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A B S T R A C T

Introduction and objectives: An experimental model is used to analyze the characteristics of ventricular

fibrillation in situations of variable complexity, establishing relationships among the data produced by

different methods for analyzing the arrhythmia.

Methods: In 27 isolated rabbit heart preparations studied under the action of drugs (propranolol and

KB-R7943) or physical procedures (stretching) that produce different degrees of change in the

complexity of myocardial activation during ventricular fibrillation, use was made of spectral,

morphological, and mapping techniques to process the recordings obtained with epicardial

multielectrodes.

Results: The complexity of ventricular fibrillation assessed by mapping techniques was related to the

dominant frequency, normalized spectral energy, signal regularity index, and their corresponding

coefficients of variation, as well as the area of the regions of interest identified on the basis of these

parameters. In the multivariate analysis, we used as independent variables the area of the regions of

interest related to the spectral energy and the coefficient of variation of the energy (complexity

index=–0.005�area of the spectral energy regions –2.234�coefficient of variation of the energy+1.578;

P=.0001; r=0.68).

Conclusions: The spectral and morphological indicators and, independently, those derived from the

analysis of normalized energy regions of interest provide a reliable approach to the evaluation of

the complexity of ventricular fibrillation as an alternative to complex mapping techniques.

� 2012 Sociedad Española de Cardiologı́a. Published by Elsevier España, S.L. All rights reserved.
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R E S U M E N

Introducción y objetivos: Analizar en un modelo experimental las caracterı́sticas de la fibrilación

ventricular en situaciones con distintos grados de complejidad y establecer la relación existente entre los

datos aportados por distintos métodos de análisis de la arritmia.

Métodos: En 27 preparaciones de corazón aislado de conejo estudiadas bajo la acción de fármacos

(propranolol y KB-R7943) o procedimientos fı́sicos (estiramiento) que causan distintos grados de

variación de la complejidad de la activación miocárdica durante la arritmia, se han utilizado técnicas

espectrales, morfológicas y cartográficas para procesar los registros obtenidos con multielectrodos

epicárdicos.

Resultados: La complejidad de la fibrilación ventricular objetivada mediante procedimientos

cartográficos se ha relacionado con la frecuencia dominante, la energı́a normalizada del espectro, el

ı́ndice de regularidad de las señales, sus coeficientes de variación y el área de las regiones de

interés identificadas a partir de estos parámetros. En el análisis multivariable, se han aceptado como

variables independientes el área de las regiones de interés relacionadas con la energı́a espectral y el

coeficiente de variación de la energı́a (ı́ndice de complejidad = �0,005 � área de las regiones de la

energı́a espectral – 2,234 � coeficiente de variación de la energı́a + 1,578; p = 0,0001; r = 0,68).

Conclusiones: Los indicadores espectrales, morfológicos y, de manera independiente, los derivados del

análisis de las regiones de interés de la energı́a normalizada permiten aproximarse de manera fiable a la
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INTRODUCTION

Ventricular fibrillation (VF) is a life-threatening arrhythmia

present in a great number of cases of sudden death occurring with

or without a history of heart disease.1 The treatment is based on

electrical cardioversion, the efficacy of which is related, among

other factors, to the characteristics of the myocardial activation,

which change depending on the time elapsed since the onset of

the arrhythmia, metabolic deterioration, drugs administered,

or the substrate.2–6

The interest in analysis of the characteristics and complexity of

myocardial activation during VF is twofold. On the one hand, it is

of clinical interest, as it may aid in predicting the difficulty

involved in reverting the arrhythmia and restoring cardiac

mechanics.7,8 On the other hand, an experimental analysis of

this type makes it possible to describe the effects of different

factors on the mechanisms of onset, perpetuation, and cessation of

VF.9–16

Among the approaches to the analysis of myocardial

activation during VF are those based on recordings obtained

with electrocardiographic leads or mapping techniques using

multielectrodes or optical systems.7,8,11,17 However, the avail-

able information on the relationship between the parameters

obtained is limited.

The objective of the present report is to analyze in an

experimental model the characteristics of VF in situations with

different degrees of complexity and establish, by means of

multivariate analysis, the relationship between the data provided

by different methods of analyzing the fibrillation signals. The study

is based on the hypothesis that it is possible to establish indicators

of the degree of complexity of myocardial activation during VF

other than those provided by the complex conventional mapping

procedures and that this would help us to quantify the changes in

VF, either spontaneous or induced by drugs or other manipula-

tions, and thus characterize the arrhythmia. The availability of

these indicators would enable us to utilize those that are most

suitable or less complex, depending on the experimental condi-

tions or the available methodology.

For this purpose, we employed a model involving isolated

perfused rabbit hearts subjected to different situations (myocar-

dial stretch and drugs) that in previous studies have exhibited

different degrees of changes in the complexity of myocardial

activation during VF.16,18 The recordings were obtained with a

multiple-electrode epicardial lead that enabled us to process the

information using procedures based on the spectral and morpho-

logical analysis of the signals, together with mapping techniques.

METHODS

Experimental Preparation

The experiments were performed in accordance with Spanish

Royal Decree 1201/2005, dated 10 October 2005, on the use of

animals in research. The methodology applied was described in

previous studies.16,18 We used rabbit preparations (n=27), isolated

and perfused according to the Langendorff technique, in which

unipolar epicardial recordings were obtained from the central

portion of the left ventricular free wall with a multielectrode array

consisting of 121 stainless steel unipolar electrodes (diameter,

0.125 mm; interelectrode distance, 1 mm) arranged in a quadran-

gle formed by 11 rows of 11 electrodes covering a surface area of

1 cm2 (anterolateral wall).

The recordings of the epicardial activity were acquired

using the cardiac mapping system MAPTECHW (Waalre, The

Netherlands), which consists of a multichannel system equipped

with amplification with a gain of 100 to 300, a band filter between

1 and 400, and multiplexing at a sampling frequency of 1 kHz in

each channel. Once the preparation had been established, VF was

induced by stimulation at frequencies that increased from 4 Hz to

20 Hz. Coronary perfusion was maintained during arrhythmia. In

one of the series, local stretch was induced in left ventricular free

wall in accordance with the previously described method.16,18

Experimental Series

The VF recordings were obtained in 4 situations: a) in

preparations not subjected to modifications (n=9); b) in these

same preparations during the application of acute stretch on left

ventricular free wall16,18; c) during propranolol perfusion (1 mM)

(n=9)16,19–21; and d) during the perfusion of the sodium/calcium

exchanger inhibitor, KB-R794322–25 (1 mM) (n=9).16

The VF recordings acquired without introducing modifications

(controls) or under the effects of propranolol or KB-R7943

were obtained in a stable situation, 5 min after induction of the

arrhythmia. Those corresponding to myocardial stretch were

obtained 3 min after initiation of the stretching, which was applied

5 min after induction of the arrhythmia in the control series

(Fig. 1). This time window was chosen because it corresponds to

the moment of maximum effect of stretch on the activation pattern

during VF.16,18 The concentrations of KB-R7943 and propranolol

were within the same range employed to analyze their

effects.16,20,22–25

Signal Processing and Parameters Analyzed

Segments of 4096 samples were processed (sampling frequen-

cy, 1 kHz). The regularity of the morphology of the signal and its

characteristics were analyzed in the frequency domain; the latter

were assessed by obtaining the frequency spectrum using the

Welch periodogram.26 We identified the dominant frequency (DF)

in the spectrum and the normalized energy (NE), defined as the

spectral energy in a window centered on DF�1 Hz normalized by

the spectral energy in the band of interest (5 Hz to 35 Hz).

The morphological regularity was analyzed by calculating, for

each electrode, the regularity index (RI) proposed by Faes et al.27 in

atrial fibrillation, which was modified to adapt it to the model

evaluación de la complejidad de la fibrilación ventricular como una alternativa a los complejos

procedimientos cartográficos.

� 2012 Sociedad Española de Cardiologı́a. Publicado por Elsevier España, S.L. Todos los derechos reservados.
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employed here.28 This index quantifies (with a score of 0 or 1) the

regularity of the signal, analyzing the similarity between local

activation waves in the segment being considered. The algorithm

consists of: a) bandpass filtering to eliminate fluctuations, atrial

activity, and high-frequency noise (40th order FIR [finite impulse

response] filter, 5-Hz to 40-Hz bandpass filter with a Kaiser

window); b) detection of local activation waves (maximum slope

criteria); c) determination of the activation times; d) normalization

of the local activation waves, and e) calculation of the differences

between the activation waves to evaluate their similarity.

The index used in the present report is a morphological RI of the

local activation waves.27,28 It differs from that employed by other

authors, which involves spectral techniques to avoid the utilization

of DF obtained from signals with a poor signal-to-noise ratio.29

Spatial Distribution of the Parameters

For each parameter (DF, NE, and RI), we obtained a map

showing the values recorded by all the electrodes (Fig. 2). We

calculated the mean value and the coefficient of variation (CV) for

each map. To analyze the regularity in the spatial distribution

of the parameters, we calculated the corresponding regions of

interest (ROI). The ROI were utilized in the field of view of the VF

analysis to obtain information on the degree of dispersion of the

frequency and its temporal stability.30 The generation of the ROI

from the electrodes map was carried out in a first phase by

determining which of them exceeded the threshold obtained

experimentally on the basis of a set of recordings (Fig. 3).

Subsequently, these electrodes were grouped in a single ROI

according to their vicinity. Thus, in the case of the RI or the NE, a

channel was included in a ROI if the value of the parameter

exceeded the threshold. In the case of the DF, the criteria employed

was to consider whether its value fell in the range of the mean DF

(1 Hz), where the mean DF was the mean value of the DF in the

set of electrodes in the map. From the ROI, two additional

parameters were calculated: a) the area of the ROI (AROI) that

corresponds to the percentage of the area of the map occupied by

the ROI, which indicates the degree of spatial regularity of the

parameter, and b) the number of ROI (NROI) detected in the map,

which has arbitrarily been considered to represent a measurement

of spatial fragmentation, since its increase would indicate a greater

variability in the parameter being considered.

Analysis of the Epicardial Activation Maps

We analyzed the activation maps during VF, segmenting the

recording time into 100-ms intervals. Thus, in each recording, we

constructed 20 maps in which the initiation of the time window

being considered was taken as zero. After determining the local

activation times with respect to this zero value, we constructed the

isochrones and identified the wavefronts and the presence of

conduction block lines following the methodology utilized in

previous studies.4,16 Depending on the complexity of the maps,

3 types were established17,31: type I, characterized as having a single

wavefront without block lines or areas of slow conduction; type II,

having 2 wavefronts with areas of block or slow conduction; and

type III, exhibiting the maximum complexity, with 3 or more

wavefronts associated with areas of block and of slow conduction.

Once the activation maps had been characterized, the complexity

index (CI) was utilized, applying the formula CI=[number of type I

maps�0.1)+(number of type II maps�1)+(number of type III

maps�2)]/(number of maps analyzed).

Statistical Calculations

The data are presented as the mean (standard deviation). The

differences between continuous variables were analyzed using

Student t test for paired samples in the comparisons of the baseline

values versus stretch, as they belong to the same group, and also for

independent samples to compare both the propranolol group and

the KB-R7943 group with the control group. A P value less than .05

was considered to indicate statistical significance in every case.

The multivariate analysis was performed using a stepwise multiple

linear regression model.
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Figure 1. A: ventriculogram in sinus rhythm recorded in a heart from the

control group. B: tracing from the control group during fibrillation. C: tracing

from the control group showing fibrillation during stretch. D: tracing from the

propranolol group showing fibrillation during infusion. E: tracing from

the KB-R7943 group showing fibrillation during infusion. The tracings during

ventricular fibrillation correspond to 1 s of recording.
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The IBM SPSS StatisticsW statistical software package (version

19) was employed for all the calculations.

RESULTS

Coefficients of Variation of the Parameters Obtained
in the Spectral Analysis

Table 1 shows the results obtained in the different experi-

mental series. Compared with the control values, the CV of

the DF was higher during stretch (P<.0001) and lower in the

propranolol group (P<.05), whereas no significant differences

were observed in the KB-R7943 group. The CV of the NE (CVNE)

was higher in both the propranolol group (P<.05) and the

KB-R7943 group (P<.05).

The Regularity Index and Its Coefficient of Variation

The RI was lower during myocardial stretch, and higher under

the action of either propranolol or KB-R7943 (control, 0.80 [0.04];

stretch, 0.64 [0.11], P<.0001; propranolol, 0.92 [0.04], P<.0001;

KB-R7943, 0.87 [0.02], P<.001). The CV of the RI was higher during

stretch, and no significant differences were observed under the

other conditions (Table 1).
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Figure 2. Representation of the matrices corresponding to the electrodes in the multielectrode array in an example of each of the 4 situations considered (control,

stretch, propranolol, and KB-R7943) and for the 3 indices employed: dominant frequency, normalized energy, and regularity index. The mean values are indicated

in each case. DF, dominant frequency; NE, normalized energy; RI, regularity index.
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Figure 3. Acquisition of regions of interest on the basis of the dominant frequency map. A threshold was applied to the dominant frequency values of each channel.

A channel corresponds to a region of interest if the dominant frequency lies within the range mean dominant frequency � 1 Hz, in the group of electrodes of the map.

The threshold changes depending on the type of parameter. For the regularity index and normalized energy a simple threshold is applied; thus, the channels in which the

value exceeds it correspond to the region of interest. DF, dominant frequency; ROI, regions of interest.
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Spatial Distribution of the Parameters: Regions of Interest

Number of Regions of Interest

Table 1 shows the NROI in relation to the parameters DF, NE,

and RI. During myocardial stretch, the NROI generated in the

assessment of the DF was higher (P<.05) and there were no

differences under the other conditions. There were no differences

in the NROI associated with the NE or in the NROI constructed

when the RI was considered.

Area of the Regions of Interest

During stretch, the AROI related to the DF was smaller (P<.001);

it was greater (P=.05) under the other conditions. The AROI related

to the NE (AROINE) decreased during stretch (P<.0001), and was

greater with both propranolol (P<.05) and KB-R7943 (P<.05). That

associated with the RI was smaller during myocardial stretch

(P<.05) (Table 1).

Complexity Index Derived From the Analysis of the Activation
Maps

The CI was higher during stretch (baseline, 1.09 [0.26]; stretch,

1.48 [0.21]; P<.05) and lower in the group perfused with

propranolol (0.57 [0.23]; P<.0001). There were no differences

compared to the group perfused with KB-R7943 (1.00 [0.25]).

Multivariate Analysis

The correlation coefficients obtained when the CI was related to

the remaining variables considered separately (Fig. 4) were

significant in every case except for the evaluation of the NROI

for the NE (P=.056) and the NROI for the RI (P=.68). Table 2 shows

the regression lines obtained in each case.

Three models were considered in the multivariate analysis

when the CI obtained from the mapping analysis was utilized as a

dependent variable. In the first model, we took as independent

variables all those that reached P<.1 in simple regression analyses.

This model accepted two variables, the AROINE and the CVNE. The

Table 1

Values of the Coefficients of Variation Related to the Spectral Values and

to the Regions of Interest Obtained in Each of the Experimental Series

Control Stretch Propranolol KB-R7943

CVDF 1.42 (0.99) 3.91 (1.61)a 0.06 (0.05)b 0.80 (0.23)

CVNE 0.07 (0.02) 0.05 (0.01) 0.17 (0.08)b 0.11 (0.03)b

CVRI 0.10 (0.02) 0.14 (0.04)b 0.07 (0.03) 0.09 (0.03)

NROIDF 1.11 (0.33) 5.89 (3.48)b 1.00 (0.00) 1.11 (0.33)

NROINE 2.11 (1.27) 2.33 (1.12) 1.22 (0.44) 1.22 (1.27)

NROIRI 1.56 (1.42) 1.22 (1.2) 1.11 (0.33) 1.11 (0.33)

AROIDF 87.76 (7.75) 37.76 (32.57)c 98.22 (2.83)b 96.27 (4.23)b

AROINE 70.73 (24.53) 8.82 (4.65)a 95.88 (8.3)b 90.87 (8.4)b

AROIRI 65.97 (31.58) 19.61 (22.58)b 90.37 (13.14) 78.8 (21.96)

AROIDF, area of the regions of interest for the dominant frequency; AROINE, area of

the regions of interest for normalized energy; AROIRI, area of the regions of interest

for the regularity index; CVDF, coefficient of variation of the dominant frequency;

CVNE, coefficient of variation of the normalized energy; CVRI, coefficient of

variation of the regularity index; NROIDF, number of regions of interest for the

dominant frequency; NROINE, number of regions of interest for the normalized

energy; NROIRI, number of regions of interest for the regularity index. The area of

the regions of interest is expressed in arbitrary units.
a P<.0001.
b P<.05.
c P<.001.
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equation obtained was: CI=�0.005�AROINE�2234�CVNE+1578

(P<.0001; r=0.681; standard error of the estimate=0.30).

In the second model, we included as independent variables

those identified in the spectral and morphological analyses,

excluding those related to the ROI. In this model, we accepted

the variables NE and CVNE. The equation obtained was:

CI=�1265�NE�2331�CVNE+1773 (P<.0001; r=0.680; standard er-

ror of the estimate=0.30).

In the third model, we considered those of the second

model except those related to the NE. In this model, the only

variable accepted was the RI. The equation obtained was:

CI=�1927�RI+2593 (P<.0001; r=0.593; standard error of the

estimate=0.33).

DISCUSSION

This report has three main findings: a) the complexity of VF,

evaluated by analyzing the characteristics of the epicardial

activation maps, correlates with the parameters derived from

the spectral and morphological analyses of the signals with their

CVs; b) the AROI identified using parameters derived from the

spectral and morphological analyses of the signals also correlate

with said complexity, and c) the multivariate analysis demon-

strates an independent association when the AROI identified on the

basis of the NE and its CV are considered.

Spectral Analysis and Complexity of Ventricular Fibrillation

The spectral analysis of the fibrillation signals has facilitated the

study of a number of aspects of myocardial activation during both

atrial and VF.3,4,16,30,32–38 The determination of the DF provides

information directly related to the activation cycles and enables us

to rapidly obtain information on local and temporal changes in the

activation processes during arrhythmias of this type. On the other

hand, the analysis of the dispersion of the energy of the frequency

spectrum using parameters such as the spectral concentration

around the DF provides information on the regularity of the

arrhythmia and even enables the establishment of correlations

between the degree of fractionation of the signals and their DF.39

Among the limitations of these techniques are a number of aspects

related to the type of recordings, the presence of artifacts, the

stability of the signals, or the rate of the temporal changes.33,34,40 In

the present report, we used unipolar recordings and, when

considering the parameters derived directly from the spectral

analysis (DF, NE, and their CVs) separately, we observed that they

were related to the complexity of the VF established by the analysis

of the activation maps. Both the increase in the DF—that is, the

acceleration of the arrhythmia—and that of its CVs have been

associated with greater complexity and lack of organization of the

activation during VF. On the other hand, the decrease in NE—that is,

a lower concentration of the frequency spectrum around the

DF—and its CV have also been associated with activation maps that

are more complex, with a greater number of activation fronts and

areas of conduction block. The univariate analysis demonstrated an

inverse correlation with the latter parameters, a fact that would

be associated with a reduced presence of high spectral concentra-

tion levels in the cases of greatest complexity of myocardial

activation and, thus, a lower degree of variability in this parameter.

Morphological Analysis of the Signals

The morphological analysis of the electrograms was utilized to

define patterns of organization of the myocardial activation in the

context of different arrhythmias, both atrial and ventricular.

Among the characteristics analyzed are aspects related to the

regularity of the signals, the presence of alternans, the fraction-

ation of electrograms, and the association of certain types of

signals with the existence of rotors, areas of slow conduction or

block, or the collision of activation fronts.17,27,28,31,40–43 This type

of analysis has been used in atrial fibrillation to establish

associations between the complexity of the electrical activation

and the anatomical regions in which the recordings are made.42

Studies of myocardial activation during atrial fibrillation have

demonstrated a decrease in the RI as the complexity increases.27 In

the present report, we used this index in VF and evaluated its

relationship to the complexity. Univariate analysis demonstrated a

good correlation between the parameters obtained from the

morphological approach to signal analysis and those resulting

from the mapping approach based on the analysis of activation

maps. In the multivariate analysis, the information provided by the

RI was not independent of that obtained with the parameters

derived from the analysis of the ROI or of the spectral energy; thus,

we only considered the RI after excluding the parameters

mentioned above.

Regions of Interest Obtained From the Spectral
and Morphological Analysis

Choi et al.30 applied the analysis of the regional and temporal

changes in the activation frequency during VF to study the

characteristics of this arrhythmia. They used analytical procedures

based on the identification of clusters of frequencies grouped

around the predominant values, which constitutes the basis for the

procedure utilized in the present study to characterize the so-

called ROI, from which we obtained variables related to their area

and number. Although the latter did not provide relevant

information, the AROI constructed from the NE of the spectrum

constitute one of the variables accepted in the multivariate model

when we considered all the variables employed in the present

study. Thus, the high values for the AROI obtained using the

Table 2

Regression Lines Obtained Upon Relating the Complexity Index of the

Activation Maps to the Remainder of the Parameters Considered

Parameter Line P r SE

DF CI=0.052�DF+0.234 .0001 0.565 0.3362

CVDF CI=0.124�CVDF+0.843 .001 0.534 0.3445

NE CI=�1.732�NE+1.719 .0001 0.559 0.3262

CVNE CI=�3.558�CVNE+1.398 .0001 0.559 0.3378

RI CI=�1.927�RI+2.593 .0001 0.593 0.32819

CVRI CI=4.279�CVRI+0.610 .009 0.432 0.3676

NROIDF CI=0.075�NROIDF+0.864 .002 0.505 0.3518

AROIDF CI=�0.007�AROIDF+1.592 .001 0.517 0.3489

NROINE CI=0.125�NROINE+0.820 .056 0.321 0.38591

AROINE CI=�0.006�AROINE+1.468 .0001 0.607 0.32391

NROIRI CI=0.030�NROIRI+0.998 .683 0.07 0.4065

AROIRI CI=�0.006�AROIRI+1.416 .001 0.524 0.34723

AROIDF, area of the regions of interest for the dominant frequency; AROINE, area of

the regions of interest for the normalized energy; AROIRI, area of the regions of

interest for the regularity index; CI, complexity index; CVDF, coefficient of variation

of the dominant frequency; CVNE, coefficient of variation of the normalized energy;

CVRI, coefficient of variation of the regularity index; DF, dominant frequency; NE,

normalized energy; NROIDF, number of regions of interest for the dominant

frequency; NROINE, number of regions of interest for the normalized energy;

NROIRI, number of regions of interest for the regularity index; RI, regularity index;

SE, standard error.

Units employed: the area of the regions of interest is expressed in arbitrary units.

The dominant frequency is expressed in hertz.

L. Such-Miquel et al. / Rev Esp Cardiol. 2013;66(3):177–184182



information provided by the analysis of the spectral energy

concentration are related to a lower degree of complexity of the

myocardial activation during VF. This relationship is independent

of that observed with the other variables.

Clinical Utility

The availability of indicators of the degree of complexity of VF

could be useful in circumstances in which it is necessary to

characterize the effects of different factors on fibrillation process-

es, which include metabolic deterioration, ischemia and reperfu-

sion,3–6 drugs,4,16 and hypothermia,10 and in certain cases to help

to establish situations more suitable for achieving effective

defibrillation.7

Limitations

The extrapolation of the results obtained to the clinical setting

must take into account the characteristics of the experimental

model employed, in which interspecies differences and those

related to the recording techniques influence the results.

Moreover, in this study, we did not consider other situations

involving changes in the characteristics of the VF, such as those

observed during the metabolic deterioration induced by the

absence of myocardial perfusion, as occurs when VF develops in

the in situ heart.

CONCLUSIONS

The spectral and morphological indicators and, independently,

those derived from the analysis of the ROI in the NE provide a

reliable approach to the evaluation of the complexity of VF,

constituting an alternative to complex mapping procedures.
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Implantable de la Sociedad Española de Cardiologı́a (2010). Rev Esp Cardiol.
2011;64:1023–34.

2. Adgey AA, Spence MS, Walsh SJ. Theory and practice of defibrillation: (2)
defibrillation for ventricular fibrillation. Heart. 2005;91:118–25.

3. Chorro FJ, Guerrero J, Cánoves J, Martı́nez-Sober M, Mainar L, Sanchı́s J, et al.
Quantification of the modifications in the dominant frequency of ventricular
fibrillation under conditions of ischemia and reperfusion: an experimental
study. Pacing Clin Electrophysiol. 1998;21:1716–23.

4. Chorro FJ, Cánoves J, Guerrero J, Mainar L, Sanchı́s J, Such L, et al. Alteration of
ventricular fibrillation by flecainide, verapamil, and sotalol: an experimental
study. Circulation. 2000;101:1606–15.

5. Nanthakumar K, Walcott GP, Melnick S, Rogers JM, Kay MW, Smith WM, et al.
Epicardial organization of human ventricular fibrillation. Heart Rhythm.
2004;1:14–23.

6. Bradley CP, Clayton RM, Nash MP, Mourad A, Hayward M, Paterson DJ, et al.
Human ventricular fibrillation during global ischemia and reperfusion: para-

doxical changes in activation rate and wavefront complexity. Circ Arrhythm
Electrophysiol. 2011;4:684–98.

7. Gazmuri RJ, Ayoub IM, Shakeri SA. Ventricular fibrillation waveform analysis
for guiding the time of electrical defibrillation. Crit Care Med. 2001;29:
2395–7.

8. Karmazyn M, Gan XT, Humphreys RA, Yoshida H, Kusumoto K. The myocardial
Na(+)-H(+) exchange: structure, regulation, and its role in heart disease. Circ
Res. 1999;85:777–86.

9. Zaitsev AV, Guha PK, Sarmast F, Kolli A, Berenfeld O, Pertsov AM, et al.
Wavebreak formation during ventricular fibrillation in the isolated, regionally
ischemic pig heart. Circ Res. 2003;92:546–53.

10. Chorro FJ, Guerrero J, Ferrero A, Tormos A, Mainar L, Millet J, et al. Effects of
acute reduction of temperature on ventricular fibrillation activation patterns.
Am J Physiol Heart Circ Physiol. 2002;283:H2331–40.

11. Huang J, Rogers JM, Killingsworth CR, Singh KP, Smith WM, Ideker RE. Evolution
of activation patterns during long-duration ventricular fibrillation in dogs. Am J
Physiol Heart Circ Physiol. 2004;286:H1193–200.

12. Weiss JN, Qu Z, Chen PS, Lin SF, Karagueuzian HS, Hayashi H, et al. The dynamics
of cardiac fibrillation. Circulation. 2005;112:1232–40.

13. Chorro FJ, Blasco E, Trapero I, Cánoves J, Ferrero A, Mainar L, et al. Selective
myocardial isolation and ventricular fibrillation. Pacing Clin Electrophysiol.
2007;30:359–70.

14. Tabereaux PB, Dosdall DJ, Ideker RE. Mechanisms of VF maintenance: wander-
ing wavelets, mother rotors, or foci. Heart Rhythm. 2009;6:405–15.

15. Ten Tusscher KH, Mourad A, Nash MP, Clayton RH, Bradley CP, Paterson DJ, et al.
Organization of ventricular fibrillation in the human heart: experiments and
models. Exp Physiol. 2009;94:553–62.

16. Chorro FJ, Trapero I, Such-Miquel L, Pelechano F, Mainar L, Cánoves J, et al.
Pharmacological modifications of the stretch-induced effects on ventricular
fibrillation in perfused rabbit hearts. Am J Physiol Heart Circ Physiol.
2009;297:1860–9.

17. Konings KT, Kirchhof CJ, Smeets JR, Wellens HJ, Penn OC, Allessie MA. High-
density mapping of electrically induced atrial fibrillation in humans. Circula-
tion. 1994;89:1665–80.

18. Chorro FJ, Trapero I, Guerrero J, Such LM, Cánoves J, Mainar L, et al. Modification
of ventricular fibrillation activation patterns induced by local stretching.
J Cardiovasc Electrophysiol. 2005;16:1087–96.

19. Pak HN, Oh YS, Liu YB, Wu TJ, Karagueuzian HS, Lin SF, et al. Catheter ablation
of ventricular fibrillation in rabbit ventricles treated with beta-blockers.
Circulation. 2003;108:3149–56.

20. Hillsley RE, Bollacker KD, Simpson EV, Rollins DL, Yarger MS, Wolf PD, et al.
Alteration of ventricular fibrillation by propranolol and isoproterenol detected
by epicardial mapping with 506 electrodes. J Cardiovasc Electrophysiol.
1995;6:471–85.

21. Tovar OH, Bransford PP, Jones JL. Probability of induction and stabilization of
ventricular fibrillation with epinephrine. J Mol Cell Cardiol. 1998;30:373–82.

22. Inserte J, Garcı́a-Dorado D, Ruiz-Meana M, Padilla F, Barrabés JA, Pina P, et al.
Effect of inhibition of Na+/Ca2+ exchanger at the time of myocardial reperfusion
on hypercontracture and cell death. Cardiovasc Res. 2002;55:739–48.

23. Iwamoto T, Watano T, Shigekawa M. A novel isothiourea derivative selectively
inhibits the reverse mode of Na+/Ca2+ exchange in cells expressing NCX1. J Biol
Chem. 1996;271:22391–7.

24. Magee WP, Deshmukh G, Deninno MP, Sutt JC, Chapman JG, Tracey WR.
Differing cardioprotective efficacy of the Na+/Ca2+ exchanger inhibitors
SEA0400 and KB-R7943. Am J Physiol Heart Circ Physiol. 2003;284:H903–10.

25. Watano T, Kimura J, Morita T, Nakanishi H. A novel antagonist, No. 7943, of the
Na+/Ca2+ exchange current in guinea-pig cardiac ventricular cells. Br J Phar-
macol. 1996;119:555–63.

26. Oppenheim A, Schafer R. Digital signal processing. Engelwood Cliffs: Prentice
Hall; 1975.

27. Faes L, Nollo G, Antolini R, Gaita F, Ravelli F. A method for quantifying atrial
fibrillation organization based on wave morphology similarity. IEEE Trans
Biomed Eng. 2002;49:1504–13.

28. Chorro FJ, Pelechano F, Trapero I, Ibáñez-Catalá X, Such-Miquel L, Tormos A,
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