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Abstract

Purpose of Review—This review aims to describe the latest advances in autonomic 

neuromodulation approaches to treating cardiac arrhythmias, with a focus on ventricular 

arrhythmias.

Recent Findings—The increasing understanding of neuronal remodeling in cardiac diseases has 

led to the development and improvement of novel neuromodulation therapies targeting multiple 

levels of the autonomic nervous system. Thoracic epidural anesthesia, spinal cord stimulation, 

stellate ganglion modulatory therapies, vagal stimulation, renal denervation, and interventions on 

the intracardiac nervous system have all been studied in preclinical models, with encouraging 

preliminary clinical data.

Summary—The autonomic nervous system regulates all the electrical processes of the heart and 

plays an important role in the pathophysiology of cardiac arrhythmias. Despite recent advances in 

the clinical application of cardiac neuromodulation, our comprehension of the anatomy and 

function of the cardiac autonomic nervous system is still limited. Hopefully in the near future, 

more preclinical data combined with larger clinical trials will lead to further improvements in 

neuromodulatory treatment for heart rhythm disorders.
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Introduction

The heart is richly innervated by afferent as well as sympathetic and parasympathetic 

efferent nerves. Their activity is embodied in a complex series of peripheral and central 

feedback loops that enable autonomic control of cardiac function. The entire autonomic 

nervous system (ANS) aims to maintain cardiac homeostasis in the face of environmental 

perturbations by ensuring adequate and timely responses to stimuli. Nevertheless, in 

pathological conditions such as myocardial infarction/ischemia and heart failure, autonomic 

reflexes may become detrimental and lead to life-threatening arrhythmias and progression of 

cardiac dysfunction. In this review, we will first discuss the basic anatomy, physiology, and 

pathophysiology of the cardiac ANS, with particular focus on its role in the genesis of 

ventricular arrhythmias (VAs). Then, we will provide an overview about the main clinical 

applications of ANS modulation in the treatment of VAs.

Functional Anatomy of the Cardiac Neuraxis

The cardiac neuraxis is divided into the intrinsic and extracardiac systems. The intrinsic 

cardiac nervous system (ICNS) is a network of ganglia and interconnecting nerves located in 

multiple ganglionated plexi (GPs) in the epicardial fat pads [1]. The extracardiac system 

includes the mediastinal plexus, cervico-thoracic ganglia, nodose ganglia, dorsal root 

ganglia (DRG), spinal cord, and the brainstem.

Efferent sympathetic preganglionic neurons have their soma in the intermediolateral column 

[2] of spinal cord and synapse on postganglionic neurons located in the first four ganglia of 

the sympathetic paravertebral chain (from T1 to T4, T1 being the lower half/third of the 

stellate ganglion).

The axons arising from these ganglia reach the heart through the cardiopulmonary nerves. In 

addition, sympathetic postganglionic neurons projecting to the heart are also localized in 

each major intrinsic cardiac GP [3, 4].

The soma of efferent parasympathetic preganglionic neurons is mainly located in the ventral 

lateral region of the nucleus ambiguus, giving rise to the vagus nerve in the periphery. The 

vagal trunk is a mixed nerve, composed of about 80% A∂ and C-type afferent fibers, and 

about 20% group B efferent fibers. The cardiomotor fibers project onto parasympathetic 

ganglia of the ICNS. The cardiac vagal branches, together with the cardiopulmonary nerves, 

constitute the mediastinal plexus.

Finally, the neuronal bodies of cardiac afferent neurons are contained in the nodose ganglia, 

the DRG from C7-T4 spinal cord [5], as well as intrinsic cardiac ganglia [6], providing the 

anatomical bases for a multiple-loop neuronal control.

The ICNS is also referred to as the “little brain” on the heart [7], because it is the first, 

independent, station of the cardiac ANS. It allows for local, beat-to-beat, reflex control of all 

heart functions and responses as well as integration and coordination with higher centers for 

middle- and long-term reflexes. This is accomplished through the presence of afferent 

sensory neurons, efferent motor neurons, local circuit neurons (neurons that project axons 
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only to adjacent neurons), and interneurons (neurons that project axons to other ganglia). 

The majority of efferent neurons in the ICNS is cholinergic and responds to preganglionic 

control from efferent fibers in the vagus nerve. Cholinergic and adrenergic neurons are 

contained in each atrial and ventricular GP and control divergent regions of the heart [8]. 

The highest density of ICNS neurons in humans is located on the posterior surface of the 

atria.

Cardiac ANS Impact on Arrhythmogenesis

Sympathetic-Parasympathetic Effects at the Cardiac Level

The most important consequence of sympathetic neuronal activation is the net increase in 

norepinephrine (NE) and other co-transmitter (e.g., neuropeptide Y) release at the cardiac 

level. The spatially and temporally heterogeneous neuronal release of NE has been 

postulated to result in increased arrhythmia susceptibility. NE promotes arrhythmogenesis at 

the ventricular level by enhancing triggered activity (both early and delayed after 

depolarization) [9], automaticity and reentry [10], then finally leading to an increase in 

ventricular tachycardia burden combined with a decrease in ventricular fibrillation threshold 

[11, 12]. Accordingly, it was recently shown in a porcine model [13] that sympathetic nerve 

stimulation, and not circulating norepinephrine, modulates T-peak to T-end interval (an ECG 

marker of dispersion of repolarization) by increasing global dispersion of repolarization. All 

these effects—particularly the increased dispersion in ventricular repolarization—are further 

exacerbated in the setting of structural heart diseases (SHDs), where denervation and 

reinnervation (nerve sprouting) occur.

The ratio between parasympathetic and sympathetic fibers at the cardiac level conveys 

important functional implications. Indeed, the two systems mutually antagonize one another, 

both at the presynaptic and postsynaptic levels. Acetylcholine (ACh) inhibits NE release 

from sympathetic synapses [14] and antagonizes NE effects at cellular levels. The co-

trasmitters neuropeptide Y and galanin, released from sympathetic nerve terminals during 

high levels of sympathetic drive, can reduce Ach release from parasympathetic terminals 

[15]. Finally, ACh also exerts direct anti-inflammatory and anti-apoptotic effects at cardiac 

level through purinergic pathways [16].

Effects of Enhanced Cardiac Afferent Signaling

One pathophysiological basis of acute and chronic cardiac sympathoexcitation is the 

overactivation of powerful autonomic reflexes. The afferent branch of these reflexes is 

provided by extracardiac and intracardiac receptors. In response to reduced cardiac output, 

baroreceptors located in the carotid sinus and renal arteries trigger increased sympathetic 

outflow and decreased parasympathetic activity, as well as hyperactivation of the renin-

angiotensin aldosterone system [17]. At the cardiac level, the pathological activation of 

afferent neurons leads to a powerful increase in sympathetic efferent drive to the heart [18]. 

The immediate consequence of this reflex, also known as cardiac sympathetic afferent reflex 

(CSAR), is a strong inotropic and chronotropic response, aimed to sustain cardiac output. 

The inevitable adverse effect is a consistent increase in metabolic demand and in arrhythmic 

susceptibility. Chronic activation of the CSAR is also associated with parasympathetic 
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withdrawal at the central level, which strongly enhances arrhythmogenesis [19]. From a 

molecular point of view, the CSAR is largely mediated by the vanilloid receptor 1 (VR1) or 

transient receptor potential vanilloid 1 (TRPV1) channel [20]. TRPV1 channels are 

expressed in both unmyelinated C-fibers and thinly myelinated Aδ- fibers and facilitate 

nociception during myocardial ischemia [21]. These channels are able to transduce multiple 

stimuli, including noxious heat, bradykinin [22], acidity, and free radicals [23]. TRPV1-

mediated CSAR activation was shown to be upregulated in congestive heart failure (CHF) 

animal models [24]. Thus, these channels are emerging as a potential therapeutic target in 

cardiac diseases marked by exaggerated sympathoexcitation. Selective chemical ablation of 

TPRV1-expressing afferents by epicardial application of resiniferatoxin (a toxic activator of 

the VR1 channel) provided powerful protective effects against adverse cardiac remodeling 

and autonomic dysfunction induced by myocardial infarction (MI) in rats [25]. From a 

clinical standpoint, the protective effect of pre-infarction angina has been attributed to 

ischemic preconditioning and to better collateral circulation development. Yet, a blunted 

acute activation of the CSAR in response to the ischemic trigger might be involved as well. 

Altogether, these data suggest that the afferent component of CSAR is a very appealing 

therapeutic target, although much more data are needed to fully unravel its physiological 

role. The possibility of achieving a transient, reversible block of cardiac afferent fibers to 

acutely counteract exaggerated sympathoexcitation (such as during acute myocardial 

ischemia and/or refractory electrical storms) is still unexplored, but could be extremely 

beneficial.

Intra- and Extra-Cardiac Neural Remodeling

The process of cardiac neuronal remodeling was mainly studied in ischemic models, but also 

occurs within other forms of cardiomyopathies (CM) [26]. It includes denervation as well as 

nerve sprouting (reinnervation). The denervated myocardium is characterized by an 

increased susceptibility to catecholamines, also known as denervation supersensitivity [27], 

while the reinnervated myocardium is characterized by a constitutively abnormal afferent 

signaling combined with a very patchy distribution of sympathetic efferent fibers. After MI, 

denervation occurs not only within the dense scar, but also in the viable myocardium 

surrounding the scar and in remote regions [28]. Clinical data confirm that the viable 

myocardium surrounding the scar is characterized by a combination of blunted response to 

reflex sympathetic activation and hypersensitivity to circulating catecholamine [29], both of 

which contribute to a functional increase in ventricular repolarization dispersion. 

Accordingly, successful ablation procedures for monomorphic ventricular tachycardia (VT) 

after MI most frequently target the border zone regions [30] defined through high-density 

voltage maps. Yet, neuronal efferent fibers are more sensitive to ischemia than 

cardiomyocytes and efferent denervation may also occur in regions surrounding the scar 

with normal voltages.

A relatively novel method which draws on our understanding of cardiac neuronal 

remodeling to aid in arrhythmia treatment is the use of scintigraphic techniques such as 

I-123 metaiodobenzylguanidine (123I-mIBG) to quantify sympathetic denervation in vivo in 

humans. 123I-mIBG imaging can also be used to create 3-dimensional innervation models 

and register them into high-density voltage maps to guide VT ablation procedures. A recent 
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human study [31•] confirmed that 123I-mIBG innervation defects are larger than bipolar 

voltage-defined scar and cannot be detected with standard voltage criteria. In this study, as 

much as 36 % of successful VT ablation sites had normal voltages (> 1.5 mV), but all were 

within areas of abnormal innervation. This first feasibility study in humans confirms 

preclinical data and shows that the combination of neuronal imaging maps with more 

traditional anatomical voltage mapping could pave the way to more successful outcomes in 

VT ablation. Indeed, particularly in the setting of advanced SHD, VTs are often either not 

inducible or not hemodynamically tolerated in the procedural setting. Therefore, approaches 

to enhance our ability to identify arrhythmogenic substrate in patients are greatly needed.

Extracardiac neuronal structures also undergo a significant remodeling in cardiac diseases. 

In complete agreement with preclinical data [32, 33], the left stellate ganglia (LSG) of 31 

patients with ischemic and non-ischemic CM suffering refractory Vas showed a significant 

neuronal enlargement combined with an increase in synaptic density [34]. More recently, 

inflammation, neurochemical remodeling, oxidative stress, and satellite glial cell activation 

were also described in the resected sympathetic ganglia of 16 patients with electrical storm 

and SHD undergoing cardiac sympathetic denervation (CSD) [35•]. Taken together, the 

preclinical and clinical data show that there is bilateral SG remodeling after spatially 

confined myocardial lesions, independent of the lesion site.

In SHDs, there are multiple triggers leading to increased neuronal activity and oxidative 

stress in the stellate ganglia that in turn may promote ganglionic inflammation. 

Overactivation of the CSAR combined with increased efferent sympathetic tone via a spinal 

reflex mechanism is thought to be the most important. Circulating neurohormonal signals 

such as angiotensin II [36, 37] or brainstem-mediated increases in efferent sympathetic 

outflow [38] may contribute as well.

Of note, mild but distinct inflammatory changes (CD3+ and CD8+ T cells and macrophages 

infiltrates) were reported in the LSG of 12 patients with channelopathies (long QT 

syndrome, LQTS, and catecholaminergic polymorphic VT, CPVT) and refractory VAs, 

together with degenerative changes of ganglion cells [39]. Neuronal number and neuronal 

size were not assessed in this study. Despite being very preliminary, these findings suggest 

that a T cell-mediated cytotoxicity toward ganglion cells may be involved in triggering 

and/or enhancing electrical instability also in structurally normal hearts with intrinsic 

arrhythmic susceptibility. Intriguingly, a subtle but clear mechanical dysfunction (both 

systolic and diastolic) in LQTS has been described since the 1990s [40] and subsequently 

confirmed using advanced echocardiographic techniques [41]. This feature is associated with 

both QT duration on EKG [42] and arrhythmic risk in LQTS [43] and may suggest a 

mechanism of functional CSAR overactivation in the absence of myocardial scar and/or left 

ventricular enlargement. In CPVT, as compared to LQTS, there is a consistently higher 

burden of premature ventricular complexes (PVCs) induced by catecholamine with a 

typically reproducible threshold. PVCs were recently shown to represent a strong drive for 

increased afferent signaling and neuronal remodeling in the ICNS [44].
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Clinical Approaches to Neuromodulation in the Treatment of VAs

The strong association with the genesis of arrhythmias combined with the relatively 

accessible anatomical location has rendered several levels of the ANS valuable clinical 

targets for the management of patients with VAs. Figure 1 summarizes the main clinical 

approaches to autonomic modulation with antiarrhythmic purposes that will be described in 

the text.

Thoracic Epidural Anesthesia and Spinal Cord Stimulation

At the level of the spinal cord, thoracic epidural anesthesia (TEA) and spinal cord 

stimulation (SCS) reduce spinal cord influences proximal to the SG either by injection of 

anesthetics or electrical stimulation, respectively.

TEA is performed by percutaneously injecting local anesthetics into the thoracic epidural 

space, thus pharmacologically blocking the T1-T5 spinal cord and roots and inhibiting both 

afferent and efferent sympathetic signaling to the heart. TEA causes prolongation of 

repolarization and refractory periods at the level of the myocardium [45, 46]. In a small 

study, TEA led to greater than 80% reduction in VAs in 6/8 patients [47]. Unfortunately, the 

effects of TEA are limited by the temporary duration of local anesthetics.

SCS has long been studied in the treatment of angina [48, 49], yet we are only recently 

recognizing its effects in reduction of VAs. SCS is achieved by inserting one or two leads 

with eight electrodes into the epidural space at the thoracic level. Prior canine and porcine 

studies have shown significant reduction in VAs even with brief (~ 1 h) periods of SCS [50, 

51]. At present, data on SCS and VAs in humans are limited to case series and small clinical 

trials. In 2012, a case series of two patients who underwent SCS showed reduced VAs 

burden, from 128 and 90 episodes of VT over 2 months before, to 6 and 0 episodes over 2 

months after SCS, respectively [52]. Two randomized control trials designed to evaluate 

effect of SCS on heart failure have had conflicting results. The SCS HEART study [53] 

showed a significant reduction in HF symptoms, NYHA class, and improvement of LVEF 

with SCS; however, the DEFEAT-HF study [54] did not. There was also no significant 

reduction in VAs based on limited data from ICD interrogations in the DEFEAT-HF study. 

The conflicting results could possibly be explained by the different anatomical locations 

(T1-T3 in SCS HEART versus T2-T4 in DEFEAT-HF) of the electrodes in the thoracic 

spinal cord, and/or by the different durations of SCS (continuously via implanted stimulator 

in DEFEAT-HF versus 12 h per day at 50 Hz for SCS HEART).

Stellate Ganglion Modulatory Therapy

Experimental data has consistently shown that stellate ganglion block/removal in animals 

strongly dampens the CSAR, providing protection against life-threatening VAs during acute 

myocardial ischemia [55], in the setting of a healed myocardial infarction [56, 57•] and in 

structurally normal hearts [58]. Not surprisingly, electrical stimulation of, as well as nerve 

growth factor (NGF) infusion into, the stellate ganglion (SG) is a powerful pro-arrhythmic 

trigger [59, 60].
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In humans, the SG-targeted therapy tested so far includes cardiac sympathetic denervation 

(CSD), percutaneous blockade with local anesthetics (SGB), and radiofrequency ablation. 

Surgical removal of left thoracic sympathetic ganglia from T1 to T4 (cervicothoracic 

sympathectomy), also known as LCSD, was first performed more than one century ago by 

Dr. Jonnesco [61] for angina pectoris and cardiac arrhythmias. Subsequently, LCSD was 

also shown to be an effective antiarrhythmic strategy in LQTS [62] and CPVT [63••].

LCSD surgery was initially performed through a traditional, open approach, either via 

thoracotomy or, more frequently, via supraclavicular access [64]. More recently, a minimally 

invasive approach using video-assisted thoracic surgery (VATS) has been validated [65] and 

is now the most commonly used. This approach is considerably less invasive and leaves 

almost no visible scar in patients. Moreover, it enables a better visualization of the 

sympathetic chain, improving the capability of the surgeon to correctly identify the 

morphology of the thoracic gaglia [66] and the potential presence of anatomical variants 

such as Kunz’s nerve [67]. The only drawback of VATS is the higher incidence of transient 

neuropathic pain, rarely observed with the supraclavicular approach. Nevertheless, in a 

recent survey [68], patients with channelopathies treated with VATS LCSD showed a high 

degree of satisfaction with the procedure, even when it was performed for primary 

prevention.

More recently, CSD was implemented as an antiarrhythmic strategy in patients with SHD 

[69, 70] suffering from VAs refractory to drugs and catheter ablation. In this setting, bilateral 

CSD (BCSD) was shown to have a greater efficacy than LCSD in reducing not only 

appropriate ICD shocks [71] but also the combined endpoint of VA recurrence, mortality, 

and heart transplantation [72••]. In the largest study of CSD in SHD published to date, 121 

patients underwent CSD, and the median number of ICD shocks per subject dropped from 

10 in the year before to 0 in the year after CSD [72••]. This retrospective study consisted of 

patients with advanced cardiomyopathy (mean left ventricular ejection fraction 30%), and 

almost half of the participants had poor functional status (New York Heart Association 

functional class III or IV). Of note, despite bilateral CSD, 40% of these patients suffered 

recurrences of ICD shocks at 1 year, and the multivariate analysis showed that poor 

functional status and longer VT cycle lengths were the only predictors of both recurrent ICD 

shocks and the combined endpoint of sustained VT/ICD shock recurrence, death, and 

transplantation. Although the relationship between advanced heart failure and VAs is 

extremely complex, these results stress the importance of early consideration of CSD in 

patients with refractory VAs, particularly in those with good functional status, as already 

demonstrated for the referral to VT ablation procedures [73].

Due to its unique anatomical location, the SG can also be targeted in an emergency setting 

for the management of refractory VAs and electrical storms. Pharmacological SGB using 

anatomical landmarks has been safely performed since 1934 [74] for the treatment of 

sympathetic-related pain syndromes involving the upper extremities. Recent advances 

include an ultrasound-guided approach [75] as well as physical SGB using pulsed 

radiofrequency [76]. A systematic review [77] showed that percutaneous, transient, block of 

the SG through local anesthetic injection was associated with an acute reduction in VAs 

burden in 92% of subjects, with a decline from an average of 12 to 1 VA episodes per day. 
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The majority (95%) of the 38 patients included in the study had an underlying 

cardiomyopathy (mean left ventricular ejection fraction 31%) and only 4 patients received a 

bilateral SGB. Therefore, in patients with SHDs, the acute protective effects of left SGB 

seem to be higher than the chronic effect of BCSD.

Although the mechanisms of VA recurrences after BCSD are complex, multifactorial, and 

possibly variable depending on the underlying myocardial substrate, it is becoming clear that 

in SHDs the entire neuraxis undergoes a progressive and dramatic remodeling, involving the 

afferent, sympathetic, and parasympathetic components at different levels spanning from the 

ICNS to the central nervous system [78, 79]. As such, the implementation of 

neuromodulatory interventions at earlier stages of SHDs as well as a combined approach 

acting at more levels of the neuraxis may be more beneficial in preventing arrhythmias, 

particularly in the middle and long term.

Stimulation of the Vagus Nerve and Its Auricular Branch

The most effective way of reproducibly increasing vagal activity is through direct electrical 

stimulation of the nerve at the cervical level, termed vagal nerve stimulation (VNS). In 

animal models, VNS significantly reduced VAs susceptibility after coronary artery occlusion 

and reperfusion [80] and in the setting of a healed myocardial infarction [81]. Moreover, 

VNS also modulated the cycle length, amplitude, and organization index of VAs [82]. Of 

note, preferential efferent, rather than afferent, fiber activation has been shown to be 

dependent on the shape and the orientation of the stimulating electrode as well as the 

frequencies, pulse widths, and currents used [83, 84]. Very recently, the antiarrhythmic 

effects of preferentially efferent VNS were evaluated in pigs in the setting of chronic MI and 

after BCSD [85•]. VT was inducible in all infarcted animals post-BCSD during 

isoproterenol infusion and VNS reduced inducibility by 67%. The study confirmed that the 

beneficial electrophysiological effects of VNS persist after BCSD.

Despite these promising findings, cervical VNS—though already approved in humans for 

the treatment of refractory epilepsy [86] and depression [87] and under evaluation for 

chronic heart failure [88••]—is invasive and not yet applicable in an acute clinical setting. A 

noninvasive alternative is now available, accessing the superficial collaterals of the vagus 

nerve’s auricular branch (ABVNS) from the ear. In canine models, chronic intermittent 

ABVNS at 2 h per day for 2 months reduced VAs inducibility, LSG neuronal activity, and 

sympathetic nerve sprouting in the border zone [89]. The effects of ABVNS on VAs in 

humans were recently reported in a randomized study [90•]. ABVNS was applied for 2 h in 

patients with ST elevation MI undergoing percutaneous reperfusion. The incidence of 

reperfusion-related VAs during the first 24 hours was significantly reduced, as well as infarct 

size and the inflammatory markers.

Interventions on ICNS

Due to the anatomical location and the clear pathophysiological role in the initiation and 

maintenance of atrial arrhythmias, the disruption of GPs has so far been proposed only for 

prevention of atrial fibrillation (AF) both in preclinical [91] and clinical studies [92], with 

conflicting results in paroxysmal/persistent AF [93•]. On the other hand, preliminary data 
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suggest that the transient block of GPs through botulinum toxin injection into epicardial fat 

pads may provide long-term protection against post operatory AF [94]. Preclinical data also 

suggest that ablation of GPs may be pro-arrhythmic, leading to both atrial [95] and VAs 

[96]. From a clinical standpoint, a good example is provided by orthotropic cardiac 

transplantation. Despite small differences in surgical technique, the transplanted heart has a 

preserved ICNS from the donor, while the extracardiac neuronal connection of the recipient 

(afferent and efferent, both parasympathetic and sympathetic) is interrupted. The ICNS is 

capable of supporting the transplanted heart function on a beat-to-beat basis, while the risk 

of both VAs [97] and AF [98] is extremely low as compared with normal hearts. The 

conflicting nature of the data highlights the limitations to our overall knowledge about ICNS 

physiology.

Renal Denervation

Another area in need of greater study is how renal afferent signaling affects cardiac efferent 

sympathetic input from the CNS. While there have been many decades of studies on the 

effects of altering renal innervation on natriuresis and sympathetically driven hypertension 

[99••], less is known about the effects on cardiac arrhythmias. Renal artery sympathetic 

fibers run parallel to the artery ostially to distally in the adventitia. Denervation via catheter 

ablation along the renal artery (RAD) is thought to inhibit the afferent renal sympathetic 

pathway, which in turn would decrease efferent sympathetic influence on the heart [45]. 

RAD has shown promise in decreasing the burden of VA in a porcine model [99], as well as 

in small human studies. In 2015, an observational study of 10 patients with refractory VAs 

who underwent RAD showed that VA episodes and ICD shocks were both reduced from 

28.5 and 8 before RAD to 0 and 0, respectively, after RAD [100]. A later retrospective study 

of 32 patients showed that the number of VA episodes, as well as ICD shocks and anti-

tachycardia pacing episodes decreased significantly with catheter ablation of VT plus 

adjunctive RAD, compared with ablation alone [101]. There was, however, no mortality 

difference between the two arms.

Conclusions

The two divisions of the cardiac ANS, namely the sympathetic and the parasympathetic 

branches, play a primary role in ventricular arrhythmogenesis and have been extensively 

studied in the last decades. While the molecular effects of NE and Ach at the myocardial 

level have been largely elucidated, less is known about the anatomical and functional 

organization of the cardiac ANS and the mutual interaction between its two branches. 

Indeed, the neuraxis is proving to be an extremely complex and plastic entity, actively 

involved in the progression of the majority of heart diseases from their early stages. 

Hopefully in the near future, the ongoing dramatic progression in preclinical research tools, 

combined with larger clinical trials, will allow us to further validate and expand the 

application of autonomic modulation strategies for the treatment of heart rhythm disorders.
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Fig. 1. 
Summary of the main interventions on the neuraxis to treat cardiac arrhythmias described in 

the text, divided by anatomical levels. ICNS, intrinsic cardiac nervous system

Dusi et al. Page 17

Curr Cardiol Rep. Author manuscript; available in PMC 2020 March 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Functional Anatomy of the Cardiac Neuraxis
	Cardiac ANS Impact on Arrhythmogenesis
	Sympathetic-Parasympathetic Effects at the Cardiac Level
	Effects of Enhanced Cardiac Afferent Signaling
	Intra- and Extra-Cardiac Neural Remodeling
	Clinical Approaches to Neuromodulation in the Treatment of VAs
	Thoracic Epidural Anesthesia and Spinal Cord Stimulation
	Stellate Ganglion Modulatory Therapy
	Stimulation of the Vagus Nerve and Its Auricular Branch
	Interventions on ICNS
	Renal Denervation

	Conclusions
	References
	Fig. 1



