity is largely measured in the  quiescent 

heart
Jain

 or in hearts paced at rates equivalent to SR.
30,31,32

 Assessment of resistivity 

during the rapid and irregular rhythms of VF certainly presented a challenge. Smith et al. 

cited the occurrence of VF during resistivity measurement in pigs;
26

 however, data was 

excluded from experiements in which VF occurred within 2 minutes of ischemia and 

resistivity measurements were placed on hold to defibrillate VF occurring between 12-25 

minutes of ischemia. While they do measure during VF in 4 of 9 experiments, they do not 

state any methods to account for these changes. To assess resistivity from data obtained 

in this study, a 40Hz filter was incorporated to remove low frequency activation 

components, voltage responses which were critically affected from overlap with 

activations were systematically excluded,  and samples were taken 10s for each minute of 

VF to ensure an adequate number of quality pulses were obtained. 

 It was necessary to develop a definition for the onset of the steep rise in 

resistivity due to the fact that there is no standard definition. Ischemia studies have shown 

that cardiac resistivity changes in a characteristic manner producing an immediate first 

rise related to the onset of ischemia and reduction in perfusion pressure
38

 or extracellular 
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space, a subsequent slow rise
22

 or plateau phase
26

 related to a rise in extracellular 

resistance, and then a secondary, steep rise in resistivity related to the onset of increases 

in intracellular resistivity and thus electrical uncoupling.
38

 The definition of electrical 

uncoupling onset, derived from resistivity values, has been described as the transition 

point from the slow rise in resistivity to the marked secondary rise,
22

 the time when 

resistivity shows an initial 3% increase from the minute prior,
28

 the first point that 

demonstrates 10% rise in resistivity over best fit line through plateau phase,
26

 or the 

change in the first derivative of resistivity with respect to time.
27 

Resistivity data obtained 

during VF in the in vivo rabbit heart in this study did not fit the typical profile of 

ischemia. Qualitatively, resistivity profiles from the Endo, Mid, and Epi consisted of only 

a single promenent rise in most cases. Definitions based on identification of a steep, 

second rise (occurring after a small primary rise) which commonly develops during 

ischemia could not be applied to the VF resistivity data. Based on the definition described 

by Jain et al., observation of resistivity profiles obtained in previous studies of cardiac 

ischemia, and analysis of the relationship between resistivity and ARG data obtained in 

this study, a specific definition for the steep rise in resistivity was generated. Our 

definition was a more stringent criteria for the steep rise in that it not only required a 

larger resistivity increase than that described by Jain et al., it also required the occurrence 

of a subsequent continued increase. Resistivity measurements obtained during VF often 

contained small fluctuations in value from one minute to the next due to the nature of 

resolving response magnitudes amid underlying activations contained within the 

electrogram. The influence of the fluctuations were minimized by defining a substantial 

increase in resistivity as 5% and ensuring that the increase was not an outlier by requiring 
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the observance of continued increase (assessed as the average of the subsequent 3 values 

having a value 3% greater than the selected point).  

The onset of electrical uncoupling during global ischemia
22,28,46

 occurs within 

15.3-22.1min at a resistivity approximately 1.3-1.4 times baseline resistivity. Electrical 

uncoupling in regional ischemia
26,27,29,30

 occurs within 13-34min at a resistivity value 

ranging 1.4-2.0 times baseline resistivity. We found that resistivity during global 

ischemia rises in a manner similar to that previously reported with a small, initial rise 

immediately after onset of ischemia followed later by a very steep rise in resistivity 

which has been defined as the onset of electrical uncoupling.
22,38

 Mid electrical 

uncoupling (identified by onset of the steep rise in relative resistivity) during global 

ischemia occurs with a time course similar to uncoupling times of the regional ischemia 

range. Endo electrical uncoupling occurred at a time later than that reported in studies of 

global or regional ischemia. We found that electrical uncoupling developed with 

differential transmural time course where the Endo uncoupled latest. Since no studies 

have reported measurement of resistivity on the Endo, it follows that our assessment of 

the Endo uncoupling time is later than that previously reported. Average relative 

resistivity at the time of uncoupling for Endo and Mid are comparable to resistivity 

increases previously observed in  regional ischemia studies and slightly larger than that 

reported for global ischemia. The results obtained in global ischemia studies demonstrate 

that the resistivity measurement system, analysis methods, and definition for the steep 

rise in resistivity can determine the onset of electrical uncoupling comparable to findings 

obtained by other investigators.  
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To our knowledge, this is the first study to compare the time course of resistivity 

changes during LDVF with that of global ischemia. The time course of the onset of steep 

increases in resistivity in the Endo, Mid and Epi during VF was much earlier compared to 

regional or global ischemia reported in this and other studies.
22,26,27,28,29,30,46

 The steep 

increases in resistivity found in LDVF were assessed with the same definitions and 

methods as in our global ischemia studies; therefore, indicating that electrical uncoupling 

occurs with early time course much earlier than in ischemia. VF may accelerate the  

electrophysiological changes which occur with ischemia. Persistent, rapid activations 

utilizing energy and metabolite stores may accelerate electrophysiological changes which 

occur in ischemia, causing early increases in gap junctional resistance, and thus resulting 

in early electrical uncoupling.  Values of relative resistivity at the time of onset of the 

steep rise in resistivity were less than those shown in regional or global ischemia. While 

the criteria for the onset of the steep resistivity rise (electrical uncoupling) were the same 

for our VF and global ischemia studies, substantial increases in resistivity were achieved 

much earlier in time such that the value of relative resistivity at earlier time points were 

less than that of the later uncoupling times in ischemia.  

A novel finding of this study is the transmural progression of the onset of steep 

resistivity rise reflecting electrical uncoupling in both LDVF and global ischemia. 

Through investigating resistivity in the Endo, Mid, and Epi during LDVF, it was revealed 

that the Epi steep rise developed earliest, with Mid and then Endo steep rises occurring 

subsequently. Furthermore, investigation of electrical uncoupling in the Endo and Mid 

during global ischemia revealed a similar transmural progression of electrical uncoupling 

from Mid to Endo. Our finding of transmural development of the steep resistiviy rises in 
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VF, suggesting transmural electrical uncoupling, which occurs with similar time course 

as the development of the activation rate gradient supports our hypothesis that differential 

electrical uncoupling is the mechanism responsible for the VF activation rate gradient. 

These results further implicate heterogeneous expresion and/or dephosphorylation of 

Cx43 as the biochemical mechanism by which electrical uncoupling operates.  

 

Alternate Mechanisms for the Activation Rate Gradient 

Several factors likely affect the electrophysiological changes which occur during 

long-duration ventricular fibrillation. Fibrillation induced ischemia may result in 

increased intracellular concentration of Ca
2+

,
47

 intracellular acidosis,
48

 reduction of ATP 

content,
49

 and accumulation of amphipathic lipid metabolites
50

 which affect gap 

junctional resistance. Differential transmural ion channel expression may affect 

excitability or refractoriness. A possible mechanism for the gradient could be differences 

in transient outward K
+
 current. The transient outward K

+
 current is much more 

significant in canine epicardium compared to the endocardium.
51

 However, evidence 

refuting this mechanism and supporting dispersion of INa inactivation properties have 

been reported. Corderio et al. found that in the presence of an Ito blocker, differences in 

canine Endo and Epi action potential morphology persisted and was attributed to lesser 

availability of INa in Epi cells due to a more negative half-inactivation voltage compared 

to Endo cells.
52

 Another mechanism for the rate gradient could be the differential Endo-

Epi properties of ATP-regulated K
+
 channels (KATP). KATP located in the Epi have greater 

sensitivity to reduction in intracellular ATP compared to channels in the Endo.
53

 

Theoretically, increased outward K
+
 current would accelerate repolarization and prolong 
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postrepolarization refractoriness. Increased concentration of extracellular K
+
 in normal, 

perfused, isolated rabbits hearts reproduced reduction of the LV epicardial VF activation 

rate which occurred during ischemic conditions, action potential duration was shortened, 

and activation threshold was increased.
15

 However, this increase in extracellular K
+
 does 

not necessarily reflect the actions of KATP. Blockade of KATP by glybenclamide in normal, 

isolated dog hearts did not prevent the development of the Endo-Epi ARG, nor did it 

affect the time course of ARG development during LDVF.
54

  

 

Future Direction 

Our study has demonstrated that the Endo to Epi gradient in activation rate 

coincides with electrical uncoupling which occurs transmurally beginning quickly after 

VF onset in the Epi. The Epi may have greater propensity for uncoupling due to lower 

expression of Cx43 in the Epi compared to deeper layers of the myocardium.
45

 Or, 

dephosphorylation of Cx43 may progress more rapidly and with greater extent in the Epi 

compared to deeper myocardial layers during LDVF. In normal canine ventricles, the 

sub-epicardium has the fastest maximum action potential velocity, but smallest space 

constant and slowest conduction velocity. These finding suggest that transmural 

differences in coupling, rather than reduced excitability, contribute to conduction 

slowing.  

Therefore, the next steps in the investigation of VF mechanisms will be to assess 

Cx43 as a biochemical basis for the development of the transmural electrical uncoupling. 

Dephosphorylation of Cx43 occurs during cardiac ischemia at the time when a steep, 

secondary rise in resistivity is observed.
22,27,38

 However, these ischemia studies did not 



63 

 

consider the possibility of transmural differences in resistivity or heterogeneous 

transmural Cx43 dephosphorylation. Our study suggests that cardiac conduction is 

reduced in a transmural fashion, likely due to heterogeneous changes in Cx43 

phosphorylation. Investigation of Cx43 content and dephosphorylation during the course 

of LDVF with respect to intramural level may yield biochemical information on the 

mechanisms of uncoupling. 

 

Limitations 

The development of a novel intramural resistivity measurement system to 

determine transmural changes in resistivity suggesting electrical uncoupling has provided 

invaluable information on the mechanism of long-duration VF. However, this study did 

have limitations that should be considered and include long AC stimulation to induce VF, 

manual current switches for transmural current delivery, the use of anesthesia, and 

separate needles as a resistivity array. A major limitation of this study was the use of AC 

stimulation for 60s to induce VF. We suspect that VF may have initiated during the 

stimulation which led us to designate the time point when stimulation ceased and initial 

resistivity and mapping recordings were obtained as occurring at the first minute of VF. 

Neither ECG or electrograms could be evaluated while AC stimulation was delivered, 

therefore we were unable to determine the exact time of VF onset. It may be possible that 

a full 60s of VF did not occur prior to our first measurements. VF may have developed at 

any time within the range of 0 to 59s prior to the cessation of stimulation. By labeling 

initial measurements as occurring at 1 minute of VF, labeling onset time of steep 

resistivity rise at a time earlier than the true time with respect to VF onset could be 
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avoided. We could not confirm whether the onset of VF varied between experiments, but 

each experiment was treated identically. All hearts received stimulation for 60s, any VF 

occurring during stimulation was paced VF, and therefore VF did not freely progress 

until the cessation of stimulation. If VF occurred during stimulation, our steep resistivity 

rise onset times would actually have time labels later than the true onset time. Our 

findings of early steep resistivity rises indicating electrical uncoupling during VF is 

further solidified by the cautious time labeling used. Of the studies which electrically 

induce VF in rabbit, only a few specify VF induction duration, ranging between 2s and 

20s.
15,16,41,42

 However, these studies were performed in isolated hearts. We found that 

LDVF in our in vivo rabbit model required a more aggressive induction protocol. 

Whether VF began during or after the stimulation, our results still show (1) the activation 

rate gradient develops soon into the VF episode, (2) the time of intramural resistivity 

increases correlate with changes in activation rate, and (3) differential transmural rise in 

resistivity occurs during LDVF. Therefore, this limitation does not have a major impact 

on the implications of this research.  

A second limitation was the manual operation of current switches for transmural 

current delivery. During resistivity measurement, current was delivered through 3 to 4 

levels of 4-needle linear arrays for each minute recorded. To achieve this, current output 

from one current source was connected to a switch box which then had connections to the 

different levels of electrodes designated for current delivery. Current was delivered for 

10s in one intramural level, then turned off for 5s to allow time to switch current output 

to the next level. This was a limitation because it resulted in time differences of 

measurements between each layer. In every study, there was a 30s delay between 
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measurement of Endo and Epi resistivity. This was not a critical limitation because all 

resistivity values were measured in 1 minute intervals and evaluated relative to the value 

of resistivity at SR for the respective level. Therefore, any changes in resistivity were 

observed in equal intervals and relative to SR resistivity. It is possible that changes in 

resistivity could occur within 30s, however, since the concern of this study was general 

change in resistivity over time of VF this only means that transmural changes were 

observed within a maximum of 30s apart for each minute of VF. This could be resolved 

in future studies through the development and implementation of an automated switch 

box which could measure shorter intervals of resistivity with greater frequency or 

development of a system to measure resistivity in multiple tissue layers simultaneously.  

A third limitation was the use of isoflurane as anesthesia during the surgical 

preparation, stabilization period, VF induction, and up to 30s of VF. Isoflurane invokes 

cardioprotection similar to ischemic preconditioning by limiting infarct size.
55,56

 The 

effects of isoflurane are suggested to be mediated by ATP-regulated K
+
 channels, 

however, these studies did not yield information on whether the drug also inhibits 

electrical uncoupling. Studies which investigate ischemic preconditioning through the 

assessment of electrical uncoupling have found that preconditioning only delays the 

effects of ischemia.
27,28

 Therefore, the use of isoflurane in these studies may have 

reduced the extent to which electrical uncoupling occurred or possibly delayed the time 

course of uncoupling, however there is no direct evidence supporting this supposition.   

A fourth limitation was the use of 4 separate plunge needles as a resistivity array. 

Care was taken to insert each needle transverse to the plane of the LV anterior surface at 

an approximate 90º angle. However, it is reasonable to acknowledge that there may have 
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been some slight differences in the directionality of each needle with respect to the array. 

This limitation was minimized by calculating resistivity relative to the value of resistivity 

obtained during baseline SR measurements for each intramural level in each study. In 

future studies, this limitation could be resolved by fabricating electrodes such that they 

are mounted and fixed on a non-conductive panel. 

 

Conclusion 

A disparity of knowledge regarding the mechanisms of LDVF prevents the 

development of improved therapeutic methods to treat SCA. Through the development of 

a novel preparation of LDVF in the in vivo rabbit heart and the originative method to 

assess changes in resistivity transmurally, this study has investigated differential 

transmural electrical uncoupling as a mechanism for the ARG which develops during 

LDVF. Differential transmural steep rises in resistivity in the left ventricular myocardium 

progressed from the Epi toward the Endo. Onset of epicardial steep resistivity rise 

developed earliest during LDVF and was closely associated with the development of the 

Endo-Epi ARG. Steep rises in resistivity during LDVF presented much more quickly 

than during global myocardial ischemia. This new information on transmural resistivity 

changes suggests electrical uncoupling as the mechanism of LDVF and provides a 

platform for a targeted research approach to improve SCA therapy. 
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