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ABSTRACT

Introduction and objectives: Distension of the ischemic region has been related to an increased incidence
of spontaneous ventricular arrhythmias following coronary occlusion. This study analyzed whether
regional ischemic distension predicts increased ventricular fibrillation inducibility after coronary
occlusion in swine.
Methods: In 18 anesthetized, open-chest pigs, the left anterior descending coronary artery was ligated
for 60 min. Myocardial segment length in the ischemic region was monitored by means of ultrasonic
crystals. Programmed stimulation was applied at baseline and then continuously between 10 and
60 min after coronary occlusion.
Results: Coronary occlusion induced a rapid increase in end-diastolic length in the ischemic region,
which reached 109.4% (0.9%) of baseline values 10 min after occlusion (P<.001). On average, 6.6 (0.5)
stimulation protocols were completed and 5.4 (0.6) ventricular fibrillation episodes induced between 10
and 60 min of coronary occlusion. Neither baseline serum potassium levels nor the size of the ischemic
region were significantly related to ventricular fibrillation inducibility. In contrast, the increase in end-
diastolic length 10 min after coronary occlusion was associated directly (r=0.67; P=.002) with the
number of induced ventricular fibrillation episodes and inversely (r=-0.55; P=.018) with the number of
extrastimuli needed for ventricular fibrillation induction.
Conclusions: Regional ischemic expansion predicts increased ventricular fibrillation inducibility
following coronary occlusion. These results highlight the potential influence of mechanical factors,
acting not only on the triggers but also on the substrate, in the genesis of malignant ventricular
arrhythmias during acute ischemia.

© 2012 Sociedad Espariola de Cardiologia. Published by Elsevier Espaiia, S.L. All rights reserved.

La distension de la region isquémica predice una mayor inducibilidad de
fibrilacion ventricular tras la oclusion coronaria en el modelo porcino

RESUMEN

Introduccion y objetivos: La distension de la region isquémica se ha relacionado con una mayor incidencia
de arritmias ventriculares espontaneas tras la oclusion coronaria. Analizamos si la distension isquémica
regional predice una mayor inducibilidad de fibrilacién ventricular tras la oclusién coronaria en cerdos.
Meétodos: En 18 cerdos anestesiados con térax abierto, se ocluy6 la descendente anterior durante 60 min.
Se monitoriz6 la longitud segmentaria en la region isquémica mediante cristales ultrasonicos. Se realizd
estimulacion programada basal, y después continuamente entre 10 y 60 min tras la oclusion.
Resultados: La oclusién coronaria indujo un rapido aumento en la longitud telediastdlica en la region
isquémica, que alcanz6 el 109,4 + 0,9% de los valores basales a los 10 min (p < 0,001). Se completaron
6,6 & 0,5 protocolos de estimulacion, que indujeron 5,4 + 0,6 episodios de fibrilacion ventricular entre 10 y
60 min tras la oclusion. Ni los valores séricos de potasio ni el tamafio del area isquémica se asociaron
significativamente con la inducibilidad de fibrilacion ventricular. Por el contrario, el aumento en la longitud
telediastolica 10 min tras la oclusion coronaria se asoci6 directamente (r = 0,67; p = 0,002) con el niimero
de episodios inducidos de fibrilacion ventricular e inversamente (r = -0,55; p = 0,018) con el nimero de
extraestimulos necesarios para inducir la arritmia.

Conclusiones: La distension regional isquémica predice una mayor inducibilidad de fibrilacion
ventricular tras la oclusién coronaria. Estos resultados subrayan la influencia potencial de los factores
mecanicos, que actian no sélo sobre los desencadenantes, sino también sobre el sustrato, en la génesis
de las arritmias ventriculares malignas durante la isquemia aguda.

© 2012 Sociedad Espariola de Cardiologia. Publicado por Elsevier Espaiia, S.L. Todos los derechos reservados.
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Abbreviations

EDL: end-diastolic segment length
LAD: left anterior descending coronary artery
VF: ventricular fibrillation

INTRODUCTION

Malignant ventricular arrhythmias in the setting of acute
myocardial ischemia are a frequent cause of sudden death and
represent a major public health burden.!~* However, the underlying
mechanisms of these arrhythmias are complex and not fully
understood.’?> In contrast, it is well known that stretching of
myocardial tissue induces electrophysiological changes and is a
trigger for arrhythmias.° Since coronary occlusion rapidly
increases the mechanical tension in the ischemic region and in
the border zone,'°~'2 it is not surprising that the potential influence
of mechanical changes on the genesis of ischemic ventricular
arrhythmias has attracted research attention.

In this respect, an increased arrhythmogenicity has been
described in the border zone,'>'* an area subjected to mechanical
tension during regional ischemia, and also in association with
spontaneous'>'7 or induced'®'® left ventricular distension
following coronary occlusion.

The results of all these studies support a role of mechanical
factors in the genesis of ischemic malignant arrhythmias.
However, it is unclear to which extent these factors might exert
their potential influence by triggering premature ventricular beats
initiating the arrhythmia, by increasing the vulnerability of the
substrate, or by both mechanisms. To help clarify this issue,
the present study aimed to assess whether distension of the
ischemic region predicts ventricular fibrillation (VF) inducibility by
programmed stimulation during regional ischemia in pigs.

METHODS
Animal Preparation

After approval by our Institutional Research Commission and in
accordance with the recommendations of the American Physiologi-
cal Society for laboratory research involving animals, 19 farm pigs of
both sexes (40 [1] kg) were premedicated with 10 mg/kg intramus-
cular azaperone and anesthetized with 30 mg/kg intravenous
thiopental sodium. Animals were intubated and mechanically
ventilated (MA-1B ventilator, Bennett; Santa Monica, California,
United States) with room air. Anesthesia was maintained with a
continuous infusion of thiopental. One femoral artery and vein were
percutaneously catheterized, a midline sternotomy was performed
and the pericardium was opened. The left anterior descending
coronary artery (LAD) was dissected at its mid segment and
surrounded by an elastic snare. A 2-mm width Doppler flow probe
(Transonic Systems; Ithaca, New York, United States) was placed
adjacent to the snare. Two pairs of ultrasonic crystals 1 mm in
diameter were inserted into the inner third of the left ventricular
wall. The crystals were placed approximately 1 cm apart along a
plane perpendicular to the long axis of the ventricle, 1 pair in the
myocardium to be made ischemic and the other in the lateral wall. A
micromanometer-tipped catheter (Mikro-tip, Millar; Houston,
Texas, United States) was inserted into the left ventricle through
a small incision in its lateral wall. Two hook electrodes were
implanted 5-10 mm apart in the myocardium at both sides of the
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Figure 1. Experimental preparation. CSand IS, pairs of ultrasonic crystals inserted
in the myocardium in the control and ischemic segment, respectively; HE, hook
electrodes used for ventricular stimulation; LAD (and arrows), left anterior
descending coronary artery, surrounded at its mid segment by a snare and a flow
meter; LVP, micromanometer-tipped catheter for left ventricular pressure
measurements.

predicted border zone. Figure 1 shows an example of the
experimental preparation.

Experimental Protocol

Programmed bipolar stimulation was performed after hemo-
dynamic stability was attained by means of a UHS 20 stimulator
(Biotronik; Berlin, Germany) connected to the electrodes in the
border zone. After a drive train of 8x600 ms, up to 3 extrastimuli
were applied with an initial 400 ms S1-S2 interval, which was
reduced at 10-ms steps until VF appeared or the effective
refractory period was reached. In the latter case, the S1-S2 interval
was set at 30 ms above the effective refractory period and the
second and third extrastimuli were applied according to the same
routine. If VF occurred, the heart was defibrillated with 10-20]
shocks. After this protocol was completed, the LAD was occluded
and programmed stimulation was restarted 10 min after coronary
occlusion and continued for the whole ischemic period, allowing
3 min recovery after each defibrillation. If no VF occurred, the
interval until the next attempt was reduced to 2 min.'® The 10-min
interval before starting programmed stimulation during ischemia
was chosen to ensure the best quality of segment length
measurements, since it allowed for maximal ischemic end-
diastolic expansion to occur!®!15-17 and minimized the risk of
displacement of the ultrasonic crystals by defibrillation shocks.
One animal was excluded due to incessant VF immediately after
coronary occlusion. Thus, this series was composed of 18 valid
experiments.

Study Monitoring

Serial arterial blood gases were obtained to adjust the
ventilator parameters. Baseline serum potassium levels were
measured. Aortic pressure was continuously monitored.
The ultrasonic segment signals were analyzed with an ultrasonic
dimension system (System 6/200, Triton Technology; San Diego,
California, United States) and monitored with an oscilloscope (HM
205-3, Hameg; Frankfurt, Germany). These signals, along with
lead II of the electrocardiogram, aortic pressure, LAD blood flow
and left ventricular pressure and its first derivative (dP/dt) were
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Figure 2. Example of electrocardiogram, hemodynamic, and segment length
monitoring at baseline and 10 min following coronary occlusion. AP, arterial
pressure; CO, coronary occlusion; dP/dt, first derivative of LVP; ECG,
electrocardiogram; ED, end-diastole; ES, end-systole; LAD, left anterior
descending coronary artery; LVP, left ventricular pressure.

continuously recorded, digitized (ML795 PowerLab System, AD
Instruments; Mountain View, California, United States) and
stored on the hard disk.

The number of ectopic ventricular beats throughout the
ischemic period was counted and the occurrence of spontaneous
VF recorded, as well as the total number of induced VF episodes and
the mean number of extrastimuli applied for VF induction. This
latter variable was defined as the sum of extrastimuli (1-3 per
protocol) applied in all the stimulation protocols administered to
an animal during ischemia divided by the number of induced
VF episodes in this period.

Segment Length Measurements and Postmortem Studies

Segment length measurements were performed on the digital
records as previously described.!’'>~17 End-diastole was defined
as the beginning point of the rapid upslope of the dP/dt tracing, and
end-systole was defined as the point of minimum dP/dt (Fig. 2).
End-diastolic and end-systolic segment lengths (EDL, ESL)—that is,
the distance between the two ultrasonic crystals of each pair at
end-diastole and end-systole, respectively—and maximal segment
length were measured at baseline and at 5, 10, 15, 30, 45, and
60 min after coronary occlusion. Systolic shortening was calculat-
ed as follows (%): (EDL-ESL)x100/EDL. EDL was expressed as a
percentage of values before coronary occlusion. Systolic bulging
during the ischemic period was calculated as follows (%): (maximal
segment length during systole-EDL)x 100/EDL.

Sixty minutes after coronary occlusion, 5 mL of 10% fluorescein
were injected into the left atrium and the heart was excised and cut
in slices, which were weighed and photographed under ultraviolet
light. The area at risk was measured semiautomatically in the
digitized images using commercially available software (Microim-
age 3.0, Olympus Optical; Hamburg, Germany) and the mass of the
ischemic region was calculated from these measurements and the
weight of the slices.!1>-17

Statistical Analysis

The statistical analysis was performed using SPSS software. Data
are expressed as means (standard errors). Paired Student t-tests or
analysis of variance for repeated measures was used to assess
changes in physiological variables throughout the experiment. The
association between EDL and VF inducibility was assessed by simple
regression analysis. P values <.05 were considered significant.

RESULTS
Hemodynamic Data

Hemodynamic data are summarized in Table 1. Baseline
parameters were within the normal range and were not modified
by ventricular stimulation before ischemia (P=NS). Heart rate
increased after coronary occlusion (P=.03) and augmented progres-
sively during the ischemic period (P=.001). Mean aortic pressure
decreased slightly after LAD ligation (P=.003) and experienced
subsequent minor variations (P=.04). Left ventricular end-diastolic
pressure increased after coronary occlusion (P<.001) and remained
stable thereafter (P=NS). LAD flow at baseline was 12 (1) mL/min.

Segment Length Changes, Serum Potassium and Size of the Area
at Risk

At baseline, absolute EDL averaged 11.5 (0.5) mm in the control
zone and 13.4 (0.8) mm in the LAD region. Segment length
measurements are summarized in Table 2. EDL and systolic
shortening were not modified by ventricular stimulation before
ischemia (P=NS). In the control zone, EDL showed minor, though
significant (P=.02), variations throughout the experiment, whereas
systolic shortening remained constant (P=NS). In the LAD region,
EDL underwent significant changes (P<.001) consisting of a rapid
increase (Fig. 2) after coronary ligation (which at 10 min averaged
109.4% [0.9%] of the preischemic value; P<.001) with some
attenuation of this increase at the end of the experiment. Coronary
occlusion also immediately abolished systolic shortening (P<.001)
and prompted the occurrence of systolic bulging in the LAD region.

Baseline serum potassium averaged 3.18 (0.12) mmol/L and the
mean area at risk represented 13.2% (0.3%) of ventricular mass.

Table 1
Hemodynamic Data
Baseline Pre-CO 5min CO 10min CO 15 min CO 30min CO 45 min CO 60 min CO
Heart rate, bpm 80 (5) 81 (5) 85 (5) 87 (5) 92 (4) 94 (4) 104 (6) 105 (5)
Mean aortic pressure, mmHg 60 (3) 61 (3) 56 (3) 56 (3) 53 (4) 50 (3) 57 (5) 59 (4)
LVEDP, mmHg 7 (1) 7 (1) 12 (1) 12 (1) 12 (1) 12 (1) 11 (1) 11 (1)

CO, coronary occlusion; LVEDP, left ventricular end-diastolic pressure.
Data are means (standard error).
" P<.05 with respect to baseline.
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Table 2
Segment Length Measurements
Baseline Pre-CO 5min CO 10min CO 15min CO 30min CO 45 min CO 60min CO
Nonischemic region
EDL, % of baseline 100.0 99.9 (0.4) 102.5 (0.5)" 102.4 (0.7) 100.8 (0.9) 100.5 (0.7) 101.6 (0.7) 100.5 (0.9)
Systolic shortening, % 24.2 (1.8) 24.4 (1.9) 25.3 (1.5) 25.2 (1.5) 25.4 (1.7) 24.7 (1.5) 26.0 (1.7) 25.1(1.8)
Ischemic region
EDL, % of baseline 100.0 100.1 (0.3) 108.8 (1.0)" 109.4 (0.9)" 108.0 (1.1) 106.1 (1.2) 103.6 (1.7) 103.1 (1.6)
Systolic shortening, % 29.6 (1.6) 29.5 (1.6) 2.2 (0.9) 2.5 (0.9) 0.6 (1.0)" 1.6 (1.0)° 1.9 (0.9) 2.1 (0.9)
Systolic bulging, % 3.6 (0.4) 3.6 (0.4) 4.9 (0.6) 4.3 (0.6) 3.0 (0.4) 2.2 (0.4)

CO, coronary occlusion; EDL, end-diastolic segment length.
Data are means (standard error).
" P<.05 with respect to baseline.

Ventricular Fibrillation Inducibility and its Association With
the Distension of the Area at Risk

Animals had 100 (15) premature ventricular beats during
ischemia (11 [6] in the first 10 min and 90 [16] between 10 and
60 min after coronary occlusion). Before coronary occlusion, VF
was induced by programmed stimulation in 11 animals (61%),
although 2 or 3 extrastimuli were often needed to induce the
arrhythmia (Fig. 3). Between 10 and 60 min after coronary
occlusion, a total of 6.6 (0.5) stimulation protocols per animal
were completed that resulted in VF induction in all animals with an
average of 5.4 (0.6) VF episodes per animal. In addition, 12 animals
(67%) had 1.3 (0.5) episodes of spontaneous VF—not induced by
programmed stimulation—during the occlusion period, the first
episode in each animal occurring 26 (4) min (range 13-46 min)
after coronary occlusion.

As Figure 3 also shows, the distribution of induced VF episodes
throughout the ischemic period was not homogeneous. Maximal
vulnerability was observed between 10 and 20 min after coronary
occlusion, after which time the frequency of the episodes tended to
decline and the number of extrastimuli needed to induce the
arrhythmia tended to augment.

Vulnerability to VF was not significantly associated with
baseline potassium levels (r=-0.22; P=NS) or with the size of the
area at risk (r=0.30; P=NS). In contrast, it was related to
the magnitude of the distension of the ischemic region early after
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Figure 3. Distribution of ventricular fibrillation episodes induced by
programmed stimulation before coronary occlusion and between 10 and
60 min of coronary occlusion. VF, ventricular fibrillation.

coronary occlusion. The increase in EDL in the ischemic region
10 min after coronary occlusion was associated directly (r=0.67;
P=.002) with the number of induced VF episodes and inversely
(r=-0.55; P=.018) with the number of extrastimuli needed for VF
induction (Fig. 4). Neither systolic shortening nor systolic bulging
at the same time point was related to VF inducibility.
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Figure 4. Association between end-diastolic segment length (expressed as a
percentage of baseline value) measured 10 min after coronary occlusion and the
number of ventricular fibrillation episodes induced (A) or the total number of
extrastimuli (including those applied in protocols not resulting in ventricular
fibrillation induction) needed for the ventricular fibrillation episode induced (B)
between 10 and 60 min of coronary occlusion. CO, coronary occlusion; EDL, end-
diastolic segment length; VF, ventricular fibrillation.
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The increase in EDL was not associated with the number of
premature ventricular beats during the whole ischemic period
(r=-0.23; P=NS) or with those occurring during the first 10 min
(r=0.11; P=NS) or between 10 and 60 min after coronary
occlusion (r=-0.26; P=NS). With regard to spontaneous VF, it
was not related to baseline hemodynamic variables or potassi-
um levels, but was associated with the size of the area at risk
(14.8% [7.1%] vs 7.9% [0.9%] of ventricular mass in animals with
and without spontaneous VF, respectively; P=.013).

DISCUSSION

This study shows that distension of the ischemic region early
after coronary occlusion is associated with an increased suscepti-
bility to VF by programmed stimulation in swine. The results
highlight the potential role of mechanical factors in ischemic VF
and suggest a direct contribution of these factors to the substrate of
this arrhythmia independent of any other possible influence on the
triggers.

Mechanical Influences on Sustained and Non-sustained
Ventricular Arrhythmias During Acute Regional Ischemia

Although the arrhythmogenic effect of myocardial stretch and
ventricular distension has long been demonstrated in different
experimental preparations,®~8 information in the setting of acute
regional ischemia is scarcer. Earlier studies described changes in
action potential duration induced by increasing the loading
conditions.'® In previous studies in our laboratory, the magnitude
of acute distension of the ischemic region was consistently
associated with subsequent occurrence of spontaneous VF
following coronary occlusion in anesthetized pigs.'>~!” Coronel
et al.!® reported that, in isolated, perfused swine hearts subjected
to coronary occlusion, both the frequency and severity of
spontaneous ventricular arrhythmias were increased if intraven-
tricular pressure was raised with a balloon. Finally, mapping of
those hearts!®> and modeling studies of rabbit ventricles'* have
identified the border zone as a frequent origin of ventricular
premature beats during regional ischemia.

Stretch may increase ventricular arrhythmogenicity following
coronary occlusion by triggering premature beats, by increasing
myocardial vulnerability to sustained arrhythmias, or by both
mechanisms. However, and perhaps due to heterogeneous meth-
odologies, those previous studies have differed in the relative
contribution attributed to each of these mechanisms. Concurring
with the present results, in none of our previous studies was the
early increase in EDL after coronary occlusion correlated with
the number of premature ventricular beats during the Ib phase of
arrhythmias, despite showing a strong association with spontane-
ous VF.'>-17 In the study by Coronel et al.,!* augmenting ventricular
workload facilitated the occurrence of both premature beats and
malignant arrhythmias, although the increase appeared to be
relatively higher for the latter. Finally, the modeling study by Jie
et al,'* indicated that mechanical activity influences both the
triggers and the substrate of ischemic arrhythmias in the rabbit
ventricle. Whatever may be the influence of regional distension on
triggering premature ventricular beats after coronary occlusion, its
association with VF inducibility observed herein strongly suggests
an independent effect on the substrate of this arrhythmia.

Several mechanisms might account for this potential influence.
First, it could be mediated in part by stretch-activated chan-
nels.2%?! In this respect, previous studies in this animal model in
our laboratory failed to reduce the number of premature beats or
the incidence of sustained arrhythmias (although they were not

powered for this latter purpose) with intravenous'® or intracor-
onary'” administration of gadolinium, a stretch-activated channel
blocker.?° However, those studies were limited by the difficulty of
ensuring an adequate delivery of the drug to the border zone.
Second, mechanical distension may trigger autonomic reflexes
increasing sympathetic activity,22?3 which, by itself, reduces the
fibrillatory threshold.?42> Finally, it might act through alternative
mechanisms such as beta-adrenergic receptor activation®® or by
affecting cytosolic calcium concentration or its effect on contractile
proteins.27-%8

Comparison With Previous Studies

An increased inducibility of VF during ischemia has previously
been reported in different species and experimental prepara-
tions.'92931 In a study particularly relevant to ours due to
similarities in animal species and stimulation protocol, De Groot
et al.!® observed that maximal inducibility of VF after coronary
occlusion in isolated, blood-perfused swine hearts coincided
temporally with the rise in tissue resistivity indicative of cellular
uncoupling. At variance with these results, in our study maximal
vulnerability was observed earlier, at between 10 and 20 min of
ischemia, a time interval mostly prior to the expected occurrence
of cellular uncoupling in this animal model?>3* The frequent
occurrence of spontaneous VF in subsequent time intervals, which
interfered with programmed stimulation and reduced the total
number of protocols that could be completed, might help explain
this apparent discrepancy. Hypothetically, the attenuation of the
increase in EDL observed in later stages of coronary occlusion
(which, perhaps in relation to the intervention applied, was more
apparent in the present study than in previous studies in the same
model'®11:15-1734) might also have contributed to these results.

Methodological Considerations and Limitations

In the present study, serum potassium levels and the size of the
area at risk, 2 well-known predictors of VF following coronary
occlusion’ (and the latter being associated with spontaneous VF in
this study) showed no significant association with VF inducibility.
This is possibly due in part to the homogeneity in the animals and
experimental conditions and concurs with previous results observed
for spontaneous VF in the same model.'>"!” The lack of serial
measurements of potassium levels throughout the experiment
constitutes a limitation, although previous studies in this model
have shown only minimal variations in potassium levels following
coronary occlusion.>* The minor, although significant, reduction
throughout the experiment of the mild increase in EDL observed in
remote myocardium immediately after coronary occlusion also
concurs with previous observations in the same model.>>

For the analysis of the association between EDL and arrhythmia
inducibility, a single time point of EDL was taken into account.
Considering multiple measurements of EDL throughout the ischemic
period would have been preferable but would have complicated
significantly the analysis and interpretation of the results. In
addition, once continuous stimulation started, the occurrence of
multiple episodes of VF with subsequent defibrillation shocks
sometimes hampered monitoring of EDL changes. However,
the stability of EDL in the ischemic region observed in previous
studies'®1116:1734 js 3gainst a significant dispersion of this variable
with consequences on arrhythmogenicity in the present study. The
absence of a control group without coronary occlusion, the fact that
we did not measure directly mechanical stress at the ischemic border
and the intrinsic susceptibility of the animals to VF—exemplified by
the large proportion in which this arrhythmia was induced before
coronary occlusion—represent additional limitations.



176 J.A. Barrabés et al./Rev Esp Cardiol. 2013;66(3):171-176

Due to its observational nature, our study cannot establish a
cause-effect relationship of the association between regional
ventricular distension and VF inducibility. However, a real
influence of these mechanical changes on susceptibility to VF is
supported by the fact that this association concurs with a higher
frequency of spontaneous VF associated with regional distension in
the same model'>~'7 and with other studies using different
approaches.!>14

CONCLUSIONS

The results of the present study suggest that mechanical factors
enhance myocardial vulnerability to malignant ventricular
arrhythmias following coronary occlusion. The potential mecha-
nisms of this association are worthy of investigation, given the high
prevalence and lethality of these arrhythmias in patients with
acute coronary syndromes.

FUNDING

This work was supported by the Spanish Ministry of Health (FIS
PI051745 and SAF 2008-3067), the Spanish Society of Cardiology
(Beca 2006 para Investigacion Bdsica) and Redes Temdticas de
Investigacion Cardiovascular (RECAVA).

CONFLICTS OF INTEREST

None declared.

REFERENCES

1. Zaitsev AV. Mechanisms of ischemic ventricular fibrillation: who'’s the killer?
In: Zipes D, Jalife ], editors. Cardiac electrophysiology: from cell to bedside. 4th
ed. Philadelphia: WB Saunders; 2004. p. 399-406.

2. Lugman N, Sung RJ, Wang CL, Kuo CT. Myocardial ischemia and ventricular
fibrillation: pathophysiology and clinical implications. Int ] Cardiol. 2007;119:
283-90.

3. Morentin B, Audicana C. Estudio poblacional de la muerte stibita cardiovascular
extrahospitalaria: incidencia y causas de muerte en adultos de edad mediana.
Rev Esp Cardiol. 2011;64:28-34.

4. Barrabés JA, Bodi V, Jiménez-Candil ], Fernandez-Ortiz A. Actualizacion en
cardiopatia isquémica. Rev Esp Cardiol. 2011;64 Supl. 1:50-8.

5. Sanchez Muiioz J], Garcia-Alberola A, Martinez-Sanchez ], Pefiafiel-Verda P,
Caro-Martinez C, Manzano-Fernandez S, et al. Extrasistolia ventricular desen-
cadenante de la fibrilacién ventricular. Rev Esp Cardiol. 2010;63:798-801.

6. Lab M]J. Contraction-excitation feedback in myocardium: physiological basis
and clinical relevance. Circ Res. 1982;50:757-66.

7. Lerman BB, Burkhoff D, Yue DT, Sagawa K. Mechanoelectrical feedback: inde-
pendent role of preload and contractility in modulation of canine ventricular
excitability. ] Clin Invest. 1985;76:1843-50.

8. Reiter MJ, Synhorst DP, Mann DE. Electrophysiological effects of acute ventric-
ular dilatation in the isolated rabbit heart. Circ Res. 1988;62:554-62.

9. Trapero I, Chorro FJ, Such-Miquel L, Canoves J, Tormos A, Pelechano F, et al.
Efectos de la estreptomicina en las modificaciones de la activacion miocardica
durante la fibrilacion ventricular inducidas por el estiramiento. Rev Esp Cardiol.
2008;61:201-5.

10. Theroux P, Franklin D, Ross Jr J, Kemper WS. Regional myocardial function
during acute coronary artery occlusion and its modification by pharmacologic
agents in the dog. Circ Res. 1974;35:896-908.

11. Barrabés JA, Garcia-Dorado D, Ruiz-Meana M, Piper HM, Solares ], Gonzalez MA,
et al. Myocardial segment shrinkage during coronary reperfusion in situ:

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

relation to hypercontracture and myocardial necrosis. Pflugers Arch. 1996;
431:519-26.

Lopez Haldon ], Fernandez Quero M, Mancha F, Urbano JA, Guisado A, Villa M,
et al. NT-proBNP y variables ecocardiograficas en el infarto con elevacion del ST
tratado con angioplastia primaria: relacion entre ambos y utilidad como
predictores de remodelado ventricular. Rev Esp Cardiol. 2010;63:1019-27.
Coronel R, Wilms-Schopman FJG, DeGroot JR. Origin of ischemia-induced phase
1b ventricular arrhythmias in pig hearts. ] Am Coll Cardiol. 2002;39:166-76.
Jie X, Gurev V, Trayanova N. Mechanisms of mechanically induced spontaneous
arrhythmias in acute regional ischemia. Circ Res. 2010;106:185-92.

Barrabés JA, Garcia-Dorado D, Gonzédlez MA, Ruiz-Meana M, Solares ], Puigfel Y,
et al. Regional expansion during myocardial ischemia predicts ventricular
fibrillation and coronary reocclusion. Am ] Physiol. 1998;274:H1767-75.
Barrabés JA, Garcia-Dorado D, Padilla F, Agull6 L, Trobo L, Carballo ], et al.
Ventricular fibrillation during acute coronary occlusion is related to the dilation
of the ischemic region. Basic Res Cardiol. 2002;97:445-51.

Barrabés JA, Garcia-Dorado D, Agull6 L, Rodriguez-Sinovas A, Padilla F, Trobo L,
et al. Intracoronary infusion of Gd3+ into ischemic region does not suppress
phase Ib ventricular arrhythmias after coronary occlusion in swine. Am ]
Physiol Heart Circ Physiol. 2006;290:H2344-50.

Horner SM, Lab M]J, Murphy CF, Dick DJ, Zhou B, Harrison FG. Mechanically
induced changes in action potential duration and left ventricular segment
length in acute regional ischaemia in the in situ porcine heart. Cardiovasc
Res. 1994;28:528-34.

De Groot JR, Wilms-Schopman FJG, Opthof T, Remme CA, Coronel R. Late
ventricular arrhythmias during acute myocardial ischemia in the isolated blood
perfused pig heart: role of electrical cellular coupling. Cardiovasc Res.
2001;50:362-72.

Hansen DE, Borganelli M, Stacy Jr GP, Taylor LK. Dose-dependent inhibition of
stretch-induced arrhythmias by gadolinium in isolated canine ventricles: evi-
dence for a unique mode of antiarrhythmic action. Circ Res. 1991;69:820-31.
Zeng T, Bett GCL, Sachs F. Stretch-activated whole cell currents in adult rat
cardiac myocytes. Am ] Physiol Heart Circ Physiol. 2000;278:H548-57.
Malliani A. Cardiocardiac excitatory reflexes during myocardial ischemia. Basic
Res Cardiol. 1990;85 Suppl 1:243-52.

Wang W, Schultz HD, Ma R. Volume expansion potentiates cardiac sympathetic
afferent reflex in dogs. Am ] Physiol Heart Circ Physiol. 2001;280:H576-81.
Cerati D, Schwartz PJ. Single cardiac vagal fiber activity, acute myocardial
ischemia, and risk for sudden death. Circ Res. 1991;69:1389-401.

Gimeno JR, Oliva M], Lacunza ], Alberola AG, Sabater M, Martinez-Sanchez ],
et al. Caracteristicas de la muerte stbita en las cardiopatias hereditarias. Rev
Esp Cardiol. 2010;63:268-76.

Lerman BB, Engelstein ED, Burkhoff D. Mechanoelectrical feedback: role of -
adrenergic receptor activation in mediating load-dependent shortening of
ventricular action potential and refractoriness. Circulation. 2001;104:486-90.
Lab M]J, Allen DG, Orchard CH. The effects of shortening on myoplasmic calcium
concentration and on the action potential in mammalian ventricular muscle.
Circ Res. 1984;55:825-9.

Tavi P, Han C, Weckstrom M. Mechanisms of stretch-induced changes in [Ca2+]i
in rat atrial myocytes: role of increased troponin C affinity and stretch-activat-
ed ion channels. Circ Res. 1998;83:1165-77.

Agarwal ]B, Akizuki S, Weintraub WS, Helfant RH. Contrasting incidence,
inducibility, and transmural sites of origin of ventricular arrhythmias during
acute coronary occlusion and reperfusion. Am Heart J. 1984;108:879-84.
O’Connor KM, Friehling TD, Kowey PR. The effect of thromboxane inhibition on
vulnerability to ventricular fibrillation in the acute and chronic feline infarction
models. Am Heart J. 1989;117:848-53.

Behrens S, Li C, Franz MR. Effects of myocardial ischemia on ventricular
fibrillation inducibility and defibrillation efficacy. J] Am Coll Cardiol.
1997;29:817-24.

Smith IV WT, Fleet WF, Johnson TA, Engle CL, Cascio WE. The Ib phase of
ventricular arrhythmias in ischemic in situ porcine heart is related to changes
in cell-to-cell electrical coupling. Circulation. 1995;92:3051-60.

Cinca J, Warren M, Carrefio A, Tresanchez M, Armadans L, Gémez P, et al.
Changes in myocardial electrical impedance induced by coronary artery occlu-
sion in pigs with and without preconditioning: correlation with local ST-
segment potential and ventricular arrhythmias. Circulation. 1997;96:3079-86.
Padilla F, Garcia-Dorado D, Rodriguez-Sinovas A, Ruiz-Meana M, Inserte ], Soler-
Soler ]. Protection afforded by ischemic preconditioning is not mediated by
effects on cell-to-cell electrical coupling during myocardial ischemia-reperfu-
sion. Am ] Physiol Heart Circ Physiol. 2003;285:H1909-16.

Barrabés JA, Mirabet M, Agull6 L, Figueras ], Pizcueta P, Garcia-Dorado D.
Platelet deposition in remote cardiac regions after coronary occlusion. Eur ]
Clin Invest. 2007;37:939-46.



	Distension of the Ischemic Region Predicts Increased Ventricular Fibrillation Inducibility Following Coronary Occlusion in...
	INTRODUCTION
	METHODS
	Animal Preparation
	Experimental Protocol
	Study Monitoring
	Segment Length Measurements and Postmortem Studies
	Statistical Analysis

	RESULTS
	Hemodynamic Data
	Segment Length Changes, Serum Potassium and Size of the Area at Risk
	Ventricular Fibrillation Inducibility and its Association With the Distension of the Area at Risk

	DISCUSSION
	Mechanical Influences on Sustained and Non-sustained Ventricular Arrhythmias During Acute Regional Ischemia
	Comparison With Previous Studies
	Methodological Considerations and Limitations

	CONCLUSIONS
	FUNDING
	CONFLICTS OF INTEREST
	References


