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Luis Such-Miquel,e Álvaro Tormos,d Juan Guerrero,f Joaquı́n Cánoves,a Luis Mainar,a
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A B S T R A C T

Introduction and objectives: An analysis was made of the effects of a radiofrequency-induced linear lesion

during ventricular fibrillation and the capacity to capture myocardium through high-frequency pacing.

Methods: Using multiple epicardial electrodes, ventricular fibrillation was recorded in 22 isolated perfused

rabbit hearts, analyzing the activation maps upon applying trains of stimuli at 3 different frequencies close

to that of the arrhythmia: a) at baseline; b) after radio-frequency ablation to induce a lesion of the left

ventricular free wall (length=10 [1] mm), and c) after lengthening the lesion (length=23 [2] mm).

Results: Following lesion induction, the regularity of the recorded signals decreased and significant

variations in the direction of the activation fronts were observed. On lengthening the lesion, there was a

slight increase in the episodes with at least 3 consecutive captures when pacing at cycles 10% longer than

the arrhythmia (baseline: 0.6 [0.7]; initial lesion: 1 [1] no significant differences; lengthened lesion: 3 [2.8];

P<.001), while a decrease was observed in those obtained upon pacing at cycles 10% shorter than the

arrhythmia.

Conclusions: The radio-frequency -induced lesion increases the heterogeneity of myocardial activation

during ventricular fibrillation and modifies arrival of the activation fronts in the adjacent zones. High-

frequency pacing during ventricular fibrillation produces occasional captures during at least

3 consecutive stimuli. The lengthened lesion in turn slightly increases capture capacity when using

cycles slightly longer than the arrhythmia.

� 2011 Sociedad Española de Cardiologı́a. Published by Elsevier España, S.L. All rights reserved.

Modificaciones de la fibrilación ventricular y de la capacidad de captura inducidas
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R E S U M E N

Introducción y objetivos: Analizar los efectos, en la fibrilación ventricular y en la capacidad de capturar

al miocardio mediante estimulación a frecuencias rápidas, de una lesión lineal producida con

radiofrecuencia.

Métodos: En 22 corazones de conejo aislados y perfundidos, se utilizaron electrodos múltiples

epicárdicos para registrar la fibrilación ventricular. Se analizaron los mapas de activación al aplicar

trenes de estı́mulos a tres frecuencias distintas, cercanas a las de la arritmia, en tres situaciones:

a) basalmente, b) tras producir con radiofrecuencia una lesión en la pared libre del ventrı́culo izquierdo

(longitud, 10 � 1 mm), y c) tras ampliar su extensión (longitud, 23 � 2 mm).

Resultados: Tras la lesión, se observó una disminución de la regularidad de las señales registradas y

variaciones significativas en la dirección de los frentes de activación. Con la lesión ampliada, se

incrementaron ligeramente los episodios con al menos tres capturas consecutivas al estimular con ciclos

un 10% más largos que los de la arritmia (basal, 0,6 � 0,7; lesión inicial, 1 � 1, diferencias no significativas;

lesión ampliada, 3 � 2,8; p < 0,001), mientras que se redujeron los obtenidos al estimular con ciclos un 10%

más cortos que los de la arritmia.

Conclusiones: La lesión efectuada con radiofrecuencia aumenta la heterogeneidad de la activación

miocárdica durante la fibrilación ventricular y modifica la llegada de los frentes de activación a las zonas

adyacentes. La estimulación durante la fibrilación ventricular a frecuencias rápidas provoca capturas
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INTRODUCTION

Although there is still controversy over the basic mechanisms

responsible for ventricular fibrillation (VF), the amount of

information available has increased.1–7 In parallel with studies

on the mechanisms that initiate or maintain arrhythmias, other

studies have investigated the various factors that lead to their

onset and perpetuation.8–14 These studies have used pacing,

shocks, or radiofrequency (RF) ablation; the latter is applied to

control the factors that lead to onset15–18 and is increasingly

studied because very little information is available on its

modifying effects on the substrate.19–21

The effects of pacing at frequencies close to those of the

arrhythmia22–25 have been investigated, since it has been

demonstrated that these procedures have the capacity to modify

atrial fibrillation activation patterns.26,27 Pacing has been used

during fibrillation to attempt to capture a large area of the

myocardium in order to interrupt these processes or facilitate their

control using other measures.23–25,28 However, the capacity to

alter activation patterns is limited to small areas. It is unknown

whether modifying the arrival of the activation wavefronts at

the site to which electrical pulses are applied also modifies the

capacity to achieve myocardial capture and thus to terminate

the arrhythmia. The induction of RF lesions is one of the procedures

for modifying the substrate and activation patterns during VF,

although their effects on the capacity to capture the myocardium

using overpacing have not been studied.

The present study analyzed these aspects in an experimental

model using isolated Langendorff-perfused rabbit hearts. High-

resolution mapping procedures were used to record VF during

high-frequency pacing at baseline and after inducing linear RF

lesions. This study had the following aims: a) to analyze changes in

ventricular activation during VF following the induction of a linear

RF lesion in the left ventricular (LV) free wall and after increasing

its length, and b) to study the capacity to capture myocardium

during VF by high-frequency pacing at baseline and after lesion

induction in a region close to the application site.

METHODS

Experimental Preparation

We followed the guidelines of the American Physiological

Society on laboratory animal research. New Zealand white rabbits

were used (n=22). After anesthesia with ketamine (25 mg/kg, IM)

and administration of heparin, the hearts were removed and

immersed in cold Tyrode. Within 3 min, they were connected via

the aorta to a Langendorff system and perfused with oxygenated

Tyrode solution at 60 mmHg and 37 (0.5) 8C. Mapping records were

acquired using 2 multiple electrodes (121 and 115 stainless steel

unipolar electrodes, 0.125-mm diameter; interelectrode distance,

1 mm) placed on the LV free wall. We used a mapping system

(MAPTECH, Waalre, Netherlands) at a sampling frequency of 1 kHz

per channel. The reference electrode was an Ag/AgCl 4�6-mm plate

placed on the aorta. Ventricular pacing was performed with bipolar

electrodes (0.2-mm diameter; interelectrode distance, 1 mm)

placed at the center of each multiple electrode. To achieve

ventricular capture during VF, biphasic stimuli were applied for

2 ms at an amplitude 6 times the diastolic threshold.

Experimental Protocol

Thirty minutes after placing the electrodes, VF was induced by

stimulation at increasing frequencies, maintaining coronary perfu-

sion during the arrhythmia. After 5 min, a train of stimuli was

applied for 15 s at 3 different cycles (10% shorter than, equal to, or

10% longer than the mean cycle during VF) with 15-s pauses

between them. This phase lasted 15 min. Stimulation was applied to

the LV anterior wall in half of the experiments and to the

posterolateral wall in the other half. After applying the trains of

stimuli (10 in each cycle), a linear vertical RF lesion was induced in

the middle region of the anterolateral LV wall (Fig. 1). This involved

successive applications of RF (10 W for 20 s) using a needle electrode

that was inserted perpendicular to the epicardium, ensuring that the

portion inserted was slightly longer than the mean thickness of the

wall.20,29At this stage, lesion length was 10 (1) mm with a maximum

width of 3.9 (0.2) mm. After 10 min of stabilization, the protocol was

repeated; upon completion, lesion length was increased (mean

length, 23 [2] mm; maximum width, 4.1 [0.3] mm) (Figs. 2 and 3)

and the stimulation protocol repeated after 10 min. The time from

VF induction until the completion of the protocol was 70 min and the

total duration of each experiment was always less than 2 h beyond

the moment of removal of the heart.

Parameters Analyzed

Myocardial Activation During Ventricular Fibrillation

Local activation times in each electrode were identified by

determining the maximum negative slope of the unipolar

electrograms; when 2 or more deflections appeared, the steepest

slope was selected. Histograms were obtained of the activation

cycles for each of the 2 regions studied and of the median, the 5th

and 95th percentiles, and the differences between them.

By analyzing the variations in the morphology of the

consecutive electrograms, we determined the regularity index

(RI) that quantifies (between 0 and 1) the similarity between the

electrograms for each channel.30,31 For repetitive signals in which

the morphology of the activation waves is very similar, the index

value is high, whereas this value decreases when the morphology

is variable. To obtain the RI, bandpass filtering was used to remove

baseline fluctuations and noise (40th-order FIR filter, bandpass 5-

40 Hz, Kaiser window); after identifying local activations we

calculated the signal centroid, which was defined as the point

dividing the area of the signal module into 2 equal parts. Once the

signals were normalized to avoid variations in amplitude, we

analyzed similarities between successive activation waves

detected in each channel during 4-s segments.

ocasionales durante al menos tres estı́mulos consecutivos. La lesión ampliada incrementa ligeramente la

capacidad de captura al utilizar ciclos ligeramente más largos que los de la fibrilación ventricular.

� 2011 Sociedad Española de Cardiologı́a. Publicado por Elsevier España, S.L. Todos los derechos reservados.
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Similarly, we constructed activation maps of the 2 regions

studied at 100-ms intervals during 2-s windows in each

phase before applying the stimulation protocols (at baseline,

after the initial lesion was induced, and after enlargement).

After constructing the isochrones, we quantified the activation

fronts arriving in the 2 regions from each side of the electrode.

When the front arrived simultaneously from both sides,

entry was assigned to the highest number of electrodes

activated.

Myocardial Capture During Ventricular Fibrillation

A sequential procedure was used, and the signals processed to

characterize: a) possible synchronization between the stimuli and

the signals recorded near the stimulation point; b) the existence of

centrifugal activation patterns from the stimulating electrode

(Fig. 4); and c) coincidence between the instant of activation in this

region and the instant the stimuli were emitted. Once possible

capture episodes were identified, we manually edited the selected

maps to confirm capture.

Statistical Analysis

Comparisons between the mean values of quantitative vari-

ables (within-subjects differences, repeated measures) were

performed using a general linear model. A P-value of <.05 was

used as a cutoff for statistical significance.

RESULTS

Modification of Myocardial Activation During Ventricular
Fibrillation Caused by the Lesion

Figure 5 shows the averages of the median of the VF cycles in

the 2 regions of the LV studied. No significant changes were

observed after lesion induction and after enlargement.

5 mm
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Figure 2. Cross-sections of hearts in 3 experiments in which the transmurality of the radiofrequency lesions were macroscopically observed. RF, radiofrequency.
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Figure 1. Diagram showing the location of the epicardial multiple electrodes on the left ventricular anterior and posterolateral walls and the site of the lesion. AD,

anterior descending coronary artery; LV (ANT), left ventricular anterior wall; LV (POST), left ventricular posterior wall; RF, radiofrequency; St, stimulating electrode.
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Figure 6 shows the averages of the differences between the 95th

and 5th percentiles of the cycles in the 3 experimental phases in

the 2 regions studied. After the lesion was induced we observed a

small, statistically significant increase in the anterior LV.

Figure 7 shows the averages of the RI obtained in the 2 regions in

each phase. This was significantly lower in the anterior and

posterolateral regions after lesion induction and after enlargement.

Figure 8 shows the RI maps obtained in the 2 regions in 2 of the

experiments. A decrease in RI can be observed in a large number of

the electrodes after lesion induction and enlargement.

Once the activation maps were constructed during VF at

baseline, and after lesion induction and enlargement (n = 2640),

averages were calculated for the wavefronts arriving in the 2

study regions from each side of the multiple electrodes. Table 1

shows the averages obtained. In the anterior wall after lesion

induction and elongation, there was a significant decrease

of wavefronts from the right and lower regions, and increased

wavefronts from the left region, opposite the lesion, and from

the upper region. In the posterolateral wall there was an

increase in wavefronts from the right region and a decrease in

wavefronts from the left region, adjacent to the lesion. After lesion

elongation, there was a significant decrease in those arriving from

the upper region.

Figure 3. A, cross-section of a heart in which the transmural radiofrequency lesion can be observed. B, C, and D, histological preparations at different magnifications

(B, �2; C, �10; D, �20) in which trichrome staining distinguishes the lesion site from adjacent undamaged myocardium. The higher magnification image shows the

presence of contracture bands in damaged myocytes. RF, radiofrequency.

Figure 4. Activation map during ventricular fibrillation in which a centrifugal

activation pattern can be observed from the central region to which the stimuli

are applied. The color coding indicates local activation times and isochrones.
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We also quantified the maps with breakthrough and complete

reentry patterns. Before lesion induction, the percentages of both

types of maps were 33% and 8%, respectively. After lesion induction

the percentages were 31% and 7%, respectively, and after lesion

elongation they were 27% and 8%, respectively. The differences

between the 3 phases were not statistically significant. On the maps

showing evidence of complete re-entry the average number of turns

or rotations was 1.2 (0.2) before lesion induction, 1.1 (0.2) after

lesion induction, and 1.1 (0.1) after elongation (nonsignificant).

Myocardial Capture During Ventricular Fibrillation

To evaluate the algorithm used to identify capture, in 8 of the

records obtained in different experiments we manually analyzed

the activation maps of 2180 stimuli, identifying 22 captures.

When this was done via an automated process, we detected

activation patterns that met the criteria for possible capture on

581 occasions; 21 of the 22 manually identified captures were in

this group. Thus, the algorithm had a sensitivity of 95% and
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specificity of 79%. The negative predictive value was high (99%)

and its application significantly reduced the number of maps that

had to be manually analyzed, with a low probability of excluding

stimuli with capture.

Table 2 shows the number of captures observed in each phase.

There were no significant differences at baseline and after lesion

induction in any cycle. After lesion elongation, the number of

captures at cycles 10% longer than the VF was significantly higher

than those obtained at cycles 10% shorter than the VF and those

obtained at baseline. However, the number of captures obtained

was similar to the number of captures obtained at baseline at

cycles 10% shorter than that of the arrhythmia. Table 3 shows the

averages of the episodes for each experiment in which at least

3 consecutive captures were observed. It can be seen that there are

few episodes of this type and that there were no statistical

differences between the 3 cycles at baseline and after lesion

induction. Following lesion enlargement the average increased

slightly and was significantly higher for cycles 10% longer than the

VF. At cycles 10% shorter than that of the VF, the number of

episodes with capture was lower after lesion induction and

enlargement. None of the capture episodes led to the interruption

of the VF.

After lesion induction, the overall number of activation fronts

detected in the mapped regions did not vary significantly, although

there was a significant decrease in those from the region ipsilateral

to the lesion. Using a random sample of 50 captures from each of

the 3 phases of the protocol, we analyzed the characteristics of the

activation map prior to capture. In these maps, the number

of activation fronts ipsilateral to the region where the lesion

was located significantly decreased after lesion induction and

after enlargement (baseline=9%, after lesion induction=2%,

and after elongation=0%; P<.01).

Figure 9 shows the maps corresponding to one of the capture

episodes produced after lesion induction during stimulation from

the LV anterior wall. The upper left part shows the map prior to

capture indicating the activation region where the electrode was

located before stimulation. To the right is the capture that created a

centrifugal activation pattern from the region of application. At the

lower left is another map with capture and to the right there is the

loss of capture due to the activation of the central region by a front

reaching this region prior to the stimulus.

DISCUSSION

The main results of this study are as follows: a) the induction

of a lesion in the LV free wall increases the heterogeneity of

myocardial activation during VF and modifies the arrival of fronts

in adjacent regions; b) stimulation during VF using trains of high-

frequency stimuli causes occasional captures during at least

3 consecutive stimuli, and c) lesion elongation slightly increases

consecutive captures when using cycles slightly longer than those

of the arrhythmia.

Modification of Myocardial Activation During Ventricular
Fibrillation Caused by the Lesion

Radiofrequency catheter ablation is a widely used technique for

treating several types of arrhythmias and its effects on the

substrate and the transmission of impulses during atrial fibrillation

have been extensively studied.32 The effects of ablation on VF have

been studied less.15–21 In patients with idiopathic or primary VF

associated with long QT or Brugada syndrome, selective applica-

tions of RF in the Purkinje network, right ventricular outflow tract,

and the extrasystole site of origin have been effective in preventing

arrhythmic events.18

In experimental models using isolated rabbit hearts, ablation of

the anterior papillary muscle terminated VF during propranolol

infusion and reduced its inducibility.21 The induction of lesions

encompassing the posterior region of the septum and ventricular

walls, the anterior region of the septum and walls, or the midseptal

region modified or interrupted activation in large areas of the

myocardium, excluding them from the activation process during

VF. They were not essential for sustaining VF.20

In this study using a similar experimental model, the lesion was

located between the papillary muscles but without reaching the

atrioventricular groove, which probably caused the lack of change

in the average cycle of the arrhythmia, although the arrival of

activation wavefronts in the regions explored was modified, with

decreased entry from the lesion site mainly due to increases in

regions opposite to the site. The transmurality of the lesions was

demonstrated macroscopically in all cases by visualizing their

extension from the epicardium to the endocardium. Histological

analysis was performed in one third of the cases and it cannot be

Table 1

Mean (Standard Deviation) of the Number of Activation Fronts Arriving in the

Regions Encompassed by the Multiple Electrodes Located in the Left

Ventricular Anterior and Posterolateral Walls From Each of the Sides Formed

by the Multiple Electrodes in the 3 Experimental Phases

Baseline Lesion Enlarged Lesion

Anterior wall

Upper 4.8 (1.9) 5.5 (2.1)a 5.2 (2.2)a

Right 3.2 (1.6) 2.9 (1.7)a 2.2 (1.4)a,b

Lower 3.4 (2.1) 3.1 (2.1)a 2.4 (1.9)a,b

Left 4.5 (2.1) 5.6 (2.9)a 7.1 (3.2)a,b

Posterolateral wall

Upper 4.2 (2) 4.2 (2.1) 3.8 (2.2)a,b

Right 3.6 (1.8) 4.4 (2.1)a 5.1 (2.3)a,b

Lower 5.5 (2.3) 5.5 (2.4) 5.6 (2.7)

Left 3.8 (1.8) 3.3 (2)a 2.6 (1.7)a,b

a P<.05 for baseline values.
b P<.05 for initial lesion.

Table 2

Mean (Standard Deviation) of Number of Stimuli With Capture During

Ventricular Fibrillation Obtained in Each Case During Stimulation With Cycles

10% Shorter Than, Equal to, or 10% Longer Than the Fibrillation Cycle in the 3

Study Phases

Baseline Lesion Enlarged lesion

Cycle 10% shorter 89 (54) 68 (51) 49 (34)

Equal cycle 84 (58) 70 (42) 79 (50)

Cycle 10% longer 56 (35) 42 (22) 85 (41)*

* P<.05 for baseline values and for cycles 10% shorter.

Table 3

Mean (Standard Deviation) of the Number of Episodes With 3 or More

Consecutive Captures During Ventricular Fibrillation Obtained in Each Case

During Stimulation With Cycles 10% Shorter Than, Equal to, or 10% Longer Than

the Fibrillation Cycle Through the 3 Study Phases

Baseline Lesion Enlarged lesion

Cycle 10% shorter 1.8 (1.9) 0.1 (0.1)a 0.1 (0.1)a

Equal cycle 1.1 (0.6) 0.8 (0.4) 0.8 (0.9)

Cycle 10% longer 0.6 (0.7) 1 (1) 3.0 (2.8)a,b

a P<.05 for baseline values.
b P<.05 for cycles 10% shorter.
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excluded that in the remaining cases limited areas of undamaged

myocardium may have persisted in the lesions. In relation to the

stability of the preparations used in the study, there was no control

group. However, in previous studies that used a similar experi-

mental preparation3,20 it was found that the electrophysiological

properties of the ventricular myocardium were stable for up to 2 h,

both in terms of refractoriness and conduction velocity. It was also

found that in the VF recordings obtained over long periods, if

coronary perfusion was maintained, both the cycles between

successive activations and the dominant frequency were stable,

except immediately after induction of arrhythmia.

Myocardial Capture During Ventricular Fibrillation. Effects
of the Lesion

Kenknight et al.33 observed regional myocardial capture during

VF in a porcine model by emitting trains of stimuli with cycles

between 80% and 115% of the average cycle during the arrhythmia.

These results supported the existence of an excitable gap during VF

as previously demonstrated during atrial fibrillation in a canine

model.26,37 Nanthakumar et al.24 performed rapid pacing from 1 or

2 lines of ventricular epicardial electrodes documenting myocar-

dial capture during the arrhythmia. This was consistent with Pak

et al.23 who synchronized activation fronts with the aim of

terminating VF. Subsequently, Ravi et al.34 used synchronized

stimulation techniques to create lines of block during VF in isolated

perfused rabbit hearts. Johnson et al.22 applied stimulation during

VF to compare the effectiveness of adaptive or fixed pacing

algorithms without observing significant differences. In the

present study we used fixed stimulation protocols at 3 different

stimulation cycles: one that was the same as that of the

arrhythmia, one slightly longer, and one shorter. The identification

of captures during VF is a laborious process given the large number

of stimuli emitted. To facilitate the task we used a semi-automatic

sequential procedure that excluded stimuli without capture with a

low probability of error. It was observed that the capacity to

capture at baseline was limited, as indicated by the low number of

episodes in which there were at least 3 consecutive captures. If the

maps that fulfill the criteria for capture are observed in isolation,

this does not exclude the possibility that the emission of stimuli

may have coincided with a spontaneous activation that began in

the center of the region explored, due to the breakthrough of a

front from subendocardial regions. This coincidence is less likely

Figure 9. Activation maps for 1 of the capture episodes obtained after lesion induction. The recording obtained with 1 of the electrodes indicates the time

corresponding to each of the maps. The color coding indicates local activation times and isochrones. The stimulating electrode is positioned in the central area of the

multiple electrode, located on the left ventricular anterior wall.
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when repeated captures are observed and for this reason they more

accurately reflect the capacity to capture myocardium during the

arrhythmia.

The induction of linear lesions modified the activation patterns,

particularly the arrival of the fronts from the lesion site; these

decreased after lesion induction and enlargement at the expense of

simultaneous changes in arrival from other sites. The capacity to

achieve capture after lesion induction remained limited and did

not prevent the perpetuation of the arrhythmia. Nevertheless, the

extended lesion modified the capacity to obtain successive

captures, showing a slight increase when using cycles 10% longer

than those of the arrhythmia. The presence of the lesion and

the decrease in the arrival of fronts from the lesion site may have

reduced interference from fronts which, by arriving at

the stimulation site before the next stimulus was emitted, may

have prevented the perpetuation of myocardial capture. This is one

of the mechanisms involved in the loss of myocardial capture

during fibrillatory processes when stimulating at cycles slightly

longer than those of the arrhythmia.26,27

Moreover, after the lesion was elongated, when stimulating at

cycles shorter than those of the arrhythmia, there was a slight

decrease in the number of captures, although the differences did

not reach statistical significance. One possible explanation is that

after the lesion was induced the lower limit of the excitable gap

may have increased, thus reducing the possibility of capture. This

change could be due to increased irregularity of the activation and

action of the stimuli themselves, which in turn would shorten the

upper limit of the excitable gap to generate reentrant activations

that may interfere with the captures caused by successive

stimuli. By stimulating with cycles longer than those of the

arrhythmia, the upper limit of the excitable gap would be

determined more by the spontaneous arrival of the activation

fronts, including those reaching the region later, thus increasing

the likelihood that the stimuli coincided with the excitable gap.

Clinical Implications

Electrical stimulation is useful to interrupt ventricular tachy-

cardia and in fact implantable cardioverter-defibrillators have a

stimulation mode to control these arrhythmias. Regional myo-

cardial capture during VF has been studied less and therefore its

effects and the factors that promote or limit it are beginning to

receive attention. The present study is framed within this field and

describes some of the limitations of capture procedures using high-

frequency pacing. The results obtained may be of use in guiding

future research on myocardial capture during VF using pro-

grammed stimulation procedures.

Study Limitations

The features of the model used enabled the analysis of VF and

the effects of the lesions without interference from metabolic

deterioration that accompanies the onset of VF. However, the

analysis of the results is restricted to situations similar to the initial

moments of the arrhythmia when this occurs in a clinical setting.

CONCLUSIONS

RF lesions increase the heterogeneity of myocardial activation

during VF and modify the arrival of activation fronts in adjacent

areas. High-frequency pacing during VF leads to occasional

captures during at least 3 consecutive stimuli. Enlarged lesions

slightly increase the capacity to capture by using cycles slightly

longer than those of the VF.
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