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Abstract

The autonomic nervous system consisting of
two limbs, the sympathetic and parasympa-
thetic nervous system, plays a key role in the
modulation of various cardiac arrhythmias.
Neurotransmitters, including catecholamines
and acetylcholine, as well as other
co-transmitters mediate supraventricular and
ventricular arrhythmogenesis through distinc-
tive electrophysiologic mechanisms. The intri-
cate autonomic interplay depicts that most
arrhythmias arise from sympathetic overactiv-
ity and parasympathetic attenuation, with the
sympathetic nervous system mitigating the
effects of antiarrhythmic drugs. While this
remains true for adrenergic-driven arrhythmias
such as atrial fibrillation, post-infarct
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ventricular tachycardia, and some long QT
syndromes 1 and 2, parasympathetic nervous
overactivity may act as a trigger for vagotonic
arrhythmias including Brugada syndrome,
long QT syndrome 3, and idiopathic ventricu-
lar fibrillation. Knowledge of the neuro-
cardiac hierarchies and awareness of different
methods for assessment of autonomic tone,
combined with promising results from animal
studies, has established a clear rationale for
clinical trials of various autonomic
neuromodulatory interventions, which have
had varying success for defined arrhythmias.
Whereas cardiac sympathetic denervation
imparts clear therapeutic benefits in patients
with long QT syndrome 1 and polymorphic
catecholaminergic ventricular tachycardia, the
impact of vagus nerve stimulation in heart
failure patients is less defined. Sustainable
and relatable therapeutic outcomes from future
clinical trials of neuromodulatory
interventions dictate conscientious patient
selection, optimized study protocols, and the
use of reproducible biomarkers. Novel tools
such as optogenetics present an exciting direc-
tion in the future for noninvasive
neuromodulatory interventions.
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9.1 Introduction

The autonomic nervous system (ANS) is com-
posed of two limbs, the sympathetic (SNS) and
parasympathetic nervous system (PNS), each
exerting opposing effects in modulating
arrhythmogenesis [1]. The ANS contributes to
various  supraventricular and  ventricular
arrhythmias through distinctive pro- and antiar-
rhythmic mechanisms. Intricate interaction occurs
between the SNS and PNS at each anatomical
hierarchy, from the central nervous system
(brain and spinal cord) and intrathoracic
extracardiac ganglia (stellate ganglia, dorsal root
ganglia) to intrinsic cardiac nerves and ganglia,
thereby enabling the many possibilities for auto-
nomic interventions to modulate
arrhythmogenesis in both atria and ventricles.
The effect of arrhythmic triggers by the SNS
and PNS are unique to each type of arrhythmia.
At the atrial level, atrial fibrillation (AF) can be
triggered by both the SNS and PNS [2]. At the
ventricular level, SNS overactivation is the hall-
mark of most arrhythmias that occur with
myocardial ischemia and myocardial infarction
(MI), long QT syndrome (LQTS), and catechol-
aminergic polymorphic ventricular tachycardia
(CPVT), including benign ventricular premature
beats, whereas the PNS confers protective effects
against such arrhythmias [3]. On the other hand,
the PNS contributes to ventricular arrhythmias in
certain cardiac channelopathies (Table 9.1).

In this chapter, the pathophysiological
properties of SNS and PNS neurotransmitters
will be discussed, linking their effects with vari-
ous supraventricular and ventricular arrhythmias
through distinctive mechanisms. The chapter pro-
ceeds to describe each of these arrhythmias,
followed by discussion of up-to-date evidence-
driven autonomic interventions applicable to the
relevant arrhythmias. This is followed by
outlining the current tools available for assess-
ment of autonomic tone. And finally challenges
of current autonomic interventions and potential
future directions will be considered.
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9.2 Autonomic Neurotransmitters
and Their Electrophysiological
Properties

9.2.1 Role of Autonomic

Neurotransmitters
in Arrhythmogenesis

The ANS exerts its effect on inducing and
maintaining arrhythmias through the now well-
known neurotransmitters, catecholamines (SNS)
and acetylcholine (PNS). Briefly, SNS and PNS
exert opposing effects on heart rate (chronotropy)
and conduction through the atrioventricular node
(dromotropy). While SNS stimulation leads to
positive chronotropy and dromotropy, PNS stim-
ulation results in negative chronotropy and
dromotropy (i.e., slowing of sinus rate and atrio-
ventricular (AV) node conduction). Sympatho-
vagal interaction studies, however, revealed a
phenomenon known as accentuated antagonism
characterized by vagal dominance in both
chronotropy and dromotropy [4]. In contrast,
this phenomenon was absent at the ventricular
level in terms of ventricular repolarization and
ventricular fibrillation (VF) threshold during
direct sympatho-vagal stimulation [5].

Recently SNS co-transmitters, notably neuro-
peptide Y (NPY) and galanin, were identified in
association with certain arrhythmic states and
play an important role in attenuating the
chronotropic effect of the PNS. Both NPY and
galanin reduce acetylcholine release, thereby
attenuating vagal bradycardia through their
corresponding receptors (NPY2, GalR1) located
on the postganglionic vagal neurons projecting to
the sinus node [6, 7]. At the ventricular level,
NPY1 receptors found on cardiomyocytes exert
pro-arrhythmic effects through the putative mech-
anism of increasing calcium transient amplitude
and diastolic calcium sparks [7]. Indeed, in a
study comprising 78 patients who underwent per-
cutaneous coronary interventions, 8% experi-
enced ventricular arrhythmias within 48 h, all of
whom had noticeably elevated levels of NPY
[8]. In an experimental ischemic and reperfusion
model, NPY reduced VF threshold, leading to an
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Table 9.1 Autonomic nervous system-modulated supraventricular and ventricular arrthythmias

ANS
SNS

Supraventricular arrhythmias AF

IST
POTS

Ventricular arrhythmias
- OTVA

—ARVC

- CPVT

SVT (AT, AVNRT, AVRT)

Normal heart VT
Structural heart disease
— Ischemic VT

— Post-infarct VT

Channelopathies

— LQTS (LQTI, LQT2)

PNS

AF
Sinus bradycardia
Cardioinhibitory NCS

LQT3
Brugada syndrome

AF, atrial fibrillation; ANS, autonomic nervous system; ARVC, arrhythmogenic right ventricular cardiomyopathy; AT,
automatic tachycardia; AVNRT, atrioventricular nodal reentry tachycardia; AVRT, atrioventricular reentry tachycardia;
CPVT, catecholaminergic polymorphic ventricular tachycardia; IST, inappropriate sinus tachycardia, LQTS, long QT
syndrome; NCS, neurocardiogenic syncope; OTVA, outflow tract ventricular arrhythmias; PNS, parasympathetic
nervous system; POTS, postural orthostatic tachycardia syndrome; SNS, sympathetic nervous system; SVT, supraven-

tricular tachycardia; VT, ventricular tachycardia

increased incidence of ventricular tachycardia
(VT, 60%) and VF (10%), the effect of which
was nullified by an NPY1-receptor antagonist.
Elsewhere, NPY receptors were also found in
coronary vessels, mediating a vasoconstrictor
effect via NPY5 receptors.

9.2.2 SNS-Mediated Arrhythmic

Triggers

SNS and its circulating catecholamines (i.e., epi-
nephrine and norepinephrine) account for the
induction and triggering of many arrhythmias
(Table 9.1) via different electrophysiological
mechanisms (Table 9.2). SNS overactivity is
accountable for most ventricular arrhythmias,
notably LQTS, CPVT, and those associated
with myocardial ischemia, mediated through
beta-adrenoreceptors and cyclic-AMP/protein-
kinase-dependent signaling pathways. On one
hand, circulating catecholamines increase the
rate of spontaneous depolarization, resulting in
autonomic tachyarrhythmias. On the other hand,
the heterogenous spatial distribution of sympa-
thetic nerve endings may result in non-uniform
repolarization, promoting reentrant tachycardias.
Under certain conditions such as ischemia,

hypoxia, or electrolyte imbalance,
cardiomyocytes become more susceptible to the
pro-fibrillatory effect of catecholamines [9]. It has
been postulated that occurrence of VF in early
ischemia is driven by the local metabolic effect of
norepinephrine as opposed to a centrally induced
effect [9]. In this respect, pharmacological agents
with a beta-blockade effect are effective in
antagonizing some of these arrhythmias
precipitated by SNS overactivity. In certain
refractory cases, cervical sympathetic denervation
(CSD) presents an effective therapeutic option
[10]. Table 9.3 outlines other physiological states,
medical conditions, and drugs associated with
SNS overactivity.

9.2.2.1 Physical Stress/Exercise

The health-enhancing effect of regular moderate
exercise is well established in both normal
individuals and those with cardiovascular
diseases. A strategy of gradual increments in
exercise intensity may enhance the predominance
of the PNS, conferring cardioprotection. Con-
versely, SNS overactivity occurs during intense
and strenuous exercise, conferring potentially
adverse or even detrimental effects in provocation
and exacerbation of potentially malignant
arrhythmias in individuals with evident or occult
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Table 9.2 Cardiac electrophysiologic properties of the autonomic nervous system contributing to various

arrhythmogenic mechanisms

Arrhythmogenic mechanisms/EP ANS
parameters SNS | PNS
Reentry APD/ERP l 1
Repolarization T l
dispersion
VFT ! 1°
Triggered EADs T l
activity DADs
Automaticity | Physiological T i}
4
Pathological 1 1

EP properties of neurotransmitters

SNS: NE release, BAR activation

PNS: ACh release, antagonizes NE, MR activation
SNS: T spatial and temporal heterogeneity

PSNS: | spatial and temporal heterogeneity

SNS: NE + NPY release

PNS: ACh release

SNS: Ca** overload

PNS: | Ca** influx

SNS: NE release, BAR activation, | L-type Ca** and I; currents
with T SAN phase 4 slope
PNS: ACh release, MR activation/ T K* current with | SAN phase

SNS: NE release, BAR activation; NPY release
PNS: ACh release, MR activation

ACh, acetylcholine; ANS, autonomic nervous system; APD, action potential duration; BAR, beta adrenoreceptor; DADs,
delayed afterdepolarizations; EADs, early afterdepolarizations; EP, electrophysiology; ERP, effective refractory period;
MR, muscarinic receptor; NE, norepinephrine; NPY, neuropeptide Y; PNS, parasympathetic nervous system; SAN, sino-
atrial node; SNS, sympathetic nervous system; VFT, ventricular fibrillation threshold

Shorten atrial ERP and contribute to triggering AF
"Reduce VFT in Brugada syndrome and idiopathic VF

underlying cardiovascular abnormalities. Given
the pro-arrhythmic effects of the acute surge of
SNS activity and its circulating catecholamines,
acute bouts of vigorous exercise should be
avoided in these individuals. When high-intensity
exercise is entertained in these cases, appropriate
screening is recommended beforehand to avoid
unnecessary risks of adverse cardiovascular and

9.2.2.2 Emotional Stress

SNS overactivity is an autonomic profile typified
in acute and chronic psychological or mental
stress among individuals with cardiovascular
diseases, including various cardiac arrhythmias.
It is associated with increased frequency and
malignancy of ventricular arrhythmias. Anger,
anxiety, sadness, and stress have been found to

arrhythmic events [11].

be precipitants for ventricular arrhythmias and AF
in patients with implantable cardioverter-
defibrillators (ICDs). In contrast, happiness

Table 9.3 Physiological and non-physiological triggers of autonomic nervous system overactivation

Sympathetic nervous system

Physical stress

Emotional/mental stress

Sleep disorders

Acute coronary syndrome

Heart failure

Metabolic syndrome
Phaeochromocytoma/paraganglioma
Hypoglycemia

Surgery

Other medical illness

Drugs (sympathomimetics, amphetamines,
cocaine)

Parasympathetic nervous system

Sleep

Regular athletic activity

Bezold-Jarisch reflex

* Orthostasis

* Hypovolemia

* Infero-posterior myocardial ischemia/reperfusion

* Neurocardiogenic syncope (cardioinhibitory response)
Reflex syncope

* Increased intrathoracic pressure (cough, sneeze, weight-lifting)
* Gastrointestinal stimulation (swallowing, defecation,
endoscopy)

* Genito-urinary stimulation (micturition)

* Glossopharyngeal neuralgia

Drugs (pilocarpine, neostigmine, pyridostigmine, arecoline)
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appears to be protective against such arrhythmias
[12]. It remains inconclusive whether psycholog-
ical interventions, such as in the form of
cognitive-behavioral therapy, may alleviate
stress-induced arrhythmias in this context
[13, 14].

9.2.2.3 Sleep Disorders

An optimal sleep duration of ~7 h/night may
contribute to a balanced ANS profile. Disturbed
sleep in the form of reduced sleep duration, low
sleep efficiency, sleep-disordered breathing, and
insomnia are associated with attenuated PNS tone
and/or elevated SNS tone, thereby increasing sus-
ceptibility to arrhythmias [15-17]. Sleep
disruptions have been associated with both AF
and ventricular arrhythmias [17]. While acute
sleep deprivation modifies ANS activity by
increased SNS, chronic sleep deprivation
produces a constant hyperadrenergic state
associated with pro-arrhythmic consequences. In
individuals with sleep-disordered breathing, sym-
pathetic overactivity may be one of the patholog-
ical drivers for increased incidence of arrhythmias
[15, 16].

9.2.3 PNS-Mediated Arrhythmic

Triggers

Parasympathetic nerve fibers form synapses with
ganglionic plexuses (GPs) on the epicardial sur-
face of the heart, facilitating adaptive changes in
neuronal activity, i.e., neuroplasticity to fine-tune
the neuro-cardiac status [18]. However, maladap-
tive changes of PNS overactivity or attenuation
are a source of arrhythmogenesis [19]. One clas-
sical example is vagally induced AF due to spa-
tially heterogeneous shortening of atrial
refractoriness (Table 9.2), forming the rationale
for certain ablation strategies that constitute a
degree of autonomic intervention [10]. Further-
more, Brugada syndrome and LQT3 have been
attributed to vagotonia (Table 9.1). Yet, vagus
nerve stimulation (VNS) was shown to reduce
VT/VF inducibility in the setting of myocardial
ischemia and infarct.

The contribution to arrhythmias by ANS goes
beyond the balance between SNS and PNS activ-
ity. On its own, VNS exerts differential effects on
the heart based on its tonic (resting) and phasic
activation pattern [18, 20]. For example, resting
sinus bradycardia is common and thought to be
normal among the athletes due to high vagal tone.
Whereas in  individuals suffering from
neurocardiogenic syncope (NCS), the vagus
nerve activation pattern is phasic, provoking
cardioinhibitory and/or vasodepressor response
under certain conditions [21]. AF in athletes,
however, may not be solely due to vagus nerve
overactivity as other factors such as atrial stretch,
inflammation, and fibrosis have been implicated
[11]. Finally, the different hierarchy of SNS and
PNS at the neuro-cardiac axis provides a recipe
for spatial heterogeneity in the interaction
between the two arms of ANS with the temporal
variation in this interaction providing additional
mechanistic intricacies in precipitating different
arrhythmias [22, 23].
9.2.3.1 Neurocardiogenic Syncope
(NCS)

NCS is the most common form of syncope
manifesting as profound slowing of heart rate
(cardioinhibitory component, Type II) and/or
hypotension from vasodilation (vasodepressor
component, Type III) [24]. In spite of potential
manifestations as isolated asystole/
bradycardia vs. hypotension, most NCS is in
fact a mixed response (i.e., Type I). Type II
NCS is precipitated by cardio-inhibition by
increased vagal input to the sinus and/or AV
node, contributing to profound bradycardia
(<40 bpm for >10 s) or even asystole (Type
IIb). Type III NCS characterized by a
vasodepressor response is attributed to a decrease
in sympathetically mediated peripheral vasocon-
striction. NCS have several well-identified
triggers including emotional stress and upright
posture, as well as specific activity triggers such
as cough, micturition, deglutition, and pain (i.e.,
situational syncope). Post-exercise rebound vago-
tonia has been described in healthy individuals
whereby exercise-induced sympathetic activation
is swiftly followed by a neuro-cardiac interaction
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of sympathetic withdrawal coupled with exces-
sive parasympathetic overdrive at the end of the
exercise [25].

Cardio-neuroablation aiming to eliminate
postganglionic parasympathetic neurons in atrial
wall and GPs has been advocated as an alternative
to pacemaker intervention for patients with medi-
cally refractory NCS  with  dominant
cardioinhibitory component [26].
9.2.3.2 Bradyarrhythmias
with Long-Short Sequence
A resting sinus bradycardia is generally a reflec-
tion of a favorable autonomic profile with a dom-
inant parasympathetic state, as observed in
athletes. However, excessive parasympathetic
activity has been implicated in debilitating
arrhythmias, including extreme sinus bradycar-
dia, sinus exit blocks, sinus and AV blocks, and
cardioinhibitory NCS, all of which can lead to
pre-syncopal and syncopal episodes with a risk
of head injury [24].

Vagotonia-induced bradycardia has, in addi-
tion, been associated with certain extrasystole-
induced arrhythmias through the mechanism of
long-short sequence. These have been found in
patients with paroxysmal AF, LQTS, and VT/VF
[27]. The underlying arrhythmogenic mechanism
of long-short sequence is functional conduction
block and/or slowed conduction, resulting in
functional reentry when there is differential
transmural repolarization, typically with a greater
degree of refractoriness at midmyocardial and
endocardial sites compared to epicardial sites
[27]. This phenomenon has been observed in
patients with cardiac implantable electronic
devices (CIEDs) when an overzealous lowering
of the pacing rate leads to bradycardia, which
facilitates pause-dependent VI/VF in addition to
polymorphic VT in the context of Torsades-de-
pointes (TdP) [28]. This insight forms the basis of
a higher programmed pacing rate in the first few
weeks following AV node ablation for rate con-
trol in drug-refractory fast AF. In patients
presenting with complete heart block, the possi-
bility of polymorphic VT sometimes necessitates
insertion of a temporary pacemaker for overdrive
pacing until a definitive permanent pacemaker is
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inserted [29]. Similarly, overdrive ventricular
pacing also effectively prevents arrhythmia
recurrences in patients with LQTS by abolishing
VT/VF induced by long-short sequence. On the
other hand, continuous atrial pacing at
75-80 bpm anecdotally prevents recurrence of
AF in patients with CIEDs [30].

As such, parasympathetic-modulated
bradycardias are not all benign, especially in
view of potential bradycardia/pause-dependent
VT/VFs. Although pacing interventions may cir-
cumvent these bradyarrhythmias, ANS modula-
tory interventions may avoid the use of
pacemakers [26, 31]. It should be emphasized
that bradycardia/pause-dependent arrhythmias
are not exclusive to ANS dysfunction but can
occur independently [28, 29].

9.3  Tachyarrhythmogenic States
Associated with Autonomic

Imbalance

The two limbs of ANS modulates various supra-
ventricular and  ventricular  arrhythmias
(Table 9.1) either through the dominant effect of
one of the limbs or the convergent effect of auto-
nomic interaction via different electrophysiologic
effects (Table 9.2).

9.3.1 Supraventricular Arrhythmias
Supraventricular tachycardia (SVT) associated
with SNS overactivity can be induced by abnor-
mal automaticity or triggered activity, typically
under physical and/or emotional stress (atrial
tachycardia, AF), upright postures (postural
orthostatic tachycardia syndrome), or in some
cases without any obvious precipitant (inappro-
priate sinus tachycardia) [32]. Other SVTs
(atrioventricular nodal reentrant tachycardia,
atrioventricular reentrant tachycardia, atrial
tachycardia), especially those involving the
ANS-innervated AV node, rely on a reentrant
mechanism when catecholamines expose differ-
ential conduction velocities in the critical part of
the reentrant circuit [33].
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9.3.1.1 Inappropriate Sinus Tachycardia
(IAST) and Postural Orthostatic
Tachycardia Syndrome (POTS)
IAST is a clinical condition characterized by
nonparoxysmal palpitation manifesting as a
sinus rate of >100 bpm at rest, and/or a mean
24-h heart rate of >95 bpm without any obvious
cause, out of proportion to physiological need
[21]. This condition is generally regarded as a
reflection of a hypersympathetic state, leading to
the concept of beta-blockade as the mainstay of
treatment to achieve sympatholysis. In some
cases, ivabradine, a selective HCN channel (I;
current) blocker—Ilargely considered to be with-
out any other cardiovascular effect apart from
chronotropy—is an effective adjunct or alterna-
tive [34]. Other more invasive therapeutic
interventions involving sinus-node modification
through catheter ablation of atrial GPs or sympa-
thetic denervation are not recommended for treat-
ment of IAST [21].

POTS is a clinical syndrome manifesting with
a myriad of symptoms including light-
headedness, palpitations, tremor, fatigue, general
weakness, exercise intolerance, and visual blur-
ring when sinus rate increases by >30 bpm upon
standing (>40 bpm in individuals aged 12-19
years) [21]. The underpinning mechanisms of
POTS are complex and have been postulated to
include peripheral autonomic denervation,
hyperadrenergic  stimulation, deconditioning,
hypovolemia, and/or hypervigilance. Manage-
ment of POTS overlaps with that of IAST
encompassing lifestyle modifications (increased
fluid and salt intake, avoidance of certain drugs
and dehydration, compression  stockings,
structured  exercise) and  pharmacological
approaches (fludrocortisone, midodrine, propran-
olol, ivabradine, central  sympatholytic
agents) [21].

9.3.1.2 Atrial Tachycardia

ANS imbalance with hyperadrenergic state
contributes to neural triggers of atrial tachycardia.
This is supported by the observation that parox-
ysmal atrial tachycardia can be abolished with
ablation of extrinsic sympatho-vagal nerves akin
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to the effect of abolishing paroxysmal AF with
the same method [23]. Focal atrial tachycardias
are catecholamine-sensitive, occurring as a result
of increased automaticity and/or triggered activity
as opposed to reentrant mechanism in certain
atrial tachycardia/flutter [32]. As such, focal atrial
tachycardias tend to manifest in catecholamine-
driven states, e.g., during exercise and/or stressful
conditions. A further corroboration arises from
the induction of these atrial tachycardias by infu-
sion of isoproterenol during an electrophysiology
study [32].

9.3.1.3 Atrial Fibrillation

The pulmonary veins (PV) are anatomically
linked to the left atrium (LA) through myocardial
sleeves, the latter being extensions of atrial myo-
cardium over the PVs. These myocardial sleeves
are typically more prominent around the superior
than the inferior PVs, containing not only cardiac
myocytes but also rich innervation of autonomic
nerves [35]. Indeed, co-located sympathetic and
vagal nerves are at their highest densities within
5 mm of the PV-LA junction [36]. While there is
emerging evidence suggesting that histological
remodeling at the PV-LA junction contributes to
the development of AF, the exact role of neural
remodeling in AF initiation  remains
uncertain [20].

The atria are richly innervated by both intrinsic
cardiac nerves and extracardiac autonomic
nerves/ganglia, with remodeling potential under
various conditions [36, 37]. In particular, the PVs
and posterior LA wall demonstrate unique depo-
larization and repolarization patterns associated
with heterogenous vagal activity during auto-
nomic manipulation, contributing to both the
triggers and substrate for AF [37]. In a canine
model of sustained AF induced by prolonged
right atrial pacing, significant nerve sprouting
and sympathetic hyperinnervation were observed
[38]. As such, selective stimulation or inhibition
of these extracardiac autonomic neural structures
may form attractive therapeutic targets for auto-
nomic interventions of AF.

While abnormal neuro-cardiac innervation at
the PV-LA junction and other parts of LA provide
the trigger and substrate for AF, the role of
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autonomic imbalance in the modulation of AF is
far more complex as AF itself may result in auto-
nomic disturbance, thus explaining the maxim
“AF begets AF” [22]. Vagotonia is regarded as a
classical trigger for AF as seen in young, healthy
individuals with lone AF, yet stressful situations
like acute mental stress have been shown to
induce a transiently adverse LA electrophysiolog-
ical state and hence provide the perfect substrate
for AF [39]. Furthermore, it is thought that the
initiation of AF does not rely exclusively on vagal
or adrenergic activation, but rather the complex
interaction between SNS and PNS to achieve a
certain level of autonomic imbalance [1]. It has
been postulated that while PNS overactivity is the
culprit of spontaneous AF initiation, circulating
catecholamines provide the appropriate adrener-
gic tone to modulate the initiation and mainte-
nance of vagally triggered AF [2].

Neuromodulation  via  low-level VNS
(LLVNS) at voltages below the bradycardia
threshold achieved both antiadrenergic and anti-
cholinergic effects [40, 41]. In experimental
models of AF [41] and postoperative AF patients
[42], LLVNS has been shown to reduce AF
inducibility and duration. Chronic LLVNS has
been shown to be associated with reduced stellate
ganglia activity, leading to improved rate control
in persistent AF [40].

Endurance athletes undergoing extreme exer-
cise may have maladaptation of their autonomic
tone in addition to development of an
arrhythmogenic atrial substrate (i.e., atrial fibro-
sis), driving the high prevalence of AF in this
group of individuals [11]. Indeed, an
arrhythmogenic right ventricular cardiomyopathy
(ARVC)-like phenotype has been described in
these individuals although the role of chronic
SNS overactivity in this phenotype remains
unestablished [11].

9.3.1.4 Atrioventricular Nodal
Reentrant Tachycardia (AVNRT)
The AV node forms a critical part of the reentrant
circuit in patients with AVNRT, and is a structure
richly innervated by autonomic nerves exerting
positive (SNS) or negative (PNS) dromotropic
effect. The inducibility of AVNRT by
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catecholamines is attested by triggering of tachy-
cardia in some patients during exercise and/or
emotional stress, in addition to the occasional
requirement for isoproterenol infusion during
electrophysiology  studies and  ablation
procedures to initiate AVNRT [43]. Furthermore,
the reversal effect of antiarrhythmic drugs by
adrenergic agents (e.g., isoproterenol) in patients
with SVT suggests a key role for adjunctive use
of beta-blockers [44].

Interestingly, transient inappropriate sinus

tachycardia (IAST) has been noted following
ablation of the AV node fast- or slow-pathway
due to thermal injury to the parasympathetic
fibers at the right septal region. This phenomenon
has been postulated to be a consequence of
radiofrequency ablation at the anterior, mid, and
posterior aspects of the interatrial septum
disrupting preganglionic or postganglionic para-
sympathetic fibers innervating the sinus node,
thus producing parasympathetic denervation that
accounts for the IAST [45].
9.3.1.5 Atrioventricular Reentrant
Tachycardia (AVRT)
In patients with pre-excitation syndromes, includ-
ing those who are asymptomatic, malignant
arrhythmias can occur during states of increased
sympathetic activity. Exercise and/or administra-
tion of exogeneous catecholamines may unmask
high-risk features in patients with Wolff—
Parkinson—White (WPW) syndrome (i.e., patients
with manifest/antegrade accessory pathway con-
duction) [46, 47]. Thus, appropriate risk assess-
ment should be performed in these patients
including those with purportedly low-risk
features at  baseline (i.e., intermittent
pre-excitation) with isoproterenol/epinephrine
administration or an electrophysiology study.
Indeed, the use of exercise traditionally as a non-
invasive risk assessment tool has been called into
question in one study [48]. In extreme cases,
increased sympathetic activity such as exercise/
emotional stress can accelerate antegrade conduc-
tion over the accessory pathway facilitating
degeneration of pre-excited atrial
tachyarrhythmias (atrial flutter/AF) into VF caus-
ing sudden cardiac death (SCD) [49].
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Administration of exogeneous catecholamines
has also been shown to partially or completely
reverse the therapeutic effect of certain antiar-
rhythmic drugs in patients with pre-excitation
syndromes already established on antiarrhythmic
drugs, further cementing the requirement for
adjunctive use of a beta-blocker in such patients
[44, 50].

9.3.2  Ventricular Arrhythmias

ANS dysfunction plays a key role in modulating
the initiation and maintenance of ventricular
arrhythmias. Sympathetic overdrive and para-
sympathetic attenuation are the hallmark of
increased risk of sudden arrhythmic death in the
setting of channelopathies, ARVC, and structural
heart diseases (SHD) such as MI and heart failure
[1]. SNS overactivity provides the trigger
(increased automaticity and triggered activity)
and the substrate (reduced action potential dura-
tion and refractoriness, reduced VF threshold)
necessary for initiation and maintenance of
VT/VFE. In conjunction, PNS attenuation
exacerbates  pro-fibrillatory  effect through
reduced refractoriness, augmentation of disper-
sion of repolarization, and reduced VF threshold.
However, in certain arrhythmic syndromes such
as the Brugada syndrome and LQTS3, increased
PNS is conversely pro-arrthythmic [51].

9.3.2.1 Channelopathies

The underlying arrhythmogenesis of congenital
LQT1 and LQT2 is prolongation of the QT inter-
val by sympathetic activation. In these patients,
heightened sympathetic activity under certain
circumstances leads to increased malignant ven-
tricular arrhythmias with arrhythmogenic events
among LQT1 occurring during exercise or stress,
while those among LQT2 occur during emotional
stress, such as provoked by auditory stimuli
(alarm clock, telephone ring, abrupt noises), espe-
cially at rest. In comparison, the arrhythmic
events among LQT3 patients occur during states
of high parasympathetic tone, i.e., at rest or dur-
ing sleep. CPVT is another channelopathy relying
on sympathetic triggers, characterized by the
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onset of bidirectional VT during exercise [1]. As
such, patients with LQT1 and CPVT should be
steered away from physical or emotional exertion
to avoid potential ventricular arrhythmias.

Similar to LQT3, ventricular arrhythmias in
Brugada syndrome tend to manifest during states
of high parasympathetic tone, typically during
rest or sleep. The vagotonic trigger in combina-
tion with an underlying electrophysiologic sub-
strate (e.g., at the epicardial surface of the right
ventricular outflow tract [RVOT]) mediates and
perpetuates  the  ventricular  arrhythmias
[1, 51]. An abrupt surge in PNS activity charac-
teristically occurs before episodes of VF in
Brugada syndrome, further supported by the
observation of adverse ECG changes enhanced
by parasympathomimetic agents and mitigated
by sympathomimetic agents [1].

In spite of autonomic imbalance being
strongly characterized in these channelopathies,
the underlying molecular pathology remains the
culprit for the manifestation of malignant ventric-
ular  arrhythmias. As  such, autonomic
interventions remain limited in these conditions
with the most success observed in LQT1.
9.3.2.2 Arrhythmogenic Right
Ventricular Cardiomyopathy
(ARVC)

ARVC is an inherited arrhythmogenic syndrome
characterized by abnormal fibrofatty infiltration
of the right and/or left ventricular myocardium,
progressing from epicardial to endocardial (i.e.,
out-to-in) aspects. A high incidence of ventricular
arrhythmias with potential SCD events tend to
occur at times of heighted sympathetic state,
e.g., during sports and athletic activities
[52]. Both exercise and isoproterenol infusion
can lead to an arrhythmogenic response in
patients with ARVC [53]. In summary, the role
of SNS in ARVC-related arrhythmogenesis is
supported by the occurrence of exercise-induced
or catecholamine-sensitive VT, as well as the
therapeutic effect of beta-blockade. However,
the presence of fibrofatty replacement of ventric-
ular myocardium providing the arrhythmogenic
substrate should not be neglected. Like most
channelopathies, the impact of autonomic
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modulation is reflected by a lack of concrete
autonomic intervention to treat ventricular
arrhythmias in ARVC, although patients with

ARVC are advised against competitive
sports [54].
9.3.2.3 Idiopathic Premature

Ventricular Complexes (PVCs),
VT, and VF

The relationship between ANS activity and pre-
mature ventricular complexes (PVCs) is complex.
Although PVCs commonly occur with increased
SNS activity, these can occur in the setting of
increased PNS activity as previously described
[3, 11]. Most of the idiopathic focal VTs (other-
wise known as the normal heart VTs) arise from
outflow tracts (70% RVOT), but can also arise
from other locations (e.g., papillary muscles, left
ventricular fascicles, mitral annulus, aortic cusps,
and RV moderator band) [55]. The involvement
of SNS in arrhythmogenesis is implicated by the
inducibility of such tachyarrhythmias during
physical and/or mental stress, as well as by cate-
cholamine infusion. Furthermore, the origin of
RVOT PVCs and VT has been found to have
dense sympathetic innervation, suggesting the
impact of sympathetic hyperactivity in the trigger
and perpetuation of RVOT PVCs and VT
[56]. Prognosis of patients with these idiopathic
VTs is generally benign, but life-threating
arrhythmic events have been reported [57].

Idiopathic VF is a rare arrhythmic conundrum,
comprising 1.2% of out-of-hospital cardiac
arrests with a shockable rhythm. However,
given its predilection for young individuals and
its malignant presentation, it has garnered consid-
erable focus [58]. In particular, idiopathic VF
among pediatric patients was noted to occur in
situations associated with high adrenergic tone
[59]. An implantable cardioverter-defibrillator
(ICD) implantation is mandated in all survivors
of idiopathic VF. Successful ablation of PVC
triggers has been reported in selected cases of
idiopathic VF [60]. Interestingly some of these
patients were found to have elevated vagal tone,
in association with an adverse ECG phenotype of
J point elevation, with some similarities seen in
Brugada syndrome [61].
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9.3.2.4 VT/VF in Structural Heart
Disease (SHD)
The left stellate ganglion, an integral component
of the cardiac SNS, modulates ventricular electro-
physiology in patients with SHD, thereby
contributing to initiation and perpetuation of
VT/VF. During myocardial ischemia, the myo-
cardium becomes sensitive to the catecholamines
from increased sympathetic activity, increasing
its susceptibility to VF [9]. Indeed, left stellate
ganglionectomy (more commonly known as left
cardiac sympathetic denervation, LCSD) has
been shown to prevent post-ischemic VF in
experimental models [62]. Correction of auto-
nomic imbalance during myocardial ischemia by
pharmacologic stimulation of PNS with a musca-
rinic agonist has also been shown to protect
against malignant ventricular arrhythmias [63].
A more elaborate and complex neural phe-
nomenon occurs during MI. Sympathetic dener-
vation occurring at the infarct zone undergoes
neural remodeling characterized by nerve
sprouting, heterogeneous sympathetic hyperin-
nervation with subsequent supersensitivity, and
increased propensity for ventricular
arrhythmogenesis [64]. Upstream autonomic
intervention by LCSD, either with surgical or
percutaneous approach, has been effective in
treating patients with post-infarct ventricular
tachyarrhythmias and electrical storm [65].

9.4  Autonomic Neuromodulatory

Interventions (ANIs)

Interventions for autonomic neuromodulation
have been introduced in neurological practices
for over two decades, treating conditions such as
epilepsy and depression [66]. As the knowledge
of different ANS hierarchy at the neuro-cardiac
axis expands [67], there has been a growing inter-
est to develop autonomic neuromodulatory
interventions (ANIs) aiming at different targets
of the ANS hierarchy to treat a variety of cardio-
vascular diseases, in particular heart failure and
arrhythmias [68]. ANIs may include lifestyle
practices,  pharmacological  agents, and
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percutaneous and surgical interventions. Lifestyle
practices such as habitual moderate aerobic exer-
cise have been shown to improve ANS balance
while mind-and-body practices including yoga
and meditation may also exert a restorative effect
on ANS imbalance [11, 20]. In this section, the
antiarrhythmic impact of ANIs in clinical
neurocardiology, from drug therapy to invasive
approaches, will be discussed, focusing on the
different modalities available for supraventricular
and ventricular arrhythmias, respectively. Pro-
spective clinical trials of ANIs are summarized
in Tables 9.4 and 9.5 for corresponding supraven-
tricular and ventricular arrhythmias.

92.4.1 Fundamental Principles
of Autonomic
Neuromodulatory
Interventions

ANIs, similar to other neuro-stimulatory

interventions, exhibit memory, allowing short
interventional duration to provide long-lasting
therapeutic effects [90, 91]. The physiological
phenomenon of long-term potentiation or long-
term depression, i.e., stimulatory or inhibitory
effects of neuro-stimulation extending beyond
the interventional period, is preserved in ANIs
[92]. Indeed, cardiac GP has been shown to
exhibit synaptic plasticity, a property that allows
the neurons to strengthen synaptic communica-
tion to achieve long-term potentiation or long-
term depression [93].

Different approaches of ANIs acting at either
limb of the ANS at various hierarchies have been
developed over the years, although the underlying
therapeutic mechanisms remain to be fully
elucidated. Several mechanisms have been pro-
posed, including restoration of ANS neurotrans-
mitter balance, potentiation of nitric oxide
pathways, and inhibition of downstream pro-
cesses including inflammation, fibrosis, and apo-
ptosis [94-99].
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9.4.2 Autonomic Modulation
for Supraventricular
Arrhythmias

9.4.2.1 Beta-Blocker

Beta-blocker therapy is an established pharmaco-
logical agent for all catecholamine-driven and/or
exercise-induced arrhythmias. They act as a com-
petitive antagonist for adrenoreceptors, specifi-
cally pl-receptors, which constitute 80% of the
adrenoreceptors in the heart [100]. By inhibiting
the effect of epinephrine and norepinephrine, they
effectively counteract the arrhythmogenic effect
of SNS activity. Unlike other antiarrhythmic
drugs, they are virtually free from
pro-arrhythmic effect and therefore present a
safe and effective therapeutic option.

In patients with AVNRT or AVRT, which
classically are triggered by SNS activity, beta-
blocker therapy is a useful adjunctive therapy
[44, 50]. In AF, beta-blockers are used primarily
for control of ventricular rate, but in a subset of
patients with adrenergic AF triggered by anger or
stress, beta-blockers have a role in rhythm con-
trol, attenuating the SNS response [101]. The
thythm control property of beta-blockers has
also been demonstrated in persistent AF follow-
ing electrical cardioversion [102].

9.4.2.2 Vagus Nerve Stimulation (VNS)

Increased vagal activity with the resultant
prolongation of atrial effective refractory period
(ERP) is a well-known trigger for atrial fibrilla-
tion [103]. As such, the use of VNS in
suppressing AF appears counterintuitive. While
high-level VNS achieving >60% sinus rate
slowing promotes AF inducibility, mild to mod-
erate levels of VNS producing <40% sinus rate
slowing do not have an impact on the inducibility
of AF [104]. Studies using LLVNS, i.e., at levels
10 or 50% below the bradycardia threshold, in
fact exhibit a strong antiarrhythmic effect [40, 41,
105, 106]. The targets of LLVNS appear to be the
efferent nerve endings and the GPs. The lack of
antiarrthythmic effect on sectioned sympatho-
vagal trunks supports the notion that LLVNS
mediates its AF suppressive effect at the efferent
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Table 9.4 Summary of prospective clinical trials of autonomic neuromodulation for supraventricular arrhythmias in

humans

Clinical trial/

ANI modality | first author Study design Selection criteria N Outcome
Vagus nerve | Stavrakis et al. | Randomized Patients undergoing cardiac 54 | | postoperative AF
stimulation [42] sham-controlled surgery incidence
trial
Tragus Stavrakis et al. | Randomized Patients with paroxysmal AF 40 | | inducible AF
stimulation [69] sham-controlled undergoing EP study duration during EP
trial study
TREAT-AF Randomized Paroxysmal AF 53 | | AF burden at
[70] sham-controlled 6 months
trial
Renal Pokushalov Randomized open- | Paroxysmal/persistent AF and 27 | | recurrence of
denervation etal. [71] label trial resistant hypertension atrial
tachyarrhythmia at
3 months
AFFORD [72] | Single-arm Paroxysmal/persistent AF and 20 | | AF burden at
feasibility trial hypertension 12 months
ERADICATE- | Randomized open- | Paroxysmal AF undergoing AF 302 | T freedom from
AF [73] label trial ablation AF, AFL, or AT
recurrence at
12 months
Ganglionated | Kampaktsis Meta-analysis of Paroxysmal/persistent AF 718 | 1 freedom from
plexus et al. [74] 4 randomized undergoing thoracoscopic [75] or AF/AT recurrence”
ablation controlled trials catheter-based [76-78] AF
[75-78] ablations

AF, atrial fibrillation; AFFORD, atrial fibrillation reduction by renal sympathetic denervation; ERADICATE-AF, effect
of renal denervation and catheter ablation vs. catheter ablation alone on atrial fibrillation recurrence among patients with
paroxysmal atrial fibrillation and hypertension; TREAT-AF, transcutaneous electrical vagus nerve stimulation to

suppress atrial fibrillation
“Results driven by catheter-based AF ablation trials

nerve endings [107]. In one study, LLVNS
suppressed the bradycardic response from ante-
rior right GP stimulation as well as markedly
reduced both frequency and amplitude of the
neural activity recorded from the anterior right
or superior left GPs [105]. In another study,
LLVNS of the right vagus nerve alone exerted a
profound antiarrhythmic effect sufficient to sup-
press the neural activity of both adrenergic and
cholinergic components of the intrinsic cardiac
nerve [41].

In an experimental model of ambulatory dogs,
LLVNS of the left vagus nerve suppressed left
stellate ganglion neural activity which occurs in
the morning as well as decreased tyrosine-
hydroxylase positive cells in the left stellate gan-
glion 1-week post-LLVNS [40]. Importantly, AF
inducibility by rapid atrial pacing in these dogs
was prevented by left-sided LLVNS [40]. In a

follow-up study by the same group of
investigators, chronic LLVNS was shown to pro-
duce left stellate ganglion damage, resulting in
attenuated ganglionic activity [108].

Application of LLVNS in clinical studies is
currently limited to its demonstrated effect in the
treatment of postoperative AF. One study
randomized 54 patients undergoing cardiac sur-
gery to active or sham LLVNS [42]. LLVNS was
achieved by suturing a bipolar wire to the pregan-
glionic vagus nerve fibers along the lateral aspect
of the superior vena cava, and by delivering a
mean 61 h of VNS (20 Hz, 50% bradycardia
threshold). At 1-month follow-up, the incidence
of postoperative AF was significantly lower in the
LLVNS group compared to the sham group.

The electrophysiologic mechanism underlying
LLVNS in AF suppression may involve
prolongation of atrial and PV ERPs, but the
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Table 9.5 Summary of prospective clinical trials of autonomic neuromodulation for ventricular arrhythmias in humans

ANI Clinical trial/
modality first author Study design Selection criteria N Outcome
Vagus nerve | De Ferrari et al. | Single-arm Systolic heart failure, 32 | Significant improvement in
stimulation [79] open-label trial NYHA class II or III, NYHA class, QoL, 6-min walk
LVEF <35% distance
ANTHEM-HF | Randomized Systolic heart failure, 60 | Significant improvement in
[80] open-label trial NYHA class II or III, NYHA class, LVEF, HRV
ENCORE [81] LVEF <40%
INOVATE-HF | Randomized Systolic heart failure, | 707 | No significant difference in
[82] open-label trial NYHA class II or III, all-cause mortality or
LVEF <40% worsening heart failure
NECTAR-HF | Randomized Systolic heart failure, 96 | No significant change in
[83] single-blind trial | NYHA class II or 111, LVESYV or LVEF at 6 months
LVEF <35%
Tragus Yu et al. [84] Randomized Patients with STEMI 95 | | VAs within 24 hours
stimulation sham-controlled
trial
Renal SYMPLICITY | Single-arm Systolic heart failure, 39 | | NT-proBNP at 12 months
denervation HF [85] feasibility trial NYHA class III,
LVEF <40%, renal
impairment
Spinal cord SCS HEART Nonrandomized | Systolic heart failure, 22 | Improved NYHA class, LVEF,
stimulation [86] open-label trial NYHA class III, QoL, exercise capacity
LVEF <35%
DEFEAT-HF Randomized Systolic heart failure, 66 | No difference in incidence of
[87] single-blind trial | NYHA class III, VAs
LVEF <35%
Baroreceptor | HOPEF4HF Randomized Systolic heart failure, 146 | Improved NYHA class, QoL,
activation [88] open-label trial | NYHA class III, exercise capacity, NT-proBNP
therapy LVEF <35%
BeAT-HF [89] | Randomized Systolic heart failure, | 245 | Significant improvement in
open-label trial NYHA class II or III, NYHA class, QoL, 6-min walk
LVEF <35% distance, exercise capacity,
NT-proBNP

ANTHEM-HF, autonomic regulation therapy for the improvement of left ventricular function and heart failure
symptoms; BeAT-HF, baroreflex activation therapy for heart failure; DEFEAT-HF, determining the feasibility of spinal
cord neuromodulation for the treatment of chronic systolic heart failure; ENCORE, extension of the ANTHEM-HF study
evaluating autonomic regulation therapy in reduced ejection fraction heart failure; HOPE4HF, hope for heart failure;
HRYV, heart rate variability; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume;
NECTAR-HF, neural cardiac therapy for heart failure; NT-proBNP, N-terminal B-type natriuretic peptide; NYHA,
New York Heart Association; QoL, quality of life; SCS HEART, spinal cord stimulation for heart failure as a restorative

treatment; SYMPLICITY HF, renal denervation in patients with chronic heart failure and renal impairment

induced structural changes during LLVNS should
be highlighted: upregulation of atrial gap
junctions by preventing loss of atrial connexins
and phenotype-switching between adrenergic and
cholinergic nerve fibers [22, 40, 41]. In support of
the potential anti-inflammatory role of VNS
beyond AF suppression through an antiadrenergic
effect, there was a significant effect in peptide
neuromodulation and reduction of inflammatory
cytokines associated with VNS [109].

9.4.2.3 Tragus Stimulation
In view of the antiarrhythmic effect of VNS,
transcutaneous stimulation of the tragus of the
ear, where the auricular branch of the vagus
nerve is located, has been developed as a method
of noninvasive VNS, affirmed by observation of
evoked potentials in the brainstem in
humans [110].

In a canine model of AF induced by rapid
atrial pacing, low-level tragus stimulation
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(LLTS) at 80% below the threshold of sinus node
or AV node conduction slowing suppressed AF
inducibility through attenuation of pacing-
induced atrial ERP shortening [111]. In addition,
the amplitude and frequency of GP firing, evident
from direct neural recordings from the anterior
right GP, were reduced. When the vagus nerves
were bisected distal to the site of stimulation, the
beneficial electrophysiologic effects of LLTS on
atrial ERP and AF inducibility were abolished,
suggesting that the LLTS effect was mediated
through efferent nerve fibers [111].

In humans, a study reported LLTS in
40 patients with paroxysmal AF (20 LLTS,
20 sham) [69]. In the LLTS group, the patients
were subjected to 1 h of LLTS (50% lower than
voltage to achieve bradycardia threshold) in the
right ear using a flat metal clip attached onto the
tragus. Under general anesthesia, AF was induced
at baseline and after 1 h of either LLTS or sham
stimulation. In the LLTS group, pacing-induced
AF duration was shorter and atrial ERP was lon-
ger compared to baseline, while in the sham
group, there was no significant difference. In the
same study, LLTS is associated with reduced
serum levels of anti-inflammatory cytokines,
namely tumor necrosis factor (TNF-a), compared
to the sham control. Hence, akin to LLVNS,
LLTS exerted its antiarrhythmic effect potentially
through  both  antiadrenergic and  anti-
inflammatory pathways.

The feasibility and efficacy of LLTS in ambu-
latory settings has been demonstrated in the
TREAT-AF (Transcutaneous Electrical Vagus
Nerve Stimulation to Suppress Atrial Fibrillation)
study [70]. In this study enrolling 53 patients with
paroxysmal AF randomized to LLTS or sham
group, LLTS was achieved using ear clip applied
to the earlobe (a site devoid of vagal innervation)
for 1 h daily over a 6-month study period. At
6 months, AF burden measured by a 14-day
ECG performed at baseline, 3 months, and
6 months was 85% lower in the LLTS group
compared with sham. Furthermore, the LLTS
group also demonstrated a concomitant 23%
reduction in TNF-a level. This study has several
implications in therapeutic application of tragus
stimulation. First, a self-administered
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noninvasive treatment with little or no risk can
have a significant impact on both AF burden and
systemic inflammatory response. Second, tragus
stimulation preferentially activates afferent vagal
nerve fibers with therapeutic  potential
[112]. Third, tragus stimulation has been shown
to activate central vagal projections in humans
with resultant decreased sympathetic output
[113]. Fourth, tragus stimulation avoids the pos-
sibility of concomitant stimulation of sympathetic
fibers collocated with vagal fibers in the cervical
vagus nerve when compared to the cervical VNS
in humans [114].

9.4.2.4 Renal Denervation (RDN)

Renal denervation (RDN) presents an attractive
treatment for hypertension, as the proximal renal
arteries are richly innervated by a network of
sympathetic ganglia, as well as afferent and effer-
ent nerve fibers linking the central nervous sys-
tem, the kidney, and the cardiovascular system
[115]. Although RDN was first proposed as an
innovative tool for treatment of resistant hyper-
tension with subsequent disappointing results
from the SIMPLICITY HTN-3 trial
(A Controlled Trial of Renal Denervation for
Resistant Hypertension), several preclinical and
clinical studies have demonstrated a beneficial
effect of RDN on AF. In particular, the antiar-
rhythmic effect was suggested to be independent
of an improvement in blood pressure in
preclinical studies [116, 117]. In a goat model of
pacing-induced AF, RDN resulted in reduced
atrial sympathetic nerve sprouting and AF com-
plexity [117], whereas in a porcine model of
obstructive sleep apnea, RDN attenuated atrial
ERP shortening and AF inducibility [116]. The
beneficial effect of RDN on AF inducibility is
purported to be mediated through favorable elec-
trical (attenuation of atrial ERP shortening) and
structural (reduced afferent sympathetic input to
the central nervous system, with a resultant
decrease in efferent sympathetic output to the
heart) remodeling [115].

Small clinical studies in humans involving
pulmonary vein isolation (PVI) with adjuvant
RDN during AF ablation procedures appear to
be supportive of the preclinical findings
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[71, 72]. In these studies, an effective RDN
response manifested as abolishment of a sudden
expected  hypertensive  response  during
high-frequency stimulation (HFS) of aortico-
renal ganglion. The efficacy of RDN combined
with standard PVI was assessed in the large mul-
ticenter ERADICATE-AF trial (Effect of Renal
Denervation and Catheter Ablation vs. Catheter
Ablation Alone on Atrial Fibrillation Recurrence
Among Patients with Paroxysmal Atrial Fibrilla-
tion and Hypertension) [73]. In total, 302 patients
with paroxysmal AF and hypertension on >1
antihypertensive drugs were recruited. At
12-month follow-up, the RDN+PVI group
enjoyed greater freedom from AF off antiarrhyth-
mic drugs compared to standalone PVI
(71.4% vs. 57.8%; hazard ratio: 0.61; 95% confi-
dence interval: 0.41-0.90; p = 0.011). Complica-
tion rates were comparable between the two
groups. Blood pressure control was noted to be
better in the RDN+PVI group. Interestingly, only
57% of patients with RDN demonstrated conclu-
sive HFS response. As such, this calls into ques-
tion whether the beneficial RDN effect on AF
recurrence is related to favorable autonomic mod-
ulation, improved blood pressure control, or a
combination of both mechanisms.

9.4.2.5 Ganglionic Plexi (GP) Ablation
In contrast to the extracardiac location of post-
ganglionic  sympathetic  neurons at the
paravertebral ganglia, the parasympathetic post-
ganglionic neurons are located in vagal GPs
within the epicardial fat pads and the ligament
of Marshal [118, 119]. The short axons of these
vagal neurons lend themselves to be feasible
radiofrequency ablation targets from the endocar-
dial surface. Variable measures have been used to
define the GPs location, ranging from HFS
associated with a positive vagal response defined
as AV block >2 s to spectral analysis through fast
Fourier transform analysis or anatomical
guidance [118].

Given the parasympathetic contribution to ini-
tiation and maintenance of AF through electro-
physiologic and structural mechanisms as
discussed before, GP ablation has been proposed
as an adjunct to PVI during AF ablation
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procedures [118]. A meta-analysis of four studies
(n = 718, mean LA size 45.7 mm, mean LV EF
54.8%) comparing the strategy of GP ablation
+PVI (n = 358) vs. standalone PVI (n = 360)
demonstrated that adjunctive GP ablation was
associated with significantly higher freedom
from AF among patients with paroxysmal AF
(75.8% vs. 60%; odds ratio [OR] 2.22, p =
0.001) [74]. For patients with persistent AF, the
antiarrhythmic effect of GP ablation was more
modest, with a non-significant trend toward
higher rates of freedom from AF
(54.7% vs. 43.3%; OR 1.55, p = 0.08). This
meta-analysis concluded that GP ablation+PVI
led to better AF freedom in patients with PAF
and without significant SHD.

Ablation of complex fractionated atrial
electrograms (CFAE) was employed as an
adjunctive ablation strategy in addition to PVI,
although no real benefit was demonstratable
[120]. Part of the rationale for this approach was
attributable to vagal atrial denervation, with these
electrograms commonly encountered in areas
juxtaposed to GPs [121, 122]. However, a meta-
analysis of 14 studies (n = 1613 patients)
revealed no benefit with adjunctive CFAE abla-
tion compared to adjunctive GP ablation in both
short- (OR 1.72; p = 0.003) and long-term
(OR 2.0, p = 0.0006) AF freedom [123].

GP ablation remains a challenging approach to
achieve sustainable vagal denervation due to the
variable, inconsistent techniques of GP detection
(electrical vs functional vs anatomical), assess-
ment of complete GP ablation, and prevention of
reinnervation [124]. Of note, denervation of post-
ganglionic vagal neurons at the atrial level has
been shown to be associated with increased sus-
ceptibility to ventricular arrhythmias [125, 126].

9.4.2.6 Spinal Cord Stimulation (SCS)

SCS is currently used to treat patients with refrac-
tory, chronic severe pain or angina pectoris by
delivering electrical stimuli to the segments of
spinal cord through implantable electrodes
[127, 128]. Of relevance, SCS can exert electro-
physiologic changes through modulation of affer-
ent and efferent connections between the heart
and the intrinsic cardiac autonomic nerves
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[129]. In a canine model with chronic AF induced
by rapid atrial pacing, SCS prolonged atrial ERP
as well as reduced AF burden and inducibility
[130]. Another postulated mechanism includes
direct suppression of neural activity in atrial GP
and stellate ganglia [131, 132]. At the molecular
level, SCS modulates relevant cytokine levels,
reducing the expression of c-fos and nerve growth
factor in addition to increasing the expression of
the small conductance calcium-activated potas-
sium channels type 2 within the stellate ganglia
neurons [132]. However, adoption of SCS
beyond pain management into the clinical realm
of AF treatment is curtailed by its invasiveness.
9.4.2.7 Baroreceptor Receptor
Activation Therapy (BAT)
Baroreceptors in the carotid sinus are an integral
component of the neural feedback loop in
modulating blood pressure. Elevation in blood
pressure activates these baroreceptors, enhancing
neural signals to the brainstem and ultimately
reducing sympathetic output [133, 134]. Over
the last few decades, several medical devices for
baroreceptor receptor activation therapy (BAT)
have been designed for the treatment of drug-
refractory hypertension [135, 136]. In principle,
BAT modulates ANS by sympathetic withdrawal
and vagal activation [137, 138]. Low-level BAT
(80% of threshold for blood pressure reduction)
in a canine model invoked atrial electrophysio-
logic changes in the form of progressive
prolongation of atrial ERP, reduction in AF
inducibility, and attenuation of GP function,
with the latter effect suggesting potential AF sup-
pression through inhibition of atrial GP
[139]. Moreover, low-level BAT was noted to
attenuate atrial electrical remodeling induced by
rapid atrial pacing in another canine AF model
[140]. In spite of the promising experimental data
hinting at prominent antiarrhythmic potential of
BAT in the treatment of AF, the widespread
applicability of BAT in clinical practice will be
limited by its invasive nature.
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9.4.3 Autonomic Modulation
for Ventricular Arrhythmias
9.4.3.1 Beta-Blockers

Beta-blockers with their antiadrenergic properties
are considered the mainstay therapy in managing
patients with inherited channelopathies such as
LQTS and CPVT. In patients with SHD, espe-
cially those with myocardial ischemia, post-
myocardial infarct, or heart failure with reduced
left ventricular ejection fraction including ische-
mic and non-ischemic cardiomyopathies, beta-
blockers remain a steadfast therapy in reducing
ventricular arrhythmias and sudden arrhythmic
death [141].

Although  selective 1  adrenoreceptor
antagonists (metoprolol, bisoprolol) have been
the beta-blockers of choice in a majority of the
indicated cardiovascular conditions,
non-selective beta-blockers (nadolol, proprano-
lol) are the preferred agents for channelopathies
(LQTS, CPVT) [142]. Indeed, propranolol
achieved a better QT-shortening effect in LQTS
compared to metoprolol and nadolol. While
nadolol and propranolol are equally effective,
metoprolol trails behind in its cardioprotective
effect and should not be used for symptomatic
LQTS individuals [142]. In contrast, selective f1-
blockers (metoprolol, bisoprolol, carvedilol,
nebivolol) are effective in patients with both
ischemic and non-ischemic cardiomyopathies,
especially in the setting of heart failure with
reduced ejection fraction [141].
9.4.3.2 Cardiac Sympathetic
Denervation (CSD)

Stellate ganglia serve not only as a key relay
station for cardiac sympathetic afferents but also
contain the cell bodies of postganglionic sympa-
thetic efferent neurons with direct connections to
the myocardium [143]. Importantly, they present
an accessible target for ANIs through CSD, the
latter aiming to interrupt the sympathetic input to
the heart by removal or blockade of the extrinsic
sympathetic nerves. In general, CSD involves
bisecting the stellate ganglion with removal of
the lower half of this ganglion along with a few



9 The Neuro-cardiac Axis in Arrhythmogenesis: Role and Impact of Autonomic Modulation

ganglia below it, thus creating an adequate sym-
pathetic block to the heart. This makes mechanis-
tic sense as the arrhythmogenic sympathetic input
has been shown to be more prominent from the
caudal spinal segments and on the left [143]. The
boundary of bisection is important as to prevent
Horner’s syndrome when denervation occurs
above the level intended. Bilateral or left CSD
(LCSD) is regarded as an effective antiadrenergic
therapy, disrupting both afferent and efferent
sympathetic fibers [144]. The technique of
LCSD has matured over the years, progressing
from an open surgical approach via thoracotomy
or supraclavicular access to a minimally invasive
technique of video-assisted thoracic surgery
[145, 146]. A percutaneous approach has been
described, achieved either through
radiofrequency ablation or use of an anesthetic
agent for stellate ganglion blockade (SGB) [147].

The efficacy of CSD extends beyond a local
antiadrenergic effect, with anti-fibrillatory impact
on patients with LQTS, CPVT, and SHD
[144, 148]. LCSD was first pioneered by
Schwartz et al. for treatment of patients with
LQTS refractory to beta-blockers [149]. Although
LCSD led to significant reduction in the incidence
of aborted sudden death and syncope in high-risk
LQTS cohort compared to pre-LCSD period, the
risk of sudden cardiac death persisted in the long-
term follow-up [150]. As such, LCSD is currently
a recommended adjunctive therapy to beta-
blockers and ICD in LQTS patients experiencing
breakthrough events [151]. Furthermore, the ther-
apeutic effectiveness of LCSD extends to patients
with CPVT [152]. In patients with either LQTS or
CPVT, improvement in procedural technique
enables LCSD to be performed via video-assisted
thoracic surgeries [145].

In patients with SHD and refractory ventricu-
lar arrhythmias, CSD has proved to be a valuable
anti-fibrillatory intervention. A multicenter CSD
study involving 121 patients (26% female, mean
age 55 + 13 years, LVEF 30 + 13%) with SHD
and refractory VT/VT storm demonstrated a
1-year composite freedom from sustained VT,
ICD shock, transplant, and death of 58% for
LCSD and 50% for bilateral CSD [153]. In this
study, 120 patients were on antiarrhythmic drugs
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before CSD with 39 (32%) no longer requiring
antiarrhythmic drugs at follow-up. Interestingly,
bilateral CSD appears to be more effective than
LCSD in this group of patients as those
undergoing bilateral CSD were found to have
longer VT or ICD shock- and transplant-free
survival.

The overall efficacy and safety of CSD was
attested by a systematic review of 13 studies com-
prising 183 patients (70% male, mean age 54.6
years, 28% ischemic cardiomyopathy, 82% bilat-
eral CSD) [148]. Freedom from arrhythmic
events was noted to be 58-100% while most
complications were transient with no procedural
death reported. Complication rate was reported at
28% including transient hypotension (9%), pneu-
mothorax (5%), neuropathic pain (4%), Horner’s
syndrome (3%), abnormal perspiration pattern
(3%), and hemothorax (2%).

Recently, percutaneous SGB has been
advocated as a less invasive approach to achieve
CSD in patients with refractory ventricular
arrhythmias. A systematic review of 23 studies
comprising 38 patients (71% male, mean age
52 + 19.1 years, 45% ischemic cardiomyopathy,
mean LVEF 31 + 10%) presenting with an elec-
trical storm (15 patients with acute MI; 7 patients
with QT prolongation) who were refractory to
antiarrhythmic ~ drugs  and  subsequently
underwent SGB concluded that SGB with the
use of bupivacaine (0.25-0.5%) resulted in a sig-
nificantly lower burden of ventricular arrhythmias
(p < 0.001) and number of external and ICD
shocks (p < 0.01) [65]. More importantly, the
survival rate was 80.6% at discharge.

9.4.3.3 Vagus Nerve Stimulation

Ventricular  electrophysiology  depicts a
cardioprotective effect exerted by parasympa-
thetic dominance. Conversely, reduced vagal
activity following MI is associated with height-
ened risks of  ventricular  arrhythmias
[154, 155]. In experimental models, VNS and
exogeneous cholinergic agonists prolong the ven-
tricular ERP [156, 157]. Of note, VNS reduced
the vulnerability to VF by increasing VF thresh-
old, flattening the restitution curve (i.e., reducing
the maximum slope of action potential duration
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restitution), attenuation of electrical alternans,
and increasing ventricular ERP in an in vitro
experimental model [158]. In a separate study,
VNS was found to mediate these favorable ven-
tricular electrophysiologic effects through a
nitric-oxide-dependent pathway [159].

In addition to inducing a protective electro-
physiologic profile, VNS in multiple animal
models is shown to prevent adverse cardiac
remodeling and  ventricular  arrhythmias
[98, 160]. In a rat model of acute MI, VNS
prevented the loss of phosphorylated connexin-
43 [94]. In a canine model of healed MI, VNS
prevented sudden arrhythmic death [161]. In a
canine model of pacing-induced heart failure,
chronic VNS improved cardiac autonomic con-
trol, promoted anti-inflammatory effects, and
attenuated heart failure development [97]. Nota-
bly, VNS modulates all these beneficial effects
independent of a reduction in heart rate [79, 162].

The promising findings in preclinical studies
have led to the design of clinical trials of VNS in
humans. An initial open-label, non-randomized
trial in patients with heart failure demonstrated
that VNS produced significant improvement in a
multitude of outcomes including New York Heart
Association (NYHA) class, quality of life, 6-min
walk test, and LV end-systolic volume, without
any major side effects [79]. However, three
subsequent randomized trials of VNS in heart
failure showed inconsistent results, with two trials
reporting neutral results [82, 83] and one
reporting modest benefits [80]. At present,
ANTHEM-HFrEF (Autonomic Regulation Ther-
apy to Enhance Myocardial Function and Reduce
Progression of Heart Failure with Reduced Ejec-
tion Fraction) pivotal study (NCT03425422) is an
ongoing multicenter randomized clinical trial for
VNS in heart failure [163]. Its open-label feasi-
bility study comprising 60 patients (ANTHEM-
HF) has shown improvement in heart failure
parameters at 6 months [80], with results
sustained to a 12-month follow-up period
(ENCORE [Extension Study of Neural Regula-
tion Therapy on Myocardial Infarction with Heart
Failure]) [81].
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9.4.3.4 Tragus Stimulation
All clinical trials of VNS in heart failure
populations involve an invasive approach of sur-
gical placement of the electrodes around the cer-
vical vagus nerve in the neck, which is not
without procedural risk, with 1 death from
implantation-related embolic stroke 3 days fol-
lowing the procedure in the ANTHEM-HF trial
[80]. Furthermore, there is long-term implication
for potential device-related complications, includ-
ing infections, electrode fracture/displacement/
malfunction, and battery depletion [164]. Direct
stimulation of the cervical vagus nerve may be
associated with such side effects as tinnitus, dys-
phonia, cough, and nausea [164, 165]. As such,
tragus stimulation involving transcutaneous stim-
ulation of the auricular branch of the vagus nerve
presents an attractive noninvasive option [110].
Animal studies provided evidence for the
effects of tragus stimulation in preventing adverse
cardiac remodeling and ventricular arrhythmias.
In a canine model of chronic MI, chronic inter-
mittent LLTS 2 h daily for 2 months (80% below
the bradycardia threshold) induced neuropeptide
modulatory changes including suppression of left
stellate ganglion activity, attenuation of cardiac
sympathetic nerve sprouting, downregulation of
nerve growth factor, and upregulation of small
conductance calcium-activated potassium chan-
nel type 2. Notably favorable electrophysiologi-
cal remodeling occurred with suppression of
ventricular arrhythmias and a flattening of restitu-
tion slope [166]. Chronic intermittent LLTS also
attenuated adverse structural remodeling, fibrosis,
and inflammation [160]. In a proof-of-concept
study, LLTS for 2 hours in humans undergoing
primary coronary intervention for ST-segment
elevation MI led to reduced ventricular
arrhythmias, preserved cardiac function, and
reduced biomarkers of myocardial injury/inflam-
mation, suggesting a potential opportunity for
noninvasive ~ ANIs as an  adjunctive
nonpharmacological treatment in ST-segment
elevation MI [84].
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9.4.3.5 Renal Denervation

Early preclinical studies with RDN achieved
using low-energy radiofrequency ablation along
the renal arteries demonstrated reduced angioten-
sin receptor density and improved cardiac output
[167]. In the SYMPLICITY HF study, a single-
arm feasibility study enrolling 39 patients with
mild-moderate symptoms, EF <40%, and renal
impairment, RDN resulted in a reduction in NT-
pro-brain natriuretic peptide 12 months after
treatment without perceived deterioration in both
cardiac and renal function [85]. In patients with
cardiomyopathy and refractory VT, RDN has
been shown to be an effective adjunctive therapy
to catheter ablation of VT [168]. In patients with
cardiomyopathy and recurrent VT following cath-
eter ablation, RDN was used as an adjunct to
CSD, leading to reduced ICD therapies in patients
who underwent CSD and RDN as staged
procedures [169].

9.4.3.6 Spinal Cord Stimulation (SCS)

In canine post-infarct heart failure models, SCS
was consistently associated with reduced ventric-
ular arrhythmias and recovery of left ventricular
ejection fraction [170-172]. The improved elec-
trical and structural remodeling mediating the
antiarrhythmic effects of SCS was attributable to
sympathetic withdrawal and vagal enhancement
[171]. Initial case series of two patients with high
ventricular arrhythmia burden depicted the same
antiarrhythmic effect from SCS [173]. However,
the two clinical trials investigating SCS in
patients with heart failure, including the
randomized controlled trial DEFEAT-HF (Deter-
mining the Feasibility of Spinal Cord
Neuromodulation for the Treatment of Chronic
Systolic Heart Failure), have yielded conflicting
results [86, 87]. The conflicting outcomes of the
two trials could be accounted for by variation in
the duty cycle, intensity of stimulation, and
design and position of the electrode, highlighting
the need to optimize a systematic stimulation
protocol to allow for meaningful translational
research from animal studies to large clinical
trials.
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9.4.3.7 Baroreceptor Activation
Therapy (BAT)
BAT has been shown to modulate ventricular
electrophysiology through prolongation of ven-
tricular ERP and flattening of the action potential
duration restitution slope in canines [174]. At
80% below the voltage threshold for blood pres-
sure lowering, low-level BAT was found to sup-
press premature ventricular complexes VT and
VF in a canine model with acute ischemia
induced by occlusion of the left anterior
descending artery [175]. Additionally, BAT
reversed adverse structural remodeling in canine
models of heart failure with improvement in inter-
stitial ~fibrosis, myocyte hypertrophy, LV
end-diastolic pressure, and survival [176, 177].
In the clinical arena, a proof-of-concept,
single-center, open-label study demonstrated the
safety and efficacy of carotid BAT in improving
quality of life and exercise capacity [178]. A
small randomized clinical trial of BAT showed
improvement in various heart failure markers at
6 months, including 6-min walk test, quality of
life, NYHA class, and N-terminal pro-B-type
natriuretic peptide level [88]. A large randomized
clinical trial (BeAT-HF [Baroreflex Activation
Therapy for Heart Failure]) comprising
245 patients (from a pool of 408 randomized
patients) with heart failure and reduced ejection
fraction (8% female, mean age 62 + 11 years; LV
EF 27 + 6%) concluded that BAT is not only safe
but also efficacious, resulting in significant
improvement in quality of life, 6 min walk, exer-
cise capacity, and functional status, as well as
significantly lower N-terminal pro-B-type natri-
uretic peptide [89]. The impact of BAT on hard
clinical endpoints is currently pending from this
trial.

9.5 Assessment of Autonomic Tone

Distinctive methods have been developed over
the years for assessment of specific aspects of

sympathetic and parasympathetic nervous
systems. These noninvasive and invasive
methods can complement one another,
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contributing to a global picture of autonomic sta-
tus. While these methods provided key insights
into the abnormal autonomic characteristics in
arrhythmias and heart failure, they remain rooted
in the research arena, each with their unique
strength and limitations.

9.5.1 Baroreflex Sensitivity (BRS)
Baroreflex sensitivity (BRS) describes the acuity
of arterial baroreceptor control of heart rate in
response to blood pressure changes. The heart
rate changes in response to acute perturbation in
blood pressure are thought to be an indication of
reflex vagal response due to the preferential influ-
ence of cardiac cycles on the release of acetylcho-
line as opposed to norepinephrine. The strength
of this reflex vagal response can be assessed by
three techniques: (1) analysis of bradycardic
response following the increase of blood pressure
with vasoconstrictors such as phenylephrine;
(2) assessment of reflex sympathetic-induced
tachycardic response following the reduction of
blood pressure by vasodilators such as
nitroprusside or nitroglycerin; and (3) direct stim-
ulation of carotid baroreceptors with neck suction
or unloading by neck pressure, allowing these
neck maneuvers to elicit counter-regulatory
responses from aortic arch baroreceptors. These
techniques are not without their limitations.
Prolonged infusion of vasoactive agents can sim-
ulate a steady state, leading to competing sympa-
thetic responses. Additionally, these vasoactive
agents may exert a confounding effect on sino-
atrial node discharges, baroreceptor nerve
endings, and  atrial and  pulmonary
mechanoreceptors [179, 180]. To circumvent
these limitations, algorithms have been developed
with the ability of identifying spontaneous con-
cordant fluctuations in blood pressure and heart
rate within the brief time window from continu-
ous noninvasive or invasive recordings [181].
Central to all these techniques is the utilization
of a regression equation correlating changes in
pulse interval to changes in systolic blood pres-
sure during the immediately preceding cardiac
cycles. The gradient of the resulting graph
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describes the gain of the arterial baroreflex regu-
lation on heart rate. The final results therefore
indicate the sensitivity of vagal response toward
stress response in blood pressure changes,
allowing this method to be used as a bedside test
comparable to the BRS derived from drug-
induced changes in blood pressure. This method
lacks the ability to identify the cause of autoim-
mune impairment. Nonetheless, low BRS has
been shown to correlate with poor prognostic
outcome. Canine models demonstrating reduced
BRS after MI were more susceptible to VF
[182]. These findings were extrapolated to post-
MI human studies, demonstrating that a
depressed BRS of <3 ms/mmHg was associated
with a high incidence of arrhythmic deaths [183—
185]. In heart failure patients receiving optimal
medical therapy, the prognostication of BRS has
recently been challenged [186].

9.5.2  Heart Rate Variability (HRV)
Beat-to-beat heart rate varies stochastically due to
the influence of tonic vagal control of the sinus
node, with direct or indirect influence of circadian
rhythms, temperature regulations, and changes in
autonomic nerve activity [187—189]. The positive
chronotropy (increase in sinus rate) induced by
catecholamines (epinephrine and norepinephrine)
released by the SNS and the negative chronotropy
(decrease in sinus rate) by acetylcholine released
by the PNS are responsible for the subtle degree
of variability in the intervals between consecutive
beats [190-192]. Heart rate variability (HRV) is
therefore a noninvasive surrogate marker of auto-
nomic balance of the heart, with its analysis being
performed in time, frequency, or nonlinear
domains.

9.5.2.1 Time-Domain Measures

Time-domain measurements represent the most
widely adopted technique to evaluate HRV due
to its relatively straightforward computation of
parameters derived from the time series of RR
intervals. Long-term HRYV is deduced from the
standard deviation of RR intervals usually
computed from 24-h Holter recordings, whereas
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short-term HRYV is reflected by root mean square
of successive differences of the RR intervals.
Additionally, short-term HRV can also be
assessed as the percentage of consecutive RR
intervals with >50 ms difference. All these
time-domain measures have been verified to be
age-dependent, gender-sensitive, and decreased
with aging, whereas preservation of HRV is
associated with healthy longevity [193, 194].

9.5.2.2 Frequency-Domain Measures
Using fast Fourier transform and wavelet analysis
quantifying the spectral and time-frequency con-
tent of HRV, the frequency-domain measures
serve to complement the time-domain
measurements of HRV. High frequencies
(0.15-0.5 Hz) are thought to be a representation
of the parasympathetic component of the ANS
with vagal blockade abolishing oscillations in
heart rate within this frequency band [195]. Low
frequencies (0.05-0.15 Hz) are mediated by both
the PNS and SNS and are affected by BRS. This
is supported by observations that the
low-frequency spectral power is increased by
maneuvers that stimulate central sympathetic out-
put, such as standing up, tilting, and exercising.
Conversely the spectral power in this frequency
band of 0.05-0.15 Hz is decreased by beta-
blockade, clonidine, and during sleep. Very-low
frequencies (<0.05 Hz) are under the influence of
many in vivo factors including the renin-
angiotensin  system and thermoregulation
[195]. As a rough guide, the ratio of low- to
high-frequency power is therefore considered a
measure of autonomic balance [189].

In heart failure, the spectral power appears to
be markedly reduced and concentrated within the
very-low- and low-frequency ranges [196]. Simi-
lar to BRS, HRV provides insights into sympa-
thetic and parasympathetic contributions to heart
rate modulation and contributes to estimation of
prognostic outlook, despite the lack of specificity
to the degree of regional sympathetic output. His-
torically, a depressed HRV demonstrated a high
sensitivity and specificity in predicting suscepti-
bility to VF in MI canine models [197]. This is
further corroborated by the finding of HRV
recovery in low-risk post-MI dogs compared to
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high-risk dogs with persistent depressed HRV
parameters independent of beta-blockade
[198]. These preclinical findings were echoed by
subsequent human studies involving post-MI
patients. In these trials, HRV was a significant
predictor of SCD after adjusting for clinical and
demographic factors, including ejection fraction
[185, 199, 200]. Furthermore HRV improvement
over time following MI coincided with decreas-
ing risk of arrhythmic death [201]. In one study, a
HRYV of <5 ms conferred a hazard relative risk of
5.3 in SCD, compared with low-risk patients with
a HRV of >10 ms during a follow-up period of
31 months [200]. Notably a depressed HRV has
also been observed in patients with idiopathic
dilated cardiomyopathy with a history of SCD
compared to those without fatal ventricular
arrhythmias [202, 203]. Other conditions in
which frequency-domain measures have been
utilized to evaluate autonomic balance include
sleep apnea and hypertension [204, 205].

The concept of low- to high-frequency ratio as
a reflection of autonomic balance has been
questioned due to the fact that, in contrast to the
previously conceived notion that low-frequency
content comprises exclusively SNS activity,
low-frequency content is now regarded to be a
reflection of combined SNS and PNS inputs
[192, 206].

9.5.2.3 Nonlinear Domain Measures
Nonlinear measures have been developed over
the past decade to address complex nonlinear
autonomic interactions [207—-209]. Measurements
such as SD1/SD2, Poincare maps, entropy, and
detrended fluctuation analysis attempt to quantify
the degree of information, disorder, or complexity
of HRV.

SD1 and SD2 are measures of short- and long-
term HRYV, respectively, both based on RR
intervals and derived from Poincare maps. SD1
measures immediate beat-to-beat variability,
signifying parasympathetic tone, whereas SD2
reflects combined SNS and PNS influences on
the heart [209]. The ratio SD1/SD2 therefore
serves to indicate underlying autonomic tone, as
well as short- and long-term variability in RR
intervals. Indeed, intermittent VNS has been
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demonstrated to increase SD1/SD2 ratio in heart
failure patients, suggesting a restorative role of
VNS in autonomic balance [208]. In patients with
dilated cardiomyopathy, Poincare plot analysis of
HRV has been utilized for risk stratification
[207]. Furthermore, approximate entropy has
been shown to be raised in patients with heart
failure compared with healthy subjects, indicating
loss of autonomic control in association with
more erratic heart rate [210]. Other measures
such as sample entropy and detrended fluctuation
analysis were used to demonstrate changes in
autonomic drive and to assess the neural effects
of HRV in both healthy individuals and those
with spinal cord injury [211].

9.5.3 Neural Tracer Imaging

Over the last few decades, neural imaging
techniques have been developed and employed
using several different tracers that allow for direct
visualization of sympathetic nervous innervation
in the heart. These tracers target molecular
landmarks at the presynaptic and postsynaptic
side as well as second messenger systems of the
sympathetic nervous system and are thereby
capable of portraying the overall picture of sym-
pathetic signal transduction. The majority of these
radiotracers mimic the structure of norepineph-
rine and other catecholamines to enable them to
target the endogenous reuptake pathway of sym-
pathetic neurons. These tracers are exemplified by
labeled neurotransmitters ([1 8F] -dopamine, "cy-
epinephrine), “false neurotransmitters™ serving as
substrate analogues ([1231]-MIBG, [''C]-mHED,
["®F]-LMI1195, [''C]-phenylephrine, [''C]-
phenethylguanidines), and uptake-1 inhibitors
([1 IC]:methylreboxetine, [1 1C]-desipramine).
Each tracer possesses unique uptake and retention
characteristics, contributing information on vari-
ous aspects of neuronal reuptake, uptake-1 den-
sity, vesicular packaging, vesicular release, and
norepinephrine metabolism. In heart failure, a
chronic state of sympathetic overdrive fuels a
decrease in neuronal reuptake, downregulation
of uptake-1, and increased synaptic norepineph-
rine content and regional spillover.
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The two most commonly utilized tracers in
clinical practice are [123iodine]-
metaiodobenzylguanidine ([1231]-MIBG) and
[''C]-meta-hydroxyephedrine  ([''C]-mHED).
The former was first developed to image neuro-
endocrine tumors, with early studies identifying
['**1-MIBG uptake in myocardium to be in
inverse correlation with plasma and urinary
catecholamines [212] due to its high affinity to
neuronal uptake-1 and extra-neuronal uptake-
2 [213, 214]. Using semiquantitative analyses in
single-photon emission computed tomography
(SPECT), an estimation of sympathetic tone can
be inferred from the rate of ['>*I]-MIBG washout,
as well as early and late heart-to-mediastinum
ratios [215]. Reduced late heart-to-mediastinum
or raised [1231]-MIBG washout in semiquantita-
tive myocardial [1231]-MIBG measurements has
been shown to be a poor prognostic marker in a
systematic meta-analysis [216]. Conversely beta-
blockade and renin—angiotensin—aldosterone
inhibition are characterized by an increase in
['**1-MIBG uptake and a reduced myocardial
washout. Pertinently large-scale clinical trials
have recognized ['**I]-MIBG imaging as an inde-
pendent prognostic tool in the identification of
heart failure patients at the greatest risk of disease
progression [217-219] and sudden cardiac death
independent of left ventricular ejection fraction
and B-type natriuretic peptide [216, 220-
223]. In patients with ventricular tachycardia
without any coronary artery disease, the uptake
of [1231]—MIBG was noted to be reduced
[224]. Notably, a reduced [1231]-MIBG predicted
ventricular arrthythmias requiring ICD therapy in
patients with heart failure [218]. Recently, [1231]-
MIBG imaging was shown to accurately identify
atrial GP locations as verified by HFS [225].

In positron emission tomography (PET),
[] lC]-mHED is the most widely used radiotracer
for sympathetic neuronal imaging. As it is devoid
of postsynaptic activity, the retention of [''C]-
mHED reflects solely presynaptic function of
sympathetic neurons due to its selectivity for
uptake-1 over other reuptake transporters
[226]. [''C]-mHED has a predilection for tissue
retention in organs with complex adrenergic
networks including the heart, adrenal glands,
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and spleen, with gradual accumulation in the
liver. This is supported by the findings of selec-
tive competitive inhibitors of uptake-1, including
true or false neurotransmitters, attenuating
myocardial accumulation of [”C]—mHED, with
consequent increase in hepatic activity due to
the accumulation of metabolites [213, 227-
232]. High-speed liquid chromatography further
confirmed plasma accumulation of [''C]-mHED
metabolites in guinea pigs and rats within 30 min
after injection [229, 230, 232], and in human
subjects within 10-20 min [233].

In spite of the attractiveness of these imaging
modalities to measure autonomic tone noninva-
sively, complete assessment of autonomic tone is
currently confounded by the lack of parasympa-
thetic tracers.

9.54 Direct Measurement

of Sympathetic Nerve Activity

While neural tracer imaging provides a means of
direct visualization of sympathetic innervation,
microneurography allows direct multi-fiber or
single-fiber microelectrode measurements of
postganglionic  sympathetic nerve activity,
thereby serving as a real-time recording of the
dynamic sympathetic nerve and reflex controls
[234, 235]. Sympathetic nerve activity is recorded
from intraneural microelectrodes inserted percu-
taneously in a peripheral nerve, typically at the
level of the peroneal nerve [236, 237]. Skin
(SKNA) and muscle sympathetic nerve activities
(MSNA) manifest as distinctive discharge
patterns, the former preferentially responding to
external acoustic, tactile, or temperature stimuli
independent of cardiac cycles while the latter
being heavily entrained by input from cardiopul-
monary and arterial mechanoreceptors.

MSNA possesses unique pulse synchronicity,
firing discharges 1.1-1.3 seconds after the pre-
ceding R wave of the electrocardiogram. At rest,
MSNA is found to correlate with both cardiac and
renal norepinephrine spillover, whereas during
isometric exercises there is a concordant increase
of sympathetic nerve activity between MSNA and
cardiac norepinephrine spillover [238, 239]. This
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phenomenon is absent in heart failure
[240]. Indeed, in heart failure, evidence of sym-
pathetic hyperactivity manifested as increased fir-
ing probability and frequency with possible
recruitment of otherwise silent sympathetic
nerve fibers [235]. Importantly, increased
MSNA predicts mortality in patients with heart
failure in addition to its association with
non-responders of cardiac resynchronization ther-
apy [237, 241].

In view of the invasiveness and time-
consuming nature of microneurography, MSNA
is not routinely used despite its reproducibility
and reliability in assessment of autonomic tone
[236]. In contrast, SKNA activity can be
measured noninvasively from ECG recordings
[242]. SKNA is found to increase in subjects
undergoing Valsalva maneuver as well as water
pressor test due to increased sympathetic drive
[242]. In ambulatory dogs, SKNA correlated
well with stellate ganglion activity [243]. In
humans, increased SKNA demonstrated a tempo-
ral relationship with  paroxysmal atrial
tachyarrhythmias, preceding the onset and termi-
nation of paroxysmal atrial tachycardia and AF
[244]. In another study, sustained level of
increased SKNA is noted to associate with tem-
poral clustering of AF as well as spontaneous VT
and VF in humans [245].

9.5.5 Alternans

Alternans in ventricular repolarization, measured
as T-wave alternans (TWA), has been shown to
surge in magnitude during elevated sympathetic
activity in humans as well as in an end-stage heart
failure animal model [246-248]. These surges in
TWA amplitude are attenuated by beta-blockers,
supporting the concept that sympathetic activity
modulates TWA [249, 250]. It is postulated that
beta-blockade-mediated attenuation of TWA
amplitude occurs by (1) blunting of the exercise-
related chronotropic response, thereby preventing
patients from reaching the specific heart rate
threshold necessary for TWA development, and
(2) direct reduction of TWA magnitude
[250]. Conversely, VNS was shown in an isolated
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rabbit heart model to reduce TWA amplitude and
to increase the cycle length for VF
induction [158].

P-wave alternans (PWA) has been proposed as
a novel atrial substrate of electrical instability,
predisposing to the development of AF
[251]. Using a customized algorithm for PWA
estimation [252, 253], LLTS for 1 h/day resulted
in lower AF burden and diminished PWA voltage
in a single patient compared to baseline and to
another patient on a sham protocol [254]. AF and
PWA burden for the patient with active LLTS
was not increased over 6 months when compared
to the sham patient.

9.6 Challenges and Limitations
of Autonomic
Neuromodulatory

Interventions

The conflicting outcome among contemporary
clinical trials of VNS in heart failure epitomizes
the challenges and limitations of ANIs. In spite of
a robust rationale to restore autonomic balance in
heart failure supported by favorable preclinical
data, the anticipated promising outcome of VNS
in clinical populations of heart failure has failed to
materialize [255]. The discrepancy between clini-
cal trials is reflected by inconsistency in patient
selection, VNS dosing, and stimulation
parameters in terms of frequency and intensity.
Future studies designed after homogenization of
these challenges are imperative to showcase the
efficacy of ANIs in various arrhythmias particu-
larly in the heart failure population.

Use of a biomarker to identify appropriate
candidates for ANIs is of paramount importance
given that heterogeneous characteristics in
subjects with heart failure may account for the
conflicting results of the VNS clinical trials. This
concept is in fact well recognized, aiding appro-
priate patient selection for AF ablation [251] and
for cardiac resynchronization therapy. Further-
more, biomarkers capable of predicting long-
term response to ANIs are currently lacking.
Although MSNA [256], HRV [256, 257],
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TNF-o [69], global longitudinal strain [257],
and possibly PWA have been shown to change
accordingly following acute LLTS in humans, the
predictive value of these biomarkers for response
to chronic treatment remains elusive. A novel
biomarker known as neurotrophic protein
S100B, released from cardiac glial cells, appears
to correlate with acute cardiac autonomic nerve
damage in patients undergoing AF ablation
[258]. Importantly, following AF ablation, higher
levels of S100B predicted sinus rhythm mainte-
nance during follow-up [258, 259]. Further stud-
ies are required to investigate the role of S100B in
predicting response of ANIs.

9.7 Future Directions

9.7.1 Optogenetics

Optogenetics refers to the capability of specific
cell types for optical imaging and genetic
targeting [260]. In principle, illumination of
genetically targeted brain circuits can regulate
excitable tissue via the expression of opsins
(light-sensitive microbial proteins) in the target
cells [260]. The various functions of opsins as
ion channels, ion pumps, or signaling receptors
enable light-sensitive, temporally precise,
focused low-energy control at cellular, tissue,
and organ levels (see also Chap. 17). Application
of optogenetics in cardiovascular research
involves the use of viruses and exogenous
“donor” cells expressing opsins as a means to
create optically sensitive cardiac cells and
syncytia [261]. Using this technique, two
categories of opsins can be created: (1) excitatory
opsins (e.g., channelrhodopsin2), which can pro-
vide currents sufficient for triggering action
potentials, and (2) inhibitory opsins (e.g.,
archaerhodopsin, halorhodopsin) which
suppresses action potentials [262]. The use of
optogenetics at the neural-cardiac axis will allow
precise dissection of neuro-cardiac interaction, as
well as focused dynamic manipulation of cell
signaling, neural feedback loop, and specific
gene control through light transmission [263].


https://doi.org/10.1007/978-3-031-33588-4_17

9 The Neuro-cardiac Axis in Arrhythmogenesis: Role and Impact of Autonomic Modulation

In an experimental model, left stellate gan-
glion was optogenetically silenced by using ade-
novirus vector to deliver archaerhodopsin T
(ArchT, an inhibitory opsin) to the neurons within
the left stellate ganglion of 20 male beagles
[264]. All dogs successfully expressed ArchT,
the latter activated by transient light-emitting
diode illumination, resulting in significantly
suppressed left stellate ganglion function and
neural activity, depressed sympathetic indices of
HRYV, and prolongation of left ventricular ERP
and action potential duration. These effects were
enhanced by up to 30-min duration of illumina-
tion. Crucially, ischemia-induced ventricular
arrhythmias were greatly reduced throughout the
duration of illumination. All these observations
returned to baseline within 2 h after illumination
was turned off.

9.7.2 Transcutaneous Magnetic

Stimulation (TCMS)

Although optogenetics presents a noninvasive
revenue for autonomic neuromodulation, manip-
ulation of left stellate ganglion activity using this
method to reduce sympathetic input to the heart
and to suppress ventricular arrhythmias is very
much restricted in the preclinical realm [264]. In
comparison, transcutaneous magnetic stimulation
(TCMS) presents itself as a suitable noninvasive
and nondestructive method of neuromodulation
[265, 266]. Animal studies demonstrated the fea-
sibility of magnetic stimulation to achieve antiar-
rhythmic effect in both AF and post-infarct
ventricular arrhythmia by targeting cardiac sym-
pathetic activation [267, 268].

Recently the first-in-human TCMS study was
performed in five patients with drug-refractory
VT storm [269]. In this study, a figure-of-
8 TCMS coil was attached to a magnetic stimula-
tion system which was positioned lateral to the C7
spinous process in approximation of the left stel-
late ganglion. TCMS was conducted at 80% left
trapezius motor threshold (0.9 Hz for 60 min).
Compared to baseline 24 h preceding TCMS,
there was a lower burden of sustained VT in the
48 h ensuing TCMS. Additionally, there were no
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further external shocks during this period in con-
trast to an aggregate of 41 shocks prior to TCMS.
One patient required subsequent catheter ablation
36 h after enrollment as a result of aborted TCMS
from coil overheating. Importantly, no adverse
event was reported. Given the promising findings
of this case series, a randomized, sham-controlled
trial evaluating the safety and efficacy of TCMS
in patients with VT storm is currently ongoing
(NCT04043312).

9.8 Conclusions

The two divisions of the cardiac ANS, the SNS
and the PNS, play a critical role in supraventricu-
lar and ventricular arrhythmogenesis. These
arrhythmias arise from distinctive electrophysio-
logic mechanisms, being mediated by SNS and
PNS neurotransmitters as well as co-transmitters
interacting at various hierarchies of the neuro-
cardiac axis. Knowledge of the intricate auto-
nomic interplay derived from preclinical studies
gives rise to exciting clinical application of ANIs
in suppression of troublesome atrial arrhythmias
and potentially fatal ventricular arrhythmias,
albeit with conflicting results, especially in the
clinical trials comprising HF patients. Novel
methods such as optogenetics and TCMS offer
noninvasive ANI tools to modulate arrhythmias.
However, clinical trials of various ANIs
demonstrating sustainable and meaningful thera-
peutic outcome in the suppression of various
arrhythmias would require conscientious patient
selection, optimization of study protocols, as well
as utilization of reproducible biomarkers.
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