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Introduction

A balanced function of the cardiac autonomic nervous system (cANS) is essential to maintain
cardiovascular homeostasis. The sympathetic nervous system has been attributed an
important role in the perioperative stress response induced by surgery and anesthesia but is
also implicated in the genesis and maintenance of atrial and ventricular arrhythmias*= as well
as in the pathogenesis of heart failure®* Thoracic epidural anesthesia (TEA) and paravertebral
blockade are regularly employed as analgesic techniques in cardiothoracic anesthesia. Besides
sensory and motor blockade, TEA (T1-T5) and paravertebral blockade also induce blockade of
sympathetic outflow to the heart (Figure 1).
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Figure 1. Relationship between level of neuronal modulation and sympathetic input to the heart

Preganglionic cardiac sympathetic axons synapse with postganglionic sympathetic neurons in the cervical
or upper thoracic ganglia (Tg); postganglionic fibers from these ganglia form the sympathetic cardiac
nerves that innervate the heart via the deep and superficial cardiac plexus. Neuronal modulation of cardiac
sympathetic innervation may be achieved by TEA at the spinal level, by left stellate ganglion (LSG) blockade,
by blockade of the upper thoracic ganglia, or by paravertebral blockade (i.e. blockade of sympathetic chain
ganglia). TEA with upper border of analgesia above spinal segment T7, but certainly above T5, includes
blockade of the sympathetic cardiac nerves. The amount of spinal levels blocked depends on the dose of

local anesthetic drugs administered epidurally.
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This reduces the chronotropic and inotropic state of the heart, the occurrence and magnitude
of which seem to vary between individuals and conditions®. In heart failure, an increased
sympathetic tone is considered to underlie a chain of detrimental effects with detrimental
impact on prognosis®” 8. Several arrhythmias have been related to an imbalance of autonomic
innervation. Blockade of cardiac sympatheticinnervation has been shown to improve myocardial
blood flow and myocardial oxygen balance during stress®, but is also a novel therapeutic
approach for arrhythmias and heart failure®**.

Although these techniques are aimed at targeting cardiac autonomic innervation, controversies
regarding the anatomy of the human cardiac autonomic nerve system still exist. State of the
art information on unresolved details and controversies regarding the anatomy of cardiac
sympathetic innervation is relevant for understanding the cardiovascular effects elicited by
cardiac sympathetic denervation. In addition, anatomical variability in cardiac sympathetic
innervation between human subjects may contribute tointer-individual diversity in physiological
effects and cardiovascular side effects of targeted cardiac sympathetic blockade.

This review aims to provide an update on current knowledge on anatomy and function of the
human cardiac sympathetic nervous system and focuses on controversies as well as gaps in
knowledge on this subject with reference to the clinical practice of neuraxial modulation of
the cardiac sympathetic nervous system. The sympathetic innervation of the heart is known
to vary by species'®. In the current review we will discuss primarily the human anatomical
arrangement of sympathetic outflow from the spinal cord and sympathetic ganglia to the heart,
its heterogeneity and inter-individual variability. In addition, a brief overview of embryogenesis
of cardiac innervation, including the cervicothoracic ganglia, is provided.

Methods

To summarize the current knowledge on human anatomy of cardiac autonomic innervation,
below we present a narrative review of the extant literature on this topic. Papers regarding
macroscopic human anatomy of the cANS were systemically reviewed. In addition an overview
of major morphogenetic processes as well physiological background information is provided,
which were not part of the systemic literature search. The database Pubmed was searched to
identify anatomical studies of human cardiac sympathetic innervation.
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The search strategy consisted of the following thesaurus terms and text words: (“innervation”
[Subheading] OR innervat*(ti] OR re-innervat*[ti] OR “nerve”[ti] OR “nerves”[ti] OR “nervous”[ti]
OR “neural”[ti]) AND (“sympathetic’[tw] OR “sympathic”’[tw] OR “autonomic”[tw]) AND
(“Heart”[majr] OR “Heart”[ti] OR “cardiac”[ti] OR “epicardial’[ti] OR “epicardiac”[ti] OR
“Pericardium”[majr] OR “epicardium”[ti] OR “intracardiac”[ti] OR “extracardiac”[ti]) AND
(“anatomy and histology”[Subheading] OR “anatomy”[tw] OR “anatomy”’[MeSH] OR
“anatomic”’[tw] OR “anatomical”[tw]) NOT (“Animals”’[Mesh] NOT “Humans”’[Mesh]) NOT
(Clinical Study[ptyp] OR Clinical Trial[ptyp] OR Controlled Clinical Trial[ptyp] OR “trial”[tw] OR
“trials”[tw]) AND (Dutch[lang] OR English[lang] OR German[lang]). English papers were included
and additional filters on species (human) and language (English or German) were employed.
Physiological studies, pathomorphological studies, studies based on microscopy/histological
findings only, studies without abstracts reviews, research concerning embryology, animals or
organs other than the cardiovascular system were excluded. The search yielded a total of 2284
references an 7 additional references identified through cited references. After screening only 15
studies were included in the review (Flowchart 1). The anatomy of the human cardiac autonomic
nerve system from the central level towards the end organ (i.e. the heart) was described using
these literature sources (Table 1) and special attention was given to discrepancies and variations
in anatomy as described from these reports.

c 2284 records 7 additional records
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g database searching references searching
—
7)
5
o 2291 records screened
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o 2259 records excluded
% not relevant
32 full-text articles
assessed for eligibility
>, 17 articles excluded
—
%, not relevant
] review
no abstracts
not anatomical
histological
pathomorphological
7
S
= 15 studies
included in this review

Flowchart 1. Flow diagram of literature search
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Overview of cardiac neural hierarchy: from brain to heart

Several forebrain areas, including the insular cortex, anterior cingulate cortex, central nucleus of
the amygdala, and several hypothalamic nuclei project to medullary and spinal nuclei controlling
cardiac function (Figure 2); these projections are either direct or via a relay in the periaqueductal
gray'e.
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Figure 2. Overview of cardiac innervation

Schematic drawing of the cardiac autonomic nervous system. Preganglionic cardiac parasympathetic axons
arise from neurons in either the nucleus ambiguus or dorsal vagal nucleus; they run in vagal cardiac branches
vagus nerve (blue, solid lines) to synapse in cardiac plexuses and ganglia from where postganglionic fibers

(blue, dotted lines) innervate the sino-atrial node (SAN), atrioventricular node (AVN), coronary arteries and
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ventricular myocytes. Preganglionic cardiac sympathetic axons (red, solid lines) arise from neurons in the
IMLs of the upper four or five (possibly six or seven) thoracic spinal segments, that receive modulating
input from several forebrain centers (e.g. the insular cortex, anterior cingulate cortex, central nuclei of the
amygdala, and several hypothalamic nuclei interneurons) via the intermediolateral cell column of the spinal
cord (IML); they leave the spinal cord through anterior (ventral) roots, enter the anterior (ventral) rami of
spinal nerves and pass to the sympathetic chains through white rami communicantes to synapse in the
upper thoracic (Tg) or cervical ganglia; postganglionic fibers (red, dotted lines) from these ganglia form the
sympathetic cardiac nerves. At the heart parasympathetic and sympathetic nerves converge to form the

cardiac plexus from which atrial and ventricular autonomic innervation is arranged.

The red question marks (?) indicate anatomical structures of which existence and/or involvement in cardiac

sympathetic innervation are debated.

The cANS can be divided into extrinsic and intrinsic components. The extrinsic cardiac nervous
system (i.e. the part of the cANS outside the heart) comprises sympathetic and parasympathetic
nerves that control the intrinsic cardiac nervous system (i.e. the cANS situated at the cardiac
surface and within the cardiac chambers) in an opposing fashion. The interaction between
sympathetic and parasympathetic activity is complex and is modulated by input from
chemoreceptors and baroreceptors via the visceral sensory fibers?’. The intrinsic cardiac nervous
system is formed by a complex network of ganglionated plexuses located in the myocardial
wall and pericardial fat*®*°. Within this network functional communications between neurons
of the ganglionated plexuses exists, supplying the myocardial tissue including the cardiac
conduction system?* 2. In general, sympathetic activation is triggered by neurons of the rostral
ventrolateral medulla (RVLM, situated in the medulla oblongata, Figure 2), hich sends excitatory
projections to preganglionic sympathetic neurons of the intermediolateral column (IML) of the
spinal cord, that extends from spinal levels C8/T1 to T2/T322. After synapsing in paravertebral
ganglia, postganglionic sympathetic fibers will eventually innervate heart, via cardiac nerves
that sprout directly from the sympathetic chain ganglia. These cardiac nerves (superior, middle,
vertebral and inferior nerves) can either innervate the heart directly or may combine with
other postganglionic (sympathetic and parasympathetic) nerves to form plexuses consisting of
combined nerves innervating the heart (intrinsic cardiac nervous system) (Figure 2). From the
cardiac plexuses, mixed cardiac nerves arise that largely run along the course of coronary vessels
to innervate the coronary vasculature and myocardium (i.e the right coronary, left coronary and
left lateral cardiac nerves). Parasympathetic output to the heart is mediated by preganglionic
neurons located in either the dorsal motor nucleus of the vagus nerve or near the nucleus
ambiguus®. In contrast to sympathetic preganglionic neurons that synapse on postganglionic
neurons in the sympathetic chain, the parasympathetic preganglionic neurons send long axons
that synapse on cholinergic and non-cholinergic postganglionic neurons located in the cardiac
ganglia, situated in proximity to the heart (intrinsic cardiac nervous system).
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Embryogenesis of cardiac autonomic innervation- overview of major morphogenic processes
Literature on human development of the autonomic nerve system consists of several historical
papers describing human embryos based on observations using light and electron microscopy,
some dating back as far as 1893%. More current molecular studies providing insight into
embryological background and genetic pathways involved, are largely conducted in animal
models.

Spinal level and intermediolateral column (IML).

The central parts of the nervous system, i.e. the brain and spinal cord (myelum) derive from the
embryonic neural tube, which starts to form in humans at approximately 3 week of gestation
(reviewed in%). In the neural tube, the first sign of preganglionic sympathetic motor neurons
has been described in rat in the ventrolateral zone of the spinal cord, where also the somatic
motor neurons are situated. During further development, these autonomic motor neurons will
separate from the somatic motor neurons and are then found more dorsally where they will
form the IML? (Figure 2). The autonomic motor neurons in the IML will send their extensions
out via the anterior aspect of the neural tube, i.e. the future anterior (ventral) root. These
extensions will synapse with clusters of postganglionic motor neurons that develop outside the
central nervous system, the sympathetic chain ganglia, that will give rise to the sympathetic
innervation of the heart.

Development of sympathetic chain ganglia and output towards the heart.

In chicken embryos, the first clusters of catecholamine positive cells have been observed at the
thoracolumbar level and bilateral to the aorta®. These cellular clusters will expand from the
thoracic to the cervical region. During further development the clusters of cells on both sides of
the aorta will form continuous cords, regarded as a primitive sympathetic chain, that will further
differentiate and give rise to secondary (permanent) paravertebral chains?, directed by several
ligands and their receptors®* The cell type most well established in development of the ganglia
of the paravertebral sympathetic chains is the neural crest cell. Neural crest cells are a population
of multipotent cells that migrate from the region of the neural tube (Figure 3) and have multiple
functions during development®. Innervation of heart occurs via the arterial and venous poles,
corresponding to different subpopulations of neural crest cells® the arterial pole seems to be
the major source of input of sympathetic nerves to the heart, whereas parasympathetic nerves
arrive at the heart mainly via the venous pole’’.

Not all cardiac autonomic nerves tissues are neural crest cell derived, and other cell types, such
as those derived from the neurogenic placode, may also contribute.

The sympathetic chains will give rise to the rami communicanti, connecting them to the anterior
(ventral) rami of spinal nerves. In addition, autonomic cardiac nerves will leave the ganglia
forming cardiac sympathetic nerves, which is first observed in chick in the lower cervical/upper
thoracic region®. During further development, sympathetic cardiac nerves will also connect to
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vagus nerves and other cardiac sympathetic nerves towards the heart will form?2. Development
of parasympathetic peripheral nerves (derived from the cranially situated cardiac neural crest),
precedes the development of sympathetic peripheral nerves.
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Figure 3. Embryology of cardiac autonomic innervation

a. The central parts of the nervous system, i.e. the brain and spinal cord derive from the embryonic neural
tube (light blue), that develops in human at approximately 4 weeks of gestation. b-d. During development,
neural crest cells (indicated in dark blue) will migrate from the region of the neural tube and will migrate
towards multiple locations in the body, including the heart. They can differentiate in multiple cell types
Neural crest cells contributing to the sympathetic chain originate from the chain neural crest. The first
clusters of cathecholamine positive cells have been observed at the thoracolumbar level and bilateral
to the aorta. These cellular clusters will expand from the thoracic to the cervical region. During further
development the clusters of cells on both sides of the aorta will form primitive sympathetic chains that
will further differentiate and give rise to paravertebral sympathetic chains. Neural crest cells also contribute
to other ganglia, including the dorsal root and pre-vertebral (pre-aortic) ganglia. Panel a is modified after

Kirby®. Panels b and c modified after Vegh et al*®.
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Development of cardiac ganglia, plexuses and nerves.

In human embryo’s, cardiac ganglia and nerves could be identified at the 20 mm stage,
corresponding to approx. 7-8 weeks of gestation® 3. Saburkina et al. describe prenatal
development of epicardiac ganglia in 20 hearts of human fetuses of gestational age 15-40
weeks* showing the presence of epicardiac neural plexuses in all stages examined. The size of
the ganglia, as well as the number of inter-ganglionic nerves, increased with gestational age,
although interindividual variations were observed?®.

Navaratnam report development of the deep cardiac plexus to result from fusion of nerves at
the venous pole with innervation at the arterial pole at later developmental stages (40 mm
stage, > 8 gestational weeks), due to definitive positioning of the heart with the venous and
arterial pole becoming more closely situated. The superficial cardiac plexus was recognized at
the site of the arterial duct®. In human, the first presence of nerve fibers into the heart has
been described at approximately 6 weeks intra-uterine life?>. During development the amount
of cardiac innervation is orchestrated by neural chemo-attractants and chemo-repellents, the
balance of which determines the extent of cardiac innervation?” 3.

Innervation of conduction tissues.

In early histological studies in human embryos, the putative sites of the sino-atrial node (SAN)
and atrioventricular node (AVN), i.e. the embryonic right sinus horn and the dorsal AV canal,
were shown to be heavily innervated at 5-6 weeks post-ovulation, even prior to development
of the nodes?. Early studies in human report contributions of the so called right sinus nerve to
innervation of the sino-atrial node, of the left sinus nerve to the AVN and contributions from
both sides of the body to the single pulmonary vein. More recent studies based on lineage tracing
in mouse, however, showed innervation of the nodes only at embryonic day (E) 13.5 and E14.5
(corresponding to >7 weeks in human). Of interest, these nerve fibers were not derived from
neural crest cells but likely from another source®.. In postnatal humans, density of innervation
was found to be highest in the sino-atrial node, with decreasing density towards AV node and
more distal parts of the cardiac conduction system. Moreover, there was an initial sympathetic
dominance in nerve supply of the CCS in childhood, with gradual transition into a sympathetic
and parasympathetic co-dominance in adulthood?*.

Maturation of the ANS is reflected by an increase in heart rate variability with an overtincrement
of sympathetic activity*. Functional studies based on human fetal cardiotocography indicate
that the period from 21 to 31 gestational weeks seem critical to ANS development*, although
many of these functional studies not include embryonic/early fetal stages.

Ventricular innervation.

During development of ventricular innervation, cardiac nerves extend parallel to coronary
vessels. Vascular smooth muscle cells of the coronary vessels have been shown to secrete nerve
growth factor, a neurotrophic factor, thus guiding the patterning of autonomic (sympathetic)

41

Chapter



ventricular innervation®. The autonomic nerve system maintains some plasticity after birth
and in disease states*. This, along with the fact that neural crest cells are multipotent and can
currently be derived from human pluripotent stem cells stem cells (hiPSCs), opens avenues for
potential future applications in patients with autonomic nerve damage®*.

Controversial issues.

Cervical ganglia have been shown to contribute to cardiac innervation both in animal models
as well as in human?> 4, although reports in literature differ (discussed in paragraph 6.1). The
origin of the cervical sympathetic chain ganglia is still debated. Based on the observation that
cellular clusters will expand from the thoracic to the cervical region as describe above?®, it has
been speculated that cervical ganglia are generated from the thoracic sympathetic chain*>47. As
there are only 3-4 cervical ganglia in the cervical region whereas at the thoracic level each spinal
level has a corresponding ganglion, alternatively, it has been suggested that the development of
sympathetic ganglia is associated initially with the intersegmental vessels*:. The limited number
of cervical ganglia could thus be attributed to regression of most of the cervical intersegmental
arteries, and remodeling and fusion of the corresponding ganglia. The upper 4 cervical ganglia
would thus form the superior cervical sympathetic ganglion, anatomically related or induced by
the developing external carotid artery*®. The number of ganglionated plexuses reported in fetal
hearts differs somewhat between studies: Saburkina et al report the presence of 7 ganglionated
plexuses®, whereas in an earlier study of Smith 4 groups of ganglia were identified*. The same
study reported “darkly staining cells lying between the aorta and pulmonary artery “to be visible
at the 15 mm stage, indicative of a deep cardiac plexus*, whereas a distinction between deep
and superficial plexuses could not be made by Than et al*®.

With regard to innervation of the myocardium, there is controversy on the density of autonomic
innervation in atrial versus ventricular tissues. Parasympathetic (vagal) nerves appear to be more
densely distributed in the atria at both neonatal and adult stages® 2. Some authors describe
equal densities of sympathetic nerve fibers in atria and ventricles, at least in the neonatal
stage®, whereas other authors describe more sympathetic nerves in the ventricles in the adult
heart®2. This might indicate that differentiation of the cANS still occurs after birth, supported by
observation of dynamic changes in nerve supply throughout life® .

Sympathetic output from the spinal cord towards the sympathetic chain

In general, exit of sympathetic outflow from the spinal cord only occurs in designated levels,
primarily from the first thoracic to the second or third lumbar spinal level®2.

Bonica and colleagues documented that the human preganglionic cardiac sympathetic output
from the spinal cord originates from the first to the fourth, and sometimes even fifth thoracic
spinal cord segment®. This study is often cited in thoracic epidural anesthesia studies as an
anatomical reference of cardiac sympathetic innervation. To our knowledge the study of Bonica
and colleagues is to date the only human anatomical document describing cardiac sympathetic

42 Chapter 3 | Human Cardiac Sympathetic Innervation: Controversies in anatomy and relevance for cardiac neuronal modulation



innervation from the level of the spinal column in humans. The IML fibers contributing to
sympathetic autonomic innervation of the heart leave the spinal cord in anterior roots, After
leaving the spinal cord in anterior (motor) roots, preganglionic sympathetic fibers enter the spinal
nerves, pass through the anterior rami and travel via white (i.e. myelinated) rami communicantes
towards the paravertebral ganglia of the sympathetic chain (Figure 4), where they synapse
with postganglionic neurons (Figures 2, 4). Preganglionic neurons may synapse with as many
postganglionic neurons®*. The synapse may occur at the same level, or the preganglionic fiber
may ascend and, possibly, descend before synapsing (Figure 4).
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Figure 4. Courses taken by preganglionic sympathetic fibers

After leaving the spinal cord via the anterior (ventral) root, the axons of preganglionic sympathetic neurons
enter the anterior (ventral) ramus of the spinal nerve and pass to the sympathetic chain through a white
ramus communicans. Within the sympathetic chain preganglionic fibers may 1) synapse immediately with
a postganglionic neuron of the paravertebral ganglion at that level, 2) ascend in the sympathetic chain to
synapse with a postganglionic neuron of a higher paravertebral ganglion, or 3) descend to synapse with a
postganglionic neuron of a lower paravertebral ganglion.

IML, intermediolateral column of the spinal cord.

Controversial issues regarding levels of sympathetic output form the spinal cord towards
sympathetic ganglia.

Some authors suggest that sympathetic nerves may also emerge from the cervical myelum®>=¢.
Although there is a clear transition from C8 to T1 in the amount of sympathetic fibers present,
Sheehan and colleagues observed sympathetic fibers in the anterior roots of C8 of humans (see
question marks in Figure 2). It is however important to emphasize that the amount of fibers
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observed in the cervical roots was scarce, especially compared to the amount of fibers in the
anterior roots of T1-T2°°. More importantly, presence of sympathetic fibers in the anterior root of
C8does not necessarily imply that these fibers are cardiac destined fibers.Controversy also exists
on the level where preganglionic cardiac sympathetic fibers synapse within the sympathetic
chain. The sympathetic preganglionic neurons of spinal cord T1-T5 have been described to either
synapse in the first sympathetic ganglion they reach or to ascend within the sympathetic chain
to synapse in a ganglion at a higher level, particularly to the three or four cervical ganglia®.
In addition, sympathetic preganglionic neurons of spinal level T6 to as low as T10 have been
described to either terminate in the first sympathetic ganglion they reach, ascent or even descent
to a higher or lower thoracic ganglion (Figure 2, Figure 4). This raises the question from which
thoracic spinal cord levels the preganglionic sympathetic fibers originate that eventually end up
as thoracic cardiac nerves innervating the heart. This is relevant since TEA blocks sympathetic
outflow at the spinal level. Several animal studies using transneural retrograde labelling support
the observation of Bonica that preganglionic sympathetic neurons can ascent or descent to a
higher or lower ganglion from where postganglionic fibers are projected towards the heart.
Markers injected in the stellate (cervicothoracic) ganglion of rat were found in spinal segments
C8to T8 with a peak at T2°”. However, whether these spinal segments are involved in sympathetic
innervation of the heart or that other regions are targeted remains to be elucidated. In addition,
the latter study suggests that the axons of sympathetic preganglionic neurons from one spinal
cord segment may branch and have axonal projections to multiple cervical and thoracic ganglia.
In another study, rat hearts were injected with retrograde tracers, which were subsequently
found in the preganglionic sympathetic neurons of spinal cord levels T1-T7 and in some rats
even in spinal levels T8-T11%%.

A problem in interpreting results and extrapolating them to the human situation, is that many
studies have been performed on animals and sympathetic innervation of the heart varies by
species®. Another limitation is that a substantial number of reference studies are dated several
decadesago,whenlimitedtechniquese.g.forneuronaltracingandspecificimmunohistochemical
labelling were available, or altogether unavailable. Therefore it seems difficult if not impossible
to state with certainty that the small fibers described as representing the sympathetic outflow
really are of sympathetic origin. Bonica did not describe the method that was used to detail the
preganglionic origin of cardiac sympathetic innervation®*. Moreover, neural tracing techniques
cannot be performed in humans. Interpretation of results of immunohistochemical stainings in
many cases relies on (alleged) specificity of immunohistochemical stainings to discriminate the
different divisions of the autonomic nervous system. If preganglionic sympathetic fibers from
spinal level T5-T10 indeed ascent to higher paravertebral ganglia, this would imply that thoracic
ganglia Tg1-Tg5 could be innervated from spinal levels below T5. From a theoretical point of
view, it is not unlikely that preganglionic sympathetic neurons from spinal levels below T5 might
be involved in cardiac sympathetic innervation.
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In conclusion, the cranial border of spinal sympathetic outflow to the heart is most likely
confined to T1 in most cases. However, sympathetic outflow from the cervical myelum has
been described for C8 and to date it remains unclear whether this is a common variation and
whether spinal cervical sympathetic outflow is involved in cardiac sympathetic innervation
(see question marks in, Figure 2). Therefore the upper border of preganglionic sympathetic
neurons originating from the spinal cord to the paravertebral ganglia providing the heart with
postganglionic sympathetic fibers, might involve cervical spinal segment C8 as well. Similarly,
the lower border of preganglionic cardiac sympathetic neurons may involve spinal levels below
T5. This information might be relevant in case where for instance TEA is targeted to block all
spinal cardiac sympathetic segments.

Sympathetic ganglia giving rise to postganglionic output to the heart

The sympathetic chain, including the stellate ganglion and other cervical ganglia, is a chain of
paravertebral ganglia that exists on both anterolateral sides of the vertebral column. It is within
the sympathetic chain that the preganglionic sympathetic neurons synapse to the cell bodies of
postganglionic sympathetic neurons that extent via cardiac nerves to the heart (Figure 2).

The cervical ganglia, receiving preganglionic sympathetic input from the thoracic spinal cord via
ascending fibers within the thoracic ganglia, are a well described extension of the sympathetic
chain®>+2%¢0_ Although nomenclature differs in literature over the past 50 years, the most
accepted names that are therefore used in this review are: the superior cervical ganglion, the
middle cervical ganglion, the vertebral ganglion and the inferior cervical ganglion (Figure 2).
Cervical ganglia that are generally accepted to provide postganglionic cardiac nerves are the
inferior cervical ganglion, that is fused with the first thoracic ganglion in about 80% of humans
to form the cervicothoracic or stellate ganglion** ¢! (Figure 2).

Controversies regarding involvement of cervicothoracic ganglia in cardiac sympathetic
innervation.

As stated earlier, Bonica and colleagues reported preganglionic cardiac sympathetic outflow to
emerge from cervical and the upper four to five thoracic spinal cord segments and postganglionic
cardiac sympathetic outflow from the upper five thoracic paravertebral ganglia®* **. However,
there is controversy on the exact origin of (postganglionic) sympathetic cardiac innervation.
Several anatomical studies on human cadavers show a wide variation in the lower limit of origin
of cardiac sympathetic innervation. Where most human studies report that the thoracic cardiac
nerves emerge from the first to fourth thoracic ganglia, others reported contributions from the
fifth thoracic®* ¢, sixth thoracic®® and even from the seventh thoracic ganglia® to the thoracic
cardiac nerves (Figure 2). By contrast, Janes and colleagues reported no cardiopulmonary
nerves arising from the superior cervical ganglia and sympathetic chain inferior of the stellate
ganglion®. In conclusion the origin of cardiac sympathetic innervation, i.e. the level of the
sympathetic ganglia giving rise to postganglionic cardiac nerves, has been shown to differ
between anatomical studies and inter-individual variations may occur. Whether cervical ganglia
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besides the stellate ganglion play a role in transmission of cardiac sympathetic signals is unclear.
Similarly, there is debate on the origin of cardiac nerves from different thoracic ganglia. In some
patients, thoracic ganglia Tg6 and Tg7 (see question marks in, Figure 2) might be involved in
cardiac sympatheticinnervation. If so, preganglionic sympathetic neurons from spinal segments
T6andT7 or, if ascending, even from spinal segments below T7 are likely to be involved in cardiac
sympathetic innervation. In addition, these anatomical studies demonstrated inter-individual
and intra-individual variety (asymmetry in left to right sympathetic innervation) in the anatomy
of cardiac autonomic innervation. These variations may be relevant in procedures targeting the
cardiac output to the heart, e.g. during left cardiac sympathetic denervation targeting the lower
cervical/upper thoracic nerves.

Postganglionic output to the heart: Sympathetic cardiac nerves

The sympathetic chain gives off gray (i.e. unmyelinated) rami communicantes carrying
sympathetic fibers to the spinal nerves which serve as motor nerves to the effector organs
such as the skin and glands. However, postganglionic nerves to the heart from the cervical and
thoracic sympathetic chain do not travel via gray rami with the spinal nerves but originate as
separate (unmyelinated) cardiac nerves from the paravertebral ganglia to the heart (Figure 2).
Thus, after passing the thoracic and cervical ganglia, sympathetic signals reach the heart via
different nerves. The cardiac sympathetic nerves enter the heart through the vascular (arterial
and venous) pole of the heart. At the arterial pole, the cardiac nerves extend along the common
carotid, subclavian and brachiocephalic arteries towards the aorta and branches also extend
along the pulmonary chain. At the venous pole, cardiac nerves run along the superior vena cava.
Thoracic cardiac nerves are described to descend obliquely along the thoracic vertebrae or the
intercostal vessels, sometimes following complex courses through the mediastinum, before
heading towards the heart®.

Cardiac nerves: Variations and controversies

Despite extensive anatomical research, the route and even number of these postganglionic
nerves remains unclear. Kawashima described an important connection between the superior
cervical ganglion and the heart, by the existence of the so called superior cardiac nerve* €. He
further described the middle cardiac nerve originating from the middle cervical and the vertebral
ganglion, and the inferior cardiac nerve originating from the inferior cervical/ cervicothoracic
(stellate) ganglion. Besides these cervical ganglia, he reported that each of the upper 4 to 5
thoracic paravertebral ganglia has a sympathetic connection running towards the heart, mostly
sharing the combined name of ‘thoracic cardiac nerves’ (Figure 2). This study by Kawashima
confirms the previously reported cervical and thoracic sympathetic contributions to the cardiac
plexuses by Pather et al®. In addition, de Gama and colleagues described in 41% of individuals
a separate cardiopulmonary nerve from the vertebral ganglion, the vertebral cardiac nerve®
(Figure 2). As mentioned above, Janes and colleagues, however, state that cardiopulmonary
nerves only arise from the stellate (cervicothoracic) ganglia and the caudal halves of the cervical
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sympathetic chains®?, leaving no role for transmission of sympathetic input to the heart for the
superior cervical ganglion nor the thoracic paravertebral ganglia (see question marks in, Figure
2).In conclusion, it is still matter of debate which cervical ganglia play a role in the transmission
of cardiac sympathetic signals. Regardless, there is evidence that besides the stellate ganglion
other cervical and thoracic ganglia are involved in the transmission of sympathetic signals to the
heart with potential relevance for cardiac neuronal modulation.

Combination of cardiac nerves to form mixed cardiac plexuses

Upon entering the heart, both postganglionic sympathetic and preganglionic parasympathetic
(branches of vagus and recurrent laryngeal) nerves converge at the cardiac surface to form
plexuses? 4> (Figure 1). The superficial (ventral) cardiac plexus is located near the aortic arch
and the left pulmonary artery on the left side and near the ascending aorta and brachiocephalic
chain on the right side. The deep (dorsal) cardiac plexus is located between the aortic arch and
the tracheal bifurcation®. Next to sympathetic nerves, the plexuses also receive parasympathetic
contributions from the vagal nerve. Of interest, the vagal nerves have been shown to carry
sympathetic nerve fibers®. Upon entering the pericardial sac, mixed autonomic nerves project
to cardiac ganglia that are interconnected by neurons, thus forming ganglionated plexuses
or epicardial neural plexuses at the vascular (arterial and venous) pole of the heart. These
plexuses are embedded in the epicardial fat (Figure 5). The largest amount of ganglia is located
at multiple sides near the atria. Ventricular ganglia are mostly distributed in the epicardial
fat near the aortic root and adjacent to major branches of the coronary arteries?® % ¢ With a
total amount of cardiac ganglia observed between 706 and 1,506 and an estimated amount of
neurons in the epicardial neural plexus between 14,000 and 43,000 the human intrinsic cardiac
nervous system is very extensive® . The highly interconnected and integrated cardiac ganglia
have intrinsic activity that is modulated by sympathetic or parasympathetic (vagal) inputs®®.
These plexuses thus contain mixed cardiac nerves, i.e. nerves originating from different cardiac
sympathetic nerves but also from parasympathetic nerves. The use of markers such as tyrosine
hydroxylase (TH) and choline acetyltransferase (ChAT) has helped elucidate the composition of
cholinergic and adrenergic intrinsic cardiac neurons and nerves in the heart. Petraitiene and
colleagues’™ obtained tissue samples of intrinsic nerves from seven ganglionated plexuses from
human hearts as described by Pauza et al: the left and right coronary subplexuses, the ventral
right atrial and ventral left atrial subplexuses, the left dorsal subplexus, the middle dorsal
subplexus, the dorsal right atrial subplexus®. They demonstrated that autonomic fibers to the
ganglionated plexuses innervating the right atrium predominantly contain cholinergic fibers.
In contrast, plexuses innervating the left atrium and left and right ventricle are predominantly
innervated by adrenergic fibers™.
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Cardiac nerves

R Figure 5. Cardiac plexuses
Drawing of a postero-inferior and a superior view
of the human heart illustrating the distribution of
LAR RSPV ganglionated plexuses on the surface of the atria and
ventricles. Modified after Armour et al*®.
Ao, aorta; IVC, inferior vena cava; LA, left atrium; LAA,
left atrial appendage; LCA, left coronary artery; LIPV, left
inferior pulmonary vein; LSPV, left superior pulmonary
vein; Pa, pulmonary artery; RA, right atrium; RAA, right
atrial appendage; RCA, right coronary artery; RIPV, right
inferior pulmonary vein; RSPV, right superior pulmonary

LIPV vein; SVC, superior vena cava

Three main large (mixed sympathetic and
parasympathetic) nerves that follow the coronary
arteries or their major branches can be recognized
that contribute to innervation of the atria
and ventricles: the left coronary cardiac nerve
(which runs along the anterior interventricular
(descending) branch of the left coronary artery),
the left lateral cardiac nerve (which runs along
the circumflex artery) and the right coronary
cardiac nerve (which runs alongthe right coronary
artery)®®. Additional cardiopulmonary nerves

ECardiacgang"a connect to these (coronary) cardiac nerves distal

from the plexuses (Figure 2), innervating coronary

vessels and myocardial cells. Both cholinergic and adrenergic nerves run from the epicardium

into the myocardium®2. However, there are more cholinergic nerves at the subendocardial than

at the subepicardial area of the myocardium. Corresponding to Petraitiene and colleagues™,

Kawano et al.>2 report a general distribution pattern of atria being more densely innervated by

cholinergic nerves whereas the ventricles are predominantly innervated by adrenergic fibers.

The AVN and SAN are more densely innervated than the His bundle and bundle branches,

although the latter components of the cardiac conduction system still receive more innervation
than the adjacent ventricular myocardium™.

Controversies in distribution of cholinergic and adrenergic nerve fibers and location of
ganglionated plexuses.

The cardiac topography of the intracardiac ganglionated plexuses, consisting of numerous
ganglia on atria and ventricles, seems to be according to a pattern. The epicardial neural plexus
has been described as a system of six to 10 subplexuses localized at discrete cardiac regions*®¢’
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(Figure 5). Armour and colleagues consistently identified five atrial and five ventricular locations
where ganglionated plexuses could be observed. The group of Pauza described a system of
seven subplexuses consistently observed at five atrial and two ventricular locations®. The
ganglionated plexuses are interconnected suggesting that a plexus might have interaction with
several topographic regions of the heart*®. Although ganglionated plexuses were observed to
be located at specific cardiac regions, variability seems to exist in the exact location of ganglia.
The results of the studies of Kawano® and Petraitiene’ are partly conflicting since Petraitiene
reported that the left atrium is predominantly innervated by adrenergic nerve fibers where
according to Kawano it is more densely innervated by cholinergic fibers.

Clinical correlation: Physiology of cardiac innervation
Anatomically it seems that the myelum at T1-T3, which incorporates 1/3 of approximately
90,000 preganglionic sympathetic neurons of the thoracic myelum? (not specifically cardiac
sympathetic neurons), would be an important contributor of sympathetic outflow to the heart.
Interestingly, the thoracic cardiac nerves reported to deliver the most substantial contribution
to the cardiac plexus are the third and fourth®* or the fourth and fifth thoracic segments®.
However, the amount of neurons does not necessarily correlate to the strength of the
physiological effects elicited after stimulation of these nerves. Physiological studies examining
the effects of electrical stimulation of sympathetic nerves from different spinal cord levels can
provide information on the contribution of different spinal segments to the innervation of the
heart. Electrophysiological studies in animals reveal that each cervical or thoracic paravertebral
ganglion is innervated by a subset of spinal segments. Ganglia are almost always most strongly
innervated by one particular spinal segment with contributions from adjacent spinal segments
thatdiminish as a function of distance from the dominant segment” 7% In cats, maximal evoked
responses in several cardiac nerves were demonstrated after stimulation of T2 and responses
gradually decreased after stimulation of T1, T3, T4 and T5 white rami”3. Another study in guinea
pigs demonstrated that the majority of superior cervical ganglion cells receives input from
spinal segments T1-T4, the majority of stellate ganglion cells from spinal segments T2-T6 and
the majority of fifth thoracic ganglion cells from T4-T8 with a main supply from spinal level
T5. Although the majority of segments involved in innervation of the fifth thoracic ganglion
arose from the T4-T8 spinal segments, even the spinal segments of T9 and T10 were occasionally
involved™.
To our knowledge there are no human electrophysiological studies assessing the projections
of sympathetic preganglionic neurons to the cervical and thoracic ganglia. However, there is a
human study by Randall and colleagues that assessed elevations in blood pressure and cardiac
acceleration after stimulation of separate ganglia of the upper thoracic sympathetic chain
during surgery. Elevations in heart rate and blood pressure were reported after stimulation of
thoracic ganglia Tg1-Tg5, but not after stimulation below Tg5 (cervical levels were not included
in this study). Considerable variation was found in thoracic levels of sympathetic innervation
of the hearts of different patients. Similarly, there was variability in which thoracic ganglion
stimulation elicited the strongest response”.
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Besides variation in which ganglion evokes the strongest cardiac response, differential effects
from left and right sided cardiac sympathetic structures have been described. Left stellate
ganglion (LSG) and right stellate ganglion (RSG) stimulation have differential effects on heart
rate reflected by a more substantial increase in heart rate (73-78 %) after RSG stimulation
compared to heart rate effects after LSG stimulation (0-49 %)7%757°. Stimulation of both ganglia
elicits increases of contractile forces in the basal and apical parts of the left ventricle as well as
the right ventricle”™. There remains controversy on which region of the atria and/or ventricles is
being innervated by either LSG or RSG. A previous animal study indicates that the LSG primarily
innervates the posterior aspect of the right and left ventricle and RSG predominantly innervates
the anterior aspect of both ventricles”. Other animal studies suggests the same heterogeneous
innervation pattern of the left ventricle leading to increased left ventricle asynchrony after
unilateral stellate ganglion stimulation®® 6. Selective innervation of the anterior and posterior
parts of the left ventricle by respectively the RSG and LSG is disputed by other animal studies
demonstrating that both the RSG and the LSG innervate the anterior wall of the left ventricle”®
798 and both innervate the right ventricle™.

In summary, from electrophysiological studies in animals it can be concluded that each cervical
and thoracic paravertebral ganglion is innervated by sympathetic preganglionic neurons from
multiple spinal levels. However, there always seems to be one spinal level with the strongest input
with input diminishing when adjacent spinal levels are more distant from the main contributing
spinal segment. Therefore it seems likely that besides its main supply from spinal level T5, Tg5
in humans is innervated by preganglionic sympathetic neurons from spinal levels below T5, and
that inter-individual variations in ganglionic dominancy may occur . Electrophysiological studies
also support the aforementioned inter-individual variations in anatomy. Although there remains
controversy about exact innervation of the ventricles by the LSG and RSG, both sympathetic
chains probably innervate the atria and the ventricles heterogeneously.

Conclusions and clinical implications

The exact origin of preganglionic sympathetic neurons innervating the human heart is
controversial and remains a matter of debate. Although human cardiac sympathetic innervation
is regularly described to emerge from spinal cord segments T1-T4 or T5, several human
anatomical studies report involvement of the sixth and even seventh thoracic ganglia in cardiac
sympathetic innervation. Consequently preganglionic sympathetic neurons from spinal levels
T6 and T7 (or even more caudal segments) may be involved in cardiac sympathetic innervation.
Therefore, complete blockade of cardiac sympathetic innervation may require blockade of
spinal segments below T5 or thoracic ganglia below Tg5. Another consequence would be that
involvement of sympathetic cardiac segments in neural blockade may, besides high TEA, more
likely apply to mid-thoracic epidural analgesia, often used in abdominal surgical procedures,
with cranial spread of anesthetic blockade. Human anatomical studies also demonstrate
controversial results regarding involvement of the cervical paravertebral ganglia in cardiac
sympathetic innervation. Along with the stellate ganglion other cervical paravertebral ganglia
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may be involved in the transduction of cardiac sympathetic signals. Besides ambiguous cranial
and caudal borders of cardiac sympathetic innervation there is considerable inter-individual
and intra-individual anatomical variation. The anatomy of the cardiac sympathetic output to
the heart is extremely variable, which likely accounts for part of the anatomical controversies
encountered in literature. This variability renders the outcome of procedures targeting neuronal
modulation of cardiac sympathetic innervation, such as stellate ganglion and paravertebral
blockade, unpredictable.
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