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ABSTRACT

The autonomic nervous system is responsible for the maintenance of normal cardiac
function, through dynamic afferent and efferent feedback loops between its different
levels. Cardiac disease can lead to neural remodelling and sympathovagal imbalances,
inducing autonomic dysregulation, which is known to play an important role in the
initiation and maintenance of atrial and ventricular cardiac arrhythmias.

The complex mechanisms by which autonomic dysregulation predisposes to
arrhythmogenesis are different between arrhythmias. In atrial fibrillation, increased
activity of both sympathetic and parasympathetic systems is proarrhythmic. In contrast,
in ventricular fibrillation in the setting of myocardial ischaemia, sympathetic activation
is the most common trigger. In most inherited arrhythmia syndromes, sympathetic
stimulation induces ventricular tachyarrhythmias and sudden cardiac death. The
identification of specific autonomic triggers has suggested that several
neuromodulatory therapies might contribute to the prevention and treatment of
different arrhythmias. Neuromodulation is a well-established therapy in long QT
syndrome, but it is still under investigation regarding its use in other arrhythmias.

In this review, we will present a brief resume of the basic anatomy and physiology of
cardiac autonomic nervous system and explain its role in the pathogenesis of cardiac
arrhythmias, including atrial fibrillation and ventricular arrhythmias, particularly in the
context of myocardial ischaemia and inherited channelopathies. Then, we will present
the recent advances as well as the potential limitations of neuromodulation, which is
emerging as an alternative in the management of patients with refractory arrhythmias,
allowing to restore the balance between sympathetic and parasympathetic branches of

the autonomic nervous system.

KEYWORDS: Autonomic nervous system; atrial fibrillation; ventricular fibrillation;

neuromodulation; sudden cardiac death.



RESUMO

O sistema nervoso autdonomo é responsavel pela manuteng¢ao do normal funcionamento
cardiaco, através de vias dinamicas de feedback aferente e eferente entre os seus
diferentes niveis. A doenca cardiaca pode levar a um “remodelling” neuronal e disfungao
simpatovagal, o que tem sido implicado na iniciagdo e manutengdo de arritmias
cardiacas auriculares e ventriculares.

Os mecanismos complexos através dos quais a desregulacdao autondmica predispde a
arritmogénese sao diferentes entre arritmias. Na fibrilhacdo auricular, o aumento da
atividade de ambos os sistemas simpdtico e parassimpatico é proarritmico. Em
contraste, na fibrilhacdo ventricular no contexto de isquemia miocardica, a ativacdo
simpdtica é o desencadeante mais comum. Na maioria dos sindromes de arritmias
hereditarias, a estimulacdo simpdtica induz taquiarritmias ventriculares e morte subita
cardiaca. A identificacdo de desencadeantes autondmicos especificos tem sugerido que
varias terapéuticas de neuromodulacdo poderdo contribuir para a prevencdo e
tratamento de diferentes arritmias. A neuromodulacdo é uma terapéutica bem
estabelecida no sindrome do QT longo, mas continua ainda sob investigacdo quanto a
sua utilizacdo em outras arritmias.

Nesta revisao, iremos apresentar um breve resumo da anatomia e fisiologia basicas do
sistema nervoso autdnomo cardiaco e explicar o seu papel na patogénese de arritmias
cardiacas, incluindo fibrilhacao auricular e arritmias ventricualres, particularmente no
contexto de isquémia miocardica e canalopatias hereditarias. Por fim, iremos apresentar
0s avangos recentes bem como as potenciais limitagdes da neuromodulagdao, uma
estratégia emergente na gestdo de doentes com arritmias refratarias, por permitir
restaurar o equilibrio entre as componentes simpatica e parassimpatica do sistema

nervoso auténomo.

PALAVRAS-CHAVE: Sistema nervoso auténomo; fibrilhagdo auricular; fibrilhagao

ventricular; neuromodulacdo; morte subita cardiaca.
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1. INTRODUCTION

The autonomic nervous system (ANS) plays an important role in the maintenance of
homeostasis of the entire organism. Its three main components - sympathetic,
parasympathetic and enteric — mediate the communication between the central
nervous system (CNS) and the viscera, glands and blood vessels.

The cardiac autonomic nervous system regulates vascular tone, contractility, and
electrophysiology by integrating complex afferent and efferent autonomic signals.
However, this complex system is vulnerable to damage in many disease states including
primary etiologies such as Parkinson's disease, multiple system atrophy, and pure
autonomic failure and secondary etiologies such as diabetes mellitus, amyloidosis, and
immune-mediated diseases.

There is strong evidence that ANS dysfunction is present in many common diseases like
hypertension (HTN), heart failure (HF) and diabetes, and that it seems to be a great
contributor to higher rates of morbidity and mortality in these patients.

Over the last few decades, ANS dysfunction has also been implicated in the genesis of
cardiac arrhythmias both in the atria and in the ventricles and thus associated with high-
risk rates of sudden cardiac death (SCD).

Emerging data from pre-clinical and clinical studies in neuromodulation have shown that
both sympathetic and parasympathetic limbs of the ANS can be modulated with
promising results in the treatment of atrial fibrillation (AF) and refractory ventricular
arrhythmias (VA), which is particularly relevant in the context of structural cardiac
disease and hereditary arrhythmia syndromes.

In this review, we will first discuss the basic anatomy and physiology of the cardiac
neuroaxis and the interactions between its components, with particular focus on its role
in the pathogenesis of several cardiac arrhythmias. Then, we will present the recent
advances in several neuromodulation strategies, that have been proposed in the last

few decades for the management of patients with different arrhythmias.



2. ORGANIZATION AND ANATOMY OF CARDIAC NEUROAXIS

The cardiac neuroaxis has several integrative centers, which are organized in multiple

levels of the ANS. Autonomic control of the heart is primarily achieved by afferent neural

impulses that are transmitted from the heart to other parts of the ANS. The ANS then

integrates and processes the information, to modulate cardiac activity through efferent

feedback loops.

The cardiac neuroaxis can be arbitrarily divided into the extrinsic and intrinsic

components. The extrinsic cardiac ANS comprises neurons in the brain and spinal cord

and contains both sympathetic and parasympathetic components. The intrinsic cardiac

ANS is mainly related to autonomic neurons and nerves in the heart.

The dynamic interactions between the different levels of cardiac neuroaxis are

explained below in this section and illustrated in Figure 1.
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Figure 1 - Interaction Between Different Levels Of The Cardiac Neuroaxis. Adapted with permission from

Chatterjee et al. !



2.1. EXTRINSIC CARDIAC NERVOUS SYSTEM

2.1.1. Parasympathetic And Sympathetic Afferent Innervation

The afferent neural impulses are mainly originated in sensory neurites associated with
the intrinsic cardiac nervous system, which are mainly found in areas of the
atrioventricular junction and the adventitia of the coronary arteries.

These impulses are varied in nature (mechanical and chemical signals) and are then
transmitted to the intrinsic neurons of the heart, to intrathoracic extracardiac ganglia
(e.g., stellate ganglion), to extrathoracic cardiac ganglia (the nodose and dorsal root
ganglia, from the C7 to T4 levels of the spinal cord), and to the CNS. At each level, the
system integrates the information and coordinates cardiac activity with efferent
feedback loops, via sympathetic and parasympathetic efferent signals to maintain

normal cardiac function.?

2.1.2. Parasympathetic And Sympathetic Efferent Innervation

Cardiac sympathetic efferent pre-ganglionic neurons have cell bodies in the
intermediolateral column of the spinal cord and project axons onto post-ganglionic
sympathetic neurons, which are organized into the extracardiac-intrathoracic
autonomic ganglia, including the superior cervical ganglia, which communicate with C1—
3; the cervicothoracic or stellate ganglion (SG), which communicate with C7-8 to T1-2;
and the thoracic ganglia (as low as the seventh thoracic ganglion).3

These postganglionic neurons then project via cardiopulmonary nerves to atrial and
ventricular myocardium and intrinsic cardiac neurons.

Pre-ganglionic efferent neurons of the parasympathetic system innervating the heart
are located within the brain stem primarily in the ventral lateral region of the nucleus
ambiguus, but also the dorsal motor nucleus and the intermediate zone between these
two medullary nuclei.* These neurons then project axons, which travel via the vagus
nerve and converge to ganglionated plexi (GP) that are concentrated within epicardial

fat pads.®



One distinctive feature about vagus nerve is that its right and left branches seem to exert
a different influence on the heart. Whereas the electrical stimulation of the right vagus
nerve exerts predominant effects on sinus node modulating heart rate (HR), the
electrical stimulation of the left vagus nerve exerts greater effects on atrioventricular
conduction.®

It is important to note that the atria are mainly parasympathetically innervated, while in
the ventricles the sympathetic innervation prevail. 7= This is particularly relevant when

considering the neuromodulation therapies applied to different cardiac arrhythmias.
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2.2. INTRINSIC CARDIAC NERVOUS SYSTEM

The intrinsic cardiac nervous system consists of ganglia composed of afferent neurons,
efferent and interconnecting neurons, which are organized into 9 main GP.” These
ganglia not only receive and process inputs from the rest of the ANS but also have local
control over cardiac electrical, mechanical, and metabolic responses'® and also
coordinate intrinsic cardiac reflexes.

These GP exist within the fat pads around the heart and they are mainly located in the
posterior and superior aspects of the atria,*! but there are also ventricular GP. Atrial GP
are located near the sinus node and pulmonary veins (PV), while the ventricular GP are
located near the interventricular groove.'’ A depiction of the GP distribution is

illustrated in Figure 2 (A and B).
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Figure 2 - Locations Of Autonomic Ganglionated Plexi (represented as small black dots) as viwed from
the posterior (A) and superior (B) aspect of the heart. Reprinted with permission from Armour et al.

One question that remains to be elucidated is if these ganglionated plexuses are
responsible for the innervation of specific regions of the heart. For some authors, the
neurons in the right atrial ganglionated plexus subserve only the sinus node and those
in the inferior vena cava-inferior left ventricular ganglionated plexus modulate the
atrioventricular node. In contrast, other authors consider that each ganglionated plexus

may exert control over different cardiac areas.!?
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2.3. INTEGRATION OF CARDIAC AND VASCULAR REFLEXES

Another important control system relay of cardiac neuroaxis includes cardiovascular
reflexes. They include the baroreceptor, chemoreceptor and intrinsic cardiac reflexes,
as well as the activation of the renin-angiotensin-aldosterone system (RAAS).

These reflexes are responsible for the regulation of different cardiovascular parameters,
such as the HR and blood pressure (BP)!3 and result from the activation of peripheral
receptors whose afferents communicate with the CNS via the glossopharyngeal and
vagus nerves.'* CNS then process the afferent information and regulates the autonomic
efferent responses, to adjust cardiovascular parameters.'®

Autonomic reflexes are a major pathophysiological driver of cardiac arrhythmias.
Reduced cardiac output in diseased states, as in HF, triggers acute baroreceptor reflexes,
inflammatory pathways and neuronal remodelling, which ultimately increase
sympathetic output and decrease parasympathetic signalling, contributing to the

genesis of cardiac arrhythmias, as will be discussed in the next sections.!®

2.3.1. Baroreceptor Reflex

Baroreceptor reflex is the main mechanism of acute BP control. Baroreceptors are
mechanoreceptors located in the carotid sinus, aortic arch and mesenteric circulation
that are sensitive to stretching during the cardiac cycle.!3

Acute changes in BP are sensed by these receptors and then transmitted through
glossopharyngeal and vagus nerves to the nucleus tractus solitarius (NTS), resulting in

changes of sympathetic and parasympathetic tonus.?’

2.3.2. Chemoreceptor Reflex

Arterial chemoreceptors are highly specialized cells that can detect changes in the
partial pressure of oxygen (p0O2), the partial pressure of carbon dioxide (pCO2) and pH
in the blood. The afferent information is then sent to the CNS and processed to maintain
the chemical composition of the blood within the normal range. There are peripheral

and central chemoreceptors.



Peripheral chemoreceptors are particularly sensitive to changes in pO2 and they are
mainly located in the carotid bodies (especially sensitive to hypoxia, monitoring the
ventilation/perfusion ratio) and in the aorta (these baroreceptors are especially
sensitive to anaemia and systemic hypotension, and thus responsible for the reflex
control of systemic vascular resistance).’® The changes detected by peripheral
chemoreceptors are carried to the NTS through vagus or glossopharyngeal nerve'?,
leading to ventilatory adjustments, tachycardia and vasoconstriction.

Central chemoreceptors, which are more sensitive to alterations in pCO2 and pH, are

mainly located at the ventral medullary surface in the area prostrema.®

2.3.3. Intrinsic Cardiac Reflexes

There are also volume, mechanical and chemical receptors within the heart, that are
also responsible for the regulation of BP.

Volume receptors can be found in the atria, proximal central veins and pulmonary
arteries. These receptors are activated by stretching, activating the Bainbridge reflex,
which ultimately increases HR.?°

Mechanical receptors are activated with the stimulus of increased pressure and stretch
(thus, with increased preload and afterload) and chemical receptors are responsive to
some substances, such as adenosine triphosphate (ATP), capsaicin, and various venoms
from animals. The stimulation of mechanical and chemical receptors activates a
different cardiac reflex, which is known as Bezold-Jarisch reflex.?! In response to

ventricular stimulation, it leads to hypotension and bradycardia.

2.3.4. Renin-Angiotensin-Aldosterone System

The kidney has an extensive network of afferent unmyelinated fibers that transmit important
sensory information to the CNS, predominantly by modulating posterior hypothalamic
activity. This information then directly influences sympathetic outflow back to the kidneys and
also to other organs involved in cardiovascular control, such as the heart and peripheral blood
vessels. In the kidneys, the efferent sympathetic activity mediates important changes, mainly
resulting in volume retention, sodium reabsorption, reduction of blood flow, and RAAS

activation.??


https://derangedphysiology.com/main/cicm-primary-exam/required-reading/cardiovascular-system/Chapter%20491/cardiac-reflexes#6

3. ROLE OF AUTONOMIC NERVOUS SYSTEM IN THE PATHOPHYSIOLOGY

OF CARDIAC ARRHYTHMIAS

The two components of the ANS (sympathetic and parasympathetic), when activated,

have different but complementary cardiac electrophysiological effects that are

summarized in Table 1. These mechanisms explain the potential role of ANS in the

genesis of different cardiac arrhythmias and they will be discussed in more detail in this

section.

Table 1 - Sympathetic Versus Parasympathetic Cardiac Electrophysiological Effects. Adapted with permission from Wu et al. 23

CARDIAC PARAMETER

Chronotropy
(Heart rate)

Ventricular Action Potential
Duration and Refractory Period

Automaticity

Dispersion of Repolarization

Afterdepolarizations
(EADs and DADs)

SYMPATHETIC
ACTIVATION

™

/P

PARASYMPATHETIC
ACTIVATION

\Z

2

POTENTIAL MECHANISMS

SNS: Increased SA node phase 4 slope due to increased L-type
Ca and If currents.

PNS: Less steep phase 4 slope from increased magnitude of
ligand-gated K current.

SNS: Release of NE and beta-adrenergic receptors activation.
Role of co-transmitters unknown.

PNS: Release of ACh which inhibits NE release andmay also
increase APD by muscarinic receptor activation.

SNS: Release of NE and beta-adrenergic receptor activation.
Role of cotransmitters is unknown.

PNS releases AChwhich inhibits NE release andmay also
increase APD by muscarinic receptor activation.

SNS: Causes heterogeneity in repolarization in infarcted
hearts

PNS: reduces DOR by reducing dispersion in border zone of
infarcts.

SNS: Causes calcium overload.
PNS: Reduces calcium entry.

Ach = acetylcholine; APD = action potential duration; DAD = delayed after depolarization; DOR = dispersion of repolarization; EAD = early after
depolarization; NE = norepinephrine; PNS = parasympathetic nervous system activation; SNS = sympathetic nervous system activation.




3.1. AUTONOMIC INFLUENCE IN ATRIAL FIBRILLATION

AF is the most common sustained arrhythmia.?* AF is commonly seen in patients with
congestive HF and their coexistence results in increased morbidity and mortality as
compared with either condition alone.?>

Two different mechanisms can contribute to the initiation of AF: atrial focal ectopic

activity and reentrant circuits, as depicted in Figure 3.26 27
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Figure 3 - Interaction Of Autonomic Nervous System With Different Mechanisms Of Atrial Fibrillation.
Reprinted with permission from. Linz et al. 28

Focal ectopic activity may act as a trigger on a susceptible substrate or by firing rapidly
providing an AF-maintaining driver. Atrial focal ectopy is mostly attributed to
sympathetic activation and can be explained by three main mechanisms: enhanced
automaticity, which refers to the accelerated generation of action potentials, early
afterdepolarizations (EADs) and delayed afterdepolarizations (DADs).

The precise electrophysiology explaining these mechanisms is complex and the
interested reader can find a more detailed description in another review.?®

EADs result not only from sympathetic activation that increases the intracellular Ca?*
transient, but also from parasympathetic activity that activates Ik 4., leading to action
potential duration (APD) reduction. The shortened APD combined with large and long
Ca?* transient contribute to the loading of the myocytes with excess Ca?*, predisposing

to EADs and subsequently triggered firing activity from the Pv.3031



Since PV have naturally reduced APD, they constitute especially susceptible places to
the development of these type of arrhythmia in the context of transitory intracellular
calcium enhancement.

The precise mechanisms underlying reentrant circuits remain controversial.32 However,
parasympathetic activation seems crucial augmenting Ix 4., and thus abbreviating atrial
effective refractory period (AERP), which is known to promote AF. 32 33 Besides that, the
refractoriness-abbreviating effects of vagal activation show strong regional variation,
which seems to be a particularly relevant mechanism in AF initiation.33

Our understanding of how AF maintain itself and how it progresses from paroxysmal to
more advanced forms seems particularly important to identify ablation targets and
thereby providing innovative treatments for AF. At this level, the autonomic nervous
system is not only responsible for the initiation of AF but it is also involved in AF
perpetuation.

Electrical and structural remodelling seems to be indispensable factors to perpetuate
AF. 34-3¢ Electrical remodelling refers to the shortening of the AERP period, which leads
to the perpetuation of reentrant circuits, as mentioned above. Increased autonomic
activity, particularly sympathetic activity, is associated with an increase in
Ca?*/calmodulin-binding. This process activates programs of genetic transcription
involving hypertrophic and profibrotic gene expression, which ultimately lead to atrial
fibrosis and structural remodelling.?®

In experimental studies performed in rabbit models 3-3°, Oliveira et al. aimed to study
the autonomic influence on the pathophysiology of AF. Two of these studies
demonstrated that vagal activity seems to play a crucial role in the pathophysiology of
AF. Vagal stimulation shortened atrial and PV refractoriness, prolonged interatrial
conduction times and significantly promoted AF induction and prolongation.3”38 In
another experimental study, the same authors also assessed the influence of
sympathetic stimulation on AF pathophysiology. They concluded that AF inducibility was
higher when dual stimulation was performed (vagal plus sympathetic stimulation)
versus when only vagal or sympathetic stimulation was done. *°

These results support the observations obtained in many clinical studies, which have
suggested that paroxysmal AF initiation is preceded by simultaneous sympathovagal

activation rather than with an increase in adrenergic or cholinergic drive alone. 404!
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3.2. AUTONOMICINFLUENCE IN VENTRICULAR ARRHYTHMIAS AFTER MYOCARDIAL
INFARCTION

The relation between ANS, more specifically, sympathetic nervous system (SNS), and the
occurrence of ventricular tachycardia (VT) and ventricular fibrillation (VF) after
myocardial infarction (Ml) is well-established.

The reduction in cardiac output following the acute ischemic insult leads to an acute
response by the autonomic nervous system to restore homeostasis, consisting of
activation of SNS, which is observed at both cardiac, renal and adrenal levels, as

illustrated in Figure 4.

CARDIAC AUTONOMIC DYSFUNCTION

ion + Par

withdrawal

T Dispersion of repolarization and refractoriness
Altered conduction velocity
and functional block
1 Triggered activity [EADs/DADs)
J ACh release due to PNE
J Baroreceptor sensitivi
¥ HR variablity

VT/VF

Increased fibress
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from the adrenal gland >

“T triggered activity and dispersion of repolarization
Volume overload and mechanical stretch = aftered
electromechanical feedback

Neuroendocri ivation (ATHI + ald

RENAL/ADRENAL AUTONOMIC DYSFUNCTION

Figure 4 - Explanation Of The Different Mechanisms Of VT/VF Following Acute MI. Reprinted with
permission from Wu et al. 2

In the heart, sympathetic stimulation creates both the electrophysiological substrate
and the trigger for both VT and VF, by reducing APD, increasing dispersion of
repolarization and causing EADs and DADs. 42744

On the other hand, the reduction in cardiac output leads to the activation of sympathetic
efferent renal and adrenal fibres, with RAAS activation and with catecholamine release,
respectively. Both angiotensin (excreting potassium and magnesium in the urine),

aldosterone (inducing myocardial fibrosis) and catecholamines (exacerbating electrical

11



heterogeneity) can predispose to electrical cardiac conduction disruption and reentry
mechanisms in the heart, further contributing to cardiac VA.

In addition to sympathoexcitation, parasympathetic dysfunction is also common after
myocardial injury, further predisposing to VT and VF.*>% This reduction in
parasympathetic drive seems to be due to an inhibition in the release of acetylcholine
as a consequence of the high levels of norepinephrine and release of neuropeptide Y,
but the exact mechanisms behind it are not fully understood and are under
investigation.*’=% As a result of this process, there is reduced vagal activity, which is
reflected in a reduction of baroreceptor sensitivity and in a decreased heart rate
variability.

Following M, inflammation and ischemia cause not only death of myocardial muscle
fibers within the scar area but also injure axons of the sympathetic autonomic nerves,
resulting in a process called denervation. This process is also observed in the peripheral
areas of the scar zone. 52

Sympathetic axonal damage resulting from the acute injury is followed by an attempt of
neurons to grow neurites in a process known for nerve sprouting, which results in

localized nerve sprouts at border zones of infarcts, as in Figure 5. °%>3
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Figure 5 - Histological Appearance Of Sympathetic Nerve Sprouting. A. Regional cardiac hypeinnervation
between necrotic (SCAR) and normal myocardium (N) in patients with cardiomyopathy and ventricular
arrhythmias. B. Another example showing nerve sprouting between scar zone and normal myocardium.
A. Reprinted with permission from Cao et al. >* B. Reprinted with permission from Chen et al. >°
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However, this process of hyperinnervation is incomplete and possibly exacerbates the
heterogeneity in activation and repolarization during sympathetic activation, thus
contributing to VT/VF and SCD.

Moreover, Shivkumar et al.”® demonstrated for the first time that cardiac injury also
leads to functional and structural remodelling of sympathetic neurons in SG. This study
concluded that SG from patients with cardiomyopathy and arrhythmias exhibit
inflammation, neurochemical remodeling, oxidative stress, and satellite glial cell
activation, suggesting that SG dysfunction contributes to excessive and dysfunctional
efferent sympathetic tone that is associated with cardiac arrhythmias genesis and
supporting cardiac sympathetic denervation as an important neuromodulatory
intervention for arrhythmia control. Figure 6 demonstrates well this enhanced
sympathetic tone in SG. The adrenergic marker tyrosine hydroxylase, which catalyzes
the rate-limiting step in the synthesis of catecholamines, is produced in the cell body
and transported to nerve terminals where norepinephrine is synthesized, stored, and
released. This explains the decrease in intensity of tyrosine hydroxylase staining in the

soma of SG from cardiomyopathy patients, which at first view may seem contradictory.

Tyrosine hydroxylase stain intensity
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Figure 6 - Shift In Adrenergic Profile Of Stellate Ganglion In Patients With Cardiomyopathy. Tyrosine
hydroxylase—positive adrenergic neurons in stellate ganglia of control (A) and cardiomyopathy patients
(B). Fewer intensely stained neurons (solid arrow) can be identified in ganglia from cardiomyopathy
patients compared with controls, while medium-intensity neurons (open arrows) are increased in ganglia
from cardiomyopathy patients compared with controls. Adapted with permission from Ajijola et al. ¢
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3.3. AUTONOMIC INFLUENCE IN VENTRICULAR ARRHYTHMIAS IN THE CONTEXT OF
CHANNELOPATHIES

3.3.1. Long QT Syndrome

Long QT syndrome (LQTS) is characterized by an increased QT interval in the
electrocardiogram (ECG), which can be acquired or congenital. Patients with acquired or
congenital LQTS are at an increased risk of syncope and SCD due to torsades de pointes
(TdP), which is defined as a polymorphic VT with a twisting QRS morphology.>’

Due to the possibility of a fatal outcome, it is important to understand the mechanism
of TdP, particularly to manage it clinically.

Long intervals between activations, ie, long QT intervals, prolong the APD and increase
the transmural dispersion of repolarization.”® A prolonged APD increases intracellular
Ca?* concentration,>® which promotes membrane potential oscillations and formation
of EADs. When these EADs exceed the activation threshold, TdP can be initiated,
predisposing to adverse events.

Acquired LQTS has been associated with several drugs, especially with antiarrhythmic
agents and with some antibiotics.®°

Congenital LQTS can be divided into multiple subtypes depending on the affected
membrane ionic currents. The most common described genotypes are long QT
syndromes 1, 2 and 3 (LQTS1, LQTS2 and LQTS3, respectively), with a well-known
correlation with the phenotype. In LQTS1, syncope or TdP are triggered by physical
exercise; in LQTS2, they are triggered by noise or sudden awakening like with the sound
of an alarm or cell phone; in LQTS3 the events occur when the individual is sleeping or
at rest. The TdP events in types 1 and 2 arise from adrenal stimulation, which increases
the dispersion of cellular repolarization. Thus, the usefulness of beta-blockers in these
patients is understood, as well as the left sympathetic cardiac denervation in patients

intolerant to medical therapy.®?
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3.3.2. Catecholaminergic Polymorphic Ventricular Tachycardia

Catecholaminergic Polymorphic Ventricular Tachycardia (CPVT) is a type of irregular
arrhythmia that is induced by adrenergic stimulation, in the context of physical or
emotional stress, by the increase of intracellular Ca?*.

Regarding therapy, patients with this disease must discontinue physical exercise and use
beta-blockers, with flecainide being a good alternative for patients who continue to have
arrhythmic episodes, despite the use of beta-blockers.®?

Between novel neuromodulation therapies, left cardiac sympathetic denervation seems

to be effective in patients with arrhythmias refractory to medical therapy.®3
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4. NEUROMODULATION AS A THERAPEUTIC APPROACH

The first steps towards neuromodulation were started in the early 1960s, first with deep
brain stimulation and then with spinal cord stimulation, both applied in the treatment
of otherwise intractable pain. Currently, different neuromodulation approaches are
under active investigation, but the commonest indication for its use is in the treatment
of refractory chronic pain, especially in neuropathic pain but also in ischaemic pain, such
as in angina and critical limb-ischaemia.

Neuromodulation is also growing rapidly as a potential application in the treatment of
movement disorders such as in Parkinson’s disease, through deep brain stimulation, as
well as in the treatment of intractable epilepsy, depression and obsessive-compulsive
disorder.

In the past few decades, neuromodulation has also become an emerging therapeutic
strategy for the treatment of cardiac arrhythmias, allowing the restoration of the
balance between sympathetic and parasympathetic branches of the ANS.

The identification of different autonomic triggers in the genesis of cardiac arrhythmias
supports the idea that neuromodulation at different sites of the ANS can be used to treat
or even to prevent distinct arrhythmias.

Neuromodulation therapies can be divided according to its specific influence in ANS, into
neuromodulation of intrinsic or extrinsic ANS, the latter being further subdivided
according to its effects over SNS or PNS.

In the following sections, we will present the recent advances in neuromodulation for
the treatment of several atrial and ventricular arrhythmias, which are summarized in

Tables 4 and 5. Anillustration of these therapies is also provided in Figure 7.
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Figure 7 - Neuromodulatory Approaches And Techniques For Atrial and Ventricular Arrhythmias.
Reprinted with permission from Waldron et al. ®*
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4.1. NEUROMODULATION OF THE INTRINSIC ANS

EPICARDIAL BOTULINUM INJECTION

Given the role of the atrial GP in the initiation and perpetuation of AF, non-ablative
strategies to modulate autonomic GP signaling have been under active investigation.
One innovative therapy consists of a transient block of GP through botulinum toxin
injection into epicardial fat pads, which has proved to reduce vagal influences in the
atria, prolonging AERP and thus, decreasing the vulnerability to AF in animal models.®>5¢
Given its temporary nature, this strategy has recently gained attention as a potential
strategy to reduce post-operative atrial fibrillation (POAF), which remains a major
concern and one of the most frequent complications after cardiac surgery, despite
recent medical advances in surgical and anaesthetic strategies.®” Moreover, POAF is
associated with an increased risk of mortality, hospital costs, and readmission rates.®®
Two small clinical trials have already been performed to understand the utility of this
procedure: One study recruited patients with paroxysmal FA submitted to coronary
artery bypass grafting (CABG), who were randomized to receive an injection of either
botulinum toxin injection or placebo into the GP during the procedure. The authors
observed a reduction in POAF after 1 month ©°, as well as at 1 7% and 3 7 years after
surgery in the group that received the botulinum toxin injection. However, more
recently, in a similar study from Waldron et al.”? there were no significant differences
between the patients who received botulinum injection and the ones who received
placebo, previously to cardiac surgery.

Further large-scale clinical trials are mandatory to confirm the utility of this strategy in
preventing POAF after cardiac surgery. Additionally, future work is necessary to

determine if botulinum toxin could be delivered to GP in a less invasive fashion.

VAGAL GANGLIONATED PLEXI ABLATION

As mentioned previously, vagal ganglionated plexi has been shown to play a significant
role in the pathogenesis of different arrhythmias. In the last years, vagal ganglionated
plexi ablation has been mostly investigated as a possible treatment modality in AF and

in vagal induced syncope, also named neurocardiogenic syncope (NCS).
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Concerning AF, since the majority of the paroxysmal AF cases are caused by rapid firings
originating from PV 7374 pulmonary vein isolation (PVI) has been a cornerstone therapy
in this type of AF. However, given the high recurrence rates of nonparoxysmal forms of
AF when using this strategy, alternative treatments have emerged, such as the
percutaneous ablation or surgical resection of the GP.

The effectiveness of GP ablation in patients with AF remains controversial given the lack
of a sensitive and specific method to localize the GP in the atria. ">'° Currently, there
are three different approaches used for the identification of GP in atria. The most
commonly used method consists of the application of high-frequency stimulation (HFS)
to the presumed GP sites to induce atrioventricular block, allowing the identification of
the parasympathetic innervation sites.® Another strategy proposed by Pachon et al.2t is
based on the identification of two types of atrial myocardium with different
electrophysiological properties, which the authors have called compact and fibrillar
myocardium. The compact corresponds to the normal predominant muscle. The fibrillar
myocardium is located in some specific regions in the atrial wall (called AF nests), being
more heterogeneous, which made the authors hypothesize that these AF nests could be
the real AF substrate, developing a new technique for AF catheter radiofrequency
ablation based on their elimination. Lastly, Katritsis et al.”® developed an anatomical
approach in which GP ablation is performed at the sites of GP clustering. However, it is
still not clear which is the best method for GP ablation and there are several limitations
regarding its use: (1) HFS may be uncomfortable because of chest pain, requiring general
anaesthesia and (2) anatomical approach is performed at empirically identified sites.
Several clinical studies have suggested that GP ablation alone might not be an
alternative to PVI, since isolated GP ablation seems to be less effective, but should be
instead considered a complementary treatment to PVI when performed by experienced
operators, since it increases the success of the procedure.

In a meta-analysis 2 by Qin et al., the autors intended to compare the efficacy of GP or
complex fractionated atrial electograms (CFAE) ablation in addition to PVI vs. PVI alone.
The rate of atrial tachyarrhythmia recurrence obtained in each ablation strategy are

summarized in Table 2.
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Table 2 - Atrial Tachyarrhythmia Recurrence in Each Ablation Strategy. Adapted from Qin et al. &

Trails No. of Patients Freedom after One AF Recurrence after AT/AFL Recurrence No. of Patients with Freedom
Procedure (%) One Procedure (%) after One Repeat Procedure (%) after Repeat

Procedure (%) Procedure (%)

ADJUNCTIVE GP ABLATION STRATEGY

Scherlag 33 27 30(91) 19 (70) _ _ _ _ _ _ —
Pokushalov 8 132 132 65 (49) 45 (34) 56 (42) 50 (38) 5(4) 20 (15) 55 (42) 78 (59) 90 (68) 69 (52)
Katritsis 85 34 33 25 (74) 15 (45) _ _ _ _ 6(18) 7(21) 29 (85) 20 (61)
Katritsis 8 82 78 61 (74) 44 (56) _ _ _ _ _ _ —
ADJUNCTIVE CFAE ABLATION STRATEGY
Verma & 244 61 100 (41) 30 (49) 125 (51) 25 (57) 27 (11) 7(11) 63 (26) 13(21) 122 (50) 37 (61)
Vogler & 71 61 31 (44) 27 (44) 10 (14) 9 (15) 27 (38) 18 (29) 29 (41) 25 (41) 36 (51) 37 (61)
Oral & 50 50 18 (30) 19 (38) 26 (52) 29 (58) 6(12) 2(4) 17 (34) 18(36) 30 (60) 34 (68)
Verma % 35 35 29 (83) 25(71) _ _ _ _ _ _ _ _
Lin 9 30 30 20 (67) 11(37) 5(17) 15 (50) 4(13) 3(10) 5(17) 13 (43) 23(77) 18 (60)
Chen 58 35 40 (69) 27 (77) 5(9) 6(17) 13 (22) 2(6) _ _ _ _
Biase % 34 35 26 (76) 26 (74) _ _ _ _ 4(12) 3(9) 29 (85) 29 (83)
Elayi % 49 48 30 (61) 18 (37) 8(13) 15(31) 11(22) 14 (29) 10 (20) 12(27) 39 (80) 27 (56)
Verma % 34 32 25 (73) 14 (44) 9(26) 17 (53) 0(0) 1(3) 5(15) 10(31) 30 (88) 22 (69)
Nam % 35 35 29 (83) 22 (63) 1(3) 13(37) 5(14) 0(0) 3(9) 2(6) 31(89) 24 (69)

E = experiment group (GP+PVI); C = control group (PVI).

The authors concluded that addition of GP ablation to PVI appears to improve freedom
from atrial arrhythmia, when compared with PVI alone. However, addition of CFAE
ablation to PVI appears to confer no additional clinical benefit in patients with
paroxysmal or persistent AF, but rather to increase the incidence of subsequent atrial
tachycardia or atrial flutter. Despite the promising results obtained with the GP
ablation+PVI approach, future larger scale clinical trials are needed for a better
comparison between adjunctive GP and CFAE ablation strategies.

Regarding GP ablation potential limitations, it could not only damage various nerve
structures but also damage the myocardium, leading to the release of neurotrophic
factors that promote nerve sprouting.’’°® Given its high heterogeneous patterns of

reinnervation, nerve sprouting can contribute to pro-arrhythmia.
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In opposition to vagal denervation studies for the treatment of symptomatic
bradycardia, in which adjunctive right atrial ablation seems to cause electrophysiological
effects beyond left atrial ablation °°, only left atrial ablation modalities have been used
in AF trials. Thus, a right atrial approach might also be needed to obtain better results,
that is complete vagal denervation. Additionally, a previous study showed that partial
vagal denervation could facilitate rather than prevent vagally mediated AF by increasing
the heterogeneity of refractoriness within the atrial®, highlighting the necessity of
achieving a complete ablation.

As mentioned, ganglionated plexi ablation has also been investigated as a therapy for
NCS, which is the most common form of neurally mediated syncope.'®® Although its
pathophysiology is still controversial, the current thought is that it is related to
prolonged orthostatic stress, which ultimately leads to an abnormally amplified
autonomic reflex involving sympathetic withdrawal and parasympathetic enhancement,
which manifests as hypotension, bradycardia and syncope.1°102 Although commonly
being a benign condition, it is associated with an impairment in the quality of life and
with possible severe physical trauma in patients in whom the loss of consciousness
occurs suddenly, without prodromal symptoms.

Several therapeutic options have been proposed to manage reflex syncope. Most
patients only needed lifestyle behavioral modifications and instructions regarding how
to abort the vagal reflex.!03-1% However, some patients may benefit from specific
medications or even pacemaker implantation in refractory cases. 13-1% However, these
therapies have revealed only partial efficacy, depending on the characteristics of the
studied patients. In 1998, an innovative non-invasive and non-pharmacological strategy
to manage reflex syncope was proposed: tilt-test training.%’ Since then, some clinical
studies and case reports have tried to show its efficacy. 198192

Laranjo et al. have studied the effects of 9 tilt-testing sessions in 28 patients with NCS.
The authors observed a significant reduction in the number of syncope episodes, with
long-term benefits (at least, 24+12 months of follow-up), suggesting tilt-testing as a
complementary therapy to conventional approaches in refractory NCS.108

Left atrial GP ablation has also shown excellent long-term outcomes in different clinical

trials, with most patients remaining free from syncope (Table 3).110-112
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In general, no complications have been observed when using this method in NCS, except
for sinus tachycardia observed in two trials: it was reported in 1 of 57 patients included

in one study 2 and it persisted for 12 months in another.1%3

Table 3 - Long-term Efficacy Of Left Atrial Gangionated Plexi Ablation In Neurocardiogenic Syncope. (Results of Three Clinical Trials)

CLINICAL NUMBER MEAN INCLUSION CRITERIA FOLLOW-UP RESULTS
TRIAL OF AGE (MONTH)
PATIENTS (YEARS)
Pachon et 43 329+15 The patients had no apparent 45.1+22 3 cases of spontaneous syncope.
al.1o cardiopathy (LVEF=68.6+5%). 4 partial cardioinhibitory responses.
Recurrent NCS (4.7+2 Long-term AT was negative in 33, partially positive in 7
syncope/patient) with important and normal in 3 patients only, reflecting long-term
cardioinhibitory response vagal denervation.

(pauses=13.5+13s) at head-up tilt No major complications.

test, normal ECG, and normal
atropine test.

Yao et al.11! 10 50.4£6.4 Recurrent episodes of NCS with a 30+ 16 No patient had any recurrence of syncope and all
medium of 3.5 (range, 2-20), patients had significant improvement in symptoms. 5
during the preceding year and patients reported transient prodromes. No
positive head-up tilt testing in complications occurred.

patients in  whom standard
therapies were ineffective or
poorly tolerated.

Sun et al.112 57 43.2+13.4 NCS, with at least 3 episodes of 36.4+22.2 52 patients remained free from syncope. Prodromes
syncope before the procedure or at recurred in 16 patients.
least 1 syncopal episode within A reduced vagal tone lasting for at least 12 months
6 months before recruitment; after the procedure was observed.

Improved tolerance of repeated head-up tilt testing. No
complications observed (except for transient sinus
tachycardia in 1 patient).

positive response to head-up tilt
testing; and failed conventional
treatments.

LVEF = left ventricle ejection fraction; NCS = neurocardiogenic syncope; AT = atropine test

Many other studies reported selected cases in which patients had advanced
atrioventricular block induced by excessive vagal activity with an indication for

pacemaker implantation,14-121

in whom GP ablation prevented pacemaker
implantation, with no associated complications.

In summary, GP seems to be safe and effective in improving the outcomes of PV isolation
in patients with paroxysmal AF and a promising treatment for NCS.

However, there are still many unanswered questions and limitations regarding this
neuromodulation approach, like how to accurately localize GP, how to achieve complete

and homogeneous denervation, the extent of GP ablation required to improve

outcomes, how to prevent re-innervation and what are the long-term consequences of
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these therapies. Therefore, further randomized trials need to be directed to identify
those patients who are most likely to benefit from GP ablation and to define the extent
of ablation required to improve outcomes. Direct visualization of the GP using 1-123-
metaiodobenzylguanidine imaging 22 has been studied as an innovative way to assess
the autonomic tone before ablation and the extent of atrial denervation, allowing its

correlation with clinical outcomes.

Table 4 - Summary Of Recent Advances In Neuromodulation Of The Intrinsic ANS.

NEUROMODULATION OF THE INTRINSIC ANS

=  Due to its temporary nature, it has been studied to reduce POAF after cardiac
surgery.

=  Contradictory results between clinical trials.

=  large-scale studies are needed.

Epicardial Botulinum Injection

= Less recurrences of AF after PVl in patients with paroxysmal AF
Vagal Ganglionated Plexi =  Good long-term outcomes, regarding its application in NCS
Ablation =  Some limitations (how to localize GP; how to achieve complete denervation;
lack of long-term outcomes in AF studies)

AF=Atrial fibrillation; GP=Ganglionated plexi; NCS=Neurocardiogenic syncope; POAF=Post-operative atrial fibrillation;
PVI=Pulmonary vein isolation.
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4.2. NEUROMODULATION OF THE EXTRINSIC ANS

STELLATE GANGLION MODULATORY THERAPY
The stellate ganglion-targeted therapy tested so far includes cardiac sympathetic
denervation (CSD), percutaneous stellate ganglion blockade (SGB) with local

anaesthetics and radiofrequency ablation.

CARDIAC SYMPATHETIC DENERVATION

CSD is achieved through surgical removal of left sympathetic thoracic ganglia from T1 to
T4 (cervicothoracic sympathectomy), also known as left cardiac sympathetic
denervation (LCSD). LCSD was initially performed through a traditional, open approach,
either via thoracotomy or via supraclavicular access.*?® Recently, a minimally invasive
approach using video-assisted thoracic surgery (VATS) has been validated ' and is
currently the most commonly used strategy. This procedure is not only less invasive but
it also enables better visualization of the sympathetic ganglia.'?*

LCSD via VATS has already shown its efficacy in LQTS and CPVT.®! Regarding its use in
LQTS, in a study by Schwartz et al., LCSD was associated with a significant reduction in
the incidence of aborted cardiac arrest and syncope in high-risk LQTS patients when
compared with pre-LCSD events. However, LCSD is not entirely effective in preventing
cardiac events including SCD during long-term follow-up. LCSD should be considered in
patients with recurrent syncope despite beta-blockade and in patients who experience
electrical storm (ES), despite ICD.'?> For CPVT, the largest human study showing the
efficacy of LCSD in VA in CPVT has suggested LCSD as the next step in patients with CPVT
in whom syncope occurs despite optimal medical therapy, rather than implantable
cardioverter defibrillator (ICD), or as a complement to ICD in patients with recurrent
shocks.126

More recently, attention has shifted from inherited heart diseases to patients with
structural heart disease (SHD). In these patients, CSD was implemented as an alternative
antiarrhythmic strategy in patients suffering from ES or VA refractory to drugs and
catheter ablation??”1?8, |n this setting, bilateral CSD seems to have a more prolonged

effect on VA suppression when compared to LCSD.*?°
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In the largest study to date of CSD in SHD and refractory VA performed in 121 patients
with cardiomyopathy (mean left ventricular ejection fraction, LVEF, of 30%), CSD also
demonstrated efficacy in reducing VA recurrence, mortality and heart transplantation.
Of record, patients included in this study with advanced New York Heart Association
(NYHA) functional class, longer VA cycle lengths, and in whom a left-sided—only
procedure was performed had a worse endpoint of sustained VA/ICD shock recurrence,
death, and transplantation. 3¢

The only disadvantage of VATS and thus, of CSD, seems to be the highest incidence of
transient neuropathic pain, rarely observed with the supraclavicular approach, but
patients with channelopathies treated with LCSD via VATS still report a high level of
satisfaction with this procedure.'3!

It is also important to note that in the last decades it has become clear that the whole
neuroaxis undergoes a progressive remodelling in SHD, and therefore, probably a
combined approach acting at more levels of the neuroaxis may bring more benefit to

well-selected patients who are submitted to these interventions.

ANAESTHETIC STELLATE GANGLION BLOCKADE

This procedure is far from being new and has been used mainly in the treatment of
sympathetic related-pain syndromes involving the upper extremities.

In a randomized-controlled trial (RCT) of Leftheriotis et al. 132, 36 patients with
paroxysmal AF submitted to PVI were previously given temporary unilateral block of the
stellate ganglion with lidocaine or placebo. The authors observed that the patients with
anaesthetic ganglion block had a prolongation of the AERP, reduced AF inducibility, and
decreased AF duration, concluding that this might be a useful strategy in prevention and
treatment of recurrent AF in patients with paroxysmal AF. The same study suggested
that this technique might also be performed in an emergency setting before
cardioversion to facilitate sinus rhythm restoration.

Additionally, in a similar study from Connors et al.'33 there was a reduction in POAF rate
from the usual average value of 27% to 18.2% after CABG in patients with paroxysmal
AF submitted to anaesthetic ganglion block previously to cardiac surgery. A more recent
study 3* demonstrated a reduction in the incidence of perioperative AF, in patients

submitted to lobectomy.
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At the same time, SGB has also been proposed as an effective adjunct to contemporary
therapies in the management of ES, which is a medical emergency with a very high risk
of death.!® ES incidence varies, but it is commonly associated with the degree of
underlying SHD and prior arrhythmia. ES occurs in 10% to 40% of patients with prior VT
or VF, and in 3% to 4% of patients without prior VA. 13 In patients with ICD, ES is
associated with an 8-fold increased risk for sudden death. 37

The first systemic review supporting its use in patients with ES was carried by Meng L.
et al. 138 In this study, 38 patients, 95% of whom had underlying cardiomyopathy (mean
LVEF of 31%), were submitted to percutaneous, transient, block of the SG through local
anesthetic injection. This procedure was not only associated with an acute reduction in
VA burden from an average of 12 to 1 episode per day but also with a significant
reduction in the number of external and ICD shocks, from a mean of 10 to 0.05 shocks
per day. SGB also reduced the necessity of other therapies for VA. Of note, the efficacy
attributed to this neuromodulatory intervention was independent of the subtype of VA,
the presence or absence of cardiomyopathy, and the degree of LV dysfunction in the
patients studied.

Another trial by Tian et al. 13° performed in 30 patients at Mayo Clinic evaluated the
long-term effects and outcomes of SGB in drug-refractory ES, through left or bilateral
SGB. SGB significantly reduced the burden of VA episodes by 60% at 24 hours and by
92% at 72 hours, without associated adverse effects.

More importantly, because of its immediate effectiveness, this therapy can potentially
be lifesaving, either used as an alternative or as part of combination therapy in the
management of ES.

Most recently, a retrospective studyl4? provided the largest cohort (20 patients) of
bilateral SGB. This study concluded that bilateral SGB provides a substantial acute
reduction in the burden of VT/VF in patients with refractory VT/VF, with a similar
efficacy across the subtype of VA (monomorphic vs polymorphic VT) and the
cardiomyopathy etiology. The other major finding of this study was the observation that
the use of ultrasound-based guidance of bilateral SGB with local anesthetics appears

safe.
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RENAL SYMPATHETIC NERVE ABLATION

The sympathetic nervous system, particularly renal sympathetic influence on the ANS,
appears to play an important role in the pathogenesis of resistant HTN 14! and several
cardiac arrhythmias, as previously discussed. Therefore, ablation of sympathetic nerves
present in the renal vasculature has been investigated as a therapy in the management
of these patients, due to its effects in the reduction of systemic and cardiac
catecholamine levels, attenuation of myocardial fibrosis and influence over RAAS axis.5*
Catheter-based radiofrequency renal nerve ablation or denervation (RDN) is a method
of modulating central afferent input from the kidneys to the ANS. This procedure
involves the insertion of an endovascular catheter under fluoroscopic guidance via the
femoral artery and advancing it towards the distal renal artery. Ablation of the
sympathetic nerves is performed using radiofrequency energy applied via an electrode
on the tip of the catheter to the endoluminal surface. 142

In the last years, RDN has emerged as a potential treatment for drug-resistant HTN and
is already in clinical use in more than 80 countries, including parts of Europe, South
America, Australia, and Canada.143-14>

Initial studies regarding this neuromodulatory intervention have shown large reductions
in BP, as measured at an office visit, after RDN.1%¢147 However, these previous studies
had several limitations, such as small sample sizes, lack of blinding, lack of a sham
procedure as control and limited assessment of ambulatory BP, leading to the necessity
of more data. In this setting, more recently, a prospective, single-blind, randomized,
sham-controlled trial *® has been performed in 535 patients with severe resistant HTN.
However, this well-designed study failed to demonstrate the benefit of RND in both
efficacy endpoints for which the study was powered (reduction in office or ambulatory
systolic BP at 6 months).

Among different cardiac arrhythmias, this technique is under investigation for its
potential use as a therapy in AF and in VA.

Pokushalov et al.1*° assessed in a clinical trial the modifications in BP and AF recurrence,
in patients with resistant BP and paroxysmal AF, after being submitted to PVI with or
without RDN. After 12 months of follow-up, there was a significant reduction in the
arterial BP (with mean systolic BP from 181 to 156 mmHg and with mean dyastolic BP

from 97 to 87 mmHg) between patients submitted to PVI + RDN and 69% of these group
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of patients did not have any more events of AF, contrasting with patients only treated
with PVI, in whom there was no significant beneficial effects in BP and only 29% were
free of AF recurrence. In a more recent study *°° the same authors performed a similar
clinical trial, including patients with paroxysmal AF or persistent AF and with HTN (not
only severe resistant but also moderate resistant HTN), pretending to verify if the same
beneficial effects in the recurrence of AF could still be observed in this group of patients
with less severe arterial tension values, after a renal denervation procedure. The efficacy
of RND was superior in the group of patients with severe hypertension.

In a study by Romanov et al,**! the conclusions were similar: RDN when added to PVI
decreased AF recurrences, AF burden, and mean BP, with the observation that greater
reductions in BP were positivily correlated with lower mean AF burden.

Steinberg et al 2 showed that RND + PVI was associated with a reduction in left atrial
size which may contribute to a lower AF recurrence.

In a recent systematic review and meta-analysis based on the promising results obtained
in the mentioned studies, RND in addition to PVI was associated with reduced 12-month
AF recurrence in patients with paroxysmal/persistent AF and hypertension, with similar
procedure-related complications, when compared to PVI alone. %3

Despite the use of antiarrhythmic drugs, radiofrequency ablation and ICD implantation,
VA continue to be a therapeutic challenge, because of its high recurrence rate. Several
experimental models of ischemia demonstrated a reduction in the incidence of VA, after
RDN being performed. *4157 The pilot study '°8 regarding the use of RDN in VA was a
case report of 2 patients with ES, in whom this procedure reduced VA recurrence, with
one patient remaining free from events during 5 and the other during 6 months.

Since then, more studies in humans have been performed, although its results are not
published yet. These studies intended to evaluate the impact of RDN in the prevention
of VA in patients with ICD '*° and the impact of RDN as an adjunctive therapy to VA
catheter ablation. 16°

Although rare, this procedure can lead to some complications, such as arterial

161

dissection'®! and thermal lesion of the renal artery, that can both lead to occlusion or

arterial stenosis 2 with a subsequent reduction in the renal arterial supply.

28



SPINAL CORD MODULATORY THERAPY
At the level of the spinal cord, thoracic epidural anaesthesia (TEA) and spinal cord
stimulation (SCS) reduce spinal cord influences proximal to the SG either by injection of

anaesthetics or electrical stimulation, respectively.

THORACIC EPIDURAL ANAESTHESIA

TEA consists of the percutaneous infusion of local anaesthetic agents (e.g., bupivacaine
or opioids) into the thoracic epidural space, to achieve sympathetic block at the T1 to T5
spinal cord levels, inhibiting both afferent and efferent sympathetic signaling to the
heart.14?

TEA has been shown to lengthen ventricular repolarization and refractory periods at the
level of the myocardium 16318 and in animal models has shown to increase the
ventricular fibrillation threshold during acute MI ' and to suppress the spatial
heterogeneity of repolarization caused by sympathoexcitation of the heart.1%®

In medical practice, TEA has been mainly used in the perioperative setting for pain relief,
but it also has the potential benefit of decreasing general anaesthesia requirements and
postoperative arrhythmias, particularly in cardiac surgery.167:168

In a small case series, TEA has also been proven to be beneficial and safe in treating
refractory VA and ES, with a successful decrease in VA burden in 6 of 8 patients (75%).1%°
However, this study did not provide clear indications regarding the selection of patients
likely to benefit most, and the optimal timing of intervention.

Thus, more recently, another study!’® aimed to develop a systematic approach for
optimal patient selection and timing of intervention. Besides the observation that TEA
reduced VA burden in 6 of 11 patients (55%), this study also affirmed that TEA should be
considered in patients with VT storm refractory to initial therapies, including
antiarrhythmic medications, sedation, and ablation, and who do not have absolute
contraindications to epidural catheter placement while awaiting definitive therapy.
Additionally, it also suggested that TEA minimal adverse effect profile makes it a
potential alternative to prolonged intubation and deep sedation with general
anaesthesia, which is generally used as an adjunct to sympathetic blockade in

arrhythmia control of these patients.
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The absolute contraindications include active infection and dual antiplatelet therapy or
requirement for uninterrupted therapeutic anticoagulation, such as patients with high
intracardiac thrombi burden or patients receiving extracorporeal membrane
oxygenation. In these patients, an alternative to TEA should be considered.

Despite its potential risks, the rate of complications is relatively low in experienced
centers: epidural hematomas occur at a rate of 1:20 000 !’%; infections, including

epidural abscess, occur at a rate of 1:1000; and meningitis occurs at a rate of 1:5000.172

SPINAL CORD STIMULATION

SCS involves the placement of an epidural stimulation lead with distal poles at the upper
thoracic level. The lead is connected to an implanted pulse generator in the paraspinal
lumbar region. SCS is typically applied at 90% of the maximum tolerated voltage at a
frequency of 50 Hz "3 but nuances between studies have been applied, probably
explaining different results between them.

For many years, SCS has been used clinically to treat chronic neuropathic paint’4
(approved in the United States) as well as peripheral vascular disease'’> and refractory
anginal’® (in Europe).

More recently, we have also been recognizing its potential effects in reducing VA.

In animal models, SCS has demonstrated to reduce heart rate variability, left stellate
ganglion activity in acute M1 Y77 and to decrease the incidence of VA episodes, even with
brief (=1 h) periods of SCS. 177178 |n a canine model, 17° SCS at the level of T4 has not only
decreased the VA episodes, but it also improved HF clinical parameters, such as resting
heart rate, systolic blood pressure and oxygen saturation and induced a recovery on
LVEF.

The promising results in preclinical studies have led to an increasing interest in SCS, and
several studies in humans have been performed to define whether SCS is safe and
capable of improving the outcomes in patients with HF and arrhythmias.

In a case series of two patients, SCS reduced VA burden, from 128 and 90 episodes of
VA in the two months before to 6 and 0 episodes in the two months after SCS,
respectively.®

Regarding its potential use in HF, two RCTs have been performed. The SCS HEART

study'® included 22 patients with severe and symptomatic systolic HF and showed a
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significant reduction in HF symptoms, NYHA class, and improvement of LVEF and cardiac
remodeling with SCS. However, the DEFEAT-HF study *®2, which enrolled 81 patients, did
not show a benefit of SCS on LV structural remodeling, patient functional capacity, nor
circulating levels of brain natriuretic peptide (BNP). Additionally, there was no
significant reduction in VA (VT or VF) based on limited data from ICD interrogations in
the DEFEAT-HF study.

Despite the promising results in preclinical studies, the results obtained with the
DEFEAT-HF trial were disappointing. However, these contradictory results could possibly
be explained by the different anatomical locations (T1-T3 in SCS HEART versus T2-T4 in
DEFEAT-HF) of the electrodes, and/or by the different durations of SCS (12 h per day at
50 Hz in SCS HEART versus continuously via implanted stimulator in DEFEAT-HF study).
Moreover, although the results of the DEFEAT-HF study are disappointing, given the lack
of information regarding what constitutes an appropriate dose (i.e., duty cycle),'® level
of stimulation, and patient selection, it may be premature to conclude that SCS will not
have a role in treating patients with HF in the future. Thus, further studies are
warranted, to better define which SCS parameters are the most appropriate in the

treatment of HF and VA.

VAGAL NERVE STIMULATION

Vagal nerve stimulation (VNS) system delivers electrical stimulation via a lead placed
surgically around the right cervical vagus nerve and attached to an implantable pulse
generator.’® A second lead is placed in the right ventricle for ECG sensing and heart rate
detection, which is used to silence the VNS when heart rate decreases below a preset
level to avoid the adverse effects of bradycardia.

Cervical VNS is already approved in humans for the treatment of refractory epilepsy'®
and depression®® and under evaluation for chronic HF.8’

At present, several clinical trials of VNS for the treatment of advanced HF have
demonstrated conflicting results, probably caused by the combination of the
heterogeneous study population and lack of the knowledge of the optimal stimulation
parameters, 188190

In 2009, the Oklahoma group first reported the antiarrhythmic effect of applying low-

level VNS (LL-VNS) to the cervical vagus nerve in a canine model.’®* Thus, VNS has also
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emerged as a novel therapeutic modality to treat arrhythmias through its anti-
adrenergic and anti-inflammatory actions.
In animal models, cervical VNS significantly reduced VA susceptibility after coronary

192 and in the setting of a healed MI.1>3 Moreover, it has

artery occlusion and reperfusion
also demonstrated efficacy as a prophylactic therapy, in the setting of MI, minimizing
the risk of VF onset. 13

In humans, because of its invasive nature, cervical VNS has only been tested acutely in
POAF in patients undergoing open-heart surgery, in whom POAF was reduced by 66%
by VNS (20 Hz) for 72 hours after cardiac surgery.'®* Adverse effects of VNS include
infection, Horner syndrome, discomfort and pain at the implant site. 19>1%

An alternative to cervical VNS has attracted recently more attention due to its
noninvasiveness, that is the transcutaneous VNS by the stimulation of the auricular
branch of the vagus nerve (transcutaneous low-level tragus stimulation or LL-TS).
Transcutaneous LL-TS has been under investigation for the treatment of AF and VA and
the recent advances in this field will be discussed below.%’

In 2015, the Oklahoma group performed a randomized clinical trial’®® applying
transcutaneous LL-TS to patients with refractory paroxysmal AF referred for catheter
ablation. Only one hour of LL-TS was enough to suppress AERP shortening and AF
inducibility, shorten the AF duration and decrease pro-inflammatory markers, such as
tumor necrosis factor-o (TNF-a) and C-reactive protein.

A recent sham-controlled RCT published by the same group indicated that in ambulatory
patients with paroxysmal AF, daily LL-TS (one hour, 20 Hz, 1 mA below the perception
threshold) reduced the AF burden by 83% at 6 months. Plasma level of the TNF-a was
reduced by 23% as well. These results suggest that transcutaneous LL-TS may serve as a
novel, non-invasive therapy for patients in the early stage of AF.1*°

However, future large scale randomized clinical trials will be needed to optimize patient
selection for transcutaneous LL-TS, as well as to determine if patients with a more
advanced stage of AF (e.g., persistent AF) still respond to transcutaneous LL-TS.
Regarding its applicability in VA, in preclinical studies, Yu et al 2°° found that in a canine
post-MI model, chronic transcutaneous LL-VNS (2h/day) for 2 months reduced
inducibility of VA, left SG neuronal activity, left ventricular remodeling and ANS

remodeling at the infarct border zone.
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Recently, the same group provided the first-in-man clinical trial regarding
transcutaneous VNS use in the acute MI setting. This study concluded that when
transcutaneous LL-VNS was delivered at the time of ST-elevation MI (STEMI), this
procedure was associated with a reduction in the infarct size, myocardial
ischemia/reperfusion related ventricular premature contraction and VA as well as pro-
inflammatory markers in patients presenting with STEMI undergoing percutaneous
coronary intervention.?°?

In conclusion, for its noninvasiveness, transcutaneous VNS seems an attractive
alternative to cervical VNS to treat VA. However, future preclinical and clinical studies
should focus on identifying the optimal stimulation parameters (e.g. frequency, pulse
width, duty cycles) as well as acute biomarkers that can predict long-term efficacy.
Moreover, despite the promising results described in several studies, long-term

beneficial outcomes have not been verified in clinical trials.

BARORECEPTOR STIMULATION

Mechanoreceptors in the carotid sinus and aortic arch (baroreceptors) generate
dynamic feedback to brainstem centers responsible for autonomic tone, thereby
exerting control on blood pressure and heart rate.?%?

Electric stimulation of carotid baroreceptors reduces sympathetic tone?% while
augmenting vagal tone.?®* Thus, in the last decades, it has been increasing interest in
baroreceptor activation therapy, also named baroreceptor stimulation (BRS).

BRS has been under investigation for the treatment of AF and VAs, in the context of
chronic HF and acute M.

Given its antiadrenergic and cholinergic effect, it can generate both pro-arrhythmic and
antiarrhythmic influences relative to AF. Several preclinical studies have demonstrated
this dual effect of BRS in AF. In a canine model of low-level BRS at a voltage below the
threshold to lower systemic blood pressure, 2 h of BRS was associated with an increased
AERP, increased AF threshold, and decreased cardiac atrial GP activity.?%> This effect was
further confirmed in a porcine model of obstructive sleep apnea, in which high- versus

low-level BRS effects were compared AERP and reduced AF inducibility, whereas high-

level baroreceptor stimulation shortened AERP and increased AF inducibility.2%®
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Currently, there is one ongoing clinical trial 27 to investigate whether impairment of
baroreceptor sensitivity is related to higher susceptibility to pain, atrial fibrillation and
cognitive dysfunction, after cardiothoracic surgery. However, to our knowledge, BRS has
not been yet investigated in humans in clinical trials for AF treatment.

The results regarding its application in the context of chronic HF and during acute
ischemia, not only in the prevention, but also in the treatment of VAs, seem more
promising. However, similarly to AF, there are no studies in humans so far, and currently
available information is also restricted to preclinical trials in animal models.

In a canine model of advanced chronic HF, BAT not only significantly reduced the
induction rate of sustained VT/VF (from 100% at baseline to 43% after 3 months and to
29% after 6 months), but also improved LV function and attenuated remodelling.2%®

In another canine model, BRS reduced the occurrence of VAs during acute ischemia (the
percentage of episodes of ventricular fibrillation was 80% in the control group versus
30% in the BRS group), without affecting blood pressure. 2%°

This apparent benefit of BRS supports its continued exploration as a novel modality for
treating patients with chronic HF and increased risk of sudden cardiac death. However,
these promising results are only relative to studies in animals and the possible benefit
of the strategy need to be confirmed in humans in large clinical trials.

Additionally, considering the recent advances in LLVS (low-level vagal stimulation),
which appears to act similarly, remains unclear if BRS will develop as a viable alternative

in the treatment of AF and VAs.
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Table 5 - Summary Of Recent Advances in Neuromodulation Of The Extrinsic ANS.

NEUROMODULATION OF THE EXTRINSIC ANS

NEUROMODULATION OF THE SYMPATHETIC NERVOUS SYSTEM

Left Cardiac Sympathetic Denervation

= |t seems beneficial in patients with LQTS in whom recurrent syncope occurs, despite beta-blockade, and
in patients who experience ES with an ICD

= It might be used in patients with CPVT in whom syncope occurs despite optimal medical therapy (instead
of ICD), or as a complement to ICD in patients with recurrent shocks

= |t seems promising in patients with SHD in whom ES or VT are refractory to antiarrhythmic drugs and

Stellate Ganglion catheter ablation (bilateral CSD seems more effective)
Modulatory
Therapy Anaesthetic Stellate Ganglion Blockade

= |t can be used previouly to CABG to reduce POAF

= |t might be beneficial in paroxysmal AF

= |t can be life-saving in the acute setting to manage ES, used either in addition or as an alternative to
contemporary therapies

= Inthe emergency setting, it can also be used before cardioversion to facilitate sinus rhythm restoration

=  Beneficial in addition to PVI, in the reduction of arterial BP and FA recurrence, with similar rates of
complications, when compared to PVI alone

=  Reduction in the incidence of VA (in animals)

=  Several ongoing clinical trials regarding its use in VA

Renal Nerve
Denervation

Thoracic Epidural Anaestesia
= |t can be considered in patients in whom VA are refractory to initial therapies (including antiarrhythmic
medications, sedation, and ablation)

SRRl =  Some contraindications to its use
Modulatory
Thera . . .
RY Spinal Cord Stimulation
=  Promising preclinical results, but lack of studies or contradictory results to prove its benefit in the
treatment of VA and HF
NEUROMODULATION OF THE PARASYMPATHETIC NERVOUS SYSTEM
Cervical LL-VNS
= Due toits invasiveness, it has only been tested in the acute setting for the management of POAF,
following cardiac surgery, but with good results
Vagal Nerve Transcutaneous LL-TS
Stimulation = |t might be a novel, non-invasive therapy for patients in the early stage of AF
= |t might be beneficial in the management of M, as it reduces infarct size, VT apisodes and pro-
inflammatory markers
Further studies are needed to optimize patient selection and stimulation parameters, and to evaluate
its efficacy in the long-term
= |nanimals, it has been studied its application in AF and VA (in the context of chronic HF and acute M)
Baroreceptor = lack of clinical studies in humans
Stimulation

AF=Atrial fibrillation; BP=Blood pressure; CABG=Coronary artery bypass grafting; CPVT= Catecholaminergic polymorphic ventricular tachycardia;
CSD=Cardiac sympathetic denervation; ES=Electrical storm; HF= Heart failure; ICD=Implantable cardioverter defibrillator; LQTS= Long QT
syndrome; LL-TS= Low-level tragus stimulation; LL-VNS= Low-level VNS; MI=Miocardial infarction; POAF= Post-operative AF; PVI= Pulmonary
vein isolation; SHD= Structural heart disease; VA= Ventricular arrhythmia
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5. CONCLUSION

There is evidence that the autonomic nervous system plays an important role in the
generation of auricular and ventricular arrhythmias, thereby contributing to events of
sudden cardiac death.

There are also some contradictory results obtained between studies, as mentioned, for
example, in the field of spinal cord stimulation, which probably reflects the different
methods used (for example, different duration and level of stimulation). Therefore, new
studies are needed to define the most appropriate stimulation parameters and optimize
the different strategies for a great benefit in the treatment of cardiac arrhythmias.
Currently, there are several ongoing research studies whose results will not only
contribute to increase our understanding of the basic mechanisms of cardiac neural
control, but also to better understand the utility of these novel antiarrhythmic therapies.
Moreover, regardless of the apparent promising results of different techniques, long-
term studies seem to be fundamental before considering neuromodulation as a
therapeutic option for cardiac arrhythmia, not only to confirm its prolonged efficacy but
also to identify possible adverse effects in the long-term, provided that the majority of
these techniques is invasive and involves the modulation of a complex system, in which

the consequences might only be visible some years after the procedure.
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