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Abstract

The autonomic nervous system plays a central role in the pathogenesis of multiple cardiac
arrhythmias, including atrial fibrillation and ventricular tachycardia. As such, autonomic
modulation represents an attractive therapeutic approach in these conditions. Notably, autonomic
modulation exploits the plasticity of the neural tissue to induce neural remodeling and thus obtain
therapeutic benefit. Different forms of autonomic modulation include vagus nerve stimulation,
tragus stimulation, renal denervation, baroreceptor activation therapy, and cardiac sympathetic
denervation. This review seeks to highlight these autonomic modulation therapeutic modalities,
which have shown promise in early pre-clinical and clinical trials and represent exciting
alternatives to standard arrhythmia treatment. We also present an overview of the various methods
used to assess autonomic tone, including heart rate variability, skin sympathetic nerve activity, and
alternans, which can be used as surrogate markers and predictors of the treatment effect. Although
the use of autonomic modulation to treat cardiac arrhythmias is supported by strong preclinical
data and preliminary studies in humans, in light of the disappointing results of a number of recent
randomized clinical trials of autonomic modulation therapies in heart failure, the need for
optimization of the stimulation parameters and rigorous patient selection based on appropriate
biomarkers cannot be overemphasized.
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The heart is innervated by both the sympathetic and the parasympathetic nervous system (1).
The cardiac neural hierarchy includes the central nervous system (brain, spinal cord), the
extrinsic intrathoracic ganglia (dorsal root ganglia, stellate ganglia, and sympathetic chain)
and the intrinsic cardiac autonomic nervous system (CANS). The intrinsic CANS is
comprised of an extensive epicardial neural network of nerve axons, interconnecting
neurons, and clusters of autonomic ganglia, known as ganglionated plexi (GP), which
contain from a few neurons to over 400 neurons (2,3). From a physiological point of view,
the GP serve as the communication centers between the intrinsic and the extrinsic CANS,
coordinating the response to afferent and efferent neural trafficking to control regional
electrophysiological, vascular, and contractile function (4). Notably, the major atrial GP are
identified clinically during an electrophysiological study by applying high-frequency
stimulation (HFS) at the respective anatomical locations, which in turn results in slowing of
the heart rate or atrioventricular conduction (5).

The CANS is regulated by autonomic and neurohormonal reflexes. Baroreceptors in the
carotid arteries and large vessels sense changes in blood pressure, and activation of the
baroreceptor reflex triggers an increase in parasympathetic activity and reflex inhibition of
the sympathetic tone. The sympathetic-parasympathetic balance achieved by this baroreflex
is important in maintaining blood pressure and afterload of the heart (6). Additionally,
neurohormonal feedback from the renin-angiotensinaldosterone system is also important for
maintaining CANS balance (7).

Complex feedback neural loops also occur at the level of the heart, with efferent limbs
carrying sympathetic and parasympathetic signals from the brain to the heart and afferent
limbs carrying sensory signals from the heart to the brain to achieve beat to beat regulation
of cardiac function (8). Importantly, it has been recently shown that afferent neuronal
transmission amplifies sympathoexcitation through central and intrathoracic sympathetic
reflexes, while surgical decentralization or spinal cord stimulation (SCS), a form of
autonomic modulation, attenuates this amplification of sympathoexcitation, thus preventing
ventricular arrhythmias (9).

AUTONOMIC MODULATION: BASIC PRINCIPLES

Autonomic modulation has been used for over 20 years for neurological diseases such as
epilepsy (10) and depression (11). In light of the prominent role of the autonomic nervous
system in a variety of cardiovascular diseases, including heart failure and arrhythmias (1),
there exists a growing interest for autonomic modulation approaches. A fascinating property
of autonomic modulation is that its autonomic effects exhibit memory, whereby short
durations of therapy result in long-lasting effects (12,13). This is akin to the well-known
phenomenon of long-term potentiation or long-term depression, whereby the stimulatory or
inhibitory effects of neuro-stimulation greatly outlast the duration of stimulation (14).
Importantly, recent evidence suggests that synaptic plasticity, the ability of neurons to alter
their strength of communication at synapses, which in turn results in long-term potentiation
or depression, occurs not only in the brain, but also in the cardiac GP (15).
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Different forms of autonomic modulation include vagus nerve stimulation (VNS), tragus
stimulation, renal denervation (RDN), SCS, baroreceptor activation therapy (BAT), and
cardiac sympathetic denervation (CSD) (Central Illustration). Although the exact
mechanisms by which autonomic modulation exerts its beneficial effects on the heart have
not been fully elucidated, it is likely that these include restoration of ANS balance,
enhancement of nitric oxide, and inhibition of inflammation, fibrosis, and apoptosis, among
others (9,16-20). A summary of prospective clinical trials of autonomic modulation in
humans is shown in Table 1.

ROLE OF ANS IN ATRIAL ARRHYTHMIAS ARRHYTHMIAS.

A series of basic experiments provided many lines of evidence linking the intrinsic CANS
with focal firing from the pulmonary veins (PVs). PV myocytes have distinctive cellular
electrophysiological properties from the adjacent atrium, and particularly, a shorter action
potential duration, which facilitates the initiation of atrial fibrillation (AF). Under conditions
of local stimulation of both parasympathetic and sympathetic nerve endings (21) or
simultaneous administration of acetylcholine plus norepinephrine (or isoproterenol) (22),
early after depolarizations were induced, giving rise to rapid triggered firing from canine
PVs. On the other hand, triggered firing from the PVs is suppressed by muscarinic
cholinergic receptor blockade, betaadrenoceptor antagonism, inhibition of calcium
transients, or sodium-calcium exchanger blockade (21). Furthermore, Scherlag et al. (23)
demonstrated that stimuli applied to PVs would not induce AF unless there was
simultaneous activation of the GP adjacent to that PV.

Variations in autonomic tone in humans (24) and hyperactivity of the GP in ambulatory dogs
(25) have been documented before episodes of paroxysmal AF. Moreover, the autonomic
neural activity recorded from the anterior right GP increased hour by hour during 6 hours of
rapid atrial pacing, suggesting that GP may provide not only the trigger for AF initiation, but
also the substrate for AF maintenance (26). These results support the notion that enhanced
activity of the CANS and AF form a vicious cycle, in which high CANS activity initiates
AF, while AF further augments CANS activity (26). In support of this notion, GP ablation
reversed acute autonomic remodeling (shortening of atrial effective refractory period and
increased inducibility of AF) induced by 6 h of rapid atrial pacing in a canine model of AF
(27). Human studies showing that the addition of GP ablation to the standard pulmonary
vein isolation (PV1) procedure enhances sinus rhythm maintenance corroborate the animal
data (28,29). In fact, wide antrum circumferential PV, using radiofrequency current (5) or
cryoablation (30), results in partial GP ablation (transection at least 3 of 4 major atrial GP at
the PVatrial junction), and this inadvertent form of autonomic modulation may contribute to
the increased success of the current form of PV procedures as compared with segmental
isolation (5), further supporting the importance of assessing autonomic modulation for a
wide range of patients with cardiac arrhythmias.

ROLE OF ANS IN VENTRICULAR ARRHYTHMIAS ARRHYTHMIAS.

The ANS plays a central role in the pathophysiology of ventricular arrhythmias leading to
sudden cardiac death in the presence of structural heart disease (31). Patients with prior
anterior wall myocardial infarction have a particularly increased risk of sudden cardiac death
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from ventricular arrhythmias (32). It has been demonstrated that myocardial infarction,
which interrupts autonomic innervation in the area of the infarct, leads to sympathetic
hypersensitivity, nerve sprouting, and heterogeneous gradients of sympathetic innervation
around the infarct area (33,34). In a canine model of healed myocardial infarction, the
presence of reduced baroreflex sensitivity was associated with a greater susceptibility to
ventricular fibrillation (VF) (35). Moreover, bursts of sympathetic nerve activity in the
stellate ganglia preceded ventricular arrhythmias in ambulatory dogs with ischemic
cardiomyopathy (36). In addition, an increase in systemic and cardiac sympathetic activity
induced by electrical stimulation of the left renal sympathetic nerves increased the incidence
of ventricular arrhythmias (37).

Increased risk for ventricular arrhythmias and sudden death is also prevalent in
cardiomyopathy and heart failure, even in the absence of ischemic heart disease (31). Heart
failure is characterized by sympathetic hyperactivity, which increases the risk for ventricular
arrhythmias (1,31). The fact that beta adrenergic receptor blockers increase survival and
decrease sudden cardiac death in patients with heart failure corroborates the important role
of sympathetic hyperactivity in the pathogenesis of adverse events in heart failure,
irrespective of etiology (1,31).

In patients with congenital arrhythmia syndromes, including long QT syndrome (LQTS) and
catecholaminergic polymorphic ventricular tachycardia (CPVT), episodes of ventricular
tachycardia are commonly triggered by increased sympathetic tone (38,39). In CPVT, beta-
blockers are the first-line therapy, whereas lack of beta-blocker therapy is an independent
predictor of adverse cardiac events including sudden cardiac death, highlighting the
importance of elevated sympathetic tone as the basis of ventricular tachycardia in these
patients (40). In patients with LQTS, triggers of arrhythmias differ by genotype, with LQTS
type 1 being more sensitive to adrenergic stimuli, such as exercise (41). Beta-blockers are
first-line therapy for LQTS, even though response to beta-blocker therapy is higher in LQTS
type 1 (41,42).

AUTONOMIC MODULATION FOR ATRIAL ARRHYTHMIAS
1. VAGUS NERVE STIMULATION.

VNS to suppress AF may appear paradoxical, since this method has been used for decades
to induce AF (43). However, a recent study by Zhang et al. (44) has indicated that whereas
strong vagal nerve stimulation (>60% sinus rate slowing) promoted AF inducibility, mild to
moderate levels (<40% sinus rate slowing) did not have any effect on AF inducibility.
Several recent studies supported the hypothesis that low-level vagus nerve stimulation
(LLVNS), at levels 10% or 50% lower than the bradycardia threshold, exerts a strong
antiarrhythmic effect (45-48). Notably, LLVNS applied to the distal ends of the sectioned
vagosympathetic trunks did not significantly alter the results, thus indicating that the
inhibitory effects of LLVNS on AF inducibility involve efferent conduction to the heart (49).
The effects of LLVNS were mediated by inhibition of GP activity, as indicated by LLVNS-
mediated suppression of the ability of the anterior right GP stimulation to slow the heart rate,
as well as the marked suppression of the frequency and amplitude of the neural activity
recorded from the anterior right GP or superior left GP (46). Furthermore, LLVNS of the
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right vagus nerve alone was sufficient to exert a strong antiarrhythmic action by suppressing
the neural activity of both the adrenergic and the cholinergic component of the intrinsic
CANS (47).

The antiarrhythmic effects of LLVNS were also observed in ambulatory dogs. In this
experimental model, left-sided LLVNS suppressed left stellate ganglion neural activity,
especially in the morning, and decreased tyrosine-hydroxylase positive cells in the left
stellate ganglion 1 week after cessation of LLVVNS (48). Moreover, in the same study,
LLVNS prevented paroxysmal AF induced by rapid atrial pacing (48). In a subsequent study,
the same investigators showed that chronic LLVNS damaged the stellate ganglia, resulting in
reduced stellate ganglion nerve activity (50).

The only application of LLVNS in humans so far has been for the treatment of post-
operative AF (51). In this study, 54 patients undergoing cardiac surgery were randomized to
active or sham LLVNS (20 Hz, 50% of the bradycardia threshold). LLVNS was
accomplished using a bipolar wire that was sutured to the pre-ganglionic fibers of the vagus
nerve alongside the lateral aspect of the superior vena cava and was delivered for an average
of 61 h post-operatively. At 1- month follow-up, there was a significant reduction of the
incidence of post-operative AF in the LLVVNS group compared with control. In addition,
there was a significant reduction of inflammatory cytokines, consistent with the well-
characterized anti-inflammatory effects of VNS (52). These results support the emerging
paradigm of autonomic modulation for the treatment of AF and possibly other conditions,
where inflammation plays a central role.

2. TRAGUS STIMULATION.

Based on the observation that stimulation of the tragus of the ear, where the auricular branch
of the vagus nerve is located, results in evoked potentials in the brainstem in humans (53),
transcutaneous stimulation of the vagus nerve at this site was used as a method of
noninvasive vagal stimulation. In a rapid atrial pacing canine model of AF, tragus
stimulation at 80% below the threshold of sinus rate or AV conduction slowing (low-level
tragus stimulation [LLTS]) significantly attenuated atrial effective refractory period
shortening induced by rapid atrial pacing, suppressed AF inducibility, and decreased the
amplitude and frequency of GP firing, as demonstrated by direct neural recordings from the
anterior right GP (54). When the bilateral vagus nerves were transected distal to the site of
stimulation, the ability of LLTS to reverse the effects of rapid atrial pacing on atrial effective
refractory period and AF inducibility was abolished, suggesting that efferent vagus nerves
are an essential component of this effect (54).

These promising results were recently translated in humans, in a study of 40 patients with
paroxysmal AF who were randomized to either 1 h of LLTS (n = 20) or sham stimulation (n
=20). LLTS (20 Hz) in the right ear, 50% lower than the voltage slowing the sinus rate, was
accomplished by attaching a flat metal clip onto the tragus. Under general anesthesia, AF
was induced by burst atrial pacing at baseline and after 1 h of LLTS or sham stimulation.
Pacing-induced AF duration decreased significantly compared with baseline in the LLTS
group, but not in the sham control, whereas atrial effective refractory period increased in the
LLTS group but not in the control group (55). In the same study, LLTS significantly
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decreased the serum levels of tumor necrosis (TNF)-a compared with sham control.
Although in this study the exact mechanism of the antiarrhythmic effect was not examined,
it was hypothesized that it was due to its antiadrenergic and possibly anti-inflammatory
effects (55).

More recently, LLTS was tested in the ambulatory setting. In the TREAT-AF
(Transcutaneous Electrical Vagus Nerve Stimulation to Suppress Atrial Fibrillation) study,
53 patients with paroxysmal AF were randomized to LLTS or sham (ear clip applied to the
earlobe, which is devoid of vagal innervation) for 1 h daily over a 6-month period. The
primary outcome of the study was AF burden, as measured by a 14-day continuous
electrocardiogram (ECG) performed at baseline, 3 months, and 6 months. After adjusting for
baseline values, AF burden at 6 months was reduced by 85% in the stimulation group
compared with sham, with a concomitant 23% reduction in TNF-a levels (56) (Figure 1).
These results are particularly encouraging because they show that a self-administered
treatment with essentially no significant risks can have a significant impact on AF burden
and levels of systemic inflammation. From a physiological point of view, tragus stimulation,
which preferentially activates afferent rather than efferent vagal fibers, may offer a
therapeutic advantage (57). Specifically, tragus stimulation has been shown to activate
central vagal projections in the brain in humans, leading to decreased sympathetic output
(58). In addition, tragus stimulation, as opposed to cervical VNS, may avoid concomitant
stimulation of sympathetic fibers, which are colocalized with vagal fibers in the vagus nerve
and are being inadvertently stimulated during cervical VNS in humans (59).

3. RENAL DENERVATION.

The proximal renal arteries are covered by a rich network of sympathetic ganglia and nerve
fibers that provide afferent and efferent communication between the central nervous system
and the kidney (60). Because renal afferent nerve activity has a strong direct effect on the
sympathetic outflow to the kidneys, as well as the heart and the blood vessels, RDN has
been proposed as a therapy for refractory hypertension.

Despite the disappointing effects of the SIMPLICITY-3 (A Controlled Trial of Renal
Denervation for Resistant Hypertension) trial with regard to hypertension control, several
studies demonstrated a beneficial effect of RDN on AF. Importantly, preclinical studies have
suggested that the effect of RDN may be independent of changes in blood pressure (61,62).
RDN reduced atrial sympathetic nerve sprouting and AF complexity in a goat model of
pacing-induced chronic AF (61) and attenuated atrial effective refractory period shortening
and AF inducibility in a porcine model of obstructive sleep apnea (62). These beneficial
effects of RDN on AF are likely multifactorial and include attenuation of atrial electrical and
structural remodeling related to a decrease in afferent sympathetic input to the central
nervous system, which in turn decreases the efferent sympathetic output to the heart (60).

Small human studies, in which RDN was added to standard PV1, support the experimental
data (63,64). Notably, effective RDN was assessed by performing HFS at the site of the
aorticorenal ganglion, and deemed to be successful if the expected sudden hypertensive
response was eliminated (63). Based on these promising preliminary results, the
ERADICATE-AF (Effect of Renal Denervation and Catheter Ablation vs Catheter Ablation
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Alone on Atrial Fibrillation Recurrence Among Patients With Paroxysmal Atrial Fibrillation
and Hypertension) study was designed as the first large, multicenter trial to assess the
efficacy of RDN when added to standard PVI in 302 patients with hypertension on at least 1
antihypertensive drug and paroxysmal AF. At 12-month follow-up, the addition of RDN
resulted in a significantly greater freedom from AF off of antiarrhythmic drugs compared to
standard PV1 (71.4% vs. 57.8%; hazard ratio: 0.61 [Confidence Interval (Cl): 0.41 to 0.90];
p = 0.011) (66). Complication rates were the same in both groups, and there was better blood
pressure control in the RDN arm. Notably, only 57% of patients had RDN conclusively
demonstrated by HFS response. Thus, it remains unclear if the beneficial effect of RDN on
AF recurrence is related to autonomic modulation, improved blood pressure control, or a
combination of these mechanisms.

4. SPINAL CORD STIMULATION.

SCS delivers electrical stimuli to the segments of spinal cord through implanted electrodes.
SCS is currently used to treat patients with severe chronic pain or angina pectoris refractory
to conventional therapeutic strategies (66,67). Notably, SCS can modulate the afferent and
efferent connections between the heart and the CANS, thereby altering cardiac
electrophysiology (68). In a canine AF model of chronic rapid atrial pacing, SCS prolonged
the atrial effective refractory period and reduced the AF burden and inducibility (69). The
underlying mechanism(s) by which SCS exerts its antiarrhythmic effects are related to
suppression of the neural activity in atrial GP and the stellate ganglia (70,71). Moreover,
SCS decreased the expression of c-fos and nerve growth factor as well as increased the
expression of the small conductance calcium-activated potassium channels type 2 in the
stellate ganglia neurons (70). Nonetheless, given its invasiveness and uncertain clinical
benefits in humans, SCS as a therapy to treat AF is not likely to be widely adopted.

5. BARORECEPTOR STIMULATION.

Baroreceptors in the carotid sinus are activated by elevations in blood pressure, resulting in
enhanced neural trafficking to the brain stem, eventually leading to a significant decrease of
sympathetic nerve activity (72,73). Over the last 50 years, various medical devices for
baroreceptor activation therapy (BAT) have been designed and used for treatment of drug-
resistant hypertension by modulating autonomic nervous system (74,75). Studies have
shown that BAT can reset ANS by sympathetic withdrawal and increasing vagal activation
(76,77). Importantly, a recent canine study showed that low-level BAT, at 80% of the
threshold for blood pressure reduction, could affect atrial electrophysiology, resulting in a
progressive increase in AF inducibility and atrial effective refractory period (78). In the
same study, the GP function was attenuated, suggesting that low-level BAT suppressed AF
by inhibiting GP. In addition, low-level BAT was reported to attenuate atrial remodeling
induced by rapid atrial pacing in canines (79). Collectively, these data support the notion that
low-level BAT, even without any effects on blood pressure or heart rate, exhibits prominent
antiarrhythmic effects, and further studies are warranted to examine the potential of this
modality to serve as a novel therapeutic approach for AF. Nonetheless, the invasive nature of
this approach may limit its applicability in human AF, unless a noninvasive option is
developed.
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AUTONOMIC MODULATION FOR VENTRICULAR ARRHYTHMIAS
1. VAGUS NERVE STIMULATION.

In the ventricle, a shift toward parasympathetic predominance exerts cardioprotective effects,
whereas decreased vagal activity after myocardial infarction is associated with a higher risk
of ventricular arrhythmias (80,81). Notably, VNS and cholinergic agonists prolong the
ventricular effective refractory period in experimental models (82,83). Moreover, VNS
favorably alters the vulnerability to VF, as evidenced by a decrease in the maximum slope of
action potential duration restitution, attenuation of electrical alternans, and an increase in
ventricular effective refractory period and VF thresholds in the presence of VNS (84).

Multiple animal studies have demonstrated the beneficial role of VNS in preventing adverse
cardiac remodeling (16,85). Importantly, the favorable effects of VNS also extended to
prevention of ventricular arrhythmias. In a rat model of acute myocardial infarction, VNS
was shown to exert antiarrhythmic effects by preventing loss of phosphorylated connexin 43
(20). The favorable effects of VNS were confirmed in a canine model of high rate pacing-
induced heart failure, where chronic VNS improved cardiac autonomic control and
attenuated heart failure development along with pronounced anti-inflammatory effects (17).
Similarly, Vanoli et al. (86) showed that VNS performed in the healed phase of myocardial
infarction was effective in preventing sudden cardiac death due to ventricular arrhythmias.
Interestingly, a reduction in heart rate does not appear to be an important determinant of the
beneficial effect of VNS (87,88). These data formed the basis for the design of clinical trials
examining the effect of VNS in humans.

Although a first-in-human, open-label, nonrandomized trial demonstrated that VNS resulted
in significant improvement in functional class, quality of life, 6-min walk test, and LV end-
systolic volume, in the absence of any major side effects (87), 3 subsequent randomized
trials of VNS in heart failure showed either neutral effects (89,90) or only mild benefit (91).
The rather disappointing results of these trials, despite the clear rationale for decreasing
sympathovagal imbalance in heart failure, highlight the notion that optimizing patient
selection and stimulation parameters is crucial to achieve a favorable effect (92). An
important large clinical trial (ANTHEM-HFrEF [Autonomic Regulation Therapy to Enhance
Myocardial Function and Reduce Progression of Heart Failure With Reduced Ejection
Fraction] pivotal study) is underway and it will assess the cardiovascular mortality and heart
failure hospitalizations in patients with symptomatic heart failure (NCT03425422) (93).

2. TRAGUS STIMULATION.

All major trials of VNS in heart failure required surgical placement of the electrodes in the
neck around the cervical vagus nerve, which carries the risk for major complications, as
illustrated by the death of 1 patient during implantation in ANTHEM-HF (91). Moreover,
there is potential for long-term side effects, including infections and electrode malfunction,
as well as the need for battery replacements (94). Additionally, direct stimulation of the
vagus nerve may be associated with potential side effects, including tinnitus, dysphonia,
cough, and nausea (94,95). Therefore, the use of tragus stimulation, which noninvasively
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stimulates the auricular branch of the vagus nerve (53) is an attractive alternative to cervical
VNS.

Recent animal studies provided evidence for mitigation of adverse cardiac remodeling and
arrhythmias by tragus stimulation. In a canine model of chronic myocardial infarction,
chronic intermittent LLTS attenuated LV structural remodeling, fibrosis, and inflammation
(85). In a similar model, chronic, intermittent LLTS (2 h daily for 2 months, 80% below the
bradycardia threshold) suppressed left stellate ganglion activity, decreased cardiac
sympathetic nerve sprouting, down-regulated protein levels of nerve growth factor, up-
regulated small conductance calcium-activated potassium channels type 2, and suppressed
ventricular arrhythmias with a flattening of the restitution curve slope (96). In a proof-of
concept study in humans with ST-segment elevation myocardial infarction undergoing
primary coronary intervention, LLTS for 2 h markedly reduced ventricular arrhythmias,
biomarkers of myocardial injury, and inflammation, and preserved cardiac function,
supporting the notion that this noninvasive autonomic modulation approach may become an
adjunctive nonpharmacological therapy for the treatment of ST-segment elevation
myocardial infarction (97).

3. RENAL DENERVATION.

The initial preclinical studies of RDN, which was achieved with low energy radiofrequency
application along the renal arteries, showed improved cardiac output and reduction in
angiotensin receptor density (98). In a single-arm feasibility study that enrolled 39 patients
with mild to moderate symptoms, ejection fraction <40%, and renal impairment
(SIMPLICITY HF), RDN was associated with reduction in N-terminal pro-B-type
natriuretic peptide 12 months after treatment without any significant deterioration in cardiac
and renal function (99). Moreover, RDN has been shown to be effective as an adjunctive
therapy to catheter ablation in patients with cardiomyopathy and ventricular tachycardia
resistant to standard interventions (100). Notably, RDN reduced implantable cardioverter-
defibrillator (ICD) therapies in patients with cardiomyopathy who had ventricular
tachycardia recurrence after catheter ablation and cardiac sympathetic denervation
procedures (101).

4. SPINAL CORD STIMULATION.

Multiple preclinical studies have shown that SCS results in reduced ventricular arrhythmia
episodes and recovery in left ventricular ejection fraction in canine models of ischemic
cardiomyopathy (102-104). The antiarrhythmic effects of SCS were attributed to withdrawal
of sympathetic tone and/or enhancement of vagal tone (103). The antiarrhythmic effects of
SCS were also demonstrated in a recent case series of 2 patients with high ventricular
arrhythmia burden (105). Nonetheless, 2 recent clinical trials designed to investigate SCS in
patients with heart failure, including a randomized controlled trial (DEFEAT-HF
[Determining the Feasibility of Spinal Cord Neuromodulation for the Treatment of Chronic
Systolic Heart Failure]), produced conflicting results (106,107). Differences in the duty
cycle, intensity of stimulation, electrode shape, and position between the 2 studies may
account for the different outcome. The negative results of DEFEAT-HF highlight the
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importance of first systematically determining the optimal stimulation protocol in animal
studies before embarking in a large human study.

5. BARORECEPTOR ACTIVATION THERAPY.

In canine models of heart failure, BAT resulted in favorable remodeling with improvement
in interstitial fibrosis, myocyte hypertrophy, LV end-diastolic pressure, and survival
(108,109). In addition, BAT prolonged the ventricular effective refractory period and
reduced the maximum action potential duration restitution slope (Smax) in canines (110).
Low-level BAT, at 80% below the voltage threshold for blood pressure lowering, suppressed
premature ventricular contractions, ventricular tachycardia, and VF episodes after acute
occlusion of the left anterior descending artery in canines, suggesting that low-level BAT
may protect against ventricular arrhythmias by modulating ANS (111). A small, single-
center, open-label clinical study demonstrated that in heart failure patients, carotid BAT was
safe and improved patients’ quality of life and exercise capacity (112). Moreover, a small
randomized clinical trial of BAT showed improvement in surrogate markers, including 6-min
walk test, quality of life scores, functional class, and N-terminal pro—-B-type natriuretic
peptide at 6 months (113).

A large randomized clinical trial (BeAT-HF) with an adaptive sample size of up to 960
patients is underway that will assess the effect of BAT on heart failure morbidity and
cardiovascular mortality (NCT02627196) (114). Through a unique collaboration with the
Food and Drug Administration under the Expedited Access Pathway, which was designed to
accelerate approval of novel therapies targeting unmet needs for life-threatening conditions,
the BeAT-HF trial design may provide the opportunity for approval of BAT, initially for
symptom relief and subsequently for improvement in hard clinical outcomes (114).

6. LEFT CARDIAC SYMPATHETIC DENERVATION.

Left cardiac sympathetic denervation (LCSD) for the treatment of patients with congenital
LQTS refractory to beta-blockers was first introduced by Schwartz et al. (115) in 1991. A
larger study demonstrated that LCSD was associated with a significant reduction in the
incidence of aborted cardiac arrest and syncope in high-risk LQTS patients when compared
with pre-LCSD events, but it did not completely abolish the risk of sudden cardiac death
during long-term follow-up (116). Currently, LSCD is recommended as an adjunctive
therapy in patients with LQTS who experience breakthrough events while on therapy with
beta-blockers or ICD (117). LSCD has also been shown to be effective in the treatment of
patients with CPVT (118). Importantly, recent advances in surgical techniques allow for
LSCD to be performed safely and effectively using video-assisted thoracic surgery in
patients with LQTS or CPVT (119).

Recently, CSD was performed in patients with structural heart disease and refractory
ventricular arrhythmias. In this patient population, CSD decreased sustained ventricular
tachycardia and defibrillator shock recurrence in patients with refractory ventricular
tachycardia, with 1-year freedom from recurrent events of 58% (120). Notably, bilateral
CSD was more effective than LCSD in preventing recurrent ventricular arrhythmias or ICD
shocks (120). Bilateral CSD was also used successfully in patients with difficult-to-ablate
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ventricular arrhythmias (121) and in patients with cardiac sarcoidosis presenting with
refractory ventricular tachycardia (122). A recent pooled analysis of all available studies
showed that bilateral CSD in cases with structural heart disease resulted in freedom from
events ranging from 58% to 100%, with only transient major complications (123). Epidural
anesthesia at the C7-T2 level to temporarily block sympathetic output to the heart exerted
similar beneficial effects in this patient population (124). Although randomized clinical trials
to examine the effect of CSD in this population with structural heart disease are lacking at
present, these promising results expand the armamentarium of available therapies in this
high-risk group. These results illustrate the important role of the sympathetic nervous system
in triggering ventricular arrhythmias leading to sudden cardiac death in patients with heart
failure (31).

METHODS TO ASSESS AUTONOMIC TONE
1. HEART RATE VARIABILITY.

The time interval between consecutive heartbeats is never constant and varies stochastically
due to the inherent HRV (125-127). Many physiological processes, such as the influence of
circadian rhythms, temperature regulations, and changes in cardiac sympathetic and
parasympathetic nerve activity, directly or indirectly modulate HRV. The sympathetic
components of the autonomic nervous system increase heart rate by releasing
catecholamines (epinephrine and norepinephrine), while the parasympathetic components
decrease heart rate through the releasing of the neurohormone acetylcholine. Any small
fluctuations in the levels of these neurohormones induce some degree of variability in the
intervals between consecutive beats (128-130). HRV reflects the balance between
sympathetic and parasympathetic mediators and can be computed based on the RR interval
change over time.

Clinically, high HRV has been associated with healthy cardiac tissue (131,132), whereas low
HRV has been correlated with increased risk of lethal cardiac arrhythmias and sudden death
(35,133,134). Hence, evaluation of HRV has become an important method for assessing
cardiac autonomic regulation. Several techniques have been used to evaluate HRV, but
broadly, the measures for HRV can be grouped into 3 categories: 1) time domain measures;
2) frequency domain measures; and 3) nonlinear measures. It should be noted that changes
in HRV reflect the effect of the autonomic nervous system on the sinus node, which may not
correlate with clinical outcomes of interest, such as ventricular arrhythmias in patients with
heart failure (135). Moreover, the dependency of HRV on the underlying heart rate and
respiratory rate, as well as its interaction with exercise, diet, and medication use, should also
be kept in mind when interpreting HRV data (136).

1A. Time domain measures.—The most straightforward and hence widely accepted
techniques to evaluate HRV are based on computation of parameters from the time series of
RR intervals. The standard deviation of RR intervals is a measure of long-term HRV and
usually computed from 24-h recordings, whereas the root mean square of successive
differences of the RR intervals is a common indicator of short-term HRV (125).
Additionally, the percentage of consecutive RR intervals that differ by more than 50 ms is
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also used to gauge short-term HRV (125). Notably, HRV measures, including standard
deviation of RR intervals, root mean square of successive differences of the RR intervals,
and percentage of consecutive RR intervals that differ by more than 50 ms decrease with
age, whereas preservation of autonomic function is associated with healthy longevity
(137,138).

1B. Frequency domain measures.—The timedomain measurements of HRV are
complemented by a frequency domain analysis using Fast Fourier transform and wavelet
analysis, which can quantify the spectral and time-frequency content of HRV. Akselrod et al.
(139) were the first to demonstrate that the low-frequency band (0.04 to 0.15 Hz) is related
to both sympathetic and parasympathetic modulation, whereas the high-frequency band
(0.15 to 0.40 Hz) is governed almost exclusively by parasympathetic effects. Since then, the
ratio of low- to high-frequency power is considered a metric of autonomic balance (125).
Clinically, frequency domain measures have been used to evaluate sympathovagal balance in
various diseases, including sleep apnea (140), heart failure (134), and hypertension (141).
Nonetheless, the accuracy of the low- to high-frequency ratio has been recently challenged,
due to the fact that the low-frequency content is not a measure of sympathetic activity alone,
but a combination of both sympathetic and parasympathetic inputs (128,142).

1C. NonLinear measures.—Given the complex nonlinear interactions between the
sympathetic and parasympathetic nervous systems, many nonlinear measures of HRV have
been developed to assess autonomic function the past decade (143-145). These measures
quantify the degree of information, disorder or complexity of HRV, nonlinear measures such
as entropy, detrended fluctuation analysis, and Poincare maps. SD1 and SD2 are measures of
short- and long-term variability, respectively, calculated from Poincare maps and based on
RR intervals.

Whereas SD1 measures instantaneous beat-to-beat variability and primarily signifies the
parasympathetic influence on the heart, SD2 reflects the combined parasympathetic and
sympathetic inputs (143). Hence, the ratio (SD1/SD2) denotes a change in autonomic tone
and the interplay between both short- and long-term variability in the RR intervals. It has
been demonstrated that intermittent VNS can cause an increase in the SD1/SD?2 ratio,
suggesting that VNS can help restore autonomic balance in heart failure patients
(ANTHEM-HF trial) by improving the parasympathetic tone (144). Additionally, Poincare
plot analysis of HRV was shown to be useful in risk stratification in patients with dilated
cardiomyopathy (145). Approximate entropy was shown to be increased in patients with
heart failure (146), indicating a more erratic heart rate and loss of autonomic control
compared with healthy control subjects, whereas other complexity measures, such as
detrended fluctuation analysis and sample entropy, were shown to successfully detect
changes in autonomic drive and assess neural effects of HRV in healthy and spinal cord-
injured subjects (147).

2. BAROREFLEX SENSITIVITY.

Baroreflex sensitivity (BRS), a measure of parasympathetic activity, has been traditionally
calculated from measurement of the heart rate response to drugs that modify blood pressure
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(e.g., phenylephrine) (35). Notably, BRS can also be evaluated at the bedside as the slope
between spontaneous changes in heart rate and changes in blood pressure, and this method is
comparable to BRS derived from drug-induced changes in blood pressure (136). BRS has
been shown to predict cardiovascular events in patients with myocardial infarction (35);
however, its prognostic value in contemporary patients with heart failure receiving optimal
medical therapy has been recently questioned (148).

3. IMAGING MODALITIES.

Direct imaging of cardiac sympathetic innervation can be accomplished by radiolabeled
sympathomimetic amines, such as 123- iodine-metaiodobenzylguanidine (123-1 MIBG) and
11-carbon-meta-hydroxyephedrine, that are actively taken up by sympathetic terminals
(136). Cardiac sympathetic denervation, as assessed by decreased uptake of 123-1 MIBG
was demonstrated in patients with ventricular tachycardia in the absence of coronary artery
disease (149) and predicted ventricular arrhythmias requiring ICD therapy in patients with
heart failure (150). Moreover, 123-1 MIBG imaging was recently shown to accurately
identify the atrial GP, verified by HFS (151). Future studies should test the ability of these
techniques to assess autonomic modulation therapies. It should be noted that a major
limitation of imaging modalities in the assessment of cardiac autonomic function is that
parasympathetic tracers are not yet available.

4. SYMPATHETIC NERVE ACTIVITY MEASUREMENT.

Direct muscle sympathetic nerve activity (MSNA) can be recorded from intraneural
microelectrodes inserted percutaneously in a peripheral nerve (microneurography), usually
at the level of the peroneal nerve (135,136). Compared with healthy individuals, MSNA is
altered in neurological disorders, Parkinson’s disease and multiple systems atrophy, as well
as in cardiovascular diseases such as hypertension and heart failure (135). Importantly,
increased MSNA in patients with heart failure predicts mortality, whereas an increase in
MSNA after cardiac resynchronization therapy differentiates responders from nonresponders
in the same patient population (135,152). Although microneurography is a robust and
reproducible technique, due its invasiveness and the time-consuming nature of the
procedure, MSNA is not used for routine assessment of autonomic function in humans
(136).

Recently, Doytchinova et al. (153) developed a novel noninvasive technique to quantify skin
sympathetic nerve activity (SKNA) from ECG recordings. The raw signals were low-pass
filtered to show the ECG (150 Hz) and high-pass filtered (500 Hz) to show nerve activity
(153). SKNA increased in subjects undergoing cold water pressor test and Valsalva
maneuver, which are known to increase sympathetic drive (153). Importantly, SKNA
correlated well with stellate ganglion activity in ambulatory dogs (154). Using the same
technique, increased SKNA has been shown to precede the onset and termination of
paroxysmal atrial tachycardia and AF in humans (155), providing insight into the autonomic
changes associated with these atrial tachyarrhythmias. Moreover, sustained increases in
SKNA were associated with the temporal clustering of AF and spontaneous ventricular
tachycardia and VF episodes in humans (156).
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5. ALTERNANS.

An upsurge in the magnitude of ventricular repolarization alternans (VRA) has been
reported during periods of elevated sympathetic activity in humans (157,158) and in an end-
stage heart failure animal model (159). On the other hand, beta-blockers have been reported
to reduce the amplitude of VRA (160,161), indicating that VRA can be modulated, at least
partially, by sympathetic activity. The possible effect of beta-blockers on VRA is mediated
by at least 2 factors: blunting the chronotropic response to exercise, which may prevent
some patients from reaching the specific threshold heart rate to develop VRA (162), and
directly reducing the magnitude of VRA (160). In basic science studies, VNS caused a
decrease in VRA and a small increase in CL at which VVF occurred (84).

Based on the notion that P-wave alternans (PWA) is likely to reflect the substrate that
predisposes to AF (163), we examined the effect of autonomic modulation (LLTS for 1 h/
day) on AF burden and PWA in patients with paroxysmal AF over a 6-month period relative
to sham LLTS (164) (Figure 2). A 5-min ECG recording for PWA analysis was performed at
each visit (baseline, 3 months, and 6 months). Immediately following the baseline ECG, an
additional 5-min ECG was performed during active LLTS in all patients, irrespective of
randomization group. We have used a previously described algorithm (165,166) that has
been customized for estimation of PWA. In Figure 2A, PWA voltage and Kscore results are
shown for a single sham and active patient during control (no stimulation) and LLTS. Delta
values were calculated as the difference in mean parameter values at baseline and 3 months
or 6 months. Reduction in both PWA voltage and Kscore, attributed to an acute effect of
LLTS, is seen in the active patient compared with sham, at both 3 and 6 months. Diminished
alternans voltage and Kscore values during control at 6 months compared with control at 3
months indicates a possible positive effect of chronic LLTS in the active patient. In Figure
2B, AF and PWA burden are shown for the same sham and active patients at baseline, 3
months, and 6 months. AF and PWA burden for the sham patient increased over time,
whereas active LLTS over 6 months inhibited escalation of both AF and PWA burden.

LIMITATIONS, CHALLENGES, AND FUTURE DIRECTIONS

The Achilles heel of autonomic modulation is that the optimal dosing and stimulation
parameters have not been systematically determined. This notion is highlighted by the
disappointing results of 2 of the recent trials of VNS in heart failure, despite the favorable
preclinical data and the clear rationale for correcting the sympathovagal imbalance in this
disease (92). It is thus imperative that future studies focus on defining the optimal
stimulation parameters, including frequency and stimulation intensity, to maximize the
effects of autonomic modulation therapies.

The use of biomarkers to optimize patient selection as a way to maximize the efficacy of
autonomic modulation techniques is very attractive. This is akin to the use of customized,
substrate-driven endpoints based on atrial physiology, rather than empiric ablation lesions, to
improve outcomes of AF ablation procedures (163). A biomarker able to predict response to
autonomic modulation therapy is lacking at present. Muscle sympathetic nerve activity
(167), HRV (167,168), TNF-a (55), and global longitudinal strain (168) have been shown to
change acutely with tragus stimulation in humans. However, the predictive value of such
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biomarkers for response to chronic treatment remains to be determined. Recently, the
neurotrophic protein S100B, which is released from cardiac glial cells, has been shown to
correlate with acute CANS damage in patients undergoing AF ablation (169). Importantly,
higher levels of S100B in this patient population predicted sinus rhythm maintenance during
follow-up. The role of this biomarker as a predictor of autonomic modulation therapies
warrants further investigation.

CONCLUSIONS

The use autonomic modulation to treat cardiac arrhythmias is supported by strong
preclinical data and preliminary studies in humans. The failure of large randomized trials to
show a beneficial effect in patients with heart failure (INOVATE HF [INcrease Of VAgal
TonE in CHF], NECTAR HF [Neural Cardiac TherApy foR Heart Failure], and DEFEAT
HF) highlights the need for optimization of the stimulation parameters and rigorous patient
selection based on appropriate biomarkers to maximize the efficacy of this novel treatment
modality.
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ABBREVIATIONS AND ACRONYMS

123-1 MIBG 123-iodinemetaiodobenzylguanidine
AF atrial fibrillation

BAT baroreceptor activation therapy

BRS baroreflex sensitivity

CANS cardiac autonomic nervous system
CPVT catecholaminergic polymorphic ventricular tachycardia
CsD cardiac sympathetic denervation
ECG electrocardiogram

GP ganglionated plexi

HFS high-frequency stimulation

HRV heart rate variability

ICD implantable cardioverter-defibrillator
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LCSD left cardiac sympathetic denervation
LLTS low-level tragus stimulation
LLVNS low-level vagus nerve stimulation
LQTS long QT syndrome
MSNA muscle sympathetic nerve activity
PV pulmonary vein
PVI pulmonary vein isolation
PWA P-wave alternans
RDN renal denervation
SCS spinal cord stimulation
SKNA skin sympathetic nerve activity
TNF tumor necrosis factor
VNS vagus nerve stimulation
VRA ventricular repolarization alternans
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HIGHLIGHTS

. The autonomic nervous system plays a central role in the pathogenesis of
multiple cardiac arrhythmias, including AF and ventricular tachycardia.

. Autonomic modulation therapeutic modalities (such as VNS, tragus
stimulation, RDN, BAT, and CSD) have shown promise in early preclinical
studies and clinical trials as alternatives to standard arrhythmia treatment.

. Various methods of assessment of the autonomic tone, including heart rate
variability, SKNA, and alternans, can be used as surrogate markers and
predictors of the autonomic modulation treatment effect.

. Further research is warranted to optimize patient selection to maximize the
efficacy of this novel therapeutic modality for cardiac arrhythmias.
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FIGURE 1. Effect of Low-Level Tragus Stimulation on AF Burden and TNF-a Levels
(A) Atrial fibrillation (AF) burden, and (B) tumor necrosis factor (TNF)-a levels. Data are

presented as median values. AF burden and TNF-a levels at 6 months were significantly
lower in the active compared with the sham group.
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FIGURE 2. Effect of Chronic Low-Level Tragus Stimulation on P- Wave Alternans (A) and AF

Burden (B)

(A) Representative example depicting P-wave alternans (PWA) voltage and Kscore for a
single sham and active patient during control (no stimulation) and low-level tragus
stimulation (LLTS). Delta values were calculated as difference in mean parameter values at
baseline and 3 or 6 months. Reduction in both PWA voltage and Kqcore attributed to an acute
effect of LLTS is seen in the active patient compared with sham at both 3 and 6 months. (B)
Representative example depicting atrial fibrillation (AF) and PWA burden for a single sham
and active patient at baseline, 3 months, and 6 months. AF and PWA burden for the sham
patient increases with time, whereas active LLTS over 6 months inhibited escalation of both

AF and PWA burden.
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CENTRAL ILLUSTRATION.
Schematic Representation of the Autonomic Nervous System and the Targets of Autonomic

Modulation Therapy
Afferent and efferent nerves are depicted in black and red, respectively.
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