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ABSTRACT

Brain structures involved in brain-heart interactions comprise two primary areas: the central autonomic network,
responsible for autonomic control (descending interactions), and the default mode network, which participates in
the neural monitoring of cardiac activity (ascending interactions). Peripheral cardiovascular responses to standard
physiological stimuli using multimodal recordings (ECG, Blood pressure) have been standardized and are available
widely in the literature. The physiological stimuli most commonly used are a postural challenge, cold pressor
stimulation, isometric exercise test, Valsalva Maneuver, etc. A central autonomic network (CAN) of interconnected
brain structures regulates autonomic outflow to the heart. A lower heart rate variability (HRV) is associated with a
cardiovascular disease and mortality risk; a high HRV value indicates good health. Higher HRV is associated with
stronger vagus nerve function, lower chronic stress levels, better overall health, and improved cognition. This
review discussed a more in-depth anatomy and physiological understanding of the connections between brain
functions and related autonomic cardiac dynamics.

KEYWORDS: Autonomic cardiac dynamics, Autonomic network, Heart rate variability, Peripheral nervous
system.

INTRODUCTION

Brain structures involved in brain-heart interactions
comprise two primary areas: the central autonomic
network, responsible for autonomic control (descending
interactions), and the default mode network, which
participates in the neural monitoring of cardiac activity
(ascending interactions).!  The  pathways for
bidirectional communication include discrete cortical
centers, which respond to active commands or passive

conditions. The physiological stimuli most commonly
used are a postural challenge, cold pressor stimulation,
isometric exercise test, Valsalva Maneuver, etc.>® The
responses to physiological stimuli are most commonly
evaluated indirectly in terms of changes in absolute
values of blood pressure or heart rate. In contrast, direct
indicators of autonomic function, such as neural control
of vessel diameter and resistance (e.g., autonomic control
of systemic arterial pressure), are difficult to obtain.[®
Using time and frequency domain analysis of successive

stimuli and act mainly in sympathetic or parasympathetic
branches. Since the heart and the brain are modulated
by afferent and efferent signals and operate in unison,
their  simultaneous analysis will broaden our
understanding of how these systems interact and govern
our stress response.* “ Peripheral cardiovascular
responses to standard physiological stimuli using
multimodal recordings (ECG, Blood pressure) have been
standardized and are available widely in the literature.
Such standard tests clubbed together as a standard
battery (e.g., Ewing's battery of autonomic function tests)
can be administered solely or as a whole battery to

RR intervals in ECG, heart rate variability (HRV)
analysis has become a promising non-invasive method
for assessing autonomic tone in healthy and unwell
persons. Systematic reviews and meta-analyses have
shown that HRV analysis can be used to estimate
mortality risk in myocardial infarction and for risk
prediction of cardiac autonomic neuropathy (CAN) in
diabetic mellitus patients. Regarding research, HRV may
also be considered a surrogate parameter of the bilateral
brain and cardiovascular system interaction. However,
there is scarce information in the literature that suggests

normal  health opulations or in various disease that abnormal brain—heart connections influence
y pop autonomic  dysautonomia.’*¥ Given  the clinical
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importance of the brain-heart connection in many
diseases, this implies that simple and reliable
cardiovascular markers of sympathetic tone and
sympathetic-parasympathetic balance are needed to
develop particular clinical uses of knowledge on heart-
brain interactions. Such markers would be essential for
detecting early signals of cardiovascular dysautonomia,
which can be treated to prevent the emergence of
hazardous  paroxysmal or  chronic  autonomic
hyperactivity. This situation emphasizes the need for a
more in-depth anatomy and physiological understanding
of the connections between brain functions and related
autonomic cardiac dynamics.

METHODS FOR SEARCHING

We explored the literature related to cardiac dynamics,
the autonomic  nervous  system,  sympathetic-
parasympathetic balance, autonomic functions, the
central autonomic network, brain-heart connection, and
assessment of autonomic function. We browsed
Cochrane, PubMed, Scopus, Embase, and Google
Scholar databases. Keywords used are (central
autonomic network) (autonomic nervous system [MeSH
Terms]) AND (sympathetic nervous system[MeSH
Terms])) AND (parasympathetic nervous system [MeSH
Terms])) OR (brain-heart connection) OR (arterial blood
pressure[MeSH Terms])) OR (heart rate
variabilityMeSH Terms])) OR (Cholinergic)) OR
(adrenergic nerve fibers)) OR (autonomic functions) OR
(peripheral  nervous system[MeSH Terms]) OR
autonomic cardiac dynamics ([[MeSH Terms]).

AUTONOMIC NERVOUS SYSTEM

The autonomic nervous system (ANS) is a peripheral
neural system that regulates involuntary physiologic
functions such as respiration, digestion, heart rate, blood
pressure, and sexual arousal. It is divided into three
anatomical divisions: sympathetic, parasympathetic, and
enteric. Afferent and efferent fibers transmit sensory
information and motor responses to the central nervous
system (CNS) via the peripheral nervous system (PNS)
(parasympathetic and sympathetic divisions).'* *! The
activation of the SNS causes an increase in general
activity and attention: the "fight or flight" response.
Blood pressure and heart rate rise, glycogenolysis occurs,
gastrointestinal peristalsis ceases, and so on.™! Almost
every living tissue in the body is innervated by the SNS.
The PNS promotes "rest and digest” functions such as
reduced heart rate and blood pressure, restarted
gastrointestinal peristalsis/digestion, and so on.' The
PNS innervates only the brain, viscera, and external
genitalia, leaving much of the musculoskeletal system
and skin uninvolved, much smaller than the SNS.™! The
ENS controls the digestive activities of muscle
contraction/relaxation, secretion/absorption, and blood
flow via reflex pathways.™ Acetylcholine (ACh) is the
neurotransmitter both the SNS and the PNS's presynaptic
neurons use. Postsynaptic sympathetic neurons normally
create norepinephrine (NE) to act on target tissues,
whereas postsynaptic parasympathetic neurons use ACh

continuously.'***® Enteric neurons have been observed to
utilize a variety of neurotransmitters, including ACh,
nitrous oxide, and serotonin, to mention a few.*"]

CENTRALAUTONOMIC NETWORK

A network of neural networks between cortical and
brainstem areas regulates the peripheral autonomic
nervous system's function. Our endocrinological,
psychological, and pain sensations are all regulated by
the central autonomic network (CAN).% The sleep-wake
cycle, arterial blood pressure, breathing, and other
physiological events influence the central autonomic
network's activity. The central nervous system's primary
neurotransmitters govern neuronal transmission in the
CAN, including glutamate, GABA, monoamines,
neuropeptides, and nitric oxide.®” The telencephalic
components of the CAN are the orbitofrontal cortex,
insular cortex, anterior cingulate cortex, amygdala, and
hypothalamus. These upper areas, directly and indirectly,
interact with lower brainstem centers, regulating
peripheral autonomic activity. The nucleus tractus
solitaries (NTS) is the initial relay station of autonomic
activity, generating upward projections to the cranial
parasympathetic nuclei. It controls all cardiovascular,
pulmonary, and gastrointestinal (GI) autonomic
responses.” The RVLM provides the primary excitatory
output for vasomotor tone, whereas the medullary raphe
nuclei produce sympathetic output implicated in
thermoregulation ~ and  emotional  reactions.”®
Stimulation of the insula and other parts of the central
autonomic network was used to define the rostral
components of the CAN."®! These areas are linked to the
spread of seizures.”!

Septal Region

This area is also known as the ventromedial forebrain.
The septal area is linked to several brain regions and the
CAN via the fornix. Tachycardia is a significant
autonomic response generated by the Stimulation of this
region.[#

Anterior cingulate cortex

This section of the medial frontal lobe extends to the
parahippocampal gyrus via the paper circuitry to form
the mesolimbic lobe associated with autonomic
responses.” In rat models, Stimulation causes chest pain,
low blood pressure, and micturition.”!

The Hippocampal Complex

The subiculum, dentate gyrus, and hippocampus
comprise this part of the medial temporal lobe. The
amygdala, hippocampus complex, and parahippocampal
gyrus are all part of the medial temporal lobe. These
mesial temporal lobe components are notably affected in
temporal lobe epilepsy. This area is related to the
cingulate cortex and the hypothalamus via the Papez
circuit, and aberrant electrical activity in this area has
been shown to affect autonomic function.
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Amygdala

The amygdala initiates autonomic reactions necessary for
emotional expression and has multiple connections to the
hypothalamus. It is located in the anterior temporal area
and connects with the brain on the temporal pole's
medial side.™"

The Insular Cortex

This deep cortical region includes the frontal, temporal
and vlobes on both sides of the brain. When this area is
stimulated, the heart rate, blood pressure, breathing rate,
gastrointestinal activity, adrenal medulla epinephrine
secretion, piloerection, and pupillary dilation all rise.°!
Data suggests that insular autonomic activity is
lateralized, activating the right and left insulas and
eliciting sympathetic and parasympathetic activity,
respectively.' %!

Cortex olfactory

The medial forebrain bundle connects the olfactory
region to the hypothalamus, the brainstem solitary
nucleus, and the reticular formation.!™ In reaction to
stimulus, gastric contraction, salivation, and amorous
desire all increase.® *”

Hypothalamus

The hypothalamus integrates all cortical inputs to the
brainstem's autonomic regulation systems, especially the
cardiovascular and respiratory centers.®™ The anterior
and posterior hypothalamus are associated with
parasympathetic  and  sympathetic ~ functioning,
respectively. Because of its connections to the key
autonomic centers, the hypothalamic paraventricular
nucleus generally impacts the autonomic nervous
system.”” The many modular regions of the cerebral
cortex perform a supervisory role in autonomic control in
the central autonomic network (CAN). These structures
can induce various autonomic symptoms because of their
vast connectivity.! Fig. 1
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Figure -1: The intricate connections between the two cerebral hemispheres' CANs are shown schematically, as
well as how the peripheral autonomic nervous system is specifically organized into sympathetic and
parasympathetic branches that stay lateralized on either side.

Sympathetic neurons contain cell bodies in the spinal
cord's intermediolateral columns, also known as the
lateral horns. Presynaptic fibers exit the spinal cord via
anterior roots and travel to the anterior rami of the T1-L2
spinal nerves, connecting to the sympathetic trunks via
white rami communicantes. The fibers can then ascend
or descend the sympathetic trunk to a superior or inferior
paravertebral ganglion, or they can pass down the root
continue through an abdominopelvic splanchnic nerve to
a prevertebral ganglia.”® Because of the sympathetic
ganglia's central placement, presynaptic fibers are shorter

than postsynaptic counterparts.*>*® A preganglionic fiber
or neuron is an axon from the central nervous system that
projects to a sympathetic ganglion, symbolizing the
output from the CNS to the ganglion. Preganglionic
sympathetic fibers are generally short and myelinated
because the sympathetic ganglia are close to the vertebral
column. A postganglionic fiber—the axon generated by a
ganglionic neuron that extends to the target effector—
represents the ganglionic neuron's output that directly
influences the organ. Postganglionic sympathetic fibers
are longer than preganglionic fibers because of the
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higher distance between the ganglion and the target
effector.> ¥l Pre- and postganglionic neurons synapse in
paravertebral ganglia, which appear as nodules
throughout the sympathetic trunk close to the spinal
column. There are cervical, thoracic, four lumbar, and
sacral ganglia, though the numbers vary depending on
the individual.”?” The only ones with names are the
superior, intermediate, and inferior cervical ganglia. The
union of the inferior cervical ganglion with the first
thoracic ganglion forms the stellate ganglion.’> ! As
previously established, the SNS allows the body to deal
with stressors by activating the "fight-or-flight" response.
This response is principally responsible for blood vessel
regulation. Vessels are tonically innervated, and an
increase in sympathetic impulses usually results in
vasoconstriction, the inverse of vasodilation. The
exceptions are coronary arteries and vessels, which
supply the skeletal muscles, and external genitalia, which

B

have the opposite effect.*®! The equilibrium of alpha and
beta receptor activation mediates this paradoxical effect.
Beta-receptor activation enhances coronary artery
dilatation in a normal state, but this effect is diminished
by alpha-receptor-mediated  vasoconstriction.  In
pathologic conditions like coronary artery disease, alpha-
receptor activity increases while beta-activity decreases.
As a result of sympathetic activation, the coronary
arteries may contract./*® ! Sympathetic activation raises
heart rate and contractile force but also increases
metabolic demand, which harms cardiac function in
people who are already sick.B” Even in non-stressful
conditions, the SNS is continually functioning. The SNS
is active during the regular breathing cycle, in addition to
the previously stated tonic activation of blood vessels.
Sympathetic activation works in tandem with the PNS to
widen the airways during inspiration, allowing for an
optimal influx of air.'* *!Fig. 2

Central
nervous
system

DIVISIONS

Somatc nervous system

>

Peripheral nervous system

Effector organs

Skeletal muscle

-

:—*7

Autonomic Sympathetic - e Sweat glands
nervous nervous > B *fGa %o
system system o N
5 Blood vessels
’#‘ ! " Ganglion Glands
- Hean
Parasympathetic Lungs
nervous "3 Stomach
system :* k Kidneys
2= Ganglion Bladder
Intestines
B
Sympathetic Parasympathetic
(preganglionic) (preganglionic)

Enteric nervous system

Ganghon

Longitudinal muscle

Myenteric plexus

Circular muscle

Submucosal plexus

Mucosa

|

Figure 2: A diagram of somatic and autonomic divisions of the peripheral nervous system. (b) A simplified
diagram of the enteric nervous system. Interaction at the effector junction of the autonomic nerve. At nerve
effector junctions, cholinergic and adrenergic neurons coexist. Following neurotransmitter release, a particular
neuron is reciprocally inhibited through a specific pre and post-junctional neurotransmitter receptor.
Antagonism in the peripheral autonomic nerve system is often based on this. ( Taken from : Malomouzh A, llyin
V, Nikolsky E. 2019)P%

Parasympathetic fibers leave the CNS through the cranial
nerves -, 1X, VII, and X, as well as the S2-4 nerve

roots. The parasympathetic ganglia are divided into four
pairs and are all found in the head. CN Il innervates the
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iris and ciliary muscles of the eye via the ciliary
ganglion. The pterygopalatine ganglion innervates the
lacrimal, nasal, palatine, and pharyngeal glands and the
sublingual and submandibular glands via the
submandibular ganglion. The otic ganglion innervates
the parotid glands via cranial nerves- IX.F¥
Every presynaptic parasympathetic fiber synapses in a
ganglion near or on the target tissue's wall, resulting in
significantly longer presynaptic fibers than postsynaptic
fibers.*®! The introduction states that the vagus nerve
controls the "rest and digest" processes. The vagus nerve
induces heart relaxation in a variety of ways. It reduces
contractility in the atria but not in the ventricles. It
mostly slows conduction through the atrioventricular
node. Carotid sinus massage works by this method to
inhibit reentry in Wolff-Parkinson-White syndrome. The
PNS's other important function is digesting.
Parasympathetic fibers to the head increase salivation,
while those to the ENS increase peristaltic and secretory
activity.®* *1 The vagus nerve also affects the respiratory
cycle. Parasympathetic nerves fire during expiration in a
nonpathological state, constricting and constricting
airways to prevent collapse. This function has linked the
PNS to the onset of postoperative acute respiratory
distress syndrome.™™ 3! Because of its broad breadth, the
vagus nerve has been described as an early warning
system for foreign invaders and for monitoring the
body's recovery. Approximately 80% of vagal fibers are
sensory and innervate almost all important organs.
Interleukin-1 receptors have been discovered in
parasympathetic ganglia, a crucial cytokine in the
inflammatory immune response.®® This, in the
meantime, activates the hypothalamic-pituitary-adrenal
axis, resulting in the release of glucocorticoids and
NE.™¥ In studies, viral activity inhibition via vagotomy

and cholinergic inhibitors has been linked to
considerably reduced, if not eliminated, allergy,
asthmatic, and inflammatory reactions.=®!

The sympathetic and parasympathetic  cardiac

mechanisms are antagonistic in that they have opposing
effects on myocardial cCAMP levels and, as a result, on
HP, atrioventricular conduction time, ventricular
contractility, and relaxation rate. Evidence that
prolonged parasympathetic activity reduces sympathetic
noradrenaline release supports an inhibitory presynaptic
connection.* The autonomic control of mean heart rate
values (i.e., 1/HP) exhibits increased nonlinear
antagonism, with even high levels of sympathetic
activity having little impact when parasympathetic
activity is equally high.B®! This nonlinear interaction is
significantly less noticeable regarding atrioventricular
conduction time and even mean HP values, which are
readily explained by a linear combination of sympathetic
and parasympathetic effects.*® 3! In terms of autonomic
modulation, the activity of each autonomic branch boosts
the changes in heart rate caused by the modulation of the
other unit.*”! This synergistic interaction implies that the
high-frequency fluctuations in heart rate characterizing
respiratory sinus arrhythmia are exacerbated by

sympathetic activity and are not caused just by
parasympathetic modulation, as might have been
expected based on the frequency response properties
discussed previously."” However, examination of HP
variations revealed that beta-adrenergic inhibition
promotes respiratory sinus arrhythmia in humans.[*?
These disparities highlight that the effects of interactions
in parasympathetic and sympathetic activities on cardiac
function are complex and still poorly understood and that
inequalities between analyses based on HP and analyses
based on heart rate may contribute to the variability in
reported results.

CENTRAL AUTONOMIC NETWORK AND
CARDIOVASCULAR FUNCTIONA central
autonomic network (CAN) of interconnected brain
structures regulates autonomic outflow to the heart,
including the medial prefrontal cortex (MPFC) and
insular cortex It also included the amygdala, the bed
nucleus of the stria terminalis (BNST), dorsomedial
hypothalamic (DMH) nucleus, the paraventricular
nucleus (PVN), the periaqueductal, and the lateral region
of the hypothalamus.”? The medial prefrontal cortex,
includes the anterior cingulate cortex and the prelimbic
and infralimbic areas, is engaged in cognitive and
visceromotor activities, making it potentially important
for psychosomatic medicine. The insula is a
viscerosensory and visceromotor area important in
physiological  and pathological cardiovascular
regulation.”***! The right (non-dominant) anterior insular
cortex in humans is important in forming a mental
representation of one's physical situation, which
underpins basic emotional experiences.”®! The amygdala
predominantly  involves negative emotion-related
information processing, whereas happy emotions tend to
lower amygdala activation.*”? The insular cortex,
amygdala's central nucleus, and BNST create a
corticostriatal-pallidal circuit that processes emotional
information with autonomic responses and projects to the
hypothalamic behavior control column.®**! The PVN is
the master controller of the autonomic nerve system,
giving specialized innervation to all autonomic relay
centers* and integrating neuroendocrine, homeostatic,
and stress responses with the DMH."% The PAG controls
autonomic responses to physical and psychological
stimuli. The NTS medullary nucleus and the pontine
parabrachial and Koélliker-Fuse nuclei are all reciprocally
linked and transfer visceral afferent information to other
CAN structures.®™ The CAN in the medulla contains the
NAmb and DMNX, the rostral ventrolateral medulla
(RVLM) and caudal sections, and the rostral
ventromedial medulla (RVMM), which includes the
midline medullary raphe and the parapyramidal area.®"!

The cerebral cortex and other central autonomic network
(CAN) areas regulate cardiovascular autonomic
function.® %3 Reciprocal bilateral connections between
the upper and lower centers of the central autonomic
network are responsible for such an integration of this
control. A lower HRV is associated with a higher
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mortality risk and cardiovascular disease; a high HRV
value indicates good health. Higher HRV is associated
with stronger vagus nerve function, lower chronic stress
levels, better overall health, and improved cognition.
Likewise, the baroreceptor reflex, which regulates the
amount of sympathetic and parasympathetic input to the
cardiovascular system to maintain systemic blood
pressure, forms the basis for assessing baroreflex
sensitivity (BRS). Tests like paced breathing, Valsalva
Maneuver, head-up tilt, and head-down tilt have been
used as a physiological challenge to induce changes in
ABP and to study cerebrovascular hemodynamic
response.l®!  Several researchers have claimed that
neuronal activation in CAN like anterior cingulate cortex
(ACC), insular cortex (IC), lateral prefrontal cortex
(LPFC), medial prefrontal cortex (MPFC), dentate

nucleus (DN), rostral ventrolateral medulla (RVLM),
fastigial nucleus (FN), caudal ventrolateral medulla
(CVLM), show a high correlation with beat to beat
changes in heart rate.*?* 253 Mostly, these studies are
performed using functional magnetic resonance imaging
(fMRI) scans during various autonomic challenges like
lower body negative pressure (LBNP), Head upright tilt
table test, Valsalva Maneuver, and paced breathing. This
neuronal activation is marked by an increase in [O2Hb]
and a decrease in [HHb] concentration.”! However, the
relation between peripheral cardiovascular autonomic
function tests has not been studied mechanistically in
healthy human subjects, along with assessment and
correlation (phase coherence) of cerebrovascular
reactivity using functional near-infrared spectroscopy
(fNIRS). Table 1.

Table 1 Fundamental comparison between peripheral and cerebrovascular circulation.

Peripheral circulation

Cerebral circulation

Large and small vessels act as conduits.
Small vessels, specifically arterioles, act as resistance
vessels.

The large and small cerebral arteries act as resistance
and conduit vessels and can dilate and contract to
regulate CBF.

Blood flow in peripheral circulation depends on Arterial
Blood Pressure and venous pressure.

Cerebral perfusion depends on both Arterial Blood
Pressure and Intra-Cranial Pressure.

Vasoconstriction of the arteries and veins and a decrease in
blood flow are caused by sympathetic Stimulation of the
peripheral circulation.

Other vasoconstrictive substances, blood vessel
location, and the receptors' density and distribution
affect cerebral circulation's reactivity to sympathetic
Stimulation.

According to the stimuli (intrinsic or systemic
variables) and the blood vessel's location, increased
cerebral sympathetic activity causes constriction or
dilatation.

Postganglionic sympathetic nerves innervate the peripheral
blood vessels' arteries, arterioles, and veins. The peripheral
vasculature lacks parasympathetic innervation and is only
regulated by the sympathetic nervous system.

Both sympathetic and parasympathetic nerve fibers
densely innervate the cerebral circulation.

Small arteries and arterioles are composed of more smooth
muscle cells than larger arteries.

Large intra- and extracranial arteries have multiple
layers of smooth muscle cells, which are reduced to a
single layer in cerebral arterioles.

CONCLUSION

A central autonomic network (CAN) of interconnected
brain structures regulates autonomic outflow to the heart.
A lower HRV is associated with a higher mortality risk
and cardiovascular disease; a high HRV value indicates
good health. Higher HRV is associated with stronger
vagus nerve function, lower chronic stress levels, better
overall health, and improved cognition. However, the
relation between peripheral cardiovascular autonomic
function tests has not been studied mechanistically in
healthy human subjects, along with the assessment and
correlation of cerebrovascular reactivity using fNIRS.
From the standpoint of the clinician, electrocardiogram-
based HRV holds promise as an appealingly simple tool
for detecting autonomic impairments and forecasting the
future course of some neurological disorders through the
assessment of brain-heart connections. Unfortunately, we
are still far from meeting this critical unmet need. HRV
analysis should be undertaken in clinical situations to
assess mortality risk in patients following myocardial

infarction and to detect early indications of cardiac
autonomic neuropathy in diabetic patients.
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