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Abstract

Background: Neuraxial modulation with cardiac sympathetic denervation (CSD) can potentially 

reduce burden of ventricular tachy-arryhthmias (VT). Despite catheter ablation and CSD, however, 

VT can recur in patients with cardiomyopathy and the role of vagal nerve stimulation (VNS) in 

this setting is unclear.

Objective: The purpose of this study was to evaluate electrophysiological effects of VNS after 

CSD in normal and infarcted hearts.

Methods: In 10 normal and 6 infarcted pigs, electrophysiological and hemodynamic parameters 

were evaluated before and during intermittent VNS pre-CSD (bilateral stellectomy and T2-T4 

thoracic ganglia removal) as well as post-CSD. Effect of VNS during isoproterenol was also 

assessed pre and post-CSD. Multi-electrode ventricular activation recovery interval recordings 

(ARI), a surrogate of action potential duration, were obtained. VT inducibility was tested during 

isoproterenol infusion after CSD, with and without VNS.

Results: VNS prolonged global ARI by 4±4% pre-CSD and by 5±6% post-CSD, with enhanced 

effects observed during isoproterenol infusion (10±8% pre-CSD, 12±9% post-CSD) in normal 

animals. In infarcted animals pre-CSD, VNS increased ARI by 6±7%, and during isoproterenol by 

13±8%. Post-CSD, VNS increased ARI by 6±5%, and during isoproterenol by 11±7%. VT was 

inducible in all infarcted animals after CSD during isoproterenol infusion; this inducibility was 

reduced by 67% with VNS (P=0.01). In all animals, hemodynamic effects of VNS remained after 

CSD.
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Conclusion: After CSD, beneficial electrophysiological effects of VNS remain. Furthermore, 

VNS can reduce VT inducibility beyond CSD in the setting of circulating catecholamines, 

suggesting a role for additional parasympathetic modulation in treatment of ventricular 

arrhythmias.
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INTRODUCTION

Cardiovascular disease is accompanied by pathological neural remodeling of the autonomic 

nervous system. Parasympathetic withdrawal and sympathetic activation act in concert to 

increase the risk of ventricular arrhythmias.1-4 By increasing parasympathetic drive, vagal 

nerve stimulation (VNS) has been shown to have beneficial cardiac effects,5 including an 

increase in ventricular fibrillation threshold6, 7 and a reduction in the burden of ventricular 

arrhythmias if started at the time of ischemia.8, 9 Recently VNS was also shown to reduce 

ventricular tachyarrhythmia (VT) inducibility in the setting of chronic myocardial infarction 

(MI).10

Despite catheter ablation and anti-arrhythmic drug therapies, VT can recur in patients with 

heart failure. Neuraxial modulation with cardiac sympathetic denervation (CSD) has 

emerged as an option for patients with refractory arrhythmias and can reduce the burden of 

VT.11-13 Yet, long-term follow up of patients who undergo CSD for refractory arrhythmias 

in the setting of structural heart disease has shown that approximately 40% will have a 

recurrent ICD shock at one year.14 In this regard, a combined neuromodulatory approach, 

that addresses both sympathetic activation with CSD and parasympathetic abnormalities 

with VNS may prove beneficial. However, given that some of the effects of VNS may be due 

to central inhibition of sympathetic activation through inhibition of rostral ventrolateral 

medulla and subsequent reduction in efferent signaling through the stellate ganglia, 

electrophysiological effects of VNS on myocardium after CSD are unknown. In this study, 

we hypothesized that the electrophysiological effects of VNS, including inhibition of 

norepinephrine release, occur at the neuro-myocardial interface, so that much of the effects 

of VNS would remain intact even after CSD. The purpose of this study was to compare 

electrophysiological effects of VNS before and after CSD in normal hearts and in the setting 

of chronic myocardial infarction (MI) in a porcine model. As CSD is known to decrease a 

portion of sympathetic efferent and afferent innervation to the heart and reduce VT 

inducibility, we tested the efficacy of VNS after CSD in the presence of isoproterenol, to 

simulate presence of high circulating catecholamines and increase VT inducibility.

METHODS

Experimental procedures were performed in accordance with the National Institutes of 

Health Guide for Care and Use of Laboratory Animals and approved by UCLA Animal 

Research Committee. Experiments were performed in Yorkshire pigs (45–50 kg). Terminal 

experiments were performed six to eight weeks after MI in the infarcted group.
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Creation of myocardial infarcts

MI was created by occlusion of the left anterior descending coronary artery (LAD).10, 15 

Please see supplemental methods.

Surgical preparation

Surviving infarcted (n=6) and normal (n=10) pigs were anesthetized by isoflurane (1–2%) 

and intermittent intravenous boluses of fentanyl (2–5 μg/kg). Animals underwent median 

sternotomy to expose the heart. Right and left cervical vagi were isolated using a bilateral 

neck cut-down at the level of cricoid. The vagus nerve was identified behind the common 

carotid artery. The sympathetic chain, which often runs on the posterior aspect of the carotid 

sheath, supplemental figure 1, was identified and moved away from the vagus nerve to 

prevent its stimulation during VNS. After completion of the surgical portion of the protocol, 

anesthesia was switched from isoflurane to α-chloralose (1 mg/kg bolus, 20–30 mg/kg/hr 

infusion), followed by an hour of stabilization period. At the end of the study, animals were 

euthanized by intravenous sodium pentobarbital (100 mg/kg) followed by saturated 

potassium chloride (70–150 mg/kg) to arrest the heart.

Bilateral vagal nerve stimulation

Bipolar helical electrodes (Cyberonics Inc., Houston, TX) were connected to a Grass S88 

stimulator (Grass Technologies, Warwick, RI) for stimulation, Figure 1A, and used for right 

and left vagus stimulation. The current required to decrease HR by 10% (10 Hz, 1 ms) was 

determined as the threshold current for each side.16 Intermittent bilateral VNS was 

performed (10-seconds on, 15-seconds off) at 1.2 times threshold current before and after 

CSD, with and without isoproterenol infusion. In between stimulations, 20-minute period 

was allowed between stimulations. To mimic a high adrenergic state, isoproterenol 

(intravenous bolus: 0.005 mcg/kg, then infusion of 0.005 mcg/kg/min, goal HR increase 

>20%), was infused till tachycardia stabilized before and after bilateral CSD. VNS was 

repeated during isoproterenol infusion. A minimum of 20 minutes was allowed after 

isoproterenol bolus and infusion before VNS was performed, to achieve a steady HR. VT 

inducibility was tested after CSD during isoproterenol infusion with and without VNS in 

infarcted animals. Timeline of the experimental protocol is shown in Figure 1B.

Bilateral cardiac sympathetic denervation

Bilateral stellate and T2–T4 thoracic ganglia were isolated after median sternotomy, their 

connections to the spinal cord and cardiopulmonary nerves transected, and then removed. A 

30-minute stabilization period after CSD was allowed before repeat VNS.

Effective refractory period and VT inducibility testing

Effective refractory period (ERP) was measured before and after CSD. Further, ERP was 

measured during isoproterenol infusion after CSD, with and without VNS. Please see 

supplemental methods for details.

As CSD can reduce VT inducibility,15 and to reduce the number of animals used per 

institutional guidelines, VT inducibility in infarcted hearts was tested during isoproterenol 
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infusion after CSD. Once the increase in HR on isoproterenol had stabilized, VT inducibility 

was performed before and during VNS, with a 30-minute wait period in between inducibility 

attempts. If VT was inducible, the animal was cardioverted.

Recording and Measurement of ARI

A 56-electrode sock was placed over the ventricles for activation recovery interval (ARI) 

recordings, a surrogate of local action potential duration (Figure 1C) and unipolar 

electrograms were continuously recorded (Figure 1D). Please see supplemental methods for 

details.

Hemodynamic Measurements

LV pressure and volume were continuously measured with a 5-F pigtail conductance-

pressure catheter (Millar Instruments, Houston, TX) placed in the LV via the left carotid 

artery. Hemodynamic indices were obtained from pressure-volume loops using a MPVS 

Ultra Pressure Volume Loop System (Millar Instruments).

Delineation of myocardial infarcts

Please see supplemental methods for voltage mapping and magnetic resonance imaging 

(MRI) performed for scar delineation in infarcted hearts, Figure 2.

Statistical Analysis

Data are reported as means ± standard deviation (SD). Global ventricular ARIs were 

calculated as the mean ARI across all 56 electrodes. Comparisons of hemodynamics 

parameters including HR, systolic blood pressure (BP), LV end-systolic pressure (LVESP), 

dP/dtmax, dP/dtmin and tau were performed using the Dunnett’s multiple comparison test. 

Wilcoxon signed rank test was performed to compare the change in ERP, ARI, and 

hemodynamic parameters with versus without isoproterenol and pre- vs. post-CSD. For 

comparison of VT inducibility, McNemar’s test was used. Analyses were performed with 

Prism7 (GraphPad Inc., La Jolla, CA). P<0.05 was considered statistically significant.

RESULTS

Impact of CSD on hemodynamic parameters

Time course of hemodynamic parameters before and after CSD in normal and infarcted 

animals are shown in Table 1. In both groups, cardiac parameters stabilized at 5 minutes 

after CSD. No significant changes in hemodynamic parameters were observed after 5 

minutes, except for a mild increase in dP/dtmin.

Effect of bilateral VNS on hemodynamic and electrophysiological parameters

The mean stimulation current before CSD was 2.3±1.0 mA for the right and 2.5±1.7 mA for 

the left vagus in normal animals. After CSD, the mean stimulation current decreased to 

2.1±0.7 mA (P=0.01 vs. pre-CSD) for the right and 2.3±1.7 mA for the left vagus (P<0.01 

vs. pre-CSD). In infarcted animals, the mean stimulation current before CSD was 1.7±1.1 

mA for the right and 2.0±1.0 mA for the left vagus. After CSD, the mean stimulation current 
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decreased to 1.6±1.4 mA for the right and 1.8±1.1 mA for the left vagus, though in infarcted 

animals, this difference was not statistically significant.

Hemodynamic responses to VNS in normal animals are shown in Figures 3. In normal 

animals, VNS significantly decreased HR, BP, and dP/dtmax, and increased dP/dtmin and tau. 

In normal hearts, the hemodynamic effects of VNS were not reduced by CSD either before 

or during isoproterenol infusion.

In normal animals before CSD, VNS prolonged global ARI from 313±39 ms to 324±42 ms 

(P=0.02), and a greater increase in ARI was observed during isoproterenol infusion (275±28 

ms to 302±40 ms, P<0.01). VNS continued to similarly increase global ARI after CSD 

(from 310±45 ms to 326±57 ms, P=0.02; and from 280±35 ms to 312±53 ms, P<0.01 during 

isoproterenol infusion), without a significant change post-CSD as compared to pre-CSD 

(3.7% vs. 5.1%, P=0.8 without isoproterenol; 10.3% vs. 12.1%, P=0.7 during isoproterenol 

infusion). The effects of VNS on global and regional ARIs were significantly enhanced 

during isoproterenol infusion (Figure 4).

In infarcted animals, VNS significantly decreased HR and increased tau at baseline. During 

isoproterenol infusion, VNS decreased HR and dP/dtmax and increased Tau (Figures 5). CSD 

did not reduce the effects of VNS on these parameters.

In infarcted animals before CSD, VNS increased mean epicardial ARI from 350±73 ms to 

367±57 ms, P=0.06 (Figure 6A&B). A greater effect on the change in ARI was observed 

during isoproterenol infusion (from 295±42 ms to 329±38 ms, P=0.01). After CSD, VNS 

increased ARI from 348±63 ms to 365±52 ms, P=0.04, and during isoproterenol infusion, 

from 305±54 ms to 335±51 ms, P=0.01. As with normal animals, VNS had significantly 

greater effects on global ARI during isoproterenol infusion pre- as compared to post-CSD 

(Figure 6B).

Ventricular ERP and VT inducibility during isoproterenol infusion after CSD

Pre-CSD, ERP was 288±19 ms, and post-CSD ERP was 292±22 ms. ERP was measured 

after CSD during isoproterenol infusion with and without VNS in infarcted hearts, Table 2. 

Isoproterenol infusion reduced ERP from 290±22 ms to 278±18 ms in infarcted hearts 

(P=0.08), while there was an increase in ERP with VNS after CSD during isoproterenol 

infusion 278±18 ms vs. 296±22 ms, P<0.05.

In all 6 infarcted animals, VT was inducible after CSD during isoproterenol infusion (Figure 

6C&D) VT was no longer inducible with VNS during isoproterenol infusion in 4 of 6 

animals. Therefore, VNS reduced VT inducibility by 67% after CSD, P=0.01, Figure 6D.

DISCUSSION

Major Findings

In this study, electrophysiological and hemodynamic effects of bilateral VNS were not 

mitigated by CSD, involving bilateral stellectomy and removal of T2 to T4 thoracic ganglia. 

This data suggest that much of beneficial effects of VNS are driven by activation of efferent 
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vagal fibers acting directly at the neural-myocyte interface, rather than through central 

sympathetic inhibition. Further, CSD and VNS can have synergistic effects in the treatment 

of ventricular arrhythmias. In addition, in both normal and infarcted hearts, augmentation in 

the electrophysiological effects of VNS was observed in the setting of a high adrenergic 

state, simulated by isoproterenol infusion.

Sympathetic Activation and Ventricular Arrhythmias

It is known that sympathetic activation can lead to ventricular arrhythmias and sudden 

cardiac death.3, 17 In this regard release of neurotransmitters such as norepinephrine at 

sympathetic nerve endings as well as increase in plasma catecholamine levels play a role. 

Blockade of the sympathetic nervous system with beta-blockers18, 19 and neuromodulatory 

therapies including CSD11-13 have been shown to reduce ventricular arrhythmias and 

defibrillator shocks. However, many patients continue to experience recurrent arrhythmias 

despite beta-blocker therapy, anti-arrhythmic medications, catheter ablation strategies, and 

CSD.12, 20, 21 Parasympathetic dysfunction also accompanies sympathetic activation in the 

setting of MI and heart failure. VNS has shown beneficial electrophysiological effects in the 

setting of chronic MI,10 and has been shown to lead to neuronal death in the stellate ganglia.
22 It has been unclear, however, if VNS can demonstrate potent electrophysiological effects 

in the setting of CSD, where the stellate and thoracic ganglia are removed and central 

connections to the spinal cord transected. The goal of our study was to determine the degree 

of the effects of VNS that may be due to sympathetic inhibition through the stellate/thoracic 

ganglia, and therefore, to assess if VNS would have remaining anti-arrhythmic effects after 

CSD. We had previously shown that bilateral CSD reduces ventricular arrhythmia 

inducibility by 50% in infarcted porcine hearts.15 To test whether VNS would demonstrate 

synergistic effects, VT inducibility in this study was performed in the setting of 

isoproterenol infusion, to simulate a high catecholamine state and to increase inducibility of 

arrhythmias post-CSD. Isoproterenol is commonly used in the clinical electrophysiology 

laboratory to induce arrhythmias that may be quiescent in the setting anesthesia. In this 

study, VNS continued to demonstrate powerful electrophysiologic and hemodynamic effects 

after CSD, reducing VT inducibility by 67%. In fact, no marked differences in 

hemodynamic and electrophysiological effects of VNS were observed after CSD. This data 

suggest that the acute efferent effects of VNS are driven by changes in neurotransmitter 

release at the neural-myocyte interface, likely involving release of acetylcholine and other 

co-transmitters and well as decrease in norepinephrine release from adrenergic nerve 

endings,23, 24 rather than via modulation of sympathetic output from the brain, spinal cord, 

or at the stellate ganglia.

Augmentation of the Effects of VNS during High Catecholamine States

In this study percentage change in ARI with VNS was significantly increased during 

isoproterenol infusion (compared to without isoproterenol). In line with these results, effects 

of VNS on HR have been shown to become more powerful during high adrenergic states, a 

phenomenon referred to as accentuated antagonism.25 Our study extends these findings by 

demonstrating that similar “accentuated” effects are observed on ventricular action potential 

duration in both normal and infarcted animals. Despite CSD, VT was inducible in all 6 

animals post-CSD, attesting to the powerful role that circulating catecholamines can play in 

Yamaguchi et al. Page 6

Heart Rhythm. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ventricular arrhythmogenesis. The increased impact of VNS and its ability to reduce VT 

inducibilty by 67%, particularly during these high adrenergic states, make it an enticing 

therapeutic option.

Vagal Nerve Stimulation and the Neural Fulcrum

The vagal trunk is a mixed nerve that consists of not only beta-efferent but also A-delta and 

C-type afferent fibers. Therefore, electrical stimulation of the vagal trunk can results in both 

afferent and efferent fiber activation.26, 27 It has been reported that depending on the 

frequencies, pulse-widths, and currents used, VNS can result in activation of different types 

of fibers.26, 28 Further, the response to electrical VNS follows a neural fulcrum, with low 

intensity, high frequency (20 Hz or more) stimulation resulting in primarily central afferent 

fiber activation (likely A delta) and a tachycardia response, while somewhat higher currents 

and lower frequencies (10 – 15 Hz) result in a bradycardia response, and very low 

frequencies (1 – 2 Hz) and low currents result in little to no cardiomotor effects.29 In line 

with this data, stimulation in the current study was performed at 10Hz and just above the 

bradycardia threshold, which did not cause significant hemodynamic instability, but 

recruited enough efferent fibers to result in modest bradycardia. Of note, this stimulation 

frequency was also in line with frequencies used in ANTHEM-HF clinical trial, which 

showed feasibility of VNS therapy in the setting of heart failure, improvement in baroreflex 

sensitivity and suppression of T-wave alternans, a pro-arrhythmic marker.30, 31 These 

beneficial effects were additive to beta-blocker therapy, which was utilized in all patients.
30, 31

Limitations

This study evaluated the effects of acute VNS on electrophysiological properties of the 

ventricles. Therefore, the results may not be applicable to clinical investigations where 

chronic unilateral VNS is employed. It further does not reflect anti-inflammatory and anti-

apoptotic effects of chronic VNS,32 which may further reduce arrhythmias, or its chronic 

effects on the sympathetic innervation.22 Furthermore, in this study, bilateral VNS was 

performed. Whether unilateral VNS is sufficient to provide similar effects requires further 

investigation. Right or left VNS have been previously reported to provide similar ventricular 

electrophysiological effects.16 A small percentage of tyrosine hydroxylase positive neurons 

and neural fibers have been previously reported in the vagal trunk of humans and dogs,33, 34 

and also exist in the pig, supplemental figure 2 These fibers are predominantly 

dopaminergic, with a minority being noradrenergic,33, 35 and may be activated during vagal 

nerve stimulation. Their exact function requires further investigation.

CONCLUSIONS

Electrophysiological and hemodynamic effects of VNS remain after CSD, suggesting that 

much of these effects are due to release and modulation of neurotransmitters at the level of 

the heart. Despite CSD, VT was inducible in all infarcted animals in the setting of 

isoproterenol infusion, and a significant reduction in inducibility was observed with 

intermittent VNS. Beneficial electrophysiological effects of VNS post-CSD suggest that it 
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may be used synergistically with neuromodulatory therapies aimed at blocking the 

sympathetic nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Bipolar electrodes (yellow arrowheads) placed around the right vagal trunk. A similar 

set of electrodes was placed around the left vagal trunk for bilateral VNS. Displayed is also 

the Millar catheter that was inserted from the right carotid artery into the LV for 

hemodynamic measurements. (B) Timeline of the study protocol in infarcted hearts. In 

normal hearts, intermittent VNS during isoproterenol infusion was performed but VT 

inducibility not tested. (C) A 56-electrode sock used for unipolar recordings for ARI 

measurements and polar map demonstrating position of electrodes on the RV and LV. (D) 

ARI analysis: example of unipolar electrograms obtained from one animal. ARI represents 

the interval between activation time (AT) and repolarization time (RT).
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Figure 2. 
(A) Example of bipolar voltage map of the ventricles in an infarcted animal (scale bar: 0–10 

mV). Scar on the anterior LV is observed (voltage<0.5 mV, grey), surrounded by border 

zone regions (0.5 mV<voltage<1.5 mV, multi-color). Normal myocardium (voltage>1.5 mV) 

is shown in purple. (B) Ex-vivo MRI of an infarcted heart. Patchy myocardial scarring of the 

LV anterior, septum, and apex (yellow arrows) is observed. AP=anterior posterior; 

RAO=right anterior oblique.
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Figure 3. 
Hemodynamic parameters and the change in these parameters with VNS pre- and post-CSD 

as well as during isoproterenol infusion are shown. VNS reduces HR and BP both before 

and after CSD (*P<0.01). VNS has greater effects on HR during isoproterenol infusion 

(#P<0.05) pre-CSD. VNS decreased LVESP and dP/dtmax and increased dP/dtmin and tau 

(*P<0.05) before CSD, and these effects remained after CSD. Effects of VNS on Tau were 

greater during isoproterenol infusion both pre-CSD (#P<0.05) and post-CSD (¥P=0.06). 

ISP=isoproterenol.
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Figure 4. 
(A) Representative polar maps of a normal heart before VNS (baseline) and during VNS, 

with and without isoproterenol infusion. Polar maps of the same animal are also shown 

before and after CSD. Regardless of CSD, VNS prolongs ARI in all regions. (B) During 

isoproterenol infusion, percentage change in global ARI with VNS is potentiated both pre- 

and post-CSD (*P<0.01). (C) Changes in LV and RV regional ARIs are shown for normal 

hearts. CSD did not lead to any regional ARI differences. No significant differences across 

regional ARIs are observed with VNS before vs. after CSD. However, effects of VNS on 

regional ARI’s are greater with isoproterenol infusion vs. without (#P<0.05). 

ISP=isoproterenol, RVOT=right ventricular outflow tract.
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Figure 5. 
Hemodynamic parameters and percentage change in these parameters in infarcted animals. 

VNS reduced HR and dP/dtmax and increased Tau (*P<0.05), without affecting systolic BP. 

Effects of VNS on dP/dtmin are greater before CSD (#P<0.05) and after CSD (¥P=0.06) 

during isoproterenol infusion. *P<0.05 for VNS vs. baseline (pre-stimulation) values. 

ISP=isoproterenol infusion.
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Figure 6. 
(A) Representative polar maps in an infarcted heart pre-stimulation (baseline) and during 

VNS. Maps for the same animal during isoproterenol infusion are also shown. VNS causes 

significant ARI prolongation regardless of CSD. (B) Percentage change in global ARI is 

shown. VNS has greater electrophysiological effects during isoproterenol infusion (*P<0.05 

vs. without isoproterenol). These effects are not diminished by CSD in infarcted hearts. (C) 

Example of VT induction by extra-stimulus pacing. (D) VNS reduced inducibility of 

sustained ventricular arrhythmias. ISP= isoproterenol.
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Table 1.

Time course of hemodynamic parameters before and after CSD

Time points after CSD

Baseline
(pre-CSD)

1 min
post-CSD

5 min
post-CSD

10 min
post-CSD

20 min
post-CSD

Normal

HR (bpm) 90±14 95±21 91±14 90±13 90±13

Systolic BP (mmHg) 109±32 102±27 102±31 102±30 99±31

LVESP (mmHg) 92±29 91±27 86±29 85±26 84±25

dP/dt max (mmHg/s) 1552±382 1463±361 1503±423 1505±390 1522±427

dP/dt min (mmHg/s) −2067±909 −2032±856 −1835±903* −1856±916* −1903±1010*

Tau (ms) 33±8 33±7 32±7 31±7 32±9

MI

HR (bpm) 89±16 87±12 86±14 86±15 88±18

Systolic BP (mmHg) 139±16 139±17 135±19 133±20 131±19

LVESP (mmHg) 113±15 113±18 108±20 106±22 105±21

dP/dt max (mmHg/s) 1548±218 1469±190 1435±197 1432±190 1389±202

dP/dt min (mmHg/s) −2153±670 −2235±682 −2023±600 −1969±571 −2028±656

Tau (ms) 49±15 47±10 48±13 48±14 49±14

*
P<0.05 compared to baseline just prior to CSD.

Heart Rhythm. Author manuscript; available in PMC 2019 August 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Yamaguchi et al. Page 18

Table 2.

Results of ventricular stimulation study in infarcted animals

No

Post-CSD ERP (ms) VT induction

DCL ISP ISP+VNS VT Post-CSD during ISP VT Post-CSD during ISP and VNS

1 450 260 280 + S1:450, S2: 290, S3: 250 − S1:450 S2: 300, S3: 250, S4:200

2 550 270 290 + S1:550, S2: 290, S3: 250 − S1:550, S2: 300, S3: 250, S4:200

3 500 300 310 + S1:500, S2: 320, S3: 240, S4:210 − S1:500, S2: 320, S3: 240, S4:200

4 500 280 290 + S1:500, S2: 310, S3: 220, S4:250 + S1:500, S2: 290, S3: 220, S4:210

5 500 260 270 + S1:500, S2: 280, S3: 210, S4:200 + S1:500, S2: 280, S3: 210, S4:200

6 500 300 330 + S1:500, S2: 320, S3: 230, S4:240 − S1:500, S2: 320, S3: 230, S4:200

DCL=pacing drive cycle length, ISP=isoproterenol, S2-S4=ventricular extra-stimuli delivered. +indicates inducible for VT.
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