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and neuron bodies. Although the role of extrinsic part has historically gained more attention, the intrinsic cardiac ANS may
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from hyperactive vagal activation. However, distribution of intrinsic cardiac nerve plexus in the human heart and the functional

properties of intrinsic cardiac neural elements remain insufficiently understood. The present review aims to bring the clinical
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Abstract

It is increasingly recognized that the autonomic nervous system (ANS) is a major contributor in many
cardiac arrhythmias. Cardiac ANS can be divided into extrinsic and intrinsic parts according to the course
of nerve fibers and localization of ganglia and neuron bodies. Although the role of extrinsic part has
historically gained more attention, the intrinsic cardiac ANS may affect cardiac function independently as
well as influence the effects of the extrinsic nerves. Catheter based modulation of the intrinsic cardiac ANS
is emerging as a novel therapy for management of patients with brady and tachy arrhythmias resulting
from hyperactive vagal activation. However, distribution of intrinsic cardiac nerve plexus in the human
heart and the functional properties of intrinsic cardiac neural elements remain insufficiently understood.
The present review aims to bring the clinical and anatomical elements of the ICANS together, by reviewing
neuroanatomical terminologies and physiological functions, in order to guide the clinical electrophysiologist
in the catheter lab, and to serve as a reference for further research.
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Introduction

Cardiac autonomic nervous system (ANS) consists of components from parasympathetic and sympathetic
systems (1). As first glance, while parasympathetic activity causes negative chronotropic and dromotropic
effects, the sympathetic system primarily affects cardiac contractility and regulates peripheral vasoconstric-
tion (1). Although the two components are usually considered to be antagonistic, autonomic control of the
heart is regulated via several levels of feedback loops with a fine balance of sympathetic and parasympathetic
signals between the heart and the peripheral and central nervous systems (2).

Structurally, the ANS of any visceral organ is represented by a complex neural plexus formed by extrinsic
and intrinsic parts according to localization of postganglionic neurons that provide fibers from the ganglion
to the effector organ (3, 4). For the heart, large numbers of neurons are associated with ganglia and their
interconnecting nerves on atria and ventricles, and this intrinsic cardiac ANS has been collectively referred to
as the heart’s “little brain”(4-8). Extrinsic and intrinsic cardiac structures in animal models and humans are
species-dependent and translating experimental data obtained from animals to humans can be challenging.

Excessive parasympathetic tone may be an important cause of several clinical bradyarrhythmias such as
functional atrioventricular block, some forms of sinus node dysfunction, and vasovagal syncope (VVS) (9).
Similarly, a causal relationship between intrinsic cardiac ANS and atrial tachyarrhythmias has been demon-
strated both in animals and in humans (10-16). Furthermore, electrophysiological effects of ANS may be
exacerbated in diseased hearts (11, 12). In recent years, catheter based autonomic neuromodulation has
emerged as an important novel therapy for VVS and for atrial fibrillation (AF), and has been shown to
have better efficacy when compared with pharmacological therapies (9, 10). However, the full extent of the
distribution of intrinsic cardiac nerve plexus on the human heart and the functional properties of human
intrinsic cardiac neural elements remain insufficiently understood by many clinical electrophysiologists. In
this review, we focus on anatomical and functional characteristics of the intrinsic cardiac ANS in non-human
mammals and in humans, and attempt to present neuroanatomical terminologies in an attempt to fill this
knowledge gap.

The extrinsic cardiac nervous system

The extrinsic part of cardiac nervous system includes the ganglia and nerves en route to the heart. A
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. ganglion is a cluster of neuronal cell bodies outside the brain (1). In the ANS, while efferent axons from
the central nervous system to the ganglion are known as preganglionic nerve fibers, efferent axons from the
ganglion to the effector organ are called postganglionic nerve fibers (1). Although ganglia of the sympathetic
division are located within the sympathetic chain or paravertebral ganglia, ganglia of the parasympathetic
division which are called as either the intramural or the intrinsic ones are distributed mainly within the
epicardial area (3, 17, 18) (Figure 1). Thus, parasympathetic postganglionic fibers tend to be shorter than
sympathetic ones. All extracardiac nerves access the epicardial neural plexus as extensions of the extrinsic
cardiac plexuses.

The intrinsic cardiac nervous system

The intrinsic cardiac nervous system comprises efferent parasympathetic and sympathetic neurons, afferent
(sensory) neurons, and local circuit neurons/interneurons acting via diverse neurotransmitters (Figure 1)
(19-24). For many years, studies on the mammalian heart mostly focused on determining the location of
epicardial ganglia using histologic examination of heart sections, resulting in the concept of ganglionated
plexuses (GPs) consisting of grouping ganglia in different sites (3, 4, 25). However, this somewhat simplistic
notion has been challenged by recent observations that epicardial ganglia may be very widely distributed,
and their sizes may be extremely variable ranging from those that are only observable with a microscope
to those that are easily discernible with the naked eye (26). Furthermore, the hearts of humans and some
mammalian species contain more than one and a half thousand ganglia (4, 26, 27). Thus, the actual number
and distribution of these ganglia might only be identified on the non-sectioned heart preparations (26). By
staining of intrinsic cardiac neural plexus on the whole heart, it has been disclosed that the heart is under
neuronal control through one intrinsic epicardiac neural plexus, nerves of which extend to distinct cardiac
regions by seven neural pathways or routes, called as epicardiac neural ganglionated subplexi (sGPs) (26-29)
(Figure 2). Anatomically, nerves accessing the heart penetrate through the heart hilum at the base of the
heart into the epicardium and to the intrinsic ganglia distributed mostly within the epicardium. Then,
the postganglionated intrinsic nerves extend towards the specific atrial or ventricular regions - around the
sinoatrial node, the roots of caval and pulmonary veins (PVs), and near the atrioventricular node (Figures 1
and 2). The main difference of GP nomenclature from that of sGP terminology is that specific GPs are parts
of the larger ganglionated fields of specific sGPs. Since epicardial ganglia are persistently distributed along
those sGP nerves, the use of the inclusive term ‘ganglia’ instead of GPs and sGPs might be more reasonable
to define those areas anatomically. Because electrophysiological detection and ablation ofventricular sGPs
has been practically unexamined so far, the following part of the review will discuss the intrinsic ganglia
distributed in the atrial epicardium.

The organization of the intrinsic cardiac autonomic nervous system in non-human mammals

A significantly lower number of nerve cell bodies is evident in structure of sGPs of smaller mammals as
compared to larger ones (24-34). Also, while in small mammals, ganglionic cells are usually clustered across
the hilum, they are distributed more widely across both atria in larger mammals. Essentially, five atrial
sGPs have been defined in non-human mammals (Figure 2): 1) the left dorsal sGP (LDsGP); 2) the middle
dorsal sGP (MDsGP); 3) the ventral left atrial sGP (VLAsGP); 4) the ventral right atrial sGP (VRAsGP);
and 5) the dorsal right atrial sGP (DRAsGP) (28-31).

The organization of the intrinsic cardiac autonomic nervous system in humans

Although, in general, the morphology of the human sGPs corresponds with that in larger mammals, partic-
ularly, with the canines, topographical and quantitative inter-species differences are evident (26, 28, 30, 33,
34). According to GP nomenclature by Armour et al (4) that is commonly used to define the distribution of
intrinsic cardiac ganglia in experimental and clinical studies, the following five major and one minor atrial
locations are consistently identified in humans: 1)the superior right atrial GP located on the postero-superior
surface of the right atrium (RA) adjacent to the junction of the SVC and the RA; 2) the superior left atrial
GP on the postero-superior surface of the left atrium (LA) between the PVs; 3) the posterior right atrial GP
located adjacent to the interatrial groove; 4)the posteromedial left atrial GP on the postero-medial surface of
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. the LA; 5) the interatrial septal GP consisting of fusion and extensions of the posterior right atrial GP and
the posteromedial left atrial GP ; and 6) the posterolateral left atrial GP is identified on the postero-lateral
surface of the LA. According to Pauza et al (28, 35, 36, 68) who studied the intrinsic nerves and ganglia on
the human whole-mount heart preparations, these 5 GPs are densely interconnected by thinner nerves and,
therefore should be considered as just distinctive, ganglionated areas of the continuous cardiac ganglionated
nerve plexus (Figure 2, Table 1). Since these ganglionated areas have their specific neural fibers accessing
through cardiac hilum nerves as well as the nerves that extend from these ganglia towards the specific atrial
and ventricular regions, they were referred to by Pauza et al (28) as sGPs. On the human atria, there
are discerned (1) the VRA (anterior right) sGP which occupies ventral superior right atrial region, ventral
side of the root of the SVC, and ventral inferior right atrial region; 2) the VLA (anterior left) sGP covers
the rather narrow ventral superior left atrial region; 3)the LD (posterior left) sGP distributes across the
left coronary sulcus, region of dorsal left coronary sulcus, and middle left atrial region regions and contains
abundant ganglia; 4) the MD (posterior middle) sGP extends on the dorsal superior left atrial region and
around the crux cordis; and 5) the DRA (posterior right) sGPwhich resides in the dorsal superior right atrial
region, dorsal side of the root of the SVC, and region over the interatrial septum. Innervation routes of these
atrial sGPs are provided in Online Supplemental File.

The ligament of Marshall (LOM) or neural fold of the LA is considered part of the intrinsic cardiac ANS.
Immunohistochemistry confirmed that it involves a number of branches of the left vagus, specifically the
LDsGP , and sympathetic nerve fibers (37). Cholinergic nerve fibers originating in the LOM were found to
innervate surrounding left atrial structures, including the PVs, left atrial auricle or appendage, and coronary
sinus (Figure 3). It becomes the vein of Marshall caudally as it connects with the coronary sinus.

Innervation principles of the sinoatrial and the atrioventricular nodes

In physiological experiments in canine and primates, removal of the epicardial ganglia located at the junction
of the inferior vena cava and inferior wall of the LA eliminated the negative dromotropic effects of vagal
nerve stimulation without suppressing vagally mediated reductions in heart rate (6, 7, 38, 39). On the
contrary, surgical removal of the epicardial ganglia and nerves located around the right PVs attenuated the
negative chronotropic response to vagal nerve stimulation without adversely affecting vagal inhibition of
atrioventricular conduction (6, 7). In the human heart as well as in the hearts of some other mammalian
species, both the VRAsGP and the DRAsGP supply epicardial nerves to the sinoatrial nodal neural network
(Figure 2 and Online Supplemental Figure 1) (40, 41). Although the size and number of ganglia inside
these sGPs vary from one heart to another, the largest number and density of epicardial ganglia are usually
located at the junction of the SVC with the RA. It is noteworthy that some part of the postganglionated
nerves of the VRAsGP passing onto the LA invariably extended via a remarkable crest of the ventral surface
of the LA. This anatomical distribution should be kept in mind to understand why bi-atrial ablation might
be needed for complete denervation of the sinoatrial node in some cases (Figure 4). Despite results of
physiological experiments, successive anatomical attempts to determine nerves that coursed towards the
canine or ovine atrioventricular node failed as those endocardial nerves are especially tiny (33-35). However,
postganglionated nerves from the LDsGP , and the MDsGP extend towards the interatrial septum and
presumably supply the atrioventricular nodal region (Figure 4) (33-35).

Theoretical background of intrinsic cardiac autonomic nervous system modulation for vasovagal
syncope and atrial fibrillation

As the most common type of syncope, VVS is characterized by an abrupt dysregulation of the ANS to
maintain adequate blood pressure and/or heart rate for cerebral perfusion (42). Central or peripheral
triggers initiate three well-defined efferent responses: a cardioinhibitory response due to parasympathetic
overactivity manifested by persistent bradycardia or prolonged pauses; a vasodepressor response due to
sympathetic withdrawal manifested by significant hypotension; and a mixed response manifested by co-
existing bradycardia and hypotension (Online Supplemental Figure 2) (42). Theoretically, neuromodulation
of the intrinsic cardiac ANS works by preventing the parasympathetic efferent arm of the reflex arc in
cardioinhibitory VVS and in mixed VVS types with a predominant cardioinhibitory response. The clinical
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. efficiency of catheter based neuromodulation in patients with VVS has been reported by several groups
(43-49), with freedom from syncope of between 80% and 100%.

After demonstration of the PV myocardial sleeves as the main foci for initiation of paroxysmal AF, studies
have focused on the difference in electrophysiological properties of PVs and the adjacent LA myocardium. Ex-
perimental studies have shown that stimulation of epicardial ganglia causes both sympathetic and parasym-
pathetic activation and PV myocytes are more prone to effects of local autonomic nerve stimulation compared
to LA myocytes (13-16, 50-54). While parasympathetic effect shortens the action potential duration, nore-
pinephrine enhances the calcium transient in the PVs. The disparity between the short action potential
duration and the enhanced calcium transient results in early afterdepolarization and triggered firing in the
PVs (Online Supplemental Figure 2). Scherlag et al (50) showed that stimuli applied to PVs could not induce
AF unless there was also simultaneous stimulation of the adjacent epicardiac ganglia. Furthermore, blockade
of muscarinic cholinergic receptors by atropine suppressed triggered firing from the PVs. Although experi-
mental data have shown potential importance of intrinsic cardiac ANS, clinical studies investigating the role
of adding ANS modulation to PV isolation in patients with AF have shown conflicting results (52-54). After
demonstration of that high-frequency stimulation (HFS) at the LOM may cause parasympathetic responses
characterized by significant slowing of atrioventricular nodal conduction and AF induction in animal and
human experiments, the role of the vein of Marshall ethanol infusion has been investigated in patients with
AF (55, 56). In the VENUS Randomized Clinical Trial, addition of vein of Marshall ethanol infusion to
catheter ablation, compared with catheter ablation alone, increased the likelihood of remaining free of AF
or atrial tachycardia at 6 and 12 months. (57). A similar experience was confirmed in recently published
Marshall-Plan study (58).

Detection ofintrinsic cardiac autonomic nervous system during electrophysiological study

Three different approaches have been used for clinical identification of intrinsic cardiac ANS in atria in the
catheter laboratory: 1) HFS; 2) electrogram analysis; and 3) empirical anatomic ablation (9, 10).

High-frequency stimulation

Animal experiments demonstrated that electrical stimulation of left atrial sites areas caused 2 types of re-
sponse in different parts of the LA: a vagal response (VR), defined as a significant prolongation of the PR
and/or RR intervals, and a normal response characterized by the absence of any effect or nonsignificant
changes on the PR or RR intervals (55). Theoretically, demonstration of a positive VR differentiates au-
tonomic innervation sites than normal atrial myocardium. Because each epicardiac ganglia contains both
parasympathetic and sympathetic neural elements, response to HFS may change according to duration of
application. While shorter applications stimulate parasympathetic fibers, if HFS is delivered more than
2–5 seconds, sympathetic fibers may be stimulated, which may subsequently mitigate the parasympathetic
response (55, 59).

According to the sites exhibiting a VR to HFS and fractionated electrogram characteristics during AF,
5 major epicardiac GPs were identified by Nakagawa et al (55): 1) the right anterior GP ; 2)the right
inferior GP ; 3) the left superior GP ; 4)the left inferior GP ; and 5) the Marshall ligament GP . Figure 5
demonstrates the anatomical distribution of these 5 GPs (55). Interestingly, in spite of using a quite similar
HFS protocol, Kim et al (60) found a more scattered distribution although the VR sites were located mainly
on the posterior wall of the LA. We believe that one reason for this discrepancy may be that HFS may
stimulate not only epicardial ganglia but also nerves that extend from epicardial ganglia towards the atrial
regions. Indeed, despite its strong theoretical background, a HFS-based strategy has not demonstrated an
advantage over empirical anatomic ablation in patients with AF as well as VVS (61, 62).

Electrogram analysis

By using fast Fourier transform analysis, Pachon et al (63) definedcompact andfibrillar atrial potentials
during sinus rhythm. Because fibrillar potentials demonstrated fragmented and heterogeneous conduction
properties, authors speculated that fibrillar potentials may be originated from incursions of neural and vas-
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. cular structures and be used to detect autonomic innervation sites. Lellouche et al (64) analyzed electrogram
characteristics based on VRs during radiofrequency application and demonstrated that the best single pre-
dictor of VR during radiofrequency application was the presence of at least 4 electrogram deflections at
the ablation site. In our initial work, epicardiac ganglia sites were detected through a combination of fast
Fourier transform analysis of electrograms, and HFS (65). In accordance with Lellouche’s observations,
all the electrograms on the radiofrequency ablation sites demonstrated a fragmented pattern. Because the
better resolution afforded by usage of higher high-pass filters allowed better appreciation of electrogram
fragmentation (63), in our subsequent work, we used band-pass filter settings of 200-500Hz instead of con-
ventional band-pass filter settings of 30-500Hz during sinus rhythm and targeted all fragmented electrograms
in regions which are anatomically consistent with autonomic innervation sites (46) (Table 1). Indeed, this
simpler electroanatomical mapping-guided strategy demonstrated an identical success rate in preventing
prodromal symptoms and syncope recurrence as compared to the previous combined approach. Figure 5
demonstratesthe anatomical distribution of GPs according to our definition method (49).

Empirical anatomic ablation

This strategy can be used in 2 different ways: adjunctive to electrogram analysis or HFS (44) or both;
or as a true stand-alone strategy, via isolated right atrial or left atrial approaches (48, 62). Sun et al (48)
compared HFS-guided and empirically defined ablation approaches in 57 VVS cases. No statistical differences
were found between HFS-guided and anatomical-guided ablation groups in either freedom from syncope or
recurrent prodromes.

Future implications

The optimal approach to modulate the intrinsic cardiac ANS, the number of sGPs to be targeted and the
long-term consequences of these therapies remain unclear. It is important to note that intrinsic cardiac
ANS modulation can be associated with procedural risks, either in terms of procedural complications or the
potential for off target effects like enhanced susceptibility to ventricular arrhythmias (66). Given the very
complicated and variable distribution of epicardial ganglia and sGPs in humans, further characterization
of the hierarchy of sGPs and specific atrial sGPs that ought to be targeted for arrhythmia therapy will be
crucial. Until we get more data from prospective randomized studies, it is reasonable to proceed with caution
in ablating these structures.

Conclusions

From an electrophysiologic perspective, although differences in nomenclature exist between cardiac neu-
roanatomists and cardiac physiologists, the route of innervation to the heart tends to be fairly consistent
and should be defined by the cardiac plexus, the major ganglionated part of which is found in the atrial epi-
cardium. Understanding of these specific anatomical principles of the innervation of the heart may facilitate
to create a framework for modern therapies to directly target autonomic function.

Funding: There is no finding

Disclosures: All authors declare that there is no financial relationship.
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Figure legends

Figure 1

A schematic representation of the cardiac autonomic nervous system in mammalians including the humans.
The diagram demonstrates how preganglionic sympathetic axons arise from the spinal cord, synapse with
the second sympathetic neurons in the sympathetic chain or intrinsic cardiac ganglia, and proceed as the
postganglionic sympathetic axons innervating the diverse cells in the heart (marked in green). The vagus
nerve preganglionic axons primarily arise from the dorsal vagal and ambiguus nuclei and synapse with the
second parasympathetic neurons within epicardial ganglionated nerve plexus (in brown). Cardiac sensory
neurons localize in the dorsal root and vagus nerve sensory ganglia that involve mostly nitrergic axons spread
to the heart, while the first four thoracic dorsal root ganglia give rise to the axons containing substance P
(SP) and calcitonin gene related peptide (CGRP). The hilum of heart concentrates all nerves reaching this
organ. Epicardial ganglionated nerve plexus encloses numerous nitrergic neuronal somata with neuronal
nitric oxide (nNO) synapsing the neurons within the brain stem and spinal trigeminal nuclei (mark in blue).
Please notice the noradrenaline (NA) and adrenaline synthetizing small intensively fluorescent (SIF) cells
adjacent to ganglia. Despite epicardial localization of ganglionated nerve plexi, there is a highly dense
network of sensory and efferent nerve fibers in myocardial and endocardial levels.

Figure 2

Comparative drawings of the posterior (A) and anterior (B) views of epicardial ganglionated subplexi (sGPs)
in different mammals. Scheme summarizing the descriptions of the disposition, course, and innervation areas
of sGPs highlighted in different colors. The dotted and shadowed areas represent the main locations of
intracardiac ganglia. While topography of sGPs is generally similar, structural organization of these sGPs
varies with the species. Intrinsic ganglia from small mammals are discretely located within the limits of heart
hilum on the heart base which is demarcated by dashed lines, in contrast to larger mammals and humans,
where these ganglia become progressively scattered and widely distributed. The left dorsal sGP (LDsGP) is
labeled in red, middle dorsal (MDsGP) in yellow, dorsal right atrial (DRAsGP) in pink, ventral right atrial
(VRAsGP) in blue, the ventral left atrial (VLAsGP) in green, left coronary (LCsGP) in brown, and the
right coronary (RCsGP) in magenta, respectively. Other abbreviations: Ao-aorta; IVC-inferior vena cava;
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. LAA-left atrial appendage; LAzV-left azygos vein; LIPV-left inferior pulmonary vein; LSPV-left superior
pulmonary vein; PT-pulmonary trunk; RAA-right atrial appendage; RIPV-right inferior pulmonary vein;
RSPV-right superior pulmonary vein; SVC-superior vena cava.

Figure 3

Macrophotographs of the newborn (A) and the adult (B) pressure inflated human left atrium stained his-
tochemically for acetylcholinesterase from the inferior (A) and the lateral (B) views. Note in panel A the
parallel epicardial nerves of the LDsGP that extend from and inside the ligament of Marshal (LOM) on
the lateral wall of left atrium towards the inferior side of left atrium (arrows) supplying the walls of left
pulmonary veins (PV) by thinner ganglionated nerves. White arrows in panel B point to epicardial nerves of
the LDsGP that extend on lateral side of the left atrium as the LOM or the left atrial neural fold. Moreover,
note the thin epicardial nerves branching from the MDsGP and LDsGP in panel A as well as from LDsGP
in panel B that proceed towards the PVs. Dotted line in panel A marks the reflection of pericardium into
epicardium on roots of the left PVs. Abbreviations are same as in figure 2.

Figure 4

Schematic drawing demonstrates the location, course, and innervation regions of the epicardial ganglionated
subplexi from anteroposterior (A) and posteroanterior (B) views on 3D mapping system. Red dotted lines
indicate distribution of sGPs. While VRAsGP and DRAsGP supply the sinoatrial node (SN), innervation
of the atrioventricular node (AVN) is provided by LDsGP and MDsGP. The limits of heart hilum are
demarcated by white dotted lines. CS-coronary sinus; His-His bundle; LOM-Ligament of Marshall. Other
abbreviations are same as in figure 2.

Figure 5

Schematic view of distribution of ganglionated plexi (GPs) based on the presence of fragmented bipolar
endocardial atrial electrograms (FEGM) during sinus rhythm (red spheres) or positive response to high-
frequency stimulation (HFS) during atrial fibrillation (white spheres) according to the relevant literature.
Please compare localizations of GPs according to the nomenclature of Armour (4) with distribution of sGPs
of Pauza (28) in Figure 4. CS-coronary sinus; LIGP-left inferior GP; LSGP-left superior GP; PMLGP-
posteromedial left GP; RIGP-the right inferior GP; RSGP-right superior GP; VOM-vein of Marshall. Other
abbreviations are explained in legend to figure 2.
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