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Abstract

Introduction—Neuromodulation of the paravertebral ganglia, using symmetric voltage 

controlled kilohertz frequency alternating current (KHFAC), has the potential to be a reversible 

alternative to surgical intervention in patients with refractory ventricular arrhythmias. KHFAC 

creates scalable focal inhibition of action potential conduction.

Objective—To evaluate the efficacy of KHFAC, when applied to T1–T2 paravertebral chain, to 

mitigate sympathetic outflow to the heart.

Methods—In anesthetized, vagotomized, porcine subjects the heart was exposed via midline 

sternotomy along with paravertebral chain ganglia. The T3 paravertebral ganglion was electrically 

stimulated and activation recovery intervals (ARI) were obtained from a 56-electrode sock placed 

over both ventricles. A bipolar Ag electrode was wrapped around the paravertebral chain between 

T1 and T2 and connected to a symmetric, voltage controlled KHFAC generator. Comparison of 

cardiac indices during T3 stimulation conditions, with and without KHFAC, provided a measure of 

block efficacy.
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Results—Right-sided T3 stimulation (4Hz) was titrated to produce reproducible ARI changes 

from baseline (52±30ms). KHFAC resulted in a 67% mitigation of T3 electrical stimulation effects 

on ARI (18.5±22ms, p<0.005). T3 stimulation repeated after KHFAC produced equivalent ARI 

changes as control. KHFAC evoked a transient functional sympatho-excitation at onset that was 

inversely related to frequency and directly related to intensity. Optimum block threshold was 15 

kHz and 15 volts.

Conclusions—KHFAC applied to nexus (convergence) points of the cardiac nervous system 

produce a graded and reversible block of underlying axons. As such, KHFAC has the therapeutic 

potential for on-demand and reversible mitigation of sympatho-excitation.

Introduction

Sudden cardiac death, as a result of ventricular arrhythmias, is often the first presenting sign 

of structural heart disease 1. Autonomic dysregulation secondary to cardiac pathology is 

central to the development of heart failure and ventricular arrhythmias 2, 3. Surgical removal 

of the T1–T4 paravertebral chain reduces ventricular arrhythmia burden, by removing 

excessive sympathetic input to the cardiac myocytes 4, 5. Although effective, by 

decentralizing peripheral cardiac sympathetic control from the central nervous system, 

surgically removing a section of the sympathetic paravertebral ganglia (T1–T4) evoked off-

target side effects including thoracic hyperalgesia and/or compensatory abdominal 

hyperhidrosis in patients 4.

In managing transient episodic autonomic imbalances, an alternative way of targeting the 

cardiac nervous system would be technologies that allow for on-demand suppression of 

cardiac sympathetic activity in a reversible manner. This can be accomplished through a 

bioelectronic therapy called axonal modulation therapy (AMT). One iteration of AMT is 

symmetric, voltage controlled kilohertz frequency alternating current (KHFAC) 6. This 

technology uses electrical current to directly inhibit the local conduction of action 

potentials 6. KHFAC, as applied to somatic nerves, produces rapid block of nerve conduction 

that is quickly reversible 6, 7. However, one confounding effect with KHFAC is that an onset 

response, reflective of excitation before block, accompanies current initiation 6, 7. The utility 

of KHFAC to dynamically manage cardiac control via the autonomic nervous system has not 

been evaluated.

Sympathetic control of the heart reflects the dynamic interplay between central and 

intrathoracic aspects of the cardiac nervous system 2, 3, 8. To control sympathetic outflow to 

the heart it is critical to target primary nexus (convergence) points where pre and/or post-

ganglionic projections run together prior to their divergence to atrial and ventricular tissues 

via branches of the thoracic vagosympathetic nerve trunk; the T1–T2 segment of the 

paravertebral chain is a nexus point for sympathetic control of the heart 9, 10. By surgically 

removing T1–T2 we are able to block sympathetic efferent control of ventricular activation 

recovery intervals 9. The upper thoracic aspects of the paravertebral chain are readily 

accessible in pigs and man 5, 11, 12; well suited as future targets for chronic AMT.

The primary objective of this study was to evaluate the efficacy of KHFAC, when applied to 

T1–T2 paravertebral chain, to mitigate sympathetic outflow to the heart in a reversible 
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manner. By reversibly inhibiting the nerve conduction in the paravertebral chain, one could 

scale the level of sympathetic efferent inputs to the heart, limit the potential for off target 

effects (as in the case of surgical decentralization 4) and can switch back on full cardiac 

sympathetic control as required.

Methods

The study protocol was approved by the University of California Los Angeles Institutional 

Animal Care and Use Committee and conforms to the National Institutes of Health Guide 

for the Care and Use of Laboratory Animals (Eight Edition, 2011).

Surgical preparation

Yorkshire pigs (n=12) were sedated with tiletamine-zolazepam (4–8mg/kg, intramuscular) 

and anesthetized with isoflurane (1–5%, INH). After endotracheal insertion the animals were 

ventilated and general anaesthesia was maintained with inhaled isoflurane (1–2%) and 

boluses of fentanyl (20–30ug/kg, intravenous (IV)) as required during surgery. The depth of 

anesthesia was assessed throughout the experiments by monitoring corneal reflexes, jaw 

tone, and hemodynamic indices. Once the surgical preparation was completed, the 

anaesthesia was switched to α-chloralose bolus (50mg/kg over 30 minutes, titrated based on 

hemodynamic response and depth of anesthesia) and subsequent maintenance infusion (20–

35mg/kg/hr IV). The femoral artery and vein were cannulated for monitoring of systemic 

pressure and infusion of fluids or medications respectively. A posterior 12 lead 

electrocardiogram was placed and end tidal carbon dioxide monitoring maintained between 

35–45mmHg. Arterial blood gas sampling was assessed on a 1–2 hourly basis and 

adjustments to tidal volume, respiratory rate or doses of sodium bicarbonate performed to 

maintain adequate oxygenation and homeostasis.

A midline sternotomy was performed to expose the heart and paravertebral sympathetic 

ganglia from T1–T4. The cervical vagi were isolated and transected bilaterally (n=9). In a 

subset of animals (n=3), paravertebral stimulation and KHFAC were applied in animals with 

intact vagi and with pre-treatment with atropine (1mg/kg). After the surgical preparation 

there was a 1 hour stabilization period. On completion of the experiment, the animals were 

euthanized by administration of sodium pentobarbital (100mg/kg, iv) with potassium 

chloride (1–2mEq/Kg, iv) under high dose isoflurane (5% inhaled).

Hemodynamic measurements

A 5 French Millar pressure catheter (SPR-350) was inserted into the left ventricle via the left 

carotid artery. This was connected to the MVPS Ultra Pressure Volume Loop System (Millar 

Instruments, Houston, Texas). From this measurement of left ventricular (LV) pressure, 

cardiac contractility (dP/dt), and heart rate were derived. A lead II ECG, LV pressure and 

system pressure were input to a Cambridge Electronics Design (model 1401) data 

acquisition system for continuous monitoring of hemodynamic status.
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Activation recovery index recording and analysis

A custom made 56-electrode epicardial sock was placed over both ventricles to provide 

regional unipolar electrograms for the ventricular epicardium. This data was collected via a 

Prucka CardioLab system (GE Healthcare, Fairfield, CT) and analysed using customized 

software (ScalDyn M, University of Utah, Salt Lake City, UT). ARI was assessed similarly 

to previous published work by our group 9, 13. In brief, the activation time was measured 

from the beginning of the first derivative of the derived voltage (dV/dt) in the depolarization 

wave of the intrinsic deflection of voltage. The recovery time was the maximum dV/dt to 

time of the peak of repolarization (T wave). The ARI is the recovery time minus the 

activation time. ARI has been shown to correlate with regional ventricular action potential 

duration 14.

Sympathetic electrical stimulations of the stellate and T3 paravertebral ganglion

The stellate and T3 paravertebral ganglia were stimulated using bipolar needle electrodes 

with and without KHFAC. The bipolar electrodes were interfaced with Grass S88 

stimulators (Grass Co., Warwick, RI) via SIU6 constant current stimulus isolation units. 

Electrical stimulation of the stellate and T3 ganglia were titrated at 4Hz to achieve a 10% 

increase in left ventricular end systolic pressure, heart rate, dP/dt max or decrease in 

activation recovery interval (ARI). After threshold was identified, the stimulus intensity used 

thereafter was 1.5 times threshold, applied for 30 second periods. Between sequential nerve 

stimulations there was a waiting period of 10 minutes to allow for all parameters to return to 

baseline.

KHFAC

A bipolar Ag electrode was placed around the paravertebral sympathetic axons between T1 

and T2 (figure 1). This electrode interface was then connected to a charge-balanced, voltage 

controlled, square wave, KHFAC waveform function generator (Stanford Research System, 

Sunnyvale, CA) with varying frequency and voltages assessed from 5–20 kHz and 5–20 

Volts. A capacitor was placed in series on each output line of the waveform generator to 

prevent direct current contamination of the signal. A symmetric KHFAC implies a zero net 

charge.

Protocol for assessing block induced by KHFAC

Baseline ventricular epicardial ARI, LV contractility (dP/dt), and heart rate were assessed. 

They were then evaluated with (T1) stellate ganglion and T3 stimulations with and without 

KHFAC. T3 electrical stimulation was performed 10 min after each KHFAC to ensure 

complete recovery of nerve function. During KHFAC T1 stimulation was performed to 

assess whether KHFAC had an effect on nerve conduction proximal to the electrode. 

Between stimuli there was a waiting period of ten minutes to ensure complete recovery of 

hemodynamic and electrical indices to baseline. KHFAC stimulation resulted in a transient 

activation of the sympathetic nervous system prior to blocking nerve conduction. Therefore, 

there was a waiting period of at least two minutes or until the hemodynamic and electrical 

indices return to baseline parameters before blocking efficacy was assessed by T3 

stimulation. If after 5 minutes of KHFAC the cardiac hemodynamic indices did not return to 

Buckley et al. Page 4

Heart Rhythm. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



baseline then KHFAC was discontinued and frequency or intensity re-adjusted to mitigate 

the onset response.

Protocol for assessing the onset response to KHFAC

Baseline ventricular epicardial activation recovery intervals, LV contractility, and heart rate 

were assessed. KHFAC was applied 15 seconds and the change in hemodynamic and 

electrical indices from baseline assessed. The range of frequencies and voltages tested was 

from 5 to 20 kHz and 5–20 volts. At least 5 min separated sequential KHFAC challenges.

Statistical analysis

Statistical analysis was done using Sigma Stat (SigmaStat Software, San Jose, CA) with 

one-way repeated ANOVA of variance for comparing hemodynamic and regional ventricular 

indices with and without KHFAC. Paired Student t test and Wilcoxon rank sum were also 

performed for comparison of continuous variables. Data was considered statistically 

significant where the P<0.05. Data are presented as a mean ± SE.

Results

KHFAC block assessment

Chronotropic, dromotropic and inotropic responses to baseline stimulations
—In 9 porcine subjects (5 male, 4 female), weighing on average 41±3kg, paravertebral 

KHFAC applications were assessed. T1 (stellate) and T3 stimulations were titrated to 

produce equivalent changes in heart rate and ventricular ARI. At 4Hz, stimulation 

parameters of 2.2±0.3mA for RT1, 3.3±0.8mA for RT3, 3.2±0.9mA LT1, and 9.3±5.7mA 

LT3 produced at least a 10% increase in LVSP, heart rate or shortening of ARI and were 

defined as threshold. Subsequent T1 and T3 stimulations were done at 4Hz, 1.5× threshold.

Baseline T3 stimulations resulted in a change in ARI on 51±15ms on the right sympathetic 

paravertebral ganglia and 26±10ms for the left (p<0.05). T3 stimulation also resulted in a 

heart rate change of (34±11bpm right; 6±8bpm left) and LVSP change of (22±5mmHg right; 

22±7mmHg left). The maximum dP/dt was augmented with T3 stimulation by 

(657±38mmHg/s right; 689±176mmHg/s left). Repeated T3 stimulations resulted in a 

consistent response throughout the experiment.

Chronotropic, dromotropic and inotropic responses to KHFAC—Figure 2 shows 

a representative cardiac hemodynamic onset response to initiation of KHFAC, the blunted 

cardiac response to subsequent RT3 stimulation when delivered during KHFAC and the full 

reversibility of this block in the recovery phase (RT3 Post). Note that the efficacy of block 

was manifest for heart rate, LV dp/dt and LV pressure. Note also that at 15 kHz and 15 volts 

KHFAC the onset response had extinguished within 1 minute of initiation.

Figure 3 shows a polar map indicating regional ventricular ARI in response to RT3 

stimulation prior to and during KHFAC (15 kHz, 15 volts). The pattern of ARI shortening 

evoked at the onset of KHFAC (panel D) paralleled that with RT3 stimulation (panel B), but 

rapidly returned towards but not all the way back to baseline control (panel E). The positive 
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dromotropic effect evoked by RT3 stimulation (panel B) was mitigated by KHFAC (panel F) 

with no aberrant conduction pathways evident.

Figure 4 summarizes the average evoked cardiac hemodynamic response to T3 stimulation 

prior to, during and following KHFAC (15±0.8 kHz, 15±1.3 volts). The evoked cardiac 

response to T3 stimulation repeated in the presence of KHFAC were significantly reduced 

for ventricular ARI (−14.8±2.8% vs −5.2±3.1%), heart rate (36.5±7% vs 11.0±5.1%), LV 

+dp/dt (57.7±18.7% vs 16.1±7.7%) and LVSP (20.2±3.0% vs 10.3±3.1%). Equivalent levels 

of cardiac hemodynamic responses were evoked prior to and following KHFAC; indicative 

of the reversible nature of short duration block imposed by high-frequency alternating 

current applied to the paravertebral chain. For example, percentage change in ARI pre 

(15±7%) and post (18 ±11%) KHFAC were evoked with right-sided T3 stimulation.

Figure 5 illustrates the cardiac hemodynamic response evoked in response to stellate ganglia 

(RT1) stimulation prior to and in the presence of KHFAC. This stimulation point is upstream 

from the block location and demonstrates the focal nature of the current blocking at the T1–

T2 level that does not interfere with ganglia processing capabilities of the stellate.

KHFAC onset response

KHFAC resulted in an onset response at the start of current delivery indicative of the initial 

activation phase evoked on underlying axons prior to establishment of blockade. Figure 2 

shows a representative onset response to 15 kHz, 15 volt charge-balanced AC current. Onset 

responses varied with the characteristics of the stimulus waveform. In a separate subset of 

experiments (n=3), the onset response and blocking efficacy of KHFAC were maintained in 

animals with intact cervical vagi and with pre-emptive atropine (data not shown). Figure 6 

illustrates the 3D response surfaces for the maximal onset response for heart rate (panel A), 

LV +dp/dt (panel B) and ventricular ARI (panel C) with the drive variable being frequency 

and intensity of KHFAC (n=9). Note that for all parameters, lower frequencies and higher 

intensities are associated with larger onset responses. This in turn is reflective of higher 

degrees of onset evoked sympatho-excitation. In the case of high level onset responses, often 

they had not extinguished by the end of the 5 min test period and T3 evaluations were 

aborted. The overall objective for KHFAC, or any form of AMT, is to optimize interfaces 

and stimulus protocols to minimize the onset response while maintaining flexibility to scale 

the degree of block during sustained current delivery.

Discussion

Neuromodulation utilizing bioelectronics methodologies have the potential to regulate nerve 

traffic and ganglionic processing within the cardiac nervous system. While KHFAC has been 

assessed in many peripheral nerve preparations 6, 7, this is the first proof-of-concept use of 

KHFAC on the cardiac sympathetic nervous system. The main conclusions from this paper 

are: i) KHFAC applied to the T1–T2 region of the paravertebral chain inhibits/modulates 

functional sympathetic efferent projections to the heart in a scalable and reversible manner; 

ii) An onset augmenting response precedes the axonal blocking during KHFAC; iii) the 

onset response can be mitigated by adjusting KHFAC parameters; and iv) KHFAC, when 
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deployed, can be activated on demand to counteract endogenous excessive sympatho-

excitation.

Structure/function of the cardiac nervous system is a critical aspect for rational 

neuromodulation based therapy 2. Control of cardiac function involves the dynamic interplay 

between neural networks contained on the heart (intrinsic cardiac ganglionated plexus), 

extracardiac intrathoracic ganglia, spinal cord, brainstem and higher centers of the central 

nervous system 2. For sympathetic control, descending projections from the brainstem 

innervate preganglionic soma located in the intermediolateral cell column (C7–T4 spinal 

levels) 2, 15. Preganglionic soma project axons via the paravertebral chain to post-ganglionic 

soma located in the stellate, middle cervical, mediastinal ganglia and intrinsic cardiac 

ganglia 2, 9, 10. Each of these ganglia contains a complex network of afferent, efferent and 

local circuit neurons that interdependently work as a distributed neural network sub-serving 

cardio-cardiac reflexes 2. Disruptions in reflex processing between central and peripheral 

aspects of the cardiac nervous system is a major contributing cause to arrhythmia 

formation 3, 16 and the progression of heart failure 17, 18. Neuromodulation based therapies 

targeted to mitigate this central/peripheral imbalance are of obvious clinical importance.

Patients with intractable ventricular arrhythmias can be effectively treated with surgical 

procedures that include removing the paravertebral chain from T4 up to and including the 

lower third of the stellate ganglia 5. While such surgical approaches have documented anti-

arrhythmic effects 4, 5, these patients frequently experience off-target adverse effects 

including upper thoracic and limb hyperhidrosis and hyperalgesia 4. We have recently 

demonstrated that cardiac-related preganglionic fibers arising from the thoracic cord traverse 

up the paravertebral chain through the T1–T2 region 9, some making synaptic contact with 

post-ganglionic neurons in the stellate with others projecting through the ansae subclavia to 

more distal intrathoracic ganglia (middle cervical, mediastinal and intrinsic) 19, 20. As such, 

the ansae subclavia and the T1–T2 region of paravertebral chain are critical nexus points for 

sympathetic nerve traffic to and afferent projections from the heart 2, 9. Based on structure/

function considerations both sites are potential targets for axonal modulation therapy.

KHFAC has been applied to the cervical vagus, the sciatic nerve, the tibial and common 

peroneal nerve and the dorsal region of the thoracic spinal cord 6, 21, 22. KHFAC refers to 

AC in the range of 1–100 KHz and without DC offset 6. It is being used for a variety of 

pathological neural activity including limb and back pain management 21, 23. High frequency 

bioelectronic nerve block mediates its effects by producing a reversible local conduction 

block 6. The mechanism of conduction block is most likely via sodium channel 

inactivation 6. Studies by Kilgore and others suggest that that KHFAC results in increased 

inward sodium current compared to the outward potassium current 24–26. This depolarization 

resulted in activation of about 90% of the sodium channels in the node directly under the 

electrode 24. Neurotransmitter depletion as opposed to true nerve conduction block 25 is not 

the mechanism as confirmed herein by a local conduction block at and distal to the KHFAC 

but not proximal to the KHFAC with stellate ganglion stimulation. As demonstrated in 

peripheral 6, 7 and now sympathetic nerves, the local conduction block reverses rapidly and 

can be applied multiple times without degradation in the underlying nerve processes.
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Clinical Perspectives

Sudden cardiac death secondary to ventricular arrhythmias is a major clinical problem 27. 

Cardiac pathologies such as ischemic heart disease disrupt the autonomic nervous 

system 1, 3, 8. Ventricular electrical storm has been treated with medications 28, thoracic 

epidural anesthesia 5, and in the case of refractory ventricular arrhythmias surgical 

resection 4, 5, 29. Surgical resection of the sympathetic paravertebral ganglia, while effective, 

results in adverse side-effects for patients 4. Axonal modulation therapy poses a rapid and 

reversible way to target the sympathetic nervous system and thereby control the level of 

functional efferent input to the heart. Electrical currents applied to nerves at high frequency 

can directly inhibit conduction of action potentials 6, 7. Based on anatomical 

considerations 9, 12, the preferred site for control of sympathetic input to heart in humans is 

to deploy the KHFAC electrodes to the T1–T2 region of the paravertebral chain, an area 

readily accessible by video-assisted thoracic surgery as routinely done for cardiac 

sympathetomy 5. It should also be considered that the initial application of KHFAC results 

in a transient axonal activation termed the onset response 6, 7. While the onset response can 

be mitigated by modifications in stimulation protocol and characteristics of the electrode/

nerve interface such as contact size/spacing 6, future studies may involve development of 

hybrid technologies that include of KHFAC and DC current 30. It can be envisioned that 

AMT can be implemented as part of an on-demand system to mitigate periods of central/

peripheral imbalances in leading to sympatho-excitation.

Limitations

These experiments were done in anesthetized pig with no underlying pathology. They were 

also done with vagotomy to minimize confounding influences evoked from vagal afferents 

and efferents in reflex response to imposed stressors 31. Blocking functional parasympathetic 

efferent effects with atropine in animals with intact vagi did not interfere with the onset or 

blocking response to T1–T2 paravertebral KHFAC. Future studies should consider the 

effects of neural remodelling in cardiac disease 32–34 on the efficacy of axonal modulation 

therapy. It should also be considered that T1–T2 region of the paravertebral chain as well as 

the ansae subclavia are mixed nerves containing both afferent and efferent projecting 

fibers 2. While future studies should consider the potential contributions of afferent vs 

efferent control 35, it is clear from the current study that KHFAC of mixed sympathetic nerve 

does not evoke aberrant cardiac conduction, at least in normal animals. The transient axonal 

activation as a result of KHFAC, in the case of the sympathetic nervous system and the 

presence of structural heart disease, could potentially result in lethal ventricular arrhythmias 

if the onset response is not adequately controlled. The onset response may be mitigated by 

adjusting KHFAC parameters 6. Finally, these studies only assessed the effects of relatively 

short-term KHFAC. Future studies should consider the effects (plasticity and memory) of 

longer-term and chronic KHFAC on integrated control of the cardiac nervous system.
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Figure 1. 
Anatomy of the paravertebral sympathetic ganglia. Panel A: Dissected specimen from a 

porcine model showing the paravertebral chain (c7–T4), stellate ganglia (SG) and 

interconnections to middle cervical ganglia (MCG). Panel B: Stylized image demonstrates 

two nexus points for axonal modulation therapy for cardiac sympathetic control, the ansae 

subclavia and between T1–T2 of the paravertebral sympathetic ganglia. Stim, stimulation; 

CPN, cardiopulmonary nerve.
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Figure 2. 
An example of the cardiac hemodynamic response to paravertebral chain stimulation at the 

T3 level prior to (pre), during KHFAC (15KHz, 15Volts) and in the recovery phase (post). 

Shown are induced changes in heart rate (HR), LV dp/dt and LV Pressure (LVP). Note also 

the cardiac response at KFHAC onset reflective of transient activation of underlying 

sympathetic axons, the “onset” response. The ~80% block of functional sympathetic control 

of the heart during KHFAC was readily reversible as indicated the T3 stimulation in the 

recovery phase (RT3 post).
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Figure 3. 
Representative polar map of ARI (ms) in one animal comparing baseline intact (panels A 

and C) conditions, with right T3 ganglion stimulation (RT3) (panel B), during the onset 

(panel D) and stable phase of KHFAC (panel E) and with RT3 applied during the stable 

phase of KHFAC (panel F). The pattern of ARI shortening was similar between RT3 

stimulation and onset of KHFAC as applied to T1–T2 region of paravertebral chain. In the 

stable phase of KHFAC, ARI returned towards baseline, but remained shortened. KHFAC 

mitigated the ARI shortening associated with RT3 stimulation.
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Figure 4. 
The percentage change in ventricular ARI (panel A), heart rate (panel B), LV dp/dt (panel C) 

and LVSP (panel D) in response to T3 stimulation prior to (RT3 pre), during KHFAC 

(KHFAC+RT3) and in the recovery phase after bioelectronic blockade (RT3 post). * = 

p<0.05
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Figure 5. 
Response to T1 stimulation prior to and during T1–T2 KHFAC. Note the maintained 

response in heart rate, LV +dp/dt and LVSP during blocking currents applied caudal to 

stellate stimulation.
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Figure 6. 
Effects on KHFAC frequency and intensity on magnitude of the onset response for heart rate 

(panel A), LV dPdt+ (panel B), and ARI (panel C – note frequency and voltage axis values 

are reversed relative to panel A and B). Lower frequency and higher voltage resulted in a 

greater onset response.
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