
Brain and  
Heart  
Dynamics

Stefano Govoni
Pierluigi Politi
Emilio Vanoli
Editors



Brain and Heart Dynamics



Stefano Govoni • Pierluigi Politi
Emilio Vanoli
Editors

Brain and Heart
Dynamics

With 73 Figures and 48 Tables



Editors
Stefano Govoni
Department of Drug Sciences
Section of Pharmacology
University of Pavia
Pavia, Italy

Pierluigi Politi
Department of Brain and
Behavioral Sciences
University of Pavia
Pavia, Italy

Emilio Vanoli
Department of Molecular Medicine
University of Pavia
Pavia, Italy

ISBN 978-3-030-28007-9 ISBN 978-3-030-28008-6 (eBook)
ISBN 978-3-030-28009-3 (print and electronic bundle)
https://doi.org/10.1007/978-3-030-28008-6

© Springer Nature Switzerland AG 2020
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software, or
by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with
regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-030-28008-6


To Ottavia, Davide, Luca, Camilla, Wang Li, and Olivia: our next
generations. They are love and drive to live for



Preface

Donatella said: “I’d like you all to write about how brain and heart talk to each
other.” Pierluigi replayed by saying: “OK, I can collect a group of experts able
to describe many, if not all, aspects of psyche and heart and how the first can
drive the second.” Stefano added: “I can collect a group of experts describing
all aspects of brain activity, pharmacology and the cardiovascular conse-
quences of central neural disorders.” Being the cardiologist of the trio, Emilio
felt like he was bound to be the target of the cross neural firing coming from
above but he thought of the many years of great learning in neuro-cardiology.
Emilio’s looping up was then: “Well guys, I’ll tell you how the heart is driving
you both! The heart as a ‘sensing organ’ this is what I had learned from my
great mentors who still guide me with their restless scientific life .” And this is
how our great venture started.

The underlying understanding was that, in this arena, nothing is still and we
were about to deal with “Brain Heart Dynamics” and the title was there! By
joining our day-to-day scientific life, we had been sharing knowledge, going
from the invisible orchestra to face autism to pharmacology of neural diseases
to autonomic bidirectional drive of the heart. This is the deep soul of this
reference book. We hope we fulfilled the goal that we pursued over 2 years of
intensive work.

Moving along the index of the opera the reader will find, step by step, the
description of the many ways by which the heart is sending its messages to the
brain. This occurs within fractions of seconds so that neuromodulation of
cardiovascular control can take place in a fraction of a second. Think about
howmany events the brain has to manage in a fraction of a second: we stand up
in fraction of a second, maintaining cerebral perfusion against gravity that
would take all blood to our feet. Emotions, as any other higher cerebral
function. Need cardiovascular responses in a fraction of a second. Many
aspects of our life run along this high-speed rail: at the time of any minor or,
more so, severe perturbation of our mental process, anytime we take a pill or
engage in exercise, when awake or sleeping. Of note, sleep is a time whenmost
of our functions are under our autonomic nervous system’s control, but our
mind process is reloading, and millions of data are reprocessed.

The entire life fluctuates in fractions of seconds, and this is the dynamic
world still far from being understood that we aimed at describing in the
61 chapters that you’ll find available hereafter. We believe there is no need
for a redundant recall of the importance of the continuing research on the
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brain–heart interactions, but we would like to recall that this is the central drive
of a whole, where any piece plays a role from the tip of the toe to the guts, the
kidney, and edge of our hairs. One for all is the case of the novel use of
electrical stimulation of the cervical vagus to effectively treat resistant epilepsy
and depression. Eighty percent of the fibers travelling into the cervical vagus
carries afferent information from all viscera to the CNS. This implies that the
composite afferent information originating from the body can profoundly
modulate the electrical and biochemical functions of the brain.

The take-home message we hope that the reader will save after working
through the chapters of this reference book is, indeed, that our body operates in
loops where the chief commander operates the driving and, in turn, is driven by
the whole body. This is so because the heart and the rest of the body are
designing its route. It seems sometimes as if somebody has indeed designed
this beautiful functional architecture in the human body. Will the human being
ever able to duplicate such architecture in her/his world? Meanwhile we hope
you’ll enjoy travelling along this book.

July 2020 Stefano Govoni
Pierluigi Politi
Emilio Vanoli
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Abstract

The understanding of cardiac neuronal control
has dramatically evolved in the last 50 years,
both from an anatomical and a functional point
of view. Cardiac neuronal control is mediated
via a series of reflex control networks involv-
ing somata in the (i) intrinsic cardiac ganglia
(heart), (ii) intrathoracic extracardiac ganglia
(stellate, middle cervical), (iii) superior cervi-
cal ganglia, (iv) spinal cord, (v) brainstem, and
(vi) higher centers. Each of these processing
centers contains afferent, efferent, and local
circuit neurons, which interact locally and in
an interdependent fashion with the other levels
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to coordinate regional cardiac electrical and
mechanical indices on a beat-to-beat basis.
This neuronal control system shows plasticity
and memory capacity, allowing it to maintain
an adequate cardiac function in response to
normal physiological stressors such as stand-
ing and exercise. Yet, pathological events such
as myocardial ischemia as well as any other
type of cardiac stressor may overcome the
homeostatic capability of the system, leading
to excessive sympathoexcitation coupled with
withdrawal of central parasympathetic drive.
In turn, autonomic dysregulation is central to
the evolution of heart failure and the develop-
ment of life-threatening arrhythmias. As such,
understanding the anatomical and physiological
basis for cardiac neuronal control is crucial to
implement effectively novel neuromodulation
therapies to mitigate the progression of cardiac
diseases.

Keywords

Autonomic control · Autonomic imbalance ·
Cardiac neurons · Sympathetic system ·
Parasympathetic system

Introduction: Overview of Cardiac
Neuronal Control

The complexity of cardiac neuraxis is broader
than previously anticipated, both from a func-
tional and a neurochemical point of view. For
decades the leading theory assumed that cardiac
neuronal control primarily resided within central
neuronal projections that target peripheral post-
ganglionic adrenergic and cholinergic motor neu-
rons functionally behaving as antagonists among
each other [1]. This hypothesis was referred to as
centrally determined cardiac neuronal command
[2–4]. The two major central cardiac autonomic
outputs include: (i) parasympathetic efferent pre-
ganglionic neurons located in the medulla
oblongata primarily in the ventral lateral compo-
nent of the nucleus ambiguus [5–7] and (ii) sym-
pathetic efferent preganglionic neurons located in
caudal cervical and cranial thoracic spinal cord

segments (intermediolateral cell column) ([8–
10]). In such a scenario, the peripheral afferent
arm was represented by sensory neuronal somata
located in nodose and thoracic dorsal root ganglia
[11, 12], which in turn projected to medullary and
spinal cord second neurons [8], respectively. Car-
diovascular afferent inputs also converge to fore-
brain neurons and cortical neurons – particularly
those in the insular cortex [13, 14] leading to a
tonic descendant influence on efferent stations.
According to this view, the first integration of
afferent inputs occurred either at a medullary
level (for the nodose ganglia central projections)
or at the spinal cord level (for the thoracic dorsal
root ganglia central projections). On the other
side, intrinsic cardiac ganglia located in fat pads
on the heart were thought to only contain para-
sympathetic postganglionic neuronal bodies.
The realization that an additional neuronal pro-
cessing of cardiovascular inputs takes place at
the peripheral level [15, 16], specifically through
interconnected neurons in the thorax (intracar-
diac and extracardiac), led to a rethinking for
the neural networks responsible for autonomic
control of the heart. A turning point was the
discovery that the neuronal soma contained in
epicardial fat pads on the heart represented a
complex and functionally independent neuronal
network, including efferent neurons (both sym-
pathetic and parasympathetic) as well as afferent
neurons and interneurons [15]. The entire net-
work started to be referred to as the intrinsic
cardiac nervous system (ICNS), or, reflecting its
ability to allow for shorter-loop dynamic reflex
control over regional cardiac function [17], the
little brain in the heart [16]. From an anatomical
point of view at least 10 major groupings of
ganglionated Plexi have been associated with
the human ICNS, although their delineation is
not easy due to the continuum nature of the fat
located at the base of adult human hearts. Most of
these ganglia are located on the posterior sur-
faces of the atria and superior aspect of the ven-
tricles. Overall, ICNS in humans is estimated to
contain more than 14,000 neurons [18].

The presence of afferent neurons and interneu-
rons, in addition to the efferent neurons, has been
also demonstrated in other intrathoracic,
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extracardiac ganglia, such as the cervical ganglia
and the stellate ganglia. As such, the actual lead-
ing theory is that cardiac neuronal control is
achieved through a hierarchal network whose
organization can be simplified in three levels
(Fig 1):

Level 1: CNS neurons (medullary and spinal cord
neurons modulated by higher centers)

Level 2: Peripheral: extracardiac-intrathoracic
neuronal pool and

Level 3: Peripheral: the ICNS. The peripheral
levels (Levels 2 and 3) form cardio-centric
reflex control loops, while the CNS (Level 1)

engages central neural mechanisms for cardiac
and peripheral vasculature regulation [15, 19].
In addition to the unraveling of the pivotal role
of ICNS, the last decades brought about impor-
tant steps forward in the understanding of the
neuromodulators and the neurotransmitters
involved in cardiac autonomic control as well
as in cardiac innervation patterning.

In this chapter, the description of structural and
functional organization of cardiac nervous system
is focused on the peripheral aspects of this hierar-
chy.Wewill first describe what is currently known
about the locations of cardiac afferent neurons in

Fig. 1 Cardiac nervous system organization in humans.
Blue: afferent nervous system with its ganglia: nodose
ganglia and C7-T4 dorsal root ganglia (DRG). Green:
parasympathetic efferent nervous system. Red: sympa-
thetic efferent nervous system. All the afferent and efferent
structures except for the autonomic nuclei in the central
nervous system are bilateral, although mostly represented

as unilateral for simplicity. Cardiac afferent fibers traveling
across the paravertebral sympathetic ganglia (usually
referred to as cardiac sympathetic afferent fibers) directly
reach the DRG without having synapsis before. These
fibers mediate cardio-cardiac sympathoexcitatory spinal
reflexes that significantly increase the sympathetic output
to the heart
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dorsal root, nodose, intrathoracic extracardiac and
intrinsic cardiac ganglia, along with their varied
transduction capabilities. This will be followed by
a summary of the roles that cardiac (adrenergic
and cholinergic) efferent neurons play in motor
control. The role of peripheral interactive local
circuit neurons (LCNs) in the ICNS will be
discussed as well. Finally, we will provide a
deep insight into the structure/function character-
istics of cardiac neuronal control in cardiac
pathology, with a focus on myocardial ischemia-
induced changes.

Structural and Functional
Organization of the Cardiac Nervous
System: Peripheral Signaling

Cardiac Afferent Neurons

Based on anatomical evidence, afferent neuronal
somata whose sensory neurites projects on atrial,
ventricular, and intrathoracic major intravascular
tissues have been identified not only in nodose
[20, 21] and dorsal root ganglia [20–23], but also
in intrathoracic extracardiac ganglia such as the
stellate ganglia and the middle cervical ganglia
[12, 24, 25], and in intrinsic cardiac ganglia [26–
28]. Intracardiac endings of these sensory neurons
are concentrated in the sinoatrial nodal region,
dorsal aspects of either atrium, endocardium of
either ventricular outflow tract and in the papillary
muscles of both ventricles [11, 29–32]. Vascular
sensory endings are embedded in the fibrous coat-
ing of the major vessels adjacent to the heart [12,
33–36] and within the carotid sinus. Cardiac affer-
ent fibers reaching the nodose ganglia travel along
vagal nerve branches and are commonly referred
to as cardiac parasympathetic afferent fibers. Car-
diac afferent fibers reaching the dorsal root
ganglia (DRG) travel across the paravertebral
sympathetic ganglia (without having synapsis)
and are commonly referred to as cardiac sympa-
thetic afferent fibers. Primary cardiac-afferent
projections from nodose ganglia project primarily
into the nucleus tractus solitarius (NTS) to impact
cardiac control; those from the DRG into the

thoracic spinal cord dorsal horn [37]. From an
embryological point of view, cardiac sensory neu-
rons and cardiac efferent sympathetic neurons
share the same origin from trunk neural crest
cells [38, 39]. These two neuronal cell types also
share important regulatory pathways such as the
responsiveness to nerve growth factor (NGF)
exposure, which is critical for their development.
Indeed, cardiac nociceptive sensory nerves, the
dorsal root ganglia, and the dorsal horn were
found to be markedly retarded in NGF-deficient
mice, whereas cardiac-specific overexpression of
NGF rescues these deficits [40]. Thus, NGF syn-
thesis in the heart is considered critical for the
development of cardiac sensory nervous system
[41].

The response of sensory endings to local
mechanical and/or chemical milieu at the cardiac
level is different depending on the cardiac region
in which their neurites are located and the gan-
glion in which their various somata reside [12].
According to the type of stimuli they respond to,
cardiac afferent neurons are classified as (i)
mechanosensory, (ii) chemosensory, or (iii) mul-
timodal (transducing both modalities) in nature.
Mechanosensory and multimodal sensitive fibers
are mostly myelinated (A delta type), while
chemosensory fibers are mostly unmyelinated (C
type). Power spectral analysis studies revealed
that mechanical and chemical stimuli are trans-
duced within different time domains both in spe-
cialized and in by multimodal fibers [42].
Mechanotransduction occurs fast (within few sec-
onds), produces phasic activity in the afferent
neurons, and shows a very limited memory. On
the other side, chemotransduction generates rela-
tively slow onset responses in afferent neurons,
characterized by tonic (nonphasic) activity, rela-
tively low frequencies, and memory [43]. This
confers the capacity of individual afferent neurons
to transduce differing stimuli at a particular time
depending on the strength of the local milieu [42,
44, 45]. It is presumed that such multiple coding
allows for limited populations of sensory neurons
to transduce to second order neurons the status of
regional cardiac mechanical and/or chemical
milieus concomitantly [12].
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Nodose Ganglion Cardiac Afferent
Neurons
Nodose ganglia (otherwise known as inferior
ganglia of the vagus nerve) are paired structures
located within the jugular foramen where the
vagus nerve exits the skull. Atrial and ventricular
sensory neurites with central projection to nodose
ganglion (usually referred to as parasympathetic
afferent fibers) preferentially transduce regional
chemical stimuli, with a smaller amount
responding to mechanical stimuli or both modali-
ties [22]. Nodose ganglia epicardial chemosensory
fibers generate different central neuronal inputs as
compared to mechanosensory fibers, both from a
quantitative and a qualitative point of view.
Chemical stimuli induce an order greater enhance-
ment of activity of nodose ganglion cardiac affer-
ent neurons. Than mechanical stimuli do.
Moreover, the augmentation in activity elicited
by chemical stimuli persists long after removal
of the stimuli (up to 45 min), while mechanical
stimuli exert short-lived effects [22]. Inputs from
these receptors continuously participate to overall
cardiovascular regulation on a beat to beat basis.
They are not normally perceived by the sensorium
but they may contribute to symptoms referred to
the neck and jaw regions of the body during
myocardial ischemia [49]. An experimental
canine study showed that ventricular afferent neu-
rons of the nodose ganglia are distinct from those
in the DRG by having smaller size and a lacking
immunoreactivity for substance P (SP), calcitonin
gene-related peptide (CGRP), and/or neuronal
nitric oxide synthase (nNOS) [20].

Dorsal Root Ganglion Cardiac Afferent
Neurons
Cardiac related afferent neurons represent only a
small percentage of dorsal root ganglia first-order
neurons and they are primarily concentrated
within the C6 to the T6 levels of the spinal column
[21, 46]. Peripheral projections of these pseudo-
unipolar neurons can be found in all four cardiac
chambers, with a propensity for cranial ventricu-
lar regions [42]. Cardiac DRG afferent neurons
mostly (�95%) display multimodal transduction
characteristics [42]. They transduce the cardiac

milieu quite differently than nodose ganglion car-
diac afferent neurons do [12], both in control
states and during maximal level stimulation. In
control states cardiac DRG afferent neurons dis-
charge rate is higher (�10 Hz) than nodose gan-
glion cardiac afferent neurons discharge rate
(�0.1 Hz) [47]. Upon maximal stimulation, their
activity enhancement range is about +225% and
+500% for mechanical and for chemical stimuli,
respectively [48], as compared to +75% for both
mechanical and chemical stimuli in the nodose
ganglion cardiac afferent neurons. Individual
DRG cardiac afferent neurons display a variety
of activity patterns when transducing local
mechanical versus chemical stimuli and when
transducing multiple chemical stimuli simulta-
neously [12]. Thanks to this transduction capac-
ity/plasticity, the number of DRG neurons required
to transduce a constantly changing cardiac milieu
to spinal neurons is minimized. At the molecular
level, transient receptor potential vanilloid type 1
(TRPV1) receptors, due to their polymodal trans-
ducers capabilities, might significantly contribute
to DRG cardiac afferent fibers properties. TRPV1
channels are expressed in DRG neurons that
extend to both Aδ- and C-fibers. TRPV1 receptors
are members of the big family of the transient
receptor potential (TRP) channels, a class of non-
specific cationic channels which has recently
received a great attention in the cardiovascular
field due to their capability to mediate pathologi-
cal calcium-handlings in several cell types includ-
ing cardiomyocytes, neurons, and endothelial
cells [49].

Cardiovascular Afferent Neurons in
Intrathoracic Extracardiac Ganglia and in
Ganglionated Plexi
As already mentioned, sensitive pseudo-unipolar
neurons have been identified in several intratho-
racic ganglia [24, 50, 51]. Many afferent neurons
mapped in the stellate and middle cervical ganglia
transduce aortic arch wall dynamics; their collec-
tive active patterns reflect the pressure waves
occurring during each cardiac cycle [24, 25, 50,
52]. On the other hand, a considerable fraction of
cardiac sensory neurons is multimodal in nature,
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transducing both mechanical and chemical stim-
uli. The later include adenosine, ATP, bradykinin,
substance P, and various other peptides. It is also
known that the transduction properties of their
cardiac sensory neurites involve several ion spe-
cies in situ [12].

Cardiac Motor Neurons

The two efferent branches of cardiac neuraxis,
namely, the sympathetic and the parasympathetic
division, control all cardiac functions: inotropy,
chronotropy, dromotropy, bathmotropy, and
lusitropy. In addition to that, it is now clear that
sympathetic-parasympathetic interaction also
affects inflammatory response onset, mainte-
nance, and decay [53]. In general, sympathetic
outputs to the heart are facilitatory, whereas para-
sympathetic outputs are inhibitory. The kinetics
of the two autonomic divisions differ substan-
tially. The vagal effects develop very rapidly,
often within one heartbeat, and they decay
quickly. Hence, the vagus nerves can exert beat-
by-beat control of cardiac function. Conversely,
the onset and the decay of the sympathetic effects
are more gradual; only small changes are affected
within the time of one cardiac cycle. When the
two efferent branches act concomitantly, the
effects are not additive algebraically, but complex
interactions prevail. Such interactions may be
mediated at multiple levels from the ICNS to the
CNS; at the cardiac level they include both pre-
junctional and postjunctional interactions with
respect to the neuro-effector junction [54]. As
already mentioned, sympathetic efferent neurons
share the same embryological origin as cardiac
sensory neurons, represented by trunk neural
crest cells. Trunk neural crest cells migrate and
form sympathetic ganglia by mid-gestation, sub-
sequently proliferating and differentiating into
mature neurons [55]. In contrast, parasympathetic
neurons derive from cardiac neural crest cells,
which migrate into the developing heart and par-
ticipate in septation of the outflow tract into the
aorta and pulmonary trunk, development of aortic
arch arteries, and the formation of cardiac ganglia
[56–58].

Cardiac Sympathetic Efferent Neurons
Cardiac sympathetic preganglionic neurons have
their soma in the intermediolateral column of the
spinal cord (T1-T4 levels). Most of them synapses
on postganglionic neurons located in the sympa-
thetic cervical ganglia and upper thoracic para-
vertebral ganglia [7]. In humans, the lowest
cervical ganglion (C8) and the highest thoracic
ganglion (T1) are usually fused to constitute the
left and the right stellate ganglia (also referred to
as cervicothoracic ganglia). These structures con-
vey the majority of cardiac sympathetic postgan-
glionic fibers to the heart. The remaining
postganglionic projections are provided by the
left and right T2–T4 paravertebral ganglia. Sym-
pathetic fibers arising from the right and from the
left cervicothoracic ganglia have an asymmetrical,
although largely overlapping distribution to the
heart. The sinus node is under a predominant
right-sided cervico-thoracic sympathetic innerva-
tion, while extracardiac sympathetic innervation
to the atria and to the atrio-ventricular node is
provided by both the right and left sympathetic
chain [59]. From a functional point of view, the
predominant role of right-sided sympathetic
nerves over sinus node control has been consis-
tently demonstrated at the preclinical level over
years [60–62] and recently confirmed using very
sophisticated optogenetic and viral vector strate-
gies [63]. Finally, the right sympathetic chain was
shown to mostly innervates the anterior surface of
the ventricles, whereas the left chain was shown to
mostly distributes to the posterior surface [64, 65],
although a high degree of overlapping has been
reported in canine and porcine hearts [66, 67].
Accordingly, despite most of the extracardiac
sympathetic innervation to the left ventricle is
provided, from a quantitative point of view, by
the left sympathetic chain, a not neglectable con-
tribution of right sympathetic nerves has been
demonstrated as well [68].

As already mentioned, some (a minority) of
sympathetic fibers synapses with sympathetic
efferent postganglionic neurons located through-
out the major atrial and ventricular ganglionated
Plexi [27, 69–71]. This subgroup of intrinsic car-
diac neurons contains mRNA and protein
enzymes involved in catecholamine biosynthesis
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[72, 73]. They are capable of augmenting cardiac
function even when disconnected from higher
centers of the cardiac nervous system [17, 26,
74, 75]. Of note, cardiac sympathetic control
through postganglionic neurons in the ganglion-
ated plexi work as an overall sympathetic neuro-
nal network free from topographic boundaries,
although preferential areas of influence have
been suggested. Indeed, sympathetic efferent
postganglionic neurons in each major ganglion-
ated plexus exert control over electrical and
mechanical indices throughout the atria and the
ventricles [76–78]. This redundancy assures the
persistence of enough adrenergic control over the
heart even when the function of one ganglionated
plexus is compromised.

From an anatomical point of view, sympathetic
efferent postganglionic fibers travel along coro-
nary arteries at the subepicardial level, predomi-
nantly in the ventricles with a base to apex
gradient: sympathetic fibers are most dense near
the base of the ventricles with fewer fibers running
near the apex of the heart [79]. In addition to that,
the distribution of sympathetic fibers to the myo-
cardium was proved to be inhomogeneous in sev-
eral animal species including pigs [80], dogs [81],
and cats [82]. In these species a pronounced epi-
cardial to endocardial sympathetic innervation
gradient within ventricular walls has been
observed, with sympathetic innervation being
most abundant in the subepicardium. An intrigu-
ing regional exception is represented by the right
ventricular outflow tract (RVOT), whose efferent
sympathetic fibers were shown to run in canine
not only in the subepicardium but also in the
subendocardium [83]. Additionally, the main
skeleton of the conduction system, which includes
the sinoatrial node, the atrioventricular node, and
the His bundle, is extensively innervated com-
pared to the working myocardium with both sym-
pathetic and parasympathetic efferent fibers. Of
note, despite its clinical importance, the molecular
mechanisms underlying sympathetic innervation
density throughout ventricular walls have long
been poorly understood. Lately [84] it was
shown that cardiac sympathetic innervation is
determined by the balance between neural
chemoattraction and neuronal chemorepulsion,

both of which occur in the heart at early stages
of its development. NGF, which is a potent
chemoattractant, is synthesized abundantly by
cardiomyocytes and is induced by endothelin-1
upregulation in the heart. In contrast,
semaphorin-3A (Sema3a), which is a neural
chemorepellent, is expressed strongly in the tra-
becular (endocardial) layer in early stage embryos
and at a lower level after birth, leading to epicar-
dial-to-endocardial transmural sympathetic inner-
vation patterning. Intriguingly, both Sema3a-
deficient and Sema3a-overexpressing mice
showed sudden death or lethal arrhythmias due
to disruption of innervation patterning [85].

Finally, at the synaptic level, norepinephrine
(NE) is the main, although not the sole neurotrans-
mitter released by sympathetic efferent neurons.
Neurotransmitters other than NE released by sym-
pathetic efferent fibers are an area of intense
research [86, 87]: at last three other co-transmitters
have been identified in sympathetic nerves, includ-
ing ATP, galanin, and neuropeptide Y (NPY). Co-
release mainly occurs during high-frequency neu-
ronal stimulation [88]. As opposed to the rapidly
metabolized ATP, galanin and NPY are slowly
diffusing molecules with a much longer half-life
and duration of action compared with classical
neurotransmitters. Both galanin [89] and NPY
receptors (Y2-type) [90, 91] were localized on
cholinergic vagal neurons projecting to the sino-
atrial node and were found to be implicated in the
long-lasting inhibition of vagally induced brady-
cardia evoked by sympathetic adrenergic stimula-
tion [92]. NPY may also act directly on Y1
receptors on ventricular cardiomyocytes, affect-
ing their electrophysiological properties. Intrigu-
ingly, Y1 receptors are coupled to both adenylyl
cyclase (inhibited) and phospholipase C (acti-
vated). Optical mapping experiments in rats
showed that NPY steepens the action potential
duration restitution curve [86]. Very recently, in
Langendorff-perfused rat hearts with intact inner-
vation, Y1 receptor activation was associated with
a significant reduction in ventricular fibrillation
threshold despite metoprolol that was accompa-
nied by increased amplitude and decreased dura-
tion of intracellular calcium transients [93].
Finally, NPY is also a potent vasoconstrictor [94].
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Cardiac Parasympathetic Efferent
Neurons
Parasympathetic efferent preganglionic soma
mostly originates from the nucleus ambiguous
within the medulla oblongata. Lesser numbers
are located in the dorsal motor nucleus and the
intermediate zone between these two medullary
nuclei [6, 95–101]. Preganglionic neurons project
axons via the vagus nerve and its multiple intra-
thoracic cardiopulmonary branches to efferent
postganglionic parasympathetic neurons located
in the numerous intrinsic cardiac ganglia. Post-
ganglionic efferent parasympathetic neurons
located in individual cardiac ganglia receive pre-
ganglionic inputs from both the right and left
vagal trunks. As already mentioned, most of the
ganglia of the human ICNS are located on the
posterior surfaces of the atria and superior aspect
of the ventricles, within epicardial fat pads. Each
of them contains a variety of neurons that are
associated with complex synaptology [18].

From a functional point of view, despite some
suggestions [6, 102, 103] of a selective control
from parasympathetic preganglionic neurons in
one medullary region towards atrial versus ven-
tricular ganglionated Plexi modulating specific
cardiac indices (e.g., rate vs. conduction) have
been provided, there is no conclusive evidence
supporting this theory. On the contrary, several
data support an integrative parasympathetic con-
trol of the heart, including the anatomical organi-
zation of cardiac parasympathetic efferent
projections. On one side, vagal preganglionic neu-
rons bilaterally project to multiple ganglionated
plexi (divergence), on the other side, there are
several interganglionic connections between the
aggregates of intrinsic cardiac neurons [27, 104,
105] and postganglionic cholinergic neurons
located within the various intrinsic cardiac gan-
glionated Plexi projecting to all regions of the
heart. Therefore, it is currently believed that med-
ullary preganglionic cholinergic neurons as well
as postganglionic neurons located in each major
intrinsic cardiac ganglion exert a widespread con-
trol over the various regions of the heart, rather
than having a selective control on specific cardiac
regions and/or indices [26, 43]. Yet, broad areas of
preferential (but never selective) influence have
been identified: nicotine sensitive neurons of atrial

ganglionated Plexi modify primarily, but not
exclusively, atrial tissues, whereas ventricular
ones modify primarily, but not exclusively, ven-
tricular tissues [106].

Following vagal preganglionic inputs, ICNS
neurons mediate a reduction in several cardiac indi-
ces including sinus node rate, atrial contractility,
atrial refractory period duration [107], atrioventric-
ular nodal conduction, and ventricular contractile
force [1, 108, 109]. Of note, since the first demon-
stration of functional parasympathetic efferent post-
ganglionic projections to the ventricles [109], it is
now well recognized that cholinergic efferent post-
ganglionic neurons preferentially suppress ventric-
ular endocardial contractile function, in particular
that of the papillary muscles [65, 110, 111]. Along
the same way, autonomic control of chronotropic
function involves coordinated activities of the
right atrial, posterior atrial, and dorsal atrial intrin-
sic cardiac ganglionated plexi [112, 113].

Taken together, these data demonstrate that
neurons located in atrial or ventricular ganglion-
ated plexi [18, 28, 114] target widely distributed
regions throughout the heart [76–78, 106],
supporting the thesis that the ICNS, as a whole,
acts as a distributive control center [16, 43, 115].
Specifically, this functional anatomy has been
emphasized to dispel the concept that one may
ablate select neuronal populations with the pre-
supposition that select cardiac modalities can be
chronically targeted [116]. As matter of fact, ani-
mal data clearly showed that following discrete
ablation of one element of the ICNS, the network
adapts and functional control is restored [117].

Local Circuit Neurons

The term of local circuit neurons (LCNs) refers to
neurons that are not directly conveying informa-
tion about the cardiovascular milieu (cardiac
afferent neurons) or having direct motor function
(cardiac efferent neurons). Their main function is
to allow for connection and processing functions
within and between peripheral autonomic ganglia
[15, 118]. As such, these neurons act as an inte-
grating station between inputs from the heart and
major intrathoracic vessels and descending inputs
from central autonomic motor neurons. As
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already mentioned, LCNs can be found through-
out all intrathoracic ganglia, including those dis-
tributed on the heart [15, 16, 27]. They are
constantly communicating one with the other,
even when chronically disconnected from the cen-
tral nervous system [22, 24, 26, 75]. The anatom-
ical arrangement of LCNs reflects their function:
rosettes of relatively large diameter neuronal
somata (i.e., about 30 μmol/L) have been identi-
fied in intrathoracic extracardiac [134] and intrin-
sic cardiac [38, 129, 135, 179] ganglia. The
majority of somata of LCNs projects axons within
the ganglia in which they are located interdigitat-
ing primarily with of other neuronal somata within
that ganglion; other subserve interganglionic coor-
dination. Such anatomical arrangement concurs to
the complex information processing that occurs
within individual ganglionated Plexi at the level
of the heart.

LCNs receive and process a variety of infor-
mation. According to type of inputs they receive,
LCNs have been classified in 3 main subgroups:
efferent related LCNs, afferent related LCNs and
convergent LCNs [27]. Efferent related LCNs
receive inputs from one or both of efferent limbs
(sympathetic and parasympathetic) of cardiac
autonomic nervous system. Afferent related
LCNs are involved in solely transducing regional
cardiac, major intrathoracic vascular or the pul-
monary milieus [26, 27]. Convergent LCNs inte-
grate inputs from central sympathetic and/or
parasympathetic efferent projections and afferent
inputs. In addition, there are other populations of
intrinsic cardiac LCNs that do not receive direct or
indirect inputs from central or cardiovascular
afferent sensory source [27], whose function to
date remains unknown. Convergent LCN’s are a
major target for neuromodulation therapies [119].

Structural and Functional
Organization of the Cardiac Nervous
System: Central Signaling

Sensitive structures: First order cardiac afferent
neurons of the nodose ganglia and the dorsal
root ganglia synapse on second order neurons
located in the NTS and in the dorsal horn of the
spinal cord (laminae I, V [120] and VII [121] of

the gray matter), respectively. Spinal cardiac
afferent pathways are different according of
whether they convey nociceptive inputs or not.
Cardiac noxious inputs, as well as somatic and
other visceral noxious inputs, follow the
spinothalamic tract. This tract is the classical
pain pathway that transmits information about
noxious episodes to the thalamus and from there
to areas of the cortex that are involved with pain
perception [122]. Both myelinated and non-
myelinated afferent fibers arising from the cardio-
pulmonary region were proved to excite
spinothalamic tract cells in the T1-T5 segments
[123, 124]. Non-noxious inputs converge on the
NTS, as well as all visceral inputs other than the
painful ones. The NTS conveys cardiac inputs to
the hypothalamus and to the thalamus; on turn, the
thalamus projects on cortical neurons – particu-
larly those in the insular cortex [13, 14].

Motor structures: Central autonomic efferent
network is composed of both hypothalamic and
extra-hypothalamic nuclei [125]. The para-
ventricular nucleus (PVN) of the hypothalamus is
a master controller of the autonomic nervous sys-
tem and is one of the most important central sites
involved in regulating sympathetic tone to the heart
[125]. The PVN contains excitatory and inhibitory
neurons, whose balance determines cardiac sym-
pathetic tone [126]. In nonpathological conditions,
the tonic inhibition of the PVN autonomic neurons
is mediated by GABA- and NO-releasing neurons
[127]. Subcortical extra-hypothalamic sites asso-
ciated with control of sympathetic outflow include
the central nucleus of the amygdala [128], the
norepinephrine-containing neurons of the dorsal
mesencephalon (locus coeruleus) and the rostral
and caudal ventrolateral medulla [129, 130], and
the serotonin-containing neurons of the pontine
and medullary raphe nuclei [125, 131]. Subcorti-
cal extra-hypothalamic sites associated with con-
trol of parasympathetic outflow include the central
nucleus of the amygdala [132, 133], the peri-
aqueductal gray [134], the raphe nuclei, the para-
brachial nucleus [135], and the dorsal motor
nucleus of the vagus and the nucleus ambiguous
[103]. Finally, limbic cortices, including the cin-
gulate, orbitofrontal [136], insular and rhinal cor-
tices, and the hippocampus, influence both sets of
autonomic outflows [125, 132].
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Neuraxial Transduction of Cardiac
Pathology

Plasticity and memory capacity are crucial char-
acteristics of cardiac neuraxis in the attempt to
maintain an adequate cardiac function [16, 137]
in response to physiological perturbations [19] of
cardiovascular milieu. Yet, as any other homeo-
static mechanism, they have a limit in their capa-
bility to properly respond to environmental
stressors. When the demands of a deteriorated
cardiac function exceed the homeostatic limit,
either acutely or over longer time scales, neuronal
plasticity and memory may lead to a profound
disruption of cardiac neuraxis functional
responses and hierarchy. This is typically the
case of conditions such as heart failure or acute
myocardial ischemia/infarction. For instance, the
sensory transduction of regional ventricular ische-
mia can lead to enhanced excitability in network
interactions because of reactive and maladaptive
responses taking place at several levels of cardiac
neuraxis, from the ICNS [138] to the insular cor-
tex [43]. Excessive sympathoexcitation coupled
with withdrawal of central parasympathetic drive
reorganizes pre- and postsynaptic mechanisms
[139–144]. At the cardiac level, the tissue ratio
between parasympathetic and sympathetic fibers
conveys important functional implications,
because the two systems mutually antagonize
one another, both at the presynaptic and at the
postsynaptic level. Acetylcholine (ACh) inhibits
NE release from sympathetic synapses [145, 146]
and antagonizes NE effects at cellular levels. NPY
and galanin released from sympathetic nerve ter-
minals during high level sympathetic activity
inhibit Ach release from parasympathetic termi-
nals. Moreover, ACh also exerts direct anti-
inflammatory and antiapoptotic effects at cardiac
level through purinergic pathways [147]. With
disease associated withdrawal of parasympathetic
tone, the antiadrenergic, anti-inflammatory, and
antiapoptotic protective effects mediated by para-
sympathetic activity are lost [148]. As such, auto-
nomic dysregulation spanning from the peripheral
to the central level is now recognized as funda-
mental contributor to the progression of cardiac
pathology.

Neuraxial Transduction of Myocardial
Ischemia and Infarction

The pathological activation of cardiac afferent
neurons induced by acute myocardial ischemia
and reperfusion leads to a powerful increase in
sympathetic efferent drive to the heart [149]. The
immediate consequence of this reflex, also known
as cardiac sympathetic afferent reflex (CSAR), is a
strong inotropic, vasopressor, and chronotropic
response, aimed to sustain cardiac output. The
inevitable adverse effect is a consistent increase
in metabolic demand and in arrhythmic suscepti-
bility. Indeed, the epicardium to endocardium gra-
dient of sympathetic efferent fibers concur to
explain the more severe electrophysiological dis-
turbances observed in ventricular epicardium
rather than endocardium during acute myocardial
ischemia, including more pronounced changes in
monophasic action potential [150] and greater
prolongation of conduction time and refractory
period [151]. Direct neural recordings of cardiac
autonomic activity have proven that such an acti-
vation may occur within seconds after the onset of
acute myocardial ischemia and may affect sur-
vival according to whether the pro-arrhythmic
action of sympathetic activity or the protective
action of vagal activation is predominant [152].
Accordingly, several preclinical studies through-
out the years consistently showed that the inter-
ruption of CSAR at any level (afferent [153, 154]
or efferent [155, 156]) and by any mean (surgical
or chemical neuronal ablation) was associated
with protection towards ischemia-related ventric-
ular arrhythmias as well as other detrimental
effects of excessive sympathoexcitation. For
example, selective chemical ablation of TRPV1-
expressing afferent fibers by application of
resiniferatoxin (a toxic activator of the TRPV1
channels) provided powerful protective effects
against ischemia-induced ventricular arrhythmias
in dogs [157, 158] as well as against the adverse
cardiac remodeling and autonomic dysfunction
induced by myocardial infarction (MI) in rats
[159]. Of note, the involvement of
cardiomyocytes in the neuraxial transduction of
acute myocardial ischemia is crucial. First, they
are the main source [160] of ischemic metabolites

12 V. Dusi and J. L. Ardell



such as lactic acid, bradykinin (BK), prostaglan-
dins, adenosine, and reactive oxygen species
(ROS) that constitute powerful stimuli for cardiac
afferent nerve endings. Second, they are able to
produce neurotrophic factors such as NGF, that
has strong impact on neuronal phenotype and
innervation densities [137, 161].

Neural remodeling processes begin in a few
minutes/hours after an acute coronary occlusion
and may lead to denervation, nerve sprouting, and
sympathetic hyperinnervation [161]. After a
transmural myocardial infarction, sympathetic
denervation occurs not only within the dense
scar, but also in the viable myocardium surround-
ing the scar and in remote regions [162, 163]. The
denervated myocardium is characterized by an
increased susceptibility to catecholamines, also
known as denervation supersensitivity [164],
resulting in an exaggerated refractoriness shorten-
ing when exposed to catecholamines perfusion
and a subsequent increase in arrhythmic vulnera-
bility. The hyper-innervated myocardium is char-
acterized by a constitutively abnormal afferent
signaling combined with a very patchy distribu-
tion of sympathetic efferent fibers [165]. NGF
plays a pivotal role in the neural regeneration
processes occurring after an ischemic cardiac
insult. Experimental data in conscious dogs
documented that NGF infusion in the left stellate
ganglion induces a significant nerve sprouting
(evaluated by the analysis of the tyrosine-hydrox-
ylase (TH) and the growth-associated protein 43
(GAP43) markers) at the cardiac level, potentially
leading to excessive expression of cardiac inner-
vations, ventricular fibrillation (VF), and sudden
cardiac death [166, 167]. A spontaneous augmen-
tation of NGF has been documented in the myo-
cardial site of injury in experimental dogs,
together with an increase in NGF protein and
NGF mRNA. Specifically, NGF protein arises
very quickly in the infarct site, while NGF
mRNA takes 3 days to reach its peak [168]. Fur-
thermore, the transcardiac concentration (differ-
ence between coronary sinus and aorta) of NGF
increases just after the myocardial infarction, long
before the expression of NGF mRNA, thus
suggesting a rapid release from storage areas
[168]. Early NGF increase is mostly observed in

the border zone of the myocardial lesion. Notably,
a spontaneous raise in NGF and GAP43 expres-
sion was found in the LSG without a parallel
increase in mRNA content, supporting the idea
of a retrograde axonal transport of NGF and
GAP43 from the infarcted site to the LSG [168].
From the LSG, the nerve sprouting signal induces
a generalized enhancement in cardiac nerve den-
sity (hyperinnervation) throughout the heart
(including both ventricles and atria), especially
at the noninfarcted left ventricular free-wall sites
[168]. Cardiac nerve sprouting peak was observed
at 1 week after MI [168]. Accordingly, stellate
ganglion nerve activity (SGNA) was shown to
rapidly increase within a few seconds after myo-
cardial infarction and to continue over the follow-
ing weeks [169]. Increased SGNAwas associated
with intramyocardial nerve sprouts and increased
neuronal size and synaptic density in the LSG, as
much as in the right stellate ganglion (RSG) [140,
169, 170]. NGF production by itself was found to
be related with CSAR. Indeed, in a rat experimen-
tal model where during ischemia, NGF myocar-
dial levels increased significantly within 60min of
occlusion and plateau by 6 h, sympathetic
deafferentation by pharmacological blockade of
dorsal roots resulted in a dramatic reduction in
NGF expression [171]. This would suggest that
NGF expression during myocardial ischemia is
indeed regulated by sympathetic reflexes [171].
Of note, despite such demonstrated importance of
NGF in sympathetic neural remodeling, the
upstream molecules that regulate NGF expression
in vivo are still largely unknown. Intriguingly,
endothelin-1 (ET-1), an endothelium-derived vaso-
active peptide released in the early hours of acute
myocardial infarction and associated with poor
prognosis and no-reflow phenomenon [172], was
found to specifically upregulate NGF expression in
primary cultured cardiomyocytes among several
cardiac hypertrophic factors [173]. In contrast,
mechanical stretch and α-1-adrenergic stimulation
were shown to downregulate NGF expression via
activation of the calcineurin-NFAT pathway in
cardiomyocytes, resulting in decreased neurite
outgrowth [174].

Finally, beyond activating strong sympathetic
extracardiac reflexes, acute myocardial ischemia
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has a deep and only partially unraveled impact on
the ICNS which, as already mentioned, is the
convergence point for cardiac neural control.
Back in 2000 [175], only 3 years after the first
description of ICNS anatomy in humans [18], it
was shown that intrinsic cardiac (IC) neurons
from humans with ischemic heart disease contain
inclusions and vacuoles and display degenerative
changes in their dendrites and axons. Subse-
quently, in vitro intracellular studies of IC neurons
derived from chronic MI animals showed
enhanced excitability, altered synaptic efficacy,
and adaptive changes in neurochemical pheno-
types and neuromodulation [143]. Yet, the knowl-
edge on the functional consequences of such
changes on neural signaling in vivo in the context
of a healed infarct has been very limited since
recent years. In 2016, by using advanced tech-
niques of in vivo neuronal recording and pro-
cessing, it was clearly shown that MI induces a
profound functional as well as structural
remodeling of the ICNS [165]. Afferent neural
signals from the infarcted region to IC neurons
were attenuated, while those from border and
remote regions were preserved post-MI, giving
rise to a “neural sensory border zone.”Convergent
IC local circuit (processing) neurons were shown
to have enhanced transduction capacity following
MI. Overall, functional network connectivity
within the ICNS was proved to be reduced post-
MI. Another very important piece in the puzzle
was added in 2017 [176]. As already mentioned,
the vast majority, albeit not the entirety, of ICNS
efferent neurons is constituted by parasympathetic
neurons. Therefore, the characterization of MI
impact on ICNS structure and connectivity is
expected to consistently increase our understating
of the mechanisms underlying parasympathetic
dysfunction during and after MI. Indeed, in a
post-MI porcine model it was shown [176] that
in contrast to NE levels, cardiac acetylcholine
levels remain preserved in border zones and via-
ble myocardium of infarcted hearts. Yet, in vivo
neuronal recordings of infarcted animals demon-
strated abnormalities in firing frequency of para-
sympathetic neurons. ICNS neurons that were
activated by left vagal nerve stimulation (VNS)
displayed a low basal firing frequency, while neu-
rons that were suppressed by left VNS had

abnormally high basal activity. Additionally,
although the total number of convergent and effer-
ent parasympathetic neurons, as well as the pri-
mary relationships of these neurons, was
unchanged between normal and infarcted hearts,
the proportion of convergent LCNs that would
normally receive only parasympathetic input
decreased, and the proportion receiving sympa-
thetic input increased, providing evidence for
increased sympathetic drive coupled with lack of
parasympathetic drive. These data suggest that
parasympathetic cardiac neuronal network remains
anatomically intact after MI but undergoes a func-
tional remodeling compromising the final sympa-
thetic/parasympathetic balance at the tissutal
(cardiac) level. Supporting this theory, in the
same model it was demonstrated that augmenting
parasympathetic drive with cervical vagal nerve
stimulation reduced ventricular arrhythmia induc-
ibility by decreasing ventricular excitability and
heterogeneity of repolarization of infarct border
zones, an area with known proarrhythmic poten-
tial. The authors concluded that preserved acetyl-
choline levels and intact parasympathetic
neuronal pathways could explain the electrical
stabilization of infarct border zones observed
with vagal nerve stimulation, providing insight
into its antiarrhythmic benefit. Of note, the antiar-
rhythmic effects of vagal stimulation/activity
towards ischemia/reperfusion related arrhythmias
as well as post-MI related arrhythmias have been
consistently documented in both anesthetized
[177–180] and conscious [181–183] animals
starting from the 70s.

Yet, what still needs to be explained is why post-
MI anatomical denervation seems to mostly affect
sympathetic efferent fibers while sparing the para-
sympathetic ones. It has been suggested [176] that
this behavior reflects differences in the physiolog-
ical regulation of sympathetic as compared to para-
sympathetic innervation processes. Postganglionic
sympathetic fibers mostly originate from neurons
located farther from the heart, and their
reinnervation may be hindered by different mole-
cules than cholinergic fibers, whose cell bodies are
anatomically closer. Accordingly, NGFwas proved
to play a pivotal role in sympathetic fiber develop-
ment, maintenance and sprouting, while parasym-
pathetic nerve development is, at least in part,
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dependent on glial cell line-derived neurotrophic
factor (GDNF) signaling [184]. Finally, cholinergic
transdifferentiation might play a role in the pre-
served ACh levels observed post-MI [185].

Neuraxial Transduction in Heart Failure

There is growing appreciation of the fact that,
independently form the cause of heart failure,
pathological changes occur not only in the cardiac
musculature, but also in the neurohumoral control
system that modulates the musculature [186, 187].
Neuronal remodeling can occur at multiple levels
of cardiac neuraxis, from the ICNS, to intratho-
racic extracardiac neurons, extending up to central
neural processing circuits associated with the arte-
rial baroreflex [188]. Alterations in neurohumoral
control also include the renin-angiotensin-aldo-
sterone system and circulating catecholamines
[189]. Consistently with experimental evidence
in the field of acute myocardial ischemia, neuronal
remodeling has been associated with an increased
arrhythmic susceptibility also in the setting of
heart failure [137, 190].

At the cardiac level, various abnormalities in
sympathetic efferent fibers terminals, including
sustained sympathetic activation and decreased
NE levels have been detected in the setting of
heart failure [191, 192]. These effects have been
attributed to increased NE turnover and spillover
[193–196] and to malfunctions in the reuptake of
NE [194, 197–199]. In addition, downregulation
of tyrosine hydroxylase (TH), the rate-limiting
enzyme for NE synthesis in sympathetic neurons
[200, 201], and anatomic denervation itself [201–
203] were also implicated in the synaptic terminal
abnormalities. As already mentioned, excessive
sympathoexcitation is coupled with withdrawal
of central parasympathetic drive, leading to a
pre- and postsynaptic reorganization of both
branches of cardiac autonomic nervous system.

The production of several cardiac hypertrophic
factors such as angiotensin II [204], ET-1 [205],
leukemia inhibitory factor (LIF) [185], NGF [202,
206, 207], other growth factors [208], cytokines
[209] and chemokines [53] is disrupted in the
failing heart, influencing sympathetic activity,
function, plasticity, and phenotype by a complex

crosstalk. Specifically, NGF seems to have a
dynamic, biphasic behavior potentially correlated
with nerve sprouting and cardiac nerve regenera-
tion. As already mentioned, NGF plasma levels
increase abruptly in the first hours after an ische-
mic attack, while, instead, they decline in a
chronic heart failure disease due to catecholamin-
ergic (mostly alfa-mediated) inhibition [202].
Experimental evidence describes a progressive
decrease in cardiac NGF expression over time
after a coronary occlusion [210], following a pro-
longed exposure to elevated concentrations of
catecholamine. Similarly, noradrenaline pro-
longed infusion in dogs is associated to a reduc-
tion in NGF and in its receptor TrkA, both at
mRNA and protein levels [203].

Concluding Summary

The dynamic interplay between the neurohumoral
control systems and the heart is central to not only
our ability to respond to everyday stressor, but
also to the progression of cardiac diseases.
Through a mechanistic understanding of the
adverse remodeling of the nervous system
coupled to the myocyte substrate, focused
neuromodulation therapies can be designed to
mitigate disease progression and improve the
morbidity/mortality outcome for patients. Such
approaches may include such things as surgical
removal of the T1–T4 levels of the paravertebral
chain to treat intractable ventricular tachycardia
[211–213], to bioelectric interventions targeted to
the afferents of the carotid sinus [214, 215] and
vagal nerve stimulation for treatment of atrial
fibrillation [216, 217] and heart failure [218, 219].

Cross-References

▶Adrenoceptor Blockers
▶Brain-Heart Communication
▶Neural Effects on Cardiac Electrophysiology
▶Neuromodulation for Chronic Refractory Angina
▶Nociception, Sympathetic Nervous System,
and Inflammation

▶When the Heart Hurts
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Abstract

The tight crosstalk between heart and brain is
becoming increasingly recognized as the
underlying mutual mechanisms are better iden-
tified, having a potential impact for clinical
approach. Cardiac control is achieved by
means of a three-level hierarchical neuronal
network (central nervous system neurons,
extracardiac-intrathoracic neurons, and intrin-
sic cardiac nervous system), where all the
components work together to fulfill the

physiological demands. However, each com-
ponent of this network can undergo patho-
logic-mediated changes due to the
transduction of altered sensory inputs originat-
ing from a deteriorating heart. A key role in the
maintenance of cardiovascular homeostasis is
played by the autonomic nervous system with
its sympathetic and parasympathetic branches,
which operate in a reciprocal manner. Heart
rate best mirrors the relative balance between
these two systems, and especially heart rate
variability has emerged as a key parameter
that reflects the health status of a given indi-
vidual. Neural reflexes (i.e., the baroreceptor
reflex) and several neuromodulators released
from the heart itself or coming from other
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sites, as well as neurotrophins, also contribute
to cardiovascular homeostasis and will be con-
sidered in the present chapter. A deeper under-
standing of heart-brain interactions will
facilitate the prompt recognition and manage-
ment of cardiac diseases, as well as of neuro-
logic disorders associated to heart dysfunction,
and, at the same time, will help in optimizing
the therapeutic approach.

Keywords

Heart-brain crosstalk · Cardiac function · Heart
rate variability · Angiotensin · Natriuretic
peptide · Neurotrophin

Introduction

Since the ancient Greeks, reason (brain) and
sentiment (heart) have been considered as sepa-
rate functions often depicted in a constant battle
aimed at controlling the human psyche; however,
it is becoming more and more clear that the brain
and the heart interact in a dynamic and complex
relationship. The French physiologist Claude
Bernard (1813–1878) was one of the first scien-
tists to systematically investigate the interactions
between the peripheral organs and the nervous
system, and over 150 years ago, he proposed
the existence of an intimate connection between
the brain and the heart. Since then, a number
of experimental and clinical studies have
highlighted the presence of a complex network
of cortical and subcortical areas engaged in
the control and processing of the cardiovascular
function [1]. Notably, a medical specialty focused
in brain-heart interactions has emerged, namely
neurocardiology, which specifically refers to the
(patho)physiological interplay of the nervous and
cardiovascular systems.

Proof for a role of brain and higher centers in
modulating the autonomic control of the cardio-
vascular function includes anecdotal reports
throughout the ages, especially pointing to an
association with mental stress. In humans, the
pattern of the sympathetic response during mental
stress preferentially involves the heart, and short-
term mental stress results in a significant

enhancement in heart rate, blood pressure, and
muscle sympathetic nerve activity [2]. Accord-
ingly, consisting evidence correlates chronic emo-
tional stress to the development of cardiovascular
diseases. For instance, a study by Mittleman and
collaborators [3] showed a more than double
relative risk of acute myocardial infarction in
the 2 h subsequent to an anger episode with
respect to no anger events. These episodes of
anger-associated cardiac death risk have been
confirmed also by others [4]. Moreover, on the
day of the Northridge earthquake that struck the
Los Angeles area in 1994, there was an abrupt
rise, in comparison to average days, in the number
of cardiac episodes leading to sudden death [5].
There is even a report documenting that the
excitement of watching sport can have dramatic
consequences on the autonomic regulation of
the heart; indeed, during the 2006 soccer World
Cup hosted by Germany, a doubling of hospital
admissions for acute coronary events (including
myocardial infarction) was observed among
German spectators watching their team playing
important matches [6]. Within this context, it is
known that both arrhythmia and sudden cardiac
death are characterized by a diurnal variation
associated with more elevated morning levels
of catecholamines [7, 8]; however, in working
individuals, a Monday morning peak has also
been described, which suggests a relationship
to work-related mental stress [9].

There is growing evidence about the heart-
brain mutual relationship also with potential
outcomes for clinical treatment. It should be
recalled that the brain is very sensitive to changes
in cerebral blood flow, with both hypo- and hyper-
perfusion having severe consequences such as
stroke. For this reason, in physiologic conditions,
the effect of changes in mean arterial pressure is
well buffered in the brain by several mechanisms
that ensure, as much as possible, the maintenance
of perfusion within healthy limits (cerebral
autoregulation) [10]. However, these protective
mechanisms may fail in pathologic conditions.
For example, transient ischemic attacks and
cerebrovascular accidents are often induced by
cardiac arrhythmias and/or congestive heart fail-
ure [11, 12]. Atrial fibrillation may produce
cognitive disorders that anticipate transient
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ischemic attacks and cerebrovascular accidents.
Moreover, atrial fibrillation is a risk factor for cog-
nitive deficit and hippocampal atrophy, even in the
absence of stroke [13] (see ▶Chap. 5, “Cognitive
Decline in Elderly Patients with Hypertensive
Heart Disease”).

On the other side, neurologic disorders as well
can have cardiac manifestations. For instance,
subarachnoid bleeding may provoke pronounced
electrocardiographic alterations and even ven-
tricular fibrillation, probably depending upon
QT-interval prolongation [14]. Arrhythmias
are also commonly associated with stroke and
include atrial fibrillation and sinus bradycardia.
Such complications might be caused by focal
cerebral injury; for instance, atrial fibrillation has
been related to brainstem hemorrhage, while sinus
bradycardia is a common arrhythmia found in
patients with supratentorial intracerebral hemor-
rhage [15]. Notably, even though it is often
difficult to recognize whether a newly reported
atrial fibrillation is the cause or the consequence
of stroke, cardiac monitoring and ECG is
recommended in patients with acute stroke [16].
A wide spectrum of cardiac arrhythmias, some of
them life threatening, may also arise from central
autonomic disorders. For example, sympathetic
hyperactivity leads to both supraventricular and
ventricular tachycardia, while vagal hyperactivity
results in bradyarrhythmias, including atrioven-
tricular block; further, sympathetic or vagal
hyperactivity may trigger atrial fibrillation. In
addition, several links have been underlined
between seizures and cardiac dysfunction, includ-
ing cardiac arrhythmias [17].

Overall, these findings suggest that a deeper
understanding of the cardiac complications linked
to neurologic disorders will facilitate the prompt
recognition and management of cardiac diseases
and, at the same time, will help in optimizing the
therapeutic approach.

Evidence of Heart-Brain Interactions:
The Hardware

Cardiac control is attained by means of a three-
level hierarchical network: (1) central nervous
system neurons [medullary (the medulla

oblongata, often just called medulla, constitutes
the lower half of the brainstem continuous with
the spinal cord) and spinal cord neurons regulated
by higher centers], (2) extracardiac-intrathoracic
neurons, and (3) the intrinsic cardiac nervous
system. All these network components act
together with the task to assure that the cardiac
output meets blood flow requirements. Indeed, in
response to normal physiological stressors,
such as dynamic exercise and orthostatic stress,
changes in cardiovascular afferent inputs involve
both central and peripheral reflexes that, in turn,
regulate motor outputs to fulfill body demands.
Therefore, this system guarantees the presence
of a fine-tuned control of the sympathetic-para-
sympathetic balance in the heart, under both nor-
mal and stressed states, in the short (beat-to-beat),
intermediate (minutes to hours), and long term
(days to years). However, it should be emphasized
that, although this cardiac hierarchical control is
capable of adjusting as a consequence of physio-
logic perturbations, it may be unable to respond
adequately to the needs of a deteriorating heart,
such as occurring in slowly progressing heart
failure or to sudden changes in demand as follow-
ing myocardial infarction [18].

The anterior cingulate cortex, anterior insula,
amygdala, several hypothalamic nuclei project to
medullary (especially the rostral ventrolateral
medulla) and spinal nuclei, either directly or via
a relay in the periaqueductal gray matter, playing
a key role in modulating the cardiovascular func-
tion. Indeed, these cerebral structures regulate
the force of contraction and heart rate through
the sympathetic and parasympathetic nervous sys-
tem in response to emotional and stressful events,
and in homeostatic reflexes [17].

Laboratory studies have emphasized the
central implication of the insular cortex in the
management of heart’s activity. The insular cortex
is a complex structure that has been involved in
several functions and in the pathophysiology of
various neurologic disorders. Its importance
in heart control is underscored by the fact that
ischemic or hemorrhagic strokes that particularly
involve this cerebral area can manifest with car-
diac arrhythmias or myocardial injury that may
be potential causes of sudden death. With respect
to insular cortex function, it has been reported that
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the stimulation of the caudal portion of the
posterior insula produces bradycardia, while
tachycardia is evoked by the stimulation of
the rostral posterior insula. Moreover, stimulation
of the right insula increases the sympathetic tone,
whereas stimulation of the left insula results in
a rise of the parasympathetic tone (“the laterality
hypothesis”), a phenomenon that can be also
ascribed to the lateralized distribution of the
baroreceptor units [1, 19]. However, it should
be mentioned that, even though a number of
findings suggest a lateralization of the autonomic
cardiovascular control at cortical level, and
mainly at the insular cortex [20], the laterality in
humans is still under debate [1].

On the other side, afferent cardiovascular
inputs, conveyed by layer I of the dorsal horn
or the nucleus of the solitary tract neurons (a

brainstem structure), reach via thalamus the corti-
cal areas [17]. Moreover, the afferent inputs due to
changes in arterial pressure and blood gas content
reflexively (i.e., via baroreceptors) modulate the
activity of the pertinent visceral motor pathways
and, finally, of target cardiac and vascular smooth
muscles.

A key role in the maintenance of cardio-
vascular homeostasis is played by the autonomic
nervous system with its sympathetic and parasym-
pathetic branches (Fig. 1). The sympathetic
innervation of the heart arises from the pregangli-
onic neurons located in caudal cervical and
cranial thoracic spinal cord segments (the
intermediolateral column), which receive tonic
excitatory glutamatergic inputs from the rostral
ventrolateral medulla (another brainstem struc-
ture). The cardiac preganglionic sympathetic

Fig. 1 Brain-heart
crosstalk. Simplified
representation of the main
pathways involved in brain-
heart mutual interaction.
See text for further details.
CSG cervicothoracic
stellate ganglia, CMS
chemosensory and
mechanosensory neurons,
DRG dorsal root ganglion,
ICG intrinsic cardiac
ganglia, ICNS, intrinsic
cardiac nervous system, NA
nucleus ambiguous, NTS
nucleus of the solitary tract,
RVM rostral ventrolateral
medulla, SPGN
sympathetic preganglionic
neurons, VG vagus nerve
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neurons are cholinergic and, via small myelinated
axons, synapse on noradrenergic neurons of
the cervicothoracic stellate ganglia (located bilat-
erally to the thoracic vertebrae) that, in turn, inner-
vate the heart through the superior, middle, and
inferior cardiac nerves [21]. Notably, the cardiac
left-to-right distribution of sympathetic nerves
is asymmetrical and displays interindividual vari-
ability. The noradrenergic postganglionic axons
innervate the heart conduction network, atria and
ventricles, being heterogeneous and less dense
in the cardiac apex [1]. Therefore, sympathetic
activation positively influences cardiac indices
throughout the atria and ventricles, such as heart
rate as well as electrical and mechanical indices.
Indeed, augmented sympathetic tone increases
cardiac chronotropism, dromotropism, and
inotropism.

The parasympathetic preganglionic neurons
originate in the dorsal motor nucleus of the
vagus nerve and in the nucleus ambiguous in
the medulla, projecting to postganglionic neurons
within the intrinsic cardiac ganglia. Notably,
within these ganglia, the mechanisms underlying
the transmission and regulation of the neuronal
activity are not completely clear, and it appears
that this site is more complex than a simple relay
station [1]. The parasympathetic nerves project
to the atrial conduction system and to the gangli-
onated plexus of myocardium that through the
intrinsic cardiac nervous system (see below) con-
trol ventricular contractility (although the effects
are less prominent with respect to those mediated
by the sympathetic nerves) [22]. The activation of
cholinergic neurons determines a reduction in
atrial rate, atrioventricular nodal conduction, atrial
and ventricular contractility. To this regard, it has
been supposed that the cardiac motor neurons
located in the dorsal motor nucleus of the vagus
are mainly involved in the regulation of heart
inotropism while those placed in the nucleus
ambiguous primarily control heart rate [23].

Armour JA studies revealed that the heart also
possesses a complex intrinsic cardiac nervous
system (ICNS) constituted by an intricate network
of various types of neurons, neurotransmitters,
proteins, and supporting cells similarly to the
brain; for this reason, he introduced the concept

of “the little brain on the heart” [24]. Historically,
it was believed that intrinsic ganglia were simple
relay stations for parasympathetic signals and
therefore would only contain cholinergic markers.
Instead, over the years, it has been documented
that these ganglia show immunoreactivity for
a number of neuromodulators and neurotrans-
mitters such as vasoactive intestinal peptide,
tyrosine hydroxylase (responsible for the produc-
tion of noradrenaline), neuropeptide Y (NPY),
substance P, and calcitonin gene-related peptide.
Intrinsic cardiac nerves innervate the atria,
interatrial septum, and the ventricles [25]. It
should be mentioned that, besides demonstrating
the presence of such a complex mix of neurotrans-
mitters/neuromodulators, the exact role and des-
tiny in physiopathological conditions of each one
has not been fully characterized. This intrinsic
nervous system integrates inputs from the brain
and other centers throughout the body with mes-
sages coming from cardiac sensory neurites and
elaborates the appropriate signals to be sent to the
sinoatrial and atrioventricular nodes as well as to
the cardiac muscles. However, the intrinsic ner-
vous system is also able to operate and process
information independently of the brain, since it
possesses all the neuronal elements to function
autonomously, such as efferent (sympathetic and
parasympathetic), afferent, and local neurons.
This organization explains why a transplanted
heart can work, having an autonomous “coordi-
nated” activity through the ICNS and responding/
releasing humoral factors even if lacking of direct
neuronal connections. Indeed, in a transplanted
heart, the nerve fibers connecting the heart to the
brain do not reconnect for a prolonged time, if at
all. Nevertheless, due to the intrinsic nervous sys-
tem, the transplanted heart is capable to function
in the new host.

Terminals of cardiac sensory neurons, local-
ized in the dorsal root ganglion, are found not
only at epicardial sites but also in the ventricular
myocardium. As mentioned, the sensory signals
originating within the heart are transmitted to the
higher centers, especially to the nucleus of the
solitary tract, via cardiac afferent nerves (see
also Fig. 1), primarily composed by thinly mye-
linated Aδ-fibers and nonmyelinated C-fibers. For
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instance, the cardiac sensory nervous system is
responsible for pain perception and for triggering
a protective cardiovascular response in the course
of myocardial ischemia [26]. Moreover, the intrin-
sic cardiac afferent sensory neurons transmit
mechanical and chemical information concerning
the heart to the ICNS.

Cardiac pathology implicates maladaptive
interactions occurring not only at cardiomyocyte
level but also at any level of the neuronal network
engaged in heart control, from the intrinsic ner-
vous system to the higher cerebral centers. Indeed,
each component of this network can undergo
pathologic-mediated changes due to the transduc-
tion of altered sensory inputs originating from
a deteriorating heart. These altered signals gener-
ate a sort of central-peripheral conflict among the
neurons within the hierarchical network, which
is the foundation of the maladaptive neuro-
humoral response to a diseased heart and of car-
diac pathology evolution. For example, an exces-
sive stimulation of intrinsic cardiac neuron
subpopulations can trigger arrhythmias, or altered
neuronal heart activities, associated with cardiac
electrophysiological changes, are a fundamental
contributor to sudden cardiac death [18, 25, 27].
Atrial fibrillation is the most common cardiac
arrhythmia and the importance of the ICNS in its
genesis is underscored by the fact that recent
developments in treatments have revolved around
ablation of the ICNS [28]. However, such ablation
therapy does not take into account the level of
plasticity of the nerves and ganglia within the
ICNS. Indeed, following atrial fibrillation, a sig-
nificant remodeling of the neurons within the
ICNS occurs, such as increased levels of sympa-
thetic neurons and augmented acetylcholine
(ACh) labelled neurons, which can alter the
effects of this type of therapy. The reorganization
and remodeling of the ICNS has been also
reported after myocardial ischemia, where it
primarily occurs within noninfarcted regions,
probably with the purpose of enabling the ICNS
to cope with the damage, thus allowing the
maintenance of cardiac function. With time, the
compromised blood supply to intrinsic cardiac
neurons induces pathological and degenerative

changes, providing an anatomical basis for altered
ganglionic control. During the early stage of heart
failure, there is little or no substantial alterations
in ICNS function; in contrast, late stage heart
failure is accompanied by neuronal hypertrophy,
where neurons are less excitable and may fail
to reach their excitability threshold [25]. It is
not clear whether neuronal hypertrophy is caus-
ally associated with cardiac hypertrophy and
whether the same neuro-humoral signals control
either events or whether they are independently
regulated. Within this context, nerve growth
factor (NGF) may have a key involvement [29].
Nevertheless, it should be stressed that, in general,
remodeling can occur at various levels starting
from the intrinsic nervous system up to the central
neuronal circuits and can also involve changes in
the neuro-humoral control including, as well, cir-
culating catecholamines and the renin-angioten-
sin-aldosterone system [18].

The Signaling Pathways: The Software

The sympathetic and parasympathetic branches of
the cardiac autonomic nervous system operate in
a reciprocal manner to modulate heart rate and
conduction velocity especially acting on the car-
diac conduction tissue, where heart rate best mir-
rors the relative balance between these two
systems (see Box 1). Moreover, both branches
innervate atrial and ventricular cardiomyocytes,
thus influencing the force of contraction and
relaxation [30].

The sympathetic cardiac effects are mediated
by noradrenaline (also called norepinephrine; Fig.
2a) through metabotropic β1 receptors (the pre-
dominant β receptor subtype found in mammalian
hearts) located on the myocytes. These adrenergic
receptors are coupled to stimulatory hetero-
trimeric (formed by α, β, and γ subunits) guanine
nucleotide-binding proteins (Gs proteins). The Gs

activation following agonist binding facilitates the
exchange of bound GDP (guanosine diphosphate)
for GTP (guanosine triphosphate) on the α sub-
unit, which is the rate-limiting step in G protein
activation, and the dissociation of the α subunit
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itself from the βγ subunits. The activated GTP-
bound Gsα subunit can thus directly interact with
the adenylyl cyclase leading to an increase of the
intracellular levels of the second messenger cyclic
adenosine monophosphate (cAMP) which, in
turn, activates protein kinase A (PKA; also
known as cAMP-dependent protein kinase).
PKA is a family of tetrameric enzymes consisting
of two regulatory and two catalytic subunits; the
binding of four cAMP molecules to the two inhib-
itory regulatory subunits produces a conforma-
tional change causing the release of the two
activated catalytic subunits. Once released, these
latter can phosphorylate several intracellular sub-
strates, such as L-type Ca2+ channels and delayed
rectifier K+ channels, which results in the short-
ening of the duration of the action potential nec-
essary for heart rate and conduction velocity
enhancement [31, 32]. The action of cAMP on
pacemaker channels is thought to be the primary
mechanism implicated in the sympathetic-
induced rise in heart rate [33], while the effect of
PKA activity on Ca2+ channels significantly con-
tributes to the sympathetic regulation of cardiac
muscle contraction [34]. Notably, pacemaker
channels, also referred as hyperpolarization-acti-
vated cyclic nucleotide–gated (HCN) channels,
are nonselective voltage-gated cation channels
located in the plasma membranes of cardiac cells
that help to generate rhythmic activity. Ca2+ chan-
nel activity plays also a determinant role in cardiac
action potential duration, and a sympathetic-
induced increase of the L-type Ca2+ current, in
the absence of other modifications, can produce
a substantial prolongation of the action potential.
This last event, if left unchecked, may potentially
trigger the development of arrhythmias [35].

Within this general context, it should be
also taken into account that changes, on genetic
bases, in the features of cardiac channels, includ-
ing sensitivity to drugs, may also lead to heart
pathology, as detailed elsewhere [36, 37].

The parasympathetic component of the
autonomic nervous system is also engaged in
the physiological regulation of cardiac function
(Fig. 2b); indeed, besides being able to regulate
the contractile force, it significantly influences the

initiation as well as the propagation of electrical
impulses. The axon terminals release ACh that
primarily binds to the metabotropic muscarinic
M2 receptors, thus changing the ion channel activ-
ity (see below) and resulting in a decrease in heart
rate and contractility; it also takes part in slowing
impulse conduction mainly through the atrioven-
tricular node. The M2 receptor is considered to be
the predominant muscarinic receptor subtype
expressed in cardiac muscle.

The majority of the changes in cardiac ion
channel function coupled to M2 receptor activa-
tion involve two main mechanisms: a direct G
protein-dependent regulation or an indirect mod-
ulation of cAMP-dependent responses. The direct
signaling pathway implicates the coupling of M2

receptors to inward rectifying K+ (GIRK) chan-
nels, primarily expressed in atrial, sinoatrial node,
and atrioventricular node cells, through the
inhibitory pertussis toxin-sensitive G protein Gi
[reviewed in 35]. The indirect route entails the
inhibition of cAMP-dependent responses and it
represents the mechanism most often associated
with muscarinic receptor stimulation. Notably, the
capability of M2 receptor to hinder cAMP-depen-
dent responses has been termed “accentuated
antagonism” [38], referring to the fact that the
inhibitory response following M2 receptor stimu-
lation is more evident or becomes manifest in the
presence of β-adrenergic receptor activation (this
is especially true with regard to the effects on
ventricular function). The understanding of this
indirect pathway originated from the observation
that the inhibitory effects mediated by ACh do not
always correlate with changes in cAMP levels,
thus leading to the speculation that this neuro-
transmitter might antagonize cAMP-dependent
responses through the stimulation of phosphatase
activity and the increase of protein dephosphory-
lation [35]. Within this context, it should be also
mentioned that it has been proposed that nitric
oxide may play an obligatory role in mediating
M2 inhibition of cAMP-dependent responses
through a mechanism that implicates a cGMP
(cyclic guanosine monophosphate)-dependent
regulation of the activity of type 2 phosphodies-
terase (PDE2), resulting in an enhancement in
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cAMP breakdown. However, the involvement of
nitric oxide in mediating this inhibitory response
is not clear [35].

Although it is not the focus of this chapter,
it should be mentioned that the various
neuromodulators listed above, and in particular
those associated with an increase in cAMP and
PKA activation, may trigger, in addition to beat-
to-beat control, long-term changes through the
modulation of gene expression, an aspect that
may be relevant in cardiac remodeling [39–41].

The balance between parasympathetic and
sympathetic activity is also affected by neural
reflexes (i.e., the baroreceptor reflex) and by sev-
eral neuromodulators released from the heart
itself or coming from other sites such as
the kidney and the coronary vessels (i.e., natri-
uretic peptides and angiotensin II) and the adre-
nal medulla (i.e., adrenaline), as well as by
neurotrophins.

Box 1 Heart Rate Variability
The cardiovascular regulatory stations in
the spinal cord and in the medulla integrate
the information from the higher centers
with the afferent signals coming from the
cardiovascular system to adjust blood pres-
sure and heart rate (HR) through the sym-
pathetic and parasympathetic efferent
branches. Indeed HR, evaluated at any
given time, reflects the net effect of sympa-
thetic (which accelerates HR) and parasym-
pathetic (which slows down HR) nerve
signals, the latter predominating during nor-
mal daily activities, when resting or
sleeping. Nevertheless, efferent sympa-
thetic and parasympathetic signals are inte-
grated within the activity of the intrinsic

(continued)

Fig. 2 Autonomic nervous system control of the heart at a
glance. The figure depicts the main noradrenergic (a) and
cholinergic (b) signaling pathways. The interplay between
presynaptic inhibitory and stimulatory auto- and hetero-
receptors, only briefly summarized in the figure, indicates
that the intra-synaptic regulatory mechanisms may have a
fundamental role in the fine-tuning of cardiac activity and
heart rate variability. Even if the effect of pathology and
drugs has not been systematically investigated, both these
conditions can impact on this regulatory system. A detailed

review on the presynaptic human receptors has been
recently published by Schlicker et al. [42]. A adrenaline,
A1 adenosine-type 1 receptor, ACh acetylcholine, AT1Ang
II–type 1 receptor, cAMP cyclic adenosine mono-
phosphate, D2 dopamine-type 2 receptor, 5HT1 seroto-
nin-type 1 receptor, GIRK channels inward rectifying K+

channels,M2muscarinic acetylcholine receptor 2, NA nor-
adrenaline, NPY neuropeptide Y receptor, PKA protein
kinase A
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Box 1 (continued)

cardiac nervous system, which also
takes into account the afferent inputs origi-
nating from the mechanosensitive and
chemosensory neurons within the heart,
thus contributing as a whole to beat-to-
beat changes [43]. However, it should be
emphasized that any biological process,
even in “steady-state” conditions, is not
static, but it is the result of dynamic inter-
actions at multiple levels. For instance, the
cardiac rhythm is highly variable and not
monotonously regular as previously
thought. Indeed, the irregular profile of the
heartbeat is easily evident when considering
heart rate on a beat-to-beat basis rather than
simply calculating its mean value. Notably,
the term heart rate variability (HRV) is used
to define the change in the time intervals
between consecutive heartbeats, and it is a
measure of neurocardiac function resulting
from heart-brain crosstalk and autonomic
nervous system dynamics. Following a
rise in HR, HRV decreases since less time
is available for heartbeats variability; the
opposite occurs when HR declines, since
in this case, more time is available for heart-
beats to vary. Within an organism, an opti-
mal HRV level reflects a healthy status and
an intrinsic self-regulatory adaptability. An
excessive instability, such as in presence
of arrhythmias, is detrimental for an effi-
cient physiological functioning; on the
other side, too little HRV is an index of
inappropriate functioning at various levels
of the self-regulatory systems that are
unable to adapt to the current context [44].
For instance, reduced HRV has been
reported to be the most important risk factor
of postmyocardial infarction death [45]
and the strongest independent predictor
of coronary atherosclerosis progression
[46]. A decrease in HRV has also been
observed among older adults with depres-
sion [47]. Notably, HRV declines with
senescence, therefore, in the context of risk

Box 1 (continued)

prediction, aged-adjusted values should be
considered [48].

Reflexes and Modulators: A Complex
Network Affecting Cardiac Function

The Baroreceptor Reflex

An efficient regulation of central blood volume
and arterial pressure is essential to guarantee an
optimal cardiovascular homeostasis. Indeed, an
inadequate control of mean arterial pressure has
significant pathophysiological implications such
as end organ damage, syncope, and stroke. Such
regulation requires the intervention of neural sen-
sors that direct afferent information to the
brainstem and higher brain regions for central
integration, thus allowing the genesis of a proper
autonomic response [49].

The baroreceptors are highly specialized
stretch-sensitive receptors designated to monitor
variations in blood pressure that transmit to the
brainstem. Specifically, high-pressure barorecep-
tors, which are responsible for sensing changes in
the mean arterial pressure, are distributed in the
aorta and in the carotid artery, while low-pressure
baroreceptors, which sense changes in central
blood volume, are localized in the cardiopulmo-
nary regions including the walls of the atria,
ventricles, and intrathoracic vessels [50]. Both
sets of afferent baroreceptor inputs travel to the
brainstem converging bilaterally to the caudal
region of the solitary tract nucleus, located within
the medulla. In turn, the solitary tract nucleus
integrates and transmits this information to
other autonomic medullary areas that dictate
parasympathetic and sympathetic outflow to the
heart and blood vessels. For instance, as a con-
sequence of a transient reduction in blood pres-
sure (resulting in a decreased firing rate of the
baroreceptors), the parasympathetic outflow is
inhibited whereas the sympathetic one is pro-
moted, and vice versa.
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The clinical relevance of the cerebral cortex,
especially the insular cortex, on proper blood
pressure regulation has been revealed from studies
in stroke patients who show impaired barorecep-
tor reflex sensitivity [51]. Moreover, evidence
from animal models has underscored the critical
role of supramedullary centers in baroreflex con-
trol of the cardiovascular system [49]. The cardiac
arm of the baroreceptor reflex modulates (short-
ening or prolongation) the cardiac period as
a function of changes in the baroreceptor input,
generally constituted by blood pressure varia-
tions. Of interest, a reduction with senescence in
cardiovagal (=cardiac response vagally medi-
ated) baroreflex sensitivity has been documented
[50]. With regard to the underlying mechanisms,
age-dependent changes affecting any component
of the cardiac baroreflex arc may be implicated. In
particular, literature data indicate a compromised
vagal control in humans with aging including
a drop in M2 receptors and a diminished respon-
siveness of the heart to muscarinic activation
[reviewed in 52].

Adrenaline

The sympathetic system also acts by secretion of
adrenaline (also named epinephrine) and nor-
adrenaline from the adrenal medulla, the central
part of the adrenal gland. Here, the chromaffin
cells secrete approximately 20% noradrenaline
and 80% adrenaline, which then reach the heart
through the circulation causing an increase in
heart rate and in cardiac contractility signaling
trough β-adrenoceptors [53].

The adrenal gland receives input from the sym-
pathetic nervous system via preganglionic fibers
and can be considered as a specialized sympa-
thetic ganglion with the unique feature to secrete
neurohormones directly into the blood. Chromaf-
fin cells are postganglionic sympathetic neurons
partially deprived of their typical characteristics
like axons and dendrites that release their hor-
mones into the bloodstream by exocytosis [54].

It should be mentioned that the release of cat-
echolamines is regulated by presynaptic α2 auto-
receptors, which inhibit their further release in
adrenergic nerves in the central and in the

sympathetic nervous system, including the adre-
nal gland. Moreover, catecholamines secretion by
chromaffin cells is strongly regulated by adrenal
gland cortex as well. Specifically, glucocorticoids
affect chromaffin cells differentiation and charac-
terization; indeed, during development, glucocor-
ticoids are crucial for the sustained expression of
phenylethanolamine N-methyltransferase, the
enzyme that converts noradrenaline into adrena-
line thus allowing the acquirement of the adrener-
gic phenotype versus the noradrenergic one [55].
Furthermore, it has been reported that, in the adult,
glucocorticoids determine diverse expression of
α2 receptors subtypes, namely α2A and α2C, in the
brain during chronic stress, suggesting that they
could influence not only the adrenergic/noradren-
ergic phenotype but also adrenergic receptors
expression thus cooperating in sympathetic over-
drive related diseases [56].

An elevated sympathetic tone accompanied
with increased levels of circulating and synaptic
catecholamines is a key feature of heart failure.
Indeed, an augmented sympathetic nervous activ-
ity is a useful and compensatory mechanism to
maintain, in the early phase of heart failure, car-
diac output by increasing heart rate and cardiac
contractility. However, considering that adrener-
gic receptors undergo agonist-dependent desensi-
tization and downregulation, when β receptors
become irresponsive to catecholamines, this
chronic stimulation triggers heart failure progres-
sion and its consequent detrimental systemic
effects [53, 57].

Angiotensin II

The heart-kidney interaction is fundamental for
the maintenance of cardiovascular homeostasis.
Indeed, in healthy individuals, hemodynamic
changes in either organ may influence the other
one. This relationship is finely tuned by neuro-
humoral activity, which includes the systemic
renin-angiotensin system.

Since the discovery of renin by Tigerstedt
and Bergman in 1898 [58], the importance of the
systemic renin-angiotensin system in the mainte-
nance of extracellular volume homeostasis and
blood pressure has been well known. This system
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requires the interaction of multiple organs, which
first involves the liver for the production of the
precursor protein named angiotensinogen.
Angiotensinogen is subsequently converted
by renin, a protease produced by the renal
juxtaglomerular apparatus, to the decapeptide
angiotensin I (Ang I) that, in turn, undergoes
a second cleavage operated by the angiotensin
converting enzyme (ACE), located on the endo-
thelium and especially on the lung endothelium,
to finally originate angiotensin II (Ang II). Ang II
is a potent vasoactive peptide that, mainly through
the G protein-coupled receptor AT1 (Ang II–type
1), increases cytosolic Ca2+ concentrations thus
inducing arterioles to constrict, and resulting in
augmented arterial blood pressure with a conse-
quent impact on cardiac activity. Ang II stimulates
as well the secretion of aldosterone, the main
mineralocorticoid hormone, from the adrenal
cortex. Aldosterone, acting on the nuclear miner-
alocorticoid receptors localized on the distal
tubule and the collecting duct of the kidney neph-
ron, increases the reabsorption of sodium ions
from the tubular fluid back into the blood, thus
further contributing to blood pressure enhance-
ment [updated in 59].

During hypertension, myocardial ischemia,
and heart failure, the persistent activation of
the renin-angiotensin system is engaged in vascu-
lar and cardiac remodeling, such as left ventricular
hypertrophy and fibrosis. Accordingly, ACE
inhibitors and AT1 blockers (ARBs) show bene-
ficial effects in hypertensive subjects and an
improvement of cardiac function and remodeling
in patients with heart failure [60].

Experimental evidence supports the notion that
a local renin-angiotensin system is present in
various organs including heart and kidney. Spe-
cifically, Ang II is locally produced in the myo-
cardium and is able to enhance, through AT1
receptors, sympathetic activity by inhibiting the
parasympathetic neurotransmission [61]. More-
over, Ang II gradients across the heart are elevated
in patients with heart failure [62]. Concerning the
availability of angiotensinogen, although the pres-
ence of its mRNA has been demonstrated in
human heart, studies performed in isolated
perfused hearts suggest that the majority of the
cardiac angiotensinogen is taken up from the

circulation [63]. With regard to the origin of car-
diac renin in the normal heart, evidence indicates
that its uptake from plasma represents the primary
source of the enzyme, although cardiac renin pro-
duction, which increases following myocardial
infarction, has been reported as well [60]. Recent
findings show that, in intact left ventricle of adult
rats, intracellular renin causes a depolarization
of ventricular fibers and a reduction in action
potential duration and cardiac refractoriness,
with consequent generation of triggered activity.
Specifically, the shortening of the action potential
has been associated with an enhancement in total
potassium current. Of note, these effects of intra-
cellular renin may be especially relevant in path-
ological conditions, such as myocardial ischemia,
when cardiac excitability is already elevated [64].

It should be also taken into consideration
that plasma Ang II can directly activate cerebral
angiotensinergic pathways, thus further contribut-
ing to the increase of sympathetic activity [65; see
also Box 2].

Recent findings indicate that the ACE2/Ang
(1–7)/Mas receptor pathway critically contributes
to oppose many effects of Ang II at cardiovascular
and renal levels. ACE2 is an enzyme highly
homologous to ACE, which can form the peptide
Ang (1–7) directly or indirectly from either the
decapeptide Ang I or from Ang II. Ang (1–7),
acting via the G protein-coupled Mas receptor,
hinders several Ang II actions, including its pro-
liferative and profibrotic effects as well as those
on blood pressure [60, 66].

Box 2 Angiotensinergic Pathways in the
Brain
In the brain, the angiotensinergic pathways
significantly contribute to the control of
cardiovascular homeostasis through the
activation of sympathetic activity. These
pathways originate from neurons in the
circumventricular organs in the forebrain
located outside the blood-brain barrier,
such as the organum vasculosum of the
lamina terminalis and the subfornical
organ, that project to the rostral

(continued)
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Box 2 (continued)

ventrolateral medulla and the para-
ventricular nucleus in the brainstem [65].
In these major cardiovascular regulatory
nuclei, Ang II interacts with AT1 receptors
that have been found at both pre- and post-
synaptic level, although it should be men-
tioned that, within the local brain renin-
angiotensin system, Ang III (generated via
aminopeptidase A from Ang II) seems to
play a key role acting upon AT1 receptors
as well [67]. Moreover, aldosterone, which
is produced at hypothalamic level and
behaves as slow neuromodulator via miner-
alocorticoid receptors, amplifies Ang II/III
downstream responses [68]. The blockade
of these cerebral Ang II-mediated cascades
may thus represent a potential therapeutic
strategy for heart failure and hypertension
treatment [65]. Regarding the origin of
angiotensin, a recent review challenges the
concept of local angiotensin generation in
the brain, while proposing a blood origin
of the peptide, possibly resulting in
augmented levels following blood–brain
barrier disruption (for example, due to
hypertension) [69]. Indeed, although
angiotensinogen mRNA can be detected in
brain tissue, the levels of the corresponding
protein are very low; further, the formation
of this substrate often occurs at unusual
intracellular locations where it cannot be
cleaved by secreted renin. Moreover, also
the levels detected in the brain of renin and
its inactive precursor, prorenin, seem not
in favor of a local Ang II synthesis [69].

Natriuretic Peptides

Natriuretic peptides (NPs), although genetically
distinct, are a family of structurally and function-
ally related peptides, which include atrial natri-
uretic peptide (ANP), B-type natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP). NPs
are secreted in response to enhanced cardiac

wall stress to counteract the effects of renin-angio-
tensin system and sympathetic nervous system
activation [70]. The production and secretion of
ANP and BNP, which behave as cardiac peptide
hormones, occurs in the atria and the ventricles
of the heart, whereas CNP acts as a vascular
relaxing peptide and is primarily produced and
secreted from the vessels endothelium and the
male genital glands [71]. NPs regulate different
metabolic and physiological functions, such
as diuresis, natriuresis, and vasodilation, by sig-
naling through three membrane receptors, namely,
NPR-A, NPR-B and NPR-C. NPR-A and NPR-B
are guanylyl cyclase-associated receptors, while
NPR-C is coupled to Gi and leads to inhibition of
adenylyl cyclase or activation of phospholipase C.
Noteworthy, NPR-C is mainly a clearance recep-
tor primarily implicated in the clearance or degra-
dation of these hormones [72]. NPs can be also
degraded by the protease neprilysin (which has a
higher affinity for ANP and CNP than for BNP).
The importance of this enzyme in NPs degrada-
tion is underscored by the fact that the simulta-
neous blockage of neprilysin and angiotensin II
receptors represents a new therapeutic approach in
the management of heart failure [73].

ANP and BNP are endowed with hemody-
namic and anti-remodeling actions and are
critically involved in the regulation of intravascu-
lar blood volume and vascular tone [74, 75].
Indeed, given their actions of vasodilation, diure-
sis, natriuresis, inhibition of renin secretion and
aldosterone synthesis, they play a key
role as cardioprotective hormones under patho-
logic conditions such as hypertension, heart fail-
ure, coronary artery disease, left ventricular
hypertrophy, and cerebrovascular accidents or
stroke [74, 76]. Accordingly, a deficiency in
these circulating peptides may contribute to
enhancing the susceptibility to the risk of cardio-
vascular diseases. Furthermore, during heart fail-
ure, there is an increase in the plasma levels of
ANP and BNP as a compensatory mechanism,
and their use in diagnosis and prognosis is well
established, especially in patients with heart fail-
ure with reduced ejection fraction. Studies have
also demonstrated that, in patients with chronic
heart failure, acute administration of these
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peptides can improve left ventricular function,
suggesting their potential usefulness as short-
term therapeutic agents [77, 78].

Neurotrophins

Neurotrophins (NTs) are soluble factors released
by postsynaptic target tissues that regulate retro-
gradely neurite outgrowth, survival, and syn-
aptogenesis of innervating neurons. The classical
NTs family include four structurally related pro-
tein members: NGF, brain-derived neurotrophic
factor (BDNF), neurotrophin 3 (NT-3), and
neurotrophin 4/5 (NT-4/5) that are involved in
several functions within the nervous system,
such as survival, synaptic plasticity, axonal
growth, and differentiation. All NTs are expressed
by the mammalian heart and strong evidence has
emerged that they exert essential cardiovascular
functions. Notably, the heart is innervated by sym-
pathetic, parasympathetic, and sensory neurons
that rely upon NTs for their early development
and in the establishment of mature properties,
taking part to the maintenance of cardiovascular
homeostasis [79].

The gene product is a larger size precursor, the
proneurotrophin, which is subsequently cleaved by
proteases to originate the mature form. NTs signal
via two distinct classes of cell surface receptors: the
p75 neurotrophin receptor (p75NTR) and the Trk
subfamily of tyrosine kinase receptors. p75NTR is a
transmembrane glycoprotein belonging to the
tumor necrosis receptor superfamily that exhibits
effects ranging from trophism to programmed cell
death. It displays a low affinity for each mature
neurotrophin; instead, all the proneurotrophins
bind p75NTR with high affinity leading, in many
cells, to the promotion of apoptosis. The mature
NTs interact with high affinity with three distinct
Trk receptors: TrkA, preferentially activated by
NGF, TrkB, principally stimulated by BDNF and
NT-4/5, and TrkC bound by NT-3 [80–82]. These
tyrosine kinase receptors undergo dimerization fol-
lowing agonist binding, resulting in the activation,
via transphosphorylation, of the kinase domain and
in the triggering of down-stream cascades that prop-
agate the signal [79, 82]. The internalization of

plasma membrane receptors is now widely recog-
nized as part of the signaling process. Indeed, the
so-called “signaling endosomes” have been
suggested as a way to bridge long distances and to
transfer neurotrophin signal from the axons to cell
bodies to control transcriptional events [81, 83].

The most studied and best-known NTs, also at
cardiac level, are certainly BDNF and NGF.

BDNF is synthesized by both developing and
mature sympathetic neurons, and preganglionic
neurons express TrkB [84]. It has been reported
to be able to modulate heart rate and blood
pressure via the autonomic nervous system [85].
Specifically, in rats, the injection of BDNF, but not
NGF, into the rostral ventrolateral medulla causes
a blood pressure drop [86]. Furthermore, it has
been described that when autonomic nervous sys-
tem neurons are cultured with cardiac myocytes,
they form synapses on the myocytes and the expo-
sure to BDNF enhances acetylcholine release
from the autonomic nervous system neurons and
diminishes cardiac myocyte beat frequency [87].
In addition, BDNF has been documented to exert
a protective role in the heart by inducing angio-
genesis, upregulating prosurvival factors, and
promoting the neovascularization of ischemic tis-
sue by recruiting endothelial cells and modulating
their survival. Consistently, disturbances in its
synthesis are associated with cardiovascular sys-
tem diseases such as arrhythmias, myocardial
infarction, high blood pressure, and atherogenesis
[26]. BDNF also possesses antioxidant activity by
promoting the activation of detoxifying enzymes.
With this regard, in the border zone of the ische-
mic area, it may protect sensory and sympathetic
neurites against reactive oxygen species (ROS)
harmful action [26]. Indeed, ROS are released
during reperfusion after myocardial infarction
and are detrimental to cardiac cells; moreover,
they could also damage sensory and sympathetic
neurites. Therefore, BDNF upregulation may rep-
resent a compensatory cardiac response to face
neuronal injury by suppressing ROS effects in
nerve terminals [88].

NGF is produced by parasympathetic neurons
also and its expression can be modulated by sym-
pathetic innervation [89]. Within the heart, it is
released by cardiac myocytes, which express its
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specific receptor on their cellular membrane, and
has a pleiotropic effect favoring neoangiogenesis
and giving protection to the ill myocardium [90].
Notably, NGF seems to induce angiogenesis by
increasing the expression of vascular endothelial
growth factor A (VEGF-A) and by activating Akt
intracellular cascades leading to nitric oxide pro-
duction [79]. Both NGF expression and release can
change in pathologic conditions. For instance,
NGF levels increase in several inflammatory and
autoimmune states together with the accumulation
of immune system cells. Indeed, NGF can be
released by both of the two types of cells contrib-
uting to the inflammatory process, namely struc-
tural cells (i.e., fibroblasts, smooth muscle cells,
and epithelial cells) and hematopoietic-immune
system cells (i.e., lymphocytes, mast cells, and
macrophages) that infiltrate into the site of inflam-
mation [81].

A number of studies indicate the ability of
NGF to induce nerve sprouting within the heart,
leading to increased sympathetic outflow and a
more elevated risk of ventricular arrhythmias
and sudden cardiac death [91]. Pathological car-
diac hyperinnervation and enlargement have also
been described in transgenic mice selectively
overexpressing NGF in the heart [92]. Notewor-
thy, this neurotrophin dramatically rises after
myocardial infarction, whereas its levels decline
along with advanced heart failure and ventricular
dysfunction. This bimodal NGF profile in
acute versus chronic settings brings about the
hypothesis that NGF modulation may represent a
novel pharmacological target for intervention in
various stages of ischemic heart disease [91].

Conclusions

The importance of the crosstalk between heart and
brain has increasingly emerged, as the underlying
mutual mechanisms become better understood.
This strict dialogue is crucial to guarantee an
optimal cardiovascular homeostasis and to assure
that the cardiac output meets blood flow require-
ments. The heart-brain interaction is finely
modulated by neuro-humoral activity, including
atrial natriuretic peptides, renin-angiotensin

aldosterone system, and neurotrophins, which
can also represent an important pharmacological
target. Therefore, the comprehension of this com-
plex network is relevant not only to go deeper into
cardiovascular physiology but also will facilitate
the prompt recognition and management of cardiac
diseases, as well as of neurologic disorders associ-
ated to heart dysfunction, thus allowing a more
suitable intervention in pathologic states (see
▶Chap. 61, “Neural Effects on Cardiac Electro-
physiology”). Further, neuromodulation-based
approaches, which target selected nexus points for
cardiac control, offer unique opportunities to posi-
tively implement the therapeutic outcomes and to
expand biomarkers useful for diagnosis as well as
targets upon which direct new drugs, allowing a
more fine-tuning of these complex regulatory
systems.
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Abstract

The autonomic nervous system (ANS) controls
essential physiologic functions, including
heart rate, blood pressure, and body fluid vol-
ume regulation [1]. It is now well understood
that the ANS is specifically designed to main-
tain body homeostasis eliciting organ-specific

responses in the face of external challenges [2].
This complex task is accomplished by contin-
uous and instantaneous interactions of its two
limbs: the sympathetic and parasympathetic
ones. As a matter of fact, the so-called
sympatho-vagal interaction is the key mecha-
nism able to warrant all needed adjustments to
any aspect of the physiological activity of the
entire body. Any alteration or maladaptive
response of the ANS to physiological or path-
ological events (from simple position changes
to compensatory responses to acute myocardial
ischemia, for instance) results in disease devel-
opment or progression. Specific to the cardio-
renal axis is the fact that congestion due to
intravascular overload is the most potent driver
of sympathetic nervous system activation that
increases arterial vascular resistance and organ
hypoperfusion. In this context, kidneys are
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severely blood supply deprived and react to the
higher intra-parenchimal vascular resistance
by increasing the sympathetic response and
the neuro-hormonal activation, with major
consequence in fluid retention. The overall
effect worsens heart function and target organs
damage contributing to maintain and to aggra-
vate heart failure progression.

Keywords

Cardio-renal axis · Heart failure · Autonomic
nervous system

Introduction

The autonomic nervous system (ANS) controls
essential physiologic functions, including heart
rate, blood pressure, and body fluid volume regu-
lation [1]. It is now well understood that the ANS
is specifically designed to maintain body homeo-
stasis eliciting organ-specific responses in the face
of external challenges [2]. This complex task is
accomplished by continuous and instantaneous
interactions of its two limbs: the sympathetic and
parasympathetic ones. As a matter of fact, the
so-called sympatho-vagal interaction is the key
mechanism able to warrant all needed adjustments
to any aspect of the physiological activity of the
entire body. Any alteration or maladaptive
response of the ANS to physiological or patho-
logical events (from simple position changes to
compensatory responses to acute myocardial
ischemia, for instance) results in disease develop-
ment or progression. Meaningful examples of this
concept are the apparently paradoxical vagal acti-
vation during symptomatic hypotension leading
to the so-called “vasovagal” syncope or the occur-
rence of ventricular fibrillation during acute myo-
cardial ischemia facilitated by an excessive
sympathetic response to the physiological quest
for support originating from the suffering heart.

Within the sensor ANS apparatus, the
baroreceptorial one plays a predominant role in
maintaining cerebral perfusion. This latter has,
indeed, to be maintained at any cost even in con-
dition of low cardiac output. The most critical

consequence of this functional setting is that,
when cardiac output is low, the ANS responses
support cerebral perfusion by cutting blood sup-
ply to all the other organs but the heart. Among
these many others, the kidney is the one bound to
pay the higher price as its hypoperfusion causes a
progressive and, at a certain point, irreversible
damage that, at the end, will accelerate the cardiac
disease progression toward end-stage heart failure.

Among the ANS differential organ effects, a
critical one is the integrated response to increase
sodium concentration and water retention aimed
at regulating circulatory volume.

The physiological interaction between the heart
and kidney is based on this pivotal mechanism, and
its dysregulation is prominently involved in caus-
ing the cardiorenal syndrome (CRS), arterial hyper-
tension, and heart failure (HF) (Fig. 1).

Experimental evidence describes the increase
in brain sodium concentration in conscious sheep
leading to simultaneous increase in cardiac sym-
pathetic nerve activity (SNA) and arterial pressure.
In a normally functioning system, an increase in
afferent renal nerve activity results in a reflex
reduction in efferent renal SNA, thus promoting
renin secretion decrease, renal vasodilatation, and
renal sodium excretion [1]. The experimental
observation logical inference is that the inhibition
of renal SNA is the homeostatic response to a
sodium load, aimed at restoring normal sodium
concentration and circulatory volume.

These effects are organ-specific and are medi-
ated via a neural pathway that includes an
angiotensinergic synapse and specialized neural
centers in the medulla oblongata and in the para-
ventricular nucleus of the hypothalamus [3, 4].

In contrast with the physiological scenario, in
the experimental animal models of HF induced by
rapid pacing, the cardiac and renal SNA activities
increased to similar, almost maximal, levels, and
the reflex response of cardiac SNA to changes in
blood volume was significantly attenuated [1, 5],
thus reflecting a loss of reflex neural inhibitory
circuits.

These data are coherent with the fact that in HF,
a decreased arterial pressure results in a lesser or
null baroreflex inhibition of SNA, which, together
with the loss of an inhibitory response to the
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increased volume and cardiac pressures, contrib-
utes to the heightened, because unconstrained,
sympathetic activity typical of HF [1].

Excessive and unrestrained cardiac sympa-
thetic drive is undoubtedly a major contributing
factor to the pathogenesis of hypertension and to
the progression of HF. Importantly, much of the
excessive SNA in these conditions targets the
kidney, where it leads to inappropriate sodium
retention, renin stimulation, and diminished
renal function. In addition, the kidney itself is
abundantly innervated by the sympathetic fibers
and acts both as an afferent signaling source and
as a target of sympathetic efferent activation. The
key element in causing opposite effects on renal
sympathetic efferent activity is the source of the
afferent sympathetic signal. In physiological con-
ditions, afferent traffic originating from receptors
located in the renal pelvis inhibits efferent sym-
pathetic traffic. On the opposite, afferent informa-
tion originating from the renal parenchyma (often

due to hypoperfusion) stimulates efferent sympa-
thetic activity, as measurable by the increased
renal norepinephrine spillover (NE) together
with an increase in plasma renin activity. Overall,
in hypertension as well as in HF, the kidney is
both target and contributor to increased SNA [6].

Measurements of Autonomic Nervous
System Activity

One important challenge to the understanding of
the in/out autonomic interactions between the
heart and the kidney is the ability to detect and
size the individual regional SNA activity.

For this purpose sympathetic nerve recording
techniques and radiotracer-derived measurements
of NE spillover into the plasma from individual
organs have been used. Limitations are recog-
nized in each technique, and it’s recommended
they be used together [7].
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Fig. 1 The cardiorenal engagement in heart failure pro-
gression. Heart failure leads to increased cardiac filling
pressures that, in turn, drive backward pressure increase
in lung circulation and in central venous system, leading to
vascular congestion. The ensue of tricuspid regurgitation
led by high pulmonary pressure is the marker of right
ventricular failure and addresses the loss of all cardiac
compensatory mechanism. Congestion due to intravascu-
lar overload is the most potent driver of sympathetic

nervous system activation that increases arterial vascular
resistance and organ hypoperfusion. Kidneys react to the
higher intra-parenchimal vascular resistance by increasing
the sympathetic response and the neuro-hormonal activa-
tion, with major consequence in fluid retention. The overall
effect worsens heart function and target organs damage
contributing to maintain and to aggravate heart failure
progression
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Microneurography provides instantaneous
multiunit recordings of electrical activity in sym-
pathetic nerves, but assessment may be skewed by
interpreter’s bias [8, 9], and repeated detection is
advised to provide data reproducibility.

The NE spillover method provides objective
measure of the release of this neurotransmitter
from internal organs where microneurography is
not feasible [10–12]. During constant rate infu-
sion of titrated NE, output of endogenous NE
from a given organ (NE “spillover”) can be mea-
sured by isotope dilution according to the formula:

Regional norepinephrine spillover
¼ CV � CAð Þ þ CAE½ � PF

where CV and CA address the plasma concentra-
tions of NE in the organ’s venous and arterial
plasma, E is the fractional extraction of titrated
NE while the blood is flowing through the organ,
and PF is the organ plasma flow [7]. The spillover
represents the amount of released NE that exceeds
the reuptake capability by the neural endings.

Given the complexity of the above-presented
measures of ANS system activity, attention has
been directed to noninvasive indirect markers of
the autonomic balance between its two limbs. In
this prospective the analysis of heart rate variabil-
ity (HRV), specifically in the frequency domain,
allows a gross but effective estimate of the cardiac
autonomic balance.

Vagal and sympathetic cardiac control generate
different heart rate oscillations that can be quanti-
fied by the analyses of specific oscillatory fre-
quency bands. While the cardiac vagal nerve tone
has relatively high-frequency oscillations, mostly
reflecting the respiratory frequency (0.25Hz), sym-
pathetic cardiac control reflects its heart rate influ-
ences in frequencies below 0.15Hz (low-frequency
HRV) [13–15].Once dealingwith the ratio between
the two most significant oscillatory components of
heart rate (LF/HF), specifically evident when short
recording segments are taken into account, one has
to keep in mind that the LF HRV comprises oscil-
lations determined by the baroreflex control of
heart rate. This is why the loss of oscillation
power in the LF band carries the highest predictive
value in HF patients [16], and the interpretation of

the LF/HF ratio has to be understood properly in
the contest of the decompensated heart.

Blood pressure changes estimate also allows
quantification of cardiovascular autonomic con-
trol. Blood pressure oscillations are the result of
complex interactions between cardiac and vascu-
lar neural regulation, mechanical influences of
breathing, humoral and endothelial factors, large
vessels compliance, and genetic imprinting.

Overall, frequency domain analyses of either
HRVor blood pressure can provide valuable infor-
mation on balance of ANS. These measurements
may lack specificity, but they can be obtained in
clinical practice and are not subject to interpreter’s
bias [17].

The ability of HRV and blood pressure fluctu-
ations to mirror ANS control cardiovascular sys-
tem is improved by using coherence models. The
simplest ones address the relationship between
spontaneous fluctuations in blood pressure and
heart rate to assess baroreceptor sensitivity
(BRS) and its modulation in daily life, either in
the time or frequency domain [18–21].

Despite spontaneous variations in blood pres-
sure and HRV clearly depend on autonomic mech-
anisms, they cannot be considered an immediate
quantitative measurement of efferent SNA to the
cardiovascular system. In variety of clinical situ-
ations including HF, indeed, low-frequency heart
rate spectral power is minimally or totally
unrelated to rates of NE spillover from the heart
or sympathetic nerve firing detected by micro-
neurography. At first glance such a discrepancy
might lead to believe that HRV analyses are
unspecific while they indeed properly describe
the final consequence of unrestrained cardiac
sympathetic drive: the cardiovascular system is
totally dysregulated and operates on a metronome
mode without short- or long-term oscillations.
The simplest but most effective measure of
impending HF is indeed the loss of circadian
variations of a heart that is restless [22]. A critical
aspect of HRV is that it is weakly correlated to left
ventricular ejection fraction (LVEF), once more
proving that autonomic responses are not the mere
consequence of a loss of systolic function but they
reflect mostly the balance between afferent infor-
mation originating from the entire visceral organs
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whose function is variably affected by the drop in
cardiac output.

Cardiac innervation and function can be non-
invasively assessed by using an isotope analogue
of NE the 123I-metaiodobenzylguanidine (MIBG):
the myocardial isotope uptake can be measured by
using semiquantitative analyses, namely, early
heart-to-mediastinum ratio, late heart-to-medias-
tinum ratio, and myocardial washout [23].

Data from prospective studies and meta-
analyses have shown that patients with decreased
late heart-to-mediastinum ratio or increased myo-
cardial 123I-MIBGwashout have a worse prognosis
than those patients with normal semiquantitative
myocardial 123I-MIBG uptake [24].

Furthermore, regardless of LVEF, an increased
incidence of sudden cardiac death has been found
to occur in patients with 123I-MIBG decreased
uptake [25].

Moreover, in the ADMIRE-HF (AdreView
Myocardial Imaging for Risk Evaluation in
Heart Failure) study, the 123I-MIBG cardiac imag-
ing provided additional independent prognostic
information for risk-stratifying HF patients on top
of the commonly used markers such as LVEF and
B-type natriuretic peptide [26] highlighting the
ANS-independent prognostication significance
in the HF setting.

Sympathetic Innervation of the Kidney

The kidney is robustly innervated with both effer-
ent adrenergic and somatic afferent neurons [27,
28] (Fig. 1). The efferent neurons terminate at
multiple sites within the nephron and indepen-
dently modulate tubular sodium reabsorption,
renin secretion, and renal blood flow (RBF).
Experimentally, sodium reabsorption is increased
at very low sympathetic stimulation frequencies,
while higher stimulating frequencies decrease
RBF and raise renin secretion [29–31].

Thus, even mild sympathetic activation leads
to sodium reabsorption and to plasma volume
expansion. With enhancement of sympathetic
activation, the angiotensin II (A II) expression
increases, and this produces an increase in the
renal sodium reabsorption. The combined

vascular effects of NE, A II, and aldosterone
drive vasoconstriction in the arterial compart-
ment, and this is how efferent renal SNA produces
simultaneously an increase in arterial pressure and
blood volume and a decrease in RBF.

When a cardiovascular abnormality occurs, at
the beginning, it triggers these compensatory
mechanisms to counteract hypotension, due to a
drop in volume flow. The natural response to these
hemodynamic circumstances is fluid retention to
restore pressure and volume flow. However, the
abnormal reactive intensity of these responses
builds up, over time, the conditions for unfavor-
able cardiac remodeling. Those mechanisms run,
indeed, the maladaptive process linked to HF pro-
gression that, in turn, enhances the SNS activation
and the neurohormonal cascade, increasing vas-
cular congestion and worsening renal function.
The excess of intravascular load, coupled with
the renal filtration decline, further negatively
affects heart and kidney function providing the
pathway to CRS persistence and aggravation [32].

In addition, afferent fibers originating in the
kidney reach the midbrain where they activate
neural cardiovascular control centers [28]. The
response of these afferent nervous fibers is acti-
vated by several factors including ischemia and
adenosine release, both generated by intense vaso-
constriction. The muscle SNA decline after
removal of the native kidney in patients with
end-stage renal disease (ESRD) and in renal trans-
plant recipients [33–36] is confirmatory of this
established relationship.

Another way the kidney can provide activation
of SNA is the renin release by the macula densa
that activates the angiotensin-aldosterone system
leading to A II formation that can directly stimu-
late the central sympathetic drive [37].

The abnormal persistent activation of the
afferent-efferent “sympathorenal axis” provides
path to a generalized, sustained, self-perpetuating
SNA cycle. However, it should be pointed out that
many other reflexes and humoral substances,
including natriuretic peptides (NP), can modify
sympathetic activity, so that any contribution of
the renal sympathetic afferent nerves to this self-
perpetuating cycle can be modified by changes in
activity of these other controllers [23].
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The Sympathorenal Axis in Heart
Failure

The muscle SNA and the overall NE spillover in
the body are increased in patients with congestive
HF. The renal contribution to these activations is
prominent [12, 38]. Plasma NE has been known
for more than three decades to be a strong predic-
tor of outcomes in HF patients [39]. The paralleled
efficacy of beta-blockers in decreasing mortality
in HF patients, at any level of disease severity, is the
most convincing evidence that excessive SNA is
the main contributor to HF dismal prognosis [40].

However, the inhibition at central level of pre-
synaptic NE release with moxonidine administra-
tion in HF subjects was associated with enhanced
mortality, probably due to hypotension led by an
inappropriate fall in plasmaNE levels [41]. Exces-
sive central sympathetic effect inhibition by
bucindolol was suggested as contributing to the
negative outcome of the BEST trial [42].

There is little doubt that renal NE spillover is,
together with cardiac NE spillover, a major con-
tributor to the total excess of sympathetic drive in
HF patients [12]. Indeed, it has recently been
shown that renal SNA, as measured by renal NE
spillover, was highly predictive of outcomes
despite concomitant therapy with neurohormonal
inhibitor drugs [40]. In addition, in an experimen-
tal myocardial infarction model, renal sympa-
thetic denervation was associated with improved
outcomes [43]. The enhanced efferent sympa-
thetic signaling to the kidney seen in HF presum-
ably has the same effects it has in hypertension
(enhanced sodium retention, decreased RBF, and
activation of the renin angiotensin aldosteron sys-
tem (RAAS)). These effects are even more harm-
ful in HF because volume expansion and
increased arterial pressure will aggravate myocar-
dial loading conditions and, together with the
direct actions of NE, A II, and aldosterone,
worsen myocardial remodeling. The
SNA-related sodium avidity and renal hemody-
namic abnormalities may be especially deleteri-
ous in the CRS, because persistent congestion
may itself contribute to further deterioration of
renal function [32]. Kidney dysfunction often
occurs during intensive treatment with loop

diuretics. This event is not surprisingly because
loop diuretics are known to further stimulate SNA
either directly or through activation of the RAAS
[44]. Augmentation of afferent signaling from the
kidney may then contribute to perpetuate the global
sympathetic overdrive in HF, completing the
sympathorenal loop [40].

Consequences of Neurohormonal Axis
Activation and Fluid Retention
in the Circulatory System,
in the Kidney Function,
and in the Splanchnic Organs

Cardiac dysfunction runs immediate and progres-
sive adverse changes in the setting of neurohor-
monal activation and in renal physiology.

In normal condition the 20% of cardiac stroke
volume is delivered to the renal perfusion. The
prominent marker of HF syndrome is the
decreased cardiac output (CO) characterized by
the arterial vasculature underfilling that promotes
flow shunting to heart and brain circulation. The
net effect is thereby the disproportionate decrease
of renal perfusion.

One critical consequence of the greater imbal-
ance in renal perfusion that occurs in HF patients is
a result of neurohormonally mediated efferent arte-
riolar vasoconstriction and increased central
venous pressure (CVP), both involved in the kid-
ney strive to preserve urine output by increasing
filtration fraction (FF) in face of the declining glo-
merular filtration fraction (GFR) (Fig. 1) [45]. In
normal subjects FF is approximately 20%–25%; it
increases above this value in HF and can rise above
50% when intra-abdominal pressure is abnormally
raised by visceral congestion.

The increased FF in congestive HF raises the
oncotic pressure in the peritubular capillaries
(πPC) leading to augmented sodium and water
reabsorption into the vasculature. When conges-
tion occurs, both renal interstitial fluid hydrostatic
pressure (PIF) and the peritubular capillaries
hydrostatic pressure (PPC) increase in a dispro-
portionate way because the kidney is an encapsu-
lated organ. In contrast, the interstitial fluid
oncotic pressure (πIF) drops because interstitial
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proteins are removed by the increased lymph flow.
This mechanism also favors net sodium and water
reabsorption into the vasculature [46–53]. The
overall pathophysiological process explains how
increased FF itself augments sodium reabsorption,
magnifying the activation of SNA and RAAS
(Fig. 2).

Different transporters mediate active
trespassing of sodium across the luminal side of
proximal tubular cells. However, in the proximal
tubules, a highly permeable epithelium can pro-
vide easy return of sodium to the lumen as passive
Starling forces govern the net sodium
reabsorption between the peritubular capillaries
and renal interstitium.

The overall nephron function is profoundly
influence by the abnormally high sodium
reabsorption in the proximal portion of tubule.
As active chloride transport requires ATP which
is metabolically converted in adenosine, the mac-
ula densa senses the increased sodium chloride by
the concentration of the metabolic end product
(Fig. 2).

The macula densa releases adenosine that, in
that specific contest, acts as vasoconstrictive agent
on the afferent arteriole. This action protects the
glomerulus from hyperfiltration injury and is
known as tubule-glomerular feedback (TGF).

In congestive HF the increased sodium chlo-
ride reabsorption in the proximal tubule reduces
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Fig. 2 The neurohormonal axis activation and fluid reten-
tion in the circulatory system, in kidney function, and in the
splacnic organs. In HF, FF can rise above 50% when intra-
abdominal pressure is abnormally raised by visceral con-
gestion. The increased FF in congestive HF raises the
oncotic pressure in the peritubular capillaries (πPC) lead-
ing to augmented sodium and water reabsorption into the
vasculature. The interstitial fluid hydrostatic pressure (PIF)
and the peritubular capillaries hydrostatic pressure (PPC)
increase in a disproportionate way because the kidney is an
encapsulated organ. In contrast, the interstitial fluid oncotic
pressure (πIF) drops because interstitial proteins are
removed by the increased lymph flow. This mechanism
also favors net sodium and water reabsorption into the
vasculature. Concomitantly the increased FF in itself aug-
ments sodium reabsorption, magnifying the activation of
sympathetic drive and renin axis. In the proximal tubules

the permeable epithelium can easy allow return of sodium
to the lumen as passive Starling forces govern the net
sodium reabsorption between the peritubular capillaries
and renal interstitium. The overall nephron function is
profoundly influenced by the abnormally high sodium
reabsorption in the proximal portion of tubule. As active
Cl� transport requires ATP which is metabolically
converted in adenosine, the macula densa senses the
increased sodium chloride by the concentration of the
metabolic end product. The increased NaCl reabsorption
in the proximal tubule reduces Cl� delivery and leads to
low intracellular chloride levels in the macula densa. This
effect stimulates NOS I and COX-2 activation and release
of NO and PGE2. They both stimulate renin secretion in
the granulosa cells of the afferent arteriole activating
angiotensin II
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chloride delivery and leads to low intracellular
chloride levels in the macula densa.

This effect stimulates NOS I and COX-2 acti-
vation and release of NO and PGE2. Both are
potent agents that stimulate renin secretion in the
granulosa cells of the afferent arteriole activating
angiotensin II. In this way, a vicious cycle of neu-
rohormonal activation perpetuates by augmenting
congestion.

It is also important to consider loop diuretics,
which are the most widely used drugs in manage-
ment of congestion, inhibit the Na+/K+/2Cl
cotransporter in the thick portion of the ascending
loop of Henle, further reducing macula densa
uptake of sodium chloride and pushing up neuro-
hormonal activation [45].

In the distal convoluted tubules and collecting
ducts, the sodium occurs �10% of the sodium
reabsorption of the total amount filtered by the
glomerulus. In contrast to the portion of the neph-
ron proximal to the macula densa, where net frac-
tional sodium reabsorption is kept relatively
constant under normal circumstances, distal frac-
tional sodium reabsorption is depending on tubu-
lar flow rates and may vary significantly
according to levels of aldosterone and arginine
vasopressin [54–56]. Thus, it is the distal nephron
function that determines the urinary sodium con-
centration and osmolality and, a prerequisite for
the ability of the distal nephron to maintain a
neutral sodium balance, is adequate sodium
delivery.

In congestive HF, because of the increased
fractional reabsorption in the proximal tubules
and often the decreased GFR in nephron popula-
tion, tubular flow might be low in the distal por-
tion of the nephron despite systemic fluid excess.
Moreover, the increased aldosterone and arginine
vasopressin levels further stimulate reabsorption
of the remaining fluid in the tubule.

Despite therapy with adequate doses of RAAS
inhibitors, the decreased distal tubular flow
mostly contributes to the aldosterone break-
through leading to secondary hyperaldosteronism
[57, 58].

Furthermore, an adaptive hypertrophy of distal
tubular cells, leading to increased local sodium

reabsorption and aldosterone secretion, is gener-
ated after prolonged exposure to loop diuretics.
Indeed, investigational data address distal tubular
cells; adaptation to loop diuretics can be signifi-
cantly attenuated after administration of aldosterone
antagonists or thiazide diuretics investigational data
[57, 59].

From the above pathophysiological descrip-
tion, the cardiorenal interaction has a domino
effect on the building up of visceral congestion
running profound implications on splanchnic
organs circulation and on reticular endothelial
system [60].

In the splanchnic microcirculation, net filtra-
tion rate is governed by Starling forces relation-
ship, (PC�PIF)�(πC�πIF), which favors
filtration throughout the entire capillary bed
extension.When congestion generates higher cap-
illary hydrostatic pressure, filtration pressure is
higher [58]. In the low compliant interstitium,
the excess of filtrated fluid is drained through the
compensatory action of lymphatic capillaries, and
only a slight increase in interstitial fluid volume
remains inside. Splanchnic lymphatic drainage
can increase as much as 20 times its normal
value, indeed [61]. This is a prominent way the
neurohormonal maladaptive response enhances
congestion and interstitial edema [60].

Conclusion

The intravascular pressure/volume homeostasis is
modulated by the regulatory action of the auto-
nomic nervous system in order to preserve the
function of both the heart and kidney.

Excessive sympathetic activation in HF initi-
ates, maintains, and progressively enhances mutu-
ally detrimental interactions between the heart and
the kidney which play key role in the progression
of both HF and kidney diseases. Innovative
non-pharmacological interventions that can favor-
ably alter the cardiac and renal autonomic tone are
currently being investigated.

The burning need to find effective treatment in
cardiorenal syndrome is pushing research in many
directions. Multiple clinical trials are currently
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evaluating the safety and the efficacy of these
therapeutic strategies, but it has to be noted the
cardiorenal relationship is early involved by car-
diac dysfunction; thus effective therapeutic strat-
egy should target the kidney and heart since from
the early beginning of cardiac and/or renal diseases.
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Abstract

The autonomic nervous system with its sym-
pathetic and parasympathetic limbs and its
neurohormones (nor)epinephrine and acetyl-
choline is a well-recognized modulator of

cardiac electrophysiology. Inherited or con-
genital inhomogeneities of cardiac autonomic
innervation, sympathovagal imbalance, auto-
nomic nervous system hyperactivity, auto-
nomic conflict, and/or genetic variants of α-
and β-adrenergic receptors can predispose
even structurally normal hearts to life-threaten-
ing arrhythmias. Remodeling of the autonomic
nervous system found in patients with epilepsy
and sudden infant death syndrome can also
predispose to sudden death. The overlap
between small fiber neuropathy, cardiac
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conduction disease, and Brugada syndrome
possibly via genomic modulation is briefly
addressed. Alternatively, the heart itself may
be intrinsically susceptible to variations in
autonomic nervous function. Inherited arrhyth-
mia syndromes like the long QT syndrome,
catecholaminergic polymorphic ventricular
tachycardia, and Brugada syndrome can lead
to sudden death under conditions of altered
autonomic nervous system tone. In this chapter
we focus on the genetic determinants affecting
the relationship between the autonomic ner-
vous system and sudden death.

Keywords

Sudden cardiac death · Inherited arrhythmia
syndromes · Takotsubo cardiomyopathy ·
Sudden unexplained death in epilepsy ·
Adrenergic receptors · Sudden infant death
syndrome · Small fiber neuropathy

Introduction

Sudden cardiac death (SCD) remains an
unnerving difficulty. It not only claims 20% of
total mortality in the industrialized world but
also imposes a devastating psychosocial impact
on (the family of) the victims who are often in the
prime of their lives [1]. There is a clear familial
predisposition to SCD in specific conditions [2, 3,
4, 5]. These sudden and unexpected deaths are
predominantly the result of ventricular fibrillation
(VF), although the incidence of asystole is
increasingly recognized [678]. The underlying
pathophysiology is complex and multifactorial,
but there is general consensus that a timely inter-
action is required between a transient trigger and
a vulnerable substrate.

Sudden variations in autonomic tone, either
swift augmentation of the sympathetic nervous
system activity or altered vagal reflexes, confer
important triggers of life-threatening arrhythmias
in inherited [9, 10] and acquired cardiac diseases
[11]. The peak incidence of SCD in the morning
hours [12] during high sympathetic tone supports
the concept of proarrhythmic potency of

catecholaminergic influences. These zeniths are
attenuated by anti-adrenergic therapies like β-
adrenergic receptors blockers [13] and cardiac
sympathetic denervation, which have reduced
the burden of arrhythmia in a wide variety of
arrhythmia syndromes [14]. Various functional
and structural myocardial abnormalities may ren-
der the heart vulnerable to arrhythmogenic impact
during autonomic fluctuations. As such, inherited
genetic variation in cardiac ion channels but also
acquired conditions like acute myocardial ische-
mia, fibrosis, ventricular dilatation, and electro-
lyte disturbances can increase myocardial
vulnerability and set the stage for arrhythmias.
Alternatively, certain deleterious variants in
genes involved in the autonomic nervous system
may create autonomic imbalance [15] and
increase the ventricular susceptibility to auto-
nomic triggers [16, 17]. In this chapter,
neurocardiac interactions important for ventricu-
lar arrhythmogenesis are addressed first. In the
second part, genetic variations implicated in
neurocardiac electrophysiology and consequent
ventricular tachyarrhythmia will be discussed.

Neurocardiac Interactions and
Ventricular Arrhythmogenesis

Anatomy

Cardiac autonomic innervation comprises efferent
and afferent neural pathways that intricately
govern cardiac inotropy, chronotropy,
dromotropy, and lusitropy on a beat-to-beat and
longer-term basis via feedback loops between the
intrinsic cardiac nervous system, extracardiac-
intrathoracic ganglia, and higher brain centers
(Fig. 1) [18]. The autonomic nervous system con-
sists of sympathetic and parasympathetic fibers.
The adrenal glands are largely responsible for the
production of circulating epinephrine, only for a
small amount of norepinephrine. Cardiac sympa-
thetic afferent neurons ascend, in part, via the
dorsal columns, spinothalamic and spinoreticular
tracts to cortical terminals [19]. Efferent neural
outflows to the heart are governed by central
(preganglionic) and peripheral neuronal mediated
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(postganglionic) reflexes [18]. Cardiac sympa-
thetic efferent preganglionic neurons descend
through the intermediolateral column of the spinal
cord [20] projecting axons to ganglia located in
the neck and thorax (stellate ganglia) [21, 22].
Efferent postganglionic neurons from each stel-
late ganglion project to the atria and ventricles
with laterality, but also substantial overlap [23].
Parasympathetic efferent preganglionic neurons
in the medulla oblongata connect to postgangli-
onic neurons in the atrial and ventricular gangli-
onated Plexi [24, 25]. Local circuit neurons in
these intrinsic cardiac ganglia coordinate motor
neural outputs to the heart [26] and can operate
independently of the higher centers [27].

Physiology

Sympathetic cardiac outflow impacts on
G-protein-coupled adrenergic receptors through
the neurohormones norepinephrine and epineph-
rine. Catecholaminergic stimulation regulates
heart rate and cardiac contractile and relaxation
characteristics. The adrenergic receptors are
divided in three subfamilies, α1-, α2-, and β-adren-
ergic receptors, with each containing three sub-
types. β1 (70–80%) [28]- and β2-adrenergic
receptors (20–30%) [29] are the dominant
human cardiac subtypes. The β1-adrenergic recep-
tor is the predominant subtype in the (normal,
healthy) myocardium, representing 75–80%

Fig. 1 Schematic illustration of the autonomic innerva-
tion of the heart. Various reflex loops exist at the
cardiocardiac (level 1), intrathoracic (level 2), and spinal

and brainstem region (level 3). The higher brain centers
impose additional control. ICNS, intrinsic cardiac nervous
system
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of total β-adrenergic receptor density, followed by
β2-adrenergic receptors, which comprise �15–
18% of total cardiomyocyte β-adrenergic recep-
tors, and the remaining 2–3% are β3-adrenergic
receptors (under normal conditions) [30]. The β3-
adrenergic receptor can act as a “fuse” against
cardiac adrenergic overstimulation [31]. Stimula-
tion of β-adrenergic receptors in ventricular
myocytes activates the Gs-signaling cascade
involving adenylyl cyclase, cyclic AMP, and pro-
tein kinase A (PKA) and PKA-dependent protein
phosphorylation (Fig. 2), although functional
and intermolecular interactions between the β-
adrenergic receptor and the α1-adrenergic receptor
subtypes hint toward a more complex signalome
regulation [32]. Protein complexes in myocytes
that are phosphorylated by PKA include the L-
type Ca2+ channel (ICaL), Na+ channel (INa),
slowly activating delayed rectifier K+ channel
(IKs), ultra-rapid delayed rectifier K+ channel
(IKur), Na

+-K+ ATP-ase (INaK), phospholamban,
ryanodine receptor, and troponin I. Sustained β1-
adrenergic receptor stimulation results in PKA-
independent Ca2+-related activation of Ca2+/cal-
modulin kinase II (CaMKII), which can evoke
cardiac myocyte apoptosis and maladaptive
remodeling [33]. The overall cellular effect of
β-adrenergic receptor stimulation converges
into shortening of the action potential duration
[34] and larger Ca2+-transient amplitudes with
faster decay [35]. Stimulation of β2-adrenergic
receptors activates Gi proteins which, in turn,
stimulates phosphoinositide 3-kinase and
inhibits Gs-adenylyl cyclase-cAMP-PKA-medi-
ated target-protein phosphorylation and positive
inotropic and lusitropic effects [32, 36]. Specific
functions of β3 in relation to ion channel function
IKs have been described for the human heart [37].

Although catecholamines regulate cardiac
contractility mainly through the β-adrenergic
receptors, the acute activation of α1-adrenergic
receptors also exerts a positive inotropic effect in
the human heart [38]. Presynaptically, the α2-
adrenergic receptors have a critical role in regu-
lating neurotransmitter release from sympathetic
nerve endings [39]. The α2A- and α2C-subtypes
inhibit transmitter release at high and lower stim-
ulation frequencies, respectively [40].

Acetylcholine is the primordial parasympa-
thetic neurotransmitter in the heart, although nitric
oxide (NO) and vasoactive intestinal peptide are
important cotransmitters (Fig. 2). Acetylcholine
predominantly activates the muscarinic receptors
M2 and M3 on cardiomyocytes and sympathetic
nerve endings, operating mainly by antagonizing
the cellular sympathetic effects. Besides musca-
rinic activation, vagal nerve stimulation also
results in NO production through neuronal nitric
oxide synthase (nNOS) activation [41, 42]. NO
appears to modulate the parasympathetic effects
on heart rate response and VF threshold [42, 43].

Role in Ventricular Arrhythmogenesis

Sympathetic nerve hyperactivity or adrenergic
provocation can lower the threshold for ventricu-
lar tachyarrhythmias and provoke sudden cardiac
death in susceptible hearts [44–47]. Indeed,
spontaneous sympathetic nerve discharges from
the left stellate ganglion precede VF in a
canine model of SCD [48]. Sympatho-excitation
impinges on ventricular electrophysiological
properties by increasing cellular Ca2+ load and
spontaneous Ca2+ release from the sarcoplasmic
reticulum, which can exaggerate dispersion of
refractoriness [49], facilitating triggered activity
[50, 51] and reducing the VF threshold [52].
Especially the left sympathetic chain has a strong
proarrhythmic potential [47, 53]. Besides a glob-
ally increased sympathetic activity, it is also rec-
ognized that nonuniform sympathetic cardiac
innervation contributes considerably to electrical
instability and ventricular arrhythmogenesis [15,
54, 55 ]. Such heterogenous innervation can be
inherited [15, 54] or due to acquired cardiac dis-
eases like myocardial infarction leading to exces-
sive and dispersed regeneration of nerve sprouting
[55]. Also, infarct-related local denervation super-
sensitivity to norepinephrine may increase
arrhythmogenic susceptibility [56]. On the other
hand, an increased susceptibility to ventricular
tachyarrhythmias upon sympathetic triggering
can be found in certain inherited arrhythmia syn-
dromes like the long QT syndrome (LQTS; see
below) [16] and catecholaminergic polymorphic
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ventricular tachycardia (CPVT; see below) [57].
Allelic variants in LQTS-related genes can lead to
a prolonged cardiac repolarization. The degree of
repolarization prolongation can be assessed on a
standard 12-lead electrocardiogram by measuring
the QT interval. As the QT varies according to the
preceding RR interval, it is mandatory to correct
the QT for heart rate variations (QTc, heart rate
corrected QT). In the LQTS, [123I]-MIBG SPECT
imaging unraveled anteroseptal reduced sympa-
thetic innervation irrespective of the underlying

genotype [58]. Patients with the LQTS demon-
strate an increased susceptibility to torsades de
pointes (TdP) arrhythmias, especially during sym-
pathetic surges. Torsades de pointes, French for
“twisting of the peaks,” is a life-threatening poly-
morphic ventricular tachycardia (VT) with char-
acteristic electrocardiographic features: periodic
twisting of the QRS axis around the isoelectric
baseline at high frequency (250–350 beats per
minute). TdP arrhythmias are often preceded by
short-long-short RR interval sequences, but are

Fig. 2 Representation of molecular pathways involved in
the sympathetic and postganglionic parasympathetic com-
munication with the (ventricular) cardiomyocyte. Genetic
determinants in genes/proteins affecting the relationship
between autonomic nervous system and sudden cardiac
death are framed in red. KCNQ1 encodes for the α subunit
of IKs; KCNE1 for the axillary subunit of IKs. AC indicates
adenylyl cyclase; Ach, acetylcholine; ADR-α1, α1-adren-
ergic receptor; ADR-α2, α2-adrenergic receptor; ADR-β1,
β1-adrenergic receptor; ADR-β2, β2-adrenergic receptor;
ATP, adenosine triphosphate; CaMKII, Ca2+/calmodulin-
dependent kinase II; cAMP, cyclic adenosine mono-
phosphate; CASQ2, calsequestrin 2; cGMP, cyclic guano-
sine monophosphate; CHT1, choline transporter gene 1;
DAG, diacylglycerol; EP, epinephrine; GTP, guanosine
triphosphate; Gi prot, Gi protein; Gs prot, Gs protein; GC,
guanylyl cyclase; Gq/11 prot, Gq/11 protein; ICaL, L-type Ca

2

+ current; IK1, inwardly rectifying K+ current; IKr, rapidly

activating delayed rectifier K+ current; IKs, slowly activat-
ing delayed rectifier K+ current; INa, voltage-dependent
Na+ current; INaCa, Na+/Ca2+ exchange current; INaK,
Na+/K+ pump current; IP3, inositol 1,4,5-trisphosphate;
IP3R, inositol 1,4,5-trisphosphate receptor; ITO, transient
outward current; M2R, muscarinic M2 receptor; MAPK,
mitogen-activated protein kinase; MLCP, myosin light
chain phosphatase; NE, norepinephrine; NET, norepineph-
rine transporter; nNOS, neuronal nitric oxide synthase;
NO, nitric oxide; PDE4D3, phosphodiesterase 4D3;
PIP2, phosphatidylinositol 4,5-bisphosphate; PKA, pro-
tein kinase A; PKC, protein kinase C; PKG, protein kinase
G; PLCγ, phosphoinositide-phospholipase C-γ; PP1, pro-
tein phosphatase 1; RYR, ryanodine receptor; SERCA,
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase; SR,
sarcoplasmic reticulum; Yotiao, A-kinase anchoring
protein
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sometimes fast-rate dependent (suggestive of
sympathetic triggering).

Vagal nerve stimulation or strong vagal
reflexes generally exert an anti-arrhythmic
effect, reducing the spontaneous occurrence of
ventricular tachycardia during coronary artery
occlusion in conscious dogs [59, 60]. It prolongs
the effective refractory period of canine ventric-
ular cardiomyocytes via cholinergic muscarinic
pathways [42, 61], increases the VF threshold
via nNOS-mediated NO release [42], and
augments the variability of the dominant VF
frequency [62]. In clinical heart failure
populations of the INOVATE-HF [63] and NEC-
TAR-HF [64] trials, however, a protective role
of a high vagal tone due to chronic right vagal
nerve stimulation was not confirmed. Interest-
ingly, dominant vagal activity is deemed pro-
arrhythmic in the Brugada syndrome (see
below) and a subset of long-QT1 patients. In
the former, this is supported by the nocturnal
incidence of VF10 and the exaggerated reactivity
of the parasympathetic nervous system involved
in VF in the J-wave syndrome [65]. In long-QT
type 1 patients, a higher baroreflex sensitivity
and higher vagal reflexes, as determined by the
phenylephrine method and by exercise stress
testing, are implicated in increased risk for life-
threatening arrhythmias [17, 66].

Intriguingly, and besides the classic “yin and
yang” reciprocal autonomic inputs, specific con-
ditions like cold-water immersion can provoke
concomitant activation of sympathetic and para-
sympathetic drive. This so-called autonomic
conflict imposes a pleiotropy of brady- and tachy-
arrhythmias including TdP arrhythmias in
susceptible individuals [67]. The proarrhythmic
consequences of dual autonomic activation
appear to be larger in genetically susceptible
hearts, given the strong association between
swimming and sudden cardiac arrest in patients
with the LQTS [16].This is corroborated by the
proarrhythmic effect of reflex vagal activation
during electrical stimulation of the left stellate
ganglion in a canine drug-induced LQTS type 1
model [47].

Genetic Determinants of Autonomic
Nervous System Remodeling

Altered Innervation

Cardiac sympathetic innervation during develop-
ment is governed by chemoattractive and
chemorepulsive factors. Nerve growth factor
(NGF), a chemoattractive factor, stimulates sym-
pathetic axon extension into the heart via the TrkA
and p75 neurotrophic receptors in sympathetic
neurons [68]. The infusion of NGF into the
stellate ganglia promotes sympathetic nerve
sprouting and increases the incidence of ventric-
ular tachyarrhythmias and SCD in a canine model
of myocardial infarction [69]. Thus far, no vari-
ants in the NGF gene have been identified, which
are associated with increased VF susceptibility.
Semaphorins (semaphorin-3A encoded by the
SEMA3A gene), on the other hand, are typical
chemorepulsive factors that guide neural connec-
tions [70]. SEMA3A is responsible for the epicar-
dial-to-endocardial transmural gradient of
sympathetic innervation. SEMA3A-deficient
and SEMA3A-overexpressing mice demonstrate
aberrant sympathetic innervation patterns that
lead to a higher susceptibility to lethal arrhythmias
and sudden death [71, 72]. Clinically, a non-
synonymous polymorphism in exon 10 of
the SEMA3A gene was enriched (I334V,
rs138694505, chromosome 5) in a Japanese
cohort of idiopathic VF patients [73]. The risk
genotype G was present in 16% of idiopathic VF
patients compared to 6% in controls.

Variants in Human Adrenergic
Receptors

Various genetic variants residing in human α- and
β-adrenergic receptor genes have been implicated
in heart failure traits and β-adrenergic receptor
blocker efficacy, where they can affect cardiac
electrical stability and susceptibility to ventricular
tachyarrhythmia (Fig. 3). First, the deletion/dele-
tion genotype of the insertion/deletion
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polymorphism in the α2B-adrenergic receptor
(ADRA2B, deletion of three glutamic acids at
301–303 from a glutamic acid repeat element in
an acidic stretch of 18 amino acids: rs28365031,
rs29000568, and rs4066772) confers an increased
risk for fatal myocardial infarction and SCD in
middle-aged white European men (allelic fre-
quency 22%) [74]. Another 4-amino-acid deletion
in the α2C-adrenergic receptor gene (del322–325)
promotes enhanced norepinephrine release from
sympathetic nerve endings [75] and has been
implicated with genotype-specific response to β-
adrenergic receptor blocker therapy by bucindolol
[76]. Nonsynonymous single nucleotide polymor-
phisms (SNPs) in β1 (ADRB1)- and β2 (ADRB2)-
adrenergic receptor genes are also known for their
ability to modulate arrhythmia risk: Ser49Gly
(A145G, rs1801252) and Gly389Arg (G1165C,
rs1801253; for ADRB1) and Arg16Gly (G46A,

rs1042713) and Gln27Glu (G79C,T, rs1042714;
for ADRB2). The β1-adrenergic receptor polymor-
phism Gly49 is associated with enhanced agonist-
promoted receptor downregulation [77]. Heart
failure patients carrying this ADRB1-Gly49 allele
confer improved survival benefit when treated
with β-adrenergic receptor blocker therapy [78]
and demonstrate prominent reverse left-ventricu-
lar remodeling [79] compared to those with the
normal genotype. However, the ADRB1-Gly49
allele also has been linked to adverse outcomes
compared to homozygous ADRB1-Ser49 heart
failure patients when treated with low-dose β-
adrenergic receptor blockers, an effect that was
obliterated at higher doses [80]. Another ADRB1
polymorphism, Gly389, confers a significantly
lower risk for ventricular tachyarrhythmias in
patients with dilated cardiomyopathy [81, 82]. In
univariate analysis, the odds ratio for VT in

Fig. 3 Venn diagram demonstrating the overlapping phe-
notypes and currently known gene variants involved in the
relationship between the autonomic nervous system and

sudden death. SIDS indicates sudden infant death syn-
drome; SUDEP, sudden unexplained death in epilepsy
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patients carrying one or two copies of the Gly389
allele was 0.29 ([95% confidence interval, 0.13–
0.64], P ¼ 0.002), when compared with the
Arg389 homozygotes. The ADRB1-Arg389Gly
variant is located at the last transmembrane helix
in the vicinity of the phosphorylation sites impor-
tant for G-protein coupling and cell signaling.
Additionally, heart failure patients with the
Arg389 genotype had improved ventricular con-
tractility and survival in a β-blocker evaluation of
survival trial subcohort [83]. Transfected fibro-
blast studies have demonstrated that the homozy-
gous ADRB1-Gly389 genotype reduces β-
adrenergic receptor downstream signaling by
67% [81, 84]. No relevant associations were
observed between the ADRB1 SNPs and
survival in patients with coronary artery disease
[85] or acute coronary syndrome treated with β-
adrenergic receptor blocker therapy [86]. With
regard to ADRB2 SNPs, the SNPs ADRB2-
Gly16Arg and ADRB2-Gln27Glu were associated
with higher mortality in patients with an acute
coronary syndrome [86]. Likewise, homozygous
ADRB2-Gln27 individuals had a higher risk for
SCD than ADRB2-Glu27 carriers (hazard ratio,
1.56; 95% CI, 1.17 to 2.09) in the prospective
Cardiovascular Health Study cohort [87]. Further
evidence for the association between the ADRB2-
Gln27 genotype and SCD was provided in a large
prospective case-control series [88]. Functional
experiments in transfected cells have demon-
strated that ADRB2 variants modify receptor
downregulation and trafficking [89].

Altered Autonomic Nervous System in
Neuronal Disease

Sudden Infant Death Syndrome
Altered autonomic nervous system remodeling
characterized by immature cardiorespiratory auto-
nomic control and failing arousal responsiveness
from sleep can predispose to sudden death at
young age [90]. The so-called sudden infant
death syndrome (SIDS) alludes to sudden death
of an infant younger than 1 year that remains
unexplained despite extensive investigation,
including autopsy, clinical history, and death

scene examination. Familial studies show a five-
fold increased SIDS risk for siblings, supporting a
genetic etiology [91]. Indeed, in 5–10% of cases
genetic determinants are implied [92], mostly
constituting abnormalities in the development
and function of medullary serotonin (5-HT) path-
ways [93]. Serotonin is a neurotransmitter which
regulates autonomic cardiorespiratory function
and circadian rhythms. Two functional polymor-
phisms in the serotonin transporter gene (SLC6A4,
5-HTT) are linked to SIDS risk: a promotor poly-
morphism (Japanese population) [94] and an
intronic polymorphism (African-American popu-
lation) [95]. Partly, these findings are replicated in
African-American and Caucasian SIDS cases
[96], but not in other cohorts [97, 98].
Furthermore, a rare intronic insertion mutation in
the FEV gene, which plays a role in the develop-
ment of 5-HT neurons, is found more commonly
in (African-American) SIDS cases [99]. Other
polymorphisms in genes that modulate the devel-
opment of the autonomic nervous system like
PHOX2a, RET, ECE1, TLX3, and EN1 are also
implicated [100]. Besides these neuronal develop-
mental genetic determinants, it is recognized
that SIDS victims had significantly longer QTc
than non-SIDS fatal cases or controls [101].
Accordingly, genetic variants known in LQTS
and CPVT have been linked to SIDS cases [102,
103]. These cardiac ion channel susceptibility
genes are CAV3 [104], GPD1L [105], KCNQ1
[106], KCNH2 [107], SCN5A [108, 109], RYR2
[107],KCNE2, SCN3B, SCN4B [110], and SNTA1
[111].

Sudden Unexpected Death in Epilepsy
Sudden unexpected death in epilepsy (SUDEP) is
a sudden unexpected non-traumatic death of a
person with epilepsy in the absence of autopsy
findings deemed responsible for the cause of
death. It accounts for 7.5–17% of mortality in
epilepsy patients [112]. The pathophysiologic
mechanisms underlying SUDEP are multifacto-
rial, but it is currently believed that dysregulation
of cardiorespiratory and cerebral function, as a
consequence of recurrent seizures, can trigger
SUDEP [113]. The most common cardiac feature
is an ictal tachycardia that results from
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sympathovagal imbalance and autonomic dys-
function due to recurrent epileptic seizures.
Additionally, animal models of epilepsy show
that chronic epilepsy can induce a secondary car-
diac channelopathy [114]. Indeed, it is found that
patients with long-standing epilepsy have longer
QTc values than age-matched controls [115]. This
is not confirmed by others [116], but this can
derive from the occurrence of both lengthening
[117] and shortening of ventricular repolarization
[118] during the ictal period. One explanation
may lie in the observation that chronic epilepsy
patients can have cardiac sympathetic denervation
[119].

Alternatively, there are various ion channels,
co-expressed in the brain and the heart, that have
been implicated in epilepsy and cardiac arrhyth-
mias, for instance, the hyperpolarization-activated
cyclic nucleotide-gated cation (HCN1–4) chan-
nels, which are involved in generating spontane-
ous rhythmic activity in cardiac pacemaker (If)
and neuronal cells (Ih). In a large SUDEP cohort,
six novel and three previously reported non-
synonymous variants in HCN1 (n ¼ 1), HCN2
(n ¼ 2), HCN3 (n ¼ 2), and HCN4 (n ¼ 4) were
identified [120]. Cardiac phenotypes of HCN4

mutations encompass sinus node dysfunction,
but also ventricular tachycardias [121]. As an
example of a combined cardiac and neurologic
phenotype, HCN2 knockout mice were devoid of
seizures and cardiac arrhythmias [122]. Another
co-expressed gene, the KCNA1 gene encoding the
Kv1.1 channel, is implicated in epilepsy-related
cardiac dysfunction, as Kv1.1 knockout mice
demonstrate lethal asystole in the postictal period
[123]. A different potassium channel, Kv7.1,
encoded by the KCNQ1 gene, is highly expressed
in cardiac tissue and in the forebrain, the nucleus
of the tractus solitarius, and the inner ear region
[124]. It encodes for the α-subunit of the slowly
activating delayed rectifier potassium (IKs) chan-
nel, and loss-of-function mutations in this gene
mostly manifest as LQTS1 [125]. An association
between KCNQ1mutations, LQTS1, and epilepsy
was first demonstrated in a mouse model [124].
Canine studies during pharmacological IKs block
demonstrated TdP arrhythmias to occur immedi-
ately after pentylenetetrazole-induced seizures
(Fig. 4). Later, a comprehensive genetic analysis
using next-generation sequencing technology
identified rare genetic variants in the KCNQ1
(but also in CDKL5, CNTNAP2, GRIN2A, and

Fig. 4 Induction of torsades de pointes (TdP) in an anes-
thetized dog pretreated with the potent IKs blocker JNJ282
(0.5 mg/kg) [199] and the proconvulsant pentylene-
tetrazole (PTZ, 1.5 mg/kg/min) [200], leading to an epi-
leptic seizure followed seconds later by the onset of

ventricular ectopic beats (VEB), non-sustained (NS), and
sustained arrhythmia. Spikes (�) indicate proconvulsant
risk. (Courtesy of H. van der Linde and D. Gallacher;
from PhD thesis of H. van der Linde. Maastricht Univer-
sity, 2019)
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ADGRV1) gene in pedigrees with cardiac con-
duction disorder and SUDEP [112]. A third
potassium channel, Kv11.1, encoded by the
KCNH2 gene and generating the rapidly acti-
vating delayed-rectifier potassium current (IKr),
is also highly co-expressed in the heart and the
hippocampus. Loss-of-function KCNH2 muta-
tions confer the LQTS2 phenotype. Several
case reports have identified KCNH2 mutations
that underlie QTc prolongation and recurrent
seizure episodes [120, 126, 127]. Indeed,
LQTS1 and LQTS2 patients more frequently
have abnormal electrical cerebral activity com-
pared to healthy controls [128]. Finally, various
sodium channels are involved, for example,
NaV1.1 (encoded by the SCN1A gene) which is
co-expressed in the brain (hippocampus) and
the heart (ventricular t-tubules and sinoatrial
node). Loss-of-function mutations in this
SCN1A gene are implicated in up to 90% of
Dravet syndrome [129], a syndrome of severe
myoclonic epilepsy in infancy and high risk of
SUDEP. Epileptic rats show enhanced
cardiomyocyte expression of NaV1.1 resulting
in an increased late component of INa (INaL) and
prolonged action potential duration [130].
Another (predominant cardiac) sodium chan-
nel, NaV1.5, is encoded by the SCN5A gene.
Mutations in this gene have been primarily
linked to LQTS3, Brugada syndrome, and car-
diac conduction defects. However, some reports
describe the copresence of epilepsy and
Brugada syndrome [131]. SCN5A mutations
have also been associated with isolated epilepsy
[120, 132]. Besides SCN1A and SCN5A, SCN8A
encodes another sodium channel subunit impli-
cated in SUDEP, i.e., the NaV1.6 channel that is
expressed in the nodes of Ranvier in motor
neurons [133]. A de novo missense mutation
in SCN8A (c.5302A > G; rs202151337) with a
gain-of-function effect was identified in infan-
tile epileptic encephalopathy and SUDEP
[133]. Indeed, gain-of-function SCN8A-mutant
mice demonstrate a prolonged ventricular
action potential duration, altered cellular Ca2+

handling, delayed afterdepolarizations, and an
increased susceptibility to ventricular arrhyth-
mias during catecholaminergic surges [134].

Small Fiber Neuropathy
Mutations in the SCN10A gene encoding the α-
subunit of NaV1.8 have been implicated in small
fiber neuropathy [135]. This neuronal Na+ chan-
nel is mainly expressed in dorsal root ganglion
neurons and peripheral nerve axons. RNA
sequencing to evaluate the SCN10A expression
in human heart showed extremely low transcript
values, and the genotype-SCN5A expression
correlations next to the physiological profiles
of SCN10A knockout mice suggest its
neglectable physiological impact on the heart
[136]. Nevertheless, variants in SCN10A have
been described in cardiac conduction disease and
Brugada syndrome [137, 138]. This may result
from the genomic modulation of functional vari-
ants in SCN10A on the transcription of SCN5A, a
pivotal gene for cardiac conduction [136]. Rare
variants in the SCN10A gene are not deemed
responsible for a significant proportion of
SCN5A mutation-negative Brugada syndrome
patients, although a common SNP SCN10A-
Val1073 (rs6795970) is strongly associated with
Brugada syndrome [139].

Genetic Determinants of Inherited
Arrhythmia Syndromes Susceptible
to Autonomic Nervous System
Triggering

The inherited arrhythmia syndromes represent a
specific group of genetic diseases that affect ion
channel subunits or ion channel-related proteins
of the heart. These syndromes often share clinical
presentations, including increased susceptibility
to ventricular tachyarrhythmia and sudden cardiac
arrest in the absence of structural abnormalities.
The prevalence of inherited arrhythmia syn-
dromes like LQTS, Brugada syndrome, and
CPVT is estimated to be ~1:2,500 individuals
[140]. Despite mounting insights into the mecha-
nistic underpinnings of these syndromes, it
remains challenging to accurately predict arrhyth-
mia risk in affected individuals. Brisk alterations
in autonomic tone during strenuous exercise and
auditory stimuli or while asleep can precipitate
arrhythmias.
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Long QT Syndrome

LQTS is characterized by QT interval prolonga-
tion and the increased risk for developing TdP,
potentially leading to SCD. Hitherto, mutations in
15 genes encoding cardiac ion channels or related
proteins have been recognized. Most patients har-
bor genetic variants in the KCNQ1 (30–35%,
LQTS type 1), KCNH2 (25–30%, LQTS type 2),
and SCN5A (5–10%, LQTS type 3) genes. Muta-
tions in the KCNQ1 gene (LQTS1) generally
result in a reduction of the adrenergic-sensitive
IKs that fails to adequately shorten ventricular
repolarization during increased sympathetic tone.
Consequently, arrhythmia risk for LQTS1 patients
is increased during instances with elevated sym-
pathetic activity, such as during exercise [141].
A lower heart rate and a “relatively low”
baroreflex sensitivity exert a protective role in
LQTS1 patients (p.(Ala341Val)) [66]. In this
founder population, individuals with a concurrent
ADRA2C-del322–325 polymorphism or ADRB1-
Arg389 homozygosity were more likely to have
baroreflex-sensitivity values above the upper
tertile (45 versus 8%, P <0.05) and thus exhibit
increased autonomic reactivity [66]. On the other
hand, it is demonstrated that higher vagal
responses after exercise constituted a higher
arrhythmic risk in LQTS1 [17]. The role of auto-
nomic nervous system variation in LQTS
becomes even more complex when considering
the heart rate variability analyses that demon-
strated the protective influence of higher sympa-
thetic control of the QT interval and reduced vagal
control of the heart rate [142]. Asymptomatic
LQTS1 mutation carriers are postulated to adapt
their QT more swiftly to heart rate changes, for
reasons that may lie in a more homogeneous
ventricular repolarization prolongation during
reduced vagal control of heart rate. Other groups
have found heterogeneous sympathetic nerve
sprouting [58] and enhanced posterolateral synap-
tic catecholamine concentration in patients with
LQTS [143]. Moreover, as mentioned in the intro-
duction of this chapter, cold-water swimming, a
powerful co-activator of sympathetic and para-
sympathetic neurocardiac drive, is a feared trigger
of deadly arrhythmias in patients with LQTS1

[47, 144]. LQTS2 patients have an impaired IKr
leading to a prolonged QT interval. The risk of
LQTS2-related arrhythmias is highest during
physical exercise, auditory stimuli, or startling
events [16]. In line with these observations, β-
adrenergic receptor blockade is most effective in
LQTS1 and (to a lesser extent) in LQTS2 [145,
146 ]. LQTS3 patients with a genetically
increased late INa are generally at greatest arrhyth-
mic risk during rest when sympathetic activity is
expected to be low [16]. Despite this, it appears
that particularly female LQTS3 patients treated
with β-adrenergic receptor blockade are protected
from cardiac events including syncope, aborted
cardiac arrest, or LQTS-related SCD [147].
Interestingly, sympathetically related cardiac
arrhythmias including TdP were found in a large
founder population segregating the deletion of
phenylalanine at position 1617 of the SCN5A
gene [148]. These data allude to more complex
autonomic susceptibility toward arrhythmias
beyond the underlying genotype only. The strik-
ing antiarrhythmic properties of left cardiac sym-
pathetic denervation for symptomatic LQTS
patients support the arrhythmogenic proclivity of
augmented sympathetic tone [149]. In case of a
persistent arrhythmia burden, subsequent bilateral
stellectomy may be beneficial.

Catecholaminergic Polymorphic
Ventricular Tachycardia

CPVT is an inherited arrhythmia syndrome, mostly
due to mutations in the RYR2 gene (encoding the
ryanodine receptor) and with an autosomal domi-
nant inheritance pattern [150]. In rare cases, auto-
somal recessive mutations in the CASQ2 gene
(encoding calsequestrin 2) [151] or the triadin
gene account for CPVT. Recently, compound het-
erozygosity has been described for mutations in
CASQ2 [152]. CPVT is characterized by abnormal
Ca2+ handling due to a lowered threshold for
release (RYR2) or insufficient Ca2+ storage capacity
(CASQ2) [153]. β-Adrenergic stimulation further
increases Ca2+ accumulation in the sarcoplasmic
reticulum leading to regenerative Ca2+ release,
delayed afterdepolarizations, ventricular
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arrhythmias, and SCD. Patients with CPVT have
normal baseline ECGs but develop bidirectional
or polymorphic VT during stress or exercise in
the absence of structural abnormalities. Cases of
apparently idiopathic VF who were identified as
carriers of RYR2 mutations have also been
described [154]. β-Adrenergic receptor blockers,
flecainide, and left cardiac sympathetic denerva-
tion are the mainstay therapies in CPVT [155,
156 ]. Interestingly, leaky ryanodine channels in
a mutant mice model led to a combined
neurocardiac phenotype of spontaneous general-
ized tonic-clonic seizures and (independently
occurring) ventricular arrhythmias [157].

Brugada Syndrome

Patients with the Brugada syndrome have a muta-
tion in the SCN5A gene in �25% of cases. The
functional consequence is a loss of function of INa,
which reflects on the ECG as an incomplete right
bundle branch block with coved or saddleback-
type ST-segment elevation and with T-wave neg-
ativity in the right precordial leads. Brugada
patients are at risk of ventricular tachycardia,
VF, and SCD. These arrhythmic events occur
more frequently during sleep or at night [10].
Low sympathetic activity, high parasympathetic
activity, bradycardia, increased transient outward
current (Ito), and elevated body temperature pre-
dispose to arrhythmogenic deterioration [158].
Patients may have abnormal cardiac sympathetic
innervation [159] and increased presynaptic
catecholamine recycling [58], altering the
sympathovagal balance. Moreover, reduced levels
of norepinephrine were found in cardiac biopsies
from Brugada patients [160], despite normal β-
adrenergic receptor density [58]. A modulatory
role for the vagal limb was suggested as exagger-
ated parasympathetic reactivity during baroreflex
sensitivity testing predisposed to VF [65].
Finally, a specific SCN5A mutation located in a
(β-adrenergic-dependent) PKA phosphorylation
site showed impaired INa upregulation during cat-
echolaminergic stimulation, next to an anticipated
reduced basal INa [161]. Again, these data suggest

a complex, potentially genotype-dependent sus-
ceptibility to arrhythmias during autonomic ner-
vous system variations.

Takotsubo Cardiomyopathy

Acute stress-induced (takotsubo) cardiomyopathy
exhibits a dramatic clinical presentation mimick-
ing acute myocardial infarction with ventricular
ballooning, and it is triggered by intense physical
or emotional stress. If treated adequately, patients
usually recover, although a mortality of 3–5% is
recognized, mostly attributed to ventricular tachy-
arrhythmias, heart failure, cardiac rupture, or
thromboembolic sequelae [162]. It has been
suggested that exaggerated sympathetic stimula-
tion results in a cardiotoxic discharge of circulat-
ing catecholamines (epinephrine, norepinephrine,
and dopamine) [163]. However, other investiga-
tions could not confirm these findings [164]. It is
therefore not clear if catecholamines are causa-
tive, a bystander phenomenon, or the result of
takotsubo cardiomyopathy. A potential genetic
predisposition for its development is likely as
there are several reports of familial cases [165,
166], because it recurs in 5–10% of patients
[167], and it is sometimes concomitant with rare
genetic– syndromes [168, 169]. Animal models
hint toward a role for the involvement of apically
expressed β2-adrenergic receptors [170]. Hitherto,
small genetic studies focusing on polymorphisms
of ADRA2C and ADRB1 [171] failed to identify
significant causative variants, although Vriz et al.
[172] found that the ADRB1-Arg389 homozygous
and ARDB2-Gln27Glu polymorphism were more
prevalent in patients with takotsubo cardiomyop-
athy. In another study, a different distribution of
the GRK5-L41Q polymorphism (rs17098707)
was found [173]. Whole-exome sequencing for
genes involved in catecholaminergic signaling
identified malignant variants in 55 candidate
genes and suggested a polygenic inheritance pat-
tern [174]. A recent genome-wide analysis in
takotsubo syndrome [175], however, did not
show genome-wide significant signals, but was
underpowered.
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Sudden Cardiac Death in General
Population

The contribution of rare genetic syndromes to the
total burden of SCD in the general population is
low, accounting for fewer than 5% of deaths
[176]. Rare private mutations in ion channel and
other arrhythmia genes increase the risks in fam-
ilies, which may contribute to SCD risk in the
general population [177]. On the other hand,
there is considerable interest in understanding
the role of common genetic variation in SCD
risk, but, despite major efforts, common variants
in candidate arrhythmia genes could not be asso-
ciated with SCD in the general population [178].
Common variants are expected to confer only a
small increase in SCD risk individually, since they
would otherwise be subject to strong negative
selection. Rare variants or SNPs related to
increased SCD risk reside in genes that regulate
cardiac conduction [179–182] and repolarization
[183, 184], but also in genes that modulate the
sympathetic nervous system [74, 81, 86–88].
Other SCD-related genes implicated are related
to thrombosis/atherogenesis [185], fatty acid
metabolism [186], and the renin-angiotensin-
aldosterone system [187], but fall outside of the
scope of this chapter.

The SCN5A-Ser1102Tyr polymorphism is one
of the first SNPs that was linked to SCD suscepti-
bility [183]. It is present in 13% of African-Amer-
ican patients and increases the risk of SCD in this
population [179, 183]. Also, it was found that
SCN5A variants and mutations are associated with
risk of SCD in Caucasian women [188]. In this
study, a similar association was lacking in
the male population. Another study investigated
SNPs in a large population of SCD cases and
identified two intronic variants, one in KCNQ1
(rs2283222) and one in SCN5A (rs11720524)
gene linked to arrhythmic death [184]. The homo-
zygous CC genotype of this SCN5A rs11720524
was significantly associated with SCD in patients
with chronic ischemic heart disease [189].
Likewise, the association of rs11720524 to patients
with VF during a first ST-segment elevation infarc-
tion (GEVAMI cohort) was identified [190]. A

different SNP in SCN5A (rs41312391) was found
to be linked to increased risk of SCD in a Finnish
population (risk allele A) [191]. This SNP and
rs11708996, both on the SCN5A gene, however,
were not associated with VF in the GEVAMI
cohort [190]. The first genome-wide association
study for ST-segment elevation myocardial infarc-
tion patients with VF before primary percutaneous
coronary intervention (AGNES study) reported a
significant association with VF at chromosome
21q21 (rs2824292), a locus harboring the CXADR
gene [192]. This important signal could not be
detected in the GEVAMI study [190] nor in a
small case-control study [193]. Potential explana-
tions could be altered gene-gene or gene-environ-
ment interactions or the lack of a homogenous
phenotype. Finally, a meta-analysis of genome-
wide association studies on predisposition of SCD
including SCD cases and controls found a strong
signal for SCD susceptibility at a locus on chromo-
some 2q24.2 (rs4665058, near the BAZ2B gene)
[194]. However, this SNP was not associated with
VF in the AGNES and GEVAMI cohorts [190,
192]. The common SNPs associated with SCD or
VF all have small effect sizes on arrhythmia risk,
which renders them unsuitable for clinical deci-
sion-making.

Various common variants in genes encoding
proteins relevant for functioning of the autonomic
nervous system have been associated with
increased SCD risk. As has been described
above, a genetic predisposition toward increased
mortality (often in the setting of heart failure or
acute ischemic heart disease) has been linked to
polymorphisms residing in the ADRA2B [74],
ADRB1 [81], and ADRB2 genes [86]. Besides
altered adrenergic receptor activity, it was found
that allelic variation in the GNAS gene encoding
the downstream signaling of the stimulatory G-
protein alpha-subunit (Gαs) was associated with
an increased arrhythmia risk in an ICD population
[195]. Of the two GNAS SNPs (rs7121,
rs12481583), one, rs7121 (c.393C> T), was sub-
sequently replicated in a community-based popu-
lation of SCD cases [195]. Others identified a
genome-wide signal in the intronic region of the
RAB3GAP1 gene at rs6730157 on chromosome
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2q21 in 948 SCD cases with underlying coronary
artery disease [196]. RAB3GAP1 encodes the cat-
alytic subunit of the RabGTPase-activating pro-
tein that is involved in calcium-mediated hormone
and neurotransmitter exocytosis. Interestingly, a
protein similar to human RAB3GAP1 interacts
with intracellular domains of SCN10A in the dor-
sal root ganglia [197].

Studies that incorporate the cumulative effect
of different SNPs, as well as the influence of the
“exposome” defined as the lifelong environmental
influence that acts on the genetic substrate, have
not yet been performed, and they represent the
challenge for future advances. Perhaps a com-
bined weighed genetic risk score such as devel-
oped by the CARDIoGRAMplusC4D consortium
(GRSCAD) [198] for coronary artery disease
could shed light on this problem. Both retrospec-
tive and prospective data demonstrated a strong
association between the GRSCAD and occur-
rence of SCD.

Conclusion

The integrity of the neurocardiac axis is of para-
mount importance to maintain electrical and
hemodynamic homeostasis in patients. Genetic
determinants at different levels of this axis may
render the heart more susceptible to autonomic
tone variation or cause a primary inhomogeneous
autonomic efferent output to provoke an
arrhythmogenic response. The increasing avail-
ability of genetic testing pave the way to a deeper
understanding of these genetic underpinnings that
connect autonomics and sudden death.
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Abstract

The elderly population is increasing worldwide
together with the incidence and prevalence of
cardiovascular diseases, including hyperten-
sion, coronary artery disease, atrial fibrillation,
and chronic heart failure. In particular, aging is
considered a risk factor for the development of
hypertension, due to functional and structural
changes induced in blood vessels (e.g., endo-
thelial dysfunction and vascular remodeling),
which widely overlap the functional and struc-
tural changes induced by hypertension. At the
same time, both hypertension and aging pre-
dispose to the development of other
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cardiovascular diseases, in particular, atrial
fibrillation and heart failure, but also of
neurocognitive disorders. However, the patho-
physiological mechanisms underlying the rela-
tionship between increased blood pressure and
cognitive impairment are not fully understood.
This chapter aims to analyze the role of atrial
fibrillation in the development of cognitive
decline in elderly patients with hypertensive
heart disease, underlining the role of atrial
fibrillation in determining both these condi-
tions and suggesting the hypothesis of a
heart-brain continuum among hypertensive
heart disease, atrial fibrillation, and cognitive
impairment.

Keywords

Hypertension · Atrial fibrillation · Cognitive
impairment · Dementia · Elderly

Introduction

The elderly population is rapidly increasing
worldwide, with people aged over 65 years
expected to grow in 2050 from 8% to 16.1%,
corresponding to about 1.5 billion individuals
[1]. Several studies have shown an important rela-
tionship between aging and cardiovascular dis-
eases (CVDs), including hypertension, coronary
artery disease (CAD), atrial fibrillation (AF),
and chronic heart failure (HF), which are fre-
quently found in the elderly and whose preva-
lences are expected to grow together with
geriatric population [2]. In particular, advanced
age is considered a major non-modifiable risk
factor in the development of hypertension, due
to functional and structural changes induced in
blood vessels, including endothelial dysfunction
and vascular remodeling, which widely overlap
the functional and structural changes of the “vas-
cular phenotype” of hypertension [3]. Thus, if
aging contributes to the development of hyperten-
sion, the joint contributions of hypertension and
aging are well-established risk factors for the
development of other CVDs, including AF and

HF, but also of cognitive impairment and demen-
tia [4]. However, the pathophysiological mecha-
nisms underlying the relationship between
increased blood pressure (BP) and cognitive dys-
function are controversial and not completely
understood [5]. In this chapter we analyze the
role of AF in the development of cognitive decline
in elderly patients with hypertensive heart disease
(HHD), pointing out the possible linking role of
AF between these two conditions, and we hypoth-
esize a heart-brain continuum among HHD, AF,
and cognitive impairment.

Hypertension and Hypertensive Heart
Disease in the Elderly

Hypertension in the Elderly: Prevalence
and Characteristics

Hypertension is a condition characterized by high
BP. According to the new 2017 American Heart
Association and American College of Cardiology
guidelines for hypertension in the adults, normal
BP is set at<120/80 mmHg, and stage 1 hyperten-
sion is set at BP levels above 130/80 mmHg rather
than 140/90 mmHg, as in the 2018 European
Society of Cardiology (ESC) guidelines, and this
difference is due to the recent adaptation of the
American guidelines to the result of the Systolic
blood PRessure INtervention Trial (SPRINT) study
[6]. However, defining BP targets in the geriatric
population is very difficult because of elderly sus-
ceptibility to adverse outcomes deriving from the
excessive BP lowering such as falls, fractures, and
cognitive impairment [7].

The prevalence of hypertension increases with
age, from 7.5% among adults aged 18–39 to
33.2% among those aged 40–59 and 63.1%
among those aged 60 and over in both men and
women [8]. In fact, of all the risk factors contrib-
uting to hypertension, such as genetics, obesity,
dyslipidemia, sedentary lifestyle, and diabetes,
advancing age is the most important [3].

Hypertension is a major risk factor for cardio-
vascular morbidity and mortality: over the range
of 115/75 to 185/115 mmHg, each 20/10 mmHg
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increase in BP doubles the risk of myocardial
ischemia and stroke in individuals aged from
40 to 90 years [9].

Hypertension in the elderly has peculiar char-
acteristics. First of all, hypertension is mainly
systolic, a condition known as isolated systolic
hypertension, whose prevalence in people aged
80 and more is higher than 90% [1]. Moreover,
in the elderly BP control rates are lower than in
young people (34.3% vs. 39.8%), especially in
women [10]. In fact, in the Framingham Heart
Study population, only 23% of women versus
38% of men aged 80 years or more had BP values
<140/90 mmHg [11].

Aging and Hypertensive Heart Disease

Vascular aging is characterized by endothelial dys-
function and increased vascular wall thickening
both associated with arterial stiffness [3]. Endothe-
lial dysfunction can be defined as the progressive
impairment of endothelium-dependent vascular
dilation leading to an increased vascular tone
[12]. This is due to a decreased production and
bioavailability of nitric oxide and to an increased
production of reactive oxygen species [13]. Endo-
thelial dysfunction is involved in age-related arte-
rial stiffening in the elderly both in healthy subjects
and in patients with hypertension [12]. Although
the arterial tone is regulated by endothelial func-
tion, arterial relaxation is influenced by the content
of elastin, collagen, and smooth muscle in the
vessel wall [14]. In particular, aging is accom-
panied by arterial wall remodeling, especially in
the aorta, characterized by intimal thickening due
to vascular smooth muscle cell hypertrophy,
increased collagen content, and fragmentation of
elastic lamellae in the tunica media with secondary
fibrosis and calcification, leading to loss of elastic-
ity and then to arterial stiffening [1]. The reduction
in aorta’s compliance during systole and in its
elastic recoil during diastole is responsible for an
increase in systolic BP and a decrease in diastolic
BP, which is observed both in normotensive and in
old hypertensive subjects, i.e. the abovementioned
phenomenon of isolated systolic hypertension

[15]. This age-related vascular remodeling closely
resembles the vascular alterations induced by
hypertension, so that hypertension accelerates and
worsens age-related vascular dysfunction and
aging may impact on the severity of vascular dam-
age in hypertension, indicating close interactions
between biological aging and BP elevation. Thus,
hypertension can be considered a condition of
aging, and both are risk factors for the development
of HHD [16].

The term HHD refers to a set of cardiac func-
tional and structural adaptations to a lifetime of
increased BP load. The main characteristics of
HHD are left ventricular hypertrophy (LVH), left
ventricular diastolic dysfunction, and, if inade-
quately treated, their clinical manifestations
including arrhythmias (e.g., AF) and symptom-
atic HF [9, 17].

The pathogenesis of HHD involves a pro-
gressive transition from hypertension to LVH
to diastolic dysfunction with preserved systolic
function, usually expressed by ejection fraction
(EF). If not treated, this condition might lead to
ventricular dilation and HF with reduced ejec-
tion fraction (HFrEF) [9].

Myocardial compensatory response to chroni-
cally increased load (either preload or afterload),
as for any othermuscle, is hypertrophy. In particular,
myocardial remodeling to a predominant volume
overload (increased preload) consists of eccentric
hypertrophy, while myocardial remodeling to a pre-
dominant pressure overload (increased afterload)
consists of concentric hypertrophy [18]. These car-
diac compensatory responses can be explained by
the Laplace’s law: T = P � r/2 � h, stating that LV
wall stress (T), which is a major determinant of
myocardial oxygen demand, is directly related to
LV pressure (P) and radius (r) and inversely related
to LV wall thickness (h) [19].

According to this law, cardiac volume overload
is expressed by an increased chamber radius
which is associated with an improved LV wall
stress. In order to normalize LV wall stress, car-
diac compensatory response is a remodeling of
LV thickness, characterized by a lengthening of
cardiomyocytes due to the addition of new sarco-
meres in series, resulting in a structural pattern
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known as eccentric hypertrophy [19]. Therefore,
LV eccentric hypertrophy is characterized by
increased end-diastolic volume and preserved
ventricular systolic function, according to the
Frank-Starling law. However, with the persistence
of volume overload, further ventricular dilation
becomes maladaptive and leads to HFrEF. Eccen-
tric hypertrophy may occur in response to physi-
cal conditioning (the so-called athlete’s heart), in
response to chronic volume overload (chronic
kidney disease, anemia, or obesity), or during
diseases causing ventricular dilation [9].

Conversely, according to the Laplace’s law,
cardiac pressure overload, as occurs in HHD, is
expressed by an increased LV pressure which is
associated with an improved LV wall stress. In
order to normalize LV wall stress, cardiac com-
pensatory response is an increased LV thickness,
characterized by a reduction in the number but an
increase in the width of cardiomyocytes caused by
the parallel addition of new sarcomeres and to a
higher deposition of collagen (fibrosis) [19]. This
LV thickening results in an increase in cardiac
mass at the expense of chamber radius and conse-
quently of LV volume and compliance [1]. This
structural pattern is known as concentric hyper-
trophy. LVH preserves LV systolic function but
has long-term negative consequences, because it
predisposes to the development of left ventricular
diastolic dysfunction and HF with preserved ejec-
tion fraction (HFpEF) [20].

In summary, cardiac compensatory response to
chronic overload is hypertrophy. Volume overload
leads to eccentric hypertrophy, while pressure
overload leads to concentric hypertrophy. Eccen-
tric hypertrophy is mainly characterized by an
increase in LV volume leading to HFrEF. Concen-
tric hypertrophy is characterized by an increase in
LV mass leading to HFpEF.

Left ventricular diastolic dysfunction refers to
an impaired left ventricular diastolic filling and is
a strong predictor of CVDs, especially AF and
HF. Left ventricular diastolic dysfunction is more
prevalent in the elderly population, and among the
risk factors for left ventricular diastolic dysfunc-
tion, hypertension has been reported as the most
important in community-dwelling elderly subjects.
More in detail, hypertension, leading to LVH and

stiffening, reduces LV chamber volume and com-
pliance inducing an impaired LV diastolic filling,
in which the chamber filling is slow or incomplete
in the absence of increased diastolic filling pressure
[21]. Consequently, the reduction in early diastolic
LV filling is counteracted by an increased filling in
late diastole due to a more vigorous left atrial
(LA) contraction, which is followed by increased
LA pressure and consequently by LA hypertrophy
and dilation [22]. These mechanisms explain the
echocardiographic pattern of HHD, which is
observed also in the aging heart, characterized by
a reduction of E/A ratio, where E corresponds to
the early diastolic filling and A to the late diastolic
filling due to atrial contraction [23, 24].

The end stage of HHD usually is associated
with both pressure and myocardial volume over-
load, resulting in dilated cardiomyopathywith both
diastolic and systolic dysfunction [18]. According
to the pathophysiologic impact of hypertension on
the heart, HHD can be divided into four degrees of
increasing severity:

I. Isolated left ventricular diastolic dysfunction
with no LVH

II. Left ventricular diastolic dysfunction with
concentric LVH

III. Clinical HF (dyspnea and pulmonary edema)
with preserved EF (HFpEF)

IV. Dilated cardiomyopathy with HF and reduced
EF (HFrEF) [25]

Several studies support the evidence that
hypertensive patients with concentric LVH com-
monly develop dilated cardiac failure and suggest
the pivotal role of myocardial infarction in this
phenomenon [17]. Indeed, LVH is associated with
an increased risk of CAD, including myocardial
infarction [26]. Although the mechanisms linking
LVH and myocardial ischemia are mainly
unknown, hypertension is associated with coro-
nary atherosclerosis leading to a reduced coronary
reserve, and, in turn, LVH is associated with an
increased myocardial oxygen demand [21]. In
fact, concentric LVH mainly progresses to dilated
cardiac failure with reduced systolic function due
to intercurrent myocardial infarction; on the con-
trary, the progression of concentric LVH to dilated
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cardiac failure in the absence of an interval myo-
cardial infarction is not common [17].

On the contrary, a recent systematic review of
literature has shown that hypertension is the most
common and strong risk factor for the development
of symptomatic HFpEF, which is a syndrome
characterized by signs and symptoms of HF in a
contest of normal EF and altered diastolic function
[27]. The progression from left ventricular diastolic
dysfunction with concentric LVH to HFpEF might
be explained by the direct transmission of the ele-
vated ventricular filling pressures to the pulmonary
capillaries, which are believed to contribute to
increasing dyspnea, right heart overload, exercise
intolerance, and pulmonary edema [9]. However,
several studies have investigated the mechanisms
underlying the transition from HHD to HFpEF,
showing a multifactorial pathophysiology, involv-
ing not only the cardiac structural remodeling (i.e.,
LVH, diastolic dysfunction, LA dilatation, vascular
stiffening, etc.) but also systemic endothelial inflam-
mation and fibrosis [28].

Therefore, both hypertension and aging, induc-
ing a similar variety of cardiovascular structural
and functional changes, predispose to the devel-
opment of HHD and its clinical consequences.

From Hypertensive Heart Disease
to Atrial Fibrillation

Atrial Fibrillation in the Elderly:
Prevalence and Characteristics

AF has become one of the most important public
health problems due to population aging. The
incidence of AF ranges between 0.21 and 0.41
per 1000 person/years, and the global prevalence
of AF is almost 2% of the general population
[29]. The prevalence of AF varies with age and
sex. AF is more common in men than in women
(1.1% vs. 0.8%) [30], and its prevalence increases
together with age, from 0.12% to 0.16% of those
younger than 49 years to 3.7%–4.2% in those
aged 60–70 years and 10%–17% in those aged
80 years or older [29].

AF in elderly patients is frequently asymptom-
atic (silent or subclinical AF), and the diagnosis is

often made incidentally during a cardiological
checkup. In fact, in the elderly ventricular rate
seems to be better controlled because of their
inactivity and/or the concomitant presence of
atrioventricular nodal disease. For these reasons,
they are less likely to report palpitations, and AF
often presents with fatigue, stroke, worsening HF,
and/or angina. Those presenting with syncope
often have concurrent sinus and atrioventricular
nodal disease [31].

Several risk factors have been shown to be
associated with the development of AF. In the
Framingham Heart Study, age, diabetes mellitus,
hypertension, HF, CAD, and valve diseases were
shown to be independent risk factors for AF in
both sexes [32]. In fact, AF is frequently diag-
nosed in patients with concomitant CVDs, primar-
ily hypertension, followed by HF, CAD, and
valvular heart disease, for paroxysmal, persistent,
and permanent AF [33]. These data confirm that
aging and hypertension are the primary risk fac-
tors for the development of AF.

The Development of Atrial Fibrillation
in Hypertensive Heart Disease

Age-related changes in LA predispose to the
development of AF [34]. In particular, aging is
associated with several electro-anatomical LA
alterations: fatty infiltration, collagen, and amy-
loid deposition in LAwall; decreased number of
atrial myocytes, pacemaker cells, and conduction
tissue replaced by fibrosis; increased LA size,
pressure, and volume; cytosolic Ca2+ overload
because of enhanced sodium/calcium exchanger;
and upregulation of atrial-specific ultra-rapid
delayed rectifier potassium currents resulting in
a shortening of action potential duration and a
decreased refractory period [31]. These structural
and electrical changes make the LA more suscep-
tible to AF.

Along with aging, also untreated or sub-
optimally treated hypertension predisposes to the
development of AF. Cardiac response to chronic
pressure overload is characterized by LVH and
fibrosis, leading to a reduction in LV compliance
and consequently an increase in LV stiffness and
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filling pressure and a decrease in coronary flow
reserve and an increased activation of the auto-
nomic nervous system (ANS) and of the renin-
angiotensin-aldosterone system (RAAS) [35].
These LV changes negatively affect LA, whose
remodeling takes place at three different levels:
electrical, contractile, and structural [36].

Electrical remodeling consists of a shortening
of atrial refractoriness. When the wavelength of
the atrial impulse is short, small regions of atrial
conduction block may be development sites for
multiple small reentry circuits, increasing not only
the vulnerability for AF but also the stability of
AF itself [37]. The main ionic mechanism under-
lying this arrhythmogenic process is the marked
reduction in L-type Ca2+ current, explaining
the shortening of the atrial action potential and
the loss of the physiological rate adaptation of the
duration of the action potential [38].

Contractile remodeling consists of a loss of
atrial contractility, and it is strictly dependent on
atrial electrical remodeling [36]. The reduction in
L-type Ca2+ current leads to a decrease in intra-
cellular Ca2+ concentration which may be respon-
sible for the loss of contractility. Impaired atrial
contraction leading to stasis of blood, primarily in
the LA appendage, may promote the development
of blood clots, promoting thromboembolic events,
in particular stroke, which is the most dangerous
clinical consequence of AF [37]. Finally, atrial
contractile remodeling is also associated with
increased compliance of atrial wall which may
enhance atrial dilatation and promote the persis-
tence of AF [35].

Structural remodeling includes proliferation and
differentiation of fibroblasts into myofibroblasts,
enhanced connective tissue deposition and fibrosis,
and increase in atrial cell size and signs of irrevers-
ible intracellular changes (e.g., disruption of
mitochondrial cristae, fragmentation of sarcoplas-
mic reticulum, abnormal secondary lysosomes,
cytosolic blebs, lipid droplets) leading to cell
death (myolysis) [36]. Myolysis probably contrib-
utes to the impairment of atrial contractility, and
fibrosis could explain intra-atrial conduction distur-
bances and the susceptibility for AF [37].

In summary, electrical, contractile, and struc-
tural atrial changes are dependent on each other. In

fact, the reduction in L-type Ca2+ current primar-
ily causes a shortening in atrial refractoriness con-
tributing to the development of reentry circuits
and so to AF onset. At the same time, this process
leads to a loss of atrial contractility promoting
atrial dilation and AF onset and persistence. How-
ever, atrial electrical and contractile remodeling
are sustained by structural changes, in particular
myolysis, which promotes atrial dilation and
fibrosis and which contributes to atrial electrical
disturbance and AF development [37].

Together with atrial remodeling, in the genesis
of AF, is also important the role of ANS and
RAAS activation.

ANS is involved in BP regulation, but it also
significantly influences atrial electrophysiological
characteristics, especially in patients with struc-
tural heart disease, such as HHD [35]. Hyperten-
sion-induced ANS activation has an important role
in the dynamics of AF occurrence andmaintenance
because it induces the release of acetylcholine and
catecholamines, which may consequently stimu-
late fast ectopic impulses able to trigger paroxys-
mal AF [39].

RAAS activation and HHD are closely linked,
as shown by the fact that high circulating levels of
angiotensin II (AT-II) are seen in hypertensive
patients and that RAAS inhibition has a significant
therapeutic effect on BP control [40]. In particular,
hypertension-induced atrial dilation and myocyte
stretch are responsible for increased expression of
tissue angiotensin-converting enzyme in the atria
and consequently an increased concentration of
AT-II, which promotes AF onset and maintenance
[41]. AT-II exerts its arrhythmogenic effects
through several mechanisms: AT-II directly affects
ion channel structure, function, and distribution
(especially calcium and potassium channels) and
stimulates transcription of proteins that promote
cellular proliferation and differentiation, leading
to myocyte hypertrophy [35]. Another component
of RAAS, aldosterone, plays a pivotal role in the
development of AF through local effects on atrial
myocardium and interstitium, promoting fibrosis
and atrial remodeling through induction of
fibroblast proliferation and differentiation and
upregulation of matrix metalloproteinases activity
[42]. The interdependence and positive feedback
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between the ANS and RAAS in HHD support the
importance of these two biohumoral systems in the
development of AF [35].

From Atrial Fibrillation to Cognitive
Decline

Cognitive Decline in the Elderly:
Prevalence and Characteristics

Cognitive impairment is a broad term that gener-
ally describes a decline in cognitive functions:
complex attention, executive functioning, learn-
ing and memory, language, visuospatial function,
and social cognition, which play a pivotal role in
controlling the consciousness of situation, needs,
and goals [43]. Neurocognitive disorders include
major neurocognitive disorder, which corre-
sponds to dementia, and mild cognitive impair-
ment (MCI), which is a state intermediate between
normal cognition and dementia, with essentially

preserved functional abilities [44]. Diagnostic
criteria for neurocognitive disorders according to
the fifth edition of the American Psychiatric Asso-
ciation’s Diagnostic and Statistical Manual of
Mental Disorders (DSM-5) are shown in Table 1
[45]. In particular, dementia is diagnosed when
one or (usually) more cognitive domains are
impaired, negatively affecting the subject’s activ-
ities of daily living. The diagnosis of MCI is made
when there is modest impairment in one or more
cognitive domains, but the subject’s activities of
daily living are still preserved; the impairment
must represent a decline from a previously higher
level and should be documented both by history
and/or by objective assessment. Further, for both
the diagnosis, the cognitive deficits must not occur
exclusively in the context of a delirium or be better
explained by another mental disorder [45].

The incidence of neurocognitive disorders
increases steadily until age 85 or 90 years but
then continues to increase less rapidly. The annual
incidence of neurocognitive disorders ranges from

Table 1 Neurocognitive disorders as diagnosed in DSM-5 [45]

Diagnostic
criteria Major neurocognitive disorder/dementia MCI

A Significant cognitive decline in one or more
cognitive domains based on:

Concern about significant decline expressed by
the individual or reliable informant or observed by
the clinician

Substantial impairment documented by
objective cognitive assessment

Modest cognitive decline in one or more cognitive
domains based on:

Concern about mild decline expressed by the
individual or reliable informant or observed by the
clinician

Modest impairment documented by objective
cognitive assessment

B Interference with independence in everyday
activities

No interference with independence in everyday
activities, although these activities may require
more time and effort, accommodation, or
compensatory strategies

C Not exclusively during delirium

D Not better explained by another mental disorder

E Specify one or more causal subtypes caused by:
Alzheimer’s disease
Cerebrovascular disease (vascular neurocognitive disorder)
Frontotemporal lobar degeneration (frontotemporal neurocognitive disorder)
Dementia with Lewy bodies (neurocognitive disorder with Lewy bodies)
Parkinson’s disease
Huntington disease
Traumatic brain injury
Human immunodeficiency virus infection
Prion disease
Another medical condition
Multiple causes

Legend: MCI mild cognitive impairment
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0.1% at age 60–64 years to 8.6% at age 95 years,
and it is similar in men and women. Prevalence of
dementia increases exponentially with increasing
age and doubles every 5 years after age 65 years;
in fact, in those aged 65 years and older, preva-
lence is 5% to 10%, and it is higher in women than
in men [44].

Neurocognitive disorders, especially demen-
tia, have high costs in both social and economic
terms. In particular, dementia is a leading cause of
death, disability, and institutionalization [46];
family caregivers experience increased emotional
stress, depression, and health problems; health-
care system costs for the management of patients
with dementia are high and progressively growing
together with the life expectancy of the worldwide
population [47].

After excluding reversible causes of dementia,
the most common subtypes of dementia to be seen
in the elderly population are Alzheimer’s disease
(AD), vascular dementia, dementia with Lewy bod-
ies (DLB), and frontotemporal dementia (FTD),
which account for 90% of all cases [2].

The AD is the most common neurodegenera-
tive disorder, characterized by progressive loss of
temporoparietal bilateral synapses and neurons,
accumulation of amyloid plaques, neurofibrillary
tangles, and prominent cholinergic deficits. The
onset of symptoms is typically between the eighth
and ninth decades of life, but early-onset forms of
the diseasemay arise in the fifth decade [44]. Aver-
age life expectancy is about 10 years after the
onset of dementia, but is widely influenced by
the age of onset, the severity of cognitive impair-
ment, and the presence of comorbid diseases [48].

Vascular dementia or vascular neurocognitive
disorder, frequently referred to as atherosclerotic
dementia, multi-infarct dementia, and vascular
cognitive impairment, is the second most preva-
lent cause of dementia in the elderly, primarily due
to cerebrovascular diseases, and frequently pre-
sented in combination with AD (mixed dementia)
[44]. To diagnose the vascular neurocognitive
disorder, cognitive impairment should be tempo-
rally related to neuroimaging evidence of cerebro-
vascular disease and/or a clear history of stroke or
transient ischemic attacks [2]. It can involve both
large and small vessels, and the site of the lesions

is more important than their extension. The vari-
ability of the lesions’ location explains the vari-
ability of the clinical presentation and its
progression over time [49]. Cognitive decline usu-
ally involves the domains of complex attention
and executive functions, but also gait disturbance,
urinary symptoms, and personality or mood
changes (especially the so-called vascular depres-
sion) are common [45]. The progression of the
neurocognitive decline can show an acute step-
wise pattern, a more gradual pattern, or can be
fluctuating or rapid in its course [44].

DLB is the second most common neurodegen-
erative type of dementia after AD, and it is primar-
ily characterized by alpha-synuclein misfolding
and aggregation within the Lewy bodies, which
are also found in Parkinson’s disease. It is typically
diagnosed between the sixth and ninth decades, and
the average survival is 5 to 7 years [45]. DLB’s
cognitive deficits mainly involve the domains of
attention, visuospatial functioning, and executive
functioning [50]. Cognitive decline is frequently
associated with visual hallucinations and parkin-
sonism, but, unlike dementia of Parkinson’s dis-
ease, cognitive impairment precedes the onset of
parkinsonism. Suggestive features of DLB include
rapid eye movement sleep behavior disorder and
high neuroleptic sensitivity [44].

FTD is the third most common degenerative
type of dementia in the elderly and is characterized
by frontal and temporal lobes’ atrophy and inclu-
sions of hyperphosphorylated tau or ubiquitin
protein [44]. It is typically diagnosed in the sixth
decade and is a common cause of early-onset
dementia. The average survival is 6 to 10 years
after symptomonset and 3 to 4 years after diagnosis
[45]. The clinical subtypes of FTD correspondwith
specific areas of brain atrophy and include behav-
ioral and three language variants [51]. The behav-
ioral variant is mainly characterized by changes in
personality and behavior (e.g., loss of interest in
personal affairs and responsibilities, social with-
drawal, loss of awareness of personal hygiene,
and socially disinhibited behavior) [44]. The three
language variants include the semantic type (fluent
aphasia, intact syntax and prosody, and sometimes
loss of empathy and rigid behaviors), progressive
nonfluent aphasia, and the logopenic subtype [51].
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Risk and protective factors for neurocognitive
disorders are shown in Table 2. Among the risk
factors for neurocognitive disorders, the most
important are demographic and medical ones. In
particular, advancing age is not only the strongest
risk factor for dementia but also the only risk factor
identified after the eighth decade of life
[44]. CVDs, including hypertension, CAD, and
HF, are recognized risk factors for both vascular
and degenerative dementia, especially AD
[2]. Although the etiology of cognitive impairment

in CVDs remains unknown, the mechanisms
mainly involved in this relationship seem to be
embolic stroke and/or chronic cerebral hypo-
perfusion [52]. Since the prevalence, but not the
incidence, of dementia is higher in women than in
men, probably this phenomenon may be due to a
longer life expectancy and to the higher cardiovas-
cular morbidity in women population [44].

From Atrial Fibrillation to Cognitive
Decline

Physiological aging induces important changes in
cognitive function, brain structure, and suscepti-
bility to ischemia [53, 54]. Several studies have
shown that aging is associated with a linear
decline of fluid abilities (e.g., processing speed)
and a linear increase in crystallized abilities (e.g.,
vocabulary). Together with processing speed, also
sensory perception declines with age. In particu-
lar, auditory acuity begins to decline after age
30, and up to 70% of subjects aged 80 have a
measurable hearing loss, negatively affecting
speech discrimination and sound localization
[55]. Aging is also characterized by a decline in
attention, executive cognitive functions, and
working and prospective memory, while proce-
dural memories are preserved [53]. These cogni-
tive impairments may be explained by many
age-related structural changes occurring in the
brain, such as atrophy due not to neuronal loss
(no more than 10%) but to neuronal structural
changes (e.g., decreased number and length of
dendrites and axons, loss of dendritic spines,
increased axonal segmental demyelination) and
loss of synapses [56, 57]. Thus, aging alone is
associated with a physiological decline in cogni-
tive functions.

In addition to aging, several observational
studies have also demonstrated the association of
AF to cognitive decline and dementia, but the
mechanisms underlying this causal relationship
remain unclear because of the shared risk factor,
especially aging and hypertension [58]. However,
AF may increase the risk and accelerate the onset
of cognitive decline through different possible
mechanisms such as cerebral hypoperfusion,

Table 2 Protective and risk factors for neurocognitive
disorders [44]

Risk factors Protective factors

Age and sex (women) High education
level

Race Bilingualism

Genetics Cognitively
stimulating
activities

Head injury Drugs:
NSAIDs
Statins

Apolipoprotein E polymorphism

Lifestyle and environmental
factors:
Heavy consumption of alcohol
Environmental and

occupational exposures (e.g.,
pesticides)
Smoking

Lifestyle factors:
Moderate

alcohol
consumption
Mediterranean

diet
High physical

activity

Psychiatric disorders:
Depression
Late-life anxiety
Post-traumatic stress disorder
Traits of harm avoidance and

lesser sense of purpose

Cardiovascular diseases:
Hypertension
CAD
HF
AF
Hypercholesterolemia
Obesity
Diabetes mellitus
Inflammation
Obstructive sleep apnea

syndrome
Stroke

Legend: NSAIDs nonsteroidal anti-inflammatory drugs,
CAD coronary artery disease, HF chronic heart failure,
AF atrial fibrillation
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systemic inflammation, cerebral small vessel dis-
ease (SVD), genetic factors, and as a consequence
of AF ablation [58, 59].

A hypothetical mechanism at the basis of the
relationship between AF and cognitive impair-
ment is the cerebral hypoperfusion [58]. AF
reduces cardiac output and may lead to chronic
cerebral hypoperfusion, with consequent chronic
hypoxic injury, which may reduce the clearance
and promote the accumulation of amyloid-beta
peptides in cerebral vessels, thus leading to cere-
bral amyloid angiopathy [2, 59]. The high preva-
lence of neurocognitive impairment and dementia
in patients with AF and HF further supports
this potential effect of cerebral hypoperfusion
[60]. In particular, in subjects with AF, ventricular
rate response (VRR) seems to play a critical role
in the development of dementia in cognitively
impaired elderly subjects. A study conducted on
358 cognitively impaired elderly subjects (MMSE
<24) with and without AF stratified in low/high
(<50/>90) and moderate (>50/<90 bpm) VRR
and followed for a follow-up of 10 years showed
that low/high VRR (<50/>90 bpm) was predic-
tive of dementia in the presence but not in the
absence of AF, as shown in Fig. 1 [61]. These
data support the hypothesis that the reduction of

cardiac output, secondary to an altered VRR
induced by AF, could contribute to cerebral hypo-
perfusion and consequently to the increased inci-
dence of dementia in cognitively impaired elderly
subjects with AF [2].

Several studies have suggested the role of
systemic inflammation in the pathophysiology of
AF and, in turn, the role of AF in worsening the
inflammatory response [58]. Furthermore, increased
markers of inflammation have been linked to cog-
nitive impairment in patients with AF. Since AF is
associated with a chronic systemic inflammation
status and prothrombotic environment, patients
with AFmay be more susceptible to cerebral micro-
vascular changes, leading to cognitive decline and
dementia [62]. Moreover, systemic inflammation is
associated with hypercoagulation, endothelial dys-
function, and increased platelet activation, worsen-
ing AF-related thromboembolism [59]. In fact, high
levels of high-sensitivity C-reactive protein are
associated with worse executive functioning and
more microvascular damage in the white matter
and an elevated risk of all dementia subtypes inde-
pendently of cardiovascular risk factors and related
diseases [63].

The term SVD refers to a variety of pathologi-
cal processes, including silent subcortical infarcts,

Fig. 1 Cox regression analysis of cumulative dementia in
cognitively impaired elderly subjects stratified for the
absence (a) and the presence (b) of chronic atrial fibrilla-
tion stratified in low/high (<50/>90 bpm) and moderate

(>50/<90 bpm) ventricular rate response (adapted from
[61]) (Legend: AF atrial fibrillation, HR hazard ratio, CI
confidence interval)
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lacunes, white matter hyperintensities (WMHs),
brain atrophy, and cerebral microbleeds (CMBs),
which affect small arteries, arterioles, venules, and
capillaries of the brain [64, 65]. SVD is the leading
cause of cognitive decline in the elderly, and it
seems to play a pivotal role in the association
between AF and cognitive decline [59]. Several
studies have demonstrated the presence of silent
ischemic brain lesions due to microembolism in
90% of patients with AF, associated with two- to
threefold increased risk of both symptomatic
stroke and dementia [66]. The detection of
WMHs in patients with AF may be explained by
the fact that brain ischemia, resulting from the low
cardiac output and cerebral hypoperfusion, may
lead to WMHs and that chronic silent cerebral
ischemic lesions could also convert into WMHs
[59]. SVD also includes brain atrophy, which is
associated with cognitive decline. AF may cause
brain atrophy through several mechanisms: hypo-
perfusion of gray matter, systemic inflammation,
chronic microembolisms, and CMBs [67]. The
occurrence of CMBs increases with advancing
age, is more prevalent among AF patients, and is
associated with faster cognitive decline and high
risk of dementia [59]. In fact, aging, inducing
cerebral amyloid angiopathy, negatively affects
small cerebral vessels making them more suscep-
tible to microbleeds. This phenomenon is wors-
ened by the use of anticoagulant drugs, whose
main adverse effects are CMBs and subsequent
intracranial hemorrhages [68].

The association between genetic factors and
cognitive decline in patients with AF is still under
investigation [58]. A recent study compared 112
Caucasian patients with AF and dementia with
matched control subjects with AF and normal cog-
nitive function, testing genetic variants known to
be associated with AF (PITX2 locus and ZFHX3
locus) or AD (apolipoprotein E ε4 allele). The
results of the study showed that the AF-related
gene PITX2 was significantly associated with
dementia [69], but more studies are needed to
confirm these results and identify other genetic
factors involved in predisposing AF patients to
neurocognitive disorders.

AF catheter ablation increases the risk of micro-
emboli and cognitive impairment in the

periprocedural period, as shown by the high inci-
dence of silent cerebral ischemia and of ischemic
strokes detected using magnetic resonance after AF
ablation [70]. However, although the acute
increased incidence of ischemic events, AF ablation
seems to reduce the long-term risk for dementia,
which becomes similar to those of patients without
AF [71, 72]. The mechanisms underlying this pro-
tective effect of AF ablation from cognitive decline
are poorly understood; thusmore studies are needed
to confirm and explain this association [58].

Hypertensive Heart Disease, Atrial
Fibrillation, and Cognitive Decline: A
Heart-Brain Continuum Hypothesis

Figure 2 depicts our hypothesis of a heart-brain
continuum from HHD to cognitive decline, show-
ing the linking role of AF between these two
pathologies and underlining the role of cardiovas-
cular aging in the development of all these pathol-
ogies. Indeed, since aging is a physiological
condition necessarily present in the elderly, taking
into account cardiovascular and cerebrovascular
age-related changes is necessary for understand-
ing the pathophysiological mechanisms underly-
ing HHD, AF, and cognitive decline.

Aging is a well-known risk factor for both car-
diovascular and cerebrovascular diseases, espe-
cially hypertension, AF, and cognitive decline. In
particular, aging is responsible for endothelial
dysfunction and vascular remodeling, leading,
respectively, to vasoconstriction and arterial stiff-
ening, both predisposing to the development of
high BP. LV responses to the increased afterload
due to chronic hypertension are LVH and fibrosis,
which are associated with a lower LV compliance
leading to increased LV filling pressure and
reduced LV early diastolic filling, respectively,
and associated with an increase in LA pressure
and contraction. The rise in LA pressure and con-
traction is followed by LA dilation and hypertro-
phy, also affected by aging, which represent the
structural substrate predisposing to the atrial elec-
trophysiological disturbances involved in the
development and persistence of AF. This latter,
through VRR impairment, reduces cardiac output
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leading to cerebral hypoperfusion.Moreover, AF is
associated with a systemic inflammation state lead-
ing to hypercoagulability and platelet activation,
which worsens AF-related cerebral micro-
embolism, and to endothelial dysfunction, further
contributing to CMBs also due to anticoagulant
drugs. Finally, the overlap of AF-induced cerebral
hypoperfusion, microembolism, and micro-
bleedings to the normal age-related cerebral func-
tional and structural changes is responsible for the
development of cognitive impairment and its con-
sequent worsening in dementia.

Conclusions

The prevalence of CVDs, especially hyperten-
sion and AF, is increasing worldwide together
with the elderly population. In particular, aging

is associated with a variety of cardiac and vas-
cular changes which predisposes to the devel-
opment of hypertension and consequently of
HHD. Both hypertension and aging increase
the risk of development of neurocognitive dis-
orders, but the mechanisms underlying the asso-
ciation between HHD and cognitive decline are
not completely understood. Since the preva-
lence of AF is higher in hypertensive elderly
patients as well as neurocognitive disorders are
more prevalent in AF patients, AF could be the
missing link between these two geriatric pathol-
ogies, suggesting the hypothesis of a heart-brain
continuum among HHD, AF, and cognitive
decline.

In the last decades, this intriguing field of
research is progressively becoming the object of
several studies aimed to clarify the role of each in
the development of the others.

Aging

Endothelial dysfunction Arterial wall remodelling

Vasoconstriction Arterial stiffening

Hypertension

LVH and fibrosis

↑ LV stiffness

↓ LV filling pressure ↓ LV early diastolic filling

↑ LA pressure ↑ LA contraction

LA dilation LA hypertrophy

Atrial Fibrillation

Cognitive decline

VRR impairment

Cerebral
hypoperfusion

Cerebral
microembolism

Inflammation

Cerebral
microbleedings

Dementia

Fig. 2 Hypertensive heart
disease, atrial fibrillation,
and cognitive decline: a
heart-brain continuum
hypothesis. See text for
explanation. (Legend: LVH
left ventricular hypertrophy,
LV left ventricular, LA left
atrial, VRR ventricular rate
response)
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Abstract

About one century ago, the discoveries made
in the field of physical and medical science led
to a reconsideration of the way science focuses
on nature and on human beings. Subsequent
research contributed to a relevant amount of
papers on mind-body medicine, which
reported remarkable efficacy of this discipline
as therapeutic support in several pathologies.
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Nevertheless, such evidence lacked a solid
hypothesis on a possible biochemical pathway
connecting the mind and the body. In this
chapter, it is proposed that the occurrence of a
cross talk between the immune and the neuro-
endocrine systems might be the underlying
mechanism of action of mind-body medicine.
This cross talk can be considered as “bit of
information” connecting the cells of the entire
organism. Quantum biology, a new field of
research which recently comes to the attention
of investigators, might provide a solid scien-
tific base to explore “information” inside mind-
body connections and could likely offer scien-
tists a new paradigm to decode many medical
issues. Quantum biology has been also pro-
posed to explain important functions of the
brain and of the immune system.

Keywords

Immune system · Nervous system · Neuro-
immune cross talk · Cardiovascular disease ·
Mind-body medicine · Quantum biology

Introduction

Between the nineteenth and twentieth centuries,
the discoveries made in the field of physical and
medical science by Einstein, Heisenberg, Freud,
and Jung led to a deep reconsideration of the way
we see the universe, the reality, and finally the
nature of human being. Various schools of thought
developed new theories and visions [1, 2] to
describe the human being in his complexity, dis-
mantling the old paradigms. Wilhelm Reich
(1897–1957), one of the Freud’s students, devel-
oped the idea of muscular armor, expression of
inner features such as personality, and environ-
mental physical and psychological traumatic
influences. Such an “armor” is manifest through
the movements and the shape of the body, these
theories being the foundation of innovations such
as body psychotherapy, gestalt therapy, bioener-
getics analysis, and primal therapy [3–5]. Reich,
and even more so his student Alexander Lowen
(1910–2008) [6, 7], considered the inner world of
the mind as one of the “architects” of the body, at

the basis of several physical symptoms and dis-
eases. They considered specific sections of the
body (i.e., thorax, diaphragm, shoulders, and pel-
vis) as the physical parts where mind perturba-
tions might imprint visible signs and, based on
these theories, developed several therapies by act-
ing on the body, with the aim of making his
natural energy to flow. This natural flow would
support the healing of traumas and neurosis inside
the mind. Despite strong controversies about
Reich’s theories [8], his legacy contributed to a
relevant amount of studies on body-mind medi-
cine. Nevertheless, these theories and the related
experiments lacked a solid hypothesis on a possi-
ble biochemical pathway connecting the mind and
the subject’s inner world with the physical nature
of the body. In this chapter, a hypothesis will be
proposed on the background of the findings from
25 years of research [9], i.e., the occurrence of a
neuroendocrine dialogue, with the immune sys-
tem being one of the pathways able to connect
mind inputs to body response. In the next sections,
the most recent findings about this dialogue and
its influence on organs and cells will be reviewed,
together with its possible role in mind-body tech-
niques. A particular attention will be given to the
heart involvement, and a section will be devoted
on factors which perturb the brain-heart dialogue
by activating the immune system. Moreover, a
new hypothesis on the nature of mind and con-
sciousness will be introduced.

Clinical Evidence on Mind-Body
Techniques (MBTs)

According to Astin [10] “mind-body medicine
includes a variety of techniques designed to facil-
itate the mind’s capacity to affect bodily function
and symptoms.” Symptoms included psychologi-
cal states like anxiety as well as biological param-
eters like cholesterol level or heart rate. Therefore,
the focus would be on finding the most likely
pathways able to translate a mind-state into bio-
chemical instructions for peripheral cells. When
referring to mind-state, we do not only mean
neural control of metabolic functions but also
psychological patterns which often lie in the sub-
conscious mind. A detailed description of current
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knowledge in psychiatry is beyond the scope of
the present chapter, but it is important to consider
that several biochemical pathways are influenced
by all the processes taking place in the brain and
such pathways finally regulate peripheral organs
and cells [9, 11].

The main MBTs reviewed by Astin are:

• Relaxation techniques, to reduce muscular ten-
sion or sympathetic arousal.

• Meditation, in particular transcendental medi-
tation and mindfulness, which are the two most
extensively investigated.

• Guided imagery, involving the generation of
different mental images.

• Hypnosis, defined as a state of attentive and
focal concentration in combination with a rel-
ative suspension of peripheral awareness.

• Biofeedback, which involves the use of
devices to amplify physiological processes
usually difficult to perceive, like blood pres-
sure or muscle activity modulation.

• Cognitive behavioral therapy, which “empha-
sizes the role of cognitive processes in shaping
affective experience and argues that problem-
atic emotions, such as anger, depression, and
anxiety, result from irrational or faulty think-
ing” [10].

• Psychoeducational approaches, combining
techniques like relaxation and meditation with
patient education, which consist in teaching
patients about their symptoms, treatments,
and behaviors.

The strongest evidence supporting therapeutic
properties of MBTs was found in the fields of
cardiovascular diseases, oncology, surgery, pain,
and insomnia, and among techniques, contempla-
tive activities, like mindfulness and transcenden-
tal meditation, resulted of remarkable efficacy.

MBTs and Cardiovascular Diseases

In two independent meta-analyses [12, 13]
conducted on 37 and 23 clinical studies, respec-
tively, the additional impact of psychoeducational
and psychosocial programs for coronary disease
patients was examined. Programs included health

education (HE) (systematic instructional activities
to facilitate positive changes in unhealthy behav-
iors), stress management (SM) (psychotherapeu-
tic interventions, relaxation training, or supportive
interventions) [12], relaxation techniques, group
and individual psychotherapy, or breathing relax-
ation therapy [13].

The main results of HE and SM applied as
secondary prevention, in the first meta-analysis
[12], were an important reduction in both car-
diac mortality and recurrence of myocardial
infarction and significant positive effects on
cholesterol, body weight, smoking behavior,
physical exercise, eating habits, and blood pres-
sure (e.g., a mean systolic blood pressure reduc-
tion of �14 mmHg and a mean diastolic blood
pressure reduction of �11 mmHg, as described
in a more recent review [14]). However, no
effects were found in regard to anxiety, depres-
sion, or coronary bypass surgery. In the second
meta-analysis [13], 2024 patients receiving psy-
chosocial treatment vs 1156 control subjects
were evaluated. Treated patients showed greater
reductions in psychological distress, systolic
blood pressure, heart rate, and cholesterol
level. Control subjects showed greater mortality
and cardiac events recurrence rates during the
first 2 years of follow-up with log-adjusted odds
ratios of 1.70 for mortality (95% confidence
interval [CI], 1.09–2.64) and 1.84 for cardiac
events recurrence (CI, 1.12–2.99). The benefits
were clearly evident during the first 2 years, but
the mortality reduction became nonsignificant
when patients were observed for longer time.
As a conclusion, authors reported that MBTs
improving relaxation and management of
anger, hostility, and stress were beneficial and
were therefore to be recommended as part of
cardiac rehabilitation.

Finally, a systematic review and meta-analysis
of stress reduction programs in hypertensive sub-
jects found that transcendental meditation pro-
gram was associated with significant mean blood
pressure (BP) reduction (�5.0 mm Hg systolic
and �2.8 mm Hg diastolic) [15]. The clinical
implication is important since by using a low-
cost approach, complementary to standard phar-
macological treatments, it can be possible to
remarkably improve the outcomes.
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MBTs and Oncology

In two meta-analyses of 45 and 116 studies on
oncologic patients, relaxation, hypnosis, and sup-
portive group therapy were found to improve
mood, quality of life, and coping with both the
disease and the treatment-related side effects [16,
17]. Psychoeducational care was found to benefit
adults with cancer in relation to anxiety, depres-
sion, mood, nausea, vomiting, pain, and knowl-
edge, despite the fact that no effects on tumor size
were reported. Statistically significant beneficial
effects were found in relation to all seven of the
outcomes; however it was not possible to differ-
entiate among the effectiveness of various types of
psychoeducational care.

MBTs and Surgery

A meta-analysis conducted on 191 studies of the
effects of psychoeducational care on the recovery
of adult surgical patients found small to moderate
sized beneficial effects on recovery, postoperative
pain, and psychological distress, and the message
of the authors was that with a small investment of
resources, it was possible to improve patient wel-
fare and recovery. They concluded that, given the
current trends toward outpatient surgery, innova-
tive mechanisms able to ensure a comprehensive
psychoeducational care for surgical patients are
undoubtedly needed [18].

MBTs and Pain

In a report for the Agency for Healthcare Research
and Quality (AHRQ, Rockville, MD) [19], inves-
tigators assessed which noninvasive non-
pharmacological treatments for common chronic
pain conditions (such as low-back/neck pain or
osteoarthritis) could improve function and pain
for at least 1 month after treatment. They based
their work on 202 trials, many of which small,
enrolling patients with moderate baseline pain
intensity and comparing MBTs against usual
care. They concluded that MBTs were most con-
sistently associated with durable slight to

moderate improvements in function and pain for
specific chronic pain conditions. They also
recommended to focus future strategies on use of
nonpharmacological therapies for specific chronic
pain conditions.

MBTs and Insomnia

In the beginning of the 1990s, a meta-analysis on
studies involving more than 2000 patients suffer-
ing insomnia was performed [20], to examine the
efficacy of psychological treatments. Morin and
colleagues described that an average of 5 h treat-
ment produced important changes in two of the
four parameters analyzed (sleep latency and time
awake after sleep onset). Few years later, Morin
published a randomized controlled trial on 78
subjects to study clinical efficacy of cognitive
behavioral therapy (CBT), with/without
temazepam, compared to temazepam alone or to
placebo, in treating late-life insomnia [21]. The
main findings were that the combined therapy was
effective for the short-term management of
insomnia, but sleep improvements were better
sustained over the long period with the CBT
approach alone. CBT for insomnia is now com-
monly recommended as first-line treatment for
chronic insomnia [22]. Moreover, there is a grow-
ing body of evidence suggesting that other MBTs,
like yoga, tai-chi, and mindfulness, may improve
insomnia symptoms [23]. Mindfulness, in partic-
ular, shows the potentiality to be considered as a
possible second-line or adjunctive therapy to CBT
[23], considering that it was found to improve
sleep quality as measured by Pittsburgh Sleep
Quality Index (PSQI) scores, and was also as
effective as pharmacotherapy with eszopiclone
in improving Insomnia Severity Index, PSQI,
and other measures of insomnia outcome [24].
Mindfulness was developed in clinics by Jon
Kabat-Zinn at the University of Massachusetts
Medical Center to facilitate adaptation to medical
illness, in a program involving chronic pain
patients [25], and it has been used in the last
decades to teach patients how to deal with distress
commonly associated with several chronic illness
[26–32].
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Contemplative Activities and
Respiratory Vagal Nerve Stimulation
Hypothesis

In a very recent review, Gerritsen and colleagues
describe cumulative number of scientific publica-
tions on contemplative activities (ContActs) like
yoga, meditation, and mindfulness, from the
1945–2017, obtained from Web of Science in
January 2018 [33]. The number of clinical trials
on these disciplines increased from less than 20 in
the year 2000 to about 250 in 2014, describing
positive effects of ContActs on physical and men-
tal health and on cognitive performance. In par-
ticular, ContActs had anti-inflammatory effects, in
terms of CRP and TNF reduction, increased car-
diopulmonary health, and had beneficial effects in
managing chronic pain and in improving muscle
flexibility and bone density. In several trials and
meta-analysis, ContActs were found to reduce
multiple physiological stress markers like heart
rate, blood pressure, cortisol levels, and inflam-
matory bodies [34–37]. In the case of mindful-
ness-based cognitive therapy, also symptoms of
affective psychopathology (depression, anxiety,
and post-traumatic stress disorder) were reduced
[38–43]. In particular, investigators of the PRE-
VENT trial, in their work published in 2015 on
The Lancet [39], concluded supporting mindful-
ness-based cognitive therapy, in combination with
tapering or discontinuing antidepressant treatment,
as an alternative therapeutic solution to pharmaco-
logical treatment alone for prevention of depressive
relapse or recurrence at similar costs.

Gerritsen and colleagues proposed a neuro-
physiological model, called respiratory vagal
nerve stimulation (rVNS), to explain the ContActs
beneficial effects described in the trials and in the
meta-analysis reports. They notice that various
ContActs have in common regulation or attentive
awareness of breathing and propose that these
specific respiration styles could phasically and
tonically stimulate the vagal nerve, thus improv-
ing heart rate variability, baroreceptor reflex, and
cholinergic anti-inflammatory pathway [44], all
mechanisms with cardiovascular and neurological
protective properties. Such a hypothesis lacks
specific experimental studies but offers food for

thoughts and indications for future perspectives.
Authors concluded hoping that neuroscience will
focus on rVNS respiratory patterns as potential
cognitive and mental health enhancers.

Studies Limitations

One of the main limitations in most mind-body
studies reviewed was the absence of a placebo
group. In fact practitioners cannot typically be
blinded to the treatment, and it is often not possi-
ble to blind patients to group assignment. There is
thus a need of stronger protocols to better control
potential measurement confounders. Many
researchers have also noted that an important
number of patients refused psychosocial interven-
tions; therefore the reported results only represent
individuals willing to accept the participation in
these studies. The beneficial results found should
therefore be considered to apply only to those
patients interested in participating in psychosocial
interventions, creating a possible bias. Also the
limited number of published trial is an important
issue, especially when compared to the number of
large clinical trial investigating the effects of a
specific drug. Here the problem might be of finan-
cial nature, the subjects interested in such studies
being usually the associations of patients or of
practitioners, and the budget available is inevita-
bly low. Nevertheless, research is still ongoing,
and a work by Taylor and colleagues suggested
possible mechanisms underlying MBTs observed
effects, highlighting the role of immune system,
neurological mechanisms, and psychophysiologi-
cal aspects in mind-body medicine [9]. In the next
section, these neuro-immune mechanisms will be
explored and described.

Brain-Heart Connections: Link with the
Immune System

Parasympathetic Nervous System

The first sentence of the review “The Inflamma-
tory Reflex” [44] is a phrase of Moliere
(1622–1673): “The mind has great influence
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over the body, and maladies often have their ori-
gin there.”

The author Kevin Tracey chose this concept to
present the discovery of the cholinergic anti-
inflammatory pathway, an unexpected property
of parasympathetic nervous system which can
inhibit inflammatory cytokine production from
immune cells. Cholinergic anti-inflammatory
pathway is an axis connecting the brain with sev-
eral organs, including the heart, through the vagus
nerve which exits from the medulla oblongata
reaching the reticuloendothelial system (liver,
heart, spleen, and gastrointestinal tract). Inflam-
matory products from periphery activate afferent
signals that are transferred to the nucleus tractus
solitarius, followed by activation of efferent vagus
fibers. The subsequent acetylcholine secretion
reaches immune cells decreasing inflammatory
response, by acting on the key receptor α7
nAChR, the α7 subunit of the nicotinic acetylcho-
line receptor, expressed on their membrane. The
evidence that immune cells express receptors for
neurotransmitters and that autonomic nervous
system (ANS) modulates immune cells functions
had remarkable consequences in the field of neu-
rology and of immunology. Very soon also car-
diovascular research was influenced by this new
finding, opening a scenario where cardiologist
could experiment novel therapeutic approaches
[45–47].

In fact, in the last 15 years, evidence showed
that activation of nicotinic pathway, with vagal
stimulation (VS), reduced the extent of myocar-
dial infarction in experimental models of cardiac
ischemic injury and that part of this
cardioprotection was due to its anti-inflammatory
effect [46–48].

Together with its anti-inflammatory effect,
cholinergic anti-inflammatory pathway was
found to enhance the capillary density in myocar-
dial ischemic tissues [49], to improve survival
after experimental heart failure [46] and to protect
against mitochondrial transition pore opening dur-
ing ischemia and reperfusion injury in rat heart
[50]. At clinical level, several studies explored the
possible therapeutic role of vagal stimulation (VS)
in patients suffering heart failure, and investiga-
tions are still ongoing [45, 51, 52].

Interestingly, Tracey himself considers cholin-
ergic anti-inflammatory pathway as a “bridge” to
explain the therapeutic effects seen in mind-body
medicine classical techniques, like acupuncture,
biofeedback, meditation, cognitive and relaxation
therapies, or hypnosis [44, 53]. He gives an
intriguing interpretation: these techniques could
act trough an indirect stimulation of vagus nerve,
thus decreasing inflammation and improving
health status. The cholinergic anti-inflammatory
pathway could be considered one of the pathways
able to translate mind information into biochemi-
cal instructions for peripheral targets, and the
“tool kit” for this process seems to be the immune
system.

Sympathetic Nervous System

Cardiac lesions produced by nervous system dys-
function have been clearly described [54], and in
general the concept of nervous system dysfunc-
tion affecting visceral organs was first proposed
by Pavlov and Selye [55, 56] several decades ago.
Recently, the influence of the sympathetic system
(SNS) on immunity was summarized in an inter-
esting review by Pongratz and Straub [57] who
describe SNS having a dual function on immune
system. On the one hand, SNS exerts an anti-
inflammatory action at the site of inflammation,
but on the other hand, at systemic level, it supports
leukocytes recruitment and antigen processing.
SNS innervates the spleen, lymph nodes, and thy-
mus, regulating immune mediators synthesis and
release [11], and sympathetic neurotransmitters
like norepinephrine (NE) or neuropeptide Y
(NPY) have direct interaction with macrophage,
dendritic cells, and T and B cells, modulating
phagocytosis, proliferation, and cytokines pro-
duction [57]. Cytokines, in turn, were found to
signal the brain via nerve routes, influencing
behavior and recovery from stress or traumatic
injury [58].

Contrary to cholinergic anti-inflammatory
pathway, SNS-immune cross talk often leads to
harmful effects to the cardiovascular system.
Ziegler and colleagues [59] found that local car-
diac sympathetic denervation in mice, performed
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simultaneously with myocardial infarction,
improved cardiac functions and decreased myo-
cardial inflammation and hypertrophy with
respect to controls after 2 weeks. Also in a setting
of experimental hypertension [60], sympathec-
tomy normalized myocardial levels of IFN-
gamma, IL-6, and IL-10 in spontaneously hyper-
tensive rats (SHR) and reduced blood pressure
and cardiac fibrosis. These results suggest that
SNS interaction with inflammatory cells in the
heart has a key, and sometimes deleterious, role
in modulating myocardial remodeling secondary
to infarction or hypertension.

The involvement of immune activation in
many cardiac pathologies and the existence of
the brain-heart axis are currently accepted by sci-
entific community [56, 61–69]. The finding that
immune system reciprocally interacts with ner-
vous system in modulating organ response to
injury, including the heart, probably fills a gap
and provides a useful description of a sequence
of metabolic events from the center to the
periphery.

The studies about the role of immune system in
the brain-heart axis perturbation are unveiling a
complex cross talk in which immune mediators
seem to act both as messengers between the two
main organs [70] and the actors putting the mes-
sages into effect. An interesting experimental evi-
dence in this sense comes from a study by
Kashyap and colleagues [71]. They treated mice
with renal artery stenosis to develop hypertension
and gave a CCL2 receptor blockade. In this group
of animals, there was an attenuated renal atrophy,
despite mice experienced a sustained hyperten-
sion. Finally, in other studies, investigators
found that in case of autonomic storm, responsible
for cardiac infarction without artery occlusion, a
massive radical release occurred, and interest-
ingly, the same contraction band necrosis seen in
the heart after autonomic storm was reported in
case of inflammatory cardiac reperfusion injury
[54, 56, 72]. Samuels summarized the cascade of
events that from sympathetic nervous system,
dysfunction leads to heart tissue damage, and as
key point at the end of the cascade, he indicated
free radical release as the final actor injuring the
cells [56]. Free radicals are one of the main

hallmarks of inflammation, a chemical “weapon”
released by leukocytes to kill pathogen organisms.

It is becoming increasingly evident that there is
a cardiovascular-immune-neural axis that at
peripheral sites shows plasticity and integration:
innate immune system stimulates autonomic ner-
vous system through immune mediators released
from immune cells, and this activation is inte-
grated at the hypothalamic level [58, 73–75].
Mutually, autonomic nervous system [44, 76]
can modulate the functions of immune system
cells through receptors expressed on their surface.
This mutual “dialogue” was found to be relevant
to cardiovascular disease, and a deeper under-
standing of its functioning could reveal new ther-
apeutic opportunities.

Factors Activating the Immune System
which Perturb the Brain-Heart
Dialogue

There are factors activating the immune system
which perturb the dialogue between ANS and
cardiovascular system. Ischemia and stress are
examples of topical issues of common interest.

Ischemia and Hypertension
Several inputs, both from external and internal
environment, can affect the cardiovascular-
immune-neural axis. Stressors like ischemia or
hypertension can perturb brain-heart dialogue
also by modulating inflammatory processes
[77–79].

It is known that patients with coronary artery
disease (CAD) can develop accelerated cognitive
decline; in particular those affected by major
depression and that depressive symptoms can
lead to an increased risk of cardiovascular events
[80, 81]. These phenomena are linked, and the
immune system is considered an important
connecting pathway which can modulate the out-
come [80, 82]. A small study involving patients
with CAD [81] showed that some platelet-activat-
ing factors (PAFs), which are proteins modulating
many leukocyte functions, were associated with a
reduced global cognitive performance and that
this association was even higher in a subgroup
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suffering depression. Some investigators focused
their attention on TNF-alpha role in cognitive
disruption after infarction. Meissner and col-
leagues [83] described TNF-alpha-dependent
loss of cortical dendritic spine density in a
mouse model of heart failure (HF) following cor-
onary artery ligation. In HF mice, cerebral TNF-
alpha levels were increased and microglia acti-
vated, indicating brain inflammation, and reduc-
tion of cortical dendritic spines and
morphological changes occurred. The use of
TNF-alpha scavenger or genetic deletion attenu-
ated cortical dendritic spines reduction.

Liu and colleagues [80] reported data, from
both experimental and clinical studies, highlight-
ing the role of inflammation in the relationship
between depression and acute myocardial infarc-
tion (AMI), in particular in relation to the post-
AMI depression. They reviewed the role of TNF-
alpha in depression after myocardial infarction
(AMI) and suggested a possible mechanism of
this cytokine in favoring depression by inducing
alterations in blood-brain barrier (BBB) perme-
ability, thus altering biochemically psychiatric
patterns at central level. This hypothesis was pro-
posed by considering the following observations:

• Depressed and AMI patients were found to
have an increased inflammatory activation
[84, 85].

• Both conditions are present in a relevant num-
ber of patients and are clearly correlated, but
the underlying mechanisms are unknown [86].

• TNF-alpha was found to increase BBB perme-
ability in in vitro models [87, 88].

• TNF-alpha caused increase BBB permeability
in both swine and rats [89, 90].

• Several investigators associated inflammation
after AMI with possible BBB alteration [91].
This alteration could allow immune mediators
infiltration, and, interestingly, cytokine-depen-
dent reduction in serotonin availability was
described as a factor contributing to depression
[92].

• Increased cytokine activation in specific brain
regions can activate brain renin-angiotensin-
aldosterone system in rats [93–95].

• TNF-alpha inhibition in patients and in animal
models can decrease depressive symptoms
[96–98].

• Finally, optimal treatment of cardiovascular
disease in AMI patients usually has no major
effects on depression. Moreover, treatment of
depression in these patients, despite being
associated with some improvement in depres-
sive symptoms, does not improve cardiac out-
comes [99]. This observation suggests that the
link connecting the two clinical situations
probably is not confined in each pharmacolog-
ical metabolic pathway, but it likely lies in the
cross talk between the central nervous and the
immune systems, in particular in the TNF-
alpha-dependent BBB disruption. This event
probably causes biochemical alterations in
those brain areas related with regulation of
serotonin and of neuroendocrine molecules
involved in depressive symptoms.

Several mechanisms were proposed to explain
BBB disruption caused by TNF-alpha, such as the
cyclooxygenase (COX) pathway, nitric oxide
release, or upregulation of intracellular adhesion
molecules [56]; nevertheless a clear evidence in
patients is still lacking. Authors concluded
suggesting the central role of inflammation, espe-
cially of possible TNF-alpha-dependent BBB
alterations, as a common denominator of AMI,
stress, neuroendocrine dysfunction, and depres-
sion. The problem of BBB permeability has been
an emerging issue in the last years and has been
associated with cardiovascular and metabolic dys-
functions in laboratory animals [100–102].

In addition to ischemia and hypertension, other
factors not immediately attributable to biochemi-
cal alterations can have a profound effect in
perturbing brain-heart axis, too, through their
action on immune system. Stress is considered
one of the most important factors, and it is the
target of many mind-body medicine therapeutic
techniques.

Stress
Stress is recognized as an important risk factor
which can exacerbate a disease or even trigger a
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pathologic response [11]. Stress is often split into
two main categories, “exteroceptive,” when the
individual need to respond to external inputs fac-
ing challenges, and “interoceptive,” occurring
during or after physiological perturbations like
injuries, inflammation, or chronic diseases [103].
Stress stimulates allostasis (which means
maintaining stability through change) both in the
physical body and in the psychological patterns
and triggers the activation of specific neuro-
immune pathways, with the aim of providing an
adequate response [104, 105]. When the body-
mind system is overwhelmed by stressors, the
condition called “allostatic load” can start auto-
nomic dysfunction and stress-related pathologic
conditions, including hypertension and particular
types of heart disease [56, 106, 107].

It was proposed that the immunological alter-
ations associated with stress represent an adapta-
tion of the common response to infection and
several investigators have described the impact
of stress on immune system, both in humans and
in animal models [102, 108, 109]. In a model of
chronic psychological stress in mice, bone mar-
row-derived microglia infiltrated the para-
ventricular nucleus likely through a mechanism
involving the two immune axisMCP-1/CCR2 and
CXCL12/CXCR4 [102]. Santisteban and col-
leagues reported evidence that infiltration of
bone marrow-derived microglia into the brain
and resident microglia activation in autonomic
brain regions represent a hallmark of neuro-
inflammation in neurogenic hypertension [79,
110]. CXCL12 and its receptor CXCR4 are
expressed in the bone marrow and in many other
tissues and play a central role in the mobilization
of stem cells from the bone marrow. Some of these
progenitors differentiate into inflammatory cells
which can infiltrate peripheral tissues. At molec-
ular level, the CXCL12 gene contains 1 of the 27
single-nucleotide polymorphisms which were
associated with increased risk of coronary artery
disease [111–113]. In a mouse model of post-
traumatic stress disorder, social stress led to myo-
carditis and vasculitis through a mechanism
involving complement and cytokines activation,
cell cycle processes, and tissue remodeling [114].

Also in human subjects, stress was related with
inflammation increase followed by various path-
ologic conditions: the immune mediators interleu-
kin-6 and C-reactive protein, for instance, were
found to be stress-related molecules responsible
for atherosclerosis development [115], and a pos-
itive correlation between C-reactive protein
(CRP) and mental stress induced-myocardial
ischemia was described by Soufer and colleagues
[116]. The link between stress, inflammation,
and various diseases was extensively reviewed
by Liu and colleagues, who described also
the role of stress-related inflammation in cardio-
vascular diseases [115], and by Munakata [117]
and Black [118] who indicated in the neuro-
inflammation the pathway likely involved in
the stress-related increase of blood pressure. To
support these observations, methods reducing
stress were found able to reduce inflammatory
response and to improve health conditions. In
expert meditators and in subjects performing
several mind-body techniques (MBTs), there was
a decreased expression of pro-inflammatory
genes, a better autonomic response, and a reduced
intrinsic epigenetic age acceleration [106, 109,
119–123].

In summary, MBTs might act by modulating
ANS, which in turn would orchestrate immune
reactions in a beneficial way, that is, less inflam-
mation and decreased oxidative stress. Most of the
above-described pathologies have a strong
inflammatory component. Therefore modulating
inflammation in most cases would mean modulate
the disease itself. Moreover, by reducing stress
impact in daily life, MBTs would probably inhibit
those inflammatory processes triggered by stress
itself. Once again, inflammation seems to be the
last step of a multifactorial cascade from the envi-
ronment (both inside and outside the body) to the
cell metabolism. Nevertheless, further studies are
needed to verify if MBTs have the property of
modulating ANS toward anti-inflammatory pro-
cesses and to clarify the precise biochemical steps
of this possible mechanism. Authors suggested
that an array of mind-body therapies can be used
as effective adjuncts to conventional medical
treatment for a number of common clinical
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conditions, creating thus opportunities for further
clinical research.

“Information”: A Key Element?

In the interdisciplinary approach of many MBTs,
“information” is often cited as a key property of
the human organism to integrate internal and
external inputs, including therapies, to reach a
favorable medical outcome [5–7, 9, 11]. This
characteristic feature is considered “innate” and
is often used to explain to the patient the healing
process driven by the specific technique used.
Nevertheless, a clear understanding of how
“information” spreads throughout the entire
organism, reaching every single cell process, is
still lacking, especially if we take into account
physical parameters such as velocity or thermo-
dynamics. Quantum biology [124], a new field of
research recently come to the attention of investi-
gators, might provide a solid scientific base to
explore in depths information inside mind-body
connections and could likely offer scientists a new
paradigm to decode many medical issues, espe-
cially those currently lacking a biochemical expla-
nation or a pharmacological remedy. Seth Lloyd
defines quantum mechanics a collection of “digi-
tal gift to nature,” and information would be one
of these gifts [125]. The information is constituted
by fundamental units called bits, each
representing the distinction between two possible
states. The other gifts are the information pro-
cessing, which in nature reaches higher levels of
efficiency (e.g., in the DNA), and the randomness,
which allows for variations, essential for the evo-
lutionary process [125]. Superimposition, entan-
glement, and other quantum properties, described
in the next section, are the way quantum uses to
process and spread information.

Quantum biology takes advantage of recent
progress in atomic-scaled biological chemistry
and studies behavior of subatomic particles
involved in biochemical processes, like electrons
and protons responsible for biochemical bonds in
peptides [126] or the single potassium ion in an
ion channel on a cell membrane [127]. In the next
paragraphs, quantum biology will be introduced,

and its possible key role in decoding some human
biology processes will be explored.

Quantum Biology: A Possible
Mechanism Underlying Mind-Body
Medicine?

Between late 1920s and mid-1960s, Niels Bohr
(1885–1962) and Erwin Schrödinger (1887–1961),
two of the main physicists who studied atomic
structure and developed quantum mechanics,
dealt with the issue of physic aspects of life
[128, 129]. Bohr exposed his hypotheses in a
series of lectures about the quantum and the
description of the nature (in 1929), about the
connection between biology and atomic physics
(in 1937), and between quantum physics and the
problem of life (in 1962) [128]. Schrödinger tried
to explore phenomena like the property of gene
structure, which involves a relative small number
of atoms, to display “a most regular and lawful
activity — with a durability or permanence that
borders upon the miraculous” [129]. In the late
1960s, Frohlich suggested that in biological sys-
tems, thanks to their dielectric properties, a ran-
dom supply of energy might not be completely
thermalized but in part used to maintain a coherent
wave in the substance [130]. He considered the
existence of a long-range coherence in the living
systems which, even if relatively stable, are in
some respects far from thermal equilibrium.
From a physical point of view, cells membrane,
with a remarkable thickness and a complicate
shape, can maintain a strong dipolar layer thanks
to local vibrations, in which the positive and the
negative part of a particular membrane section
vibrate against each other leading to an oscillating
electric dipole. The author concluded that biolog-
ical systems might have the ability of storing
supplied energy in a highly ordered form [130].
Nevertheless, until the beginning of the twenty-
first century, most of the scientists considered the
living cell an environment too warm and wet and
too noisy to allow delicate quantum processes. An
important turning point was the discovery that
three of the main biological phenomena, photo-
synthesis, enzyme reaction, and avian compass,
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actually function through the quantum properties
of superimposition (photosynthesis), proton
tunneling (enzyme reaction), and entanglement
(avian compass) [124, 131–139].

These properties can be described with mathe-
matical functions; nevertheless, such a specific
description would require a technical knowledge
not common in the medical and biological com-
munity. However, many educational books are
available (the reader is referred to work by Jim
Al-Khalili [140, 141]), and several collaborations
between biologists and physicists are producing
interesting research papers [127, 142, 143]. In the
next paragraph, a non-mathematical description
of quantum biology basic principles will be
provided.

Photosynthesis. Superimposition is described
as a property of the waves and of the quantum
particles, which can exist in two different states at
the same time. There is an image commonly used
to explain superimposition to nonspecialized pub-
lic (Fig. 1), in which the reader can see one vase
OR two faces, but they exist at the same time. It is

“the choice” of the reader’s mind to make visible
one or the other. This “choice” might represent
what is described as wave function collapse, when
the wave is reduced to a single state. This is
exemplified by the assessment of position instead
of velocity (wave function collapse occurs when
the position of an electron has been determined; in
this case the electron’s state becomes an “eigen-
state of position,” meaning that its position has a
known value, but velocity is unknown) [144,
145]. The electrons in the photosynthetic pro-
cesses are in a superimposed state until they col-
lapse, according to the variable environmental
conditions, and trigger the biochemical cascade
transforming photons in chemical energy, in the
best solar panel known.

Enzyme reaction. Proton tunneling refers to
quantum tunneling property, which is the phe-
nomenon where a particle tunnels through a bar-
rier that it classically cannot surmount [146]
(Fig. 2). In some enzyme-catalyzed reactions, pro-
tons move from one molecule to another by
tunneling, with particles passing through an

Fig. 1 One vase or two
faces image, to intuitively
describe quantum
superimposition
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energy barrier rather than having to increase the
energy to overpass it [134–136, 140]. In particu-
lar, investigators described the reaction pathway
for tryptamine oxidation by aromatic amine dehy-
drogenase and showed that proton transfer occurs
to the oxygen molecule of aspartic acid 128 beta
in a reaction dominated by tunneling over about
0.6 angstroms [134].

Avian compass. Some migratory birds have the
ability to sense variations in earth’s magnetic field
and to discriminate between the pole and the
equator. The bird’s eye contains molecular struc-
tures each absorbing an optical photon, and the
absorption of a single photon creates two unpaired
electrons which exist in a state of quantum entan-
glement, a form of coherence in which the orien-
tation of one spin remains correlated with that of
the other, no matter how far apart the radicals
move [124]. Each of these unpaired electrons
has an intrinsic angular momentum, or spin, that
can be reoriented by a magnetic field, and when
the radicals separate, one unpaired electron is
influenced by the magnetism of a near atomic
nucleus in the bird’s eye; the other feels only
earth’s magnetic field and is away from the atomic
nucleus influencing the former electron. The two
unpaired electrons, despite the distance separating
them, remain “in contact” in an entanglement
state, giving the bird the ability to hook earth’s
magnetic field until reaching the geographical
destination. Investigators found that in this living
system, this entanglement is sustained for at least
tens of microseconds, more than what occurs in
the best comparable artificial molecular systems
[138]. Recently, type IV cryptochrome was found

to be the most likely candidate magneto-receptor
of this light-dependent magnetic compass [139].

If some of the basic life functions are explained
with quantum mechanics, it is plausible to ima-
gine a similar approach for human biology. Sev-
eral investigators tried to uncover possible
quantum properties in the central nervous system,
studying mind and consciousness, and in the
immune system, which are both characterized by
a network structure and by an incredible effi-
ciency in terms of information transfer and subse-
quent biochemical response.

The Definition of “Mind”

In 2013 Sahu and colleagues published a manu-
script where they described a particular physical
property of the brain microtubule [147], that is,
that a microtubule is a memory-switching element
which shows quantum vibrations. Microtubules
are major components of the cell structural skele-
ton, and authors suggest that EEG might derive
from a deeper level of such vibrations and con-
clude that treating brain microtubule vibrations
could be beneficial for patients suffering mental,
neurological, and cognitive diseases. This discov-
ery corroborates a theory of consciousness named
orchestrated objective reduction (Orch-OR) con-
ceived by Sir Roger Penrose and Stuart Hameroff
in the mid-1990s [148]. This theory hypothesized
that mind is a quantum computer able to manage
multilevel layers of information and the according
reactions. The unit of such a computer would be
the microtubule structure thank to the quantum

Fig. 2 Quantum tunneling
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property of tubulin to be in two superimposition
states. These quantum states might extend
through the nervous system by entanglement
between adjacent neurons through gap junctions.
They suggested that quantum vibrational compu-
tations in microtubules are “orchestrated”
(“Orch”) by synaptic inputs and memory stored
in microtubules and terminate according to the
Diòsi-Penrose scheme of “objective reduction”
(“OR”), hence “Orch OR.”

Clinical trials using transcranial ultrasound to
trigger brief brain stimulation aimed at microtu-
bule resonances with megahertz mechanical
vibrations reported improvements in mood [149]
and are considered potentially useful against
Alzheimer’s disease and brain injury in the future.

Other investigators consider tubulin “too big”
to allow quantum processes and identify in the
cellular ion channels in the nerves a biological
structure governed by quantum processes [127,
140], accepting anyway the idea of a quantum
behavior of the brain.

Immune System and “Quantum
Immunology”

A single autoimmune T-cell receptor (TCR) is
able to recognize more than a million different
peptides, and this property is at the basis of the
self-non-self-discrimination, one of the most
important biological functions. The conceptual
basis to explain the self-non-self-discrimination
phenomena was first proposed by Burnet with
the clonal selection theory [150], which implies
that each TCR interacts with a specific antigenic
peptide-major histocompatibility complex
(pMHC) ligand. Nevertheless, evidence from
both experimental and theoretical approach
showed that each TCR is, on the contrary, capable
of interacting with several ligands, a property
known as TCR degeneracy [151]. On the basis
of their experimental results, Antipas and col-
leagues proposed that the TCR degeneracy
might be caused by interactions at atomic level
between the two proteins, whereby different
pMHC ligands, with almost identical stereochem-
istries, can induce different quantum chemical

behavior in the single TCR, followed by activa-
tion of different downstream signaling, according
to the specific insult. This phenomenon would
depend directly on the peptide’s electron spin
density and would be expressed by the proton-
ation state of the peptide’s N-terminus [126, 152,
153]. In other words, the interaction would take
place at the atomic level of the primary protein
structure of the two proteins involved and
would follow quantum mechanics roles. This
implies that the fundamental properties of the
immune system behavior would lie in the quan-
tum level of reality, justifying the term quantum
immunology proposed by Antipas and col-
leagues [126].

Conclusion: Mind-Body Medicine and
Quantum Biology – A New Paradigm?

Considering all the above-reported evidence, it is
possible to speculate about a new paradigm aris-
ing from recent progress in either medicine, biol-
ogy, or physics.

1. Nervous system and peripheral cells have a
mutual information exchange through the
action of immune system which is in cross
talk with both structures.

2. Sympathetic and parasympathetic nervous sys-
tems’ opposite effects go beyond the well-
known action on heart rate, being involved in
continuous allostatic response to face internal
and external inputs perturbing the entire psy-
chophysical system.

3. Several factors, from the external environment,
from the inner world of the consciousness and
subconsciousness, and from physical body
dysfunctions, can perturb the allostatic balance
maintained by the incessant dialogue between
nervous system, immune system, and periph-
eral cells.

4. The ability of these systems to spreads infor-
mation throughout the entire organism, trigger-
ing biochemical responses, might be explained
by quantum properties of the subatomic parti-
cles that constitute biological molecules, in
particular peptides.
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5. The evidence that photosynthesis, enzyme
functions, avian compass, ion channels, tubu-
lin, and T cells recognition of antigens are
based on quantum properties like entangle-
ment, superimposition, tunneling, and quan-
tum chemical behavior allows researchers to
postulate a new way of approaching biological
and medical problems. This way might involve
the use of low-frequency electromagnetic
fields or other forms of waves controls, already
under investigations [154–157], to trigger bio-
chemical reactions with therapeutic purposes.

6. In case the ORCH-OR theory will be defini-
tively demonstrated, the consequences in the
fields of neurology, psychiatry, and, in general,
in medicine will be huge and will probably
explain many phenomena reported by mind-
body therapists. Indeed, if the entire mind and
the autonomic nervous system prove to be a
sort of quantum computer in continuous entan-
glement with itself and with the entire internal
and external environment, it would be clear
that those MBTs able to manipulate the organ-
ism at several level might trigger an integrated
and coherent response.

7. Finally, if the quantum behavior of immune
cells will be further demonstrated, the role of
a cross talk between brain, immune system,
and peripheral cells would be of greater
importance.

In conclusion, if the quantum biology research
will continue to develop so rapidly, we can expect
the emergence of a new type of medicine, which
will probably be called quantum medicine.
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Nociception, Sympathetic Nervous
System, and Inflammation 7
When the Heart and the Skin Speak the Same
Language
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Abstract

Sympathetically maintained pain syndromes
(SMPs) are a heterogeneous group of painful
disorders typically worsened by sympathetic
activation and improved by sympathetic block-
ade. From a clinical standpoint, SMPs have
long been known, and the first attempt to per-
cutaneously block a sympathetic ganglion to
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control pain was reported in 1934. Neverthe-
less, the pathophysiology of these disorders is
yet to be fully elucidated. A pathological noci-
ceptive activation/pain processing, autonomic
dysregulation, and immune-inflammatory dys-
functions are thought to be the main mecha-
nisms. Of note, similar mechanisms may also
be involved in pathological pain perception at
the cardiac level, as it likely happens in the
cardiac syndrome X. In this chapter, an over-
view of the molecular mechanisms linking
inflammation, sympathetic nervous system
(SNS) overactivity, and nociceptive activation
at the cutaneous as well as the cardiac level will
be provided first. The surgical procedures of
sympathetic block/removal used to treat sym-
pathetically mediated cutaneous and cardiac
conditions will be then discussed. Finally, a
working hypothesis for the emerging clinical
issue of post-thoracoscopic sympathectomy
neuropathic pain will be provided. Indeed,
thousands of people all over the world
underwent thoracoscopic sympathectomy
(consisting in the surgical removal of the first
sympathetic thoracic ganglia) for essential
hyperhidrosis, with few or no reported cases
of postoperative neuropathic pain. On the con-
trary, neuropathic pain is being reported with
increasing frequency in patients with
channelopathies/cardiomyopathies undergoing
thoracoscopic sympathectomy for anti-
arrhythmic purposes. These patients, particu-
larly those with cardiomyopathies, have exag-
gerated sympathetic tone and reflexes,
combined with neuronal remodeling processes
affecting the sympathetic ganglia. Neuropathic
pain in this setting might be related to post-
denervation supersensitivity, consistently
favored by the abovementioned mechanisms.

Keywords

Sympathetically maintained pain syndromes ·
Cardiac syndrome X · Cardiac sympathetic
denervation · Thoracoscopic sympathectomy ·
Postoperative neuropathic pain

Introduction

The two branches of the autonomic nervous sys-
tem (ANS), namely, the sympathetic (SNS,
thoracolumbar) and the parasympathetic (PNS,
craniosacral) nervous system, share a common
embryonal origin from the neuronal crest [1].
From a functional point of view, they mediate
peripheral effects in the supplied tissues in
response to the demands of the sensory system
and the central nervous system (CNS). Sympa-
thetic control originates from preganglionic neu-
rons in segments T1–L3 of the spinal cord, while
parasympathetic outflow stems from pregangli-
onic neurons in nuclei of CNS and in segments
S2–S4 of the spinal cord [2, 3]. Most autonomic
effectors are modulated by dual, continuous sym-
pathetic and parasympathetic influences. Of note,
the sympathetic-parasympathetic interaction,
which occurs at several levels from the periphery
to the CNS, is complex and goes far beyond pure
antagonism. It has long been known that SNS and
PNS are functionally complementary and are both
essential to guarantee physiological homeostasis
in health and adequate response to pathological
stimuli. Despite that, only in the present century
the strong influences of the ANS on inflammation
and immune response started to be unraveled.
Even more recent is the discovery that the ANS,
besides strongly influencing pain perception at the
central level, is also involved in modulating noci-
ceptive activation at the peripheral level. Finally,
the strong contribution of inflammatory processes
affecting the ANS in several pathological condi-
tions is an area of intense research. In this chapter,
we will debate the similarities between the skin
and the heart concerning the mutual interplay
between nociception, SNS, and inflammation. A
pathophysiological description and some clinical
examples of sympathetically mediated/favored
nociception at the cutaneous and cardiac level
will be presented first. The surgical procedures
of sympathetic block/removal used to treat sym-
pathetically mediated cutaneous and cardiac con-
ditions will be then discussed. Finally, a working
hypothesis of the mechanisms leading to post
operatory neuropathic pain after thoracoscopic
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sympathectomy in patients with cardiac disorders
will be presented.

Cutaneous and Cardiac Innervation

Summary: Cutaneous and cardiac innervations
have similarities and peculiarities. At both levels,
the afferent (sensitive) innervation conveys infor-
mation about physical stimuli, chemical stimuli,
and painful stimuli. The skin has specialized sen-
sitive structures as well as naked nerve endings,
while the heart only has the seconds. In both
districts, TRPV1 (transient receptor potential cat-
ion channel subfamily V member 1) channels
expressed on afferent fibers play an important
role in sensitive activation. Painful information
from both districts conveys on the dorsal horn of
the spinal cord.

Efferent innervation both at the cutaneous and
at the cardiac level is provided by autonomic
fibers only. The skin receives sympathetic efferent
fibers that control blood vessel, hair bulbs,
arrector pili muscles, and sweat glands, with pri-
marily thermoregulatory purposes in physiologi-
cal conditions. Except for the trigeminal district,
the skin lacks a direct parasympathetic innerva-
tion. On the other hand, the heart has both a
sympathetic and a parasympathetic efferent inner-
vation, which physiologically modulates all the
electrical and mechanical properties of the heart.
Figures 1 and 2 show the main components of
cutaneous and cardiac innervation, respectively.

Cutaneous Innervation

The skin is our main source of interaction with the
surrounding world. It is constituted by two mutu-
ally dependent layers, the epidermis and the der-
mis, that cover a deeper fatty subcutaneous layer,
the panniculus adiposus. The epidermis primarily
derives from surface ectoderm, but it is subse-
quently colonized by pigment-containing melano-
cytes of neural crest origin, antigen-processing
Langerhans cells of bone marrow origin, and pres-
sure-sensing Merkel cells of neural crest origin.

The dermis has a mesoderm origin and contains
collagen, elastic fibers, blood vessels, sensory
structures, and fibroblasts [4].

As a sensitive organ, the skin is provided with
highly specialized sensitive structures able to
detect various physical stimuli such as light
touch, pressure, cold, and heat. On the contrary,
painful stimuli are transmitted through naked
nerve endings, mostly located in the basal layer
of the epidermis and in the dermis. These spe-
cialized peripheral sensory neurons are also
known as nociceptors. The overall morphology
of these cell types is highly conserved among
animal species, from rodents to humans [5].
Still, cutaneous nociceptors are an extremely
heterogeneous group of neurons, and the pheno-
typical differences reflect their capability of
being activated by different types of noxious
stimuli.

Adequate stimuli encompass temperature
extremes (> ~40 �C–45 �C or < ~15 �C), intense
pressure, and chemicals signaling potential or
actual tissue damage. Cutaneous nociceptors are
usually electrically silent [6]. Indeed, action
potential generation and transmission only occur
after noxious stimulation and do not automatically
translate in pain perception, which is a very com-
plex summation process with multiple sites of
modulation along the neuraxis [7]. Like other
primary somatosensory neurons, nociceptors are
pseudounipolar neurons having their cell body in
the dorsal root ganglion (DRG) or trigeminal gan-
glion (TG). Their peripheral sensory endings are
in tight proximity to keratinocytes, mast cells, and
Langerhans cells, providing them the capability to
constantly monitor the status of the skin. Noci-
ceptive afferent information travels with different
conduction velocities depending on the character-
istics of the axons. Most nociceptors have small
diameter unmyelinated axons (C-fibers)
supporting conduction velocities in the range
between 0.4 and 1.4 m/s [8]. They are responsible
for the low onset perception of pain. On the other
hand, a minority but very important subgroup of
nociceptor is served by larger diameter myelin-
ated axons (A-fibers, mostly in the Aδ range), able
to guarantee conduction velocity as high as
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5–30 m/s. Those neurons are essential for the
initial fast-onset pain perception which is a crucial
alerting signal in all animal species [6]. The con-
duction velocity together with the sensitivity and
threshold to different noxious stimuli is used to
classify nociceptive neurons [9]. The most
represented units are those provided with C-type
fibers and sensing thermal, mechanical, and
chemical stimuli (polymodal units) [10, 11]. A-
fiber nociceptors are predominately heat- and/or
mechanosensitive. The specificity for the type of

excitatory stimulus is based on a differential
molecular expression profile, particularly regard-
ing the chemical sensors. C-type nociceptor nor-
mally insensitive to mechanical and heat
stimulation might become sensitive during
inflammation [12, 13]. Therefore, inflammatory
mediators are not only able to lower the activation
threshold of a specific noxious stimulus but also to
promote the sensing of other type of stimuli.
Despite the molecular profile associated with
stimulus specificity is yet to be fully elucidated,

Fig. 1 Cutaneous innervation in humans (T1–T4 derma-
tomes). Blue: afferent nervous system with its ganglia:
nodose ganglia and T1–T4 dorsal root ganglia (DRG).
Red: sympathetic efferent nervous system. The three strata
of the skin, represent, from the top to the bottom, epider-
mis, dermis, and subcutis. All the afferent and efferent

structures except for the nuclei in the central nervous
system (CNS) are bilateral, although mostly represented
as unilateral for simplicity. There are several types of
sensitive corpuscles in the skin, but only one is reported
for simplicity. Brain stem nuclei involved in pain pro-
cessing are not reported either
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some pathways were indeed defined. Concerning
chemical signaling, the ion channel TRPA1 (tran-
sient receptor potential ankyrin 1) has been iden-
tified as a general sensor for noxious irritating
electrophilic compounds including allyl isothio-
cyanate ([mustard oil, AITC) and
cinnamaldehyde, the active pungent ingredients
in hot mustard and cinnamon, respectively [14,
15]. Not only TRPA1 is sensitized by inflamma-
tory mediators [16], but endogenous reactive
chemicals may also act as effective agonists of
the channel [17]. Interestingly, the burning

sensation of hot mustard (AITC) that can be
evoked in a subgroup of TRPA1-expressing neu-
rons might be also mediated by another channel,
namely, the TRPV1 (transient receptor potential
cation channel subfamily V member 1) channel.
Indeed, AITC is a strong chemical activator of a
subset of TRPV1-expressing neurons. TRPV1,
also known as capsaicin receptor or vanilloid
receptor 1 (VR1), is a cationic ion channel that
besides mediating nociception (for both chemical
and heat noxious stimuli) [18] is also involved in
body temperature monitoring and regulation [19].

Fig. 2 Cardiac nervous system organization in humans.
Blue: afferent nervous system with its ganglia: nodose
ganglia and C7–T4 dorsal root ganglia (DRG). Green:
parasympathetic efferent nervous system. Red: sympa-
thetic efferent nervous system. All the afferent and efferent
structures except for the autonomic nuclei in the central
nervous system are bilateral, although mostly represented
as unilateral for simplicity. Cardiac afferent fibers traveling
across the paravertebral sympathetic ganglia (usually
referred to as cardiac sympathetic afferent fibers) directly
reach the DRG without having synapsis before. These
fibers mediate cardio-cardiac sympathoexcitatory spinal
reflexes that significantly increase the sympathetic output

to the heart. The direct nociceptive pathway from the
dorsal horn to the cortex is not shown for simplicity.
Cardiac sympathetic denervation (CSD) consists in the
surgical removal of the thoracic sympathetic chain and
paravertebral ganglia from T1 to T4. Since ipsilateral
DRG are spared by CSD, an afferent reinnervation from
the DRG to the heart is theoretically possible with time. On
the other hand, the efferent sympathetic system from T1 to
T4 is interrupted at a preganglionic level; therefore, no
ipsilateral efferent sympathetic reinnervation is possible
after CSD. Modified from V. Dusi et al [214] with
permission
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Of note, TRPV1 is also highly expressed at the
cardiac level, as will be explained later.

Sympathetic innervation to the skin has a pri-
marily thermoregulatory function. Sympathetic
efferent fibers control blood vessels (sudomotors),
hair bulbs (pilomotors), and sweat glands
(sudomotors) [3, 20, 21]. Of note, sympathetic
inputs to the sweat glands are the only one medi-
ated by acetylcholine (acting via M3 muscarinic
receptor) rather than noradrenaline. In physiologi-
cal conditions, the intensity of skin sympathetic
nerve activity is mainly determined by the environ-
mental temperature and the emotional state of the
subject. Both nutritive skin body flow and arterio-
venous skin body flow are under sympathetic con-
trol (alfa and beta-adrenergic). The second one is
mediated by low-resistant arteriovenous shunts that
play a central role in thermoregulation [3, 20]. Of
note, three local axon reflexes contribute to skin
blood flow regulation, two of which under sympa-
thetic control: the axon flare response, the
sudomotor axon reflex, and the venoarteriolar
reflex. Particularly relevant here is the axon flare
response, a form of neurogenic inflammationmedi-
ated by nociceptor C-fiber terminals [22]. Nocicep-
tive activation by chemical or mechanical stimuli
produces antidromic release of neuropeptides
(mainly substance P and calcitonin gene-related
peptide) that, in turn, cause local blood vessel
dilatation and increase in permeability both directly
and indirectly through mast cell degranulation and
subsequent histamine secretion. Folgueras et al.
[23] even suggested that mast cell degranulation
generally requires direct interaction between mast
cells and peripheral nerve terminals, which they
found to be mediated by the calcium-dependent
cell adhesion molecule N-cadherin.

Finally, from an anatomical point of view,
cutaneous nerves (that contains both sensitive
afferent and sympathetic efferent fibers) follow
the route of blood vessels to the skin. Each cuta-
neous nerve may contain fibers from several indi-
vidual spinal nerves. The skin area supplied by a
single spinal nerve, or a single segment of the
spinal cord, is termed as dermatome, and adjacent
dermatomes may overlap considerably. It follows
that cutaneous nerve areas are generally broader
and wider than dermatomes.

Cardiac Innervation

The cardiac neuraxis is structurally and function-
ally extremely complex and can be divided into
two systems: the extrinsic and the intrinsic cardiac
nervous system (ICNS). The former follows typ-
ical patterns in most people, although variants are
seen [24–26]. It is constituted by the mediastinal
cardiac plexus, the paravertebral sympathetic
ganglia, the nodose ganglia, the dorsal root
ganglia (DRG), the spinal cord, and the brain
stem. The main extracardiac afferent stations,
containing pseudounipolar neural cells, are the
nodose ganglia (inferior ganglia of the vagus
nerve) and the DRG (from C7 to T4–T5 spinal
cord level) [27–29]. These neurons have long
peripheral branches that travel along cardiac
nerves. Afferent fibers traveling along vagal
nerve branches (commonly defined as cardiac
parasympathetic afferent fibers) go straight from
the heart to the nodose ganglia, which are located
at the level of the transverse process of the first
cervical vertebra. Afferent fibers projecting to the
DRG (commonly referred to as cardiac sympa-
thetic afferent fibers) travel across the para-
vertebral sympathetic ganglia, without having
synapsis. Of note, a small percentage of neuronal
bodies of sensory neurons have been recently
identified also in other intrathoracic extracardiac
ganglia [30].

Cardiac sympathetic preganglionic neurons
have their soma in the intermediolateral column
of spinal cord (T1–T4 levels) and synapses on
postganglionic neuron located in the lower cervi-
cal and upper thoracic paravertebral ganglia. The
lowest cervical ganglion (C8) and the highest
thoracic ganglion (T1) are usually fused to consti-
tute the left and the right stellate ganglia (also
referred to as cervicothoracic ganglia). These
structures convey a consistent amount of cardiac
sympathetic postganglionic fibers. The remaining
is mainly provided by the left and right T2–T4
paravertebral ganglia. Most of parasympathetic
preganglionic neurons are in the ventral lateral
region of the nucleus ambiguus. Efferent fibers
enter the cervical trunks of the vagus nerves and
then synapse on the postganglionic parasympa-
thetic neuron located within various atrial and
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ventricular ganglia of the cardiac plexus [31].
Finally, the ICNS is constituted of multiple gan-
glionated plexi located in the epicardial fat. It
contains a plethora of neuronal bodies, including
afferent and efferent neurons as well as interneu-
rons and local circuit neurons.

From a functional point of view, cardiac affer-
ent fibers can be classified as mechanosensory,
chemosensory, or multimodal (transducing both
modalities) [32, 33]. All of them can be activated
during myocardial ischemia and can mediate car-
diac nociception. Of note, cardiac sympathetic
afferent fibers are considered the main anatomical
pathway for cardiac nociception [33, 34].

Like in the skin, also at the cardiac level,
TRPV1 channels play an important role in facili-
tating noxious activation and are expressed in both
unmyelinated C-fibers and thinly myelinated Aδ-
fibers [35]. As already mentioned, TRPV1 chan-
nels can be activated by several chemical and
physical stimuli including bradykinin [36], noxious
heat (>43 �C) [37], endovanilloids [38], protons
(extracellular Ph < 6) [39], and free radicals [40].
A direct capability of TRPV1 channels to respond
to mechanical stimuli has never been demonstrated
so far, although hypothesized [41, 42]. Indeed,
TRPV1 channels are members of the superfamily
of transient receptor potential (TRP) protein chan-
nels, known for being multitasking. Mechanical
force has been proposed as a unifying, common
strategy for TRP channel gating. Of note, TRP
channels are capable of functioning as stretch-acti-
vated channels even when stimuli that initiate the
cascade signaling are not mechanical [41].

Cardiac afferent fibers providing the special-
ized mechanosensitive and chemosensitive
receptors include both sympathetic and parasym-
pathetic fibers. Sympathetic afferent fibers are
quantitatively predominant at the ventricular
level, with the potential exception of the infero-
dorsal wall [43]. Indeed, inferior myocardial
ischemia in humans is often associated with
robust transient vagal reflexes producing brady-
cardia and hypotension [43, 44]. This phenome-
non, also referred to as Bezold-Jarisch reflex [45],
has been explained by the preferential distribution
of cardiac receptors along with afferent vagal
pathways in the inferior wall of the left ventricle.

ANS, Inflammation, and Nociceptor
Activation

Summary: The interaction between ANS and
pain is complex and takes place at several levels
of the neuraxis. In this section, the focus will be on
the peripheral mechanisms leading to a chronic
increase in nociceptor activation. Both at the cuta-
neous level and at the cardiac level, the main
actors are immune/inflammatory dysfunction,
autonomic dysregulation, and microvessel dys-
function. All these mechanisms can exponentially
potentiate one each and contribute to establish a
vicious circle. At the cutaneous level and in the
setting of a previous injury, sympathetic activa-
tion can directly evoke nociceptive activation
through α 1-AR-mediated pathways. Despite
molecular data are still lacking, clinical evidence
suggests that similar mechanisms may also take
place at the cardiac level. Both at the cutaneous
and at the cardiac level, the ANS has a major,
direct, role in modulating the immune/inflamma-
tory response through the sympathetic/parasym-
pathetic interaction. Most cell types involved in
immune/inflammatory responses were proved to
express adrenergic and/or cholinergic receptors.
Figure 3 summarizes the main mechanisms
involved.

In healthy subjects, short-term activation of the
SNS suppresses pain mainly by descending inhi-
bition of nociceptive transmission in the spinal
cord. In reverse, chronic activation of the SNS
may consistently increase pain perception through
several mechanisms. In the periphery, inflamma-
tion and nociceptive activation are both enhanced.
At the spinal level, descending inhibition is
reversed to facilitation [46]. Finally, at the cortical
level, the awareness of all these changes leads to
anxiety, which furthermore amplifies pain percep-
tion, affects pain behavior, and depresses mood
[47].

The mutual interplay between nociception
and SNS as key components of the alert system
is further confirmed by embryological data.
Indeed, somatic nociceptive sensory nerves are
sub-classified into nerve growth factor (NGF)
and glial cell line-derived neurotrophic factor
(GDNF)-dependent nerves [48]. NGF is a
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prototypic member of the neurotrophin family
that is pivotal in the differentiation, survival,
and synaptic activity of the cardiac sympathetic
nervous system [49, 50]. NGF knockout mice
showed a poor degree of differentiation of neu-
rons in the DRG and absence of the pain reflex to
tail pinch [51]. In diabetic rats, a reduced NGF
expression was found to correlate with deterio-
ration in cutaneous sensory function and
decrease in CGRP- and substance P-
immunopositive nerves (both markers of NGF-
dependent nociceptive sensory nerves) [52, 53].
Similar findings were confirmed at the cardiac
level. The development and regulation of
the cardiac sensory nervous system were proved
to be dependent on NGF synthesized in the
heart, and diabetes-induced NGF reduced
expression was associated with cardiac sensory
neuropathy [54].

ANS and Nociceptor Activation at
Cutaneous Level

The physiological activation of postganglionic
sympathetic efferent fibers of the skin during
cooling or stress tasks is not associated with pain
in healthy subjects. Even the injection of clinically
active doses of catecholamines is not painful. The
potential of catecholamine injection to produce an
activation of C-fibers under the threshold for
nociception but enough to induce an axon reflex
flare [19] was specifically assessed, with negative
findings [55]. However, an axon reflex flare can be
induced in case of catecholamine delivery by con-
stant current iontophoresis (transdermal drug
delivery by the application of a voltage gradient
on the skin) [56], suggesting that, during
coactivation of C-fibers by the electrical current,
catecholamines might increase excitability or

Fig. 3 Autonomic nervous system, inflammation, and
pain perception, with focus on the peripheral mechanisms
leading to a chronic increase in nociceptor activation at the

cutaneous and at the cardiac level. Brain stem nuclei
involved in pain processing are not reported for simplicity

124 V. Dusi



sensitize nociceptors in intact skin. Accordingly,
cutaneous injection of catecholamines [57] was
proved to sensitize heat-sensitive C-fibers. Indi-
rect effects (e.g., local vasoconstriction) combined
with the direct activation of constitutionally
present but physiologically less important α1-
adrenoreceptor (AR) on C-fibers have been advo-
cated as concurrent mechanisms [58]. The α1-AR
agonist phenylephrine evokes thermal hyperalgesia
in the mildly burnt skin of human volunteers, and
the α 1-AR antagonist terazosin blocks this
response [59]. In contrast, in the same model, two
agonists and antagonists had no effect on thermal
hyperalgesia in the healthy skin.

The effects on C-fibers of acetylcholine (ACh),
the second transmitter of the SNS at the cutaneous
level (sudomotor fibers), are different. Injection of
ACh induces a dose-dependent burning sensation
[60]. Iontophoresis of Ach, besides inducing an
axon reflex sweating, is associated with a simul-
taneous neurogenic flare response [61]. Neverthe-
less, physiological concentrations of Ach in
human tissue are expected to be rapidly degraded
by choline esterases [28]. Overall, the impact of
ACh release in human skin on C-fiber-mediated
nociceptive activation is controversial. Bernardini
et al. [62] suggested that depending on the type of
ACh receptors, nicotinic or muscarinic (M2),
expressed on C-fibers, ACh might also reduce
nociceptor responses.

ANS, Inflammation, and Immune
Response at Cutaneous Level

Catecholamine was proved to modulate the activ-
ity of dendritic cells, a class of antigen-presenting
cells crucial for immune surveillance and coordi-
nation of the host response [63]. Compared to
macrophages and B cells, dendritic cells are the
most effective antigen-presenting cells [64].
Mature dermal resident dendritic cells, also
known as Langerhans cells, may arise from circu-
lating common dendritic cell precursors or from
circulating monocytes [65]. The accumulation,
activation, and maturation of resident dendritic
cells and their circulating precursors are promoted
by antigen capture and/or nociceptive activation,

such as during trauma or local inflammation
[66–68]. After activation, mature dendritic cells
migrate to the draining lymph node to promote
either adaptive or innate immune responses. In
both cases, the consequent inflammatory cascade
leads to a regional response associated with acti-
vation and colony expansion of monocytes, den-
dritic cells, and osteoclasts within the blood
stream and bone marrow [69, 70]. The tight ana-
tomical association between dendritic cells and
epithelial nerve fibers [71, 72] was the first evi-
dence suggesting the existence of a “neuro-
immuno-cutaneous system,” potentially very rel-
evant in the pathophysiology of inflammatory
disorders. Subsequently, dendritic cells were
found to express multiple neuronal markers as
well as neurotransmitter and neuropeptide recep-
tors [73–77]. Moreover, IL-6 (and other
neurotrophins) produced by Langerhans cells
can stimulate nerve differentiation [78]. Dendritic
cells express both α1 and β2 adrenergic receptors
(ARs), with opposite biological effects. α1-ARs
stimulate while β2-ARs inhibit dendritic cell
migration. Accordingly, β2AR activation in skin
and bone marrow-derived dendritic cells in
response to norepinephrine (NE) decreases inter-
leukin-12 (IL-12) and increases anti-inflamma-
tory IL-10 production which in turn
downregulates the inflammatory cascade [79].
During inflammation, immune cells undergo
downregulation of β2 and upregulation of α1-
ARs [80], resulting in amplification of the inflam-
matory cascade. Similarly, whenever α1-ARs
become overexpressed by the resident or recruited
immune cells, SNS activation is predicted to cause
pain and other inflammatory signs via cytokine
release. This is also the case of some allergic
responses, where contact sensitizers may inhibit
local NE turnover in the skin, resulting in immune
reaction amplification [80]. Finally, SNS may also
indirectly modulate inflammation through its
effect on lymph nodes and lymphatic vessels,
both provided of catecholaminergic sympathetic
innervation. Lymphatic vessel constriction asso-
ciated with SNS over activation can amplify the
inflammation-related edema [81].

Moreover, there are also consistent data
suggesting the presence of adrenergic receptor-
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mediated pathways on human monocytes/macro-
phages. β2-ARs are mainly considered anti-
inflammatory, although Grisanti et al. [82]
recently suggested the existence of β-AR (possibly
β1-AR) mediated pro-inflammatory responses. α-
AR may potentially mediate both pro- and anti-
inflammatory responses, and careful investiga-
tions are still needed to define their rule.

Another cellular type strongly involved in the
immune-inflammatory cutaneous response and
modulated by catecholamine are the mast cells,
albeit direct data on the cutaneous subtype are
scarce. Both ligand-binding studies and functional
data suggest that β-AR might inhibit IgE-medi-
ated histamine release from mast cells [83].
Accordingly, β-AR antagonists were able to pre-
vent desensitization of β-AR on human lung mast
cells induced by isoprenaline [84]. The inhibitory
adrenergic effect on human lung mast cells as well
as mast cells cultured from peripheral blood and
isolated form the intestinal mucosa seems to be
mediated by β2-AR [85, 86]. The effects on intes-
tinal mast cells are not limited to inhibition of IgE-
dependent release of histamine. Adrenaline, nor-
adrenaline, and salbutamol were also proved to
inhibit lipid mediators and TNF-α release, as well
as proliferation, migration, and adhesion to fibro-
nectin and human endothelial cells [87, 88]. Data
about the presence and the role of an α1-ARmedi-
ated pathway in mast cells are scarce [89].
Recently, Prey and coworkers [90] demonstrated
that human mast cells stain positive for both β1-
AR and β2-AR but are negative for β3-AR. As
already mentioned, the skin lacks a direct para-
sympathetic innervation, with the only exclusion
of the trigeminal district. Nevertheless, PNS mod-
ulates cutaneous immunity and inflammation
through its effects on local lymph nodes and sys-
temic cytokine release. These effects are part of
the so-called cholinergic anti-inflammatory path-
way, a strong anti-inflammatory pathway medi-
ated by the vagus nerve through the release of
acetylcholine [91–95]. First proposed by Tracey
and colleagues, the anti-inflammatory reflex
mainly consists in the direct inhibition of pro-
inflammatory cytokine release (i.e., TNFα, IL-1,
IL-18) from local macrophages and monocyte-
derived dendritic cells induced by neuronal

released ACh. The molecular mechanism is the
binding of ACh to the α7 subunit of nicotinic
receptors (α7nAChR) [91, 92, 96]. Only in the
spleen the effect is not directly mediated by neu-
ronal released Ach. Indeed, postganglionic
splenic neurons originating in the celiac ganglion
are adrenergic, not cholinergic [97], and NE
release subsequently stimulates ACh-producing
T cells [98, 99]. The autonomic modulation of
lymph node function was first suggested by
Wülfing and Günther [100], who showed that
these structures are surrounded and penetrated
by a rich neuronal meshwork that encapsulates
dendritic cells and macrophages.

Finally, ACh has also been implicated in the
balance of self-tissue recognition versus antigen
detection response of dendritic and other immune
cells [64, 100]. Both ACh receptors and ACh-
synthesizing enzymes are highly expressed in
human dendritic cells. The final effect of Ach
depends on the maturation state of dendritic cells
and is mediated by different subtypes of choliner-
gic receptors. In immature dendritic cells, ACh
stimulates both antigen processing and pro-
inflammatory cytokine release, whereas the oppo-
site occurs in mature dendritic cells [64, 100].

ANS, Nociceptor Activation, and
Inflammation at Cardiac Level

In humans, the mutual interplay between ANS,
nociceptor activation, and inflammation at the
cardiac level is fundamental to be understood
because it largely drives the clinical presentation
and the outcome of patients with acute myocardial
ischemia.

First, it is to be underscored that the cardiac
muscle, as opposed to the skin, is provided by a
double autonomic innervation (sympathetic and
parasympathetic). Therefore, as any other organ
provided with a vagal efferent innervation, the
heart is directly exposed to the vagal anti-inflam-
matory reflex. This concept might seem almost
obvious now but took long to be directly demon-
strated in the heart. In 2011, Calvillo et al. [101]
clearly showed that ACh exerts direct anti-inflam-
matory and anti-apoptotic effects at the cardiac
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level through nicotinic pathways. Indeed, right
vagal stimulation (VS) applied from 5 minutes
before myocardial ischemia to 5 minutes after
reperfusion in anesthetized rats, was associated
with a decrease in infarct size and in inflammatory
markers independently of the heart rate. The ben-
eficial effects of VS were associated with a
two fold decrease in the signal intensity of two
key cytokines involved in the recruitment of neu-
trophils (LIX, the IL-8 analogue in the rat) and
macrophages (MCP-1) and already known to be
essential for the entire innate immune process
associated with myocardial reperfusion injury
[102].

The strong and direct anti-inflammatory effect
of vagal activity at cardiac level is a key compo-
nent of sympathetic-parasympathetic antagonism.
It follows that the impact of autonomic balance at
cardiac level goes even beyond the control of all
electrical and mechanical properties of the heart
(inotropy, chronotropy, dromotropy, and
lusitropy). Of note, sympathetic-parasympathetic
antagonism involves several mechanisms along
the entire neuraxis, from the periphery to the
CNS. At the peripheral (cardiac) level, it includes
both presynaptic and postsynaptic mechanisms.
Presynaptic antagonism refers to the capability
to both types of autonomic neurons, when acti-
vated, to inhibit the synaptic release of neurotrans-
mitters in the other cellular type [103–105]. This
effect may by consistently magnified by other
neuropeptides, particularly in the case of sympa-
thetic efferent fibers. Indeed, NE itself is not
thought to significantly regulate cardiac vagal
Ach release within humans or guinea pigs’ hearts
[106, 107], although there is evidence of a short-
lived inhibition on Ach release due to NE in rat
atria via α-AR [108]. On the other side, neuropep-
tide Y (NPY), a sympathetic co-transmitter
mainly secreted during high- frequency neuronal
activation [109], strongly concurs to inhibit Ach
release from cardiac vagal postganglionic nerves
[110–113] through Y2 receptor activation [114].
A similar effect was also demonstrated for the
sympathetic co-transmitter galanin [115]. The
opposite effects of NE and Ach on
cardiomyocytes at postsynaptic level are mainly
mediated by the activation of antagonist

intracellular pathway following β1-AR and M2
receptor binding, respectively.

Concerning the direct effects of sympathetic
activation on inflammation, as already mentioned
AR are expressed on all the main cell types
involved in the immune-inflammatory response,
including macrophage, dendritic cells, and T and
B cells. Of note also NPY receptors have been
identified on these cell types, modulating phago-
cytosis, proliferation, and cytokine production
[116]. Nociceptor activation transmitted by sym-
pathetic afferent fibers is associated with a strong
cardio-cardiac sympathetic afferent reflex
(CSAR) leading to a powerful increase in sympa-
thetic efferent drive to the heart [117]. Spinal
sympathetic efferent neurons as well as sympa-
thetic efferent neurons in the intrinsic cardiac ner-
vous system are involved in this multiple loop
reflex [118]. In turn cardiac sympathetic efferent
activation, among the other effects, will further
favor inflammation and indirectly sensitize noci-
ceptor, acting as a vicious circle. CSAR, acutely
aimed to sustain cardiac output, has the drawback
of a consistent increase in metabolic demand,
inflammation, and arrhythmic susceptibility.

Clinical Examples of the Mutual
Interplay Between Nociception,
Sympathetic Nervous System, and
Inflammation

Complex Regional Pain Syndrome
(CRPS)

Summary: Complex regional pain syndrome
(CRPS), classified among the sympathetically
maintained pain syndromes, is a challenging clin-
ical disorder leading to debilitating chronic pain.
It may occur after a trauma (either directly dam-
aging a peripheral nerve or not) or, in a minority of
cases, even in the absence of it. The pathophysi-
ology of CRPS hasn’t been fully elucidated yet.
Several abnormalities have been consistently
reported, and a unifying theory including all of
them has been recently proposed. Cutaneous den-
dritic cells, involved in both inflammatory and
immune responses at the cutaneous level, seem
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to play a central rule. Their pathological activation
in the setting of a sympathetic neuronal damage
may lead to autoantigen presentation and conse-
quent production of autoantibodies. The presence
of autoantibodies against adrenergic receptors act-
ing as agonists, combined with supersensitivity to
circulating catecholamines, might help to explain
the favorable response of CRPS, at least in the
early stages, to pharmacological/surgical inter-
vention blocking the SNS.

The SNS has been clinically implicated in
numerous pain syndromes, generally referred to
as sympathetically maintained pain syndromes
(SMP). One of the most frequent among them is
the complex regional pain syndrome (CRPS), a
form of chronic pain usually affecting an arm or a
leg. CRPS is classified in two subtypes, with
similar signs and symptoms, but different causes.
CRPS Type 1 (once known as reflex sympathetic
dystrophy syndrome) occurs after an injury/
trauma not directly damaging nerves in the
affected limb. The pain is typically not limited to
the distribution of a single peripheral nerve and is
disproportionate to the triggering event. CRPS
Type 2 (once referred to as causalgia) follows a
distinct nerve injury but is not necessarily limited
to the distribution of the injured nerve [119]. Of
note, only 0.5–2% of injury/trauma patients
develop CRPS [120], and some patients with
CRPS have no history of trauma at all [121].
Clinical presentation is extremely heterogeneous
between different subjects and even in the same
subject according to the stage of the disease,
including warm or cold limb, edema, allodynia,
hyperalgesia, abnormal sweating, and skin and
nail tissue changes [122]. In the chronic phase of
the disease, most of the peripheral signs may
disappear leaving chronic severe pain as the
main symptom [123]. CRPS is a clinical challenge
because the diagnostic criteria continue to be
refined, reflecting the uncertainness on the patho-
physiological mechanisms, and effective thera-
peutic strategies, particularly in the advanced
stages of the disease, are scarce. Of note, the
positive response to the use of sympathetic nerve
blocks as a treatment for CRPS generally lasts less
than 12 months from the onset of symptoms
[124–126]. The pathogenic involvement of SNS,

inflammation, and immunity (with a central role
for dendritic cells) is known, particularly in the
first stages of the disease, but a definitive expla-
nation for this condition and its temporal evolu-
tion are still lacking. Recently, Russo et al. [127]
proposed a four-component model of CRPS
including tissue trauma, pathological pain pro-
cessing, autonomic dysregulation, and immune
dysfunction. According to their hypothesis, these
four components can vary in degree among dif-
ferent subjects in terms of homeostatic distur-
bance and relative time course of activation.
Particularly relevant to our topic is the relationship
between autonomic dysregulation (excess of sym-
pathetic activity relative to parasympathetic activ-
ity) and immune dysfunction. Pathogenic
autoantibodies against β2-AR, α1-AR, and M2
muscarinic receptors have been consistently iden-
tified in a subset of CPRS patients [128, 129]. In a
mouse IgG-transfer-trauma model for CRPS,
serum IgG from chronic CRPS patients induced
key clinical indicators of the human disease,
namely, swelling and mechanical hyperalgesia,
which supports the autoimmunity concept [130].
It is tempting to speculate that the relative sympa-
thetic overactivity in the first stages of CRPS
might be related either to autoantibodies acting
as adrenergic agonists on sympathetic neurons or
to adrenergic supersensitivity in the setting of a
progressive neuronal sympathetic damage (or to a
combination of both). Indeed, whereas efferent
denervation in the striated muscle produces paral-
ysis and atrophy, autonomic postganglionic effer-
ent denervation produces an exaggerated response
of the target when it is exposed to the neurotrans-
mitter [131]. This phenomenon, called denerva-
tion supersensitivity, is mediated by several
molecular mechanisms and might sensitize cuta-
neous nociceptors due to an increased expression
of α-ARs [132]. Of note, sympathetic relative
overactivity associated with parasympathetic dys-
function may also further potentiate the autoim-
mune response through mature dendritic cells
persistent activation and inhibition of the anti-
inflammatory reflex. In established chronic cases
of CRPS, the unfavorable interplay of tissue dam-
age, abnormal pain processing and spinal cord/
central sensitization, and immune dysfunction
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might explain the lack of response to sympathetic
nerve block [133].

Cardiac Syndrome X (CSX)

Summary: Among patients undergoing coronary
angiography because of angina symptoms typical
enough to suggest coronary artery disease,
10–30% are found to have “normal” or “near-
normal” epicardial coronary arteries at angiogra-
phy. A subgroup of these patients, more typically
postmenopausal females, presents features of
“cardiac syndrome X” (CSX). Two main patho-
genetic hypotheses, not mutually exclusive, have
been proposed for this syndrome: the ischemic
one, postulating a primary role for coronary
microvascular dysfunction, and the nonischemic
one, postulating a crucial role for impaired pain
perception/myocardial hypersensitivity to pain.
Accordingly, autonomic dysregulation and sys-
temic inflammation, two abnormalities

consistently detected in CSX patients, may be
involved/associated with both microvascular dys-
function and impaired pain perception, further
supporting the contribution of both mechanisms.
Figure 4 summarizes the actual view about the
main mechanisms involved in the pathophysiol-
ogy of CSX and the possible spectrum of
combinations.

The cardiac painful condition better known as
cardiac syndrome X (CSX) is traditionally defined
by the triad: angina-like pain exclusively or pre-
dominantly induced by effort, ST segment depres-
sion during spontaneous or provoked angina, and
normal epicardial coronary arteries at angiogra-
phy [134]. Any other cardiac condition (such as
cardiomyopathy, left ventricular hypertrophy, val-
vular heart disease) or systemic diseases (such as
hypertension or diabetes) known to influence vas-
cular function must be ruled out. Patients with
coronary artery spasm and those with objectively
documented extracardiac causes for the pain (such
as chest wall syndrome, psychological

Fig. 4 Pathogenesis of cardiac syndrome X (CSX). The
two main mechanisms implicated in CSX, namely,
impaired pain perception/sensitivity and coronary micro-
vascular dysfunction may coexist, with different degrees of
severity, in the same patient, leading to different possible
combinations of detectable ischemia and intensity of chest
pain. Of note, chest pain compatible with CSXmay also be
related to a purely impaired pain perception/sensitivity in

the absence of coronary microvascular dysfunction and
detectable signs of cardiac ischemia (nonischemic hypoth-
esis of CSX). Autonomic dysregulation and systemic
inflammation may be involved/associated with both micro-
vascular dysfunction and impaired pain sensitivity, further
supporting the contribution of both mechanisms in CSX
pathogenesis. Adapted from Kaski JC [216]
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disturbances, and esophageal spasm) are also
excluded. CSX is particularly common in post-
menopausal women and is often hard to diagnose
and even more to treat. Like for CRPS, the diffi-
culties in the management reflect the lack of a
unique pathophysiological explanation for this
syndrome, despite the sometimes very debilitating
symptoms. Several studies suggested a primary
microvascular dysfunction as the main cause of
CSX, and indeed the term CSX is often used as a
synonym for microvascular angina [135]. Still,
despite the latest technologies, as compared to
traditional angiography, which allow to detect
even subtle impairment in the coronary flow
reserve, the so-called ischemic hypothesis of
CSX has never been conclusively demonstrated
in all patients. In reverse, an alternative “non-
ischemic hypothesis” has been proposed. The
“nonischemic hypothesis” proposes that primary
alterations in pain perception and/or myocardial
hypersensitivity rather than microvascular dys-
function/myocardial ischemia alone might be the
causes leading to chest discomfort in a subgroup
of CSX patients [136]. The advent of accurate
neural and metabolic imaging techniques has pro-
vided a major contribution to the development of
this hypothesis.

Cannon et al. [137] were among the first to
suggest an impaired pain perception/hypersensi-
tivity in CSX. Patients suffering angina despite
normal/near-normal coronary arteries, as com-
pared to patients with established coronary artery
disease, hypertrophic cardiomyopathy, and valvu-
lar heart disease, had an increased cardiac sensi-
tivity to several stimuli including catheter
manipulation, intracoronary injection of contrast
medium, and cardiac pacing at various heart rates:
CSX patients experienced significantly greater
chest pain than the other groups in response to
all three stimuli. Intriguingly, altered pain sensi-
tivity in CSX patients was proved to be a gener-
alized phenomenon, including increased
susceptibility to peripheral stimuli such as electri-
cal and thermal skin stimulation and application
of a forearm tourniquet [137–139]. These results
well match with previous data on patients with
silent myocardial ischemia. Falcone et al. [140]
found a significant difference in dental pain
threshold and reaction in patients with and those

without anginal symptoms during exercise test-
ing, suggesting that the lack of cardiac symptoms
despite an ongoing myocardial ischemia might be
at least partially related to a generalized, non-
segmental hyposensitivity to pain.

Various aspects of the nociceptive pathway
have been investigated in CSX patients. Lagerqvist
et al. [141] showed an exaggerated response to
exogenous adenosine. This algogenic effect is
thought to be mediated via activation of A1 recep-
tors expressed on the perivascular sympathetic
nerve endings. Furthermore, administration of the-
ophylline (a nonspecific A1/A2 antagonist)
increased anginal threshold in these patients. Still,
the lack of response to bamiphylline (A1 receptor-
specific inhibitors) in the same group of patients
questions this intriguing mechanism as the main
responsible for increased nociception in CSX.
More recently, abnormalities in central pain pro-
cessing in CSXwere also proposed, including inef-
fective thalamic gate allowing unregulated
transmission of nociceptive stimuli to the cortex
[142] and lack of habituation to repeated painful
nociceptive stimuli [143].

Overall, like for the ischemic hypothesis, the
exact mechanisms and anatomical locations of the
neural abnormalities leading to abnormal pain
perception/modulation remain incompletely
understood. Yet, it must be acknowledged that
the two hypotheses are not mutually exclusive,
particularly if we bear in mind the tight relation-
ship between nociception, inflammation, and SNS
activation at cardiac level. Accordingly, Crea and
Lanza [135] proposed a possible functional link
between coronary microvascular abnormalities
and enhanced pain perception in CSX. The alter-
ations in cardiac afferent fibers might be the func-
tional response to repeated episodes of
microvascular dysfunction. Alternatively, the
increased reactivity of cardiac afferent fibers to
usually innocuous stimuli may be brought about
by systemic inflammation and/or metabolic
abnormalities. Another possibility is that a pri-
mary abnormality in cardiac afferent and auto-
nomic neural activity may be responsible for the
abnormal microvascular responses, possibly also
through mechanisms of neurogenic inflammation.
Several data support a combined hypothesis as
well as the involvement of SNS abnormalities
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and inflammation. First, both endothelium-depen-
dent and endothelium-independent mechanisms
of microcirculatory dysfunction have been
detected in each CSX patient. Some patients
simultaneously exhibit a profoundly abnormal
coronary microvascular vasoconstrictive response
(as investigated by coronary responses to ergono-
vine, hand grip, and/or cold pressor test), poten-
tially due to an increased sympathetic tone/
exaggerated response to α1-AR activation (hav-
ing a vasoconstrictor effect on coronary vessels)
[144]. Plus, Madaric et al. [145] showed that CSX
patients may have an exaggerated myocardial β-
adrenergic stimulation and/or response leading to
significantly higher intraventricular flow velocities
(IFV) in response to dobutamine, in the absence of
dobutamine-induced wall motion abnormalities.
Accordingly, treatment with the selective – β1-
AR blocker bisoprolol resulted in both a reduction
in angina score and normalization of IFV. Finally,
neuropeptide Y was recently proved to cause tran-
sient myocardial ischemia in patients with CSX
(probably through constriction of the small
intramyocardial vessels), but not in control subjects
or coronary artery disease patients [146].

The involvement of inflammation among the
pathophysiological mechanisms of CSX patients
is well defined. Accordingly, traditional cardiovas-
cular risk factors, insulin resistance [147], and
estrogen deficiency [148] have been reported to
be highly prevalent in CSX patients. Long et al.
[149] al showed that in CSX patients, the severity
of angina during exercise stress test was associated
to both increased serum high-sensitive C-reactive
protein levels and decreased brachial artery flow-
mediated dilatation in response to hyperemia (a
marker of systemic endothelial dysfunction).

Potential Rule of TRPV-1 Pathways in
CSX

Summary: The molecular/neuronal pathways
involved in the increased sensitivity to pain in
CSX patients are still under investigation. A
peripheral mechanism of increased nociceptive
activation appears particularly appealing and
might also concur to explain the autonomic dys-
function observed in some patients. Indeed, the

repetitive activation of sympathetic afferent fibers
by nociceptor stimuli may lead to a chronic
increase of the sympathetic output to the heart,
as well as a decrease of the parasympathetic tone.
TRPV-1 channels are constitutively expressed on
cardiac afferent fibers and can respond to multiple
stimuli including physical and chemical stimuli.
Therefore, an abnormal afferent signaling through
TRPV-1 channels might be implicated in the
abnormal pain sensitivity in CSX. Additionally,
TRPV-1 channels are also expressed on inflam-
matory cells (not constitutively) and on endothe-
lial cells, and a direct connection between TRPV1
dysregulation and coronary microvascular dys-
function has been described in animal models.

A very appealing molecular pathway linking
nociception, SNS activity, and inflammation,
potentially implicated in the pathophysiology of
CSX (besides many other cardiovascular condi-
tions) [150], is represented by TRPV-1 channels.
TRPV-1 channels are expressed by several cellu-
lar types at the cardiac level including not only
cardiac-sensitive fibers but also cardiac mono-
cytes/macrophages, vascular smooth muscle
cells, and endothelial cells [151]. Shipp et al.
[152] suggested that in mice with metabolic syn-
drome (a condition that shares several risk factors
with CSX), lowered glucose tolerance and
increased obesity may lead to a reduced expres-
sion of TRPV1 on cardiac monocytes. In turn,
TRPV1 downregulation was associated with
compromised myocardial energy supply and
metabolism. Bratz et al. [153] further extended
these observations showing that in mice with met-
abolic syndrome, a reduced TRPV1 functional
expression and/or dysfunction may underline the
coronary microvascular dysfunction via a nitric
oxide-dependent and large conductance calcium-
sensitive potassium channel-dependent pathway
[154]. Worth to mention here, the expression of
TRPV1 channels on cardiac afferent fibers is
thought to be constitutive, while TRPV1 expres-
sion on bone marrow-derived macrophages was
showed to be a protective pathway mainly acti-
vated by stressors. Pretreatment of bone marrow-
derived macrophages with evodiamine or capsai-
cin (TRPV1 agonists) was proved to alleviate
lipid accumulation and impaired the production
of MCP-1, MIP-2, and IL-6 [155]. Consistently,
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TRPV1 knockout mice undergo excessive inflam-
mation, disproportional left ventricular
remodeling, and deteriorated cardiac function
after myocardial infarction (MI), with increased
mortality [156]. On the contrary, chemical selec-
tive ablation of TRPV1-expressing cardiac affer-
ent fibers by epicardial application of
resiniferatoxin (RTX), a toxic activator of the
VR1 channel, provided powerful protective
effects against adverse cardiac remodeling and
autonomic dysfunction induced by MI in rats
[157]. The advocated mechanism is the acute
and chronic inhibition of CSAR. Indeed,
TRPV1-mediated CSAR activation was shown
to be upregulated in congestive heart failure
(CHF) animal models [158]. The biological com-
plexity of TRPV1 mediated pathways in the heart
is further substantiated by a very recent work of
Yoshie and colleagues [159]. They showed that
cardiac TRPV1 afferent fiber depletion by epicar-
dial RTX application enhances, rather than
reduces, reflex efferent sympathetic control of
normal porcine hearts, producing an increase in
basal activity of the stellate ganglia as well as an
increased responsiveness to cardiac stressors.
These results might seem contradictory as com-
pared with RTX effects in infarcted animals. Yet,
it must be remembered that TRPV1 expression on
cardiac-sensitive fibers is constitutive and that no
specialized “high-threshold” fibers (or nocicep-
tive fibers) have been described in the myocar-
dium. Therefore, the same TRPV1 channels
leading to an excessive CSAR in the setting of
pathological processes such as myocardial infarc-
tion and/or cardiomyopathies may have an impor-
tant regulatory function in the beat-to-beat
physiological control of the heart.

Sympathetic Ganglia Block/Removal
as a Common Treatment for SMPs,
Essential Hyperhidrosis, Angina
Pectoris, and Ventricular Arrhythmias

Not surprisingly in view of the frequently
observed clinical relationship between chronic
SNS activation and pain, several attempts to

control pain through sympathetic nerve block/
removal have been performed over the years.

Due to the relatively accessible anatomical
location, the stellate ganglia (SG) have been a
preferential site of intervention. Percutaneous
pharmacological blockade of SG (SGB) via
anatomical landmarks has been safely reported
since 1934 [160] for the treatment of sympa-
thetic-related pain syndromes. More recently,
an ultrasound-guided approach [161] has been
reported. In responder patients, the beneficial
effects on pain control of SGB generally exceed
the half-life of drug used to perform the block
(such as lidocaine or bupivacaine) but rarely
last longer than few weeks. As already men-
tioned, the efficacy of SGB in CRPS type I is
dependent on the time interval between symp-
tom onset and treatment initiation, with signif-
icantly less efficacy after the first 6–12 months
[162].

To achieve long-lasting effects and because the
second and third thoracic ganglia are considered
pivotal in the upper limb sympathetic innervation,
several techniques of surgical removal of the first
thoracic sympathetic ganglia were implemented
over the years. The first thoracic sympathectomy
was performed by Alexander in 1889 to treat an
epileptic patient, but the procedure gained larger
popularity only in the 1920s for the treatment of
essential palmar and axillary hyperhidrosis [163].
Accessing the sympathetic chain in the chest cav-
ity by conventional surgical methods (“open sym-
pathectomy”) was technically complex. The
posterior thoracotomic approach, requiring resec-
tion of the ribs, was developed in 1908. A less
invasive but more surgically challenging
approach, namely, the supraclavicular approach,
was proposed in 1935. Finally, in 1942, Hughes
was the first to report about thoracoscopic sympa-
thectomy [164]. The procedure was systemati-
cally developed as a minimally invasive surgical
technique only several years later (1980s) and
started to spread all over the world since the
early 2000s. Nowadays, the so-called video-
assisted thoracoscopic surgery (VATS) is largely
used for the treatment of several conditions related
to disruption of the sympathetic activity to the
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skin such as essential (or primary) palmar/axillar
hyperhidrosis, Raynaud’s syndrome, and SMP/
CRPS. Case series of thousands of patients
affected by palmar/axillar hyperhidrosis treated
with VATS sympathectomy/sympatholysis have
been reported, showing an overall very good
safety profile of the procedure [165, 166]. The
only significant side effect described was the
excessive compensatory increase in sweating in
other parts of the body, being the abdomen,
thorax, back, thighs, and/or groin regions the
more likely to be affected. According to the dis-
tribution of pain/hyperhidrosis, sympathectomy/
sympatholysis typically targets T2–T3 for the
treatment of palmar affections and T2–T3–T4
for the treatment of palmar/axillary combined
conditions [167]. The lower half of the stellate
ganglia (T1) is usually spared to avoid Horner’s
syndrome. Despite the significant number
of patients undergoing upper thoracic sympa-
thectomy for these indications, few data on
the immunohistochemistry and the anato-
mopathology of the removed sympathetic
ganglia have been reported so far. Dai et al.
[168] found an increased expression of choline
acetyltransferase (ChAT) and vasoactive intesti-
nal peptide (VIP) in sympathetic ganglia
obtained from patients with palmar hyperhidro-
sis as compared to controls. More recently, Chen
et al. [169] studied the ganglionic expression
levels of ChAT, VIP, and synaptophysin in 66
patients with palmar hyperhidrosis undergoing
thoracoscopic T4 sympathectomy. They found
no differences in patients reporting compensa-
tory hyperhidrosis after sympathectomy as com-
pared to those who did not developed the
complication. Of note, ChAT and VIP can be
considered as nonspecific markers of cholinergic
preganglionic sympathetic nerve activity. There-
fore, they only provide limited information about
resting sympathetic preganglionic trafficking.
Indeed, the driving hypothesis of the first study,
namely, that patient with hyperhidrosis have a
functional overactivity of the sympathetic post-
ganglionic fibers that travel through the upper
thoracic sympathetic ganglia, is supported by
several clinical data [170, 171].

Cardiac Sympathetic Denervation:
History and Current Indications

In 1916, Jonnesco [172] was the first to surgically
remove the left SG in a patient suffering incapac-
itating angina pectoris and ventricular arrhyth-
mias. Both conditions were effectively
suppressed. Still, the fear of potential detrimental
effects of left stellectomy on the coronary flow
initially limited the diffusion of the technique. In
1929, Leriche and Fontaine [173] clearly showed
that cardiac sympathetic nerves exert a vasocon-
strictive effect on the coronary arteries rather than
a vasodilator one as previously thought. Subse-
quently, several clinical studies in Europe and in
the USA explored the antianginal effects of left
SG surgical removal [174–176], overall confirming
Jonnesco’s findings. The optimal antianginal effi-
cacy was provided by cervicothoracic sympathec-
tomy, consisting in the surgical removal of the
stellate ganglion together with T2–T4 thoracic
ganglia. The procedure, also known as cardiac
sympathetic denervation (CSD), generally spared
the upper half of the stellate ganglia (where most of
the ocular fibers transit) to avoid Horner’ syn-
drome. Finally, in the 1960s, despite its efficacy,
left CSD (LCSD) was progressively abandoned for
the treatment of angina due to the widespread dif-
fusion of surgical coronary artery bypass graft and
of β-AR blockers [177]. LCSD usage was subse-
quently resumed for the treatment of ventricular
arrhythmias (VAs) in patients affected by long QT
syndrome (LQTS), an inherited arrhythmogenic
disorder characterized by increased susceptibility
of structurally normal hearts to catecholamines.
First proposed by Moss and McDonald in 1971
[178], LCSD usage in LQTS was then largely
promoted by the Italian group of PJ Schwartz
[179–181] who also provided a strong and com-
prehensive experimental rationale for the proce-
dure (direct acute antiadrenergic effects combined
with increase in the ventricular fibrillation thresh-
old) [182–185]. Nowadays, LCSD is a mainstay in
the management of both LQTS and catecholamin-
ergic polymorphic ventricular tachycardia (CPVT)
[186] another inherited arrhythmogenic disorder
characterized by increased susceptibility of the
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heart to catecholamines [214]. LCSD with anti-
arrhythmic purposes was initially performed
through the supraclavicular approach [187], subse-
quently abandoned in favor of VATS. In 2012, the
American group ofAckerman (Mayo Clinic, Roch-
ester) [188] provided the first clinical evidence of
LCSD effectiveness in patients with structural heart
diseases (SHD) and refractoryVAs. Avast program
of CSD in patients with SHD was subsequently
undertaken by the group of Shivkumar (UCLA,
Los Angeles). In this setting, bilateral CSD
(BCSD) was suggested to be more effective than
LCSD in reducing VA recurrences [189] and
improving outcome [190, 215]. The UCLA group
also reported the first human analysis of the
removed sympathetic ganglia. First, they showed
a significant neuronal enlargement and an
increased synaptic density in the stellate ganglia
of patients with SHD who received CSD as com-
pared to controls [191]. Few years later, they fur-
ther enriched the description of the sympathetic
ganglia in the same type of patients [192] showing
the presence, besides neuronal hypertrophy, of
inflammation, neurochemical remodeling, oxida-
tive stress, and satellite glial cell activation. These
data fully confirmed preclinical findings showing a
significant and bilateral extracardiac neuronal
remodeling in the setting of SHD [193, 194]. Of
note, Rizzo et al. [195] recently found mild but
distinct inflammatory infiltrates composed of CD3
+ and CD8+ T cells and macrophages in the sym-
pathetic ganglia of LQTS/CPVT patients undergo-
ing LCSD because of refractory VAs. Accordingly,
they proposed T-cell-mediated cytotoxicity toward
ganglion cells as a potential pro-arrhythmic mech-
anism in these patients with structurally normal
heart, leading to an increase in cardiac sympathetic
efferent activity.

Neuropathic Pain After Cardiac
Sympathetic Denervation: Is It
Post-denervation Supersensitivity?

As already mentioned, VATS is now the most
common surgical technique used to perform high
thoracic sympathectomy, both for cardiac and for
non-cardiac conditions. The intervention is

performed under general anesthesia through
three small thoracic incisions per side in each of
three different intercostal spaces. LCSD in
patients with channelopathies and sympathec-
tomy for cutaneous conditions usually require
less than 1 h to be performed [196], while CSD
in SHD generally takes longer mainly because of
the hemodynamic and respiratory liability of the
patients. The UCLA group reported a median
surgical time of 164 min for BCSD in SHD
patients [197].

In recent years, VATS usage has been consis-
tently implemented in major thoracic surgery
[198]. In this setting, VATS implementation was
associated with a significant reduction in mortality
and morbidity, including a reduced incidence in
postoperative neuropathic pain (also known as
post-thoracotomy pain) [199]. This type of pain,
not uncommon after major thoracic surgery, can
become chronic and disabling. It is typically asso-
ciated with burning, shooting, shocking, and pres-
sure-like sensations [200]. A recent study reported
a median interval from surgical treatment to the
onset of neuropathic pain of 7 days [200]. Despite
its causes are yet to be fully elucidated, postoper-
ative neuropathic pain incidence after major tho-
racic surgery has been associated with patient-
related characteristics (such as preoperative use
of hypnotic medication), as well as procedure-
related characteristics (such as the duration of
the surgery, the type of surgery, and the early
postoperative pain intensity) [200, 201]. Accord-
ingly, despite the consistent overall amount of
patients who received VATS sympathectomy all
over the word for the treatment of essential hyper-
hidrosis, a significant incidence of post-proce-
dural neuropathic pain was never reported. On
the contrary, frequent cases of post-sympathec-
tomy neuropathic pain had been reported in the
1960s with the classical thoracotomic approach
[202].

In 2014, Vaseghi et al. [189] observed, among
the 41 patients with SHD who received VATS-
CSD (14 LCSD and 27 BCSD), a 10% incidence
of compensatory sweating and a 12% incidence (3
BCSDs and 1 LCSD patient) of symptoms com-
patible with postoperative neuropathic pain. In
2016, Antiel et al. (Mayo Clinic) [203] published
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a detailed analysis focused on the quality of life
(QOL) after VATS-LCSD in 62 patients with
potentially life-threatening cardiac
channelopathies/cardiomyopathies. They all filled
in dedicated surveys assessing general, physical,
and psychosocial QOL. Overall, these patients
showed a high degree of satisfaction with the
procedure. Nevertheless, a not negligible inci-
dence of shoulder blade pain and chest pain was
noticed. The presence of specific characteristics of
the pain (such as a burning sensation) suggesting a
neuropathic origin was not assessed. The results
were presented according to the age at the time of
LCSD: pediatric patients had a mean age of 9,
while adult patients had a mean age of 29 years.
Only a minority had SHD, being the majority
LQTS/CPVT patients. The incidence of persistent
shoulder blade pain after LCSD was 17% in child
and 53% in adults, while persistent chest pain was
reported by 33% of the child and 29% of the
adults. To prevent this side effect, the main centers
all over the world performing VATS-CSD are now
administering gabapentin prophylactically [204].
In our preliminary experience in Pavia, we
recently reported [205] an incidence of transient
neuropathic pain of 26% among 27 patients (22%
BCSD in SHD) who received VATS-CSD, despite
the perioperative administration of gabapentin. In
all cases, the symptoms resolved, generally in the
first 1–2 months after the procedure. The most
common sites of pain were the shoulder blade
region and the mammalian region, and patients
developing transient neuropathic pain often also
complained about significant compensatory
hyperhidrosis. The onset of symptoms was typi-
cally delayed and occurred after hospital dis-
charge, with the peak 1–2 weeks after surgery
(personal observations).

Although it is likely that the pathophysiology
of neuropathic pain after CSD (such as the one of
post-thoracotomy pain) is complex and that pro-
cedural as well as patient-related factors are
involved, the fact that no or very few similar
cases were reported in patients undergoing
VATS sympathectomy for non-cardiac reasons
is extremely intriguing. From an anatomical
point of view, the cutaneous regions more fre-
quently affected (the shoulder blade region and

the mammalian region) seem to overlap with the
thoracic lower boundaries of the dermatomes
T1–T4, at least according to the classical ana-
tomical map of Keenan e Garret [206]. These
dermatomes are largely deprived of their sympa-
thetic innervation as consequence of CSD but
still have intact sensitive innervation through
the DRG (Fig. 1). Therefore, the compensatory
increase in cutaneous sympathetic output under
T4 (to preserve thermoregulation) combined
with the exposure to circulating catecholamines
may evoke post-denervation supersensitivity
phenomena in these areas leading to nociceptor
C-fiber exaggerated activation. The crucial junc-
tion to sustain this hypothesis deals with the
mechanisms leading to α-AR overexpression on
nociceptive C-fibers, which, as previously men-
tioned, is not constitutive. VATS-related cutane-
ous incisions are minute and quickly recovering.
Still, they may activate the inflammatory cascade
and favor nociceptor sensitization. Moreover, a
tiny amount of air (subcutaneous emphysema) in
the thoracic wall, often subclinical, is not rarely
observed in patients treated with VATS and may
contribute to increase α-AR expression on noci-
ceptive C-fibers. Both these mechanisms, in var-
iable degrees according to the amount of acute
post operatory pain and the amount of emphy-
sema, could potentiate the plausible main driver
of nociceptor sensitization: the sympathetic
efferent fiber axonal degeneration. As already
proposed by ER Perl [132], post-ganglionectomy
peripheral degeneration of sympathetic efferent
fibers may strongly promote α-AR expression in
the surrounding C-fibers. Nociceptor sensitiza-
tion to sympathetic stimulation and adrenergic
substances via α-AR were proved after partial
injury of mixed peripheral nerves [207–209]
and had even been reported after regional
thoracotomic sympathectomy. Of note, features
of adrenergically induced responses after sympa-
thectomy appeared to be different from those
seen after mixed peripheral nerve damage
[210]. Accordingly, from a clinical standpoint,
post-CSD neuropathic pain symptoms seem to
lack a clear sympathetic trigger (on the contrary,
symptoms are often more accentuated during
night and/or at rest, personal observation).
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Yet, up to this point, the clinical dilemma is
still not solved: why subjects with cardiac
arrhythmias appear to be at so higher risk of
post-VATS sympathectomy neuropathic pain as
compared to patients with essential hyperhidro-
sis? The answer will not surprise the careful
reader. Patients with SHD undergoing CSD have
a prominent sympathovagal imbalance due to
underlying cardiomyopathy [211], characterized
by exaggerated sympathetic tone and reflexes
combined to increased levels of circulating cate-
cholamines [212]. Moreover, the prominent neu-
ronal remodeling of cardiac sympathetic ganglia
is likely associated with an accentuated inflam-
matory response after ganglionectomy. In turn,
the exaggerated peripheral release of cytokine/
grow factors may consistently increase the noci-
ceptive-sensitizing effects as well as the neuro-
genic pro-inflammatory effects in the denervated
dermatomes. Of note, the neuronal remodeling
demonstrated by Rizzo et al. in patients with
channelopathies might provide the basis for a
similar explanation in patients with refractory
ventricular arrhythmias and structurally normal
heart. Figure 5 briefly summarizes the overall
hypothesis.

Worth to mention here, neuropathic pain was
almost never reported in the past in both LQTS/
CPVT patients [181, 186] and post-myocardial
infarction patients [213] treated with supra-
clavicular LCSD, despite a more extended and
deeper surgical incision and a less delicate manip-
ulation of the sympathetic chain. The low inci-
dence of neuropathic pain might be explained
with the non-thoracic site of the surgical access,
less likely to contribute to sensitization of noci-
ceptive C-fibers in the denervated dermatomes.

Conclusion

The two branches of the autonomic nervous sys-
tem, namely the sympathetic and the parasympa-
thetic nervous system, are involved in the
regulation of almost all functions and processes
of the human body, including inflammatory
responses, peripheral nociception, and central
pain perception. Chronic sympathetic nervous
system overactivity, combined with pathological
nociceptive sensitivity/pain processing and
immuno-inflammatory dysfunctions, has been

Fig. 5 Working hypothesis for the genesis of post-cardiac sympathetic denervation (CSD) neuropathic pain
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implicated in the pathogenesis of disabling pain
syndromes both at the cutaneous and at the cardiac
level, such as the complex regional pain syndrome
and the cardiac syndrome X, respectively. Intrigu-
ingly, in both these conditions, local pain percep-
tion can be independent from the actual presence
of a noxious stimulus, can be worsened by sym-
pathetic activation, and can be improved by sym-
pathetic blockade. Molecular pathways involved
in the crosstalk between inflammation, sympa-
thetic nervous system overactivity, and nocicep-
tive activation at the cutaneous as well as at the
cardiac level are far from being completely under-
stood; TRPV1 (transient receptor potential cation
channel subfamily V member 1) channels might
play an important role. Finally, in this chapter, a
working hypothesis for the emerging clinical
issue of neuropathic pain following thoracoscopic
sympathectomy in patients with refractory ven-
tricular arrhythmias is provided. These patients,
particularly those with cardiomyopathies, have
exaggerated sympathetic tone and reflexes, com-
bined with an inflammatory neuronal remodeling
affecting cardiac sympathetic ganglia. In this set-
ting, the onset of neuropathic pain at the cutane-
ous level might be related to post-denervation
supersensitivity of nociceptive fibers to catechol-
amines mediated by non-constitutive α-adrenergic
receptors.
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Abstract

Emotions and stress have a great impact on
mental states and well-being, and the mind-
body problem has historically been conceived
as a continuum from dualism to physicalism.
Stress and emotions are undoubtedly defined
by the physical underpinnings but cannot be
reduced to them. Mental states, such as beliefs,
goals, or values, play also an essential role.
Moreover, despite stressful events are consti-
tutive part of our everyday, when personal
resources are not enough to deal with the situ-
ation, the physical homeostasis can be seri-
ously threatened. An important point is to
explore possible pathways connecting entities
like emotion and stress with the physical body,
and neuroinflammation seems to be an impor-
tant candidate.

This chapter aims to address the relation-
ship between stress, emotions, and mental
states in those inflammatory processes affect-
ing cardiovascular system. In particular, the
interaction of sympathetic nervous system
and cholinergic anti-inflammatory pathway in
modulate inflammation during stressful events
or mental disorders will be described.

Keywords

Emotions · Stress · Mental state ·
Neuroinflammation · Psychoneuroimmunity

Introduction

The fact that the brain and heart are connected has
begun to be increasingly understood in the bio-
medical scientific community in the last years [1].
Nevertheless, it cannot be stated the same regard-
ing the complex emergence of mental states
related to the undoubted interaction of diverse

physiological structures and processes. Indeed,
one of the most challenging and long-lasting
metaphysical questions revolves around the con-
nection between mind and body. Simply put, the
mind-body problem has historically been con-
ceived as a continuum from dualism to physical-
ism. That is, the existence of mind and brain as
independent substances in the case of dualistic
stances or matter and physical properties as the
only real substance in the case of physicalism. The
former position is wholly implausible from a
scientific perspective. The latter neglects the exis-
tence of mental states. A number of standpoints in
between the two extremes tried to explain how
body and mind are connected giving entity to the
both aspects [2].

This chapter aims to address the relationship
between stress, emotions, and mental states in
inflammatory processes. The reader could then
rightfully ask why to begin with a paragraph
focused on the core aspect of philosophy of
mind. It is not our goal to unravel such an intricate
issue but we do need to start from claiming that if
emotions, stress, and mental states are considered,
a non-reductive position should be adopted in
order to concede them an ontological status as
causal entities. What specific stance to take is
out of the scope of this chapter. However, first
and foremost, it is essential to incorporate an
embodied perspective in order to grasp the idea
that the whole body contributes to what we
conceive as mental states. Besides, despite the
existing dispute regarding the ontological status
of psychological properties (with solid arguments
for and against), we assume that mental states are
not either reducible to physical properties. In
this sense, stress and emotions are undoubtedly
defined by the physical underpinnings but cannot
be reduced to them. Mental states, such as beliefs,
goals, or values, play also an essential role. This
does not necessarily mean to adopt a
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constructivist perspective but rather the necessity
to take into account the different positions in order
to adopt a perspective as integrated as possible.

Emotions

There are different positions regarding the ontolog-
ical status of emotions, ranging from constructivist
positions to innate perspectives. There are three
main conceptualizations throughout the history
regarding emotions: one that sees emotions primar-
ily as experiences, a second one as evaluations, and
a third one as motivations. It could be possible to
say that one is the correct position, and all have
their strong arguments in favor and against.

Among the different positions, there are per-
spectives that hold the existence of emotions that
are innate or basic and thus transversal to all the
humans regardless the cultural specificities. In
the opposite pole, there are positions that claim
the cultural determination of emotions. Likewise,
there is a long-standing controversy whether they
are better grasped as discrete categories (e.g., sad-
ness, fear, surprise) or as dimensions (principally
in a circumplex model with arousal and valence as
axes) [3].

However, there are some undisputable points
that have reached a consensus among the different
stances. For instance, it is widely agreed that
emotion episodes entail certain physiological
underpinning, evaluations, expressions, subjec-
tive experience, and finally mental processes and
behavioral dispositions. Besides, it is also fully
shared the fact that emotions have intentionality
and variability.

In between, there are more or less integrative
perspectives, such as the one stated by Damasio
who describes that an emotion is the set of
changes produced in the body and connected to
certain mental content, process that in turn trigger
automatic responses in the body [4]. The process
by which the person takes into account different
options in a certain scenario makes him/her evoke
past emotions that were experienced in similar
contexts. These are the memories that elicit the
so-called somatic markers and help the person
decide in an intuitive way whether a situation

is positive or negative, for example, fearless or
fearful.

Additionally, emotions constitute the most
embodied of all the existing mental states. Per-
ceiving and thinking emotions is defined by a set
of specified corporal instantiations, which are
intrinsic parts of the phenomenon [5]. In this
vein, mental states constitute an essential element
in the information processing that we deploy
(intra- and interpersonally) and they are insepara-
ble from the physiological processes.

Stress

There are very divergent pathways that we take in
order to appraise certain stimuli depending on the
contextual factors and our perception in regards to
the resources that we have and we believe we have
to cope with the demands. Whether we perceive
control or not is determinant to elicit determinant
physiological responses, such as stress. The key
aspect is related to the situations in which stress
appears. In a generic way, it is possible to say that
it is commonly a phenomenon that occurs when
a person evaluates that the contextual demands
exceed the resources that she or he has to deal
with them [6].

From the beginning of our days and throughout
our entire lives, we are faced to obstacles, hassles,
challenges, and problems to be faced. Hence,
stressful events are constitutive part of our every-
day, and despite the fact that there are some objec-
tive factors (e.g., death of a love one or moving
from one country to a new one), the subjective
factors are determinant to explain the appearance
of a stressful event. Indeed, regarding the objec-
tive nature of stress is namely related to the
stressors; while the subjective aspect has to do
with the appraisal that a person does judging a
certain situation and the resources that she or he
has to cope with it. As a result, a stressful situation
can be understood as those situations in which an
individual perceives the own resources are not
enough to deal with the situation [7]. More
eloquently, Hans Selye already in 1956 defined
that stress as anything that seriously threatens
homeostasis [8].
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The classical perspective of homeostasis,
originally stated by Cannon [9], consists in the
ongoing maintenance and defense of vital physi-
ological processes. That is, in order to survive,
a system needs to be in a certain balance.
However, nowadays, it is widely agreed that the
stability is achieved through constant change
(allostasis).

Extensive research has focused on the mecha-
nisms that people implement in order to alleviate
the physical and cognitive burden associated with
that perceived stress. Coping styles, stress man-
agement techniques, self-regulation or emotion
regulation techniques are different traditions of
research but in all cases refer to the way people
implement certain behavioral, cognitive, or emo-
tional strategies to maintain allostatic load [10].
In other words, every living organism needs
to vary among plasticity and stability in order to
survive. Human beings are not the exception to
the rule and the complex system that conforms
every single subject redound in the necessity of
reaching a constant level of regulation that permits
to the individuals to pursuit their goals.

As stated by Logan and Barksdale [11]:

Frequent or chronic challenges produce dysregulat-
ion of several major physiological systems, includ-
ing the hypothalamic–pituitary–adrenal (HPA) axis,
the sympathetic nervous system and the immune
system.

Repeated and cumulative allostasis over time
causes allostatic load, and this overexpose to neural,
endocrine, and immune stress mediators results in
various organ diseases. For example, blood pres-
sure (one allostasis biomarker) is continuously ris-
ing and falling during the day according to physical
and emotional status [12]. However, repeated ele-
vated blood pressure (allostatic load) may increase
atherosclerotic plaques and stiffness of large arter-
ies leading to greater risk for cardiovascular disease.

Although the relationship between stress and
emotions is undisputable, the distinction between
them remains blurry. Stressful events unequivo-
cally elicit emotional responses, which in turn
may constitute a way to be prepared to cope with
the difficulties that the situation has presented.
This may be the case with both negative and
positive emotions.

Our appraisal may be biased or not, but in case
we constantly are under stressful events, there will
be a certain moment in which the body will not
have the capacity anymore to support the contex-
tual demands, and this is the moment in which an
overload can be the reason of the appearance of
chronic stress or mental disorders, such as emo-
tional disorders. Indeed, the same responses that
may be adaptive at a certain extent, if deployed
chronically, may become highly detrimental in
terms of health consequences. In particular, there
can be a suppression of different vital systems.
Research has largely indicated that exposure to
stressful situations in life is linked to the appear-
ance and maintenance of a vast array of clinical
conditions throughout the whole life span.
Illustrative examples are posttraumatic stress
disorder [13] or major depression [14].

One process that has shown to play an instru-
mental role in the moderation and mediation
between stress and health is emotion regulation
(ER). Emotion generation and emotion regulation
are essential processes that all persons deploy. All
emotions are useful if they are deployed at the
right moment and with the right intensity and
duration. The capacity to implicitly or explicitly
manipulate emotional states plays an instrumental
role to create adaptive responses to cope with
stressful situations. When the person does not
have developed skills and constantly deploy mal-
adaptive strategies to regulate the emotion, then
the individual elicits negative psychological and
physiological health outcomes (e.g., depression
and stress-induced cardiomyopathy) [15–18].

This process has an undeniable biological pro-
cess. Experienced stressful events trigger the acti-
vation of the nervous system, both the central and
autonomous system. With regard to the peripheral
activity, it was Walter Cannon at the dawn of the
twentieth century who introduced the concept of
fight-or-flight response as the behavioral conse-
quence of experiencing acute stress. Indeed, there
are pure biological definitions of stress, such
as the one that states that it is any stimulus that
derives in the activation of the HPA system,
releasing ACTH and adrenal glucocorticoids as
well as the activation of the SAM system, releas-
ing adrenaline and noradrenaline [19].
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It is precisely the parasympathetic activity the
process that better explains the relationship
between mind, brain, and heart. The respiratory
sinus arrhythmia and the high frequency of heart
rate variability are the most reliable indexes of
control vagal control, which in turn constitutes
the best available correlate of emotion regulation.
The vagal regulation of the heart is fostered
through the myelinated pathways that are origi-
nated in the nucleus ambiguous. The vagal tone is
considered as a break that is inhibited or
disinhibited depending on the contextual demands
[20]. If the environment is perceived as a threat,
the sympathetic system is activated and accord-
ingly the vagal brake inhibited. On the contrary, if
the context is considered as safe, there takes place
a process called visceral homeostasis that enables
restoration through a slow activity of the heart,
an inhibition of the previously mentioned fight-
or-flight response as well as reducing the prod-
uction of the HPA axis. In other words, vagal
withdrawal constitutes a fundamental process
when stress responses are elicited [21].

The neurovisceral theory is another principal
systematic explanation of how self-regulation
processes work. In words of Thayer and Lane
[22] this

theory describes a common reciprocal inhibitory
neural circuit associated with self-regulation pro-
cesses in which subcortical structures underpinning
defensive behavior (e.g. the amygdala) are under
tonic inhibitory control of prefrontal cortical
regions. In case of threat or stress, the prefrontal
cortex becomes hypoactive, leading to parasym-
pathetic withdrawal and disinhibition of the
sympathoexcitatory circuits that activate the organ-
ism to respond to the threatening event.

The most relevant aspect of these two theories
is how they solidly integrate brain and heart and in
turn how these systems affect and are affected by
emotional and stressful states. Indeed, there is a
long-standing tradition connecting cardiovascular
and emotional states. In particular, mental stress
and emotional arousal have shown to be potential
triggers of acute myocardial infarction among
other cardiac problems [23, 24].

Although the multifaceted characterization
of emotions and stress, when it comes to find

markers to distinguish adaptive from maladaptive
processes, the parasympathetic system, in partic-
ular the cardiac activity, arises as a key process. In
particular, the cardiac vagal control (CVC) con-
stitutes the most reliable indicator of the efficiency
of the parasympathetic activity [20, 22].

From the existing indexes of CVC, certain
indexes of heart rate variability (HRV), in partic-
ular the high frequency (HRV-HF) of the spectral
analysis, has gathered ample evidence as the most
reliable one. Specifically, its combination with
the respiratory sinus arrhythmia (RSA) has been
suggested as the best indicators of CVC and
therefore is considered transdiagnostic markers
of psychopathology as well as cardiovascular
diseases [25–27].

The role of RSA and HF-HRV as peripheral
markers of parasympathetic regulation is primar-
ily supported by polyvagal and neurovisceral inte-
gration theories. In particular, the rationale is that
high resting RSA or HRV-HF amplitude as well as
a high withdrawal during stressors and recovery
after the stressor represents a more adaptive
response to any contextual demand. On the con-
trary, low resting RSA or HRV-HF and a reduced
withdrawal during a stressful situation is associ-
ated with maladaptive responses to situational
challenges. In this vein, it is consistent to grasp
why literature has consistently shown that people
with mental disorders like depression or anxiety
disorders present particular maladaptive patterns
of RSA and HRV-HF reactivity [28–30].

HRV-HF both at the reactivity and resting state
has shown to be regulated by cortical activity and
to impact on and be impacted by mental states. In
this sense, it is difficult to ascertain which, if there
is some, structure that is at the core of the final
observable behavior. The link is principally
defined in the sense that brain activity is fed by
oxygen that naturally is transported in the blood.
In this sense, all changes in blood affect the brain
activity and in MRI this can be seen in the oscil-
lations of blood oxygen level dependent (BOLD).
High values of HRV-HF cannot be explained just
by a simple random variability but as a conse-
quence of the heart activity in response to oscilla-
tory signals, specially blood pressure feedback
or breathing. When the breathing and baroreflex
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feedback loop can be synchronized at the same
frequency, resonance is generated [1]. In turn, this
synchronization impels high amplitude physio-
logical oscillation activity in the brain.

Respiratory Sinus Arrhythmia (RSA) as
a Predictor

Apart from constituting a solid indicator of phys-
iological regulation, RSA has gathered mounting
evidence in regards to the capability of RSA func-
tioning in the prediction of different psychopath-
ological conditions, principally in depression
and its trajectory [31–34]. RSA has been even
founded to be important as a predictor of outcome
in different treatments, like psychotherapy for
social anxiety disorder [35] or panic disorder
with agoraphobia [36]. For depression, the emerg-
ing literature suggests that RSA could constitute
an endophenotype in this clinical condition [37]
and the fact that RSA predicts the onset of the
disease is one of the criteria.

Stress and Emotion Regulation

Given that avoiding stressful situation is not pos-
sible in life, the way individuals can cope with
affective responses that those situations elicit
is fundamental to explain the appearance of
maladaptive responses which in turn can lead to
the development of mental disorders and physical
diseases [38]. The whole process by which
the individuals aim to influence the emotional
reactions involved both after stressful and non-
stressful events is denominated emotion regula-
tion [39]. Stress and emotion regulation are
related due to a physiological underpinning. The
activation of the HPA previously described is
also found to be important in emotion regulation,
in particular for children as a predictor in the
cortisol response.

Different brain regions have consistently been
found connected between stress and emotion reg-
ulation, such as the prefrontal cortex, the anterior
cingulate cortex, or the amygdala. There are some
brain regions that are shared by emotion

regulation and HRV, reason for which both pro-
cesses have been linked in an intrinsic way. In
particular, HRV presents activation in the regional
cerebral blood flow in ventromedial prefrontal
cortex and the amygdala, regions that are also
consistently identified with emotion regulation in
ample evidence [1, 40].

Stress and Perseverative Thinking

Perseverative thinking, including rumination and
worry, is considered a transdiagnostic factor for a
wide range of psychopathological conditions,
such as depression and anxiety [41]. There is a
large body of evidence showing that the differ-
ence between more adaptive and less adaptive
people is not principally determined by the num-
ber of stressful events but rather due to the per-
sonal disposition to processes like suppression,
worry, and rumination. In this sense, individuals
who usually deploy maladaptive ER strategies are
more prone to present stronger affective responses
and a blunt reaction in the cortisol system, all of
which is considered to depict the vulnerability to
health problems [42].

It is precisely perseverative thinking one of the
processes that has gathered more evidence to
explain the heart-brain interaction. The most
relevant concept is that perseverative thinking
represents a form of cognitive inflexibility,
which is represented both in the body and the
brain. While the bodily component is primarily
constituted by the rigidity of the autonomic activ-
ity which has shown specific patterns of heart rate
variability [43], the brain is principally defined by
the prefrontal-amygdala functional activity [44].
Indeed, there is a specific rumination form identi-
fied that is called stress-reactive rumination. This
kind of rumination is principally defined by the
connection of the ruminative thinking with a spe-
cific stressor [45].

There is also evidence showing between spe-
cific markers of stress like cortisol and rumination
[46–48]. Specifically, a repetitive thinking over
stressful events is associated with increased levels
of cortisol and activation of the cardiovascular
system.
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Stress and Cognitive Reappraisal

Reappraisal is one of the most researched strate-
gies among the emotion regulation literature. It is
defined as changing how think about a situation
with the aim of exerting influence on the way we
feel. Every time an individual reaches to manage
a particular emotional episode through the
reconfiguration of the environmental condit-
ions, both changing the perspective or the inter-
pretation of the events, it is called cognitive
reappraisal [49].

The relationship between reappraisal and stress
has been shown through different studies, arising
important findings such as the fact that reappraisal
is associated with heightened neuroendocrine
reactivity to acute stress, despite the fact that in
the long run (such as reduction of negative affect),
it is suggested as a more efficacious emotion reg-
ulation strategy [50].

Interventions in Emotion Regulation to
Target Chronic Stress

Taken together, all the previous research largely
indicates the importance of intervening at a psy-
chological and psychophysiological level in an
integrated way. In the next section, an overview
of some of the available evidence-based treat-
ments that there exist to increase the levels of
emotion regulation in clinical and nonclinical
populations will be presented.

Emotion regulation training/stress manage-
ment are quite similar approaches in which it
is sought that the person increases the abilities,
capacities, and disposition to cope with emotional
processes and stressful situations. There are spe-
cific trainings with the aim of creating more flex-
ible patterns regarding these strategies and all
of them are comprised under the family of
psychotherapies.

Likewise, as previously described, there
are physiological underpinnings in the process
of responding in a maladaptive way to stressors,
principally certain brain regions as well as the
cardiac vagal control. Biofeedback training both
on the neural parts involved in the inflexibility

of the vagal control as well as RSA and HF-
HRVare effective, improving the indexes of emo-
tion regulation and thus improving also the clini-
cal condition of a range of different mental
disorders [51].

Biofeedback
Biofeedback is a well-known technique allowing
an individual to use own psychophysiological
signals to be visualized in order to change them
indirectly trying to manipulate their visual expres-
sion and thus learning a set of implicit techniques
to manipulate own internal states.

Numerous studies have yielded evidence that
biofeedback can be an important treatment for a
wide range of clinical conditions, and although
scant research has particularly focused on emotion
regulation, it is consistent to assume that an
enhancement in emotion regulation constitutes
a mechanism of change that fosters the clinical
change. This is consistently from a theoretical:
HRV biofeedback constitutes a way of enhancing
emotion regulation due to the possibility, as pre-
viously stated, of synchronizing the baroreflex
and respiration cycle.

Heart Rate Variability Biofeedback
Heart rate variability (HRV) biofeedback is sup-
posed to work on respiration and a specific tech-
nique to change indirectly the variability in heart
rate for improving emotional regulation and other
psychological processes starting from the physio-
logical correlates.

Heart rate variability entails a chaotic structure
with superimposed oscillation frequencies, which
do not follow a linear relation between each other,
known as negative feedback loops.

There is meta-analytic evidence that bio-
feedback works for anxiety and stress-related dis-
orders [52].

Psychotherapy
Psychotherapy has emerged in the twentieth cen-
tury as a scientific tool in order to help people
dealing with their behavior problems, their severe
subjective discomfort, their experiential disorga-
nization, or their interpersonal problems, among
the many core targets. As a consequence of these
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enumerated issues, and given a complex inter-
action with genetic and environmental factors,
different symptoms may arise. When these symp-
toms are organized in certain ways, specific iden-
tified syndromes or what has been proposed as
mental disorders may emerge [54].

Initially rooted in a medical tradition, medicine
was then the main scientific field from which
psychotherapeutic practice was enriched. Freud,
in fact, was a neurologist who develop what he
denominated talking cure, and psychiatrists were
for many years the authorized professionals to
deliver psychotherapy. So, the psychoanalytical
tradition primarily comes from a medical origin.

Inflammatory Reactions Associated
with Stress, Mental State, and
Emotions-Possible Role in
Cardiovascular Disease

Clinical Clues

In an interesting work, Hänsel and colleagues
presented several evidence of the role of inflam-
mation as a biomarker in chronic psychosocial
stress [55]. The hypothalamic–pituitary–adrenal
(HPA) axis is one of the well-known pathways
of the stress-related biological responses, and
it was demonstrated that chronic stress-related
continuous stimulation of HPA axis leads to a
diminishing vagal activity with a consequent
increase of inflammatory processes [56, 57].
Interestingly, Cuffee and colleagues [58] link psy-
chological factors with hypertension, identifying
specific situation (e.g., occupational stress) in
which human body-mind system reacts to chronic
stress with a maladaptive response affecting car-
diovascular system. Notably, hypertension is
one of the mayor risk factors for heart disease,
stroke, diabetes, and heart failure [59–61], and is
strongly associated with inflammation and
neuroinflammatory pathways [57]. Moreover,
psychological stress has been proposed as one of
the main contributors to the progression of cardio-
vascular disease, through sympathetic-adrenal-
medullary axis, with catecholamine release
and heart rate and blood pressure elevation [62].

Of note, sympathetic activation and catechol-
amine release are known to be pro-inflammatory
factors, and chronic sympathetic stimulation is
considered a cause of systemic inflammation [57].
Remarkably, psychosocial stress is associated
with systemic low-grade inflammation stimula-
tion [63], especially in work-related stress where
IL-6 and CRP content increased in unemployed
subjects respect to workers. Even in burnout
condition, there is a CRP and TNF alpha increase,
and in case of low socioeconomic status,
a significantly higher levels in CRP over a 13-
year period were detected with respect to the
controls [63].

Avery interesting work connecting psycholog-
ical stress with inflammation and cardiovascular
disease is a review published in 2002 by Black
and Garbutt [64]. They presented data showing
that chronic psychological stress or repeated acute
stress episodes can lead to inflammatory activa-
tion followed by atherosclerosis both in humans
and in animal models.

Since the early 2000s, several investigations
showed correlations between psychological
state and immune system activation in humans
[55, 65–67]; in particular, it was reported cyto-
kines levels association with emotions and with
stress. The main finding was the description of
neuro-immune pathways, activated by psycholog-
ical distress, as mechanisms likely underlying
several cardiovascular diseases. In this section,
these association will be described.

Emotions and Inflammation

In 2019, a group of investigators explored the
problem of increased risk of cardiovascular dis-
ease and premature mortality in people suffering
recent bereavement due to the spouse death [68].
They found that bereaved individuals who met
or exceeded the grief cut point (established for
identifying “syndromal” levels of grief) had
higher levels of the proinflammatory cytokines
Interleukin-6 (IL-6), TNF-α, and IFN-γ, among
the plasma cytokines analyzed (IL-6, TNF-α,
IFN-γ, IL17-A, and IL-2). In the depression ana-
lyses, bereaved individual also suffering major
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depressive disorder exhibited greater elevations in
the cytokines IL-6, TNF-α, IFN-γ, and IL17-A
(the latter being strongly associated with hyper-
tension [57]).

Low socioeconomic status or social resources
were associated with hypothalamic–pituitary–
adrenal (HPA) axis dysregulation in pregnancy
[69]. As previously reported, HPA axis is the
system modulating stress and inflammatory
responses which was found to be involved in
stress-related hypertension [57]. Three years
later, Mitchell and colleagues correlated low
socioeconomic status (SES) and serum cytokine
levels in 67 pregnant women [70] finding that
greater meaning in life was associated with higher
levels of the anti-inflammatory cytokine IL-4 and
negative thinking was negatively associated with
IL-4. One of the cardiovascular complications in
pregnant women can be preeclampsia, and, in this
study, lower levels of IL-4 were found among the
seven women who had gestational hypertension
or preeclampsia.

Other studies on inflammation in fear and anx-
iety-based disorders indicate that pro-
inflammatory markers can directly modulate
affective behavior. In particular, high levels of
cytokines and C-reactive protein (CRP) have
been described in posttraumatic stress disorder
(PTSD), in generalized anxiety disorder (GAD),
in panic disorder (PD), and in phobias (agora-
phobia, social phobia, etc.). CRP is a molecule
strongly associated with increased risk of diabetes
and cardiovascular disease, with depression, anx-
iety, and stress [71]. Nevertheless, also gender, co-
morbid conditions, types of trauma exposure, and
behavioral sources of inflammation resulted to be
important factors in the maintenance of these dis-
orders. Dysregulation of the stress-axis and of the
sympathetic/parasympathetic tone, typical of anx-
iety disorders, could further increase inflamma-
tion and cardiovascular risk [72].

Finally, in a regression model, emotion
dysregulation was significantly associated with
higher C-reactive protein (hCRP) in women with
type 2 diabetes mellitus [73].

Interestingly, positive thoughts and emotions
and social cohesion enhance resilience and have
beneficial effects on cardiovascular diseases, in

particular by protecting against incident heart
failure after a cardiac event [74].

Alexander Lowen, a physician and psychother-
apist, former student of Wilhelm Reich, wrote that
purely verbal therapies may “help a person to
become conscious of his tendencies to deny, pro-
ject, blame, or rationalize, [but] this conscious
awareness rarely affects the muscular tensions or
releases the suppressed feelings.” At the same
time, a purely physical treatment of “body work
as massage and yoga exercises has a positive
value, but is not specifically therapeutic in itself.”
Lowen developed a series of physical exercises
combined with breath and emotional release,
called “bioenergetics,” as a tool of self-discovery
and therapy. Bioenergetics explores the link
between the body and the mind integrating “a
work with the body, with the patient’s interper-
sonal relationships, and with his mental processes;
each of which is correlated and interpreted in
terms of the others” [75, 76].

This particular form of therapy is described as
successful in most cases, nevertheless, so far, data
on inflammatory parameters in the blood before
and after exercise are still lacking. Considering
the close relationship existing among emotions,
their expression, and the HPA axis, it is plausible
to hypothesize a neuro-immune modulation acti-
vated by bioenergetics and its influence on the
body.

Stress and Inflammation

Das reported a study about the correlation
between inflammation and psychosocial distress,
describing analyses for linkages of CRP [71].
Observational studies reported that people
suffering schizophrenia, bipolar disorder, and
major depressive disorder have an increased risk
of developing cardiovascular diseases respect
to control patients and, in 2014, American
Heart Association remarked the strong relation-
ship between high depressive symptoms and
poor prognosis after acute myocardial infarction
[77–80].

Chronic depression is now listed as one of the
important cardiovascular risk factors for poor
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prognosis among patients with myocardial infarc-
tion, and low-grade chronic inflammation was
found to strongly correlate with higher incidence
of depression [71, 81–83].

Furthermore, clinical evidence of stress-related
inflammation are reported by studies describing
an association between IL-6, TNF-alpha, and
CRP in individuals with work-related stress and
burnout [63] and between IL-6 and caregiver
stress [55].

The neurobiology of stress consists in impulses
which arise from high cortical centers of the brain
and are transmitted to the hypothalamus in the so-
called hypothalamic–pituitary–adrenal axis. In
this axis, hypothalamic cells, activated by
norepinephrine, serotonin, and acetylcholine,
produce corticotropin-releasing hormone which
activates a cascade producing adrenocorticotropic
hormone (ACTH). The subsequent production
of corticosteroids, of glucagon, of growth hor-
mone, and of catecholamine and neuropeptides
by the sympathetic nervous system (SNS) mediate
prompt response to stress insult [64]. In chronic
stress conditions, continuous activation of
HPA-axis triggers shear-stress and cytokines
production [55, 66] which can impair endothelial
function leading, for example, to atherosclerosis
and hypertension, the latter being a major risk
factor for cardiovascular disease and dementia
[66 ] (Fig. 1).

Stress, Cognitive Reappraisal, and
Cardiovascular Inflammation

Cognitive reappraisal may be adaptive when
stressors are uncontrollable, for example, an acci-
dent or chronic disease of a family member,
but maladaptive when stressors can be controlled,
as the case of relationships or conflicts at work-
place [87].

An interesting work of Gianaros and col-
leagues [88] described an inflammatory pathway
linking atherosclerotic cardiovascular disease
risk to neural activity evoked by maladaptive
cognitive reappraisal. In particular, they showed
that elevated reappraisal-related activity in
several sections of anterior cingulate cortex,

prefrontal cortex, and anterior insula covaried
with elevated IL-6, an inflammatory cytokine
strongly involved in cardiovascular disease
including atherosclerosis [89, 90].

Moreover, it also covaried with greater preclin-
ical atherosclerosis, as reflected by carotid intima-
media thickness and inter-adventitial diameter,
which are arterial measures predicting cardiovas-
cular outcomes. Finally, IL-6 mediated the asso-
ciation between reappraisal-related activity in the
dorsal anterior cingulate cortex and preclinical
atherosclerosis [88].

Another work [65] described adaptive and
maladaptive emotion regulation (reappraisal and
suppression) in relation to CRP, the inflammatory
molecule strongly correlated with cardiovascular
disease. Authors showed that adaptive reappraisal
was associated with lower CRP when compared
with maladaptive suppression, associated with
higher levels of CRP.

A Neuro-immune Hypothesis

In a mouse model of chronic psychological stress,
Ataka and colleagues demonstrated that bone-
marrow derived microglia (BMDM) infiltrated
brain paraventricular nucleus by crossing blood–
brain barrier (BBB), with a mechanism involving
the CCR2-CCL2 axis [91]. About in the same
period, the group of Raizada and colleagues dis-
covered that BMDM infiltrating rat brain could
cause neurogenic hypertension. The mechanism
started with sympathetic activation followed by
CXCL12 decrease in the BM and subsequent
peripheral inflammatory cells increased with
extravasation into the brain [92, 93].

These preclinical evidence suggest a possible
mechanism of action of psychological distress-
related cardiovascular disease, where BM periph-
eral organs and brain have a key role through their
reciprocal crosstalk. In particular, psychological
distress, through sympathetic nervous system
activation, might stimulate stem cells egression
from BM to blood stream where they can differ-
entiate in inflammatory cells and infiltrate the
brain becoming BMDM. When BMDM affect
brain cardiovascular regulatory areas, the
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Fig. 1 Example of possible pathways connecting
emotion and stress with cardiovascular system. Autonomic
nervous system modulates inflammation during chronic
stressful events leading to hypertension, a major risk
factor for coronary artery disease, stroke, heart failure,

atrial fibrillation, peripheral vascular disease, vision
loss, chronic kidney disease, and dementia. CRH cortico-
tropin-releasing hormone, ACTH adrenocorticotropic hor-
mone, ROS reactive oxygen species. (Courtesy from
Calvillo et al. [57])
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subsequent neuroinflammation might lead to
cardiovascular disease [57]. The preclinical evi-
dence observed in mice and rats [91, 93] could not
so far be reproduced in humans due to the diffi-
culty of detecting BMDM in the brain of patients,
but a partial confirmation of this pathway comes
from a small clinical study where diabetic obese
hypertensive subjects suffering diabetic retinopa-
thy, in addition to diet to decrease body weight,
were treated with the antibiotic minocycline for
10 months [94]. All patients reported improving
in both BMI and visual acuity, and a significant
decrease in BP values. Authors suggested that,
alongside the beneficial effect of the weight loss,
the mechanisms underlying the remarkable out-
comes observed might be due to minocycline
anti-inflammatory actions on the brain. In fact,
minocycline freely crosses the BBB, is neuro-
protective and inhibits microglial activation and
inflammatory cytokines in the brain [94]. These
evidence from hypertension research suggest a
common neuroinflammatory pathway underlying
the observed phenomena of psychological
distress-related cardiovascular disease. In particu-
lar, the role of microglia in modulating neuro-
inflammatory processes in cardiovascular
homeostasis has been highlighted by the work of
Kapoor and colleagues [95–97] who discovered
that changes in blood pressure can induce mor-
phological transformations in microglia. In fact,
following 6 h of acute hypertension, the number
of synapses of cardiovascular neurons in contact
with microglia increased by 30% in both regions
of the brainstem involved in cardiovascular regu-
lation. Conversely, acute hypotension for 6 h
causes microglia to reduce the number of synaptic
contacts by >20%. Analysis of morphology
revealed the “alert” state thus suggesting an active
cooperation with brainstem cardiovascular neu-
rons to maintain a healthy and receptive state
[97]. Microglia are proving to be “sensors,” not
only of inflammatory stimuli from environment
but also of the activity level of synapses, being in
constant communication with neurons, thanks to
the presence on their surface of receptors for sev-
eral peptides and neurotransmitters, including
those important in cardiovascular homeostasis
(Fig. 2) [98].

What might occur to this fine-tuned communi-
cation in case of an increased stress load? If,
as described above, chronic psychological stress in
mice stimulated neuroinflammation in para-
ventricular nucleus (in contact, among others, with
afferents carrying information on plasma Angioten-
sin II content and heart function), then psycholog-
ical state might deeply affect synaptic activity and
trigger a neuroinflammatory state also in humans,
even in the absence of a commonly recognized
stimulus acting as a first triggering spark in cardio-
vascular disease. The complexity of human behav-
ioral and emotional aspects, the combination of
genetic factors together with environmental and
psychophysiological factors could thus represent a
complex stimulus interacting with the BM-micro-
glia-neuro-immune network (Figs. 1 and 2).

Cholinergic Anti-inflammatory
Pathway

In this complex scenario, parasympathetic activity
seems to be the likely process that better explains
the relationship between mind, brain, and heart. In
the beginning of twenty-first century, the neuro-
surgeon Kevin Tracey demonstrated the role of
the vagus nerve in controlling the immune system
[56], discovering that alpha 7 nicotinic acetylcho-
line receptor (α7nAChR) is expressed on macro-
phage membrane and that its stimulation inhibits
TNF-alpha release from the macrophage itself.
In the following years, several groups showed
that also endothelial cells and many leukocytes
expressed α7nAChR, and that this stimulation
decreases apoptosis, stimulates angiogenesis, pro-
tects mitochondria, and in general has beneficial
anti-inflammatory effects [99–101].

In the last two decades, investigators demon-
strated the protective role of cholinergic anti-
inflammatory pathway in several cardiovascular
diseases including myocardial ischemia, reperfu-
sion injury, and heart failure [99, 100, 102], and it
is now clear that vagal nerve stimulation causes
a decreased inflammatory activity in most of
the organs whose cells express α7nAChR [103].
It is thus plausible to speculate that those situa-
tions, like psychological distress, shifting the
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sympathovagal balance toward a reduced vagal
tone, might inhibit a physiological protective sys-
tem which is probably designed to maintain the
immune system homeostasis. A decreased vagal
tone due to stressful situations might thus affect
not only cardiovascular system but also the other
organs protected by vagal nerve function.
Interestingly, Tracey himself indicated choliner-
gic anti-inflammatory pathway as a possible target
of therapies like biofeedback, conditioning, and

meditation [56], which are part of psychological
strategies aimed to improved psychological and
mental state of patients.

Conclusion

In conclusion, the strong connection between
heart and brain is also confirmed when emotions
and stress influence the mental state. Immune

Fig. 2 Proposed involvement of microglia in stress-
induced cardiovascular disease. Example from hyperten-
sion research. SP substance P, NPY neuropeptide Y, CCL2
CC-chemokine ligand 2 (also known as MCP-1), CXCL12

CXC-chemokine ligand 12 (also known as SDF-1), HPN
hypothalamic paraventricular nucleus. (Courtesy from
Calvillo et al. [57])
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system has proved to be one of the most important
biological tools able to modulate allostasis of
these two organs, during their reciprocal crosstalk.
This evidence opens the way to further study on
the complexity of psycho-neuro-immune system
and provides new cues of reflection for possible
therapeutic strategies.
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Abstract

This chapter presents the basic biofeedback
training paradigm, introduces commonly used
biofeedback modalities, and describes the
physiological processes measured by each. In
addition, the chapter describes common appli-
cations for each of the biofeedback modalities
used in everyday practice, the importance of
evidence-based practice, and the role of the
Biofeedback Certification International Alli-
ance (BCIA) in setting international training
and practice standards.

Keywords

Biofeedback · Psychophysiology · Self-
regulation · Mindfulness · Self-quantification ·
Evidence-based practice · Certification

Introduction: The Biofeedback
Paradigm

Biofeedback is a learning process that is analo-
gous to instruction to improve range of motion or
stability. A biofeedback professional functions
like a personal trainer. In this revolutionary para-
digm, an individual performs an action (such as
breathing slowly), observes the physiological
consequences (heart rate swings increase), and
practices this skill throughout the day across
diverse situations.

Biofeedback is a “psychophysiological mirror”
that teaches individuals to monitor, understand,
and change their physiology in order to treat
symptoms and improve performance [1]. The

goal of biofeedback training is to teach self-regu-
lation (control of behavior without external feed-
back). While biofeedback is not inherently
relaxing (an elevated blood pressure could be
upsetting), clients can combine biofeedback with
relaxation exercises (biofeedback-assisted relaxa-
tion) to reduce autonomic overactivation.

For example, a biofeedback practitioner can pro-
vide a biofeedback display to show clients their own
breathing process, and the biofeedback display will
guide them to breathe more slowly, evenly, and
smoothly, with less sighing and breath holding.
When clients have practiced sufficiently to achieve
relaxed, slow breathing without feedback, this
shows that they have achieved self-regulation. Bio-
feedback training is a bridge to self-regulation.
While biofeedback training is a powerful evidence-
based intervention in clinical disorders, it is increas-
ingly used to promote optimal performance [2].

Biofeedback can involve no-technology
(observing your posture in a mirror), low-technol-
ogy (alcohol thermometer), or high-technology
(computerized data acquisition systems). Biofeed-
back is defined by the learning process and not by
the hardware used in training. The most complex
biofeedback systems follow the simple paradigm
described earlier. If we can monitor a physiolog-
ical process and feed back this information in real
time, an individual can gain awareness of and
control over that process.

Our colleague, Eric Willmarth, says that “Bio-
feedback is like teaching a deaf person to sing”
[3]. Biofeedback training provides an external
feedback loop when healthy internal self-regula-
tion no longer functions. Biofeedback often
assists the restoration of healthy self-regulation
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of physiology, emotion, and overall adaptation. In
optimal performance applications, biofeedback
instrumentation augments normal body awareness
and enables higher levels of performance and
resilience. Gaining a sense of control over a sim-
ple bodily process such as muscle tension often
generalizes into a broader sense of personal con-
fidence in gaining control over one’s life, health,
and problems. The result is enhanced self-efficacy
throughout an individual’s life.

The Synergy Between Biofeedback
and Mindfulness

Biofeedback training may be more effective when
instruction promotes mindfulness. There has
always been an element of mindfulness in bio-
feedback training. Biofeedback practitioners
guide patients to focus on their body, deepening
awareness of processes usually outside of aware-
ness, and to cultivate relaxed attention without
striving. Explicit instruction in a mindfulness
approach teaches clients to more systematically
focus on their immediate feelings, cognitions, and
sensations, in an accepting and nonjudgmental
way, to distinguish between what can and cannot
be changed, and to change the things they can [4].
This enhances traditional biofeedback training by
helping clients disengage from an unhelpful strug-
gle with their thoughts and emotions and encour-
aging them to use biofeedback as a healthy way of
responding to distress and suffering.

Definitions of Biofeedback and
Neurofeedback Therapy

A task force of professionals from the major orga-
nizations in the biofeedback field developed an
official definition of biofeedback in 2008:

Biofeedback is a process that enables an individual
to learn how to change physiological activity for the
purposes of improving health and performance.
Precise instruments measure physiological activity
such as brainwaves, heart function, breathing, mus-
cle activity, and skin temperature. These

instruments rapidly and accurately 'feed back' infor-
mation to the user. The presentation of this infor-
mation — often in conjunction with changes in
thinking, emotions, and behavior — supports
desired physiological changes. Over time, these
changes can endure without continued use of an
instrument. [5] (p90)

The main elements of this definition are that (1)
biofeedback is a learning process that teaches
individuals to control their physiological activity,
(2) the aim of biofeedback training is to improve
health and performance, (3) instruments rapidly
monitor an individuals’ performance and display
it back to them, (4) individuals use this feedback
to produce physiological changes, (5) changes in
thinking, emotions, and behavior often accom-
pany and reinforce physiological changes, and
(6) these changes become independent of external
feedback from instruments.

The International Society for Neurofeedback
and Research [6] proposed that:

Like other forms of biofeedback, neurofeedback
training uses monitoring devices to provide
moment-to-moment information to an individual on
the state of their physiological functioning. The char-
acteristic that distinguishes neurofeedback training
from other biofeedback is a focus on the central
nervous system and the brain. Neurofeedback train-
ing has its foundations in basic and applied neuro-
science as well as data-based clinical practice. It
takes into account behavioral, cognitive, and subjec-
tive aspects as well as brain activity.

Physiological Monitoring and
Modulation Are Not Biofeedback

Physiological monitoring, detecting biological
activity like blood pressure, is only one compo-
nent of biofeedback. When nurses measure your
blood pressure, this is physiological monitoring.
Nurses provide biofeedback when they report
these values to you, because this provides you
with information about your performance. Their
announcing that your blood pressure was 120/70
closes the loop and allows you to refine your self-
awareness and control of your physiology.
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Physiological monitoring often serves as an
adjunct to psychotherapy. For example, the thera-
pist can watch the display and observe when
abrupt changes in skin conductance, heart rate,
heart rate variability, or EEG indicate emotional
reactivity to the subject under discussion at that
moment. The client is not receiving feedback or
engaging in training for self-regulation in that
session, but the monitoring is informing the psy-
chotherapy process. If the therapist makes the
display visible to the client, it becomes biofeed-
back, potentially guiding the client toward
enhanced self-regulation.

Likewise, modulation, stimulating the ner-
vous system to produce psychophysiological
change, is not biofeedback because it acts on
your body instead of providing you with infor-
mation about its performance. For example, a
physical therapist might treat low back pain
through a modality called muscle stimulation.
An electrical current delivered to postural mus-
cles fatigues them so that they cannot produce
painful spasms. After muscle stimulation
brings spasms under control, a physical thera-
pist can initiate surface electromyographic
(SEMG) biofeedback to teach the patient to
increase awareness and control of postural
muscle contraction.

Biofeedback Modalities

Any physiological signal that can be monitored
can be trained. However, research is necessary to
determine whether biofeedback training can pro-
duce sufficient change to be clinically and practi-
cally relevant. We know, for example, that the
direct training of blood pressure can reduce
blood pressure, yet the changes are often insuffi-
cient to normalize elevated blood pressure.
Instead, current evidence supports a combination
of lifestyle changes (e.g., weight loss and low salt
diet) and feedback of heart rate variability (the
fluctuation in the time intervals between adjacent
heartbeats), skeletal muscle electrical activity, and
skin temperature.

A variety of biofeedback instruments are now
available, and a number of research studies have
demonstrated that feedback learning can produce
improved awareness of and control over several
physiological systems. Table 1 [7] shows each
biofeedback modality, the abbreviation for the
modality, the physiological signal measured, the
type of sensor used, and the measurement unit
commonly used to designate the magnitude of
the signal.

The principal modalities employed in clinical
and optimal performance practice include the

Table 1 Commonly used biofeedback modalities

Modality Abbreviation Physiological signal Sensor Measurement unit

Capnometer CAP End-tidal CO2 Infrared
detector

pCO2 or torr

Electrocardiograph ECG Cardiac electrical activity, heart rate,
heart rate variability

Precious
metal

Beats per minute

Electrodermograph EDA, GSR,
SCL, SPL

Eccrine sweat gland-mediated
changes in skin electrical potential

Zinc or
precious
metal

Kohms,
microsiemens,
millivolts

Electroencephalograph EEG Cortical postsynaptic potentials Precious
metal

Microvolts,
picowatts

Electromyograph EMG,
SEMG

Muscle action potentials Precious
metal

Microvolts

Feedback thermometer TEMP Peripheral blood flow Thermistor Degrees F or C

Photoplethysmograph PPG Peripheral blood flow, heart rate,
heart rate variability

Infrared
detector

Arbitrary units,
beats per minute

Respirometer RESP Abdominal/chest movement Strain
gauge

Arbitrary units,
breaths per minute

pCO2 percentage of carbon dioxide in exhaled air, torr, Kohms thousands of ohms, microsiemensmillionths of a siemen;
millivolts thousandths of a volt, microvolts millionths of a volt, picowatts billionths of a watt
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capnometer, electrocardiograph, electrodermo-
graph, electroencephalograph, electromyograph,
feedback thermometer, photoplethysmograph, and
respirometer (see Table 1).

Capnometer

A capnometer provides continuous information
about end-tidal CO2, which is the percentage of
CO2 in exhaled air at the end of exhalation. An
optical sensor analyzes the composition of air
collected by a nasal cannula. The goal of training
is to increase end-tidal CO2 values to between 35
and 45 mmHg (or torr). A reading of 36 mmHg
corresponds to about 5% CO2 in exhaled air [8].
Clinicians use capnometric biofeedback to treat
anxiety and panic, hyperventilation, over-
breathing, and posttraumatic stress disorder by
teaching clients to normalize blood CO2 levels
via breathing training.

Electrocardiograph

An electrocardiograph (ECG/EKG) measures the
electrical activity of the heart and provides infor-
mation about cardiac conduction, heart rate, and
heart rate variability (HRV). For biofeedback,
assemblies with two active and one reference
electrode are positioned on the wrists or torso to
detect the R-spike in the QRS complex, which is
associated with depolarization of the ventricles
(lower chambers) and repolarization of the atria
(upper chambers) of the heart.

Heart rate is the number of heartbeats per
minute. Normal resting heart rate values fall
between 60 and 80 beats per minute [12].

Heart rate variability (HRV) consists of the
beat-to-beat changes in the time intervals between
adjacent beats. Greater HRV is associated with
health and resilience; reduced HRV is associated
with aging, illness, and diminished performance.
We can characterize HRV using time domain,
frequency domain, and nonlinear measurements.
Time domain indices quantify the amount of var-
iability in measurements of the interbeat interval
(IBI), which is the time period between successive

heartbeats. Frequency domain indices quantify
the temporal distribution of absolute or relative
power into four frequency bands. Finally, non-
linear indices quantify the unpredictability of a
time series, which results from the complexity of
the mechanisms that regulate heart rate variability.

The goal of HRV biofeedback is to increase
time domain measurements like SDNN (the stan-
dard deviation of the interbeat interval between
successive heart beats) and RMSSD (the root
mean square of successive differences between
normal heartbeats) and increase power in the low-
frequency band (0.04–0.15 Hz) when breathing
between 4.5 and 6.5 breaths per minute guided by
displays of heart rate and respiration signals. Clini-
cians may integrate HRV biofeedback with training
in diaphragmatic breathing, emotional self-regula-
tion, mindfulness, and stress management.

Biofeedback therapists use HRV biofeedback
when treating patients diagnosed with anxiety
disorders, asthma, cardiovascular disease, chronic
obstructive pulmonary disease (COPD), depres-
sion, diabetes, essential hypertension, irritable
bowel syndrome, and post-concussion syndrome
[4, 9–11].

Electrodermograph

An electrodermograph measures fluctuations in
skin electrical activity generated by eccrine
sweat glands. An electrodermograph measures
skin electrical activity directly (skin conductance
and skin potential) and indirectly (skin resistance)
using electrodes placed over the second phalange
of the digits or over the palmar surface of the hand
and wrist. Eccrine sweat gland activity increases
can be produced by sympathetic arousal, cogni-
tive activity, orienting responses to unexpected
stimuli, and worry.

Skin conductance (SC) is monitored by apply-
ing an imperceptible current across the skin and
measuring how easily it moves through the skin.
As the level of sweat in a sweat duct rises, con-
ductance increases. Skin conductance is measured
in microsiemens (millionths of a siemen) and nor-
mal resting values using finger snaps fall below 5
μS per cm2 [12].
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Skin potential (SP) is generated by the differ-
ence in the electrical charge between an active site
(e.g., the palmar surface of the hand) and an
inactive site (e.g., the forearm). Typical values
range from +10 to �70 millivolts (thousands of
a volt) referenced to the inactive electrode.

Skin resistance (SR), also called galvanic skin
response (GSR), is monitored by applying a cur-
rent to the skin and measuring tissue opposition to
its passage in Kohms (thousands of ohms). Typi-
cal values run from 10 to 500 Kohms per cm2

[13].
All three recording methods produce compara-

ble results and share a 1–3 s latency between a
stimulus and an electrodermal response [14]. The
goal of electrodermal biofeedback is to restore
normal autonomic regulation of sweat gland func-
tion. While we want to reduce disproportionate
and chronic autonomic activation, we want clients
to appropriately engage the electrodermal system
in response to sudden or threatening stimuli.

Biofeedback therapists use electrodermal bio-
feedback when treating anxiety disorders, hyper-
hidrosis (excessive sweating), motion sickness,
and stress [15]. Electrodermal biofeedback is
also frequently used as an adjunct to psychother-
apy. Patients in psychotherapy who deny the pres-
ence of negative emotion or anxiety often become
more aware and attuned to their emotions after
they have observed their skin electrical activity
increase each time they discuss a troubled work
setting or relationship [16, 17]. Clinicians also use
electrodermal biofeedback to monitor the effec-
tiveness of other biofeedback interventions such
as neurofeedback since it can indicate distress.

Electroencephalograph

An electroencephalograph (EEG) monitors fast
cortical potentials (0.5–100 Hz or cycles per sec-
ond) and slow cortical potentials (300 millisec-
onds to several seconds). Fast cortical potentials
range from 0.5 to 100 Hz. The main frequency
ranges include delta, theta, alpha, sensorimotor
rhythm, and beta (see Table 2). Slow cortical
potentials (SCPs) are gradual changes in the
membrane potentials of cortical dendrites. These
potentials include the contingent negative varia-
tion (CNV), readiness potential, movement-
related potentials (MRPs), and P300 and N400
potentials and exclude event-related potentials
(ERPS) [18].

The EEG uses precious metal electrodes to
detect a voltage between at least two electrodes
located on the scalp. The EEG records both excit-
atory postsynaptic potentials (EPSPs) and inhibi-
tory postsynaptic potentials (IPSPs) that largely
occur in the dendrites of pyramidal cells in the
upper cortical layers. Neurons work in partnership
with glial cells, which produce slow cortical
potentials. There are multiple generators of the
EEG rhythms that are studied and shaped by
neurofeedback professionals. Intracellular and
extracellular studies provide evidence of a
corticothalamic network that is responsible for
multiple EEG rhythms. These waveforms appear
to be grouped by slow cortical potentials.

The EEG shows the amplitude (strength) of
electrical activity at each cortical site, the ampli-
tude and relative power of various waveforms at
each site, and the degree to which each cortical

Table 2 Common EEG frequencies

EEG frequency
Frequency
range Activity

Delta rhythm 0.5–3.5 Hz Sleep, traumatic brain injury, tumor

Theta rhythm 4–7 Hz Daydreaming, drowsiness, imagery, inattention, memory formation and
retrieval, network communication

Alpha rhythm 8–13 Hz Resting state rhythm, meditation, receptiveness

Sensorimotor
rhythm (SMR)

12–15 Hz Inhibition of movement, resting state of the sensorimotor cortex

Low beta rhythm 13–21 Hz Activation, focused thinking, localized information processing

High beta rhythm 20–32 Hz Anxiety, hypervigilance, panic, optimum performance, worry

Gamma rhythm 36–44 Hz Perception of meaning, meditative awareness
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site communicates with other sites (coherence and
co-modulation).

EEG rhythms possess frequency and ampli-
tude. Frequency is the number of cycles com-
pleted each second. The higher the frequency,
the shorter the wavelength. Amplitude is the
energy or power contained within the EEG signal
and is measured in microvolts (millionths of a
volt) or picowatts (billionths of a watt). High
amplitude means that a large number of neurons
are depolarizing and hyperpolarizing at the same
time.

The majority of EEG power or signal energy
falls within the 0–20 Hz frequency range. The
dominant frequency (frequency with the greatest
amplitude) during an adult’s waking conscious-
ness is 10 Hz with eyes closed and at least 13 Hz
with eyes open.

Based on assessment and training goals, clini-
cians select surface electrode configurations
called montages to detect localized or global
EEG activity [19]. The electrode sites are located
using the 21-electrode International 10–20 system
or the 75-electrode modified expanded Interna-
tional 10–20 system, which is also called the
10–10 system. They may monitor a single elec-
trode site or a montage of 19, 72, or more sites.
TheQuantitative EEG (QEEG) calculates average
EEG voltages within selected frequency bands.
Clinicians may reference patient values to a digital
database to aid diagnosis and to guide Z-score-
based training.

The goal of neurofeedback is to normalize the
EEG. A performance-based approach uses tasks
and neurofeedback training to correct symptoms
and improve performance. This approach, which
is often called “amplitude training,” compares
clients to themselves and not a normative data-
base. In contrast, Z-score training attempts to
normalize brain function with respect to mean
values in a normative database. EEG amplitudes
that are two or more standard deviations above or
below the database means are down-trained or
uptrained to treat symptoms and improve
performance.

Either method may be accomplished using one
or more strategies. Frequency protocols uptrain
(increase signal power) and/or down-train

(decrease signal power) specific frequencies at
targeted sites on the scalp. Connectivity protocols
correct deficient or excessive communication
between two brain sites as measured by indices
like coherence and co-modulation. Slow cortical
potential protocols teach clients to increase posi-
tive shifts and reduce negative shifts to reduce
cortical hyperexcitability in disorders like epi-
lepsy and migraine. There are currently insuffi-
cient data to compare the efficacy of these
approaches and protocols for specific disorders
or optimal performance applications.

Clinicians use neurofeedback to treat anxiety
disorders (including worry, obsessive-compulsive
and posttraumatic stress disorder), attention defi-
cit hyperactivity disorder (ADHD), autism spec-
trum disorders (ASD), depression, generalized
seizures, adult headache, learning disability, mild
closed head injuries and traumatic brain injury,
and substance use disorders [2].

Electromyograph

The electromyograph (EMG) uses electrodes to
detect muscle action potentials from underlying
skeletal muscles. Since clinical biofeedback
places sensors on the skin instead of inside skele-
tal muscles, this instrument is called the surface
electromyography (SEMG).

At least two and usually three electrodes, made
out of precious metals such as silver/silver chloride
or gold, are needed to measure the EMG signal.
Disposable versions of EMG electrodes are widely
used today to reduce potential infection coming
from reuse. They typically utilize hypoallergenic
materials and are pre-gelled for ease of use.

Like the EEG, we designate active and refer-
ence electrodes according to their placement site.
Clinicians must know sufficient muscle anatomy
and kinesiology to correctly position the active
and reference electrodes. They place the active
electrode(s) over a target muscle and the reference
electrode over a less electrically active site. Since
the electrodes should detect different amounts of
EMG activity (the active electrodes should detect
more energy), a voltage should develop between
them.
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The EMG signal is measured in microvolts
(millionths of a volt). The frequency range for
surface recording is 2–1000 Hz. The greatest con-
centration of power in a resting muscle lies
between 10 and 150 Hz [20]. During a resting
baseline in which clients receive no feedback,
normal values lie below 3 μV for small-to-mod-
erate-sized muscles and below 5 μV for large
muscles [12].

In applications such as stroke and low back
pain, therapists monitor and train patients’ paired
muscles, such as the masseter and upper trapezius,
bilaterally because achieving more symmetrical
muscle activity may be critical to symptomatic
improvement. In neuromuscular rehabilitation,
therapists monitor flexors and extensors located at
the same joint to prevent interference and enhance
muscle cooperation in functional movement.
SEMG-assisted physical therapy attempts to
restore muscle function lost due to motor nerve
injury or stroke or to correct dysfunctional muscle
use due to congenital conditions like cerebral palsy.

Important innovations in biofeedback-assisted
rehabilitation include Steven Wolf’s teaching
patients to engage in problem-solving to reacquire
functional movement and Jeffrey Bolek’s quanti-
tative surface electromyography (QSEMG)
approach [21] that teaches functional movement
patterns by providing feedback from multiple
muscle sites.

The goal of SEMG biofeedback-assisted reha-
bilitation is to down-train excessive SEMG activ-
ity, uptrain deficient SEMG activity, and restore
symmetrical muscle recruitment patterns, range of
motion, and functional activity.

Therapists may use portable electromyographs
and EMG Bluetooth telemetry systems to dynam-
ically monitor muscle activity during training to
correct gait, posture, and athletic and musical
performance [22, 23]. Patients often use portable
electromyographs at work or home to correct dys-
functional muscle use patterns in their natural
setting (e.g., monitoring wrist flexors and exten-
sors in repetitive strain). This is a valuable inter-
vention for reducing computer-related disorder
(CRD) at worksites [24].

Biofeedback therapists use EMG biofeedback
when treating anxiety and worry, cerebral palsy,
essential hypertension, fibromyalgia, headache
(migraine and tension-type), low back pain,
stroke, and temporomandibular muscle and joint
disorder [2, 25].

Feedback Thermometer

A feedback thermometer detects skin temperature
with a thermistor (a temperature-sensitive resis-
tor) that is usually attached to a finger or toe.
Thermistors function like valves that adjust the
flow of electricity from the feedback thermometer
in response to changes in skin temperature. As
warming skin heats the probe, the valve opens
and more current flows. As cooling skin chills
the probe, the valve closes and current flow is
reduced [14]. Skin temperature is a sluggish auto-
nomic index of peripheral blood flow that can take
20–30 s to reflect the impact of a stressor.

Skin temperature mainly reflects arteriole
(small muscular artery) diameter. Hand-warming
and hand-cooling are produced by separate mech-
anisms, and their regulation involves different
skills. Increased sympathetic activation associated
with anxiety and hypervigilance can produce vaso-
constriction and hand-cooling. In turn, increased
parasympathetic activation indirectly dilates the
arterioles and warms the fingers and hands through
the release of vasodilating agents like nitric oxide,
epinephrine, and atrial natriuretic hormone [26]. In
temperature biofeedback, a patient watches tem-
perature displays with at least one-tenth of a degree
resolution that are updated at least every few sec-
onds. Clinicians may train clients to achieve bidi-
rectional control in which they master voluntary
hand-cooling and hand-warming.

Normal finger temperatures exceed 88 �F
(31 �C), and toe temperatures reach about 85 �F
(29 �C) in 74 �F (23 �C) rooms. Clinicians can
uptrain finger temperature to 95 �F (35 �C) and toe
temperature to 93 �F (34 �C) [12].

The goal of temperature biofeedback is to teach
clients to improve thermoregulation so that they
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can maintain normal digital temperatures during
stressful situations. Indirectly, temperature bio-
feedback enhances autonomic nervous regulation
as well as circulation.

Biofeedback therapists use temperature bio-
feedback when treating anxiety, chronic pain,
edema, essential hypertension, headache
(migraine and tension), Raynaud’s disease, and
stress [7, 12].

Photoplethysmograph

Blood volume is the amount of blood contained in
an area. This measure mainly reflects venous tone.
Blood volume pulse (BVP) indexes rapid changes
in blood flow. It is calculated as the vertical dis-
tance between the minimum value of one pulse
wave and the maximum value of the next.

Blood volume pulse is detected using a photo-
plethysmograph (PPG) which measures the rela-
tive amount of blood flow through tissue using a
photoelectric transducer. An infrared
(7000–9000�A) light source is transmitted
through or reflected off the tissue. Clinicians
often place PPG sensors on a digit or earlobe
and may simultaneously monitor blood volume
pulse, blood volume amplitude (relative volume
of blood), heart rate, and respiration during train-
ing to increase heart rate variability. A PPG can
reflect the impact of a stressor in 0.5–2 s and
display large-scale (>50%) changes in amplitude.

When the PPG is used to increase peripheral
blood flow, the goal of biofeedback is to increase
BVP amplitude so that more blood perfuses a
digit. Like temperature biofeedback, BVP feed-
back training also enhances autonomic regulation.

Biofeedback therapists use the PPG for the
same applications as temperature biofeedback.
When temperature increases plateau, clinicians
can switch from a feedback thermometer to the
PPG for higher-resolution feedback as long as the
digits are not very cold. In addition, professionals
often prefer PPG sensors over ECG sensors dur-
ing HRV biofeedback training. While ECG sen-
sors more accurately detect the heartbeat, they

may require skin preparation, disposable supplies,
and the partial removal of clothing.

Respirometer

A respirometer is a flexible sensor band placed
around the chest, abdomen, or both that monitors
respiration effort, pattern, and rate. A respirometer
measures changes in expansion by detecting
changes in electrical resistance [27]. Normal rest-
ing respiration rates range from 12 to 14 breaths
per minute [12].

Respirometer biofeedback has two limitations:
measurements are in relative units and breathing
mechanics can look correct, while end-tidal CO2

and heart rate variability are reduced due to exces-
sive effort. Two identical respiration curves can be
associated with very different patterns of heart
rate variability. For this reason, clinicians may
also monitor breathing using a capnometer and
SEMG sensors placed on breathing accessory
muscles like the trapezius and scalene.

The goal of respiratory biofeedback is to teach
clients to breathe effortlessly so that the dia-
phragm muscle does most of the work. This
breathing pattern can increase end-tidal CO2, opti-
mize oxygen delivery to the tissues, and increase
heart rate variability when clients breathe at rates
between 4.5 and 6.5 breaths per minute that max-
imally stimulate their baroreceptor (blood pres-
sure control) system.

Biofeedback therapists use respiratory biofeed-
back with patients diagnosed with anxiety disor-
ders, asthma, chronic pulmonary obstructive
disorder (COPD), essential hypertension, panic,
and stress [2].

The Importance of Evidence-Based
Practice

Best practice in biofeedback and neurofeedback
must be based on the objective and systematic
evaluation of outcome research. The Association
for Applied Psychophysiology and Biofeedback
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(AAPB) has published authoritative reviews of
these interventions since 2004 based on guide-
lines recommended by a joint Task Force and
adopted by the Boards of Directors of the Associ-
ation for Applied Psychophysiology and Biofeed-
back (AAPB) and the International Society for
Neuronal Regulation (ISNR) [28].

The efficacy standards that served as the basis
for the latest guide, Evidence-Based Practice in
Biofeedback and Neurofeedback (third ed.) [2],
progress through five levels based on experimen-
tal design, sample size, and independent
replication:

Level 1 – Not empirically supported (complex
regional pain syndromes)

Level 2 – Possibly efficacious (cerebral palsy and
stroke)

Level 3 – Probably efficacious (autism and trau-
matic brain injury)

Level 4 – Efficacious (adult headache and
anxiety)

Level 5 – Efficacious and specific (attention def-
icit hyperactivity disorder)

Current Applications of Biofeedback
and Neurofeedback

Since biofeedback and neurofeedback emerged in
the late 1960s and 1970s, a steady stream of
research studies has explored the effectiveness of
biofeedback for treating medical and emotional
disorders. As instrumentation has advanced, new
treatment protocols have proliferated [29]. Evi-
dence-Based Practice in Biofeedback and
Neurofeedback (third ed.) reviews 40 disorders
and problems that have been treated with biofeed-
back and neurofeedback and assesses the clinical
efficacy of each. Fifteen applications earned the
two highest ratings, efficacious or efficacious and
specific. These applications, ranging from anxiety
and attention deficit hyperactivity disorder to
depressive disorders and diabetes mellitus to
Raynaud’s disease and temporomandibular joint
disorders, can be considered well documented by
research. Applications with the probably effica-
cious rating have moderate amounts of research

support and can be effective for many patients.
Applications with the lowest two ratings have not
yet been well documented in research, but may be
worth considering when the patient has failed to
respond to more established treatment and after
the patient has been fully informed of the rela-
tively meager research support. Table 3 shows the
current efficacy ratings for all 40 applications in
the Evidence-Based Practice in Biofeedback and
Neurofeedback [2].

Trends in Biofeedback

Consumers are increasingly incorporating biofeed-
back into their lives through activity trackers,
smartphones, and personal training devices. Activ-
ity trackers can measure exercise type, speed, dis-
tance, duration, intensity, calories burned, heart
rate, and respiration rate. They can monitor sleep
duration during light sleep, REM sleep, and deep
sleep, and time awake. They can also nag us when
we have been inactive for too long.

Smartwatches like the Apple Watch® can per-
form the functions of activity trackers; can pro-
vide blood pressure, glucose, ECG, EMG, HRV,
posture, skin conductance, temperature, and
weight biofeedback with specialized sensors;
and can now alert individuals to undetected car-
diac arrhythmias like atrial fibrillation before they
suffer complications like stroke.

Finally, inexpensive stand-alone devices are
now available for personal HRV biofeedback,
sleep biofeedback, and respiratory biofeedback.

Emerging biofeedback technology promotes
self-quantification, in which consumers measure
their inputs (steps walked), states (mood), and
performance (heart rate) to increase awareness of
their health and fitness and improve lifestyle
choices.

BCIA Certification Sets International
Standards for Education and Practice

The Biofeedback Certification International Alli-
ance (BCIA), formerly the Biofeedback Certifica-
tion Institute of America, was created in 1981 with
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the primary mission to certify individuals who
meet education, training, and ethical standards in
biofeedback and neurofeedback and progres-
sively recertify those who advance their knowl-
edge through continuing education. In March of
2010, BCIA adopted a new name to reflect its
global identity and became the Biofeedback Cer-
tification International Alliance. BCIA currently
certifies professionals in 37 countries and has
affiliates in Australia/New Zealand and Mexico-
Hispano-América.

Professional certification is not a license to
practice. BCIA Board Certification does not
authorize professionals to provide services that
they could not legally offer before certification
[30]. Certification is a voluntary process. In con-
trast, licensure for specific professions is manda-
tory and means that a government agency has
authorized an individual to use a professional
designation, like psychologist, and provide treat-
ment for diagnosed disorders within their scope of
practice.

Board certification establishes that an individ-
ual has met entry-level training requirements for

the practice of biofeedback. Candidates for certi-
fication who do not hold a professional license or
its equivalent must stipulate that they practice
under the supervision of a licensed provider
when treating a medical or psychological disorder.

BCIA offers four certification programs: Bio-
feedback, Heart Rate Variability Biofeedback,
Neurofeedback, and Pelvic Muscle Dysfunction
Biofeedback. BCIA also offers a Certificate of
Completion in Heart Rate Variability Biofeedback
that attests to the successful completion of an
accredited didactic workshop based on BCIA’s
blueprint, ethics coursework, and passing an
exam over its content.

Summary

Biofeedback uses electronic instruments to mea-
sure physiological signals and display these signals
in real time to the human subject. The trainee uses
an audiovisual display to enhance self-awareness
of physiological processes and to increase volun-
tary control over these bodily processes. Any

Table 3 Biofeedback and neurofeedback efficacy ratings

Application Rating Application Rating

Adult headache 4 Functional/recurrent abdominal pain 2

Alcohol and substance abuse disorders 3 Hyperhidrosis 2

Anxiety and anxiety disorders 4 Hypertension 4

Attention deficit hyperactivity disorder (ADHD) 5 Immune function 2

Arthritis 3 Insomnia 3

Asthma 3 Irritable bowel syndrome (IBS) 4

Autism 3 Motion sickness 3

Cerebral palsy 2 Performance enhancement 3

Chemobrain 3 Preeclampsia 4

Chronic pain 1–4 Posttraumatic stress disorder (PTSD) 3

Chronic obstructive pulmonary disease (COPD) 2 Raynaud’s disease 4

Constipation 4 Repetitive strain injury (RSI) 2

Coronary artery disease 2 Stroke 2

Depressive disorders 4 Temporomandibular muscle and joint disorder 4

Diabetes mellitus 2–4 Tinnitus 2

Epilepsy 4 Traumatic brain injury (TBI) 3

Erectile dysfunction 4 Urinary incontinence: children 3

Facial palsy 3 Urinary incontinence: men 3

Fecal incontinence 4 Urinary incontinence: women 3

Fibromyalgia 3 Vasovagal syncope 2

Level 1, not empirically supported; level 2, possibly efficacious; level 3, probably efficacious; level 4, efficacious; level 5,
efficacious and specific
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physiological process that can bemeasured and fed
back to the subject can be trained. However, the
levels of control achieved vary for specific physio-
logical processes, and not all such training is clin-
ically or educationally useful. Fortunately, several
biofeedback modalities, each measuring specific
physiological signals, have proven useful in med-
ical, educational, and optimum performance set-
tings. The most common instruments in general
use are the surface EMG biofeedback measuring
muscle activity, thermal biofeedback measuring
peripheral temperature, electrodermal biofeedback
measuring variations in skin electrical activity,
EEG biofeedback measuring electrical activity in
the brain, the respirometer and capnometer mea-
suring breathing patterns, and the ECG and PPG
measuring heart rate and heart rate variability. Rig-
orous efficacy standards provide the foundation for
evidence-based practice in biofeedback and
neurofeedback. The Biofeedback Certification
International Alliance (BCIA) offers four certifica-
tions and one certificate of completion to promote
science-based education and ethical evidence-
based practice.

Cross-References

▶ Psychological and Cardiovascular Effects of
Meditation and Yoga

▶The Relationship Between Psychological Dis-
tress and Bio-behavioral Processes in Cardio-
vascular Disease
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Abstract

Chest pain is not always a matter of serious
concern. It is not necessarily life-threatening as
it recognizes multiple potential benign causes.

However, it is often followed by psychogenic
symptoms that may interfere with the diagnos-
tic process and the therapeutic approach. A
reciprocal relationship between cardiac symp-
toms and psychopathology has long been
described. Once heart-related causes have
been ruled out, physicians refer to cardialgic
syndrome as non-cardiac chest pain (NCCP).
Currently it is commonly described as the
occurrence of chest pain, generally associated
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with other neurovegetative symptoms, in the
absence of ischemia signs on functional non-
invasive testing or obstructive lesions/abnor-
malities at coronary angiography. Thus, this
clinical diagnosis should be posed only after a
careful clinical and instrumental assessment
aimed at excluding any possible underlying
cardiovascular factor. Clearly, to successfully
perform this diagnostic pathway strictly
depends on the willingness of a physician to
investigate and on the setting where she works.
In order to facilitate the differential diagnosis,
all possible causes of the pain, their risk fac-
tors, and their prognosis should be previously
considered so that the best decision for the
patient can be made. This chapter focuses on
the differential diagnosis of NCCP mainly
dwelling upon thoracic manifestations of psy-
chogenic origin.

Keywords

NCCP · Non-cardiac chest pain · Heart ·
MUS · Medically unexplained symptoms ·
Somatization

What Causes NCCP?

First clinical pictures resembling NCCP were
described by cardiologists in the mid nineteenth
century. The frequent observation of cardiovas-
cular symptoms in traumatized soldiers during
the American Civil War was reported by surgeon
Jacob Mendes da Costa who described a syn-
drome characterized by left-sided chest pain,
palpitations, breathlessness, and fatigue in
response to exertion [1]. Da Costa’s syndrome
was the first example of a series of similar syn-
dromes, later described with various denomina-
tions such as “circulatory neurasthenia,”
“irritable heart,” “soldier’s heart,” or “effort syn-
drome,” but all classifiable as “cardiac neuro-
ses.” The common denominator of these
clinical entities was represented by the occur-
rence of cardiovascular symptoms, without the
finding of any organic or physiopathological
abnormality, in individuals who had been under-
going severe stressful events.

While many authors tried to elucidate the phys-
iopathology of these cardialgic syndromes, at
least Paul Wood in his Goulstonian Lectures in
1941 suggested that the origin of the NCCP had to
be detected in emotional mechanisms [2]. Since it
is evident that several factors contribute to the
occurrence of NCCP, an integrated approach that
considers biopsychosocial factors is needed.

Given that the most frequent underlying causes
of NCCP are represented by non-cardiac conditions
such as gastroesophageal reflux, musculoskeletal
problems, or psychiatric disorders, cardiologists
and general practitioners should ideally be
supported by other specialists.

In the evaluation of chest pain, it should also be
considered that somatic symptoms are related to
an emotional background and they influence each
other. It is common that a subject who already
experienced a myocardial infarction (MI) tends
to misinterpret a harmless pain, attributing it to a
cardiac cause and increasing his levels of vigi-
lance toward pain-related symptoms.

At the same time, to overlook the treatment for
symptoms deriving from other etiologies might
result in a persistent distress [3] interfering with
domestic, social, and occupational activities. Fur-
thermore, individual functioning might be
compromised by some psychological processes
such as catastrophisation and avoidance behavior.
These are cognitive distortions related to the belief
that the heart is the source of the pain [4] and that
those symptoms are uncontrollable [4].

Epidemiology

Admissions for Cardiac Versus Non-
cardiac Chest Pain

Reliable data on the epidemiology of NCCP
around the world are still limited also because
the available studies present significant differ-
ences concerning several aspects, such as NCCP
definition, sample size, sampling order, geogra-
phy, and ethnic disparities. In the United States,
each year over 7 million visits to the emergency
department (ED) [5] and more than 27 million
office visits [5] are due to chest pain, while the
lifetime population prevalence of angina [6] is
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much lower than the cases of non-cardiac chest
pain. Prevalence of NCCP would be equally dis-
tributed between the genders, although females
with NCCP tend to self-refer to ED and to consult
healthcare providers more frequently compared to
males. It has been observed as a decreased prev-
alence of NCCP with increasing age after 25 with
a second peak of incidence occurring in women
between 45 and 55. Compared to patients pre-
senting an ischemic heart disease, those
complaining NCCP are younger, consume greater
amount of tobacco and alcohol, and are more
likely to suffer from an anxiety disorder [7].

Up to date few studies have specifically investi-
gated the natural course of NCCP. In a recent pro-
spective observational study examining the follow-
up history for adult patients referred to a Dutch
emergency department with chest pain, it was
found that more than 60% of the 1239 patients
were discharged with NCCP diagnosis. Further-
more, the study showed that the all-cause 1-year
mortality rate of patients with NCCP was 2.3%
compared with 7.2% in patients with cardiac chest
pain, while the occurrence of major adverse cardiac
events was 5.1% versus 8.3%, respectively.
Although patients with cardiac chest pain (CCP)
had a higher utilization of medical resources com-
pared to patients with NCCP, the duration of the
rehospitalizations of these latter at the cardiology
department was however similar to that of patients
with CCP. Moreover, a proportion of 13.7% of
patients with NCCP re-presented at the ED [8].
Among NCCP patients, those with NCCP of
unknown origin had a longer duration of the first
hospitalization, more representations at the ED,
more rehospitalization in general, more outpatient
department visits, more noninvasive interventions
such as CT-scans, SPECT, or MRIs, and more con-
sultations by phone and a longer outpatient depart-
ment monitoring compared to the patients with
NCCP of known origin, namely, patients who
were discharged from the index admission with a
clear non-cardiac diagnosis for their chest pain, such
as pneumonia, pneumothorax, and severe gastroin-
testinal disorders and also benign conditions such as
gastroesophageal reflux disease, musculoskeletal
disorders, and psychological disorders.

Surprisingly, there are controversial data on long-
term morbidity and mortality of NCCP patients. A

systematic review of the literature on NCCP prog-
nosis found mixed findings between the studies
taken into account. Among the 41 studies selected,
16 supported worse outcomes in relation to cardiac
morbidity and mortality, while 25 supported good
outcome. These contrasting conclusions may be
attributed to the heterogeneity of the study
populations: studies indicating worse outcome had
longer follow-up and tended to include patients of
higher age and with high pre-existing cardiac risk
factors; conversely articles supporting good cardio-
vascular outcome included young adults presenting
less cardiac risk factors. One possible explanation
could be that age�55 years, together with increased
cardiac risk factors, could be associated with a long-
term worse cardiovascular outcome compared to
NCCP patients between 45 and 50 years of age
with less risk factors. More studies are warranted
to investigate if this risk is higher than in the general
population aged �55 years without NCCP. How-
ever, all studies converged in finding a persistence
of chest pain for many years in patients receiving a
diagnosis of NCCP and a high prevalence of Axis I
psychiatric disorders [9].

Quality of Life and Socioeconomic
Burden

NCCP entails a severe reduction in quality of life,
even greater in certain parameters, if compared to
patients with cardiac chest pain, with a remarkable
socioeconomic burden. Many NCCP patients report
frequent doctors’ consults and chronic intake of
cardiology drugs, despite no evidence for a cardiac
cause. Although only few studies have been
conducted to evaluate the economic impact of
NCCP, its related costs are estimated to be very
high. In a Swedish study [10] aimed at presenting
a detailed description of the costs of patients with
NCCP (direct healthcare costs and indirect costs),
the NCCP patients’ annual societal cost was still
lower compared to acute myocardial infarction
(AMI) and angina pectoris (AP) patients (€10,068
vs. €15,989 and €14,737 per person, respectively).
However, considering the high prevalence of NCCP
and symptoms persistence, the cumulative annual
national cost of these patients may be more
burdensome.
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Organic Causes of NCCP

In recent years, as a consequence of preventive
care, acute coronary syndromes (ACS) are less
frequent. Indeed, the percentage of patients in
the emergency department (ED) with ACS has
declined considerably in the United States from
23.6% in 1999–2000 to 13.0% in 2007–2008. An
ACS can be ruled out for 60–90% of patients
referring to an ED with chest pain, after an accu-
rate diagnostic workup has been conducted. How-
ever, the burden of symptoms potentially
suggesting ACS is high. Indeed, those symptoms
are threefolds higher than other ones (abdominal,
pelvic) in emergency departments [11]. Patients
reporting NCCP can be subdivided in patients
with and without a detectable underlying cause.
It has been estimated that up to 70% of patients
discharged from the ED have an underlying
esophageal disease or a musculoskeletal disease
or a psychiatric disorder, although in most of cases
the diagnostic pathway is limited to exclude the
cardiac etiology or other potential life-threatening
conditions, neglecting other ones like:

– Gastrointestinal causes: gastroesophageal
reflux disease (GERD) is very common and
constitutes many episodes of NCCP. Its most
common manifestation is pyrosis (burning sub-
sternal discomfort) [7]. Another less common
clinical condition is esophageal hypersensitivity
that generally has a functional etiology [12].
NCCP may be also due to gastritis, peptic
ulcer, or diseases of gallbladder and biliary tree.

– Pulmonary causes: most distressing and scar-
ing symptom suggesting a pulmonary etiology
of NCCP is dyspnea that might be a sign of
acute cardiac failure. Pulmonary causes of
NCCP include pleuritis, pneumonia, intratho-
racic masses, pneumothorax, and pulmonary
embolism.

– Musculoskeletal causes: they are very common
representing nearly half of all non-emergent
cases of chest pain [13]. The most frequent
musculoskeletal causes of NCCP are represented
by costochondritis and rheumatic diseases such
as fibromyalgia, rheumatoid arthritis, and

polychondritis. Less frequently, musculoskeletal
chest pain may be caused by relatively rare con-
ditions like lower rib pain syndrome,
xiphoidalgia, Tietze’s syndrome, and stress
fractures.

– Systemic and miscellaneous causes: other
possible causes of NCCP include drug-induced
pain, sickle cell diseases, herpes zoster, and
neoplasms.

Other candidate causes that should be consid-
ered in differential diagnosis of non-cardiac chest
pain are listed in Table 1.

Nonorganic Causes of NCCP

Misdiagnosis and Impact on Economic
Resource Consumption

Economic resource consumption by subject
affected by NCCP is high [14]. It has been esti-
mated that the overall cost to assess and exclude
life-threatening causes in these patients range
between $315 million and $1.8 billion per year
[15]. Even if cardiologists know that the risk
linked to NCCP and myocardial infarction or pre-
mature death is close to zero [16], an inaccurate
diagnosis might determine a chronicization of the
disease [17] with a heavy burden on everyday
patient socio-professional functioning that might
determine lost workdays [16]. Patients affected by
NCCP reach poor scores in QoL questionnaires as
well as patient with coronary heart disease (CAD)
[18]. Among the factors underpinning poor qual-
ity of life in NCCP patients are social withdrawal,
avoidance of activities that can elicit or exacerbate
symptomatology, and the presence of comorbid
psychiatric conditions such as anxiety and depres-
sion. Additionally the pain might become the
main focus of the life of these patients, continu-
ously looking for a diagnosis of an organic disease
[19], while the cause is often a psychogenic con-
dition such as anxiety. Other psychiatric condi-
tions that might lead to chest-related suffering are
somatic delusions that can be present in psychotic
depression and in schizophrenia.
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Anxiety and the Body

In its clinical presentation, anxiety is followed and
maintained by fear and anguish. On the basis of
the intensity of these feelings, the anxious subject
relates himself with the world. It should be clear
that anxiety and fear are different; indeed the latter
is a useful feeling designed to fight against some-
thing really harmful, while this beneficial function
cannot be recognized in the former. When the
subject tries to challenge anxiety, this often leads
to persistent ruminations, without overcoming the
problem. The body of the phobic person is often
the first target of these pathologic cognitive and
emotional issues. The contact with the body is
persistent and inescapable, and this might be the
reason for the strict connection between anxiety-
related diseases and thoracic pain.

In the light of the exceptional nature of the
event, it is very common that a patient suffering
from a myocardial infarction experiences anxiety
during the episode; nevertheless it resolves spon-
taneously. If the disorder is mainly psychogenic, it
might persist with various degrees of intensity and
duration.

Cardiac Manifestations and Generalized
Anxiety Disorder
There is some literature that investigated the
comorbidity between generalized anxiety disorder
(GAD) and NCCP that found a spread range of co-
prevalence from 5.7% to over 30% [20, 21]. A

recent work investigated a candidate biological
cause of NCCP in subjects also affected by anxi-
ety. The authors [22] found that in presence of
anxiety and NCCP, vitamin D levels are reduced,
suggesting to consider this aspect in presence of
this condition. On the other hand, GAD is often
accompanied by panic disorder [23], whose pain-
ful symptoms often concern thoracic areas.

Cardiac Symptoms in Panic Disorder
Panic is an extreme form of fear. A panic attack is
quantitatively and qualitatively different from
anxiety. It is described as an overwhelming and
vague sense of imminent death or doom.
According to the definition of the DSM-5, panic
disorder is characterized by more than one unex-
pected panic attacks for more than a month,
followed by a significant maladaptive behavior
related to the attacks (such as avoidance of exer-
cise or other anxiogenic situation). Panic disorder
(PD) may be a trigger of NCCP. Chest pain, asso-
ciated with difficulty to breath properly, is a very
common complaint among PD patients [24].
Indeed, between a percentage ranging from 25%
to 60% of NCCP cases result to be a manifestation
of a panic attack [25]. However it should be noted
that PD per se might increase the risk of coronary
heart disease (CHD) and myocardial infarction,
while it is not demonstrated in the contrary [26].
Atypical quality of chest pain, female gender,
younger age, high levels of self-reported anxiety,
and the absence of known CAD are among the

Table 1 Other causes of NCCP

Musculoskeletal Gastrointestinal Pulmonary Miscellaneous

Costochondritis Pancreatic Lung cancer Pulmonary
hypertension

Tietze’s syndrome Biliary tree Pneumonia Pericarditis and
myocarditis

Precordial catch
syndrome

Gastric Pneumothorax and
pneumomediastinum

Aortic disorders

Fibromyalgia Intra-abdominal masses (benign
and malignant)

Sarcoidosis Drug-induced pain

Slipping rib
syndrome

Intrathoracic masses (benign and
malignant)

Herpes zoster

Psychological
disorders

Pleural effusions Sickle cell crisis

Pulmonary embolus
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factors orientating the diagnosis toward a panic
attack [27].

Cardiac Symptoms in Post-traumatic
Stress Disorder
Despite its relocation from anxiety disorder sec-
tion in DSM-IV-TR (Text Revision) to trauma-
and stressor-related disorders section of the
DSM-5, anxiety is a common and severe symp-
tom in subjects affected by post-traumatic stress
disorder (PTSD). This psychopathological condi-
tion is the consequence of the exposure to a terri-
ble traumatic event, where patient life had been in
danger. It is accompanied by physiologic arousal
that induces a sympathetic activation that deter-
mines an increase in cardiac activity. Poor data
from literature is available on comorbidity
between PTSD and NCCP. It is acquired that
there is a reciprocity between PTSD and heart-
related pain syndromes like coronary heart disease
(CHD) development [28].

Thus, the manifestation of PTSD symptoms
and ACS is close and might be challenging to
differentiate them. As a consequence, it is essen-
tial to assess if the occurrence of chest pain might
be related to a hyperarousal state triggered by a
stimulus resembling aspects of the past traumatic
event.

Major Depressive Disorder

The term melancholia was used by ancient
Greeks to define an excess of “dark bile” that
was one of the four humors (also including
blood, yellow bile, and phlegm). Nowadays it is
used to describe a particular way of feeling of the
depressed patient, marked by the loss of affective
resonance. Those patients often describe an
altered way of experience of the body whose
vitality is lost. In this context, somatic symptoms
including chest pain are often part of the depres-
sive syndrome. Indeed, the onset of a major
depressive disorder may be associated with the
exacerbation of a pre-existing physical com-
plaint or with the occurrence of a new
unexplained somatic symptom. Conversely, the
prevalence of depressive symptoms in NCCP

patients ranges from 9% to 40% [29], suggesting
a bidirectional and mutual association between
these conditions. Anyway, frequency and sever-
ity of depressive symptoms are higher and
roughly similar in patients affected by both car-
diac and non-cardiac chest pain compared to
healthy individuals.

Somatic Symptoms

If not related to another mental disorder, psycho-
genic NCCP may be correctly considered as a
type of medically unexplained symptoms (MUS)
that is theoretically and clinically part of the
broader concept of somatization. The terms
MUS and somatization refer to somatic symp-
toms that cannot be fully explained by an under-
lying physiopathological process. These terms
can also be used when symptom burden is exces-
sive commensurate to the underpinning organic
condition.

The presence of MUS still represents a key
feature of somatic symptom disorder (SSD)
diagnosis of the Diagnostic and Statistical Man-
ual of Mental Disorders, Fifth Edition (DSM-5),
although new DSM-5 criteria for SSD no longer
require that somatic symptoms must be medi-
cally unexplained [30] (as it was for the diagno-
sis of somatization disorder in DSM IV-TR)
[31]. The emphasis is instead posed on how
much the severity of symptoms is out of propor-
tion to what expected. It is common in
ambulatorial clinical practice to encounter this
patient recurrently. They often exhibit their mal-
aise in a dramatic way, partially as a conse-
quence of the need of complaining their
suffering to others.

The prevalence of somatic symptoms and
related disorders in the general population is
only 1–3% [32]; however, it is probably
underestimated. As an illustration, one large epi-
demiological study of chronic pain in the United
States found a prevalence of 15% [33]. The per-
centage of NCCP cases attributable to somatic
symptom and related disorders has not been for-
mally estimated, but clinical experience suggests
that it is not insignificant.
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Illness Anxiety Disorder
The differential diagnosis between somatic symp-
tom disorder and illness anxiety disorder (IAD) is
based on the actual presence of symptoms versus
the preoccupation of developing an illness,
respectively. It is difficult to reassure these
patients, and they quickly lose faith on what has
been told them. Patients affected by IAD usually
present a variety of somatic preoccupations affect-
ing multiple organ systems. Some patients focus
their worries on the occurrence of cardiac clinical
manifestations. However, the prevalence of IAD
in NCCP is unknown.

Among illness anxiety disorder spectrum,
“cardiophobia” is the fear of having a cardiac
problem with a consequential overestimation of
heart-related symptoms like palpitations or tran-
sient thoracic pain [34]. Subjects tend to avoid
physical activities because of their apprehension
toward somatosensory and cardiopulmonary sen-
sations that are interpreted as potential signs of a
major coronary heart disease [35]. Individuals
affected by this disorder tend to reject any psy-
chosocial explanation of their condition, and this
behavior tends to postpone and even compromise
an appropriate treatment [36]. In order to asses
symptoms linked to cardiophobia and other heart-
focused anxiety, the Cardiac Anxiety Question-
naire (CAQ) has been created [37]. Patients
affected by psychogenic conditions have higher
scores in the questionnaire than health population
[38]. Not receiving a cardiac diagnosis can
heighten worry about chest pain and possibly
contributing to weaken quality of life.

Schizophrenia Spectrum Disorders

Differential diagnosis might be challenging in
some psychotic patients who are affected by
body-image disturbances and somatic delusions.
Even though hypochondriacal delusion is more
common in psychotic depression, some acute
and chronic schizophrenic patients might experi-
ence these symptoms [39]. As it has been shown
by the Australian national survey of psychosis in
2010, this issue is relevant because this subgroup
of patients often has a heavy burden of CVD risk

factors [40] and is twice as likely to have coronary
heart disease. Among those factors a very com-
mon one is dyslipidemia, which is linked to the
illness courses and to some second-generation
antipsychotics (SGAs), especially olanzapine, ris-
peridone, and paliperidone. These drugs indeed
increase triglycerides and reduce high-density
lipoprotein cholesterol (HDL-C), whose dose
changes are well-known risk modifiers of CVD.
Moreover, use of SGAs has a well-established
hyperglycemic effect that might be responsible
for microvascular damage at the coronary level.
The heart-related hypochondriacal delusions have
not been investigated, neither differential diagno-
sis with cardiac chest pain. It might be useful to
dedicate attention to the topic, taking into account
the potential consequences of a misdiagnosis in
these high-risk patients.

Psychological Perspective

The high occurrence of NCCP in anxiety and
somatoform disorders led to refer to the empiri-
cally supported models of these conditions in the
building of a theoretical model for NCCP. A sem-
inal contribution to the psychological perspective
of NCCP is represented by early works by G.H.
Eifert on cardiophobia [41], described as a syn-
drome characterized by repeated complaints of
chest pain, heart palpitations, and other somatic
sensations accompanied by fears of having a heart
attack and of dying. People suffering from this
condition tend to focus attention on their heart in
stressful situations. They show a phobic attitude
in perceiving and interpreting the function of their
heart and persist in believing that they are affected
by an organic disease, engaging into ruminations
and avoidance behaviors. Therefore, Eifert con-
sidered cardiophobia as a particular type of anxi-
ety disorder and proposed an integrative and
complex psychobiological model in which previ-
ous learning conditions related to experiences of
separation and cardiac disease lead to particular
deficits in basic behavioral patterns. Deficient and
inappropriate personality repertoires would result
in a psychological vulnerability for the develop-
ment and maintenance of cardiophobia since they
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affect future behaviors and responses to life
stressors, in particular separation or loss experi-
ences (actual or potential), current or recent illness
of self or close others, overwork, and work con-
flicts. Furthermore, a significant role in mediating
the impact of such stressors would be also medi-
ated and exacerbated by biological vulnerability
factors including chronic hyperarousal, hyper-
ventilatory breathing, mild coronary spasm, and
acquired changes in the perception and processing
of pain stimuli (nociception) of the chest intercostal
muscles. Thus, both psychological and biological
factors would mutually interact in determining the
clinical features of cardiophobia, as triggering
stressors occur. Symptoms of cardiophobia were
grouped by Eifert in three clusters:

1. Physiological symptoms encompassing chest
pain, heart palpitations, and respiratory symp-
toms (dyspnea, hyper-ventilatory breathing)

2. Affective-cognitive symptoms encompassing
intense fear of heart attack or dying, obsessive
belief of suffering from a heart disease, and
anxious apprehension

3. Behavioral consequences encompassing com-
pulsive reassurance and help seeking, exces-
sive medical consults, and avoidance
behaviors (Fig. 1)

Drawing partially upon Eifert’s works, Richard
Mayou formulated an etiological model for car-
diac functional symptoms but potentially applica-
ble to all functional somatic symptoms [42]. A
key component of this conceptualization is
represented by an abnormal interpretation of
bodily sensations with a tendency to the catastro-
phization of relatively benign symptoms. One of
the psychological factors underlying and
maintaining this cognitive distortion is anxiety sen-
sitivity, a dispositional variable distinguishable
from trait anxiety. It consists in the specific attitude
to fear anxiety-related physiological sensations
since they are believed to signal impeding harm
[43]. People with high anxiety sensitivity tend to
attribute a harmful meaning to certain bodily sen-
sations, probably also because of a higher intero-
ceptive sensitivity [44]. Consequently, coherently

with this model, individuals with NCCP may con-
sider heart palpitations or a transient harmless tho-
racic pain as an imminent catastrophic heart attack,
while peoplewith low anxiety sensitivity will prob-
ably consider these sensations as simply disturbing.
Several studies have shown that NCCP patients
fear cardiopulmonary symptoms as much as
cardiopathic patients. Moreover, the severity of
their cardiac complaints is strictly correlated with
the level of heart-related fears [45]. From an
affective-cognitive perspective, the relation
between fears of cardiac problems and physical
complaints may be established by this sequence
of processes:

1. Labelling: whenever a patient feels a thoracic
pain, it is interpreted as an approaching heart
attack. This label is a source of fear able to
elicit in turn a physical symptom.

2. Anticipation: even in absence of any com-
plaint, these may be anticipated, provoking a
feeling of anxiety. Consequently, any feeling
induced by this anticipation could be labelled
as a thoracic complaint.

3. Attention: labelling and anticipation processes
may lead the patients to focus on specific parts
of the body. Perception threshold is decreased,
and a large number of interoceptive sensations
become perceptible. This relation can be strength-
ened and maintained by hyperventilation [46].

Another psychological factor putatively involved
in NCCP etiology is alexithymia. Alexithymia is a
personality construct characterized by deficits in
identifying, discriminating, and describing emotions
[47]. Since individuals with alexithymia present a
marked dysfunction in emotional processing and
have not a full awareness of the well-established
relationship between affective states and physiolog-
ical neurovegetative alterations, they tend to experi-
ence these latter not as bodily emotional responses
but as undifferentiated, disturbing, and unexplainable
physical sensations. In a second step, these physical
sensations may be misinterpreted as symptoms of an
organic condition [48]. Thus, this inappropriate attri-
bution may make individuals with alexithymia more
likely to complain NCCP and to seek medical
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evaluation. Indeed, the few studies that investigated
the contribution of alexithymia [49] to NCCP
reported high alexithymia scores in NCCP patients
[50]. Although alexithymia and anxiety sensitivity
have in common a misinterpretation of benign phys-
ical sensations (tendency to concentrate on physical
alterations tied to emotional arousal, in alexithymia;
tendency to focus on anxiety-related symptoms on
the basis of beliefs on their harmfulness, in anxiety
sensitivity)with a following attribution of their origin
to a putative organic illness, they are two distinct
constructs, only moderately correlated [51]. They act
as unique but related psychological vulnerability
factors for recurrent pain in patients with NCCP. In
particular it has been hypothesized that anxiety

sensitivity may be associated with secondary
alexithymia, defined as a coping mechanism against
highly emotional events [52] and consisting in a
drastic reduction of emotional range. Indeed, the
fear of anxiety-related sensations may lead to an
emotional restriction intended as a coping
mechanism.

The psychodynamic understanding of medi-
cally unexplained symptoms finds its roots in
Jean-Martin Charcot’s studies conducted in the
nineteenth century in the Hôpital universitaire
Pitié-Salpêtrière, where the neurologist used the
term hysteria. Then, the topic had been investi-
gated by the father of psychoanalysis, Sigmund
Freud, who hypothesized that somatic symptoms

Fig. 1 Factors of non-cardiac chest pain, with permission of Kamila S. White [74]
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might derive from a conflict between desire and
reality activating a conversive “defense mecha-
nism.” In this sense the physical manifestation
substitutes a repressed feeling, and the complained
symptom is endowed with a symbolic meaning
related to the psychodynamic conflict. Janet in
the early twentieth century used the term dissoci-
ation to refer to unintegrated experiences.
According to the theory proposed by Janet, the
somatic manifestation represented the way to
express unexplainable emotions linked to a trau-
matic event. The term that is now commonly used,
somatization, was coined by Wilhelm Stekel, a
psychoanalyst and Freud’s pupil, in 1924. Thus,
according to the psychodynamic perspective,
somatoform disturbances might be attributed to a
mental conflict, to a structure deficit, or both. The
weakness of “structure” is referred to the person-
ality of a subject, who is not adequately able to
cope with environment requests. The conflict may
be experienced physically as pain, even if there is
not an underlying biological basis behind it. Psy-
chodynamic interpretation of cardiophobia has not
been enough investigated. Among the authors who
studied the cardiophobia, Ermann [53] proposed a
model based on the disproportion between the
personal ambitions and their achievability. The
subject might experience anxiety that he will prob-
ably regret, and, as a consequence, he might feel
guilty when the pursuit is prohibited by his own
conscience. The consequence of this inner contrast
is self-punishment like cognitive distortions about
cardiac health. In addition, according to the author,
the patients’ feeling of blameworthiness might
also result from the conflict between the desire of
independence from the mother and the persisting
need of maternal protection. During the therapeu-
tic process, the psychotherapist helps the patient to
make a connection between their somatizations
and their removed feelings and desires.

Contributions of Personality

It has been hypothesized that some personality traits,
such as aggressiveness, social inhibition, and neu-
roticism, may play a role in cardiovascular health
and in persistent chest pain. A correlation between

personality structure and cardiovascular risk was for
the first time theorized in the late 1950s by Ameri-
can cardiologists Meyer Friedman and Ray
Rosenman. They argued that a particular type of
personality, called type A behavior pattern (TABP)
– characteristic of highly competitive, ambitious,
and aggressive individuals – could represent a risk
factor for coronary heart disease (CHD) [54]. How-
ever, the first positive findings supporting this cor-
relation [55] have not been replicated, and many
subsequent reviews have rejected the hypothesis
that TABP may be causally linked with CHD
onset or outcome [56]. Although some studies
have found that type A cardiac patients tend to
exhibit a complaining behavior and report a more
severe chest pain compared to patients with similar
coronary disease [57], the relationship between
NCCP and TABP has not been adequately
investigated.

In more recent times, the potential contribu-
tion of personality to cardiac health has been
widely emphasized by several works suggesting
a correlation between “type D” (distressed) per-
sonality – characterized by the combination of
the tendency to experience negative emotions
(negative affectivity) and the tendency to inhibit
self-expression in social interaction (social inhi-
bition) – and worse cardiac outcomes together
with an impaired self-reported physical and
mental health [58]. Nevertheless, these findings
have not been replicated in larger studies. With
specific regard to NCCP, a recent observational
study, conducted on a large sample of patients
without CAD derived from the TweeSteden
Mild Stenosis study cohort, found a significant
association between persistent chest pain and
type D personality in patients with non-
obstructive CAD [59].

The differences in personality and psychological
profile of subjects withNCCP andCADwere inves-
tigated in a cross-sectional study involving patients
requiring cardiac consultation for persistent chest
pain. Looking at personality profiles, explored in
accordance to the Big 5 model, the only significant
data was a reduced score of NCCP patients on the
emotional control subscale [60].

Further studies of possible associations between
personality traits and NCCP are warranted.
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Implication of Psychogenic Symptoms
on Chest Pain Diagnosis and
Treatment Guidelines

In Emergency Setting

The undeferrable priority in patients referring to the
ED with chest pain must first be centered on mon-
itoring the hemodynamic situation and excluding
potentially fatal causes. In the presence of unstable
vital parameters, an assessment of respiratory and
cardiocirculatory function should be carried out
immediately after an early hemodynamic stabiliza-
tion. The clinical presentation of the patient should
orientate the diagnostic algorithm and the sequence
of instrumental investigations (e.g., electrocardio-
gram ECG, echocardiogram, chest x-ray CXR,) in
order to identify life-threatening conditions such as
acute coronary syndromes, aortic dissection, acute
myocarditis, pericarditis, pulmonary embolism,
tension pneumothorax, and, less frequently,
Boerhaave’s syndrome. In a patient with stable
hemodynamic parameters, in addition to the eval-
uation of the clinical history and a detailed physical
examination, the most accredited diagnostic algo-
rithms recommend a resting 12-lead ECG, dosage
of cardiac and coagulation markers. Chest x-ray or
chest computed tomography (CT) should be
performed in order to exclude other diagnosis if
recommendedworkup formyocardial ischemia has
been negative. In summary, in front of a patient
with acute chest pain, unstable vital parameters, an
abnormal ECG pattern, or other signs and symp-
toms suggestive of a coronary syndrome (e.g.,
escalating chest pain, diaphoresis) warrant referral
as an emergency. Otherwise, ECG and potential
further checks should be reserved to patients
reporting new onset or worsening chest pain with-
out any evident cause [61, 62]. Differentiating
angina from NCCP on the sole basis of clinical
and semeiological features is challenging. Patients
withNCCP usually describe a typology of pain and
a pattern of pain irradiation which are indistin-
guishable from cardiac-related chest pain. This is
complicated by the fact that patients with history of
coronary artery disease (CAD) may also
experience NCCP. Consequently, a first cardiolog-
ical evaluation is non-delayable. Recently some

doubts emerged over the utility of troponin test
in the diagnostic algorithm of cardiac chest
pain. A recent retrospective study found that
most of elevated troponin test results were
found in absence of electrocardiographic
changes or chest pain, leading the authors to
conclude that this marker has no clinical utility
and it results in costly increased downstream
evaluations. Thus, this marker might be ele-
vated also in NCCP.

However, some slight differences have been
observed in the patients’ attitude during an epi-
sode of chest pain. NCCP patients tend to report a
higher rate of chest pain occurrence and a more
severe pain intensity. Furthermore, NCCP is com-
monly associated with a thoracic respiratory
pattern characterized by overt hyperpnea (“hyper-
ventilation”), generally precipitated by psycho-
physiological processes such as panic or stress
arousal. It has also been reported that NCCP
patients usually describe their current critical sit-
uation using more sensory and affective words,
compared to patients with ischemic heart disease
[7].

It is worth highlighting that emergency
physicians often have a negative attitude toward
psychiatric patients presenting to an emergency
department reporting physical symptoms [63].
This prejudice could lead to a summary patient’s
assessment with a premature but harmful closure of
the differential diagnosis, since psychiatric comor-
bidity represents well-established risk factors for
several medical illnesses, including cardiovascular
diseases.

In Non-emergency Setting

After a cardiac disease or a life-threatening con-
dition has been excluded, a clinical challenge is
represented by the choice of the appropriate diag-
nostic test to apply in order to discriminate
patients with non-specific chest pain and other
underlying diseases, including NCCP as possible
manifestation. As previously mentioned, almost
90% of patients discharged from the ED with
NCCP diagnosis complain persistent and recur-
ring thoracic pain, and up to 80% of them had
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consulted a healthcare provider (generally a gen-
eral practitioner) in the year previous to the ED
admission [64]. A recent US-based survey
showed that almost 50% of the patients diagnosed
with NCCP in the ED consult at least a cardiolo-
gist in the subsequent months. Of those NCCP
patients who were referred, 45.9% were sent back
to the general practitioner, only 29.3% to a gas-
troenterologist, and less than 10% to a psychiatrist
or a clinical psychologist [65].

Management of patients with chronic persistent
NCCP may be particularly difficult, time- and
resources-consuming, also because of the absence
of specific diagnostic and therapeutic guidelines. A
multidisciplinary team-based approach to the eval-
uation and treatment of this class of patients repre-
sents a feasible and potentially effective care
model.

Implementation of this organizational pro-
tocol within the context of pre-existing “rapid
access chest pain clinics” – already active in
United Kingdom and originally developed to
manage new-onset angina – has been proposed
by Marks and colleagues [66], promoting
the need of a biopsychological approach.
According to this view, biological, psycholog-
ical, and social factors are strictly mutually
interrelated, requiring a holistic attitude, as
each one contributes to patients’ clinical pre-
sentation [67].

Thus, based on this biopsychosocial theoretical
framework, they planned a stepped-care manage-
ment program for NCCP patients combining [68]:

– Preliminary cardiological evaluation
– Evaluation for other potential causes of persis-

tent non-acute chest pain (pulmonary, gastro-
intestinal, musculoskeletal, rheumatological)
by multiple medical specialists

– Systematic evaluation for potential psychiatric
disorders in comorbidity using specific screen-
ing and assessment tools (Table 2)

– Psychological consult with possible referral to
cognitive behavioral therapy (CBT) if consid-
ered as appropriate

Reassuring patients constitutes a crucial step of
this management program, regardless of the actual
presence of underlying medical causes. Indeed, in
some cases psychological factors may shape the
intensity and features of pain perception, while in
others psychological dynamics are predominant
without evidence of a medical condition. Reassur-
ance should be given adopting a biopsychosocial
formulation: timing and method of delivery rep-
resent significant factors in order to strengthen its
efficacy [69]. Providing patients with clear expla-
nation of symptoms, plausible clarifications of the
likely determinants, and possible outcomes
appears to lessen patients’ preconceived concerns

Table 2 Screening and assessment tools for psychiatric conditions

Instrument Format Lenght

General psychiatric screening

Brief symptom inventory (BSI) Self-report 53 items

Hospital Anxiety and Depression Scale (HADS) Self-report 14 items

Health-related quality of life (short form SF-36) Self-report 20 items

Brief Psychiatric Rating Scale-expanded (BPRS) Self-report, interview 18 items, variable

Brief cognitive screening

Mini-mental state examination-modified Interview 12 min

Neurobehavioral Cognitive Status Examination (CSE) Interview 45 min

Affective and anxiety disorders

Beck anxiety inventory Self-report 21 items

Beck depression inventory-II Self-report 25 items

Primary care evaluation of mental disorders (PRIME-MD) Self-report, Interview 10 min

Anxiety disorders interview schedule for DSM-IV (ADIS-IV) Interview �60 min

Structured clinical interview for DSM-IV (SCID-IV) Interview �60 min
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and catastrophic thoughts regarding the origin of
the chest pain [70]. It is recommendable to use
well-accepted and comfortable words [71, 72],
not to minimize patients’ worries and anguish
about the nature of symptoms, explicitly recog-
nizing that their condition is real and disabling.

Schematically, after the assessment phase and
an adequate “reassuring comfort,”management of
these patients should include:

– Prescription of appropriate medications if an
organic cause other than cardiac ones has been
detected

– Deep breathing exercises and techniques for
stress relief [73]

– Addressing cognitive distortions by means of
CBT

– Referral to specialist mental health services

Conclusions

Non-Cardiac Chest Pain is a common condition.
Its correct interpretation is essential not only to
exclude more severe clinical outcomes but also to
help patients properly. The approach of Medically
Unexplained Syndromes offers a practical frame-
work to support the clinician in prognostic path-
ways. Similarly, it is remarkable the effort of
psychodynamic authors to identify the core
aspects of somatization that they used to contex-
tualize clinical pictures similar to NCCP. Regard-
less of the theoretical reference framework, this
research area should be better investigated to
increase diagnostic and therapeutic evidence.
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Abstract

Many heart diseases can affect brain activity
and the most common are atrial fibrillation,
arterial hypertension, heart failure, ischemic
heart disease, valvular heart disease, pulmo-
nary arterial hypertension, and sudden cardiac
arrest. The mechanisms underlying the brain
dysfunction and the cognitive impairment can
be different depending on the heart disease, but
the decreased blood perfusion, silent cerebral
infarctions due to cardioembolism, and cere-
bral white matter hyperintensities are the most
commonly involved pathogenetic mecha-
nisms, although also genetics seems to play a
role in many diseases. Another important
aspect to be considered is the presence of
depression, which is common in many heart
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diseases and can affect not only the quality of
life but also the outcome. Considering the
importance of brain dysfunction on outcome,
it is evident from the literature, how important
it is to correctly identify patients who develop
this type of problem in order to optimize their
treatment and improve their outcome.

Keywords

Heart diseases · Brain dysfunction · Cognitive
impairment · Hypoperfusion · Cardioembolism

Introduction

Heart and brain have several connections between
them and if it is well known that the functioning of
the heart undergoes numerous influences from the
brain and the central nervous system, it is equally
well demonstrated that the heart functioning can
affect the brain activity. In fact, the heart and the
brain do not share only the same risk factors, but
there are several types of heart disease that poten-
tially affect the brain.

Atrial Fibrillation

Atrial fibrillation (AF) is one of the most common
arrhythmias, with higher incidence and preva-
lence rates in developed countries [1]. It is esti-
mated that in Europe AF is present in 3.7–4.2% of
people aged 60–70 years and in 10–17% of those
aged 80 years or older [2]. AF is one of the major
causes of stroke, heart failure, sudden death,
and cardiovascular morbidity in the world [3] and
it is independently associated with a twofold
increased risk of all-cause mortality in women
and a 1.5-fold increase in men [4]. It is well dem-
onstrated that the presence of AF can influence the
brain activity in many ways. The risk of ischemic
stroke is increased if AF is present due to the
increased risk of thromboembolism, originating
mainly from the left atrial appendage, caused by
this arrhythmia [5], and the CHA2DS2-VASc

score is the most effective and clinically used
score to estimate the risk of stroke and thrombo-
embolism in AF patients [6]. Oral anticoagulation
(OAC) with vitamin K antagonists (VKAs) [7] or
non-VKA oral anticoagulants (NOACs) [8–12]
markedly reduces stroke and mortality in AF
patients. Moreover, NOACs seem not only to
have better long-term efficacy and safety compared
with warfarin, but also to be associated with a
lower risk of cerebral ischemic events and new-
onset dementia [13]. AF is not only associated with
an increased risk of symptomatic stroke, but also
TIAs and silent cerebral infarctions [14]. It was
indeed demonstrated that patient with paroxysmal
and persistent AF had a higher prevalence and
number of areas of silent cerebral ischemia than
controls in sinus rhythm and this is associated with
worse cognitive performance in immediate mem-
ory, visual-spatial abilities, language, attention,
and delayed memory [15]. Furthermore, AF is
associated with a higher risk of cognitive impair-
ment and dementia, independent of ischemic
stroke [16] both in elderly people and in younger
one. Regarding younger people, a longer exposure
period might lead to changes that produce greater
neuronal injury and loss, possibly due to the inter-
action of degenerative and vascular changes [17],
and they are likely to reach thresholds of cognitive
impairment or dementia at earlier ages than people
with no history of atrial fibrillation [18]. It was also
demonstrated that people with atrial fibrillation
treated with long-term warfarin anticoagulation
have higher rates of all dementia types compared
with patients receiving long-term warfarin for
other indications [19]. The brain functions
impaired by the presence of AF can vary, such as
learning and memory, attention and executive
functions, working memory, visuospatial skills
[20], and different subtypes of dementia can be
promoted, especially Alzheimer’s disease and vas-
cular dementia [21]. The underlying mechanisms
that link AF and cognitive impairment are not well
known and many factors seem to play a role. AF
decreases blood flow to the brain as well as perfu-
sion of brain tissue compared with sinus rhythm
[22], and this reduction and variation beat-to-beat
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of cerebral perfusion certainly plays an important
role in the development of cognitive impairment
[23]. Furthermore, if AF is associated with heart
failure, the cognitive deficit is exacerbated possibly
through their association in decreasing cerebral
perfusion [22]. Other possible mechanisms that
explain this fact seems to be cerebral microinfarcts,
an important neuropathological predictor of clini-
cal dementia [24], due to microemboli [23]. In fact,
AF leads to a hypercoagulatory state [25] that
could give rise to subclinical cerebral embolism,
and transcranial Doppler ultrasonography has
detected cerebral microemboli in up to 30% of
patients with AF [26]. Also genetic polymor-
phisms, especially apoE genotype, are related
with cognitive impairment in AF [27]. In addition,
AF is demonstrated to be associated with
increased hippocampal atrophy and smaller
brain volume, evaluated with magnetic reso-
nance imaging, and this association is stronger
with increasing burden of the arrhythmia,
suggesting a cumulative negative effect of AF
on the brain independent of cerebral infarcts
[28]. Consistently with all these evidences, espe-
cially with the ones which underlying the link
between reduction in brain perfusion during AF
and cognitive decline, the strategy of atrioventric-
ular node ablation and pacing improve left ventric-
ular systolic function, thereby increasing blood
pressure and improving cerebral perfusion with
an improvement in immediate and delayed verbal
memory, abstract mentation, attention, psychomo-
tor speed, as well as in learning [29]. On the other
hand, postoperative neurocognitive dysfunction
and neuropsychological decline, especially in
memory, seem to be related to the procedure of
transcatheter AF ablation, [30] but there are
conflicting evidences on that [31].

Anxiety and depression are more frequent in
patient with AF than in general population [32],
especially in patient with persistent AF respect to
patient with paroxysmal AF [33], increasing the
perception of severity of symptoms related to AF
[34] and driving to a reduction in health-related
quality of life [35]. Catheter ablation is more
effective for improving depression, anxiety, and

quality of life in patients with AF compared with
antiarrhythmic drug therapy [36].

Arterial Hypertension

Arterial hypertension is defined as values
�140 mmHg of systolic blood pressure (SBP)
and/or � 90 mmHg of diastolic blood pressure
(DBP). Overall, the prevalence of hypertension
appears to be around 30–45% of the general pop-
ulation, with a steep increase with aging. The most
common types of brain lesions favored by hyper-
tension are white matter hyperintensities, silent
infarcts, and microbleeds. White matter hyper-
intensities and silent infarcts are associated
with an increased risk of stroke, cognitive decline,
and dementia [37]. In particular, regarding the risk
of stroke, it is well demonstrated since decades
that it is increased by the presence of arterial
hypertension through many mechanism: a high
intraluminal pressure will lead to extensive alter-
ation in endothelium and smooth muscle function
in intracerebral arteries that can lead to local
thrombi formation and ischemic lesions, to fibri-
noid necrosis that can cause lacunar infarcts
through focal stenosis and occlusions and to
degenerative changes in smooth muscle cells and
endothelium that predisposes for intracerebral
hemorrhages. Furthermore, hypertension acceler-
ates the arteriosclerotic process, thus increasing
the likelihood for cerebral lesions related to ste-
nosis and embolism originating from large extra-
cranial vessels, the aortic arch, and from the heart.
Moreover, adaptive structural changes in the resis-
tance vessels, while having the positive effect of
reducing the vessel wall tension, have the nega-
tive consequence of increasing peripheral vascu-
lar resistance that may compromise the collateral
circulation and enhance the risk for ischemic
events in connection with episodes of hypoten-
sion or distal to a stenosis [38]. An antihyperten-
sive stepped-care drug treatment has the capability
to dramatically reduce the incidence of total stroke
and major cardiovascular events [39]. It is also
known for years that hypertension-associated
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pathogenic processes may cause mild cognitive
impairment [40] and that arterial hypertension,
especially the SBP, predict the onset of impaired
cognitive performance affecting attention, learning
and memory, executive functions, visuospatial
skills, psychomotor abilities, and perceptual skills
[41]. The underlying mechanisms are not fully
known, but a role in cognitive dysfunction is
played by the reductions in cerebral blood flow
and metabolism driven by long-standing hyper-
tension [42]. Moreover, as mentioned at the begin-
ning of this chapter, cerebral white matter
hyperintensities (WMHs), which are believed to
be the consequence of small vessel disease, are
one of the stronger predictors of dementia and
cognitive decline [43]. WMHs are associated
both with high SBP and high DBP [44], and there
are evidences that adequate treatment of hyperten-
sion may reduce the course of WMHs progression
[45]. However, the fact that antihypertensive treat-
ment can reduce the risk of the onset of dementia is
not fully proven as there are conflicting evidences
[37]. Other factors have been related to the decline
of cognitive function due to hypertension, in par-
ticular there are evidences on the fact that the role
of neuroinflammation in the susceptibility of the
brain for neurodegeneration and memory impair-
ment is enhanced in hypertension, and that ACE
inhibition can play a protective role [46]. More-
over, genetic probably play a significant role, as it
was demonstrated that the interaction between
hypertension and the presence of the APOE ε4
allele was associated with steeper cognitive decline
over a long period [47]. Finally, recent evidence
focuses on the importance of small vessel disease
and in particular on the role of hypertension as a
contributing factor toworse clinical outcomes, espe-
cially cognitive impairment, and neuroradiological
presentation in patients with sporadic small vessel
disease [48]. Concluding, blood pressure has com-
plex relationships with cognitive functioning and
poorly controlled hypertension increases the risk
of cognitive dysfunction and perhaps vascular and
possibly other types of dementia, affecting also the
quality of life of the patients. Therefore, it is impor-
tant to provide appropriate patient education regard-
ing likely risks associated with hypertension [49].

Heart Failure

Heart Failure (HF) is a clinical syndrome charac-
terized by typical symptoms (e.g., breathlessness,
ankle swelling, and fatigue) that may be accom-
panied by signs (e.g., elevated jugular venous
pressure, pulmonary crackles, and peripheral
edema) caused by a structural and/or functional
cardiac abnormality, resulting in a reduced cardiac
output (HF with reduced ejection fraction) and/or
elevated intracardiac pressures (HF with pre-
served ejection fraction) at rest or during stress
and leading to the fact that the metabolic require-
ments are not met [50]. About 1–2% of the adult
population in developed countries is affected by
HF, and this percentage increase with the age up to
10% in patients aged over 70 years [51]. It is
known for many years that the presence of HF is
associated in many patients with brain failure [52,
53], and this correlation is present in all ages, also
in pediatric population [54]. There are many evi-
dences supporting that severity of cognitive
impairment is associated with the severity of HF,
quantified as reduction of ejection fraction (EF) or
symptom burden, [55] and the association
between HF and cognitive decline is also found
in patient with reduced EF, but without symptoms
[56]. Moreover, the brain failure seems to be
present equally in patients with HF with reduced
EF and in patient with HF with preserved EF [53].
It is possible to recognize two different types of
cognitive problem in HF: an acute change in cog-
nition during an acute presentation of HF (delir-
ium) and a chronic decrease of the cognitive
abilities in chronic HF. Regarding delirium, it is
common in many acute medical conditions, so it is
difficult to establish a direct correlation with HF,
but it was demonstrated that its presence during
hospitalization for HF increases the length of hos-
pital stay, worsens the outcome, and increases the
mortality [57]. As for the chronic decrease of the
cognitive abilities, it affects many abilities and
cognitive domains as deficits in attention, execu-
tive functioning, visuospatial functioning, mem-
ory, perceptual speed, and language [58], leading
to an increased risk to develop different type of
dementia, including vascular dementia [59] and
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Alzheimer’s disease [60]. Furthermore, HF is
associated with poor level of self-care manage-
ment, which can also affect the adherence to the
therapy [61]. The potential pathophysiological
explanations of cognitive impairment in heart
failure vary and different factors can coexist in
the same patient. The formation of tangle and
plaque-like structures and fibrillar deposits (that
is, the “hallmark” lesions of Alzheimer’s
disease (AD) dementia), which was demonstrated
within the myocardium of patients with hypertro-
phic cardiomyopathy and idiopathic dilated car-
diomyopathy, explains the possibility of a
common myocardial and cerebral pathology in a
subset of patients with HF [60, 62], whereas the
systemic inflammatory state recognized in
patients with HF may also contribute to cognitive
impairment through different cytokine-mediated
interactions between neurons and glial cells [63].
The reduction in cerebral blood flow caused by
low cardiac output, low systolic blood pressure,
and impaired autoregulatory mechanisms are
probably also involved in brain changes affecting
people with HF [64]. Moreover, as during AF,
cardioembolism may play a role in the develop-
ment of cognitive impairment in HF, as it was seen
in HF patients with sinus rhythm. Reduced EF
seems to be the most important determinant of
thrombus formation and potential embolic cerebral
infarction in these patients [65]. At a macroscopic
level, it was demonstrated, via magnetic resonance
images, that patients with HF have a gray matter
loss in the left cingulate, in the right inferior frontal
gyrus, in the left middle and superior frontal gyri,
in the right middle temporal lobe, in the right and
left anterior cingulate, in the right middle frontal
gyrus, in the inferior and pre-central frontal gyri,
in the right caudate, and in the occipital-parietal
regions involving the left precuneus, which are
relevant brain regions for cognitive function and
that compromise performance on cognitive tasks
that require mental effort [66]. The risk for cog-
nitive decline in HF patients appeared to be mod-
ifiable with cardiac treatment, as clinical
interventions that improve cardiac function can
also improve cognitive function [67] and better
treatment adherence predict improved cognition

1 year later [68]. These facts underlie the impor-
tance to screen for cognitive impairment in HF
patients and, although Mini-Mental State Exami-
nation (MMSE) is one of the most widely used, the
Montreal Cognitive Assessment (MoCA) seems to
be more comprehensive and appears to be the most
suitable screening tool for HF as it tests all of the
domains most often affected in this disease [69].

Finally, it should not be forgotten that depres-
sion plays an important role in HF. Approximately,
20% of these patients have clinically significant
depression and another 35% have minor depres-
sion [70] and is often underdiagnosed [71].
Depression was associated with poorer outcome
in HF patients [72], so it is recommended to screen
for it using tool as PHQ-2 and PHQ-9 [73] and treat
it using, for example, SSRIs, which are considered
to be both efficacious and safe [74].

Ischemic Heart Disease

Ischemic heart disease (IHD) is the leading cause
of death all over the world [75] and consists of
several different conditions, such as myocardial
infarction (MI) and angina pectoris (AP), which
are the most prevalent ones. IHD is mainly due to
the development of atherosclerosis in the coro-
nary arteries, with reduction of blood supply to
heart muscle, so it is also known as coronary
artery disease (CAD) [76]. The prevalence of
IHD is about 20% in people over 65 years old,
7% in those 45–64, and 1.3% in those 18–45, with
higher rates among men than women of a given
age [77]. The literature on the presence of cogni-
tive dysfunction in IHD patients is mixed in gen-
eral, the majority of prospective and cross-
sectional studies demonstrating a significant asso-
ciation with cognition or dementia, resulting in a
45% increased risk of cognitive impairment or
dementia [78]. In fact, cognitive impairment is
observed in about 35% of the patients with a
previous history of IHD and most of the cognitive
domains are affected even if a predominance of
impairment in verbal memory learning and exec-
utive function was reported [79]. IHD patients had
lower cognitive performance and greater degrees
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of decline compared to people without IHD [80].
Moreover, atherosclerosis extent and severity of
angina pectoris were demonstrated to be associ-
ated with the severity of cognitive decline [81].
The exact biological mechanism underlying the
association between IHD and cognitive impair-
ment or dementia is not still fully known, but
many pathways seem to play a role [78].
First of all, the common risk factors for IHD
and dementia are the same, like as obesity, type-
2 diabetes, smoking, hypertension, physical inac-
tivity, and hypercholesterolemia [82], but the
association between IHD and dementia cannot
lay only on this [78]. Moreover, IHD can be
associated with other cardiac diseases, like atrial
fibrillation and heart failure, which, as explained
previously, increase the risk of cognitive impair-
ment and dementia. Vascular insufficiency con-
sequent to IHD could also be involved leading to
cerebrovascular changes such as a reduced cere-
bral blood flow and cerebral hypoperfusion [83],
brain infarctions, and white matter lesions [84],
which are associated with reduced cognitive
functioning and risk of dementia [85]. Further-
more, patients with IHD have a loss of gray
matter in some specific brain regions that are
relevant to cognitive function, and the greater is
the extent of coronary stenosis, the greater is the
loss [86]. It was also hypothesized, in a single
study in adult rat, that the increased production of
hydrogen peroxide in the hippocampus could
play a role in the myocardial infarction induced
cognitive dysfunction. More evidences are
needed to support this mechanism [87]. An
important aspect to be addressed is the cardiac
surgery consequent to IHD: the cerebral dysfunc-
tion following cardiac surgery is an important
complication and can occur in different ways,
classified as stroke, encephalopathy (including
delirium), or postoperative cognitive dysfunction
(POCD). The etiologies involved are cerebral
emboli, hypoperfusion, or inflammation that has
largely been attributed to the use of cardiopulmo-
nary bypass [88]. The most important predictors
associated with cognitive decline in the postop-
erative period were demonstrated to be older age,
female gender, higher bleeding episodes, and
high postsurgery creatinine level [89]. Regarding

cardiac treatment, it seems to be able not only to
increase cardiac function, but also to have bene-
ficial effects on brain function [90], though beta-
1–selective beta-blocker use was associated with
worse incidental learning [91]. As in atrial fibril-
lation and heart failure, also in IHD patients, the
depression is an important aspect to be studied in
deep. In fact, somatic symptoms of depression
after a myocardial infarction predicted subse-
quent mortality, whilst depression, anxiety, and
type D personality were associated with worse
cognitive performance independent of clinical
CAD severity and sociodemographic character-
istics, especially in younger people [92, 93]. The
effective treatment of depression reduces mortal-
ity in depressed postmyocardial infarction
patients. In conclusion, considering the associa-
tion of IHD and cognitive dysfunction, it is really
important to screen for it and for depression
before hospital discharge and during follow-up
to improve its recognition and treatment [94].

Valvular Heart Disease

The risk of cognitive impairment in patients with
valvular disease is present mainly when a valve
correction is to be performed. In fact, clinically
silent brain injury detected with cerebral magnetic
resonance imaging (MRI) is well known after var-
ious cardiovascular interventions, including surgi-
cal valve correction, and they can favor cognitive
decline [95]. However, from the 1990s, new tech-
niques for percutaneous valve corrections have
been developed, especially for high-risk patients,
such as transcatheter aortic valve implantation
(TAVI) and MitraClip [96, 97]. Regarding TAVI,
it is known to be associated with silent cerebral
injury as well as surgical aortic valve replacement
(AVR), but the risk of cerebral emboli seems to be
inferior respect AVR. However, both AVR and
TAVI are associated with a significant improve-
ment of quality of life without a detrimental effect
on cognitive function, despite the high intrinsic
risk for cognitive deterioration of this population
[98]. Also MitraClip procedure causes acute cere-
bral lesions in the vast majority of patients, but
these lesions resolve completely in the follow-up.

202 E. Baldi and S. Savastano



Nevertheless, the number of lesions may have an
impact on cognitive function as patients with more
lesions showed a significant decline in their test
scores in a single study [99].

Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) is a rare
and debilitating chronic disease of the pulmonary
vasculature, characterized by increased blood
pressure within the arteries of the lungs, which
ultimately leads to right heart failure and death.
The most common symptoms are shortness of
breath, tiredness, and syncope. PAH is classified
in different subgroups depending on its etiology
and different mechanisms can be involved,
including left heart disease (group WHO II) and
chronic arterial obstruction (group WHO IV),
the latter which is represented mainly by
chronic thromboembolic pulmonary hyperten-
sion (CTEPH) [100]. Patients with PAH may
suffer from cognitive impairments, depression,
and anxiety [101]. In particular, cognitive defi-
cits seem to be related to reduced oxygen deliv-
ery and cerebral tissue oxygenation (CTO),
which is the strongest predictor of cognitive dys-
function, and disease-targeted medications result
in better cognitive function [102]. Moreover,
mental disorders, exercise capacity, long-term
oxygen therapy, right heart failure, and age play
an important role in the quality of life of these
patients and advanced practice nursing strategies
(such as counseling, psychiatric referrals, psycho-
therapy, guided imagery, leading support groups,
and low-grade resistance training) may help to
increase their quality of life [103]. Considering
these evidences, it is clear the importance of
screening PAH patients to assess their outcomes,
and a new questionnaire, called PAH-SYMPACT,
was recently proposed for clinical use including
also cognitive/emotional impact of PAH [104].
Regarding the subgroup of CTEPH, pulmonary
endarterectomy with repeated short periods of cir-
culatory arrest with moderate hypothermia results
in a better quality of life and reduced symptoms of
depression and anxiety without worsening cogni-
tive function [105].

Sudden Cardiac Arrest

Sudden cardiac arrest (SCA) affects about 1 per-
son per 1000 inhabitants every year and is one of
the leading causes of death in the industrialized
countries, with a mean survival to hospital dis-
charge of 5–10% [106]. During a cardiac arrest,
the brain can suffer from a temporary limitation in
blood supply, which can lead to hypoxic brain
injury. Postcardiac arrest brain injury manifests
as coma, seizures, myoclonus, and brain death.
Among patients surviving to ICU admission but
subsequently dying in hospital, brain injury is the
cause of death in approximately two thirds after
out-of-hospital cardiac arrest and approximately
in 25% after in-hospital cardiac arrest. Unlike car-
diovascular failure, which cause death in the first
three days after the event, brain injury accounts for
most of the later deaths [107, 108]. Postcardiac
arrest brain injury may be exacerbated by micro-
circulatory failure, impaired autoregulation, hypo-
tension, hypercarbia, hypoxemia, hyperoxemia,
pyrexia, hypoglycemia, hyperglycemia, and sei-
zures [109]. In patients who survive at hospital
discharge, one of the main clinical consequences
of hypoxic brain injury is cognitive impairment
[110]. Cognitive problems affect about half of the
survivors of out-of-hospital cardiac arrest [111].
The cognitive domains that were affected most
frequently are memory, attention, processing
speed, and executive functioning, but also other
domains can be affected. Moreover, memory prob-
lems were reported most frequently, especially
regarding the episodic long-term memory func-
tioning [112]. A possible explanation for this is
that the hippocampus, a brain structure important
for the storage of information, is very sensitive to
decreased cerebral perfusion [113]. Furthermore,
memory seems to be affected by global brain ische-
mia rather than focal brain lesions [112] and by the
global cerebral atrophy seen after out-of-hospital
cardiac arrest, which can also explain why somany
cognitive domains can be impaired after cardiac
arrest [114]. Mild induced hypothermia 32–36 �C
is recommended as a neuroprotective strategy for
patients who remain comatose after hospital
admission [115] as it can improve outcome after a
period of global cerebral hypoxia-ischemia [116].
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Cooling suppresses many of the pathways leading
to delayed cell death, including apoptosis, and also
decreases the cerebral metabolic rate for oxygen by
about 6% for each 1 �C reduction in core temper-
ature, and this may reduce the release of excitatory
amino acids and free radicals [117, 118]. Hypo-
thermia also blocks the intracellular consequences
of excitotoxin exposure (high calcium and gluta-
mate concentrations) and reduces the inflammatory
response associated with the postcardiac arrest
syndrome [109, 119]. Cognitive function is similar
in patients with cardiac arrest receiving targeted
temperature management at 33 �C or 36 �C
[120]. Cognitive impairment was significantly
associated with lower participation, together with
the closely related symptoms of fatigue, depres-
sion, and restricted mobility. All these predictive
variables should be used during follow-up to iden-
tify SCA survivors at risk of a less successful
recovery that may benefit from further support
and rehabilitation [121]. Another important aspect
that needs to be considered is the presence of
anxiety and depression in SCA survivors, which
are present in up to 50% of the patients indepen-
dently of SCA characteristics [122, 123] and neg-
atively affect the quality of life and the outcomes
[124]. All these evidences support the need of
comprehensive outcome measurements of SCA
survivors: a recent advisory statement from the
International Liaison Committee on Resuscitation
(COSCA – Core Outcome Set for Cardiac Arrest)
suggests that evaluation should include survival,
neurological function, and health-related quality of
life (HRQoL). In particular, the statement recom-
mends reporting the survival status and modified
Rankin Scale (mRS) at hospital discharge, 30 days,
or both. mRS is preferred over cerebral perfor-
mance category (CPC) or other scales because it
is a brief, clinician-completed, ordinal hierarchical
rating scale used to determine a summary score of
global disability after a neurological event or con-
dition; it captures impairment of physical and cog-
nitive abilities; and it can discriminate between
levels of mild and moderate disability. Moreover,
HRQoL should be measured with �1 tools from
the HUI3, SF-36v2, or EQ-5D-5L at 90 days and at
periodic intervals up to 1 year after cardiac arrest, if
it is possible [125].

Brain dysfunction is also fundamental in prog-
nostication: bilateral absence of either pupillary
and corneal reflexes or N20 wave of short-latency
somatosensory-evoked potentials were identified
as the most robust predictors of poor outcome in
comatose patients with absent or extensor motor
response at�72 h from SCA, either treated or not
treated with controlled temperature. Early status
myoclonus, elevated values of neuron specific
enolase at 48–72 h from SCA, unreactive malig-
nant EEG patterns after rewarming, and presence of
diffuse signs of postanoxic injury on either com-
puted tomography or magnetic resonance imaging
were identified as useful but less robust predictors.
If the initial assessment is inconclusive, prolonged
observation and repeated assessments should be
considered [124].
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Abstract

In many cultures throughout history, the heart
always gathered several qualities to be pro-
nounced as “the seat of life,” where emotions
increased its activity, and even to this day, heart
imagery is often used to refer to emotional
experience. Where does this association come
from, and what relevance does it have for clin-
ical research today? An increasing knowledge
about afferent circuits to the nervous system
(and efferent circuits to the body organs)
resulted in new theories integrating the inter-
play of the heart and brain into emotional

processes. Since the normal variability in
heart rate is influenced by sympathetic or para-
sympathetic dominance, depending on envi-
ronmental changes, the variation and the
degree of its variability (heart rate variability
(HRV)) have been found to provide informa-
tion about emotional processing and the heart’s
ability to respond to it. The two main models
linking autonomic regulation to physiological
and emotional processes are the polyvagal the-
ory and the neurovisceral integration model,
both presented here. Another important side
of the connection between emotional pro-
cessing and heart activity is represented by
the concept of emotions as a risk factor for
cardiovascular disease. The hypothesized linkU. Provenzani (*)
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between negative emotional triggers and clini-
cal events is mediated through neurophysio-
logical responses such as autonomic
dysfunction, hemodynamic responses, neuro-
endocrine activation, and inflammatory and
prothrombotic responses. Awide array of neg-
ative and positive emotions, briefly summa-
rized in this chapter, has been shown to
independently increase or decrease the risk of
a CVD-related event and mortality in different
populations.

Keywords

Emotion · Processing · Heart · Activity ·
Variability · HRV · CVD

Introduction

In many cultures throughout history, the heart
always gathered several qualities to be pro-
nounced as the seat of life, where emotions
and passions of the body increased its frequency,
and the same occurred with fear or a sudden
external menace [1]. Ancient Hindus, Samoyeds,
and certain West African populations saw the
heart as the location of the soul [2], whereas
ancient Egyptians were convinced that the heart
generated emotions, thought, and will. Also, they
believed that the weight of the heart, measured in
the afterlife, would be used to judge the deceased
persons’ life and to determine their ultimate
fate [3]. Ancient Greek mythology, as well, con-
sidered the heart as the seat of the vital, emotional,
and spiritual life, grouping all the components of
the soul [4]. Aristotle saw the heart as the main
keeper of body heat, carried by the blood, linking
the idea of body heat as the source of “the sensory
soul,” referring to physical sensations, tempera-
ment, and emotions [5]. While most early Stoics
adopted a unitary view of the soul, Galen rather
favored Plato’s tripartite model, in which he
assigned various functions to different parts of
the body: reason was located in the brain, emotion
(particularly anger) in the heart, and desire in the
liver [6]. Of note, Galen’s theory assumed that
the ventricles of the brain were the seat of

thoughts, called “spirits,” while emotions resided
in the vascular system, with four “humors” or
secretions influencing the temperament (“san-
guine,” “choleric,” “phlegmatic,” and “melan-
cholic”). Through modern biomedical research
and the progress of neuroscience, the “spirits”
circulating in the ventricles have turned out to
be neural electrical activity while the “humors”
flowing in the vascular system, endocrine
secretions [7].

Even to this day, heart imagery is often used to
refer to emotional experience (i.e., “I mean it with
all my heart,” “lighthearted,” “heartless,” “my
heart skipped a beat”), and, when describing
extreme feelings, it is a common gesture to clasp
our hands to our hearts, indicating both the sym-
bolic associations of the heart with emotions and
the stress-related physical changes we feel in
the body [8]. Where does this association come
from, and what relevance does it have for clinical
research today? The purpose of this chapter is,
along these lines, to summarize historical
upgrades in the exploration of the intimate con-
nection between the heart and the emotional
processes of the nervous system, illustrate the
modern conception of the heart-brain interplay
with its theoretical models, and review how path-
ological states of both systems can affect the
other in a dynamical perspective. We will use the
term “emotion” referring to the array of neuro-
physiological reactions that occur, more or less
unconsciously, when the brain detects certain
challenging situations, while we use the term
“feeling” to refer to the conscious experience of
these somatic and cognitive changes.

The Emotional Brain and the Heart

Even if body and soul, in human history, have
often been considered the battlefield for a perpet-
ual fight between intellect and emotion (or the
brain versus the heart), modern research now
agrees that cognition and emotion are two distinct
functions but organized through bidirectional
neural connections (i.e., between the frontal cor-
tex and amygdala) to modulate cognitive input
and emotional information processing [9]. Patients
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with a damage in the brain frontal lobes, a pre-
sumed key site of integration between cognitive
and emotional systems, struggle to function
effectively in daily activities, even though their
intellectual abilities are conserved. This evidence
supports the seemingly counterintuitive position
(especially if compared to historical thinking) that
input from the emotional system not only facili-
tates but is actually indispensable to the process
of rational decision-making [10]. Emotions
can also direct attention on stimuli that are con-
gruent to our current emotional state (mood-
congruity effect [11]) and influence memory and
learning [12].

It was William James, in 1884, who formally
began the scientific quest for the source of emo-
tional experience with its article “What is an
emotion?”. James proposed that emotions actually
arise from organic changes in the body, in
response to an arousing stimulus. Rather than an
emotion causing the physiological response, it’s
the perception of the external stimulus that will
cause early visceral changes, and their interpreta-
tion will then create the experience of the emotion
itself (“we feel sorry because we cry”) [13].
However, in the 1920s, Walter Cannon argued
that this supposed signaling from the body was
too slow and did not have a sufficient differentia-
tion to explain the dynamic range and variety
of emotional expression. Working on animal
models, Cannon observed that a transection of
the brain below the level of the hypothalamus
eliminated a coordinated emotional reaction of
rage, while it was still present if the section was
conducted above the same level. This reaction
was called “sham rage” as it was disconnected
from cortical areas, which were assumed to be
critical for the emotional experience. In Cannon’s
view, sensory information from the thalamus was
sent to the brain cortex to produce conscious
feelings and through the hypothalamus to the
body (through the brain stem and spinal cord) to
produce physiological responses, implying that
the hypothalamus was critical for the assessment
of emotional significance of external stimuli. His
main research focused on the autonomic nervous
system and particularly the sympathetic division,
with its responses to fear and threat, resulting in

the “fight-or-flight” model of response [14]
described later in the chapter for its influences on
cardiac function.

Later contributions on the genesis of emotional
responses came with the “limbic theory” of Papez
in 1937, later elaborated by Paul McLean in
the 1950s, that expanded Cannon’s framework.
The model proposed that the hypothalamus
sends signals to the anterior thalamus and then to
the cingulate cortex, which integrates signals from
the sensory cortex and from the hypothalamus
directly, thus generating the conscious experience
of feeling. Projections from the sensory cortex
back to both the cingulate cortex and the hippo-
campus, and from the hippocampus back to
the mammillary bodies of the hypothalamus,
complete the loop (called “the Papez circuit”).
Papez’s theory was modified by MacLean, who
reintroduced the term “limbic system” referring to
the emotional components of the brain, moving
the spotlight from the cingulate cortex to the hip-
pocampus as the main brain area of feelings,
where the external world (represented in sensory
regions on the lateral cortex) converged with the
internal world (represented in the medial cortex
and hypothalamus) [15].

Furthermore, studies in nonhuman primates
suggested the earliest clues that the amygdala
had a key role in emotional reactions to environ-
mental stimuli. Following the studies of
Weiskrantz [16], who lesioned the amygdala in
monkeys demonstrating an impairment in acquir-
ing behavioral responses to shock-predictive
cues, subsequent studies in both rodents [17] and
humans [18] indicated the amygdala as an impor-
tant seat of recognition of environmental stimuli,
also connected to a type of emotional learning
called fear conditioning [19]. Additionally, the
breakthrough of emotional stimuli into conscious-
ness within emotional tasks is now known to
be gated by the amygdala, which appears to be
involved in translating stimuli into bodily arousal
(i.e., increasing blood pressure) [20], but this rela-
tionship could be bidirectional. Afferent signals
of physiological arousal, in fact, are processed in
the amygdala and integrated with threat stimuli
[21], and it has been demonstrated that sensitivity
to fear stimuli is also modulated by the cardiac
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cycle [22]. Additionally, fear states elicit a marked
sympathetic nervous activation, and anxious indi-
viduals show increased sensitivity to psychologi-
cal threat that translates into enhanced autonomic
reactivity [23] and superior detection of internal
bodily sensations, notably heartbeats [24]. Even
if a complete overview about evolving theoretical
models integrating the amygdala with other brain
areas exceeds the purpose of this chapter, it has to
be underlined that the amygdala is now known to
be part of a larger circuit involved in emotional
processing, including the hypothalamus, the peri-
aqueductal gray region of the brain stem, and also
cortical areas (like the ventral region of the ante-
rior cingulate cortex, the insular cortex, and the
ventromedial prefrontal cortex) which are related
to complex emotional states [15].

Focusing on the brain-heart interplay in emo-
tional processing, throughout the years an
advanced knowledge of the importance of afferent
circuits to the nervous system resulted in new
theories, integrating the input from the heart and
other organs into the emotional processes in the
brain. In fact, the heart is particularly sensitive to
changes in a number of other psychophysiological
systems and is also an endocrine organ that,
with each beat, transmits dynamic patterns of
hormonal, neurological, and electromagnetical
information to the brain and the body [25].
An important progress toward the discovery of
the bidirectional influence between the cardiovas-
cular system and the emotional system was
achieved with the work of John and Beatrice
Lacey throughout the 1960s and the 1970s, with
their behavioral and neurophysiological research
on sensory-motor integration. Challenging
Cannon’s theory that physiological indicators of
emotion and autonomic responses, like heart rate
and blood pressure, increased in concert when the
body is aroused under the control of the brain,
Lacey and Lacey observed that the heart seemed
to produce, at times, a response that did not match
with other physiological indexes [26]. For exam-
ple, an increase in skin conductance and respira-
tion rate was associated with a decrease in heart
rate. This “directional fractionation” was specific
to the peculiar type of stimulation provided and

the mental process involved: attention toward
an internal task (i.e., calculations) produced an
increase in heart rate, while attention to the envi-
ronment (i.e., watching a theatrical performance)
decreased the heart rate, but skin conductance
increased in both cases [27]. Also, the auto-
nomical response changed according to the con-
text of a specific task but also with its emotional
content: for example, heart rate decreased when
subjects were confronted with distressing emo-
tional stimuli in the external environment, but it
increased when they had to remember the same
situation [28].

Additionally, Lacey and Lacey observed that in
subjects performing tasks which required environ-
mental intake and emotional arousal, repeated
studies proved an anticipatory cardiac decelera-
tion. Their theory implied cardio-cortical interac-
tion and proposed that, following each heartbeat,
the stimulation of baroceptors located in the arte-
rial system (and particularly in the carotid sinus)
brought information through Hering’s nerve and
the glossopharyngeal nerve to the medulla and
subsequently to higher centers. This feedback
loop served to reduce daily variation in arterial
blood pressure [29] and suggested that cortical
activity is briefly inhibited as a result of barocep-
tor activity. Another point of this model
underlined that faster reaction times in response
to an environmental stimuli (such as a task) were
preceded by a greater decrease in heart rate, pro-
posing that sensory intake is enhanced if informa-
tion occurs when the baroceptor discharge is
reduced [30]. Subsequent studies confirmed that,
on the other hand, an increase in heart rate and
consequent increased afferent discharge of baro-
ceptors inhibited cortical activity during a reaction
time task [31].

Heart Rate Variability

Although there are many factors creating the inter-
play between cardiac activity and the environ-
ment, an element with special importance is the
well-described model of psychophysiological
arousal modulated by the autonomic nervous
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system (ANS), divided into the excitatory sympa-
thetic nervous system (SNS) and the inhibitory
parasympathetic nervous system (PNS). SNS
and PNS work in opposite directions to generate
different physiological responses of arousal. SNS
becomes dominant in case of exercise and some
heart diseases or when the body needs to avoid
or challenge threats of psychological or physio-
logical stress, producing a peculiar set of
responses (originally named “fight or flight” in
Cannon’s historical model proposed in 1932)
which include an increase in heart rate, through a
stimulation of pacemaker cells in the sinoatrial
node. PNS activity, on the other hand, is more
active during phases of relative safety and stabil-
ity, maintaining a lower degree of arousal and
decreasing heart rate, keeping it below the intrin-
sic firing rate of the sinoatrial node.

A key point in this two-way model is flexibil-
ity: emotions and their psychophysiological cor-
relates (in everyday life and even more in stressful
situations) can have a wide spectrum in quantity
and quality; therefore, an excessive rigidity of
the autonomic system would impair our ability
to produce an appropriate emotional response to
external and internal stimulations. Since the
normal variability in heart rate is influenced by
sympathetic and parasympathetic dominance,
according to this model, the variation and the
degree of variability in the heart rate (heart rate
variability; HRV) can provide information about
the autonomic neural regulation and the heart’s
ability to respond to it.

HRV Measurement

HRV has been an object of study for the past
50 years, but its clinical interpretations and inte-
grative theories have only emerged at the end of
the last century. The investigation of HRV, in fact,
was strictly related to the precision of the mea-
surement of beat-to-beat changes. The early psy-
chophysiologists relied on the polygraph to obtain
measurements of psychological processes, and the
cardiotocograph discovered by Boas defined a
remarkable improvement, but before the

invention of computers, R-R intervals were still
measured with a ruler, and HRV was viewed as
error variance due to poor experimental control
[32]. From a conceptual point of view, also, HRV
was related to individual differences in physiolog-
ical reactivity or behavioral impulsivity [33].
Spectral analysis of HRV was introduced by
Saykrs in 1973, and it was followed by cross-
spectral analysis in 1976 by Porges, who applied
it to define a theory of cardiac vagal tone.Since
HRVmeasurements became easier to perform and
noninvasive with good reproducibility (if used
under standardized conditions), HRV became an
increasingly used marker of emotion regulatory
ability. It can be analyzed simply with an ECG
lead II configuration (one electrode on the right
arm, one on the left leg, plus a ground): HRV
measures are then calculated assessing the varia-
tion of interbeat intervals, defined as the distance
between two R spikes on the ECG. The set of
interbeat intervals can be consequently analyzed
with different types of variance-based models.
In particular, power spectral analysis can be used
to separate the variance of the intervals into spec-
trums of frequencies, and, afterward, statistical
analysis can be performed to obtain overall HRV
or HRV at different frequencies [34]. This tech-
nique is used to obtain a power spectrum that
reveals variance in heart rate in specific ranges
of frequencies: high-frequency components
(15–40 Hz) will primary reflect parasympathetic
modulation and sinus arrhythmia, and
low-frequency components (0.04–0.15 Hz) will
reflect a shift toward sympathetic modulation [35].

Therefore, heart rate variability (HRV) can
be used as:

• A sign of sympathetic-parasympathetic
autonomic balance. SNS and PNS produce
different modulations of the interval of QRS
complexes in the ECG. As already mentioned,
sympathetic activity is associated with the
low-frequency range (0.04–0.15 Hz), while
parasympathetic activity is associated with
the higher-frequency range (0.15–0.4 Hz)
of modulation frequencies of heart rate: this
difference in frequency ranges allows to
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separate, during HRV analysis, the distinctive
sympathetic and parasympathetic contribu-
tions [36]. These notions also reflect how the
two branches work with different signaling
mechanisms and temporal effects: sympathetic
influence on heart rate is mediated by the
release of norepinephrine, with a slow action
on cardiac function (peak effect after 4 s),
while parasympathetic regulation has a shorter
latency response (about 0.5 s) and is mediated
by acetylcholine [35].

• A mirror of the cardiorespiratory control
system. A rhythmic and cyclic variation in
heart rate is produced by the different phases
of inspiration and expiration, and it has
been called respiratory sinus arrhythmia
[37]. Specifically, inspiration temporarily
inhibits parasympathetic influence on heart
rate (resulting in a heart rate increase), while
expiration restores it (resulting in a heart rate
decrease). Since the PNS is the only system
with a sufficient latency of action to be syn-
chronized with respiration, sinus arrhythmia
is mostly mediated by PNS and thus repre-
sents a parasympathetically mediated
HRV [38].

• An indicator of the heart’s possibility to
adapt to the environment, including its emo-
tional content, by identifying and responding
quickly to stimulation [39]. The rest of this
paragraph will focus on this feature.

The interpretation of HRV is thus dependent on
appropriate technologies and methodologies, in
parallel with the knowledge of the underlying
neural mechanisms. Progress in these fields has
led to the articulation of two major neurophysio-
logical models related to HRV, linking autonomic
regulation to physiological, psychological, and
behavioral processes.

The Polyvagal Theory

Formulated by Porges in 1995 [40], the polyvagal
theory is based within an evolutionary framework,
articulating three phylogenetic stages of develop-
ment of the human autonomic nervous system,

each stage associated with a distinct autonomic
subsystem and function:

1. Unmyelinated vagus (dorsal vagal complex)
supports simple immobilization (i.e., freezing)
in response to threat and has its lower motor
neurons in the dorsal motor nucleus of the
vagus. The dorsal vagal complex slows heart
rate through tonic inhibition of sinoatrial node
activity.

2. Sympathetic-adrenal system is involved in
active mobilization responses (i.e., “fight or
flight”) and has its lower motor neurons in the
spinal cord. The activation of this system
increases heart rate, with the purpose of mobi-
lizing useful resources.

3. Myelinated vagus (ventral vagal complex) is
related to social communication, self-soothing,
and calming, and its lower motor neurons are
in the nucleus ambiguus. It can rapidly with-
draw or restore an inhibitory influence on the
sinoatrial node. It also has afferent fibers ter-
minating in the nuclei of the facial and trigem-
inal nerves and includes portions of cranial
nerves that mediate facial expression, head
turning, vocalization, listening, and other
socially relevant behaviors. The connection
of the ventral vagal complex and these cranial
nerves provides a mechanism by which
cardiac states can be coordinated with social
behaviors.

The most phylogenetically primitive subset,
the unmyelinated vagus (also responsible of the
vasovagal syncope), is shared with most verte-
brates, together with the more recent
sympathetic-adrenal system connected to the
HPA axis. The three circuits can be conceptual-
ized as a dynamic, adaptive response to external
events and contexts. Their hierarchy follows the
Jacksonian “principle of dissolution” (proposed
by Jackson in 1958 to explain changes in the
functions of the brain due to damage): higher
neural circuits (i.e., phylogenetically newer)
inhibit the lower circuits (i.e., phylogenetically
older).

With the perception of a safe environment, the
body is regulated toward visceral homeostasis
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through the ventral vagal complex, inhibiting the
stress response system of the HPA axis and
decreasing heart rate. Also, brain stem nuclei reg-
ulating this complex are linked to facial and head
muscles: this connection is responsible of associ-
ations between social engagement and bodily
states. When confronted to a threat, the defensive
strategy is organized by the two more primitive
neural circuits, which become responsible of
influencing heart rate. The modulation of cardiac
activity is also linked to the availability of meta-
bolic resources required for mobilization: cardiac
output must be regulated for the body to remain
calm in safe environments, to mobilize for fight-
or-flight behaviors, or to immobilize for avoid-
ance behaviors.

The human heart is thus mainly regulated by
the strong tonic vagal influence, through myelin-
ated fibers, which keeps the heart rate lower than
the intrinsic rate of the sinoatrial node. This is
unique to mammals, where the ventral vagal com-
plex operates as an active “vagal brake” [41],
maintaining a low level of arousal and promoting
social communication. The modulation of the
vagal brake on the heart’s output generates a fast
and flexible balance decreasing the inhibitory
control to increase heart rate (and increasing
the inhibitory control to slow heart rate): this
rapid downregulation of vagal break thus provides
an effective way of influencing the heart rate,
without activating the sympathetic system and
mobilizing metabolic resources in a faster and
more powerful way. Deficits in the regulation of
the vagal break will result in the recruitment
of older autonomic systems, also associated with
health-related (i.e., hypertension, gastric ulcers)
and behavioral (i.e., irritability) costs. The older
systems, in fact, although functional in the short
term, may result in damage when expressed for
longer periods (probably, the stress and coping
neurophysiological strategies that are adaptive
for reptiles, such as apnea and bradycardia, may
be lethal for mammals) [42].

The assessment of risk is performed by the
brain through the integration of sensory informa-
tion from the environment. This evaluation may
involve subcortical limbic structures and can be
operated on an unconscious level: this is

considered as the foundation of “neuroception,”
a neural process different from perception,
involved in environmental risk assessment. From
a clinical point of view, anxiety disorders would
thus represent a maladaptive behavior character-
ized by the inability to inhibit defense systems
(i.e., the dorsal vagal complex and the sympa-
thetic system) in safe environments, resulting in
an inappropriate increase of arousal, heart rate,
and impairment of social communication [43].

Additionally, even if the modulation of heart
rate is associated to different mechanisms, the
ventral vagal complex is thus considered the
main efferent pathway that can provide the imme-
diate changes characterizing the respiratory sinus
arrhythmia (RSA) and, consequently, HRV. This
is why the measurement of RSA can also provide
an assessment of the vagal brake and an index
of emotional control. Many studies, in fact, sup-
port the theory that an effective and high-level
suppression of RSA is a sign of an appropriate
social and emotional regulation, strictly linked to
pertinent differences in facial movements [44].
Children with problems in behavioral regulation
have lower baseline RSA and RSA responses
[45], while stable RSA suppression is linked to
fewer behavioral problems, better social skills,
and greater emotional expressivity [46]. Adoles-
cent brothers of crime offenders with higher RSA
have a reduced risk of externalizing psychopa-
thology [47]. In adults, higher RSA predicts
greater self-reported emotional control and
decreased arousal in response to stressors, while
a lower modulation of RSA is associated with
social anxiety [48].

The Neurovisceral Integration Model

The neurovisceral integration model, proposed by
Thayer et al. in 2000 [49], attempts to integrate the
complex interactions of cognitive, affective,
behavioral, and physiological components of
normal and pathological affective states, into
a network aimed at regulation of emotions. The
anatomical structures included in this model are
represented by areas of the central nervous system
(particularly the cingulate cortex) and peripheral
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organs, with a focus on the cardiovascular system.
This network is related to important functions
such as attentional regulation, classical condition-
ing, affective information processing, and physi-
ological flexibility.

In this model, emotions are considered self-
regulatory responses that coordinate the body in
a goal-directed behavior, aimed at the response to
an environmental event, through the activation
of multiple sub-systems. This integration is an
index of the body’s ability to adjust to external
changes and demands. Specific emotions imply
peculiar eliciting signals, followed by specific
action tendencies such as selective attention to
relevant stimuli [50]. A flexible emotional control
will choose an appropriate response from an ade-
quate behavioral repertoire, inhibiting other
less appropriate responses. In this view the
whole organism is seen as a complex set
of sub-systems working together in a coordinated
fashion, through feedback and feed-forward cir-
cuits: the emotional response will be then orga-
nized through this interaction, as a distributed
system. The arrays of processes involved in
emotional response are thus considered to be sub-
sets of a larger, self-organizing system, and
specific emotion states emerge from interactions
among these lower-level elements.

Within this model, a disorder of emotional
control, such as an anxiety disorder, may be
viewed as the inability to shift into an emotional
state that is appropriate to an external demand,
resulting in an incorrect behavioral pattern
characterized by inflexibility [51]. Essential to
this complex task is the ability of reading
the emotional environment (with the aid of
self-monitoring) disregarding nonessential infor-
mation through selective attention. HRV thus
appears here to be strictly related to attentional
control and emotional regulation [52], and cardiac
vagal tone, as already mentioned, can be used as
an index of the efficiency of central-peripheral
neural feedback mechanisms (specifically high
vagal tone is associated with a greater ability to
self-regulate and behavioral flexibility).

The functional unit within the CNS that
appears to control goal-directed behaviors and
adaptability is the central autonomic network

(CAN), which anatomical structures include the
anterior cingulate, insular and ventromedial
prefrontal cortices, the central nucleus of the
amygdala, the paraventricular and related nuclei
of the hypothalamus, the periaqueductal gray mat-
ter, the parabrachial nucleus, the nucleus of
the solitary tract (NTS), the nucleus ambiguus,
the ventrolateral medulla, the ventromedial
medulla, and the medullary tegmental field [53].
The primary output of the CAN is mediated
through parasympathetic neurons, connected to
the heart via the stellate ganglia and the vagus
nerve, linking the CAN directly to HRV. Sensory
information from the heart is also fed back to the
CAN (i.e., baroceptor reflex). Since the singular
components of the CAN are interconnected,
their reciprocal feedback constitutes a nonlinear
dynamical system which allows multiple strate-
gies to a given response. For example, increasing
the heart rate can be obtained with CAN direct and
indirect pathways, which can modulate the output
through various combinations of sympathetic and
parasympathetic influence to the sinoatrial node.
Of note, the CAN is under tonic inhibitory control
obtained through GABA interneurons in the
nucleus of the solitary tract: an alteration of this
pathway can lead to hypertension and sinus tachy-
cardia. This model thus identifies in the CAN the
neurophysiological command center, organizing
cognitive, behavioral, and physiological pro-
cesses into regulated emotion states. This coordi-
nation is obtained by inhibiting other potential
responses, synaptically in the brain and vagally
in the periphery [54]. From this perspective,
HRV can be considered a mirror of the CAN’s
function to regulate the timing and magnitude of
an emotional response through inhibition,
according to environmental stimuli.

Since neurovisceral integration of emotions
and self-regulatory ability are reflected by the
autonomically mediated cardiovascular variabil-
ity, and vagal influences dominate cardiovascular
control with a tonic vagal inhibition, the reduc-
tions of HRV in certain pathological conditions
are consistent to this model. Studies on depression
[52] and generalized anxiety [55] have shown
a relative reduction in vagally mediated HRV
associated to cardiac symptoms of panic anxiety,
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within a psychological framework of poor
attentional control, behavioral inflexibility, and
ineffective emotional regulation. A decrease in
cardiac control through the vagal nerve, and
a consequent reduction of HRV, will result in
a disinhibition of the slower sympathetic influ-
ence, reflecting the body’s inability of tracking
rapid changes in environmental demands and
organizing an appropriate response. Vagal inhibi-
tion has also been related to behavioral hostility
and risk for cardiovascular disease [56], while
other studies have suggested that it might repre-
sent the link between psychological factors and
myocardial ischemia [57].

Comment on Both Theories

The polyvagal theory and the neurovisceral inte-
gration model present similarities in two assump-
tions. First, they both indicate a key role for
the vagally mediated inhibition of autonomic
responses in the expression and regulation
of emotions. Second, they propose that HRVmea-
sures are a mirror of the body’s ability to regulate
properly this emotional responding. Nonetheless,
the two models show also some major differences.

Whereas the neurovisceral integration model
underlines the importance of neuroanatomical
connections between the autonomic system and
brain regions associated with emotional pro-
cessing (i.e., cortical and limbic areas of the
CAN), the polyvagal theory’s core relies on the
links between the vagus and other cranial nerves
involved in behavioral expression of emotions
(i.e., facial muscles). The focus on different neural
circuits generated diverging extensions of both
theories: the model of neurovisceral integration
was used to analyze emotional dysregulation in
affective dysfunctions while the polyvagal theory
to explain deficits in social and developmental
processes. Further research and combination
of the elements from both theories could help
to create a more complex and detailed model
integrating autonomic, cognitive, and behavioral
aspects of emotional expression and regulation.
Additionally, a synthesis between these perspec-
tives might provide a more complete

understanding of the role of HRV in emotional
responding [39].

Emotional Triggering
of Cardiovascular Disease (CVD)

Over the past decade, emotion dysregulation has
become a very popular term in psychiatric and
clinical psychology literature, and it has been
described as a key component in a wide range of
mental disorders. For this reason, it has been
recently called the “hallmark of psychopathol-
ogy” [58]. Results from a recent meta-analysis,
including 92 studies with a worldwide distribu-
tion, established that people with severe mental
illness (schizophrenia spectrum disorders, bipolar
spectrum disorders, major depressive disorders)
have a 53% higher risk for having CVD, a 78%
risk for developing CVD, and an 85% risk
of death from CVD compared to the regionally
matched general population [59]. Evidence is con-
stantly accumulating also for chronic psychoso-
cial stress, anxiety disorders, and depression.

The role of emotional triggers in cardiac
pathology was acknowledged since the beginning
of the last century, but the first large-scale study
evaluating emotional triggers and their influence
on cardiovascular events was the Multicenter
Investigation of Limitation of Infarct Size
(MILIS) published in 1990. Eighteen percent of
the subjects reported emotional upset in the period
preceding cardiovascular symptom onset [60].
In the TRIMM study, published in 1991, 35% of
the patients reported either emotional upset or
stress within hours before acute myocardial
infarction [61]. The growing body of research on
the role of mental stressors on CVDmade possible
to define coronary heart disease as a (now well-
recognized) psychosomatic illness [62].

A well-studied example of emotionally trig-
gered CVD is Takotsubo cardiomyopathy (also
known as “broken heart syndrome”), which can
occur after acute mental or physical stress and
takes its name from a Japanese octopus fishing
pot, built with an apical ballooning with a narrow
neck [63]. The first observations of this phenom-
enon occurred in Japan more than 20 years ago.
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In 85% of cases, Takotsubo cardiomyopathy
is preceded by an emotionally or physically stress-
ful event, usually within an interval that varies
from minutes to hours. Emotional stressors can
include grief (death of a loved one), fear (armed
robbery, public speaking), anger (argument with
spouse), relationship conflicts (dissolution of mar-
riage), and financial problems (gambling loss, job
loss) [64]. Clinically, it is characterized by tran-
sient systolic dysfunction of the apical and
mid-ventricular segments in patients without
coronary artery disease. It starts abruptly, with
symptoms of chest pain and shortness of breath,
mimicking acute myocardial infarction (the dif-
ferential diagnosis can be challenging without
imaging). The pathophysiology of the disorder
remains to be elucidated but may involve cate-
cholamine excess and vasospasm [65].

Pathophysiology of Emotionally
Triggered CVD

The hypothesized link between negative emo-
tional triggers and clinical cardiovascular events
is mediated through neurophysiological responses
such as:

– Autonomic dysfunction: both sympathetic
overstimulation and parasympathetic with-
drawal are responsible of increased pressor
responses, stimulation of malignant arrhyth-
mias, and lowering the threshold for ventricu-
lar fibrillation. Reduced parasympathetic
activity, indexed by decreased HRV, is a
predictor of coronary heart disease, death in
patients following acute myocardial infarction,
and sudden cardiac death [66]

– Hemodynamic responses: anger-provoking
tasks induce coronary vasoconstriction in
patients with coronary heart disease. Also,
harmful hemodynamic responses to stress
are stimulated in part through autonomic
dysfunction as described earlier.

– Neuroendocrine activation: also associated
with autonomic dysfunction, it is well known
that stress and negative emotions induce

increases in hypothalamic-pituitary-adreno-
cortical activity and in catecholamine levels.

– Inflammatory response: inflammatory markers
such as interleukin-6 and TNFα are increased
after emotional stress.

– Prothrombotic response: inflammatory cyto-
kines are strictly involved in advance athero-
sclerosis and in thrombus formation: release
of cytokines by activated T lymphocytes pro-
duces a decrease in production of collagen in
smooth muscles, destabilizing plaques. Also,
they stimulate monocytes to produce tissue
factor, which increases blood coagulation,
and influence production of fibrinogen, an
acute-phase protein that increases blood vis-
cosity and coagulation [67]. The activation of
platelets and production of fibrinogen are
also stimulated directly by emotional stress,
with more prolonged responses in patients
who already suffer with coronary heart
disease [68].

These responses could lead to pathological
events evolving in thrombus formation, plaque
disruption, cardiac electrical instability, and myo-
cardial ischemia: the resulting clinical events are
myocardial infarction, unstable angina, and ven-
tricular tachycardia or fibrillation [69].

Emotional Risk Factors of CVD

The idea of an association between emotions and
cardiovascular disease has a very long history,
but evidence-based studies of the association are
comparatively recent. Throughout the years, the
understanding of the mechanisms involved in
CVD has been extremely increasing, and consis-
tent with this knowledge is the view that emo-
tional processes could be risk factors for heart
disease. A wide array of negative emotions has
been shown to independently increase the risk
of a CVD-related event and/or mortality in differ-
ent cardiac populations, briefly summarized here:

Acute negative emotions: Intense emotions
like outbursts of anger and acute life “stressors”
(which are usually linked to intense emotions) can
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trigger cardiovascular events and increase mortal-
ity within a few hours to several months, i.e.,
following the death of a loved one [70], natural
disasters [71], military/terrorist attacks [72], or
even major football tournaments [73]. The inci-
dence of acute coronary syndromes, fatal arrhyth-
mias, and sudden cardiac death was also observed
with noteworthy incidence in patients with
pre-existent CVD [74]. A recent meta-analysis
including different cardiovascular events (i.e.,
ischemic stroke, ventricular arrhythmia, and
ruptured intercranial aneurysm) proved an
increased risk for all those events in the hours
after an anger outburst [75]. Another meta-
analysis of 44 studies, investigating CVD out-
comes, found that anger was associated with
increased CVD events both in healthy population
studies and in samples with existing CVD [76]
– Anxiety: Anxiety has been implicated in arte-

rial hypertension, coronary heart disease
(CHD), and open-heart surgery outcomes for
more than 100 years [77]. Of note, the clinical
presentation of CVDs and anxiety have fre-
quently common features such as atypical
chest pain, dyspnea, palpitations, and arrhyth-
mias [78]; therefore, the differential diagnosis
is not always straightforward [79]. Healthy
individuals with high anxiety were found at
increased risk for incident CHD and cardiac
death, independent of demographic variables,
biological risk factors, and health behav-
iors [80], and conversely the prevalence of
anxiety disorders is significantly higher in sub-
jects with CVD compared to the general
population [81].

– Chronic psychological distress: There is
an enormous amount of literature about the
connection between psychological stress and
cardiovascular disease, exploring the differ-
ences of the effects of acute versus long-term
stressors on cardiac functioning. The largest
body of evidence on chronic stress still comes
from the study of work-related stressors
[82]. The INTERHEART study investigated
the association of chronic stressors and inci-
dence of myocardial infarction in a sample
of 25,000 people from 52 countries: after

adjusting for confounders (age, gender, geo-
graphic region, and smoking), those who
reported “permanent stress” at work or at
home had >2.1 times the risk for developing
myocardial infarction [83]. Several other
reviews summarizing the evidence from stud-
ies on chronic stress and coronary heart disease
have been published [84, 85], but a meta-
analysis published in 2006 [86] also provided
quantitative estimates, showing that employees
exposed to stress in the workplace have an
average 50% excess risk of CHD compared
with those who do not experience this type of
stress.

– Depressive symptoms: the association between
depression and cardiovascular disease can
be considered a “downward spiral” in which
depressive symptoms and CVD reinforce each
other [87]. Incidence rates of depression in
patients with CVD reach up to 20–40% [88],
and conversely depression has been proved to
increase the risk of cardiac death [89]. A meta-
analysis integrating results from 21 studies
(involving over 120,000 subjects) stated that
depression can increase the risk of CVD onset
up to 80–90% [90].

Conversely, there is still little evidence about a
protective effect of positive emotions on the car-
diovascular system [91], and the mechanisms
underlying the association between positive emo-
tions and many aspects of physical health are still
unclear [92]. The experience of positive emotions
has been associated with a lower likelihood of
cardiovascular disease [93], but conflicting evi-
dence showing no association has also been
published [94]. Positive emotions and well-being
could influence susceptibility to CVD inhibiting
the sympathetic nervous system and increasing
vagal activation, thus increasing HRV and
lowering blood pressure [95]. Positive emotions
and vagal tone, additionally, show the reciprocal
influence indicative of an upward spiral dynamic
[96]. The role of positive affects is also linked to
a decreased production of inflammatory and
coagulation factors such as fibrinogen and inter-
leukin-6 [97] (which are stress-induced and

12 Emotional Processing and Heart Activity 223



markedly involved in cardiovascular disease) and
reduced vulnerability to infections [98]. Positive
emotions, to conclude, have also been associated
with reduced cardiovascular mortality not only in
healthy population studies but also in patients
with established cardiovascular disease [99].
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Abstract

Cardiovascular disease (CVD) has been
proven to be the largest contributor to morbid-
ity and mortality in the developed world. By
considering the psychosocial factors that have

been linked to CVD, this chapter will focus on
the role of psychological distress. Existing
empirical evidence shows that stress can be
considered as a risk factor starting from the
early years, while in adulthood the risk associ-
ated with distress derives mainly from either
social isolation or workplace-related chronic
stressors. Both behavioral and neurobiological
mechanisms have been proposed to underlie
this association, including sustained activation
of the sympathetic nervous system and reduced
heart rate variability. Finally, we report
research emphasizing the potential protective
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role of positive psychological constructs such
as well-being, optimism, and positive affect.

Keywords

Stress · Distress · Cardiovascular disease ·
Well-being · Risk factors

Introduction

Cardiovascular disease (CVD) has been proven to
be the largest contributor to morbidity and mor-
tality in the developed world [1]. Extensive liter-
ature has so far targeted the identification of risk
factors for CVD as well as the assessment of their
predictive ability, as these factors are critical for
disease prevention and treatment. Risk factors can
be defined as the measurable characteristics that
have been shown to increase a person’s probabil-
ity of heart disease based on epidemiological evi-
dence [2]. Risk for heart disease is determined
based on the “total risk,” that is, a summation of
all possible risk factors, because one single high-
level risk variable may contribute to a lower over-
all risk than a number of low-level risk variables
[3, 4].

A great deal of research has been conducted on
the impact of the so-called traditional risk factors
on CVD [1], which include physical inactivity,
diabetes, cigarette smoking, hypertension,
dyslipidemia, and family history of premature
coronary disease [5]. By contrast, the body of
research on nontraditional risk factors – compris-
ing biomarkers such as oxidative stress, inflam-
mation, and insulin resistance [6] � is smaller
[7]. Among nontraditional risk factors, several
authors have emphasized the role of the psycho-
social factors [8], which include stress/distress
[9], emotional disorders such as anxiety and
depression [10], and personality traits [11].

By considering the psychosocial factors that
have been linked to CVD, this chapter will focus
on the role of psychological distress. First, we will
examine the definitions of distress, and of stress
more broadly, provided by psychological litera-
ture in the attempt to disentangle related con-
structs. We will then address existing empirical

evidence linking psychological stress and distress
to CVD. Third, the main behavioral and neurobi-
ological mechanisms that have been proposed to
underlie this association will be briefly consid-
ered. Finally, we will conclude by highlighting
the potential protective role of psychological vari-
ables such as well-being, optimism, and positive
emotions. Although the chapter is meant to pro-
vide an overview of the link between CVD and
distress, it is important to bear in mind that psy-
chosocial factors are likely to occur and cluster
together, raising in this way the risk ratios for
cardiac events [12].

Stress and Distress: Definitions

Stress: A Challenging Definition

Stress can be defined as a perturbation to the
organism, which can derive from changes to the
physiological homeostasis or psychological well-
being.

The first definition of stress was suggested in
the 1950s by Selye [13] who, starting from his
medical training, measured stress in terms of
physiological responses, focusing mainly on the
sympathetic adrenal-medullary activity and the
pituitary-adrenal-cortical activity. Selye also
discussed what he called the general adaptation
syndrome (GAS), suggesting that being over-
exposed to stressful situation would lead the indi-
vidual’s body to overproduce chemicals that
would lead to ulcers and high blood pressure. In
his view, though, stress was mainly conceived as a
non-specific response of the body to any noxious
stimulus. For this reason, this initial definition has
long proven to be only partially correct. Yet, it is
important because it was the first attempt to
explain how disease can be caused not by a purely
physiological cause but how stress can affect the
immune system as well as the adrenal glands.

The second step was introducing some more
specific elements, by distinguishing between
stressors and stress responses. Internal or external
changes that can trigger a stress response are
defined as stressors. A stressor has been com-
monly intended as a stimulus that threatens
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homeostasis, and the stress response is the reac-
tion of the organism aimed to regain homeostasis
[14]. When the body perceives the change trig-
gered by the stressor, it activates different coping
mechanisms or adaptive changes, including
behavioral reactions, activation of the sympa-
thetic nervous system and adrenal medulla, secre-
tion of stress hormones (e.g., glucocorticoids and
prolactin), and mobilization of the immune
system.

There at least two problematic aspects about
these definitions. The first one is linked to the term
homeostasis, which was originally introduced by
Cannon [15], and is commonly used when refer-
ring both to stress and to stressors. Since homeo-
stasis is a virtual baseline, it is easy to understand
how almost any activity of the organism itself
concerns, more or less directly, a form of defense
of the homeostasis. For these reasons, several
authors [16, 17] pointed out how defining of stress
as a threat to homeostasis is not exhaustive and
how more critical consideration to get to a better
understanding of stress and stressors is needed.

The second problematic aspect is linked to the
fact that many times authors do not consider if a
stimulus is indeed perceived as a stressor in the
sense that it is considered as an actual threat to
homeostasis and thus to physical and psycholog-
ical health, but they either only focus on detecting
the presence of a stress response, which is read as
an indicator of stress exposure [18], or focus on a
stimulus that they classify as aversive and conse-
quently interpret the response to that stimulus as a
stress response [19].

Stress and Distress

The individual’s perception and evaluation of a
stressor have been accounted by Lazarus’ theory
of stress [20], which focused on the wide range of
cognitive and behavioral responses people com-
monly use to cope with stress and face everyday
problems. Lazarus’ theory stressed the role of
cognitive appraisal in the individual’s response
to a stressful situation and focused attention to
the ways in which the individual copes with
such a situation. According to Lazarus’ model,

three different kinds of evaluation take place:
(a) the primary appraisal, which consists of how
the situation is evaluated; (b) the secondary
appraisal, which deals with how the organism
views its own capabilities and resources to
respond; (c) and finally the coping process,
which is how the organisms attempt to manage
the relation with the environment that caused
stress [21]. In this perspective, it is not stress itself
that constitutes a threat to a person’s overall well-
being but how the individual copes with it: “stress
is a natural and expectable feature of living, but it
also makes the coping process necessary” [22]. If
coping is effective, stress is likely to remain under
control, whereas if coping is ineffective, stress
may have damaging consequences for physical
and psychological health. Although extensive
research has examined the strategies through
which people cope with stressors and their impact
on psychological health outcomes (under the
hypothesis that coping strategies moderate the
harmful effects of stress on health), far less
research has addressed the association between
coping and biological health indicators, including
indicators of CVD [23].

Along with this line of reasoning, distress is
thought to occur when the individual cannot cope
against the assault of one or more stressors. Dis-
tress has been defined as an aversive, negative
state in which coping and adaptation processes
fail; it can include a variety of negative affective
responses such as anxiety and sadness, together
with a sense of helplessness [24]. The transition of
stress to distress may depend on several factors.
Existing research suggests that unpredictability
and uncontrollability (the absence of an anticipa-
tory response and loss of control) are central fea-
tures of stressful experiences that can qualify as
distress and end up having negative consequences
on the organism [19]. For this reason, negative
stress, or distress, should be used as a construct
when predictability and controllability are at stake
[19]. Especially when focusing on clinical or pre-
clinical samples, it is also important to highlight
how evidence from the human literature on stress
and distress supports the fact that it is not the
actual control that counts but the perceived con-
trol [25], with data supporting increased stress and
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perceived pain in response to unpredictable stim-
uli [26, 27].

Both acute (deriving from demands and pres-
sures of the recent past or the near future) and
chronic stress (ongoing environmental condition
or as a stressor with enduring impact) can be
linked to distress [28], but chronic stress appears
to have a strong link to distress, as we just defined
it, because of the fact that the longer a stressor
lasts, the more likely it is to be perceived as out of
control from the individual experiencing it. This
line of reasoning is confirmed by the fact that
chronic stress, both at early life and adulthood,
has been associated with increased risk of CVD
(up to 60%) [29] and individuals who report “per-
manent stress” at work or at home are more than
two times more likely to suffer from a myocardial
infarction [30].

Finally, a relevant distinction concerns the con-
cept of stress/distress (i.e., the response to a current
stressor) and an individual’s general, stable propen-
sity to experience distress, which has been captured
by different personality traits and mood disposi-
tions. In other terms, people may differ in their
tendency to chronically experience distress. For
instance, Costa and McCrae [31] have defined
neuroticism as the tendency to experience and
report negative emotional states. Similarly, Watson
and Clark [32] have proposed negative affectivity
to correspond to a general dimension of subjective
distress, reflecting stable individual differences in
negative mood. Other research has examined the
so-called Type D (Distressed) personality defined
as the tendency toward negative affectivity and
social inhibition, finding that it is linked to adverse
cardiovascular outcomes (for a review, see [11]).

In the next paragraph, we will discuss more
specifically the role of stress as a risk factor for
cardiovascular diseases.

Stress as a Risk Factor
for Cardiovascular Disease

The different levels of risks for CVD that are
associated with distress have been widely
explored in literature [29], supporting the

hypothesis of stress as a predictor of CVD. A
recent review [29] reports how stress can be con-
sidered as a risk factor starting from the early
years: childhood abuse and early socioeconomic
adversity are positively correlated with higher risk
of CVD in adulthood. A meta-analysis [4] also
highlights the risk associated with distress derived
either from social isolation or workplace-related
chronic stressors.

Early Life Experiences

Recent literature reporting clinical studies on dif-
ferent population has been increasingly stressing
how being exposed to early life stress can be seen
as an independent risk factor for the development
of chronic diseases. Among the most frequently
reported, we can find several CVD like ischemic
heart disease, cardiovascular disease, and stroke
[33–36].

Childhood abuse has been proved [37] to be a
predictor of specific CVD, such as heart attack
and stroke. Self-report data support the notion
that even less traumatic childhood adversities
can double the risk of CVD, when individuals
reported three or more [38]. Focusing specifically
on a sample of women, a 45-year follow-up study
allowed to add the role of early experienced
chronic stress (linked to low childhood socioeco-
nomic status) as a risk factor, which appeared to
increase the chances of mortality by CVD by 1.4
times [39].

Evidence from meta-analysis and reviews
highlights how it is not always the distress expe-
rienced early in life the source of the problem per
se: Traumatic events can not only be harmful but
also have some partially positive effects on the
development of successful coping mechanism,
depending on their duration, intensity, and timing
[40]. This line of reasoning is supported by the
evidence that can be found in literature,
supporting the fact that the intensity, length, and
number of adverse factors seem to have an addi-
tive effect in the physiological outcomes analyzed
and certainly predict an enhanced risk to develop
cardiovascular disease during the adult life [41].
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Work-Related Distress

Work-related stress is the most widely studied
form of chronic stress, and in line with what we
have been discussing, at a general level, low job
control predicts future cardiac problems
[42]. Being more specific, both chronic and sub-
acute work-related distress (i.e., the accumulation
of stressful life events over several months) have
been widely investigated as a possible risk factor
for CVD, and several interesting correlations have
been reported in literature. For example, higher
level of distress appears to be positively correlated
with elevation of arterial blood pressure [43] and
neurohumoral arousal [44]. This symptom has
also been frequently reported in association with
subacute distress [45]. The level of subacute stress
has been proved to be positively correlated with
sudden cardiac death in different samples, like
healthy middle-aged men [46] as well as patients
presenting with acute myocardial infarction
[47]. A more specific example relates to the num-
ber of hours per week an individual tends to work:
long hours (>55 h on the average week) increase
the risk of CVD of 40% [48].

The relevance of stress as a risk factor for CVD
appears to be also linked to whether stress is the
only risk factor or if it happens to be associated
with other potential risks. For example, when
studying the risk ratios for myocardial infarction,
both distress and social isolation appear to be
valid predictors [49]. Yet, when these two factors
happen together, the risk of a myocardial infarc-
tion to happen doubled [49]. The same trend has
also been reported when studying risks factors in
healthy individuals [46].

Social Isolation

Chronic stress derived from social isolation and
loneliness experienced by adults [50], especially
when older, is another significant risk factor for
CVD. To be more precise, according to meta-
analytic evidence, social isolation does not appear
to trigger CVD but is significantly linked to a
worse prognosis [51].

Many studies report a strong positive correla-
tion between perceived lack of social/emotional
support and subsequent incidence of CVD
[51]. Other studies assessing directly the magni-
tude of actual social support experienced by dif-
ferent samples reported a negative correlation
between the level of social support and future
incidence of CVD [51–53]. Interestingly enough,
those adults who report the need for seeking social
support in response to distress, because they feel
like they are lacking a supportive social network
in their life [54], tended to be readmitted more
often for coronary heart disease [55].

Mechanisms Underlying the
Link Between Psychological Stress
and CVD

Several researchers have focused their attention
on the bio-behavioral processes that mediate the
relationship between psychological stress and
CVD (for reviews, see, for instance, [8, 56]).
The understanding of these underlying processes
may in fact contribute to the prevention and treat-
ment of stress-related cardiovascular pathologies.
A first type of processes concerns behavioral
mechanisms, in which stress is thought to lead to
higher risk of CVD by means of its association
with adverse health and lifestyle behavior [12]. In
other words, stressful experiences increase the
likelihood that individuals engage in unhealthy
behaviors such as smoking and substance abuse
[57–60], which in turn have been shown to repre-
sent risk factors for CVD.

A second class of mediators includes patho-
physiological mechanisms, which are thought to
act at many points along the pathophysiological
steps leading to cardiac events (for a discussion,
see, for instance, [56]). Within this class, research
has examined the role of the autonomic nervous
system (ANS) � which comprises the sympa-
thetic (SNS) and parasympathetic nervous system
(PNS) � and of the hypothalamic-pituitary-adre-
nocortical (HPA) axis, as they represent major
components of the physiological response to
stress [61].
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The HPA Axis

The HPA axis is one of the primary biological
systems activated during a stress response [29,
61]. A recent review [62] has examined the effects
of the hormones produced by the HPA axis on the
cardiovascular systems showing that the pro-
longed dysregulation of the HPA axis and gluco-
corticoid production may lead to various types of
pathologies, including hypertension and vascular
damage. It is still unclear, however, whether risk
for CVD is directly linked to the activation of the
HPA due to stress or heart disease may develop as
a consequence of the metabolic strain generated
by extreme levels of glucocorticoids.

Autonomic Imbalance

Autonomic imbalance between the sympathetic
and parasympathetic regulation of the heart –
characterized by heightened activity of the SNS
and suppressed activity of the PNS – has been
proposed as a key component in stress-related
cardiovascular disease [63, 64].

Autonomic responses prepare the body to cope
with stressors: The general response to stress
involves the activation of the SNS, which is in
charge of defensive behavior (e.g., the so-called
“fight or flight” response), together with the inhi-
bition of the PNS [65]. Sympathetic activation
increases myocardial oxygen demand by increas-
ing heart rate, blood pressure, and cardiac con-
tractility. Although this acute mobilization most
often represents an adaptive bodily response to
stressors and threats, persistent activation of SNS
(e.g., due to prolonged or repeated stress expo-
sure) can have adverse health effects, including
cardiovascular problems [24]. Sustained stimula-
tion of cardiac sympathetic outflow has been iden-
tified as a contributor to cardiac events such as
myocardial infarction, ventricular arrhythmias,
and sudden death [8]. It is thought that sympa-
thetic activation triggered by acute physical or
mental stressors may contribute to the develop-
ment of CVD through various pathways, such as
increased platelet aggregation, potential

atherosclerotic plaque rupture, reduced blood
flow to the myocardium, and electrical instability
of the heart [8]. Likewise, excessive activation
of the SNS has been proposed as a mediator
between chronic distress (e.g., work stress)
and adverse cardiovascular consequences, such
as the development of hypertension and
atherosclerosis [12].

A second (smaller) group of studies has con-
sidered the mediating role of impaired cardiac
vagal control in the association of CVD with
stress (for a review, see [63, 66, 67]) – notably,
several risk factors for CVD such as hypertension,
diabetes, and cholesterol have been related to
decreased vagal function [67, 68]. For instance,
it has been shown that work stress predicts coro-
nary heart disease and that this association may be
partly mediated by lowered heart rate variability
[57, 64]. Other studies have found impaired con-
trol of parasympathetic regulation of the heart to
be associated with cardiovascular mortality in
patients with coronary artery disease and in
elderly people [69, 70]. Finally, cardiac vagal
control was found to mediate cardiovascular
responses (e.g., diastolic blood pressure, periph-
eral resistance, myocardial oxygen demand) to a
mental stress task in patients with coronary artery
disease [71].

Cardiovascular Reactivity

Cardiovascular reactivity (CR) has been defined
as a dispositional, stable tendency to exhibit SNS
hyper-reactivity (i.e., pronounced heart rate and
blood pressure responses) in front of stressors [72,
73]. Researchers have advanced the hypothesis
(called the reactivity hypothesis) that people with
the largest physiological response to stressors are
at a higher risk for CVD [74, 75]. So far, studies
have found some empirical evidence of an asso-
ciation of CR with hypertension [76] and athero-
sclerosis [77, 78].

To explain how cardiac reactivity may lead to
CVD, Lovallo and Gerin [73] have proposed a
three-level bio-behavioral model linking the
brain and the heart under the hypothesis that
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both the central and the peripheral nervous sys-
tems may contribute to heightened CR. More in
detail, this model assumes that individual differ-
ences in CR may be accounted for by considering
(1) cognitive-emotional responses to stressors,
(2) heightened hypothalamic and brainstem
responsivity, and (3) peripherally altered tissue
function.

At the top level, cognitive (e.g., threat
appraisals) and emotional responses to stressors
can shape autonomic and endocrine activation
patterns [79]. These responses depend on the
activity of the frontal cortex and the limbic sys-
tem, which have been shown to underlie the
organism’s ability to detect external challenges/
threats and to coordinate both behavioral and
physiological reactions to them [80]. Notably,
individuals differ with respect to their habitual
emotional response styles in terms of tempera-
ment and personality traits (e.g., neuroticism, hos-
tility) [81], so that biases at this level may result in
altered reactivity to stress and contribute to
CVD [82].

The next level includes the hypothalamus and
brainstem activity, as these brain structures regu-
late autonomic and endocrine pathways by means
of which emotional responses are translated into
physiological outputs. At this level, CR is thought
to result from altered hypothalamic and brainstem
functions: For instance, some studies have found
that greater physiological activation in response to
anticipation of physical stress was related to neg-
ative cardiovascular consequences [83], while
other studies have shown that individuals with
borderline hypertension tended to exhibit higher
activation to mental stress tasks than control
healthy individuals, even though no difference
emerged in self-reported emotional
evaluations [84].

Finally, peripherally altered tissue functions
(e.g., vascular wall thickening, coronary artery
plaque) may cause excessive responses to stimuli
even when emotional and brainstem outputs are
normal [85]. A person may thus show exaggerated
reactions to stressors without any malfunction in
cognitive appraisals or emotions or alteration in
endocrine or autonomic outflow.

Psychological Protective Factors:
Positive Psychological Functioning

While risk factors are associated with increased
likelihood to develop CVD, protective factors can
be defined as those characteristics or variables
associated with lower probability of adverse car-
diac outcomes, or able to reduce the impact of a
risk factor.

In recent years, positive psychology has
complemented the traditional focus of psycholog-
ical literature on pathology with the scientific
study of the individual’s well-being and positive
or “optimal” functioning [86]. Well-being and
ill-being have been shown to represent indepen-
dent dimensions of mental health, so that well-
being is not simply an absence of pathology but
implies that the individual feels good about
his/her life and functions well [87].

Notably, positive psychological functioning
has been shown to have a beneficial impact on
cardiovascular health and a protective role against
CVD [for a review see [88]]. For instance, some
studies have found higher optimism (defined as
the cognitive disposition to expect positive, favor-
able outcomes in one’s life [89]) to be associated
with lower risk of CVD [90], stroke [91], hospi-
talization after bypass surgery [92], and heart fail-
ure [93] in middle-aged and elderly adults. Also,
highly optimistic individuals are more likely to
engage in healthy behaviors such as physical
activity and refrain from smoking [94]. Likewise,
other studies have found significant associations
between reduced risk of coronary heart disease
and positive constructs such as emotional vitality
[95, 96] and displays of positive affect [97].

Finally, a recent meta-analytic review [98] has
focused on the effects of positive psychological
constructs such as optimism, positive affect, and
well-being on health-related outcomes (i.e., self-
reported health status, mortality, and
re-hospitalization) in patients with established
heart disease (e.g., coronary artery disease, ven-
tricular arrhythmia). The results showed that most
of the studies considered in the review (though not
all) found prospective significant associations
between positive psychological constructs and
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health outcomes within multiple forms of heart
disease: Positive psychological characteristics
predicted reduced rates of re-hospitalization and
mortality.

Conclusions

This chapter aimed to provide an overview of the
specific role that psychological distress plays as a
risk factor for CVD.

We have seen how different categories of dis-
tress might predict the chances for individuals to
develop CVD at various stages of their life.

Distress might start playing a role if experi-
enced early in life [33–36], and it can mainly
trigger chronic CVD. Yet experiencing distress
per se does not automatically lead to a higher
chance of developing CVD. The evidence
discussed in the chapter highlights how the inten-
sity, length, and number of adverse factors seem to
predict better the level of risk to develop cardio-
vascular disease during adult life [41]. The same
can be said for the other main categories of dis-
tress that are linked to CVD: work-related distress
and social isolation.

If it is true that low job control predicts future
cardiac problems [42] and lack of social support is
related to the incidence of CVD [52, 53] and to the
positive vs. negative prognosis of the disease [99],
it is also true that the way people perceive the
stressors and the coping mechanism that they
adopt can moderate if not resolve the adverse
effects of the distress per se.

This means that the reported effects on the
HPA axis (one of the primary biological systems
activated during a stress response [29, 61]), the
autonomic imbalance between the sympathetic
and parasympathetic regulation of the heart, and
cardiovascular reactivity are moderated by the
psychological responses of the individuals to the
different life-related stressors.

This line of reasoning leads us to focus on what
can constitute protective factors against develop-
ing CVD as a response to specific factors. Litera-
ture reports how positive psychological constructs
such as optimism, positive affect, and well-being
can influence health-related outcomes in patients

with established heart disease [98] – possibly
because they lead to a different evaluation and
consequently bio-behavioral responses to differ-
ent sources of distress.
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Abstract

For several centuries the connection between
mind and heart has been debated among
scholars. Particularly, it has been noticed that
several psychopathological conditions might
predispose to the onset and progression of car-
diovascular diseases. The present chapter
moves through the different aspects of this
association. First, the role of anxiety in the

etiopathogenesis of heart diseases has been
discussed. Second, the prevalence and thera-
peutic options of anxiety disorders in individ-
uals already suffering from a cardiovascular
disease, as well as their role in the progression
of these health conditions, have been explored.
Finally, we described the interaction between
some personality traits and cardiovascular
health. Our chapter underlines the importance
of investigating the presence of anxiety and
personality disorders in people suffering from
heart disease. Clinicians should accurately rec-
ognize mental health conditions and promptly
treat them in cardiac patients who manifest
psychological distress. Additionally, the
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prevention and the timely identification of car-
diovascular issues in psychiatric patients
appear to be of primary importance for limiting
their progression and improving the short- and
long-term outcome.

Keywords

Cardiovascular disease · Heart disease ·
Hypertension · Anxiety · Panic disorder ·
Takotsubo · Type A personality · Type D
personality

Introduction

Since Hippocrates and Galen, it is acknowledged
that individuals who chronically experience neg-
ative emotions are more likely to suffer from
physical illnesses [1]. Descartes initially proposed
dualism as an explanation for how mental and
physical processes were independent of one
another [2]. Later on, William James argued that
our emotions, particularly anxiety, were little
more than self-reports of our subjective percep-
tions of the somatic changes occurring during the
flight/fight response [3]. During the American
Civil War, Jacob Mendes Da Costa investigated
and described what was then colloquially known
as “soldier’s heart” or “irritable heart,” a condi-
tion in which the individual described the symp-
toms of heart disease, accompanied by feelings of
fear, but in which physical examination failed to
detect medical abnormalities [4]. Today, the Inter-
national Classification of Diseases – 10th Revi-
sion (ICD-10) still classifies this condition as “Da
Costa’s syndrome,” a type of health anxiety dis-
order focused on the heart [5]. This focus on
emotion and disease was a precursor for the clas-
sic psychosomatic hypothesis that stress and neg-
ative emotions such as anger and anxiety,
contributed to the development of physical dis-
eases [6]. Since its dawn, the psychosomatic
hypothesis has focused its interest on cardiovas-
cular diseases, such as coronary heart disease,
currently considered the main causes of morbidity
and mortality worldwide. In the last half of the
twentieth century, several studies have tried the

first attempts to link both anxiety and personality
to this old dispute [7]. Over the years, several
larger and smaller studies have been conducted,
and many biological and psychological mecha-
nisms have been proposed as the link between
anxiety, anger, personality, and heart disease.

Anxiety and Heart Disease

Anxiety and Anxiety Disorders

Anxiety is a feeling of uneasiness and worry,
usually generalized and unfocused as an over-
reaction to a situation that is only subjectively
seen as menacing. It is often accompanied by
muscular tension, restlessness, fatigue, and prob-
lems in concentration. Anxiety is different from
fear, which is a response to a real or perceived
immediate threat [8]. In the study of anxiety, we
can consider two complementary concepts: a psy-
chophysiological state (state anxiety) and a per-
sonality trait (trait anxiety). State anxiety reflects
the psychological and physiological transient
reactions directly related to adverse situations in
a specific moment. In contrast, trait anxiety refers
to a trait of personality, describing individual dif-
ferences related to a tendency to present state
anxiety. Trait anxiety is, therefore, relatively sta-
ble over time and considered an important char-
acteristic of patients with anxiety disorders, as
they present higher trait anxiety in comparison to
healthy individuals [9].

In fact, while anxiety can be appropriate in
some occasions, it may turn into an anxiety disor-
der when experienced regularly by the individual.
Anxiety disorders are among the most common
psychiatric conditions worldwide, with estimated
prevalences which can reach almost 70% among
people with chronic diseases [10]. They can be
defined as excess worry, hyperarousal, and fear
that is counterproductive and debilitating [10].
Anxiety disorders are an expression of the patho-
logical activation of an individual’s defense sys-
tem. When an anxious psychopathological
phenomenon appears (e.g., unexpected panic
attack) as an expression of the abnormal function
of mental defenses, the defense system itself
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reacts by activating other protective modules
(e.g., anticipatory anxiety or avoidance of the
situation/object invoking the perceived fear) that
promote the human organism’s ability to over-
come or adapt to the anxious psychopathological
phenomenon [11]. Over the years, the classifica-
tion of anxiety disorders has not changed dramat-
ically. A major change introduced with the 5th
Edition of the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5 [8]) is that distur-
bances previously considered as “anxiety disor-
ders” (i.e., obsessive-compulsive disorder (OCD),
post-traumatic stress disorder (PTSD), or acute stress
disorder) are now classified in separate chapters.

The interest of researchers toward anxiety dis-
orders has been constantly increasing, in large part
because of a greater recognition of their burden
and the implications associated with untreated
illness [10]. Several authors have reported that
the presence of an anxiety disorder represents a
risk factor for the development of other psychiat-
ric conditions and substance abuse. In clinical and
population-based studies, the development of
comorbidities makes the treatment of primary
and secondary disorders difficult and contributes
to low remission rates, poor prognosis, and risk of
suicide [12]. Additionally, untreated anxiety has
been associated with significant personal and
societal costs, decreased work productivity,
unemployment, and impaired social relationships
[12].

A number of primary studies on the prevalence
of anxiety have been undertaken, but the variabil-
ity in findings has made generalizability to the
wider population difficult. This variability mainly
results from differences in study setting (i.e., cul-
ture; clinical vs. population-based), age and sex
composition of samples, length of follow-up,
methods of anxiety assessment, and caseness
criteria (i.e., types and number of disorders exam-
ined) [10]. For this reason, readers should take
into account these limitations while reading the
findings reported in the present chapters. More-
over, some studies erroneously describe anxiety
disorders in reference to self-report tools of anxi-
ety [13], which may be related to “physiological”
anxiety rather than a real psychiatric diagnosis.
Also, it has to be noted that research has mainly

focused on men, while anxiety disorders are more
prevalent among women [10].

Do Anxiety and Anxiety Disorders
Cause Cardiovascular Disease?

The recommendations of the American Heart
Association (AHA) highlighted the potential role
of some groups of psychiatric diseases, such as
depressive disorders, in the onset and progression
of cardiac diseases [14]. Conversely, the role of
anxiety disorders as potential risk factors for heart
disease remains still understudied. This is possi-
bly connected with the contrasting report deriving
from observational studies. On one hand, some
findings surprisingly highlighted possible
cardioprotective effects of trait and state anxiety
[15] or linked generalized anxiety disorder (GAD)
to a reduction in prognostic risk for major cardiac
events [16]. On the other hand, recent reviews
provide evidences according to which, in coro-
nary heart disease, anxiety can increase the risk of
major cardiac events and mortality along the years
[17–19]. Part of the heterogeneity found in litera-
ture could derive from low methodological
designs, as mentioned above.

Pathophysiological Mechanisms Linking
Anxiety to Cardiovascular Disease
Anxiety has been associated with arterial hyper-
tension, coronary artery disease (CAD), and open-
heart surgery outcomes since half of last century
[20–22]. Some models linking anxiety and car-
diovascular diseases have been proposed.

According to the neurohormonal model, the
disposition to experience strong and frequent neg-
ative emotions in response to stress was found to be
associated with an abnormal activation of sympa-
thetic nervous system, as manifested by impaired
vagal control, reduction in heart rate variability,
elevated levels of proinflammatory cytokines,
and hypercortisolemia resulting in increased hypo-
thalamic-adrenal-cortical responses [17]. A chronic
experience of these emotions and sympathetic
hyperresponsivity can in turn predispose to distur-
bances of cardiac rhythm, risk of coronary artery
spasm, atherosclerosis, and other types of damage

14 Anxiety, Anger, Personality, and Heart Disease 245



[23] which can eventually lead to morbidity and
mortality from cardiovascular events. Patients with
a history of cardiovascular disease, diabetes, and
hypertension who are found to have a decreased
ability to maintain autonomic stability are at
increased risk of all-cause mortality [24]. There-
fore, dysfunction in the body’s ability to regulate
autonomic function in patients with anxiety disor-
ders could be a mechanism linking anxiety disor-
ders to cardiac health. As a matter of fact, acute
episodes of negative affect (such as anger and fear)
may potentiate sudden cardiac events, although
perhaps only in persons who have pre-existing
cardiac damage [25].

Both anxiety and anxiety disorders have been
associated with increased inflammatory markers,
which in turn may contribute to the development
and progression of cardiac diseases [19]. Individ-
uals with anxiety traits or disorders were found to
have increased levels of C-reactive protein (CRP),
tumor necrosis factor-α (TNF-α), interleukine-6
(IL-6), homocysteine, and fibrinogen [26–28].
Such inflammatory pathways have all been impli-
cated in the development of atherosclerosis and
heart disease [29, 30] and also associated with
poor outcomes in individuals already suffering
from cardiovascular diseases [31, 32].

The vascular endothelium plays a key role in
the health and maintenance of the circulatory sys-
tem via regulation of platelet activity, thrombosis,
vascular tone, and leukocyte adhesion [33]. Anx-
iety and anxiety disorders have been linked to
endothelial dysfunctions [34, 35], which lead to
the development of atherosclerosis [36]. Interest-
ingly, also the serotonin system might be involved
in the pathogenesis of cardiovascular disease in
people with anxiety. In fact, serotonin has been
shown to increase platelet aggregation, thus being
associated with increased cardiac events [37].
Moreover, it is worth mentioning that patients
with anxiety and acute stress generally showed a
greater platelet aggregation [38, 39], and larger
mean platelet volume [40].

Parallel to the biological construct, the behav-
ioral model hypothesizes that individuals with
anxiety disorders may be prone to follow
unhealthy lifestyles [19]. Indeed, anxiety may
impair energy, cognition, and motivation to

engage in self-care behaviors [41]. Unhealthy
diets, physical inactivity, and smoking may pro-
mote the development and clinical manifestations
of heart disease [42]. Negative emotions may also
exacerbate the progression of disease and reduce
survival, both by means of direct physiological
effects and through reduced compliance with
recommended medical regimens. Evidence
suggested that anxiety is a predictor of poor adher-
ence to lifestyle change recommendations, adher-
ence to medical therapy, and completion of
cardiac rehabilitation programs [43]. These
behavioral factors in patients with anxiety disor-
ders could increase the likelihood of cardiovascu-
lar morbidity and mortality [13].

Association Between Anxiety Disorders
and Heart Disease
The Normative Aging Study, a longitudinal study
which have studied the effects of aging on various
health issues, explored the relationship between
anxiety and cardiac death, finding that psycho-
genic mortality (i.e., death consequent to a gener-
alized human extreme psychosomatic reaction)
was not associated with increased risk of myocar-
dial infarction, but with sudden cardiac death [44].
A meta-analysis published in 2010 [45] focused
on the association between anxiety and the inci-
dence of CHD in initially healthy individuals.
Anxious persons were found to be at risk of
CHD and cardiac death, independently of demo-
graphic variables, biological risk factors, and
health behaviors [45].

In another review, Tully et al. [46] reported that
worry and generalized anxiety disorder (GAD)
were associated with diminished heart rate vari-
ability (HRV) and elevated heart rate. Addition-
ally, generalized anxiety was associated with
blood pressure and diagnosed hypertension or
medication use in both disease-free and
established CHD populations. According to the
authors, no evidence was found to support worry
being beneficial to cardiovascular function or con-
ducive to health promoting behaviors. The litera-
ture indicated that measures of worry were
associated with fatal and nonfatal CHD in seven
etiological studies of initially disease-free individ-
uals. However, as mentioned above, a significant
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limitation was that females were underrepre-
sented. Some studies reported that GADwas asso-
ciated with poorer prognosis in established CHD,
independently from depression. It has been shown
that GAD patients displayed lower inter-beat heart
rate and lower heart rate variability, indicating that
the worry type of anxiety disorders appears to
substantially increase risk of cardiovascular dis-
ease possibly through decreased parasympathetic
activity and increased sympathetic response [47,
48].

The linkage between phobic disorders and car-
diovascular disease is more controversial.
According to some authors [49], phobic disorders
were not associated with heart disease. This is in
contrast with other studies, reporting an increased
risk of cardiovascular diseases among phobic
patients [50, 51]. Moreover, Brennan et al. [52]
found an association between phobic anxiety and
higher serum concentrations of leptin and inflam-
matory markers in women with diabetes which
indicates that there might be marked gender dif-
ferences in the way anxiety impacts cardiovascu-
lar disease.

Finally, in patients with panic-type anxiety,
there is evidence of an association with cardiovas-
cular disease [53], cardiomyopathies [54],
arrhythmias, and reductions in heart rate variabil-
ity [47]. Coryell et al. [55] had earlier conducted a
longitudinal study over 12 years and found that
men with panic disorder were twice as likely to die
from cardiovascular disease and suicide. In gen-
eral, panic disorder sufferers are exposed to a
range of cardiac complications which can occur,
including triggered cardiac arrhythmias, recurrent
emergency room attendances with angina and
electrocardiographic changes of ischemia, and
coronary artery spasm, in some cases complicated
by coronary thrombosis [56]. Indeed, panic anxi-
ety has been proposed as a better predictor of
coronary artery disease than depression [57].

Psychogenic Hypertension
Hypertension is a condition in which the blood
pressure is consistently higher than 130 over 80
millimeters of mercury (mmHg) [58]. Hyperten-
sion may arise from several factors: from social
demands to metabolic syndrome and from

sedentary life to chronic mental stress [59].
Since the first decades of the twentieth century,
many researchers have argued a potential role of
psychogenic stimuli on hypertension [60–62].

A recent meta-analysis reported that chronic
psychosocial stress may be a risk factor for hyper-
tension [63]. Another analysis of prospective
studies found that anxiety symptoms were an
independent risk factor for incident hypertension
[64]. However, review authors stated that many
studies were limited by the lack of control for
confounding factors, such as risk behaviors and
related psychological factors (e.g., anger), which
may attenuate observed relationships between
these emotional states and hypertension [64].

Notably, workplace hypertension has been
documented in several studies and is often thought
to be related to job stress [65]. Literature reports
that there are two main patterns of adverse work
environment which may cause high levels of
blood pressure: First, the “high job strain” work-
place that is characterized by lack of control over
the pace of work, its goals, and deadlines [66] and,
second, the “effort-reward imbalanced” work-
place that is characterized by demanding work
which causes little personal gratification because
of lack of appreciation and unjustified criticism by
workplace superiors [67].

Interestingly, the role of psychosocial stress on
the pathogenesis of hypertension has been dem-
onstrated by a 30-year follow-up study, finding
that blood pressure remained remarkably stable in
a group of nuns in Italy; conversely, the control
group of laywomen showed the expected increase
in blood pressure with age. Comparisons between
survival curves were statistically significant
between the two groups [68].

Additional key observations have been made
on human populations who demonstrate blood
pressure elevation after migration processes; this
rise in pressure might be attributed primarily to
mental stress, although changes in physical activ-
ity and diet may represent other potential risk
factors for this specific population [69].

From a therapeutic perspective, it is worth
mentioning that benzodiazepines (BZD), a tradi-
tional class of anxiolytic drugs, possess also
myorelaxant and vasodilatory effects, thus being
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hypothesized to have antihypertensive properties.
Notably, BZD potentiate the inhibitory effect of γ-
aminobutyric acid (GABA) in the central nervous
system and bind the 18 kDa translocator protein
(TPSO), also known as peripheral-type BDZ
receptor [70]. TPSO is abundantly distributed in
cardiovascular tissues and is involved in the myo-
cardial response to ischemia [71], possibly
explaining the endothelium-independent
vasodilatory effect of BDZ [72]. BDZ have been
shown to acutely decrease the sympathetic tone
and blood pressure values in healthy volunteers
[73] and in patients undergoing surgery [74].
Moreover, BZDwere demonstrated to be effective
as angiotensin-converting enzyme inhibitors in
the treatment of hypertensive urgencies in the
emergency department [75, 76]. These findings
suggest potential benefits of BDZ in the setting
of acute treatment of hypertension. Also, in their
retrospective study, Mendelson et al. [77] found
that treatment with BZD in the last 3 months was
independently associated with lower systolic and
diastolic blood pressure in subjects older than 60
years. Nevertheless, the chronic use of BZD
should be considered very cautiously, especially
in the elderly, since it is not free from side effects
[70].

Takotsubo Cardiomyopathy
Takotsubo cardiomyopathy was firstly described
in Japan in 1990 [78], and its name derives from
the Japanese word takotsubo (“octopus pot”) that
resembles the shape of the affected heart. This
CVD is characterized by a transient systolic and
diastolic left ventricular dysfunction with a vari-
ety of wall-motion abnormalities [79]. It predom-
inantly affects elderly women and is often
preceded by an emotional or physical trigger.
However, the condition has also been reported
with no evident trigger.

Although the cause of takotsubo cardiomyop-
athy remains unknown, the role of the brain-heart
axis in the pathogenesis of the disease has been
described [80]. In particular, the potential role of
catecholamine excess in the pathogenesis of
takotsubo cardiomyopathy has been long debated
[81]. In the acute phase, the clinical presentation,
electrocardiographic findings, and biomarker

profiles are often like those of an acute coronary
syndrome. Since no randomized controlled trials
have been conducted, therapeutic strategies based
exclusively on clinical experience and expert con-
sensus [82].

Recently, the International Takotsubo Registry
investigated the clinical features, prognostic pre-
dictors, and outcome of takotsubo cardiomyopa-
thy, comparing a large sample of patients with
age- and sex-matched patients who had an acute
coronary syndrome. The authors found that
patients who suffered from takotsubo cardiomy-
opathy had long-term outcomes comparable to
those of age- and sex-matched patients who suf-
fered from acute coronary syndrome. Also, they
demonstrated that takotsubo cardiomyopathy can
either be benign or a life-threating condition
depending on the inciting stress factor [83].

Anxiety Disorders in Patients Who
Suffer from Cardiovascular Diseases

Anxiety not only represents a prominent psycho-
social risk factor for the onset and progression of
CVD but is also a psychological issue that fre-
quently co-occurs with CVD, potentially influenc-
ing their progression and outcome [19]. For this
reason, it is important to promptly recognize and
treat anxiety disorders in people who suffer from
CVD, for impeding a potential progression of the
disease itself. However, diagnosis is challenging
given the overlapping symptomatology between
anxiety and heart disease. Medication, psycho-
therapy, and alternative treatments appear safe
and generally efficacious in this population.
With careful diagnosis and appropriate treatment,
anxious patients could benefit of substantial
improvements in quality of life, functioning, and
cardiac health.

Epidemiology of Anxiety Disorders in
CVD
The prevalence of anxiety disorders is substan-
tially greater in CVD populations than in the
general population. A meta-analysis indicated
that the point prevalence rate of any anxiety dis-
orders in CVD populations was approximately
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16% [13]. However, in this type of population, we
should consider relevant not only anxiety disor-
ders per se but also “subthreshold” anxiety symp-
toms (i.e., levels of anxiety which do not reach the
threshold for formulating a psychiatric diagnosis).

Following an acute coronary syndrome (ACS),
20–30% of patients experience elevated levels of
anxiety [84]. While post-ACS anxiety may be
transient for some patients, in half of cases anxiety
persists several months after the event, suggesting
that for many patients with heart disease, anxiety
is a chronic condition [85]. Research has revealed
similar prevalence rates in patients with coronary
artery disease (CAD) awaiting coronary artery
bypass graft surgery. In this population, 25% of
patients experience elevated levels of anxiety pre-
procedure, with many having a reduction in symp-
toms in the months following surgery [86].

Anxiety is common in patients with other
forms of heart disease as well. In a recent meta-
analysis of 38 studies, Easton and colleagues esti-
mated that 32% of patients with heart failure (HF)
experience elevated levels of anxiety and 13%
meet criteria for an anxiety disorder [87]. Anxiety
also affects approximately 20% of patients with
more advanced HF who require implantation of a
left ventricular assist device to support their car-
diac function [88, 89]. Finally, among patients
who have undergone implantation of an implant-
able cardioverter defibrillator to prevent the devel-
opment of lethal arrhythmias, elevated anxiety is
present in approximately 20–40% [90].

Among anxiety disorders, GAD and PD are the
highly prevalent in patients with CVD. Recent
meta-analyses found prevalence of GAD that
ranged from 14% in patients with HF [87] to
26% lifetime prevalence of GAD in patients with
coronary artery disease (CAD) [91]. GAD is inde-
pendently associated with poor outcomes in
patients with established cardiac disease, espe-
cially CAD, at all stages [92, 93]. PD is also
common in patients with heart disease. Among
patients with CAD, studies have estimated preva-
lence rates which vary between 5–8% [94, 95] and
10–50% [96]. However, a study of post-ACS
patients found PD to be significantly less preva-
lent than GAD or depression [97]. While less
common than GAD, PD significantly increases

the risk of the development and progression of
cardiac disease. In a cohort study of nearly
80,000 individuals without pre-established CAD
(half of them diagnosed with PD), PD was asso-
ciated with a nearly twofold increased risk of
incident CAD [98]. In another cohort study of
more than 50,000 patients with PD and nearly
350,000 age- and sex-matched controls, patients
with PD had a significantly higher risk of the
development of CAD but a lower risk of CAD-
related mortality [99]. Finally, a systematic review
and meta-regression analysis of over one million
patients found that PD was significantly associ-
ated with incident CAD, major adverse cardiac
events, and acute coronary events [53].

Diagnosis of Anxiety Disorders in
Patients with CVD
Diagnosing anxiety disorders in patients with
CVD is difficult given the overlapping symptoms
between the two groups of conditions. Indeed,
many symptoms of anxiety, such as restlessness,
fatigue, poor concentration, and sleep distur-
bances, are very common also in patients with
cardiac disease. Analogously, many symptoms
of a panic attack (e.g., palpitations, diaphoresis,
dyspnea, nausea, chest pain) could potentially be
experienced during an arrhythmia, acute coronary
syndrome, or paroxysmal nocturnal dyspnea [19].

Since anxiety disorders are often chronic, their
identification may allow to establish a proper
treatment, thus reducing their impact on mental
and physical health. For an accurate diagnosis, it
is important to focus on the cardinal psychological
symptoms of the disorders and to closely follow
the DSM-5 criteria [8], including the requirements
regarding duration of symptoms and the effects on
socio-occupational functioning. If there is a sig-
nificant question about the duration of symptoms
and whether they exist only in the context of an
acute exacerbation of cardiac symptoms, it can be
helpful to re-evaluate the patient during a period
of medical stability to see if those symptoms per-
sist. Information from family members, relatives,
or friends can also be helpful for the clarification
of the evolution of symptoms over time. More-
over, the consultation of a mental health profes-
sional may facilitate an accurate differential
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diagnosis, to ensure the establishment of a proper
therapy for those who need it and to avoid unnec-
essary treatments for those without a formal dis-
order [19].

Pharmacological Therapies
A recent systematic review found that even
though the large amount of studies about treat-
ment-related changes in anxiety in patients with
CVDwere reported, only a minority of the studies
specifically targeted patients with anxiety disor-
ders or elevated anxiety symptoms. Most studies,
in fact, measured anxiety as a secondary outcome,
with other outcomes (e.g., depression, quality of
life, number of acute events) typically serving as
the primary outcome [100]. Interventions for anx-
iety in CVD include pharmacological therapies,
psychotherapies and counselling, educational,
and complementary or alternative therapies,

Antidepressant medications are the most com-
monly used pharmacologic treatments for a vari-
ety of anxiety disorder, as suggested by
guidelines. A recent meta-analysis evaluating the
efficacy and tolerability of antidepressants in
patients with ischemic heart disease and depres-
sion found no differences between antidepressants
and placebo in terms of acceptability and tolera-
bility, quality of life, mortality, and cardiovascular
events [101]. However, no randomized controlled
trials specifically evaluated antidepressants in
patients suffering from cardiovascular disease
and anxiety. Among antidepressant medications,
selective serotonin reuptake inhibitors (SSRI) are
the best studied and most frequently used agents
in cardiac patients, given the minimum effect of
blood pressure and intraventricular conduction
[102]. Sertraline should be preferred [19, 101].
However, few molecules, i.e., citalopram and
escitalopram, have been associated with a modest
effect on the QT interval, with increased risk of
torsades de pointes [103]. Other SSRI, such as
fluvoxamine, fluoxetine, and paroxetine, can
interact with cardiovascular medications [104].
Finally, SSRI may increase the risk of bleeding,
especially in patients who use other anticoagulant
medications, because of the inhibition of platelet
aggregation/activation [105]. Of note, it has been
recently shown that platelet inhibition of

citalopram is independent of its ability to block
serotonin uptake by the serotonin transporter and
might be mediated by different mechanisms
[106]. Nevertheless, given the effect of mood,
there has been indirect evidence that SSRI be
associated with lower cardiac mortality and
lower rates of first MI [107].

Selective noradrenaline reuptake inhibitors
(SNRI), such as venlafaxine and duloxetine, are
sometimes used for the management of anxiety
disorders, though data on their use in heart disor-
ders are still sparse and somewhat contrasting. A
meta-analysis showed no differences in terms of
cardiovascular adverse events between duloxetine
and placebo [108]. Other authors reported
venlafaxine as causing mild increases in heart
rate and blood pressure, also being associated
with the development of acute HF in overdose
[109]. Finally, while tricyclic antidepressants
(TCA) can be used for the management of anxiety
disorders, they are not recommended in patients
with cardiovascular disease, given the potential
side effects, such as tachycardia, orthostatic hypo-
tension, and conduction abnormalities [102].
TCA also appear to prolong the QT interval to a
greater degree than SSRI [103]. Due to their lack
of superiority in terms of treatment efficacy and
their significantly worse cardiac side effect pro-
file, these medications are considered second- or
third-line in patients with heart disease [19].

Benzodiazepines are frequently prescribed to
people who suffer from anxiety disorders, espe-
cially for short-term acute anxiety or very specific
indications. Although these agents may have ben-
eficial cardiovascular effects, especially in the
management of acute hypertensive crisis [75,
76], their use can cause respiratory depression,
and they have been linked to falls in the elderly
and confusion, so they should be used cautiously
in patients with CVD [110].

Psychotherapy, Counselling, and
Educational Treatments
Psychotherapy, such as cognitive behavioral ther-
apy (CBT), is a reasonable alternative to pharma-
cotherapy, without relevant side effects or
medication interactions. Therefore, it can be
used in patients regardless of illness severity and

250 L. Fusar-Poli and D. Arillotta



in some cases may be preferable to pharmacologic
treatment [19]. A recent paper systematically
reviewed studies about psychotherapy and
counselling interventions in people with cardio-
vascular disease who were also suffering from
anxiety. However, the authors reported that the
efficacy of counselling and educational interven-
tions for anxiety disorders seems still inconsistent;
this could be due to the heterogeneity of the inter-
ventions and the outcomes measured [100].

Complementary and Alternative
Therapies
Among complementary or alternative treatments,
several papers specifically investigated relaxation
therapies, such as deep breathing interventions,
autogenic training, biofeedback, muscle relaxa-
tion therapy, guided imagery, mindfulness-based
interventions, and music exercise. Other studies
evaluated physical exercise and nutraceuticals or
herbal therapies [100]. Of note, physical exercise
has shown promising results in treating anxiety
[111, 112]. Moreover, it has been extensively
demonstrated that it may help in the prevention
and management of cardiovascular diseases,
given its multiple beneficial effects on the
human organism [113]. Conversely, the efficacy
of nutraceuticals (i.e., food or part of a food with
medical or health benefits, including the preven-
tion and/or treatment of a disease) for anxiety
disorders in general is still controversial.
Recently, Camfield [114] reported that prelimi-
nary research regarding the efficacy of myoinosi-
tol and N-acetylcysteine is promising, showing
that these substances may have efficacy in the
treatment of anxiety disorders. Conversely, B vita-
mins, magnesium, arginine, and lysine need to be
further tested in clinical samples [114]. Moreover,
some authors have suggested that the supplemen-
tation with some types of nutraceuticals (e.g.,
hawthorn, coenzyme Q10, L-carnitine, D-ribose,
carnosine, vitamin D, some probiotics, omega-3
fatty acids, beet nitrates) may be a useful option
for effective management of HF, being also well
tolerated by patients [115]. Other authors also
reported that the application of nutraceuticals
may have the potential to increase the effective-
ness of therapy for the prevention of CVD.

However, there is often insufficient data available
with respect to long-term safety and effectiveness
against clinical outcomes such as myocardial
infarction and mortality [116].

Personality and Heart Disease

Anger and Cardiovascular Disease

Anger can be defined as a multidimensional con-
struct with distinct affective, behavioral, and cog-
nitive dimensions that include specific
physiological elements, which contribute to both
the experience and expression of the emotion [9].
In anger, we could distinguish three dimensions:
the affective dimension, the cognitive dimension,
and the behavioral dimension. The affective
dimension of anger refers to the emotional state,
which occurs in response to an immediate stressor
and may vary in both intensity and duration [117].
The cognitive dimension of anger, also
denominated “hostility” in the literature, has
been defined as a cognitive phenomenon of an
attitudinal nature that contributes to the emotional
process, but it would not represent an emotion per
se [118]. The behavioral dimension of anger is
simply the behavioral response to the subjective
experience of anger and may be expressed out-
wardly or inwardly [117].

Numerous investigations regarding the effects
of anger on physiological functions have been
conducted [119]. They have primarily conceptu-
alized anger as an emotion-induced physiological
stressor. According to Selye’s stress model, anger
would increase and mantain the body’s autonomic
arousal [120]. Such rise in autonomic arousal may
result in increased cardiovascular activity, glucose
metabolism, and changes in patterns of cerebral
cortical arousal. Therefore, it is reasonable to sug-
gest that chronic feelings of anger or the subjec-
tive experience of anger are associated with
increased autonomic arousal, as reported also for
anxiety. In 1982, Diamond [121] critically
discussed how anger and hostility may affect
blood pressure and heart disease with a psycho-
dynamic, personality, and psychophysiological
approach. Anger has long been considered a
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potential trigger of acute coronary syndromes and
a significant risk factor for CHD [122, 123]. In
2009, a meta-analytic review of 44 prospective
studies found that anger and hostility were asso-
ciated with increased CHD events both in the
healthy population studies (19% increase) and in
the pre-existing CHD population studies (24%
increase) [124]. These data suggest that anger
could play a role in the development of acute
myocardial ischemia. In 2015, Pimple and col-
leagues found that anger, both as an emotional
state and as a personality trait, was significantly
associated with propensity to develop myocardial
ischemia during mental stress. Patients with this
psychological profile may be at increased risk for
silent ischemia induced by emotional stress, and
this may translate into worse prognosis [125].
Conversely, a meta-analysis published in 2019
did not find any association of a higher level of
anger and hostility with an increased risk of stroke
[126]. Finally, anger and hostility appeared also
associated with an increased risk of developing
hypertension [127, 128].

Type A Personality

Type A personality behavior was firstly described
as a potential risk factor for CVD in the 1950s by
Rosenman and Friedman, two cardiologists who
discovered that only the front part of the chairs in
their waiting room was worn down. Type A per-
sonality can be defined as “an action-emotion
complex that can be observed in any person who
is aggressively involved in a chronic, incessant
struggle to achieve more and more in less and
less time and, if required to do so, against the
opposing efforts of other things or persons”
[129]. The hypothesis describes Type A individ-
uals as rigidly organized, anxious, ambitious,
impatient, hostile, proactive, and incredibly
concerned with time management. Type A con-
struct can be divided into two main factors:
achievement striving (AS), characterized by
being hardworkers, active, and taking work seri-
ously, and impatience irritability (II), which is
characterized by impatience, irritability, and
anger [130]. People with Type A personalities

are often high-achieving “workaholics,”
experiencing more job-related stress and less job
satisfaction [131].

In their research, after long-term study of
healthy men, Rosenman and Friedman estimated
that Type A behavior may double the risk of
coronary heart disease in otherwise healthy indi-
viduals [129]. However, subsequent analysis indi-
cated that although Type A personality is
associated with the incidence of coronary heart
disease, it does not seem to be a risk factor for
mortality [132]. Mechanisms proposed for the
link between Type A personality and the higher
risk for CVD are hostility, which can be triggered
even by irrelevant incidents; time urgency and
impatience, causing irritation and exasperation;
and competition proneness, which causes stress
and an achievement driven mentality [133].

After the first description of Type A personality
construct, for a couple of decades, findings mainly
indicated a positive association with coronary and
cardiovascular events and negative outcomes. In
particular, the long-term follow-ups promoted by
the Western Collaborative Group Study (WCGS)
and the Framingham Heart Study (FHS) contrib-
uted to raise Type A to the levels of independent
conventional cardiovascular risk factors in 1981
[134]. However, later reports started to showweak
or no association between Type A personality and
health-related outcomes. Interestingly, a meta-
analysis conducted by Myrtek [135] concluded
that Type A was related with a negligible for
negative cardiovascular events. However, some
studies published in more recent years still
showed a negative effect of Type A personality
on cardiovascular health [136]. In 2015, the
review by Šmigelskas and colleagues [137] con-
cluded that Type A measures were inconsistently
associated with cardiovascular mortality and most
associations were nonsignificant. Some scales
even suggested slightly decreased, rather than
increased, risk of CVD death during the follow-
up associations with non-cardiovascular deaths
was even weaker. Potential explanations for the
contrasting results could be related to the specific
sample or environment, to the follow-up time, and
to the heterogeneous methodology adopted in
early studies [138].

252 L. Fusar-Poli and D. Arillotta



Type D Personality

A different psychological construct has been
referred as the Type D or “distressed” personality
construct. It is characterized by a high score on
two stable personality traits, negative affectivity
and social inhibition [139, 140]. Negative affec-
tivity (NA) refers to the tendency to experience
negative emotions such as anger or anxiety across
time and situations [141]. Social inhibition (SI) is
the tendency to inhibit the expression of emotions
and behaviors in social interactions, because of
fear of rejection or disapproval [142].

The Type D personality construct was origi-
nally developed by Johan Denollet to study the
role of personality traits in coronary heart disease
outcomes [139]. Literature estimated the preva-
lence of Type D personality between 13% and
24% in the general population [143] while
reported a higher prevalence among (between
24% and 37%) among cardiovascular patients
[144].

Type D personality has been proposed as an
independent predictor of negative outcomes such
as poor health status, (recurrent) myocardial
infarction, and increased risk of mortality in car-
diovascular patients [145]. As reported for anxi-
ety, the link between Type D personality and
worse cardiac outcome might be due to both bio-
logical and behavioral mechanisms. Adherence to
medication, lifestyle modification, and post-event
cardiac rehabilitation is at the forefront of treat-
ment to prevent disease progression during the
long-term follow-up of patients with CHD [59].
These behavioral pathways may be affected by a
patient’s Type D personality, thereby affecting
cardiac prognosis. Additionally, direct biological
pathways may be related to the progression of
disease and the prognosis, with stress-related pro-
cesses affecting pathophysiological processes.
The understanding of these mechanisms may
allow the implementation of personalized inter-
ventions, taking within-person risk factor profiles
into account [145].

To date, there is no recommended psychologi-
cal intervention for Type D personality. Neverthe-
less, stepwise psychotherapy to improve
depressive symptoms was shown to be

particularly beneficial for CHD patients with
Type D personality [146]. A recent review also
indicated that cardiac rehabilitation can signifi-
cantly reduce anxiety and depression, as well as
improve physical functioning and quality of life in
people with Type D personality and CVD [144].

Personality Disorders and
Cardiovascular Disease

Personality disorders can be defined as “perva-
sive, stiff, and maladaptive pattern of cognitive,
emotional, and behavioral responses.” These pat-
terns develop early, typically in adolescence,
becoming over a person’s life his or her rigid
way to feel, think, or act to interpersonal and
social experiences, causing significant distress
and disability [8]. Only a small amount of litera-
ture examined the link between personality disor-
ders and the increased risk of developing CVD. In
2007, a national survey found that avoidant,
obsessive-compulsive, and borderline personality
disorders (BPD) were significantly associated
with stroke. Moreover, ischemic heart disease
was significantly associated with avoidant, para-
noid, schizotypal, schizoid, and borderline per-
sonality disorders. The increased risk was not
explained by differences in socioeconomic status
or lifestyle [147].

Of note, borderline personality disorders
(BPD) was the most frequently examined. BPD
is characterized by marked instability in various
areas, including affect regulation, interpersonal
relationships, impulse control, and self-image
abnormalities, and is often accompanied by self-
harm and suicidal ideation [148]. One study found
that women with BPD compared with age-
matched healthy controls had greater intima-
media thickness of common carotid arteries, a
marker of atherosclerosis and cardiovascular risk
[149]. Importantly, other findings suggest that
body mass index (BMI) may account for this
association of BPD with heart disease, arthritis,
and obesity [150]. Another study conducted by
Olssøn and Dahl [151] did not find significant
differences in the prevalence of CVD between
patients with and without personality disorders.
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On the contrary, El-Gabalawy et al. [152] found
the likelihood of a BPD diagnosis was associated
with hypertension, hepatic disease, and even
CVD. More recently, Chen and colleagues con-
firmed that patients with BPD had an elevated
vulnerability to subsequent stroke and ischemic
stroke compared to those without BPD [153].

It has been hypothesized that some character-
istics of BPD may be associated with social risk
factors and psychophysiological mechanisms
known to promote the risk of developing a CVD.
Specifically, BPD features are associated with
elevated reactivity to conflict, a feature which
has previously been found to predict the develop-
ment of CVD [154]. Moreover, BPD is often
present in comorbidity with substance use disor-
der (e.g., cocaine, alcohol) [155], which may fur-
ther increase the risk of developing a CVD [156].
Further studies would be required to investigate
the underlying mechanisms.

Cardioprotective Personality Traits

Few personality traits have been associated with
positive health outcomes in subjects with CVD
and can be regarded as cardioprotective personal-
ity traits [157]. Optimism, which is defined as the
tendency to expect good experiences in the future,
has been found to be a protective factor against the
risk of CAD in elderly [158]. Additionally, it
seemed to predict better physical health and
reduction of depressive symptoms after an acute
coronary syndrome, and has been associated with
reduced pain intensity and physical symptom after
coronary artery bypass graft surgery [159]. In
contrast, pessimism has been found to be a sub-
stantial risk factor for cardiovascular mortality
[160].

Openness to experience, a personality trait
from the five-factor personality model that
involves active imagination, artistic sensitivity,
attentiveness to inner feelings, and intellectual
curiosity, has also been found to be an indepen-
dent protective factor for incident cardiovascular
disease in the community after adjusting for all
putative confounding factors including depres-
sion [161]. Of note, curiosity has been found to

be associated with longevity, independent of med-
ical risk factors and health behavior [162].

Finally, conscientiousness, which compre-
hends personality dispositions like sense of duty,
organization, self-efficacy, organization, self-dis-
cipline, and cautiousness, has been regarded as a
potential protective factor against heart disease
[163]. In subjects with CVD, low conscientious-
ness has been evaluated as a risk factor for all-
cause mortality due to CVD, stroke, and malig-
nancies [164].

Conclusion

The evidence reviewed in this chapter clearly
highlights that CVD can potentially represent the
consequences of subclinical and clinical anxiety
and of certain personality traits or disorders. Anx-
iety, anger, and personological traits might in fact
represent important triggers for the development
of heart disease. Given its unpredictable and
widely fluctuating nature, the role of anxiety
might in some cases be more unexpected and
deadlier than other psychological factors, such as
depression, causing sudden fatal events. Addi-
tionally, the onset and progression of CVD may
be associated with the development of new anxi-
ety disorders, which should certainly warrant
appropriate psychological management. In this
regard, it is desirable to better understand the
mechanisms of this close interrelationship, as
well as its appropriate treatment. It appears impor-
tant to consider anxiety and personality while
acting on primary and secondary prevention of
heart diseases and their treatment.

Cross-References

▶Adrenoceptor Blockers
▶Borderline Personality Disorder and the Heart
▶Cardiovascular Manifestations of Panic and
Anxiety

▶Distinguishing Cardiac from Psychological
Somatic Symptoms

▶Emotional Processing and Heart Activity
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▶The Relationship Between Psychological Dis-
tress and Bio-behavioral Processes in Cardio-
vascular Disease
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Abstract

Anxiety disorders are prevalent in 10–23% of
persons with coronary heart disease (CHD) and

are therefore quite commonly encountered in
typical cardiology practice settings. Because
anxiety disorder patients frequently present to
emergency departments and outpatient
appointments for atypical cardiovascular
symptoms, the accurate identification and
treatment of anxiety is therefore a major prior-
ity for all persons involved in cardiovascular
care. The substantial overlap in subjective car-
diorespiratory symptoms shared between anx-
iety and cardiovascular diseases does little to
improve our understanding of this complex
association. Herein we describe the complex
nature of anxiety disorders such as panic dis-
order in relation to CHD. Particular attention is
paid to overviewing the empirical evidence
demonstrating aetiological and prognostic
links between anxiety disorders with incident
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and recurrent cardiovascular diseases, respec-
tively. We also discuss potential biobehavioral
mechanisms that lead to atherosclerosis and
major cardiovascular event recurrence. This
chapter also discusses the extant treatment
approaches to anxiety, making suggestions for
improving clinical interventions in the popula-
tion with anxiety and comorbid CHD. After
summarizing these facets of the anxiety-CHD
link, suggestions are made for future research.

Keywords

Anxiety disorders · Panic disorder ·
Cardiovascular disease · Coronary heart
disease · Myocardial infarction · Anxiety ·
Anxiolytic · Cognitive-behavioral therapy ·
Treatment · Review

Introduction

Anxiety disorders are among the most prevalent
mental health disorders in the community
[1]. Anxiety disorder patients commonly present
to primary physicians, other medical specialists,
and emergency departments with somatic com-
plaints and comorbidities that are cardiovascular
in nature [2, 3]. Globally, anxiety disorders pose a
major public health burden in terms of economic
costs [4–6], quality-adjusted life years, and dis-
ability worldwide [7]; and anxiety disorders per-
sist across the lifespan if not adequately
treated [8].

Unfortunately, misunderstandings of anxiety
disorders, discrete anxiety subtypes, and the dis-
tinction from depression have led to a poor under-
standing of anxiety’s role in coronary heart
disease (CHD) [9], even though anxiety disorders
have been linked with cardiovascular diseases for
more than 100 years [10, 11]. Despite the inextri-
cable relevance of anxiety to cardiovascular func-
tion, surprisingly, the etiological and prognostic
links between anxiety disorders and CHD are only
very recently emerging in the past decade. Recent
empirical advances point to the likelihood that
anxiety disorders increase the risk for developing
CHD [12–14]; however, the potential

mechanisms underlying the purported anxiety-
cardiovascular function association are complex
and poorly understood. In terms of prognosis
among established CHD populations, anxiety
symptoms and anxiety disorders confer a risk for
recurrent major adverse coronary events (MACE,
e.g., myocardial infarction [MI], left ventricular
failure, coronary revascularization procedure, and
stroke) [9, 12, 15], underscoring the importance of
anxiety disorders to cardiology practice. In this
review the epidemiological evidence relating to
different anxiety disorders and CHD is described
while closely examining anxiety disorders’ asso-
ciation with clinical outcomes that are pertinent to
cardiovascular function. We discuss potential
mechanisms and also describe psychological and
pharmacological intervention evidence that could
benefit the population with anxiety and CHD.

Diagnosis and Symptom Overlap
Between Anxiety and CHD

Anxiety is defined as apprehension, worry, and
fear that is experienced across a continuum from
a normal and even beneficial response to life’s
stressors, through to a clinical level, which is
excessive, prolonged, persistent, and debilitating
in important areas of functioning (e.g., occupa-
tional, social, educational, relational). This review
concerns primarily the latter level of anxiety
which is deemed clinically significant and often
represents an anxiety disorder. Among the anxiety
disorders, a particular focus here will be placed
upon panic disorder given the substantial symp-
tom overlap between panic disorder and CHD.
Other disorders are mentioned by name when
deemed relevant as are disorder-specific associa-
tions that are pertinent to the anxiety-CHD link.

Cases of anxiety can easily remain undetected
or misdiagnosed in the population with known,
suspected, or subclinical CHD. A survey of
114 medical specialists’ understanding of panic
disorder found only 51% correctly identified the
features of panic disorder and its treatment,
suggesting that these aspects were a significant
gap in specialists’ knowledge [16]. This knowl-
edge gap underscores the necessity to be fully
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aware of the characteristics of panic disorder and
its hallmark diagnostic feature: recurrent and
unexpected panic attacks accompanied by persis-
tent concern or worry about additional panic
attacks or their consequences or maladaptive
behaviors including avoidance [17]. A clinical
caveat however is that many symptoms character-
istic of a panic attack overlap with the clinical
presentation of CHD [18] as well as arrhythmias
[19] and cardiomyopathies [20], making differen-
tial diagnosis difficult [9]. For example, chest pain
and dyspnea are panic-like symptoms yet also
overlap with those typical of a MI and angina
pectoris (Table 1). The substantial overlap in sub-
jective cardiorespiratory symptoms shared
between anxiety and cardiovascular diseases
does little to improve our understandings of such
a complex association. Also, persons with panic
disorder may be simply experiencing somatic
symptoms of undiagnosed coronary conditions
such as coronary spasm, microvascular angina,
and coronary slow-flow [21, 22], in addition to
CHD defined as �50% stenosis in a main coro-
nary artery. Thus it is plausible that panic disorder
partly represents a misdiagnosis at least in some
patients [23]. As such some authors caution that
many panic disorder cases could be misdiagnosed

arrhythmias and have reported that panic-like
symptoms resolve with arrhythmia rate or rhythm
control [19]. Conversely, others suggest that car-
diorespiratory symptoms not fully explained by
cardiovascular system diseases should be evalu-
ated for panic disorder [24] or hypochondriasis
[25]. However, an anxiety disorder diagnosis does
not preclude a true cardiovascular condition nor
does the presence of high anxiety indicate the
absence of CHD. In fact, concerns about the
heart and its functioning are common prior to
coronary catheterization [26] and coronary revas-
cularization procedures [27]. Ideally, confirma-
tion of anxiety diagnoses should be undertaken
by an experienced mental health professional and
appropriate referral made for treatment when anx-
iety causes distress or interferes with a patient’s
occupational or social functioning or other impor-
tant areas of day-to-day functioning.

Prevailing psychiatric diagnostic taxonomies
such as the Diagnostic and Statistical Manual of
Mental Disorders and the International Classifi-
cation of Diseases stipulate that a panic disorder
diagnosis cannot be applied when panic symp-
toms are the direct result of a medical condition
such as CHD [17]. Under such taxonomies, anx-
iety due to a general medical condition would be a

Table 1 List of possible symptoms experienced during a panic attack alongside common symptoms of heart disease

DSM-V panic disorder criteria Corresponding symptoms of MI, CHD, or cardiomyopathy

Recurrent unexpected panic attacks, that is, an abrupt surge of intense fear or intense discomfort that reaches a peak
within minutes, during which time four (or more) of the following symptoms occur:

Palpitations, pounding heart, or accelerated
heart rate

Palpitations, cardiac arrhythmia, (e.g., ventricular tachycardia, atrial
fibrillation)

Sweating Cold sweat

Trembling or shaking

Sensations of shortness of breath or
smothering

Dyspnea, orthopnea, breathlessness on exertion, wheezing

Feelings of choking Jaw and neck pain, pressure, heaviness, tightness

Chest pain or discomfort Angina, chest pain

Nausea or abdominal distress Nausea

Feeling dizzy, unsteady, light-headed, or faint Dizziness, light-headedness

Chills or heat sensations Cold sweat

Paresthesias (numbness or tingling sensations)

Derealization (feelings of unreality) or depersonalization (being detached from oneself).

Fear of losing control or “going crazy”

Fear of dying Fear of dying

Panic disorder/panic attack symptoms adapted from the Diagnostic and Statistical Manual of Mental Disorders Fifth
Edition [17]. Adapted with permission from Elsevier [28]
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more appropriate diagnosis. This distinction is
primarily one of diagnostic nomenclature because
treatment for heart-related anxiety is the same,
regardless of diagnostic labels, when a diagnosis
of CHD is confirmed [28]; and these important
aspects of clinical care are discussed further in a
later section.

In terms of identifying anxiety, our systematic
review and meta-regression of 40 studies showed
that clinical expertise is a source of heterogeneity
in studies quantifying panic disorder prevalence
among CHD populations. Specifically, panic dis-
order prevalence was lower in nonpsychiatric
raters (4.74%; 95% CI 2.28–9.61) by comparison
to psychiatric trained raters (9.92%; 95% CI
4.77–19.50) [9]. Moreover, panic disorder preva-
lence was lower in studies not reporting blinding
to CHD status (5.89%; 95% CI 3.21–10.55) than
studies in which the rater was blinded to CHD
status (9.95%; 95% CI 3.77–23.74) [9]. As anxi-
ety due to a general medical condition was not
assessed in the original studies, it remains unclear
if clinicians are more likely to attribute shared
somatic symptoms to CHD.

A recent audit of 1,359,597 recorded hospital-
izations for ST-elevated MI (STEMI) in the USA
found that the prevalence of anxiety was lower
among the population who underwent coronary
revascularization than the STEMI patients who
did not [29]. A similar study found that cardiac-
specific anxiety was not significantly associated
with either STEMI or troponins [30]. Likewise,
we found that patients with anxiety disorder
received fewer grafts during coronary artery
bypass graft surgery [31]. Intriguingly, these stud-
ies suggest that anxiety symptoms are generally
unrelated to the severity of coronary disease [32]
and are perhaps analogous to subjective pain not
being solely and reliably associated with the
degree of physical injury [33]. One possible
explanation for the lack of association between
anxiety and severity of coronary disease is that
panic disorder is characterized by anxiety sensi-
tivity, generally defined as the fear of autonomic
arousal-related sensations and symptoms
[34]. Consequently, cardiorespiratory symptoms
tend to be amplified by cognitive and behavioral
processes including increased attentional focus,

hypervigilance, catastrophizing, and avoidance
which result in lowering the threshold for perceiv-
ing somatic sensations [35]. Indeed, the associa-
tion between anxiety and subjective self-rated
symptoms of CHD such as chest pain and dyspnea
appears to be quite strong [36]. Unsurprisingly,
patients with anxiety are more likely to perceive
physical symptoms as serious and are more likely
to attend emergency departments during a non-MI
event such as a panic attack or non-cardiac chest
pain (false-positive) [37]. However, recent evi-
dence also suggests that anxious patients are
more likely to attend emergency departments dur-
ing a MI (true-positive) [38].

Prevalence of Anxiety in CHD

In populations with verified CHD, the prevalence
of anxiety disorders is between 10 and 23%
[9]. This estimate is based on a systematic review
of 40 cohorts comprising of 7973 participants
who underwent structured psychiatric interview
to determine anxiety disorder status [9]. Among
the most common anxiety disorders in CHD is
panic disorder, the main topic of this chapter.
Other common anxiety disorders include agora-
phobia which frequently co-occurs with panic
disorder, as well as generalized anxiety disorder
(GAD), social phobia, specific phobia, and related
disorders such as post-traumatic stress disorder
(PTSD) and obsessive compulsive disorder [9,
39]. The prevalence estimates are depicted in
Table 2. Past estimates of anxiety disorder preva-
lence from cross-sectional surveys utilizing self-
reported CHD cannot be considered reliable [40]
given the proclivity for anxiety disorder patients
to misinterpret normal bodily sensations,
catastrophize, and overreport their likelihood of
having a medical condition [41].

From the prevalence estimates in Table 2,
panic disorder, GAD, agoraphobia, and PTSD
prevalence rates and their 95% confidence inter-
vals (CI) exceed the 12-month prevalence rates in
the general population from the US National
Comorbidity Survey Replication [42]. The higher
prevalence highlights the burden of anxiety disor-
ders in CHD populations compared to the general
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population. Moreover, GAD, panic disorder, and
PTSD have an etiological association with inci-
dent CHD and a prognostic association with
recurrent MACE [9, 14, 39, 43], described in
more depth in a later section. These etiological
and prognostic links are especially noteworthy
because most research has emphasized the role
of depression in CHD, yet we found that 50% of
CHD patients with a depression disorder also have
an anxiety disorder [9]. Given that anxiety disor-
ders are highly comorbid with depression disor-
ders [44, 45], and that their comorbidity
substantially hinders treatment outcomes [46,
47], the presence or suspicion of one disorder
subtype should prompt a close examination of
the other disorder subtype.

Etiological Links Between Anxiety
and CHD

Etiological links between anxiety and incident
CHD have been suspected for more than
100 years, and yet this association has only very
recently been comprehensively investigated. Sev-
eral large and adequately powered longitudinal
studies and case-control studies have demon-
strated that anxiety is associated with incident
CHD, MI, and sudden cardiac death. A large
case-control study [48] of 57,615 UK adults diag-
nosed with panic attacks/disorder and a random
sample of 347,039 matched for sex/age reported a

higher incidence of MI following new onset panic
in people under 50 years of age, but not in older
age groups. The incidence of MI in panic disorder
patients under 50 years was increased by 38%
(hazard ratio [HR] = 1.38; 95% CI 1.06–1.79)
compared to no increased hazard of MI for those
over 50 years (HR 0.92; 95% CI 0.82–1.03).
Other studies have reported similar findings for
the incident MI risk attributable to panic disorder
in large and diverse samples including 355,999
persons from the Veteran’s Affairs database [49],
75,861 persons from a national Danish research
registry [50], 49,321 Swedish men examined for
military service [51], a sample of 33,999 US male
health professionals [52], and 33,696 residents
from a national Taiwanese database [53]. Retro-
spective studies also estimate that elevated anxi-
ety in the immediate 24-h period prior to a MI is
associated with a two- to ninefold increased risk
for MI, by comparison to earlier exposure to epi-
sodes of anxiety [54]. This finding might suggest
that episodes of acute and excessive anxiety could
aggravate underlying coronary plaques that rup-
ture leading to coronary occlusion; however, the
retrospective nature of such studies are prone to
recall biases and should be interpreted with
caution.

A recent systematic review of 12 studies com-
prising 1,131,612 persons and 58,111 incident
CHD cases confirmed that panic disorder was
associated with a 47% increase in incident CHD
risk (Fig. 1). The association between panic and

Table 2 Prevalence of common anxiety disorders in the CHD and general population

Disorder
Number of CHD studies in meta-
analysis (pooled sample size)

Prevalence in
CHD [10] 95% CI

Prevalence in general
population [42]

Generalized anxiety
disordera

22 (5567) 7.97 5.42–11.57 3.1

Panic disordera 29 (4713) 6.81 4.09–11.14 2.7

Agoraphobiaa 17 (2885) 3.62 1.78–7.21 0.8

Social phobia 10 (1847) 4.62 2.31–9.02 6.8

Specific Phobia 11 (1795) 4.31 2.23–8.15 8.7

Obsessive
compulsive disorder

6 (1558) 1.80 1.23–2.65 1.0

Post-traumatic
stress disorder [39]a

24 (2383) 12 9–16 3.5

Adapted with permission from Elsevier [9]
aHigher in CHD populations and related to CVD in etiological and prognostic studies; population estimates taken from the
US National Comorbidity Survey Replication
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CHD persisted after excluding angina which is
more subjective in nature. High to moderate qual-
ity evidence suggested an association with inci-
dent MACE and incident MI, and the risk
remained significant after excluding depression
and after depression adjustment [14]. Concurrent
investigation of depression and anxiety disorders
appears important, as disorder-specific and
comorbidity specific patterns have been noted
for etiological CHD risk [55]. Specifically, panic
disorder without any depression comorbidity was
significantly associated with cardiovascular dis-
ease, cerebrovascular disease, and peripheral vas-
cular disease [56]. Stratifying anxiety disorders
according to the presence of depression comor-
bidity suggests that anxiety confers a risk incident
CHD that is on par with depression
[57–59]. When interpreting etiological links,
note that several authors have cautioned that
reverse-causality cannot be ruled out due to most
cohort studies not performing coronary angiogra-
phy at baseline [14]. This opens up the possibility
that subclinical CHD could be misdiagnosed as
panic attacks, as opposed to true risk of incident
MI [48] which is plausible in studies inclusive of
participants in midlife. In the 37-year longitudinal
follow-up study by Janszky et al. [51] where the
risk ratio for incident CHD andMI was 2.17 (95%
CI: 1.28–3.67) and 2.51 (95% CI: 1.38–4.55),
respectively, all 49,321 participants were age
18–20 years at baseline, and therefore the pres-
ence of CHD at inception would be highly
unlikely.

Prognostic Links Between Anxiety
and CHD

Anxiety symptoms are associated with poorer
outcome or MACE recurrence in populations
with prevalent CHD [12] or MI [15]. Analyzing
anxiety disorder subtypes has uncovered differen-
tial associations with CHD that primarily impli-
cate GAD with adverse prognostic outcomes.
This finding may, in part, be due to the limited
prognostic research on verified anxiety disorders
including panic disorder or PTSD. For example,
our systematic review only retrieved three panic

disorder studies (RR 0.87; (95% CI 0.37–2.02))
[9], one of which provided unpublished data
pertaining to panic disorder [60]. Likewise, the
systematic review by Edmondson et al. [39] also
retrieved only three PTSD studies in acute coro-
nary syndrome populations when finding a two-
fold increase risk for MACE (RR= 2.00; 95% CI,
1.69–2.37). Most other research has relied on
medical records or anxiolytic medication to
denote anxiety disorder status. Otherwise there
remains some uncertainty as to whether anxiety
disorders contribute to adverse CHD prognosis.
Consequently both the American Heart Associa-
tion [61] and German Heart Association [62]
recommended that further research must strive to
identify the independent contribution of anxiety
disorders and its subtypes to cardiovascular
prognosis.

Several longitudinal cohorts have demon-
strated the prognostic importance of GAD to
MACE recurrence. Among a sample of
804 acute coronary syndrome outpatients, the
presence of GAD increased MACE risk approxi-
mately twofold over 2 years follow-up [60]. This
association was subsequently corroborated in a
large CHD outpatient sample of more than
900 patients over a mean of 5.6-year follow-up.
The study showed that GAD was associated with
a 74% increase in MACE risk [63]. GAD was
associated with adverse cardiovascular and cere-
brovascular outcomes at follow-up after coronary
artery bypass graft surgery (HR = 2.79; 95% CI
1.00–7.80) [57, 64]. A pooled meta-analysis of
GAD effect sizes indicated that a GAD diagnosis,
determined during outpatient assessment, was
associated with MACE (5 studies, 883 MACE
events; RR = 1.25, 95% CI 1.01–1.47, p = 0.04,
Fig. 2) [9]. Moreover, anxiety disorders deter-
mined during ACS hospitalization were not asso-
ciated with poorer outcomes, reiterating the
importance of accurate diagnosis and suggesting
that inhospital anxiety disorder assessments post-
ACS are unreliable.

Prognostic studies pertaining to anxiety symp-
toms have also supported a risk for recurrent
MACE and mortality [65]. A systematic review
of 12 studies using self-reported anxiety question-
naires post-MI found that the odds for MACE
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were increased 1.36 fold (95% CI 1.18–1.56) and
the odds for cardiac-related mortality were also
increased 1.23 fold (95% CI 1.03–1.47). Not all
studies however support a positive association
between anxiety and adverse MACE outcomes.
Some studies have found a reduced risk for
MACE [66], thus purporting a protective effect
for anxiety. However, such findings appear to be a
statistical artifact of multicollinearity between
anxiety and depression, rather than anxiety truly
being beneficial to cardiovascular prognosis.

Putative Biobehavioral Mechanisms
Linking Anxiety and CHD

The biobehavioral mechanisms linking panic and
CHD are complex, interacting, and poorly under-
stood [67–71]. The biobehavioral risk factors
moderating the relationship between anxiety and
microvascular disorders such as coronary slow-
flow [22], microvascular angina [72], and arterial
stiffness [73] are poorly documented. Panic disor-
der may present with other pre-existing
cardiometabolic risk factors including hyperten-
sion, hyperlipidemia, obesity, kidney disease, and
diabetes [74–77], and therefore disentangling the
association between anxiety and CHD would
likely involve pathways shared between CHD
and other chronic diseases.

With regard to behavioral mechanisms that
could promote atherosclerosis, cross-sectional
studies among anxiety disorder patients show a

preponderance of behavioral risk factors includ-
ing tobacco smoking [78]. A strong comorbid
association between anxiety disorders with alco-
hol and substance abuse is consistently
documented in national surveys [79–81]. The
strong association between anxiety disorders and
alcohol abuse implicates shared etiology or com-
mon risk factors [82] or alternatively impaired
coping strategies [83]. Surprisingly, anxiety
about one’s health may not necessarily lead to a
proactive approach to modifiable lifestyle factors
such as exercise and diet as psychometric indices
of health anxiety are associated with elevated risk
for CHD [84].

Another behavioral risk factor directly relevant
to CHD is cardiorespiratory fitness. Several lon-
gitudinal studies have demonstrated that low car-
diorespiratory fitness is predictive of the onset of
depression disorders in later life [85, 86]. A sim-
ilar pathway could be speculated for anxiety dis-
orders given that panic disorder patients with high
levels of somatic anxiety were nearly threefold
more likely to report low levels of physical activ-
ity measured by the Physical Activity Question-
naire compared to those with low somatic anxiety
(OR 2.81; 95% CI 1.00–7.90) [87]. The example
of cardiorespiratory fitness and physical activity
however is more complicated in anxiety disorders
compared to depression. What is becoming
increasingly recognized is that anxiety disorder
patients, especially those with panic, display
exercise-avoidance behaviors [88, 89]. The overt
avoidance of exercise is linked to high anxiety
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Fig. 2 Major adverse cardiac event risk in generalized
anxiety disorder outpatient studies adjusted for covariates
(random-effects). Forest plot showing the hazard ratio for
major adverse cardiac events in outpatients with general-
ized anxiety disorder versus persons without generalized

anxiety disorder. Hazard ratio values with 95% confidence
intervals that exceed 1 (vertical line) indicate higher risk
for major adverse cardiac events. Adapted with permission
from Elsevier [9]
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sensitivity, or fear of somatic sensations, such as
those produced by aerobic exercise. Support for
this notion comes from cardiopulmonary exercise
testing where panic disorder patients tend to be
less willing to continue despite similar ventilation/
VO2 [90]. Patients exhibiting higher exercise
avoidance also perform worse on cardiopulmo-
nary exercise testing, including by comparison to
patients with the respiratory subtype of panic dis-
order [88]. Exercise avoidance and fear of somatic
sensations have clear consequences for CHD
patients undergoing cardiac rehabilitation, and
anxiety may pose a special barrier to engaging in
physical activity post-cardiac event such as in a
structured cardiac rehabilitation program
[91]. Moreover, persistent anxiety and somatiza-
tion are stronger predictors of reduced exercise
capacity after cardiac rehabilitation [92], reiterat-
ing the importance of accurate diagnosis and self-
report anxiety measures in CHD populations.

The CO2 challenge test provides a common
experimental paradigm to induce and quantify
physiological symptoms in panic disorder. This
task involves inhalation of a mixture of oxygen
with 35% CO2. The CO2 test may stimulate
breathlessness, dizziness, and minor anxiety in
most participants and panic attacks in those with
or at risk for panic disorder [93]. Self-reported
ratings of panic symptomatology and subjective
anxiety are higher among persons with panic dis-
order than control groups when exposed to the
CO2 challenge [94]. Also, autonomic correlates
of panic disorder during treadmill testing have
been documented which initially suggested very
limited myocardial ischemia [95]. Indeed, much
of the early empirical work on cardiorespiratory
symptoms in panic disorder occurred in the pop-
ulation who were free from serious cardiovascular
diseases [35, 96, 97].

In persons with CHD ascertained by positive
nuclear exercise stress test, a 35% CO2 challenge
induced myocardial ischemia in 81% of CHD
patients with comorbid panic disorder [98]. In a
follow-up study [99], the authors tested patients
with low risk CHD patients who underwent the
35% CO2 panic challenge test and were injected
with Tc-99m-tetrofosmin (Myoview) for nuclear
imaging, upon inhalation. Single-photon emission

computed tomography imaging was used to
assess per-panic challenge reversible myocardial
ischemia, and heart rate, blood pressure, and a
12-lead ECG were continuously measured during
the procedure. Only 10% of patients in each group
displayed myocardial ischemia per-panic chal-
lenge [99]. Because of the disparity in these find-
ings [98, 99], it remains largely unclear whether
panic attacks lead to reversible myocardial ische-
mia. Importantly, the myocardial ischemic effects
of panic challenge in high risk CHD patients with
panic disorder are undocumented.

Other work concerning cardiovascular
response to panic has implicated the sympathetic
nervous system as the mediating link between the
heart and the brain [100–102]. The heightened
sympathetic discharge during panic attacks has
been linked with change in the QRS complex
[103], especially the QT-interval [104–106] on
ECG. A related body of work demonstrated a
significant association between diminished heart
rate variability (HRV) and anxiety disorders
[107]. A meta-analysis of 36 articles, including
2086 patients with an anxiety disorder and 2294
controls, by Chalmers et al. [108] suggested anx-
iety disorders were associated with significantly
lower time-domain HRV, as well as low- and high-
frequency HRV [108]. Moderator analysis
suggested no difference between the anxiety dis-
order subtypes, and the panic disorder effect sizes
represented as Hedges’ g were time-domain HRV
�0.41 (95% CI �0.68 to �0.15), high-frequency
HRV �0.22 (95% CI �0.42 to �0.02), and
low-frequency HRV �0.11 (95% CI �0.47 to
0.25).

Other plausible mechanisms through which
panic and anxiety promote atherosclerosis and
recurrent MACE include upregulated inflamma-
tory response which has been noted across the
anxiety disorders including populations with
comorbid CHD [75, 109, 110]. The most evidence
for inflammatory markers in anxiety relates to
C-reactive protein (CRP), an acute phase protein
[69–71, 75, 111–114] which is clinically signifi-
cant and increases the risk for incident CHD
[69]. A large population study of 3719 Swiss
persons aged between 35 and 75 years residing
in Lausanne found that both current and lifetime
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history of anxiety disorder were associated with
higher CRP [114]. Other documented inflamma-
tory markers across anxious populations with anx-
iety disorders include the interleukin group of
cytokines [71, 111, 115], tumor necrosis factor-α
[116], and adrenomedullin [117]. The increased
trafficking of pro-inflammatory immune may lead
to enhanced platelet aggregability and coronary
plaque instability [118, 119].

Treatment of Anxiety in CHD
Populations

Treatment options for panic disorder in persons
with true manifestation of CHD have been largely
neglected in the literature to the detriment of our
understanding of anxiety disorders in CHD [9,
120]. Most treatment efficacy evidence relating
to anxiety in fact comes from depression trials
where anxiety is merely a secondary endpoint
[121, 122] or from interventions utilizing only
self-reported anxiety [123, 124]. Our 2014 sys-
tematic review [9] showed that no RCT had spe-
cifically targeted anxiety disorders in the CHD
population and reports from other non-RCT inter-
ventions for anxiety disorders are uncommon
[125]. Consequently anxiety disorder treatment
remains a significant gap in the literature and
clinical practice [126], and currently ongoing clin-
ical trials in this field may provide clarity on
anxiety treatment efficacy [127, 128].

The complex nature of panic disorder comor-
bid with CHD necessitates several adaptions to
standard cognitive-behavioral therapy (CBT).
Previously we highlighted that treating panic dis-
order comorbid with CHD or cardiomyopathy is
challenging due to (a) diagnostic overlap between
the symptoms experienced in anxiety and heart
disease including those depicted in Table 1, (b) the
high risk associated with ignoring chest pain
symptoms and delaying seeking medical attention
for a potential MI, (c) that CBT therapy based on
catastrophic misinterpretation of bodily symp-
toms requires adaption to incorporate the element
of cardiovascular risk, and (d) that certain intero-
ceptive symptom induction experiments (e.g.,
hyperventilation) may be harmful, inducing

myocardial ischemia, and are therefore fraught
with potential legal liability because of the uncer-
tainty in this area [28]. The rationale for revising
panic symptom induction exercises was based on
possible increase in stroke volume [129], acute
coronary vasoconstriction and myocardial stun-
ning [130], electrical changes increasing the risk
for arrhythmias [73, 131], and potential head
injury as a result of syncope [132]. Because of
the nature of these issues, we recently developed
the Panic Attack Treatment in Comorbid Heart
Diseases (PATCHD) protocol [28], a panic disor-
der CBT model especially adapted for CHD
patients and based on similar work in cardiopul-
monary patients [133]. The PACTHD model is
centered on enhancing coping skills, performing
safe symptom induction interoceptive exposures
and supervised exercise, and countering avoid-
ance to reduce panic attack frequency.

Our real-world experiences with the PATCHD
method demonstrated a significant reduction in
cardiovascular hospital admissions and length of
stay, panic attacks, general anxiety, as well as
depression [28, 134]. A comprehensive outline
of this treatment is provided elsewhere
[28]. Another approach to anxiety treatment that
could be beneficial is transdiagnostic CBT [127]
and meta-cognitive therapy [128] that targets cog-
nitive and behavioral processes common to anxi-
ety and depression. As aforementioned, the
findings from these ongoing clinical trials will
provide valuable insight to anxiety disorder treat-
ments in CHD [127, 128].

The most recent reviews of the literature have
identified generally low effect sizes for treatment
of anxiety and depression in CHD populations
[123, 135] especially by comparison to other
chronic disease populations such as diabetes
[136]. Specifically, distinctly smaller depression
treatment effect sizes are evident in CHD
populations by comparison to diabetes (standard-
ized mean difference [SMD] 0.30 vs. 0.60)
[136–138]. Prior interventions including land-
mark RCTs in cardiology (e.g., ENRICHD,
SADHART, CREATE) demonstrated the diffi-
culty of treating depression and anxiety in CHD
populations and have produced largely disap-
pointing results in primary outcomes [139–141],
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though secondary analyses suggest specific sub-
groups may benefit from psychological interven-
tions [138, 142–144]. However, most prior RCTs
were based on unitary interventions, testing either
psychotropic drugs in isolation or psychotherapy
in isolation. By contrast, multifaceted collabora-
tive care interventions delivered by multi-
disciplinary healthcare providers and
incorporating CBT, psychotropic drugs, struc-
tured reviews, and stepped-care have had a small
but significant impact upon MACE and other
important chronic disease outcomes [145,
146]. The collective findings point to the inherent
challenges when treating anxiety and depression
in CHD populations and raise the possibility that
existing intervention approaches could be greatly
improved [147, 148].

In terms of psychotropic drugs, the
EUROASPIRE IV survey of 7589 patients from
24 European countries examined at a median of
1.4 years after hospitalization due to coronary
heart disease events showed that anxiolytic med-
ications were prescribed to only 2.4% of patients
at hospital discharge and 2.7% of patients at
follow-up [149]. This estimate is in line with
other studies utilizing systematic depression and
anxiety screening in cardiology where real-world
evidence shows that psychotropic drugs are
heavily favored over CBT or other psychother-
apies. It is unclear if this relates to patient prefer-
ence, clinician preference, or a lack of resources
for initiating CBT [122, 150, 151]. Curiously,
prescription of benzodiazepine after MI was
found to be associated with a reduced risk for
recurrent MI [152]. However, a “J curve” associ-
ation was evident suggesting that small to medium
doses of benzodiazepine is preferable to larger
doses. Note that anxiolytic medications with
tranquillizing effects such as benzodiazepines
should be prescribed judiciously and is typically
contraindicated in CBT [153]. Notwithstanding
physical and psychological dependence issues,
the rationale for this contraindication is that anxi-
olytic medication serves as a safety-behavior or
maladaptive coping strategy, thereby hindering
treatment, prolonging anxiety, and negatively
reinforcing the need for medication during a
panic attack or prior to anxiety inducing

situations. Thus CBT is typically the preferred
strategy for anxiety with more robust and durable
term treatment gains in the longer term without
relapse [154]. For these reasons, benzodiazepines
are typically restricted in utility for CHD
populations, and serotonergic drugs are the first-
line pharmacological treatment of choice in
CHD [155].

The efficacy of serotonergic drugs, including
selective serotonin reuptake inhibitors (SSRI) and
serotonin norepinephrine reuptake inhibitors
(SNRI), to treat depression symptoms is
established from depression RCT interventions
among CHD populations SADHART and CRE-
ATE [140, 141]. The atypical antidepressant
mirtazapine did not have a sustained impact on
depression symptoms in the MIND-IT trial
[156]. A systematic and pooled meta-analysis of
pharmacological RCTs investigating SSRI versus
placebo indicates that there is no risk reduction in
mortality from antidepressant drugs [137,
157]. However, divergent findings were reported
for hospital readmissions in systematic reviews. A
Cochrane review found a reduced odds for hospi-
tal readmission (pooled OR 0.58, 95% CI
0.39–0.85) [137], whereas another review did
not support reduced risk for hospital readmission
when applying stringent criteria for properly ran-
domized studies (risk ratio = 0.74, 95% CI
0.44–1.23) [157]. Although the potential benefits
of serotonergic drugs are unclear for hard end-
points, possible pleiotropic effects of serotonergic
drugs include reduced platelet aggregability and
enhanced endothelial function [158, 159]. Poten-
tial side-effects include increased bleeding risk
[160], while the SSRI escitalopram can prolong
the QTc interval and should not be prescribed at
doses higher than 40 mg/day.

In addition to standard first-line CBT and sero-
tonergic drug interventions, some scholars have
proposed that supervised aerobic exercise as one
treatment modality for panic in CHD, which pro-
vides experiential and interoceptive exposure to
heightened somatic sensations such as breathless-
ness, increased heart rate, and sweating [161]. The
aerobic exercise component of structured cardiac
rehabilitation provides exposure to somatic symp-
toms in safe and controlled environment which
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may benefit patient’s anxiety levels. For example,
exposure to 12 sessions of aerobic exercise
(25 min treadmill) was found to increase VO2

max. in panic disorder patients versus a panic
control group not exposed to the exercise inter-
vention [54]. It is also postulated that regular
physical activity may exert positive effects on
anxiety disorder symptom via inflammation and
oxidative and nitrogen stress pathways [162].
However, because persons with anxiety and
depression are less likely to participate in cardiac
rehabilitation [163], some of the benefits of exer-
cise upon anxiety possibly represent a self-selected
group and may not apply to exercise-avoidant per-
sons. Accurate identification of anxiety among
cardiac rehabilitation patients is paramount [164]
and highly anxious, and avoidant patients would
likely benefit from a concerted multidisciplinary
approach to treatment, encompassing cardiology,
cardiac nursing, exercise physiology, as well as
clinical psychology and psychiatry [125].

Conclusions and Directions
for the Future

This chapter has demonstrated that anxiety disor-
ders are highly prevalent in the population with
CHD and exceed prevalence estimates from the
general population. There is substantial overlap
between anxiety and CHD in terms of their char-
acteristic cardiovascular symptoms. Patients with
anxiety frequently present to primary physicians,
other medical specialists, and emergency depart-
ments with somatic complaints. Panic disorder is
strongly aetiologically linked to incident CHD,
whereas prognostic associations tend to implicate
GAD and self-reported anxiety because of the
limited panic disorder research in verified CHD
populations. Although the mechanisms linking
anxiety and CHD are complex, interacting, and
poorly understood, likely behavioral correlates
include tobacco smoking, alcohol use, and exer-
cise avoidance. Direct pathophysiological path-
ways include diminished HRV and an
upregulated inflammatory response, especially
the acute phase protein CRP. Unfortunately, no
RCT has even attempted to treat anxiety disorders

in CHD populations until very recently [127, 128,
165]. Consequently, the efficacy of psychological
and pharmacological interventions is unclear
[166] though we have proposed safe CBT alterna-
tives for persons with panic attacks and CHD or
cardiomyopathy [28]. Clearly, there is a large
degree of scope to improve our understandings
of the cardiovascular manifestations of anxiety
as they relate to CHD. In future research, particu-
lar attention should focus on ruling out reverse-
causality in aetiological studies, clarifying the
extent of myocardial ischemia during panic
attacks and stress testing in populations with
CHD, illustrating panic disorder-specific prognos-
tic links post-MI, and evaluating the efficacy of
psychological and pharmacological interventions
for persons with anxiety disorders where anxiety
response is the primary outcome. The disappoint-
ing findings from past depression RCTs raise the
possibility that the focus of our interventions are
too narrow in scope and should be broadened to
include anxiety and its discrete disorders. Never-
theless, the burden of anxiety disorders,
irrespective of the association with cardiovascular
prognosis, underscores the importance of early
identification of anxiety disorders and their treat-
ment in CHD. In fact, the level of clinical priority
received by depression over the past 30 years
should be extended to research and clinical inter-
vention efforts in relation to anxiety [67].
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Abstract

Cardiovascular diseases (CVD) and depression
share a common epidemiology, thus
suggesting a mutual link between these two

disorders. Growing evidence supports the det-
rimental influence of depression on cardiovas-
cular risk factors and outcomes. Reciprocally,
depression rates in patients with known CVD
are higher than in the general population. Heart
and brain seem to be intertwined in a psycho-
neuro-hormonal-cardiovascular axis. Their
disorders emerge from pathophysiological
derangements in the same fundamental mech-
anisms, including inflammation, platelet reac-
tivity, autonomic dysregulation, circadian
rhythm and sleep disruption, hormone imbal-
ance, and neurotrophins. In addition, common
unhealthy lifestyle habits, mainly poor diet,
low physical activity, and tobacco use, might
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help explain the association between depres-
sion and CVD. Notwithstanding this, depres-
sion is grossly under-detected and under-
treated in patients with CVD. The application
of pharmacological and nonpharmacological
approaches to the treatment of depression
might help physicians to optimize health out-
comes and quality of life for their CVD
patients.

Keywords

Inflammation · Platelet reactivity · Endothelial
dysfunction · Autonomic imbalance ·
Circadian rhythm · Renin-angiotensin-
aldosterone system · Vasopressin ·
Hypothalamic-pituitary-adrenal axis ·
Neurotrophins · Antidepressants

Introduction

Cardiovascular diseases (CVD) refers to those
conditions that affect the heart and blood vessels,
including coronary heart disease, cerebrovascular
disease, and peripheral artery disease. CVD is the
primary cause of mortality and is considered one
of the highest economic costs in many countries.
In a recent report, the American Heart Association
estimated that medical costs and productivity
losses of CVD are expected to grow from $555
billion in 2015 to $1.1 trillion in 2035. In many
developing countries, mortality and morbidity
from CVD have increased exponentially. It is
estimated that in 2008 about 7.3 million global
deaths resulted from CVD, which account for one
in every six deaths. There were significant differ-
ences by sex, age, ethnicity, and geographic
region in the proportion of persons who had
been diagnosed with CVD. Men were more likely
than women to be diagnosed with CVD. Non-
Hispanic whites were more likely than any other
ethnic groups to be diagnosed with CVD (39.1%).
Physical activity, healthy diet, and lifestyle are
probably the most crucial ways to prevent CVD.

Depression is a common mental disease. It is
estimated that major depressive episodes have a
prevalence of 14.6% in high-income countries

and 11.1% in developing countries. Depression
became the second leading cause of disability in
2010. According to current international classifi-
cations (International classification of disease,
ICD-10 and diagnostic and statistical manual of
mental disorders, DSM 5), a major depressive
episode is defined by five or more of the following
nine symptoms lasting for at least 2 weeks nearly
every day. One of these symptoms must be
depressed mood or anhedonia (loss of interest in
activities or pleasure). Other symptoms are: sig-
nificant decrease or increase in weight or appetite;
insomnia or hypersomnia, fatigue, psychomotor
agitation, or retardation; diminished ability to
concentrate or make decisions; feelings of worth-
lessness or inappropriate guilt; and recurrent
thoughts of death or suicidal ideation. Depressive
symptoms and major depressive episodes are
among the building blocks of “Mood disorders,”
a chapter of the previous editions of the DSM,
which has been split into “Depressive disorders”
and “Bipolar and related disorders” in the DSM 5.
It is beyond the scope of this chapter to provide a
detailed description of the diagnostic criteria for
depressive and bipolar disorders. Briefly, a diag-
nosis of major depressive disorder (MDD) can be
made in presence of one or more major depressive
episodes, with no lifetime (hypo)manic episodes.
Nonetheless, a major depressive episode is often
the first presentation of bipolar disorders, and it is
not rare that an initial diagnosis of MDD transi-
tions to bipolar disorder. Also, depressive presen-
tations not reaching the diagnostic threshold for a
major depressive episode in terms of either dura-
tion or symptom count may be present in other
depressive (persistent depressive disorder, disrup-
tive mood dysregulation disorder, premenstrual
dysphoric disorder) or bipolar (cyclothymic dis-
order, other specified bipolar and related disor-
ders) disorders. In this chapter we will mainly
refer to depression as a psychopathological
dimension. When data is presented which is rele-
vant for a specific diagnostic category, this will be
specified.

Biological and psychosocial factors contribute
to the emergence of depression, especially in the
elderly. Genetic vulnerability may make some
people more susceptible to depression. Among
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biological risk factors are old age and female sex.
In the elderly, according to the so-called “vascular
depression” hypothesis, depression has been
linked to vascular brain lesions, chronic inflam-
mation, and atherosclerosis, which is also the
leading cause of CVD. Similarly to CVD, poor
lifestyle habits, such as smoking and alcohol use,
are important risk factors for depression, espe-
cially in the elderly. Some authors suggest that
depression could be prevented by improving life-
style habits, such as exercise, diet, smoking ces-
sation. Furthermore, treatment for hypertension,
hypercholesterolemia, and hyperglycemia, condi-
tions traditionally related to CVD, could amelio-
rate depression as well.

In the present chapter, we will review the path-
ophysiological mechanisms underlying the inter-
action between CVD and depression. We hope to
convince physicians of the uttermost importance
of monitoring the cardiovascular state of
depressed patients and, reciprocally, assessing
the mood profile in patients suffering from CVD.
Also, a more thorough understanding of this asso-
ciation could help developing novel lines of
interventions.

The Reciprocal Association Between
Depression and CVD

Evidence accumulated of a reciprocal association
between depression and CVD. Psychosocial risk
factors, including depression and anxiety, have
been found to be strongly and consistently corre-
lated to a worse outcome of CVD [1]. On the other
hand, CVD can increase the risk of developing
depressive symptoms and disorders through either
biological, bodily, or psychosocial changes. In
fact, the association between depression and
CVD can be considered a downward spiral in
which depression and CVD reinforce each other
[2]. Incidence rates of depression in patients with
CVD reach up to 20–40% [3]. Reciprocally,
depression increases the risk of cardiac death by
3–4 times [4]. Depression and anxiety are com-
mon symptoms among patients who have suffered
an acute cardiac event and sometimes can persist
for months or even for years, influencing patients’

quality of life [5]. Moreover, depression may lead
to complications, as depressed patients have a
reduced pharmacological compliance and have
more difficulty coping with the distress of a dis-
ease [4]. In summary, depression has a major
impact on mortality, morbidity, and functional
recovery in patients with CVD.

The socio-psycho-biological model of modern
medicine suggests that CVD may be viewed as a
part of a psycho-neuro-hormonal-cardiovascular
axis, which links the brain and the heart. Several
biological mechanisms might be involved, includ-
ing inflammation, platelet reactivity, autonomic
dysregulation, circadian rhythm and sleep disrup-
tion, hormone imbalance, neurotrophins, lifestyle,
and metabolic syndrome.

Inflammation

Atherosclerosis is a chronic inflammatory disease,
orchestrated by endothelial and white blood cells
through numerous cytokines. Chronic inflamma-
tion in CVD results from an oxidative/anti-
oxidative imbalance, which determines an
accumulation of oxidized low-density lipopro-
teins (LDL) in the arterial wall. This generates
an inflammatory response in the subendothelial
space, through the release of proinflammatory
molecules, such as tumor necrosis factor alpha
(TNF-α) and interleukin (IL)-1, from the endothe-
lial cells and monocytes. The release of other
cytokines, such as IL-10 and IL-6, and the
increased synthesis of acute phase proteins as C-
reactive protein (CRP) by the liver, perpetuates
the inflammatory response.

Similarly, a link exists between depression and
some diseases characterized by chronic inflamma-
tion with increased levels of inflammatory cyto-
kines. For instance, depression is common in
people with rheumatoid arthritis [6]. Also, about
30–50% of patients with hepatitis C virus will
develop depression after treatment with interferon
[7]. Intriguingly, experimental studies showed
that inducing inflammation in healthy volunteers,
e.g., with a typhoid vaccine, which increases cir-
culating IL-6 levels, leads to depressive symp-
toms and reduced cognitive performance [8].
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Furthermore, systematic reviews and meta-ana-
lyses found that the levels of circulating pro-
inflammatory cytokines, such as IL-6, IL-1β,
TNF-α, and CRP, rise in acutely depressed
patients, to then largely normalize after recovery
[9]. As some studies showed that patients resistant
to SSRI and other antidepressants continue
to show elevated levels of IL-6, CRP, and
other inflammatory markers, it has been hypothe-
sized that elevated serum concentrations of
cytokines might predict poor response to antide-
pressants [10].

Platelet Reactivity

Blood platelets are primarily known for their
role in hemostasis and thrombosis, but they also
have a role in inflammation and immune
system. Platelets contain three different types of
storage granules: dense granules, alpha granules,
and lysosomes. Alpha granules store pro-inflam-
matory and immune-modulatory markers, such as
CD62P (P-selectin), platelet factor 4 (PF-4), β-
thromboglobulin (β-TG), adhesion molecules
(intercellular adhesion molecule-1, ICAM-1;
platelet/endothelial adhesion molecule-1,
PECAM-1; the matrix-metalloproteinases type 2
and 9, MMP-2 and MMP-9), and the immune-
modulatory molecule CD40L. Alpha granules
are found mainly in the cytosol of platelets, are
released when platelets are activated, and are
responsible for the formation of platelet-mono-
cyte aggregates. The secretion of these molecules
allows for the interaction with other platelets,
immune cells, and endothelial cells. Platelet
degranulation is usually followed by a conforma-
tional change and aggregation. Platelets contrib-
ute largely to the development of potentially fatal
ischemic events in the late stages of CVD. After
adhesion to the damaged loci of the blood vessels
walls, platelets promote the growth of the chronic
atherosclerotic plaques and trigger the onset of
arterial thrombosis consequent to the rupture of
the atherosclerotic plaque. Furthermore, they
maintain a local pro-atherothrombotic condition,
through specific alterations of the arterial wall. On
the other hand, the relationship between

depression and platelet reactivity is still contro-
versial. Some studies reported higher levels of PF-
4, β-TG, and P-selectin, increased activation of
platelet glycoprotein IIb/IIIa receptors, and
increased platelet reactivity in patients with
depression [11], while others were not able to
find any difference in platelet reactivity between
depressed and nondepressed patients [12].

Platelets share many biochemical similarities
with the neuronal monoamine systems, mainly
about the uptake, storage, and metabolism of sero-
tonin (5-HT). The platelet and brain 5-HT trans-
porters (SERTs) are substantially identical except
for a slightly different extent of glycosylation. The
role of 5-HT in depression is well established.
Lower concentrations of 5-HT and 5-hydroxyin-
doleacetic acid (5-HIAA), its major metabolite,
have been reported in the cerebrospinal fluid and
the postmortem brain tissue of depressed and/or
suicidal patients [13, 14]. Postmortem brains of
depressed/suicidal patients showed: (i) reduced
number of serotonin binding sites in the SERT
[13, 14] and (ii) increased density of 5-HT2A
receptors [15]. Similar findings were reported in
the platelets of suicide victims, which presented:
(i) decreased maximal velocity of the SERT [16]
and (ii) upregulation of 5-HT2A [17]. These alter-
ations persist even after therapy with antidepres-
sants and clinical improvement [18]. The gold
standard treatment of depression includes the
administration of drugs that affect 5-HT neuro-
transmission, among which selective serotonin
reuptake inhibitors (SSRIs). SSRIs, in particular
sertraline and citalopram, were found to normal-
ize platelet activity indices (especially β-TG and
E-selectin) [19, 20]. On the other side, a recent
study demonstrated that some drugs used for
angina pectoris like trimetazidine could regulate
central and peripheral 5-HT in rats with myocar-
dial infarction combined with depression [21].

Endothelial Dysfunction

Endothelial dysfunction is characterized by an
alteration of nitric oxide (NO)-dependent vasodi-
lation. Endothelial damage is a hallmark of acute
cardiovascular events, where an increase of
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circulating endothelial cells and a reduction of
endothelial progenitor cells have been described.
More surprisingly, an association between endo-
thelial dysfunction and depressed mood was dem-
onstrated via measures of flow-mediated dilation
[22] and of plasma levels of endothelium related
markers [23]. There is recent evidence of reduced
levels of circulating endothelial progenitor cells in
patients with coexisting depression and acute cor-
onary syndromes [24].

Autonomic Dysregulation

The autonomic nervous system (ANS) encom-
passes two branches: the sympathetic nervous
system, which drives physiological responses to
acute stress ( fight-or-flight); and the parasympa-
thetic system with complementary rest-and-digest
actions at rest. The balance between the two divi-
sions of the ANS is fundamental. Heart rate vari-
ability (HRV), a noninvasive marker of the ANS
function, refers to the beat-to-beat variations in
heart rate, measured by electrocardiogram. HRV
results from the balance between the two branches
of the ANS at the sinus node, the parasympathetic
(vagus) and the sympathetic nerves, with slowing
and accelerating effects, respectively. High para-
sympathetic tone, by increasing the HRV, has a
protective effect against possible adverse cardiac
events, while high sympathetic tone, typical of
situations of stress, either emotional or physical,
reduces the HRV, thereby increasing the risk of
malignant arrhythmias and sudden cardiac death.
From a psychological perspective, while high
HRV is associated with cheerfulness and calm,
motivation for social commitment, resilience and
well-being, low HRV is related to cognitive and
affective dysregulation and psychological inflexi-
bility, strong psychological risk factors for psy-
chopathology. Consistently, a reduction in HRV
has been found in many psychiatric disorders,
such as schizophrenia, bipolar disorder (BD), con-
duct disorder, and autism spectrum disorders. An
inverse association exists between depression
severity and HRV, meaning that the more severe
the depression, the lower the HRV. It is suggested
that in MDD there is a relative state of

sympathetic hyper-tone [25]. To support this, hall-
mark symptoms of depression, such as reduced
social engagement, poorly flexible behavioral
response to environmental changes, and somato-
motor deficits, are all linked to low vagal activity
since the vagus and the other cranial nerves con-
trol the peripheral structures involved in the
behavioral expression of emotions [26]. In addi-
tion, patients with MDD in comorbidity with gen-
eralized anxiety disorder show the most consistent
reductions in vagal activity at rest [27]. Probably,
chronic worry and hypervigilance to threat may
underpin chronic withdrawal of vagal activity
resulting in increased morbidity and mortality.
The HRV could represent an important link
between MDD and CVD. The reduction of
vague-mediated cardiovascular control in depres-
sion could have a disinhibiting effect on sympa-
thetic excitatory inputs, with consequent
impairment in flexibility and reactivity to environ-
mental demands. Reciprocally, the reduction in
vagal tone (and HRV) deriving from myocardial
infarction could be responsible for a progressive
worsening of depressive symptoms.

Although HRV changes have been found in
drug-naïve depressed patients, many antidepres-
sants, can exert diverse effects on the HRV,
depending on their mechanism of action. Antide-
pressants with a prominent stimulation of norad-
renergic neurotransmission, such as tricyclic
antidepressants (TCA) and selective noradrena-
line and serotonin reuptake inhibitors (SNRIs),
decrease the already lower HRV seen in depres-
sion, contributing an unfavorable cardiovascular
profile. In the case of TCAs, the adrenergic effect
is further exacerbated by the anticholinergic prop-
erties deriving from the blockade of muscarinic
cholinergic receptors. Furthermore, changes in
serotonergic and dopaminergic transmission may
also affect HRV. Globally, SSRIs seem to have no
significant impact on HRV, regardless the
response to therapy. Regarding alternative treat-
ments, agomelatine, that blocks the 5-HT2C
receptor and stimulates the melatonergic MT1
and MT2 receptors, has a significant effect on
vagal tone, resulting in increased HRV; ketamine,
a N-methyl-D-aspartate (NMDA) receptor antag-
onist, increases the sympathetic effects on the
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heart thereby decreasing HRV; therefore, dose
studies are needed to better assess its impact on
the ANS. Transcranial magnetic stimulation
(rTMS) has been shown to improve HRV in
patients with MDD. Controversial data have
emerged from studies that have examined the
impact of electroconvulsive therapy (ECT) on
HRV, requiring additional research. The vagus
nerve stimulation (VNS), consisting of a surgical
implant of a bipolar electrode connected to a sub-
cutaneous generator to repeatedly stimulate the
vagus nerve, improves autonomic control and
reverses HRV reduction.

Strategies to increase HRV (exercise, smoking
cessation, dietary changes, weight loss, intake of
omega-3 fatty acids and vitamin D, stress and
worry reduction, meditation) should be warmly
recommended to patients with depression, espe-
cially if treated with antidepressants, to lessen
their cardiovascular risk.

Sleep and Circadian Rhythm
Disruption

The association between depression and sleep
disorder is evident, as sleep disturbances are part
of the diagnostic criteria for mood disorders.
Then, it is not surprising that complaints of poor
sleep occur in an estimated 50% to 90% of indi-
viduals diagnosed with depression. However,
sleep alterations, such as short (< 6 h/day) or
long (>8 h/day) sleep duration, and various
sleep disturbances, appear to be significant deter-
minants of CVD as well [28]. This association
seems to be mediated by the impact of sleep
problems on major CVD risk factors, including
obesity, hypertension, diabetes, and inflammation
[29]. It is known that both short and long sleep
duration negatively impact upon fasting glucose
levels, and short sleep is linked to increased waist
circumference and triglyceride levels, indepen-
dently of depressive symptoms [30]. However, a
synergistic model of sleep and psychopathology
in cardiovascular and metabolic disease risk has
been proposed. For instance, Vgontzas et al.
recently reported that short sleep duration is
related to higher body mass index (BMI) in

individuals reporting high emotional distress, but
not in those reporting low emotional distress
[31]. Similarly, subjects with both long sleep
and elevated depressive symptoms developed
hypertension [32].

What are the pathophysiological mechanisms
called into question? Both sleep and depression
are associated with unhealthy behaviors important
to cardiometabolic disease risk, including
smoking and physical inactivity. For instance,
epidemiologic and experimental evidence shows
that sleep disturbances (poor quality, poly-
somnography (PSG) indices of continuity, and
decreased duration) are related to smoke and
physical inactivity. Then, disrupted sleep influ-
ences (i) inflammation, (ii) hypothalamic-pitui-
tary-adrenal axis, and (iii) autonomic output.
First, short sleep duration and poor sleep continu-
ity have been related to increased levels of inflam-
matory markers, such as IL-6 and CRP. In one
study of patients with MDD, it was found that IL-
6 elevation could be predicted by sleep latency
and rapid eye movement (REM) density measured
with all-night PSG, to suggest that disturbances of
sleep initiation found in depressed patients might
be partially responsible for the elevation of
inflammatory markers [33]. Second, a strong
link has been observed between insomnia with
objective short sleep duration and both activation
of the hypothalamic-pituitary-adrenal (HPA) axis
and increased neurocognitive-physiologic
arousal. Insomnia, jointly with HPA over-activa-
tion and consistent PSG alterations (low amounts
of slow wave sleep, a short REM latency, and a
high REM density), characterizes the melancholic
subtype of depression, while HPA under-activa-
tion and inconsistent or inexistent sleep distur-
bances were found in atypical depression.
Furthermore, while the alteration of HPA activity
emerged as a state feature, as it tended to normal-
ize during remission or recovery, sleep distur-
bances were trait features, independent of the
depressive status.

Some evidence suggests that the covariation
among sleep parameters, depressive symptoms,
and CVD may be due to genetic influences. For
example, twin studies show that common genetic
variants account for significant portions of the
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phenotypic correlations between depression and
sleep problems in children and between depres-
sive symptoms and coronary artery disease. These
variants might be related to the bio-behavioral
pathways summarized in this chapter (e.g.,
inflammation, HPA, autonomic imbalance); an
interesting class of possibly relevant genes are
the core clock genes, which are thought to regu-
late the endogenous circadian rhythmicity, either
in the realm of glucose metabolism, adipocyte
function, and vascular function or in mood regu-
lation. A reciprocal interaction between the circa-
dian clock system and metabolic pathways has
been shown. It was demonstrated that a
dysregulation of the circadian rhythm in humans
is closely associated with the development of
metabolic diseases, including nonalcoholic fatty
liver disease (NAFLD), obesity, and type 2 diabe-
tes. Animals deficient for clock genes or for aryl
hydrocarbon receptor nuclear translocator-like
protein-1 (BMAL1) go on to develop hyperlipid-
emia, hepatic steatosis, and defective gluconeo-
genesis [34, 35]. A survey of nuclear receptor
mRNA profiles in metabolic tissues suggested
that approximately half of the known nuclear
receptors and transcriptional regulators exhibit
rhythmic expression [36]. Improved knowledge
of the associations between sleep and depression
in relation to these mechanisms will contribute to
etiological models of CVD and may provide new
preventative strategies.

The Renin-Angiotensin-Aldosterone
System and Neurohypophysis

The renin-angiotensin-aldosterone system
(RAAS) is an endocrine system best known for
its role in hydromineral balance and blood pres-
sure regulation. As such, the RAAS system plays
a fundamental role in the progression of heart
failure (HF). The pathophysiology of HF is indeed
characterized by the activation of different neuro-
hormonal systems. In the early stages of HF, the
sympathetic branch of the ANS and the RAAS
play a compensatory role, aimed at supporting
cardiac output and increasing peripheral vasocon-
striction to maintain circulatory homoeostasis.

However, the prolonged activation of the two
systems becomes detrimental and contributes to
the progression and worsening of HF, eventually
leading to congestion. HF may be conceptualized
as a state of neurohormonal imbalance, which
cannot be counteracted even by the massive acti-
vation of the natriuretic peptide (NP) system
(mostly the atrial natriuretic peptide, ANP and
the B-type natriuretic peptide, BNP). The effector
peptide of the renin-angiotensin system (RAS) is
angiotensin-II (Ang-II). There are evidences
supporting a role for the angiotensin receptor in
stress-related diseases. Both physiological and
psychological stressors elicit the activation of the
RAS through the angiotensin type-1a receptor
(AT1aR), which potentiates the intensity of
stress responding. Acute stress triggers an array
of neuroendocrine, autonomic, and behavioral
responses, which serve as an evolutionary mech-
anism towards survival. However, the chronic
activation of these systems has psychological,
cardiovascular, and metabolic detrimental conse-
quences. Recently, the group led by Dr. Krause
has sought to elucidate the mechanisms underly-
ing the AT1aR involvement in stress responses
using the Cre-recombinarse/IoxP system and
optogenetic technology in mice. They found a
high expression of AT1aR in neurons within the
neurosecretory subdivision of the paraventricular
nucleus of the hypothalamus (PVN), projecting
mostly to the exterior portion of the median
eminence. Most of these neurons, which are
robustly activated by a restraint stress, are
glutamatergic and co-synthesize the corticotro-
pin releasing hormone (CRH) or the thyrotropic
releasing hormone (TRH). Their optical stimu-
lation increases systolic blood pressure and cir-
culating levels of adrenal corticotropic hormone
(ACTH), corticosterone, thyroid-stimulating
hormone (TSH), and thyroxine (T4). Also,
their optogenetic inhibition has an anxiolytic
effect, which parallels the suppression of
the hypothalamic-pituitary-adrenal/thyroid axis
[37]. These results point to a population of
AT1aR-expressing neurons in the PVN as
orchestrators of the stress response, and poten-
tial targets of treatments to alleviate stress-
related diseases.
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Furthermore, Ang-II increases the secretion of
the antidiuretic hormone or vasopressin (ADH)
from the paraventricular (PVN) and supraoptic
(SON) nuclei of the hypothalamus. The ADH is
mainly an osmotic regulator, causing water reten-
tion, and stimulating thirst to cause water reple-
tion. However, ADH – and the related hormone
oxytocin (OT) – also act on multiple brain regions
as neuromodulators and influence a range of
neurophysiological processes and behaviors,
including feeding, anxiety, aggression, social rec-
ognition, and the stress/fear response to social
stimuli. These neuropeptides are associated with
complex social and emotional processing in
healthy people which, if impaired, may account
for some of the symptoms present in psychiatric
disorders. Several studies assessed whether these
neuropeptides could serve as biomarkers of psy-
chiatric disorders. These have been recently sum-
marized in a meta-analysis, which found no
convincing evidence for significant alterations in
the two neuropeptides in psychiatric disorders,
mainly because of high heterogeneity across
individual studies, low quality, and significant
methodological limitations [38]. However, pre-
clinical and clinical data reported the association
between ADH and affective disorders (BD and
MDD), probably mediated by the overactivation
of the HPA axis. Postmortem brains of patients
with MDD contain a greater number of ADH-
immunoreactive neurons in the hypothalamic
PVN. Therefore, antagonists of the ADH receptor
V1b have been developed and tested in rodents as
potential new strategies for the treatment of affec-
tive disorders, whose efficacy in humans does still
need clarification.

Hypothalamic-Pituitary-Adrenal Axis
Dysregulation

The onset, symptom severity, and the course of
MDD is closely associated with psychosocial
stressors. Since the HPA axis is crucially
involved in the stress response, its hyperactivity
has been investigated as a maintaining factor of
MDD. As known, the CRH released from the
hypothalamus stimulates the secretion of the

ACTH from the anterior pituitary gland, and
eventually the release of cortisol into the blood
from the adrenal cortex. Cortisol levels show a
peak in the first 30–40 min after awakening and
then gradually decrease during the day, in line
with a normal circadian rhythm associated with
the sleep-wake cycle. Psychological or physical
stressors result in HPA hyperactivity, thereby
increasing plasma cortisol levels. Interestingly,
individuals with depression show hyper-
cortisolism either basal or in response to stress
or after awakening, similarly to other psychiatric
diseases, such as schizophrenia and BD. It has
been indeed proposed that cortisol receptor
antagonists and cortisol synthesis inhibitors,
such as methirone, aminoglutethimide, or keto-
conazole, can also be used effectively in the
treatment of major depression. HPA-axis hyper-
activity was also observed among the offspring
of depressed patients, suggesting that it could
partly reflect a marker of genetic vulnerability
or an endophenotype of depression. Alterations
of mineralocorticoid and glucocorticoid recep-
tors, which act as transcriptional factors,
can lead to chronic activation of the stress
response resulting in atrophy of the hippocampal
neurons, reduced neurogenesis and synaptic
plasticity, and altered monoaminergic signaling:
these alterations may lead to a depressive state.
Other authors have studied the altered sensitivity
of the hypothalamus to feedback signals (such
as the dexamethasone suppression) in depres-
sed patients: they found, at least in the most
severe cases (depression with psychotic symp-
toms), a reduced or absent response to cortisol
suppression.

The dysregulation of the HPA axis could be
responsible for the cardiovascular somatic symp-
toms of depression (e.g., hypertension, tachycar-
dia) and has also been associated with other
medical conditions such as hypertension, high
lipids, insulin resistance, and obesity. It is known
that patients with HF have high circulating corti-
costeroids due to neuroendocrine activation.
Higher serum and salivary levels of both cortisol
and aldosterone are independent, complementary,
and incremental predictors of all-cause mortality
risk in patients with systolic and nonsystolic
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chronic or acute HF of any cause and severity.
Aldosterone participates in numerous detrimental
processes that lead to HF progression such as
inflammation, fibrosis, endothelial dysfunction,
hypertrophy, hypertension, and arrhythmia. Cor-
tisol acts primarily through the glucocorticoid
receptor: mineralocorticoid receptor has equal
affinity for both cortisol and aldosterone, but
since cortisol concentrations are 100 to 1000
times higher than aldosterone, it is hypothesized
that the mineralocorticoid receptor is predomi-
nantly occupied from cortisol in those tissues
that are not classically a target of aldosterone
such as cardiac muscle. Generally, cortisol acts
as a mineralocorticoid receptor antagonist, but in
HF, there is a high cellular oxidative stress and
cortisol can act as a mineralocorticoid receptor
agonist. Chronic hypercortisolism, as in
Cushing’s syndrome, can have deleterious cardio-
vascular effects and affected patients often
develop central obesity, hypertension, and diabe-
tes mellitus, in turn cardiovascular risk factors.
Antagonists of mineralocorticoid receptors (such
as spironolactone or eplerenone), used in the treat-
ment of patients with HF, effectively reduce
adverse cardiac remodeling and hospitalization,
with improved survival.

Neurotrophins

Neurotrophins (NTs) are a large family of dimeric
polypeptides that include four similar proteins:
nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), neurotrophin 3
(NT-3), and neurotrophin 4/5 (NT-4/5). The activ-
ity of these factors has been implicated in axonal
growth, synaptic plasticity, survival, differentia-
tion, and myelination. BDNF in the brain is active
in the hippocampus, cortex, and basal forebrain
areas, vital to learning, memory, and higher
thinking.

It has been shown that serum/plasma levels of
BDNF are lower in patients with MDD than in
healthy controls and increase in response to anti-
depressant treatment or ECT. Therefore, BDNF
can be considered as state rather than a trait
marker of MDD. A possible pathogenetic theory

correlates chronic stress with BDNF; chronic
stress is an environmental trigger of several psy-
chiatric disorders, including depression. It is dem-
onstrated that chronic stress has neurotoxic
effects, including damage to hippocampal cells
that may underlie symptoms of depression. Also,
several studies reported a correlation between
polymorphisms of BDNF and depression. The
rs6265 G/A variant, in which a valine changes to
a methionine in position 66 of the BDNF protein
(Val66Met), is related to a higher risk of depres-
sion: individuals with the Val/Val (G/G) genotype
have a stronger depressive trait [39]. However,
more recently, the Val66Met variant was found
to correlate not to MDD risk per se, but with
late-life depression. Plausibly, Val66Met in the
BDNF gene predicts the response to antidepres-
sants in MDD, in fact serum plasma levels of
BDNF in patients with MDD increase after anti-
depressant treatment or ECT.

In addition to its important role in the CNS,
there is increasing evidence that BDNF is also
involved in cardiovascular development and path-
ophysiology. BDNF is known to play a protective
role in the heart by inducing angiogenesis and
vascular remodeling, by the upregulation of pro-
survival factors, and by promoting the neo-
vascularization of ischemic tissue by recruiting
endothelial cells and regulating the survival of
cardiomyocytes. BDNF and its receptors are
expressed in various tissues, including the heart,
endothelial cells, macrophages, vascular smooth
muscle cells, and atherosclerotic coronary arter-
ies. Recent studies showed BDNF to have a reg-
ulatory impact on cardiac progenitor cells,
contribute to cardiac repair and attenuate cardiac
dysfunction [40]. Moreover, in a recent investiga-
tion, plasma BDNF concentration was found to be
negatively associated with the levels of triglycer-
ide, LDL-cholesterol and fibrinogen, presence of
diabetes mellitus, male sex and age, and positively
with high-density lipoprotein cholesterol (HDL)
level and platelet count in people with angina
pectoris [41]. Consequently, it seems that a higher
serum level of BDNF can be associated with a
lower risk of CVD. Carriers of the Val66Met
variant have higher BMI and CRP levels than
Met carriers.
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Lifestyle and Metabolic Syndrome

The association between depression and CVD is
thought to be mediated the so-called metabolic
syndrome, encompassing obesity, diabetes,
hypertension, and dyslipidemia. The exact mech-
anisms linking depression and metabolic syn-
drome remain largely unclear. Some suggest
that metabolic syndrome could represent the out-
come of many unhealthy lifestyle habits of
depressed patients, such as poor diet, physical
inactivity, tobacco and alcohol use. Indeed,
adjusting for lifestyle-related factors reduced
the association between depression and adverse
lipoprotein patterns (lower HDL level and higher
triglyceride level). Depressed patients are more
prone to inadequate diets that are often charac-
terized by an excessive intake of highly palatable
food with high content of sugar, starches, and fat,
and a low consumption of fish, vegetables, and
cereals. A protective potential against depression
is yielded by the adherence to the Mediterranean
dietary pattern, which improves endothelial
function, decreases pro-inflammatory cytokines,
reduces plasma homocysteine levels, and
induces favorable changes in insulin/glucose
homeostasis. The high content in fruits, nuts,
vegetables, beans, cereals, olive oil, and fish,
and the low content in meat and dairy products,
ensures the adequate intake of nutrients with a
key role in the CNS. Vitamins B6 and B12,
together with folic acids, are fundamental in the
homocysteine cycle. Their deficit may impair the
synthesis of catecholamines, serotonin, and other
monoamine neurotransmitters. Moreover, it
determines an accumulation of homocysteine
and its metabolites, with excitotoxic effect on
NMDA glutamate receptors. Additionally, fish
consumption, rich in v3-polyunsaturated fatty
acids (v3-PUFA), seems to inhibit the synthesis
of pro-inflammatory cytokines, particularly
TNF-α and IL-β. Olive oil is a good source of
monounsaturated fatty acids (MUFAs, oleic
acid), which have antioxidant properties,
increase the d-9 desaturase enzyme activity, cru-
cial for the properties of neuronal membranes,
and improve the binding of serotonin to its

receptor. A recent line of research suggests that
dietary barley (1.3) beta-D-glucan (β-D-glucan),
a water-soluble polysaccharide, increases the
levels of histone H4 acetylation, thereby amelio-
rating glucose tolerance, mood, anxiety, and cog-
nition in obese mice exposed to chronic
psychosocial stress. This is accompanied by the
upregulation of the hippocampal BDNF and its
receptor, the tropomyosin-related kinase B TrkB
[42].

Also, a sedentary lifestyle and a negative self-
perception due to the stigmatization of obesity
could lead to an increased risk of depression.
Growing evidence suggests that exercise reduces
depressive symptoms in CVD patients, especially
aerobic exercise, which seems to be effective by
the end of a 16-week intervention. Exercise may
be effective in part because it involves behavioral
activation, a key component of cognitive-behav-
ioral therapy (CBT) for depression. Exercise has
well-documented cardiovascular benefits. Exer-
cise training is associated with several beneficial
physiologic changes, such as improvements in
ANS and HPA-axis functioning, endothelial func-
tion, hypertension, dyslipidemia, insulin resis-
tance, and inflammation. Exercise affects
depression, CVD risk factors, and CVD outcomes
so that it seems a promising intervention for
depression, together with good dietary habits.
Furthermore, exercise has been proven to revert
the downregulation of the BDNF/TrkB signaling
in the prefrontal cortex of obese male mice [43].

Increased smoking and alcohol consumption
are well documented in depression. Park and Lee
reported that current smokers are 3.99 times more
likely to suffer from depression than those who
had never smoked. In addition, depressed people
smoke more cigarettes and are less likely to quit
smoking. Nicotine might cause depression
through direct or indirect influences on neuro-
transmission (noradrenergic neurotransmission
and/or hippocampal BDNF). Alcohol consump-
tion is associated with an increase in the preva-
lence of depression as well, particularly in women
in relation to reduced alcohol tolerance, as com-
pared to men. It is biologically plausible that
alcohol can act as a depressant of the CNS;
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reciprocally, depression itself can induce alcohol
consumption.

However, some authors reported that the asso-
ciation between (i) low HDL cholesterol and mel-
ancholic depression, and (ii) high total and LDL
cholesterol and atypical depression, remained
even after adjusting for covariates. A hypothesis
is that depression and metabolic syndrome would
share common pathophysiologic mechanisms,
such as the above described alterations of the
stress system, including the HPA-axis, the ANS,
the immune system, and platelet and endothelial
function.

From an epidemiological perspective, obese
subjects (defined as high BMI or high abdominal
circumference) are 55% more likely to develop
depression over time. Like depression, obesity
can be viewed as a low grade inflammatory state.
The white adipose tissue, especially in the
abdominal area, is an active endocrine organ
that produces cytokines with paracrine func-
tions, such as TNF-α, resistin, IL-6, and CRP.
IL-6 and TNF-α have important effects in glu-
cose and lipid metabolism and regulation, such
as: (i) inhibition of the action of lipoprotein
lipase and stimulation of lipolysis, leading to
dyslipidemia; (ii) phosphorylation of both the
insulin receptor and its substrate, IRS-1, leading
to impairment of the insulin signaling pathway.
Elevated levels of IL-6 and TNF-α may be
responsible for alterations in vasodilation of
resistance vessels and ultimately hypertension,
by inducing endothelial expression of che-
mokines and adhesion molecules. Furthermore,
adipocytes secrete leptin, a hormone which acts
at the hypothalamic level as an anorexigenic
signal. Leptin has been shown to influence
hippocampal and cortical structure through its
actions on neurogenesis, axon growth, syn-
aptogenesis, and regulation of dendritic mor-
phology. Leptin-deficient mice (ob/ob), jointly
with an obese phenotype, exhibit neurodegener-
ative changes – lower brain weight and cortical
volume, and reduced expression of total neuro-
nal and glial proteins – which can be rescued by
leptin replacement [44]. Animal models of
chronic stress posit an antidepressant-like role

for leptin [44]. Also, more depressive behaviors
were observed in diet-induced obese mice fed a
high-fat diet, with respect to a control diet. How-
ever, in this model leptin seemed to lose its
antidepressant-like effect: only diet substitution
from high-fat diet to control diet improved the
depressive state [45]. This in in line with the
hypothesis that depressed people, similarly to
obese people, although having high circulating
levels of leptin in proportion to their greater fat
mass, might develop a resistance to the effects of
leptin. Intriguingly, leptin could modulate the
synaptic availability of 5-HT and dopamine,
neurotransmitters classically involved in depres-
sion, given the high proportion of 5-HT and
dopamine neurons, respectively, in the raphe
nuclei and in the VTA, which express leptin
receptors. Another peripheral hormone partici-
pating in either homeostatic or stress-induced
feeding behavior is ghrelin, a gut-derived
orexigenic hormone, acting at the level of its
receptors (GHSR) in the hypothalamic circuits.
Evidence has emerged about the role of ghrelin
in depression: (i) elevated levels of ghrelin were
observed in animal models of depression; (ii)
peripheral administration of ghrelin to wild-
type animals reverted depressive behavior; (iii)
Ghrs-null mice exhibited more depressive-like
symptoms than wild-type littermates. Interest-
ingly, wild-type mice, but not Ghrs�/� mice,
showed hyperphagia in response to social stress
[46]. The activation of ghrelin signaling path-
ways in response to chronic stress could repre-
sent a homeostatic adaptation that helps an
individual coping with stress, but at the expense
of increased caloric intake. Of note, ghrelin cells
are stimulated by stress-induced catecholamines.
As described for leptin, ghrelin has emerged as a
potent modulator of the mesolimbic dopaminer-
gic circuits.

Moreover, depression is in turn predictive of
the development of obesity through long-term
activation of the HPA axis, as cortisol inhibits
the enzymes mobilizing lipids in the presence of
insulin, a process mediated by glucocorticoid
receptors found in fat stores, especially in intra-
abdominal visceral fat.
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Identification and Treatment of
Depression in Patients with CVD

The American Heart Association recommends
that CVD patients are routinely screened for
depression. The answers to two simple questions
– “During the past month, have you often been
bothered by feeling down, depressed, or hope-
less?” and “During the past month, have you
often been bothered by little interest or pleasure
in doing things?” – yield a 90% sensitivity and
69% specificity and a negative likelihood ratio of
0.14, essentially ruling out depression. Alter-
nately, instruments with good diagnostic charac-
teristics, such as the depression module of the
Patient Health Questionnaire (PHQ-9), can be
introduced in the routine vital sign gathering of
CVD patients. Notwithstanding this, in general
practice depression is recognized and diagnosed
in less than 25% of patients with CVD, the
remaining being at risk of more severe clinical
outcomes.

Diagnosis should be then followed by initia-
tion of an adequate antidepressant treatment.
Effective treatments for depression in CVD
include pharmacological (antidepressant medica-
tions), nonpharmacological somatic (e.g., ECT),
and evidence-based psychotherapeutic strategies
(e.g., CBT, interpersonal therapy [IPT]). Current
guidelines for antidepressant treatment suggest
6–12 weeks of acute treatment followed by a
continuation phase of 3–9 months to maintain
therapeutic benefit. However, antidepressant
drugs are associated with a potential for cardiac
toxicity, often related to the presence of pre-
existing cardiac disease or other factors that
might independently increase the risk of arrhyth-
mia. The cardiovascular safety profile will be
specifically discussed for the different classes of
antidepressants.

SSRIs, such as citalopram, sertraline, and par-
oxetine, are recommended as first-line drug ther-
apy, due to their effectiveness, safety profile, cost-
effectiveness, and best supporting data in CVD
populations. Among them, sertraline has been the
most commonly studied and is often considered to
be the first-line drug of choice in patients with
ischemic heart disease. At therapeutic doses, the

most common side effects of SSRIs are sexual
dysfunction and weight gain. Also, adverse
effects might be generated from the inhibition of
the 2D6 isoenzyme of the cytochrome P-450 by
fluoxetine and paroxetine. SSRIs are unlikely to
be associated with cardiovascular adverse events.
Nonetheless, there are reports of orthostatic hypo-
tension, mild bradycardia, and conduction abnor-
malities under SSRIs therapy. Some SSRIs, such
as citalopram and escitalopram, are known to
cause a dose-dependent QTc prolongation. There-
fore, their use should be accompanied by QTc
monitoring and avoided in presence of QTc pro-
longation. In a large population of CVD patients,
major adverse cardiac events have been reported
to be 1.5-fold more common in patients taking
SSRIs. Since SSRIs are known to alter platelet
activation and aggregation leading to impairment
in hemostasis, their use could potentially increase
the risk of perioperative bleeding, transfusion,
morbidity, and mortality in cardiac surgical
patients. However, a recent study found no signif-
icant differences in perioperative outcomes
between patients under SSRIs and matched con-
trols and concluded that SSRIs interruption to
reduce the risk of perioperative bleeding and
transfusion is unwarranted to and may risk desta-
bilization of patients’ psychiatric condition.

Second-line therapy for depression includes
SNRIs, trazodone, mirtazapine, and bupropion.
SNRIs seem able to increase sympathetic tone,
with consequent modest increase of heart rate,
increase of arterial pressure, and increase of sym-
pathetic influence on the HRV. Venlafaxine could
block the cardiac conductance of the sodium
channel and at toxic doses could increase the
systemic blood pressure and cause a QTc prolon-
gation. Duloxetine has been less studied, and no
clear indications are given in relation to CVD.
Although a study of a large population of CVD
patients found fewer adverse cardiac events than
expected in patients taking SNRIs, caution is
required in geriatric populations. Bupropion and
mirtazapine are often used in clinical practice, but
remain largely unstudied. Aside the risk of hyper-
tension, bupropion was found to be safe in
patients with cardiac conduction disease and left
ventricular systolic dysfunction. Mirtazapine has
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been noted to cause weight gain and increased
body fat mass, but no association with CVD was
found.

TCAs and monoamine oxidase inhibitors are
contraindicated in CVD patients. In a large popu-
lation of CVD patients, major adverse cardiac
events occurred with 2.5 times higher frequency
in patients under TCAs. TCAs can cause signifi-
cant inhibition of central cholinergic neurotrans-
mission and reduced neuronal reabsorption of
norepinephrine, which cause alterations in the
sympathovagal balance. TCAs also block alpha-
adrenergic receptors, reducing systemic vascular
resistance and causing (orthostatic) hypotension.
TCAs also inhibit the conductance of the sodium
channel, resulting in slower conduction within the
His fibers-Purkinje and of the ventricular myocar-
dium and in prolongation of the QRS.

Although pharmacologic-based approaches to
treat depression have a significant beneficial
impact on platelet/endothelial activation markers,
inflammation, and sympathovagal balance, trials
of antidepressant pharmacotherapy in patients
with CVD failed to demonstrate a clear impact
on cardiovascular events and outcomes. On the
other hand, randomized and observational trials
showed that pharmacotherapy for depression
might decrease the risk of future cardiovascular
events.

Nonpharmacological somatic therapies are
often useful in clinical practice to treat severe
form of depression or drug-resistant depression;
among them ECT is one of the most effective. The
ECT is associated with significant changes in car-
diovascular physiology and has a significant
implication in patients suffering from a CVD.
The ECT causes a generalized seizure activity,
which induces an initial parasympathetic activity,
that coincides with the tonic phase of the seizure,
followed by a generalized sympathetic activity,
associated with catecholamine release during the
clonic phase. The double activation of the two
branches of the ANS has a significant hemody-
namic impact. Due to the sympathetic discharge,
tachycardia and hypertension may develop. The
sudden increase of the rate/pressure product may
place the myocardium at risk for ischemia by a
sudden increase in myocardial oxygen

consumption. Despite this, ECT is administered
safely even in patients with cardiac risk factors,
although it is generally recommended to wait for a
period of 90 days following an acute coronary
event to initiate ECT.

To maximize improvements in health out-
comes and quality of life, CVD patients with
depression may benefit most from interventions
that simultaneously target both depression and
cardiovascular risk factors. Studies about non-
pharmacological treatment of depression and
CVD are relatively small and the findings are
equivocal. In a recent review and meta-analysis,
CBT resulted more effective than usual care at
improving depression and quality of life in
patients with HF. It was demonstrated that CBT-
based interventions reduced ischemia and pre-
vented cardiac events in the following months
[47]. It is also possible that other psychosocial
interventions, such as IPT, may prove to be effec-
tive, but further research is needed to address
these questions.

Finally, collaborative care models emerged in
several studies as promising interventions to ame-
liorate depression, mental health status, medica-
tion adherence, cardiac risk factors (cholesterol
and blood pressure), and cardiac symptoms.

Conclusions

In 1628, William Harvey, the pioneer of blood
circulation, warned that mental suffering and anx-
iety could disturb the heart and the circulatory
system. For him, “The heart of animals is the
foundation of their life, the sovereign of every-
thing within them, the sun of their microcosm, that
upon which all growth depends, from which all
power proceeds.” The symbolism of myth, poetry
and holy has put the heart at the center of the body,
as the headquarter of the mental and spiritual life
in humans. The link between the heart and emo-
tions is also revealed by transcultural linguistic
expressions, such as “sick at heart,” “heartbro-
ken,” or by the depressed patients frequently
complaining of pain in their chest. Here, we
showed that the relationship between brain and
heart, far from being just metaphorical, lies in a
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psycho-neuro-hormonal-cardiovascular axis. We
described the overlapping pathophysiological
mechanisms involved in the association between
depression and CVD, which include inflamma-
tion, platelet reactivity, autonomic dysregulation,
circadian rhythm and sleep disruption, hormone
imbalance, neurotrophins, lifestyle, and metabolic
syndrome. We strongly recommend physicians to
explore depressive symptoms in people with CVD
and to assess the cardiovascular function in sub-
jects presenting with depression. Interventions
that simultaneously target both depression and
cardiovascular risk factors might indeed substan-
tially improve health outcomes and quality of life.
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Abstract

In recent years, epidemiologic research has
consistently documented a significant cluster-
ing of medical and psychiatric conditions.
In most cases, this comorbidity has been
shown to enhance morbidity, loss of quality
of life, and mortality, presenting a considerable
challenge to clinical management, interdisci-
plinary communication, and healthcare

costs. On the other hand, recognizing unique
patterns of association between medical and
psychiatric illnesses has born the chance of
shading a new light on the mechanisms
underpinning both kinds of morbidity.

The relationship between cardiovascular
diseases (CVDs) and mood disorders (MDs)
is one that gained growing interest in the
last decades. In many instances, MDs were
considered consequential to CVDs, especially
when depression was involved. However,
research has also begun to test the hypothesis
that a common underlying process might be
linking together CVDs and MDs, which may
likely be the case of bipolar disorder (BPD).
However, a third possibility may also hold
true: BPD may increase the risk of developing
CVDs, either directly or promoting the devel-
opment of classical cardiovascular risk factors.
Whatever is the case, it seems unlikely that the
association between CVDs and BPD merely
represents the co-occurrence of two
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simultaneous but independent conditions.
From this perspective, the present chapter
aims to review and summarize recent knowl-
edge on the relationship among BPD and
CVDs, devoting special attention to factors
that may contribute to both diseases, as mani-
festations of a complex, systemic pathological
process.

Keywords

Bipolar disorder · Mood disorders ·
Cardiovascular disease · Coronary heart
disease · Pathophysiology · Behavioval risk
factors · Cardiovascular risk factors

Introduction

CVDs are the leading cause of death worldwide.
According to theWorld Health Organization, 17.7
million people died from CVDs in 2015, the
equivalent of one third of all global deaths, with
coronary heart disease (CHD) accounting for
at least 40% of these deaths [1]. Mental disorders
are also notable contributors to global burden of
disease and are expected to become the leading
cause of disability in the next two decades [2, 3].
Overall, they account for about 7.4% of disease
burden and for approximately 14.3% of all deaths
worldwide. Despite BPD is relatively rare com-
pared to other mental conditions, with 48.8 mil-
lion estimated cases globally, it ranked in the top
20 leading causes of disability worldwide in 2013,
accounting for 5.7% of the burden due to mental
and substance use disorders.

According to the Diagnostic and Statistical
Manual of Mental Disorders, Fifth Edition
(DSM-5) [4], BPD is a chronic mood disorder,
defined by the recurrence of one or more manic or
hypomanic episodes, which can be accompanied
by a major depressive episode. A manic episode is
characterized by elevated, expansive, or irritable
mood for at least 1 week, while a hypomanic
episode is characterized by symptoms of a manic
episode which are less severe for at least 4 days. A
major depressive episode is characterized by
depressed mood for at least 2 weeks [4].

Prevalence estimates of all type BPD range from
1.8% to 3.9%, with higher estimates (between
2.7% and 5.9%) reported among young adults
[4, 5]. The age of onset for BPD varies across
countries. Approximately one third of the subjects
in European countries and more than a half in the
USA have an early onset, namely, below the age
of 19 years, while the majority of cases in Europe
and one third in the USA have onset during 20s or
later [6]. The focus on specific age ranges is par-
ticularly important with respect to the prognostic
significance, since it has been shown that cases
with an early onset tend to have a poor outcome
for what concerns number of episodes, impair-
ment in global functioning, therapy response,
and psychiatric and medical comorbidities.

Epidemiology of the Comorbidity
Between BPD and CVDs

Among mental diseases, BPD represents the one
with the higher prevalence of medical
comorbidities [7], overall occurring in up to 80%
of BPD patients [3] and mainly including CVDs,
diabetes mellitus, obesity, hypertension, autoim-
mune disorders, and thyroid dysfunction [8]. In
the framework of this heterogeneous range
of physical comorbidities, CVDs – as well as
pathological conditions favoring them, such as
hypertension, metabolic syndrome (MetS), and
obesity – are strongly prevalent and potentially
avoidable as contributors to premature death [9].
A recent meta-analysis involving more than three
million subjects with severe mental illnesses,
including BPD, found a CVD prevalence of
8.4% among BPD patients. While CVDs were
not significantly associated with BPD in cross-
sectional studies, they were so in longitudinal
ones, with a hazard ratio of 1.57. However, no
association was found with coronary heart disease
(CHD) [10]. Consistently, in a more recent nation-
ally representative cohort study involving more
than 17,000 subjects with BPD from 2000 to
2014, a significant hazard ratio of 1.41 for CVDs
was found compared with the general population.
Importantly, smoking, hypercholesterolemia,
hypertension, BMI, and diabetes mellitus did not
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fully explain the increased rates, with a still sig-
nificant hazard ratio of 1.26 after adjustment for
these confounders. Moreover, especially in the
years after 2010, the elevated CVD risk translated
into increased mortality for CVDs with a hazard
ratio of 1.77 relative to the general population
comparison group [9]. Importantly, the associa-
tion with CVD might be stronger in BPD than in
other mood spectrum disorders. Indeed, a recent
prospective study comparing the 3-year incidence
of CVDs in patients suffering from BPD or major
depressive disorder (MDD) found an almost
threefold risk of new-onset CVDs in patients
with BPD and a twofold risk in the MDD group
compared with healthy subjects, with a significant
difference between BPD andMDD groups as well
[11].

It has been widely described that patients
suffering from BPD show a critically reduced
life expectancy. In some recent studies this reduc-
tion has been quantified in about 10 years if
compared to general population, clearly indicat-
ing that people with BPD are at high risk of
premature death [7, 12]. Noteworthy, unnatural
death causes, namely, suicide and accidents, play
an important but minor role, while the medical
comorbidities justify most of the aforementioned
life-year loss [13]. Strong evidences indicate
that CVDs are the leading cause of death among
people with BPD, both in clinical and epidemio-
logical samples. In a recent population-based
study in Sweden, 38% of BPD subjects died by
CVDs, while unnatural deaths accounted for
only 18%. Mortality rate ratio for CHD and
acute myocardial infarction (MI) were twice as
high in persons with BPD compared to the general
population [13]. Moreover, if mortality rate ratio
was increased for patients with BPD across all
ages, it was particularly pronounced in the
young age groups, and death for MI, CHD, and
cerebrovascular disease was shown to occur
significantly earlier in BPD patients than in the
general population. Interestingly, later data
derived from the same Sweden cohort indicate
that despite the mortality due to CVDs decreased
between 1987 and 2010 in both the general
population and people with severe mental
illness, the relative excess of mortality in the latter

group remained unchanged, with BPD showing
the thinner decline compared to schizophrenia
and MDD [14]. Noteworthy, in studies with a
focus on early adulthood, it has been observed
an even higher risk-gap, with a standardized
mortality ratio that reaches 8 among BPD patients
younger than 40 [1]. This suggests that people
suffering from BPD are not only more likely to
develop CVDs but may also begin earlier to
suffer from it. More specifically, the prospective
study quoted above quantified the gap between
the mean age of the participants with or without
a BPD at the onset of CVD in 17 years [15].
Accounting for these data, a statement by the
American Heart Association (AHA) included
juvenile BPD among the moderate risk conditions
associated with accelerated atherosclerosis and
early CVD. In this framework, the AHA statement
highlighted a necessity for increasing awareness
about the clinical and epidemiological relevance
of this association, as well as for the systematic
risk assessment and management. This point is of
overwhelming importance if we consider that
while BPD usually onsets in a young age, patients
suffering from BPD who develop a CVD showed
a poor prognosis for both the psychiatric and the
cardiovascular condition [11].

Possible Reasons for Excessive and
Premature CVDs Among BPD Sufferers

The growing epidemiological and clinical
evidence of the strong association between BPD
and CVD has encouraged to deepen the inquiry
into the etiology and pathophysiology of this link,
that could be seen as a prototypical bond between
psychiatric condition and medical comorbidity
[16]. Even though the results of observational
studies do not imply causality, they prove solid
ground to hypothesize that mood disorder spec-
trum is related to a highly significant increase in
CVD risk.

The vascular-bipolar link has often been
traced back to the clustering of a number of tradi-
tional risk factors, such as hypertension, obesity,
diabetes, smoking, sedentary lifestyle, and sub-
stance use, which usually affect patients suffering
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from BPD. At the same time, this approach has
been challenged by some studies, consistently
enlightening the fact that the increase of CVD
risk is higher than that which one would expect
if only the aforementioned risk sources were
involved [17]. This point granted, considering
the risk-gap merely as consequence of medica-
tions and unhealthy lifestyle would definitely be
an understatement. Accordingly, recent findings
from studies conducted on young BPD patients
indicate that the development of medical
comorbidities is precocious and that the increase
of risk is detectable also in patients who have
never been treated and have been exposed to
traditional risk factors just for a short time span
[18, 19]. As a matter of fact, despite it has been
clearly demonstrated that metabolic side effects
of psychopharmacological treatment play a
significant role in CVD risk [20], it has to be
taken into account that weight gain and impair-
ment in glucose metabolism may occur also in
treatment-naive patients [21]. On the other hand,
it is noteworthy that an increase in CVD risk has
been found also in the relatives of bipolar patients
who have no mood disorders, clearly drawing
the attention onto a genetic perspective [22, 23].
In this framework, the high quota of medical
comorbidities in patients with BPD represents a
milestone for increasing integration of psychiatry
and medicine [24].

All this makes it crucial to clarify the biological
processes that underlie the BD-CVD association,
to define the directionality of this link, and to
identify the pathophysiologic features shared by
BPD and medical comorbidities.

Pathophysiological Factors

Currently, several aspects of the BPD
etiopathology remain partially understood,
although different perspectives of research
coexist: on one hand, there are models highlight-
ing the key role of systemic imbalances in inflam-
mation, mitochondrial dysfunction, and
neurotrophic factors; on the other, there are
brain-focused models pinpointing abnormalities
in neural function and neurochemistry [16].

Furthermore, a link between systemic processes
and brain alterations in BPD has emerged in
recent studies, which investigated whether the
mentioned alterations are the result of a common
diathesis, or rather represent a physiopathological
bridge between mental illness and medical
comorbidities – and, if the latter is the case, it is
also necessary to clarify the directionality of
this link [25, 26]. A list of some of the physio-
pathological mechanisms detected in BD
and potentially involved in the pathogenesis of
medical comorbidities follows [11]: abnormalities
of HPA axis functioning; adrenal medulla
hyperactivity; autonomic dysfunction; increased
platelet activation; endothelial dysfunction;
abnormalities in neurotrophic factors, such as
BDNF; genetic aspects; inflammation; and oxida-
tive stress. Among these several mechanisms,
however, excessive inflammation and oxidative
stress have been assumed to be two of the main
links between BD and CVD, since both patholo-
gies present similar association with these phys-
iopathological alterations [19]. Accordingly, in
what follows we shall expand on these two issues.

Inflammation
The role of inflammation in the pathogenesis
and course of mood disorders has gained great
interest in the last two decades. In this respect, it
is important to mention the macrophagic theory of
depression [27], which was formulated with
the aim to provide a systematic framework to the
existing evidence of a role of the cytokines in
the generation of depressive symptoms. On
the other hand, it is well-known that inflammation
has a causal role in neuronal damage,
neurodegeneration [28], and adverse changes in
neurotransmitter metabolic pathways, such as a
decrease in the availability of tryptophan [29,
30]. Consistently, further studies have detected
increased cytokine levels in the serum and in
cerebrospinal fluid of patients suffering from
mood disorder [31, 32]: the levels of inflamma-
tory mediator were correlated to the symptomatic
burden and to cognitive impairment [33]. Indeed,
recent large meta-analyses have confirmed the
existence of pro-inflammatory imbalance during
symptomatic episodes of BPD with higher levels
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of pro-phlogistic cytokines (IL-2, IL-6; IL-4;
TNF) and elevation of acute-phase protein, such
as C-reactive protein (CRP), among patients com-
pared to healthy controls [34]. These alterations
undergo modification in the different phases of
BPD: the peripheral levels of pro-inflammatory
markers are elevated during maniacal and depres-
sive episodes [35–37]. Furthermore, while at the
beginning of bipolar disease these immune-
inflammatory alterations regress to the level of
healthy controls during euthymia, in multi-epi-
sodic illness the allostatic load weakens the
homeostatic mechanisms, and immunological
alterations seem to become permanent [38].

Moreover, several studies have shown that
bipolar patients seem to have an inflammation
prone genotype, with an aberrant expression of
pro-phlogistic genes in the 88% of patients with
BPD [39]. More specifically, a cluster of alter-
ations in genes strictly related to inflammatory
response was detected in a series of studies: the
alterations especially affected the IL-1, Il-6, IL-8,
and IFN pathways and transcriptional factors that
take part in inflammatory response, such as STAT
[40]. The relation between inflammatory media-
tors and mood disorder symptoms seems to be
bidirectional: patients undergoing cytokine-
based therapy against cancer were prone to
develop depression [41, 42], while patients treated
for other medical conditions with infliximab (a
drug that antagonize the pro-phlogistic effect of
TNFa) underwent a significant reduction in
depressive symptoms [43].

Such evidence overall suggests that immune
dysfunction not only plays a role in the physiopa-
thology of BPD, to the point that BPD can be
considered a multi-system inflammatory disease
[44–46] but could also embody a key link between
BPD and medical-inflammatory comorbidities
[16]. Consistently, among bipolar patients
there is a high prevalence of medical conditions
characterized by a phlogistic diathesis and/or
immunological dysfunction, such as migraines,
asthma, arthritis, diabetes, and thyroid diseases
[44]. On the other hand, it has been demonstrated
that obesity, being a common finding among
bipolar patients, can be in its turn considered as
a chronic phlogistic condition [47]: a recent study

has indicated that BMI is even stronger as a
predictor of inflammation than recent mood
episodes [48]. The same applies also to insulin
resistance and diabetes, which are usually strictly
related to metabolic syndrome (MetS). This latter
is a clustering of metabolic alterations, being
highly prevalent among patients with mood
disorder and associated with a low-grade chronic
inflammatory response [49]. In consequence,
it has been hypothesized that a common inflam-
matory process can underpin both bipolar and
cardiovascular disorder [44]. From this point of
view, systemic and brain inflammatory processes
have a role in triggering and propagating athero-
sclerosis, diabetes, obesity, and hypertension,
which are traditional cardiovascular risk factors
[50].

On the other hand, inflammation is directly
associated with the main CVD proxy: the
atherosclerosis. A huge number of studies have
enlightened the strong impact of ongoing
inflammation response in the mechanisms of
atherogenesis, clarifying its pathogenetic role in
mediating all stages of atherosclerotic disease.
The inflammatory response plays a key role
in the initiation of an atheroma, in the
lesion’s progression, and ultimately in the
atherothrombosis, which is the last cause of
acute cardiovascular events such as MI or stroke
[51]. Consistently, several studies have shown
that leukocyte recruitment and expression of pro-
inflammatory cytokines are constant findings dur-
ing the early atherogenesis, and the lesion’s cells
display feature of ongoing inflammation [52].
This proflogistic imbalance is one of the most
important determining factors of the plaque vul-
nerability and in consequence of the plaque-asso-
ciated thrombotic risk.Moreover, it is well-known
that inflammation has also a detrimental action on
the endothelium in as much as it causes oxidative
stress, vasoconstriction, and prothrombotic state
[53]. From this starting point, an increasing inter-
est in defining the predictive and prognostic role
of phlogistic biomarkers has emerged. In this
respect, level of pro-inflammatory cytokines –
such as IL-1, IL-4, IL-6, and TNF-a – has been
found to rise duringmania; similarly, some studies
have found a relation between mood episodes and
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the level of CRP, which is an acute-phase protein
and a well-known risk indicator for CVD [39, 44,
54, 55]. Trophic factors might be another putative
link among inflammation, BPD, and CVD: the
inflammation induces a decrease in brain-derived
neurotrophic factor (BDNF), which not only
affects neurogenesis and neuronal repair, but is
also associated with vascular endothelial dysfunc-
tion and CVD [56].

Therefore, it may be reasonable to hypothesize
that inflammation subserves the CVD-BD link
[11]. From this perspective, general medical
comorbidities in BPD may be regarded as the
final outcome of a complex interplay of pathways,
acting synergistically and exerting a pervasive
influence on the course of BPD and on the devel-
opment and prognosis of medical comorbidities,
such as CVD. Still, further studies are needed to
better seize the directionality of the observed find-
ings. Indeed, the role of inflammatory changes
related to the general comorbidities affecting
bipolar patients could be either causal (with
BPD-induced inflammation leading to CVD)
or consequential (with traditional risk factors
commonly associated with BPD, such as MetS,
increasing the vulnerability of bipolar patients to
CVD). Alternatively, BPD and CVD may repre-
sent two expressions of the same diathesis rooted
in immune dysfunction [25]. Similarly, further
longitudinal studies would allow us to understand
how inflammation fluctuates with symptomatic
episodes and what is the relation among these
fluctuations, atherosclerosis, and CVD over time.
Finally, further research is necessary in order to
define the potential role of therapeutic approach
targeting this aspect [57].

Oxidative Stress
Oxidative stress (OS) is the consequence of a
systemic imbalance between the generation of
oxidant species – such as reactive oxygen
species (ROS), thiobarbituric reactives, nitric
oxide (NO), lipid peroxidation – and antioxidant
defense system, such as glutathione peroxidase
(GHS-Px), superoxide dismutase (SOD), cata-
lases, and many other anti-oxidant enzymes
and dietary or endogenous scavengers,

such as vitamins A, C, E, or glutathione [58, 59].
The OS plays a key role in a large variety
of pathophysiological processes, and there is evi-
dence that the OS pathway may represent one of
the main mechanisms underpinning the shared
pathophysiology of CVD and BPD [60–62].

A large number of studies demonstrated that an
imbalance in the redox homeostasis can lead to
irreversible cellular damage, plays a key role in
tissue senescence, and is robustly associated with
increased risk of CVD. Indeed, OS is significantly
associated with CVD because of its detrimental
effect on vascular structure and functioning,
which include an accelerated vascular aging,
endothelial dysfunction, impairment in NO pro-
duction, induction of subendothelial inflamma-
tion, and increasing of shear stress [63, 64].
Moreover, it has been demonstrated that OS is
linked to a considerable worsening of metabolic
profile in as much as it is associated with
lower levels of high-density lipoproteins (HDL),
higher levels of low-density lipoproteins (LDL),
higher body mass index (BMI), altered glucidic
homeostasis, and hypertension. Finally, it medi-
ates various signaling pathways that underlie
vascular inflammation in atherogenesis. For all
these reasons, OS can be considered as a unifying
mechanism for many CVD risk factors [64].

On the other hand, a growing number of studies
have been emphasizing the role of OS in the path-
ophysiology of mood disorders up to the point of
regarding it as a leading putative biomarker of BPD
[65, 66]. It has been demonstrated that patients
suffering from BPD have significantly different
levels of antioxidant enzymes, lipid perodixations,
NO, and thiobarbituric reactives compared to
healthy controls [67, 68]. Moreover, the antioxi-
dant level seems to increase in the later stage of
BPD course, possibly as a delayed expression of a
compensatorymechanism [59]. Furthermore, some
studies detected a correlation between symptom
burden, functional impairment, and the level of
OS markers [69].

Consistently, researches have been focusing on
the trigger of OS among bipolar patients: some
studies have enlightened the potential role of a
mitochondrial dysfunction in the pathophysiology
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of BPD [70, 71]. In this sense, massive evidence
indicates the involvement of mitochondrial dys-
function in BPD: for instance, reduced expression
of several mitochondrial electron transport
chain subunits, increased mtDNA deletion and
mutation, reduced pH, and decreased levels of
high-energy phosphates in the brain of BPD
patients [72]. The importance of these findings
can be easily understood if one considers that the
mitochondria are the main source of free radicals.

All this given, an important point to take into
account is the bidirectional and strict link between
OS and inflammation. Inflammatory process
induces the activation of OS pathways along
with the related generation of ROS and nitrogen
species. This leads to the damaging of the cell
wall, mitochondria, and nucleic acids, such as
DNA and RNA, and these structural alterations
can eventually result in apoptosis and cell death,
and in turn the structural damage perpetuates the
inflammatory response by creating a variety of
new epitopes, which are highly immunogenic
[62]. Overall, these stressors constitute an “allo-
static load”: they produce an irreversible physio-
logical modification induced by the cumulative
effect of acute and chronic endogenous and/or
exogenous stress, and by this way they over-
whelm the homeostatic mechanisms and lead to
progressive neurostructural changes, cognitive
impairment, and medical comorbidities [73].

Autonomic Dysfunction
It has been suggested that dysfunction of the
autonomic nervous system may be the primary
pathological factor linking mood disorders and
CVD. Under normal conditions, the parasympa-
thetic activity of the autonomic nervous system is
responsible for neurovegetative functions,
whereas the sympathetic division prepares the
body to respond to a challenge by promoting
coagulation and platelet activation, constricting
arteries and vessels, and increasing hepatic pro-
duction of glucose to transport to the muscles.
Sympathetic nervous system overactivity has
been shown in depressed subjects, as suggested
by elevated plasma norepinephrine and excess
catecholamine response to orthostatic challenge

[74, 75]. More recently, in order to estimate
autonomic system dysfunction, most studies
used the resting beat-to-beat variability in heart
rate (HRV), which may easily reveal sympathetic
overactivity or imbalance between the activity
of the sympathetic and parasympathetic nervous
systems. Besides a large amount of data indicating
a reduction in HRV in depression [76–78], a hand-
ful of studies suggested that autonomic
nervous system functioning is also impaired in
patients with BPD compared to those without
[79–81]. Although autonomic dysfunction (i.e.,
reduced HRV) is supposed to be directly associ-
ated with a worse prognosis in patients with CVD
[82, 83], it is likely to contribute to CVD risk also
indirectly, by enhancing the development of
other CVD risk factors. For instance, impaired
autonomic nervous system function is associated
with incident hypertension, and sympathetic acti-
vation plays a critical role in the persistence of
hypertension through altered arterial baroreflex
receptivity and by the promotion of renal dysfunc-
tion [84]. Moreover, autonomic system dysfunc-
tion is also associated with diabetes mellitus,
where lower HRV is associated with incident clin-
ical cardiovascular events [85, 86].

Genetic Factors
Besides the above pathophysiological mecha-
nisms likely underlying BPD and CVD comor-
bidity, a parallel line of research has developed
with the aim of unraveling molecular underpin-
nings of these commonly affected mechanisms. A
recent systematic review evaluated candidate
pleiotropic genes that are likely to be shared
among mood disorders, CVD, and metabolic
disorders [87]. Overall, genes encoding for mole-
cules involved in HPA-axis activity, circadian
rhythm, inflammation, neurotransmission, metab-
olism, and energy balance were found to have a
pivotal role in the relationship between mood
disorders and CVD. For instance, genetic variants
of the genes for BDNF, CREB1, GNAS, and
POMC, all belonging to corticotrophin-releasing
hormone signaling, which is the principal regula-
tor of the HPA axis, have been found to be asso-
ciated with BPD, obesity, and hypertension
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[88–91]. A second main genetic underpinning
may relate to the adenosine monophosphate-acti-
vated protein kinase (AMPK) signaling pathway,
which regulates the intercellular energy balance.
Variations in one or more of the contributing
genes in the AMPK pathway, such as ADRA2A,
ADRB1, LEP, CREB1, and GNAS, can easily
impair energy homeostasis in the brain. Parallel,
AMP activation, for instance, during stress,
has been shown to induce insulin resistance
and to promote MetS, obesity, diabetes, and
CVD [92, 93].

Other strong candidate mechanisms underlying
mood disorders and CVD are the serotonin and
dopamine receptors signaling pathways. Serotonin
modulates several physiological processes in the
SNC, including mood, appetite, sleep, body tem-
perature, and metabolism. Dysregulation of seroto-
nergic neurotransmission, which may occur
through genes involved in the serotonin receptor-
signaling pathway, such as SLC18A1, HTR1A,
and GNAS, has been suggested to contribute to
the pathogenesis of mood disorders [94]. On the
other hand, animal studies have consistently shown
that the products of beta-islet cells regulate the
expression of genes that synthesize serotonin,
while serotonin conversely plays a role in the syn-
thesis of insulin in the beta-islet cells [95]. The
dopamine receptors pathway also appears to be
involved in the relationship between mood disor-
ders and CVD. Dopamine has important roles in
movement, motivation, positive reinforcement,
and, in the periphery, as a modulator of renal,
cardiovascular, and endocrine systems. The dopa-
mine-signaling pathway further induces the
dopamine-DARPP32 Feedback in cAMP signal-
ing. The central regulator of this pathway is the
PPP1R1B gene that encodes a bifunctional signal
transduction molecule called the dopamine
and cAMP-regulated neuronal phosphoprotein
(DARPP-32). Moreover, the CACNA1D gene,
also belonging to dopamine receptors pathway,
encodes the alpha-1D subunit of the calcium chan-
nels that mediates the entry of calcium ions into
excitable cells. Calcium channel proteins are
involved in a variety of calcium-dependent pro-
cesses, including hormone or neurotransmitter
release and gene expression [96].

Behavioral and Environmental Factors

In addition to direct pathophysiological aspects,
several behavioral and environmental factors
frequently occurring in patients with BPD are
associated with increased cardiovascular risk
[11]. Most of them are thought to exert an indirect
effect on CVD, in the sense that they promote a
cascade of pathophysiological changes that in
turn increase the susceptibility to classical
cardiovascular risk factors, ultimately enhancing
the risk of CVD.

Weight gain is one of the most frequently
experienced problems in patients with BPD [11],
and it is thought to play a central role in the
development of MetS, a constellation of several
metabolic alterations, including abdominal
obesity, insulin resistance (IR), dyslipidemia,
and elevated blood pressure, frequently affecting
subjects with BPD. All components of the MetS
have been recognized as independent risk
factors for CVD, and the presence of MetS is
associated with other comorbidities such as the
prothrombotic state, pro-inflammatory state, and
atherosclerosis [97]. While increased calorie
intake, sedentary lifestyles, and smoking habits
have been implicated in the development
of MetS in the general population as well as in
certain patient groups, including BPD subjects,
the latter have an even greater predisposition to
MetS, and so that to CVD, due to the prolonged
exposure to pharmaceutical treatments that have
been shown to have side effects targeting the
cardiovascular system.

Medication-Related Factors

Lithium and Anticonvulsant Drugs
Two of the most common mood stabilizers pre-
scribed in the treatment of BPD, valproic acid and
lithium salts, have been both associated with
weight gain [98], which is in turn related to a
number of adverse events, such as hypertension,
type 2 diabetes mellitus (T2DM), and CVD.
Although patients on treatment with valproic
acid seem to gain more weight than those with
lithium, this relationship does not appear to be
clearly dose dependent, while in the case of
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lithium the weight increase is associated with the
employment of higher doses, corresponding to
plasma levels>0.8 mmol/L [99, 100]. Conversely,
other mood stabilizers such as lamotrigine or
carbamazepine appear to have little effect on
weight [101, 102]. Significant weight gain may
also convey additional risk for dyslipidemia.
While lithium is not directly associated with
dyslipidemia, [103] its effects on lipid metabolism
may occur in relationship with lithium-induced
hypothyroidism, which adversely impacts weight
and lipids [104]. As for valproic acid, a number of
studies have shown an increase in triglyceride
levels in treated patients, despite no significant
changes in cholesterol levels have been found
[105, 106]. Valproic acid may also be responsible
of hyperinsulinemia and IR in those with BPD,
despite it is not clear whether hyperinsulinemia
and IR is the result of valproic acid-induced
weight gain or a factor contributing to it [107].
Furthermore, valproic acid has been associated
with hypertension in 1–5% of patients [108],
while data provided by animal studies demon-
strated an antihypertensive effect of lithium
[109] exerted through its renal effects, which are
similar to those reported in humans [110].

Antipsychotic Agents
Both first- and second-generation antipsychotics
(AP) can be associated with QTc prolongation
and/or torsade de pointes [111, 112], as well as
with sudden death due to cardiac arrhythmias
[113]. However, the major cardiovascular risk
conveyed by AP might be related to their meta-
bolic adverse effects. AP are associated with
changes in lipid and glucose metabolism, with
some of them also inducing significant weight
gain as well as other metabolic abnormalities,
such as obesity, T2DM and MetS [114]. A broad
literature suggests that metabolic effects are
more pronounced for second generation AP, with
clozapine and olanzapine posing the higher risk
of overweight, dyslipidemia, and T2DM, while
quetiapine, sertindole, and risperidone may
exert intermediate-low effects (except for an inter-
mediate-high effect of quetiapine regarding tri-
glycerides and cholesterol) and ziprasidone,
amisulpride, and aripiprazole the least effects

[115–120]. A meta-analysis conducted by Smith
and colleagues (2008) reported that second gen-
eration AP have a 1.3-fold higher diabetogenic
risk than first-generation ones [121]. However,
among the latter, some low-potency agents too
may be associated with significant metabolic
effects, so that patients taking any AP should
have their metabolic parameters routinely moni-
tored [122]. As for most recent AP, it appears that
lurasidone is closer in its effects to those that have
been observed with aripiprazole, amisulpride, and
ziprasidone, while asenapine, iloperidone, and
paliperidone probably confer an intermediate
risk of weight gain, comparable to risperidone
and quetiapine, and a metabolic risk comparable
to risperidone [123].

Furthermore, although several APmay directly
block central and peripheral adrenoreceptors,
leading to vasodilation and hypotension [124,
125], a hypertensive effect may actually occur
during treatment with AP (especially clozapine)
as a result of therapy-induced weight gain as well
as of dopamine receptor effect on sympathetic
nervous system and sodium excretion [126].

Behavioral Factors

Tobacco Smoking and Substance Abuse
Cigarette smoking is the most significant
behavioral contributor to overall cardiovascular
risk, and several studies showed a direct dose-
dependent correlation between cigarette
smoke exposure and the severity of CVD risk
[127]. Tobacco smoking has been shown to
contribute to all phases of atherosclerosis (from
endothelial dysfunction to acute cardiovascular
events) by enhancing thrombosis, inflammation,
and oxidation of low-density lipoprotein choles-
terol [128]. Overall, up to 70% of people with
BPD report current tobacco use being from two
to ten times more likely to be smokers and less
likely to successfully quit smoking compared to
the general population. Moreover, BPD patients
are more likely to be heavy smokers than both
people with major depressive disorder and the
general population [129].

Alcohol and illegal drug use are also frequently
associated with BPD. The increased risk of
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substance abuse in patients with BPD compared to
non-bipolar individuals has been acknowledged
bymany investigations [130–135]. Roughly, up to
60% of BPD population have lifetime substance
abuse (about 48% for alcohol and almost 43% for
illicit drugs), with higher rates in patients with
early-onset disease [127, 136]. Whereas few stud-
ies evaluated the impact of alcohol and other
substance misuse on CVD risk among subjects
with BPD, a recent meta-analysis included
alcohol, cocaine, and marijuana exposure among
factors that are more likely to trigger acute myo-
cardial infarction in the general population, with
cocaine abuse bearing the higher odd ratio.
Besides inducing acute myocardial events,
cocaine represents a significant threat to the integ-
rity of the cardiovascular system, being able to
affect it by many different pathophysiological
pathways, and subsequently is considered as a
risk factor for many cardiovascular diseases like
hypertension, aortic dissection, myocardial ische-
mia, cardiomyopathy, myocarditis, arrhythmias,
and stroke.

Sedentary Lifestyle and Unhealthy Eating
Habits
Sedentary lifestyle is known to increase the risk
of developing CVD, while physical activity
decreases cardiovascular risk through multiple
pathways, including reducing body weight and
improving endothelial and immune function as
well as blood pressure [137]. BPD usually fea-
tures a chronic course, characterized by recurrent
depressive and manic phases, often lasting for
several weeks. This means that patients go
through recurrent periods of depression, lack of
interests, and inactivity, followed by periods of
intense activity irritability, and physical exhaus-
tion that can have a significant impact on self-
confidence, self-efficacy, and health-related
decisions [138]. As a matter of fact, people with
depressive symptoms are more likely to be seden-
tary compared to those without [139, 140] and
physical inactivity has been identified as an inde-
pendent predictor of premature mortality among
people with BD and significantly increases their
risk of CVD [141]. Due to the frequent mood
swings and to the intense distress, people with

BPD often fail in pursuing healthy habits and
may end up having disordered eating. In a study
of 1046 Australian women, poor diet quality was
associated with twice the odds for BPD [142]. In
another study comparing 2032 participants with
BPD in the general population, having BPD was
associated with significantly poorer eating behav-
iors, including fewer daily meals and difficulty
obtaining or cooking food, as well as increased
appetite and caloric intake. Complicating this and
supporting an integrated approach, people at risk
for one adverse health behavior are at greater risk
for others [143].

Miscellaneous
Several studies have linked sleep disturbances to
an increased risk of dyslipidemia and, generally,
to MetS [144–147]. Based on the observation
that BPD patients show a broad range of sleep
disturbances both during acute and remitting
phases [148–150], it has been hypothesized that
disturbances in the sleep-wake cycle may add to
classical risk factors for CVDs in BPD population
[151].

Nutrition as well could play a role in the
association between BPD and cardiovascular
risk. Fish oils, specifically omega-3 fatty acids,
have received particular attention for secondary
prevention of CVD in the general population
[152]. On the other hand, omega-3 supplementa-
tion showed positive outcomes in the treatment of
depression among both bipolar subjects [153,
154] and unipolar patients with CVD [155].
Intriguingly, despite provisionally, observational
data suggest that greater seafood consumption is
associated with lower rates of BPD [156] and
omega-3 deficits have been reported among adults
with BPD [157, 158].

Conclusion/Summary

The relationship between BPD and CVD appears
to be complex and multifaceted. Bipolar subjects
are clearly prone to develop CVD, and this risk
may be evident early in life, also having a signif-
icant impact on life expectancy of this patient
group. Still, further studies are needed to better
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characterize the observed association. Indeed, the
broad range of alterations bridging BPD and CVD
could either imply a direct causal link between the
two (but, if so, the directionality has to be deter-
mined) or an indirect, consequential relationship,
with BPD leading to the development of a range
of traditional cardiovascular risk factors and ulti-
mately to CVD. However, a third, intriguing
hypothesis is making his way in recent literature,
that is to say that BPD and CVD may represent
two expressions of a same diathesis rooted else-
where. While research makes advance in the com-
plex link between BPD and CVD, health
practitioners need to keep in mind that there may
be more to CVD risk, besides the contribution of
usual risk factors. Mental health providers are
especially expected to assess and target CVD
risk and to develop more effective prevention
and treatment strategies in order to reduce the
excess burden of morbidity and mortality of peo-
ple with BPD. If BPD-associated risk is invariable
so far, it also holds true that BPD onset usually
occurs before CVD, providing clinicians with the
opportunity to slow CVD progression by early
assessing and treating modifiable risk factors.
Until more clear insight on BPD-CVD relation-
ship is gained, we must consider BPD subjects as
a high risk group, in which classical CVD risk
factors should be referred to more stringent
benchmarks and treated prematurely.
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Abstract

Many researches point the existence of a rich
network of direct and indirect connections
between the brain and heart, resulting in a
complex mix of processes involved in self-
regulation and adaptability. Prefrontal cortex
has a central role both in emotional, behav-
ioral, and cognitive self-regulation and in the
regulation of cardiac autonomic activity.
Markers of prefrontal cortex activity could be
indicators of the functional integrity of the
neural networks implicated in emotion–cogni-
tion interactions. Heart rate variability (HRV)
has gained increasing interest in psychiatry

because of the link between autonomic dys-
function and psychiatric illness. In particular,
neurobiological evidences point out Heart Rate
Variability (HRV) as a transdiagnostic bio-
marker of psychopathology. In particular, his
role as an index of vagal function, and thus of
prefrontal inhibitory function, provides a use-
ful key to understand the psychophysiological
mechanisms underlying difficulties in emotion
regulation and impulsivity in patients with
BPD. Research findings on alterations in
HRV in borderline personality disorder (BPD)
individuals are thus consistent with the idea
that emotion dysregulation is a key feature of
BPD, related to an impairment in inhibitory
control, which is the ability to inhibit and reg-
ulate prepotent emotions.A. Boldrini (*)
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Introduction

Borderline personality disorder (BPD) is a com-
plex mental disorder described by a pervasive
pattern of instability in self-image, affects, inter-
personal relationships, and marked impulsivity,
often resulting in self-destructive behavior. It is
diagnosed by pathological personality traits in the
domains of negative affectivity, emotional liabil-
ity, anxiousness, separation insecurity, or depres-
sion and behavioral characteristics such as
disinhibition (i.e., impulsivity and risk-taking)
and antagonism (hostility) [1, 2]. BPD affects
about 1–2% of the general population [3, 4] and
is the most common personality disorder in clin-
ical settings, with approximately 23% of psychi-
atric outpatients meeting diagnostic criteria for the
disorder [5].

As underlined by Koenig et al. in a recent
meta-analysis [6], many key features of BPD (i.
e., emotional liability and impulsivity) are related
to an impairment in inhibitory control, which is
the ability to inhibit and regulate prepotent emo-
tional responses. According to the neurovisceral
integration model [7], developed from the theories
enunciated by the great French Physiologist
Claude Bernard over 150 years ago, neural net-
works implicated in emotional and cognitive self-
regulation are also involved in the control of car-
diac autonomic activity. The aim of this text is to
describe the rich network of direct and indirect
connections between the brain and heart, resulting
in a complex mix of processes involved in self-
regulation and adaptability. Prefrontal cortex
plays a main role in these modulation processes;
an alteration of its inhibitory function has been
identified as a common feature of impairment in
physiological, behavioral, emotional, and cogni-
tive regulation, and it has thus been linked to
many psychopathological conditions, among
which borderline personality disorder. Many

neurobiological evidences point out heart rate
variability (HRV) as an indicator of the functional
integrity of the neural networks implicated in
emotion–cognition interaction. The present chap-
ter will summarize the research findings linking
alterations in HRV in BPD individuals, from psy-
chopathology to physiology.

Neuroimaging Aspects of Borderline
Personality Disorder

Although precise nature and etiopathogenesis of
borderline personality disorder (BPD) continue to
elude the efforts of researchers and clinicians,
there is growing evidence that an interplay of
altered emotion regulation, dysfunctional cogni-
tive appraisals, maladaptive behavior patterns,
and neurobiological alterations underlies BPD
psychopathology [8]. Over the last decades, neu-
roimaging has become one of the most important
methods to investigate structural and functional
neurobiological alterations possibly underlying
core features of BPD.

Krause-Utz et al. [9], reviewing several struc-
tural neuroimaging studies, showed reduced vol-
ume in the limbic and paralimbic brain regions,
most prominently amygdala and hippocampus, as
a common finding in patients with BPD compared
to healthy controls [10–12]. Given the crucial role
of the amygdala in emotion processing [13], this
brain area is of high relevance to BPD psychopa-
thology [2].

Interpretation of early volumetric studies is
often complicated. This is particularly true for
psychiatric condition with frequent comorbidity.
In BPS traumatic experiences are frequent both in
childhood and later in life; for this reason, it is
important to control comorbidities such as post-
traumatic stress disorder (PTSD), in which hippo-
campus and amygdala volume are also reduced.
However, in a meta-analysis by Rodrigues and
colleagues [14], volume reductions in the amyg-
dala and hippocampus were found to be more
pronounced in BPD patients with comorbid
PTSD than in BPD patients without comorbid
PTSD. A study by Niedtfeld et al. [15] found
smaller volumes in BPD than in healthy controls

316 A. Boldrini



in the amygdala and hippocampus. Importantly,
BPD symptoms’ severity predicted volume loss in
the amygdala regardless of PTSD comorbidity.
Aside from volume reductions in limbic brain
regions, structural abnormalities in various
regions of the temporal and parietal lobes were
reported in BPD [16]. In addition, many investi-
gations in BPD patients revealed reduced volumes
in the frontal and orbitofrontal cortex (OFC) [17–
19]. These findings are particularly significant
considering that OFC as well as dorsolateral pre-
frontal cortex (DLPFC) play a critical role in
regulatory processes such as the downregulation
of activation in limbic and subcortical brain areas
[13] and impulse control [20]. In a study by Sala
and colleagues [21], gray matter volume in the
dorsolateral prefrontal cortex (DLPFC) was
inversely correlated with measures of impulsivity
in a group of BPD patients.

These findings were corroborated by studies
investigating structural connectivity between
brain regions. For example, Carrasco and col-
leagues [22] examined microstructural abnormal-
ities of white matter tracts in the prefrontal cortex
(PFC) in BPD, displaying a significant damage of
white matter in the corpus callosum and loss of
bilateral prefrontal white matter fasciculi. Inter-
estingly, volume reductions of the OFC [23], ante-
rior cingulated cortex (ACC) [24], DLPFC [25],
and left caudal superior temporal gyrus [26] were
reported in adolescents with BPD compared to
controls, while volumes of the amygdala and hip-
pocampus [23] were found to be unaffected in
teenagers with BPD.

The role of amygdala and frontal cortical
alterations in BPD has been confirmed by a
large number of functional neuroimaging stud-
ies, investigating reactivity to standardized emo-
tional material in patients with BPD compared
to healthy controls (for an overview, see [27]).
The majority of these studies observed hyper-
reactivity of limbic brain areas in response to
negative emotional stimuli, most prominently in
the amygdala [28–36] and insula [33, 34, 36–
38] in BPD patients compared to healthy con-
trols. Recent studies also demonstrated a slower
return of amygdala activation to baseline in
BPD [39].

In addition to limbic hyper-reactivity, numer-
ous functional neuroimaging studies revealed a
hypo-activation of frontal brain regions in
response to emotionally arousing or trauma-
related stimuli. For example, in the study by
Minzenberg and colleagues [35], BPD patients
showed amygdala hyper-reactivity to fearful
faces but also exhibited decreased activation in
the ACC. Consistently, in a positron emission
tomography (PET) study, New and colleagues
demonstrated an altered metabolic activity in lim-
bic and prefrontal areas as well as lower correla-
tion between right OFC and ventral amygdala
metabolism in BPD patients [40].

A possible explanation of these neuroimaging
findings is that an impairment in inhibitory cir-
cuits of prefrontal cortex may contribute to
hyper-reactivity of amygdala, leading to defi-
cient emotion regulation capacities in BPD. It
has been proposed that early-life maltreatments
or traumas in the context of the primary attach-
ment relationships could impair the maturative
configuration of the cerebral structures implied
in stress regulation and emotional regulation
[41]. In this process, prefrontal cortex plays a
central role.

The implications of an emotional hyper-activa-
tion in BPD subjects are clarified by the model
outlined by Mayes [42], based on Arnsten’s [43]
dual-arousal system model. This model suggests
the existence of two different but complementary
arousal systems: the prefrontal cortical system and
the posterior cortical and subcortical system. The
prefrontal cortical system inhibits the second
arousal system, which is normally active for ele-
vated levels of emotional stress. In fact, as the
level of cortical activation increases through
mutually interactive norepinephrine α2 and dopa-
mine D1 systems, prefrontal cortical function
improves, including the capacity for attentional
control, planning/organization, and explicit
reflective functioning. However, with further
increases of arousal, norepinephrine α1 and dopa-
mine D1 inhibitory activity increases to the point
that the prefrontal cortex goes “offline” and pos-
terior cortical and subcortical functions enhance
and finally take over: there is a switch from rela-
tively flexible and slow executive functions
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mediated by the prefrontal cortex to faster habit-
ual, automatic, and instinctual behaviors mediated
by posterior cortical (e.g., parietal) and subcortical
structures (e.g., amygdala, hippocampus, and stri-
atum), known as fight–flight–freeze responses.
Thus, self-protective physical reactions (fight–
flight–freeze) come to dominate behavior.

According to Schore [41], Luyten, Mayes,
et al. [44] assume that an impaired self-regulation
ability arouses the background level of activation
particularly in attachment context, reaching the
point at which the switch from more prefrontal
and controlled to more automatic responses
occurs. In particular, in BPD the exposure to
early stress and trauma could result in a lowering
of the threshold for behavioral switching. If the
switch point is translated from point 1 to point 1a
(see Fig. 1), the subject will show a primitive and
automatic response for lower levels of emotional
arousal than in normal subjects.

This point is central to investigate emotional
regulation in BPD, which has been shown to be
altered in particular in response to relevant per-
sonal stimuli eliciting hyper-intense emotional
arousal.

Prefrontal Cortex, Inhibition, and
Self-Regulation

Adaptation to changing environment is a key abil-
ity for living organisms, and ultimately the spe-
cies, to survive. According to neurovisceral
integration model [7, 45], adaptation is mediated
by influences from many sources: physiological,
behavioral, affective, cognitive, social, and envi-
ronmental. A hallmark of successful adaptation is
flexibility in the face of changing physiological
and environmental demands, providing an organ-
ism with the ability to integrate signals from
inside and outside the body and adaptively regu-
late perception, cognition, action, and physiology.
The result of this process of self-regulation is the
ability to flexibly choose responses that are appro-
priate for different situational demands [45]. Sev-
eral neural systems associated with cognitive,
emotional, and autonomic self-regulation have
been identified, one of which is the central auto-
nomic network (CAN) [7, 45, 46]. The structures
of the CAN include the anterior cingulate, the
insula, the ventromedial prefrontal cortex,

Fig. 1 Mayes’ (2000) adaptation of Arnsten’s dual
arousal system model [42]. In borderline personality dis-
order, the threshold for switching from relatively flexible
and slow executive functions meditated by prefrontal cor-
tex to faster, automatic, and instinctual behaviors mediated

by posterior cortical and subcortical structures (e.g., amyg-
dala, hippocampus, and striatum) is translated from point 1
to point 1a. This switch occurs thus for lower levels of
emotional arousal
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the central nucleus of the amygdala, the para-
ventricular and related nuclei of the hypothala-
mus, the periaqueductal gray matter, the
parabrachial nucleus, the nucleus of the solitary
tract (NTS), the nucleus ambiguus, the ventrolat-
eral and ventromedial medulla, and the medullary
tegmental field, among others. These brain struc-
tures are reciprocally connected, and information
can flow in both top-down and bottom-up ways, in
order to elicit visceromotor, neuroendocrine, and
behavioral responses that are adaptive and flexible
for various environmental demands [7, 45, 47].
Interestingly, many of these structures have been
identified as linked with BPD in the neuroimaging
studies descripted above.

Obviously, the capacity to effectively choose
behavioral responses requires a correct appraisal
(whether conscious or unconscious) of situations
of threat and safety. To illustrate the importance of
threat appraisal, Thayer et al. [48] make the exam-
ple of one of our ancestors walking in the woods
and seeing something coiled on the path ahead,
which could be a harmless vine or a deadly snake.
If the ancestor assumes that the amorphous shape is
a threat, he will change path and thus live another
day and perhaps procreate, passing on his genes to
future generations. If he wrongly evaluates the path
is safe and proceeds ahead, he could die. So, the
adaptive response is to assume that the coiled
object is a threat, and such appraisal can be made
rapidly and without much deliberation.

It has been suggested that, among CAN struc-
tures, the amygdala may serve as a rapid detector
of potential threats and a mediator of adaptive
“fear” responses [49]. Given the evolutionary
advantage associated with the assumption of
threat, many authors propose that the “default”
response to uncertainty, novelty, and threat is the
sympathoexcitatory preparation for actions com-
monly known as “fight-or-flight” response [7, 45,
50]. This kind of response is context-sensitive,
with a major impact of negative information
over positive information in guiding behavior
(“negativity bias”; see [51]). From an evolution-
ary perspective, this system is very useful because
it acts maximizing adaptive responses and sur-
vival; in other words, it is a system that “errs on
the side of caution” [49].

However, in typical daily life in modern soci-
ety, continual perception of threat is maladaptive,
causing the prevalence of “fight-or-flight” behav-
ioral responses, and it is associated with
dysregulation in hippocampal circuits, endocrine
and autonomic output, and cognitive and general
health decline [52–56]. If living under a chronic
state of threat is maladaptive, it becomes impor-
tant for an organism to determine if threat
appraisals are appropriate depending on the con-
text. The prefrontal cortex, and the ventral medial
prefrontal cortex (vmPFC) in particular, is central
in this process.

In safe contexts, “fear” or threat representa-
tions in the amygdala appear to be inhibited by
PFC. A variety of manipulations of vmPFC,
including pharmacological and electrical stimula-
tion, inhibit subcortical threat circuits and reduce
stress responses and fear behavior [57–60]. Thus,
it is possible to state that prefrontal cortex plays a
central role in inhibitory processes – which are
fundamental components of many executive func-
tions including working memory, attentional set-
shifting, and response inhibition but also of affec-
tive functions including emotional regulation,
affective set-shifting, and extinction – to support
goal-directed behavior [45, 61, 62].

According to this idea, under normal circum-
stances prefrontal cortex identifies safety cues
from the environment and exerts its inhibitory
control over sympathoexcitatory subcortical cir-
cuits, including the central nucleus of the amyg-
dala, tonically inhibited via GABAergic-mediated
projections by prefrontal cortex [63–66]. The
removal of this inhibition permits (rather than
causes) an increase in physiological activity,
with disinhibition of sympathoexcitatory circuits
that are essential for energy mobilization. How-
ever, a prolonged inhibition of prefrontal cortex
under conditions of uncertainty (resulting in a
disinhibition of sympathoexcitatory subcortical
threat circuits) may be maladaptive, causing the
prevalence of “fight-or-flight” behavioral
responses. Not surprisingly, many psychopatho-
logical states including depression [67, 68], anx-
iety [69], schizophrenia [70, 71], and addictive
behavior (for a review, see [72]) are associated
with prefrontal hypoactivity and a lack of
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inhibitory neural processes. This is reflected in
poor habituation to novel neutral stimuli and
therefore a failure to recognize neutral signals,
with a sort of preattentive bias for threat informa-
tion resulting in an increased negativity bias, def-
icit in executive functions, and poor affective
information regulation [73–75].

Interestingly, however, the functional relation-
ship between the amygdala and the vmPFC is
likely to be more complicated than an automatic
inhibition of the amygdala by vmPFC, for several
reasons. First of all, vmPFC stimulation seems not
to automatically reduce fear or potentiate fear
extinction but rather to play a role in the consol-
idation and retrieval of safety context memories.
Second, it is associated with higher-level
appraisal processes that operate under the guid-
ance of information retrieved from long-term
memory. In other words, vmPFC inhibitions of
threat circuits which are by default active depend
on integrating external context (environmental
threat) with the internal one (perceptions of con-
trol over the threat), with a more powerful protec-
tive role when cognitive appraisals are specifically
engaged to regulate emotions [76–78]. For exam-
ple, a research by Thayer and Siegle [79] supports
the idea that the amygdala responds rapidly to
biologically relevant positive or threatening stim-
uli but may be subsequently inhibited if the stim-
uli are appraised to be safe or innocuous. Thus,
Thayer et al. [48] suggest a new view of the stress
response: not an exaggerated reaction to threaten-
ing signals but a failure to recognize safety signals
with threat responses to neutral or harmless stim-
uli (see also [80, 81]). According to this vision,
Buchanan et al. [82] reported that patients with
damage to mPFC perceived a challenging social
situation as more threatening to those with dam-
age to another brain region or non-brain damaged
controls.

The researches discussed above suggest that
proper functioning of prefrontal cortex, and in
particular vmPFC, is vital for cognitive, affective,
and physiological inhibitory processes necessary
for the detection of safety and threat and thus to
regulate behavior. According to this views, a pre-
disposition to chronic threat perception and thus
to amygdala hyper-activation should be

associated with a vmPFC dysfunction in integrat-
ing external and internal context and thus to
dysregulated brain-peripheral integration.

As a significant point, these inhibitory prefron-
tal processes can be indexed by measures of vagal
function such as HRV. Consistent with this
hypothesis, Shook et al. [75] showed that a
smaller negativity bias and a greater capacity to
approach positive novel objects in uncertainty
situations are associated with greater resting
HRV. In addition, it has been reported that greater
resting HRV is associated with more rapid extinc-
tion in an interoceptive fear conditioning para-
digm [83]. Thus, showing the association of
HRV with the structures and functions of the
descripted “brain’s threat-detection system”
means that HRV might be useful as an index of
how this regulatory system works.

To better understand how this inhibitory circuit
acts also on the cardiovascular system to influence
heart rate (HR) and heart rate variability (HRV), it
is useful to describe briefly the cortical control of
cardiac activity.

Cortical Control of Cardiac Activity

Heart rate is determined by intrinsic cardiac mech-
anism and the joint activity of the autonomic ner-
vous system (ANS) at the sinoatrial node. In normal
conditions, both branches of the ANS are tonically
active in the control of HR, leading to both a tonic
acceleratory drive (sympathoexcitatory action) and
a tonic deceleratory drive (parasympathoinhibitory
action) to the heart [84, 85]. Importantly, when both
cardiac parasympathetic and sympathetic inputs are
blocked pharmacologically (e.g., with atropine plus
propranolol, the so-called double blockade), intrin-
sic HR is higher than resting HR [84]. This fact
supports the idea that the heart is under tonic inhib-
itory control by parasympathetic influences and pre-
cisely peripherally via vagus nerve [85, 86].

Many researches have been directed at identi-
fying the pathways by which cortical activity
modulates cardiovascular function. In primates
and humans, there appear to be both direct and
indirect pathways connecting the frontal cortex to
autonomic motor circuits responsible for both the
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sympathoexcitatory and parasympathoinhibitory
effects on the heart (see [45, 87–98]).

In the model proposed by Thayer and Lane [7],
prefrontal cortical areas including the
orbitofrontal cortex (OFC) and medial prefrontal
cortex (mPFC) tonically inhibit the amygdala via
pathways to intercalated GABAergic neurons in
the amygdala [88, 95]. The central nucleus of
amygdala is the main efferent modulator of car-
diovascular, autonomic, and endocrine responses;
it could be activated (disinhibited) by three ways:

1. Activation (disinhibition) of tonically active
sympathoexcitatory neurons in the rostral ven-
trolateral medulla (RVLM) by decreased inhi-
bition from tonically active neurons in the
caudal ventrolateral medulla (CVLM),
resulting in an increase in sympathetic activity.

2. Inhibition of neurons in the nucleus of the sol-
itary tract (NTS) with consequent inhibition of
tonically active neurons of nucleus ambiguous
(NA) and dorsal vagal motor nucleus (DVN),
resulting in a decrease in sympathetic activity.

3. Direct activation of sympathoexcitatory
RVLM neurons, resulting in an increase in
sympathetic activity (minor pathway).

Globally, decreased activation of the prefrontal
cortex would lead to disinhibition of the tonically
inhibited central nucleus of amygdala. The acti-
vation of amygdala would lead to a simultaneous
disinhibition of sympathoexcitatory neurons in
the RVLM (pathway number 1 above) and an
inhibition of parasympathoexcitatory neurons
(pathway number 2 above); the result would be
an increase in heart rate (HR) and a simultaneous
decrease in vagally mediated heart rate variability
(vmHRV) [7]. This association between prefrontal
cortical activity and vmHRV has been proved in a
series of studies using both pharmacological and
neuroimaging approaches [99–104].

The core idea of the neurovisceral integration
model is the existence of a “supersystem” able to
continuously assess the environment for signs of
threat and safety and then to adaptively regulate
cognition, perception, action, and physiology in
order to prepare the organism for the best behav-
ioral response. In addition, this system monitors

the match between external environment and
internal homeostatic processes to generate adap-
tive physiological adjustments. This implies the
existence of multiple processes influencing one
another, so that the system has to oscillate spon-
taneously within a range of states. When these
processes are balanced, the system can respond
flexibly to a wide range of physical and environ-
mental demands. When the system becomes
unbalanced, a particular process can come to dom-
inate the system’s behavior, rendering it
unresponsive to the normal range of inputs [48].
In the context of physiological regulation, and
heart regulation specifically, a balanced system is
healthy [105]; this is why the HR oscillate spon-
taneously (showing high HRV). Thayer and col-
leagues [48], thus, suggest the idea that HRV may
be more than just an index of healthy heart func-
tion andmay in fact provide an index of the degree
to which the brain’s “integrative” system for adap-
tive regulation provides flexible control over the
periphery, leading the organism to effectively
function in a complex environment.

The lack in emotion regulation in BPD has been
proposed to be caused by taking “off-line” of pre-
frontal cortex during threat to let automatic, prim-
itive, and prepotent processes regulate behavior
[106]. In fact, the conscious experience of emotion
requires the transmission of subcortical affective
information to the cerebral cortex, with a top-
down inhibitory and thus modulatory effect on
the subcortical centers that shapes the nature of
subjective experience. As seen, this top-down
effect is consequently necessary to produce appro-
priate responses to environmental demands [63,
107, 108]. According to the idea of the existence
of a unique inhibitory “supersystem”with a central
integration role of PFC, whose output HRV mea-
sures, it could be hypothesized that HRV is used as
a marker of emotion dysregulation in BPD.

Heart Rate Variability as a Marker of
Emotional Regulation

Consistent with the theories descripted above, in
the last decades, cardiac vagal (parasympathetic)
tone has emerged as a psychophysiological
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marker of many aspects of emotional regulation
and behavioral functioning in both children, ado-
lescents, and adults. Research efforts during these
years have produced an extensive list of vagal
tone indices.

As mentioned earlier, the heart is dually inner-
vated by ANS so that relative increases in sympa-
thetic activity are associated with HR increases,
causing the time between heartbeats (interbeat
interval) to become shorter, while relative
increases in parasympathetic activity are associ-
ated with HR decreases, causing the time between
heartbeats to become longer. When both cardiac
parasympathetic and sympathetic inputs are
blocked pharmacologically (e.g., with atropine
plus propranolol, the so-called double blockade),
intrinsic HR is higher than resting HR [84],
supporting the idea that the heart is under tonic
inhibitory control by parasympathetic influences:
parasympathetic dominance over the sympathetic
system thus favors energy conservation. In addi-
tion, the sympathetic effects are slow, on the time
scale of seconds, while the parasympathetic
effects are fast, on the time scale of milliseconds.
Thus, vagal dominance is also implied by the
beat-to-beat variability over a wide range which
characterize HR time series: in fact, the sympa-
thetic influence over the heart is too slow to pro-
duce beat-to-beat changes. So, to assess vagal
tone, it becomes important to detect the variability
in HR which is specifically related to parasympa-
thetic activity having the sequence of time inter-
vals between heartbeats as basic data for the
calculation of all measured HRV.

For these reasons, many researchers tried to
find HRVmeasures that are devoid of sympathetic
influences other than beat-to-beat measures, by
applying spectral analyses to the ECG recordings.
Spectral analysis consists in the decomposition of
HR time series into component frequencies using
mathematical algorithms, such as Fourier trans-
formations. The resulting total power can be
divided into very-low-frequency variability (less
than 0.04 Hz), low-frequency variability (between
0.04 and 0.15 Hz), and high-frequency variability
(more than 0.15 Hz). Pharmacologic blockade
studies have shown that sympathetic influences
on HRV are linked to low frequencies and mid-

frequencies, whereas parasympathetic influences
are observed mainly in the high-frequency range
[109, 110]. Therefore, high-frequency heart rate
variability (HF-HRV) represents primarily para-
sympathetic influences over the heart.

The root mean square of the successive R-R
interval differences (RMSSD) is an important
time-domain beat-to-beat measure, among the
large variety of measures which have been used
to operationalize HRV. Another measure which
has been widely used to estimate vagal tone is
respiratory sinus arrhythmia (RSA) or the degree
of ebbing and flowing of heart rate during the
respiratory cycle [109–112]. RSA results from
increases in vagal efferences during exhalation,
with a deceleration of HR, and decreases in
vagal efferences during inhalation, with an accel-
eration of HR. The high-frequency component of
the power spectrum (HF power), RSA, and time-
domain measures reflecting these fast changes has
thus been considered as available measures of
vagal activity. In particular, RMSSD showed to
be highly correlated with the high-frequency com-
ponent of the power spectrum (Task force of the
European Society of Cardiology and the North
American Society of Pacing and Electrophysiol-
ogy [113]), being used as measures of vagally
mediated HRV in several studies [114–116].

The conclusion that HF-HRVmarks PFC func-
tion is based on three considerations, according to
Beauchaine and Thayer [117]. First, according to
neurovisceral integration theory descripted above
[65], it has been known the existence of inhibitory
neural efferent pathways from medial PFC to the
parasympathetic nervous system (the substrate of
HF-HRV); through this network efficient PFC
function is translated into high tonic and well-
regulated phasic HF-HRV. Second, there are pos-
itive associations between resting HF-HRV and
performance on executive function tasks, widely
known to be mediated by PFC [118–120]. Third
and perhaps most convincingly, there are positive
correlations between HF-HRVand PFC activity as
assessed by pharmacological blockade [99],
lesion studies [82], cerebral blood flow using pos-
itron emission tomography (PET), and functional
magnetic resonance imaging (fMRI). In particu-
lar, Thayer et al. [48] provide a meta-analysis of
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neuroimaging published studies in which HRV
has been related to functional brain activity
using either PETor fMRI, with the goal to identify
areas that were consistently associated with HRV.
Studies identified three regions: the right pre-
genual cingulate of mPFC, the right subgenual
cingulate of mPFC, and the left sublenticular
extended amygdala/ventral striatum. Moreover,
authors tried to identify cerebral areas in which
HRV was closely associated with emotional ver-
sus cognitive/motor tasks, pointing out once spe-
cifically the role of the mPFC, and in particular of
the right rostral mPFC.

Beauchaine and Thayer [117] identify HRVas
a measure of emotion regulation and of prefrontal
cortex activity, and thus conceptualize HF-HRVas
transdiagnostic biomarker of psychopathology, in
the contest of a model of vulnerability in which
individual differences in approach motivation and
avoidance motivation – related to activity of sub-
cortical neural circuits – interact with effortful
self-regulation, related to activity of cortical neu-
ral circuits, to affect behavior [65, 117, 121].
Abnormally low resting HF-HRV and excessive
HF-HRV reactivity to different challenges – in
particular emotional challenges – has displayed
to be associated with symptoms of both internal-
izing and externalizing psychopathology and with
a wide range of psychopathological syndromes,
including anxiety, phobia, attention problems,
conduct disorder, callousness, depression, autism,
non-suicidal self-injury, trait hostility, psychopa-
thy, and schizophrenia [109, 122, 123].

Vagal Tone in Borderline Personality
Disorder

Focusing the attention on borderline personality
disorder, emotion dysregulation has been widely
considered as the core feature of the disorder
[124] or a key facet of the disorder [125, 126]:
thus, the study of HRV in BPD patients becomes
very interesting. It is important to note that emo-
tion dysregulation has been proposed to be distin-
guished in two components: emotional reactivity
and emotion regulation [127]. Emotional reactiv-
ity refers to physiological and behavioral changes

in response to an emotionally evocative stimulus,
and it has been studied addressing resting state or
baseline physiological level of vagal activity.
Emotion regulation refers to the process by
which a subject attempts to modulate the emo-
tion-generative process, often with the goal of
decreasing emotion intensity; it has been evalu-
ated addressing the variation of vagal activity in
response to emotional challenges. Researches
were addressed to find out if either of these aspects
were related to BPD. Amajority of emotion-based
research in BPD has addressed emotion reactivity,
using a wide range of investigation methodologies
including laboratory paradigms with negative
images, scripts, and film clips. Findings from
this literature are mixed, but recent evidence sug-
gests that emotional reactivity in BPD may not be
pervasive but rather specific to personally relevant
negative stimuli [128, 129]. Research examining
emotion regulation in BPD is smaller, showing
some evidence that individuals with BPD could
be able to effectively reduce their emotional reac-
tivity using strategies of cognitive reappraisal
(which means generating new appraisals of a sit-
uation to reduce its emotional impact; see [130]).
However, the findings are often limited (e.g., to
the examination of only one strategy of emotion
regulation) and thus not generalizable.

To organize and clarify the evidence on
alterations in resting state vmHRV in BPD indi-
viduals, Koenig and colleagues [6] recently meta-
analyzed literature about this topic. They searched
literature for empirical investigations in humans
comparing any measure of recorded vmHRV in
clinical samples of BPD patients (diagnosed
according to clinical criteria, validated structural
clinical interviews or psychometric instruments
with high specificity and sensitivity) and healthy
controls. A total of five studies [131–135] were
considered eligible for inclusion in the meta-anal-
ysis (see Table 1).

Austin et al. [131] measured RSA during view-
ing of three 10min film clips; the first and the third
film clips were selected to elicit a strong emotional
response, while the second film clip was a neutral
scene. The clinical group was composed of 9
female BPD patients, who were off medication
while participating in the study, while the control
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group was composed of 11 female controls, free of
psychiatric or neurological disorders. The authors
reported that RSA was similar for the two
groups during baseline, but over the course of
experiment, it increased in HC while decreased
in BPD patients.

Gratz et al. [132] measured resting baseline
and phasic HF-HRV during a distress-tolerance
task. The clinical group was composed of 39
female BPD patients, further divided into two
subgroups: those with comorbid avoidant person-
ality disorder (AVPD, 13 patients) and those with-
out comorbid avoidant personality disorder (26
patients). The control group was composed of 11
healthy controls. All participants were excluded
for current mood episodes (past 2 weeks), current
substance dependence (past month), primary psy-
chosis, and current use of psychotropic medica-
tions other than antidepressants, including
benzodiazepines, mood stabilizers, and beta-
blockers. The authors found no significant differ-
ences comparing BPD with AVPD, BPD without
BPD, and controls on HF-HRV at baseline and
HRV during the low-stress section of the distress
tolerance task. They noted that while BPD with
AVPD displayed a decrease in HF-HRVreactivity,
the other two groups displayed a slight increase.
They concluded that without emotional distress,
BPD participants respond similarly to normal
controls.

The study by Kuo and Linehan [134] investi-
gated RSA in 20 women with BPD, 20 women
with social anxiety disorder (SAD), and 20
women without a current Axis I diagnosis or
BPD diagnosis. All participants were excluded
for schizophrenia, schizophreniform, and
schizoaffective disorders, psychosis not otherwise
specified, bipolar disorder, current substance
dependence, epilepsy or other seizure disorders,
asthma, heart disease, current use of psychotropic
medications other than selective serotonin reup-
take inhibitors (SSRIs), major tranquilizers, anti-
histamines, and beta-blockers. The study
consisted of two sessions in counterbalanced
order. In one session there were baseline record-
ings (true and vanilla baseline, each 4 min)
followed by standardized emotion induction
(sad, fear, anger, and neutral). During the vanilla

baseline, participants engaged in a non-stressful,
nondemanding cognitive task requiring them to
count the number of times a specified color
appeared on a screen. The other session comprised
baseline recordings followed by emotion induction
using personal relevant content. The authors found
that BPD patients showed reduced baseline RSA
compared with controls and SAD patients. After
investigating interactions between group status and
phase of the study, the only significant difference
was found between BPD and SAD patients during
the sad emotion induction, with a significant
increase in RSA from baseline to the sad film in
BPD subjects; the SAD subjects displayed a non-
significant decrease in RSA.

Weinberg et al. [135] investigated RSA and
cardiac sympathetic index (CSI), a measure of
sympathetic activity) in 12 participants with
BPD and 28 controls without BPD. Participants
were not excluded for medical status. CSI was
evaluated using a baseline resting period,
followed by a mental arithmetic task. The authors
noted a gender effect on RSA and CSI, with
female participants showing lower parasympa-
thetic activity and higher sympathetic activity,
respectively. Among groups, BPD participants
displayed lower overall parasympathetic activity
compared to controls; this effect was robust
including gender as a covariate. BPD participants
also displayed a higher sympathetic activity com-
pared to controls. The authors did not find any
effect of group or gender on HR.

Dixon-Gordon et al. [133] assessed BPD fea-
tures in female university students, divided in
three groups: low borderline personality
(n ¼ 28), mid-borderline personality (n ¼ 30),
and high borderline personality features
(n ¼ 28). Participants completed a true baseline
and a vanilla baseline, responded to three prob-
lem-solving test procedures scenarios, completed
a second vanilla baseline, underwent the negative
emotion induction procedure, responded to other
three scenarios, and then completed a final true
baseline. HRVwas measured continuously during
the whole procedure. The authors found no sig-
nificant group or condition effect on RSA.

Koenig and colleagues subjected to meta-anal-
ysis data from these studies to summarize
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differences on resting vagal tone, indexed by
vmHRV, comparing patients with BPD
(n ¼ 128) and healthy controls (n ¼ 143); they
applied transformations to the indices used and
requested additional data when necessary. The
study by Austin et al. [131] reported reduced
RSA in BPD patients, although statistical tests
did not reach the level of significance. The study
by Gratz et al. [132] reported no significant dif-
ferences between the three groups (BPD, BPD-
AVP, HC) on baseline HF-HRV; they displayed
however a trend in acclimation HF-HRV (which
refers to the low-stress levels of the stress test
used; see [132], Table 1), with a linear increase
in HF-HRV from individuals with BPD and
comorbid AVPD (lowest HF-HRV), followed by
individuals with BPD without comorbid AVPD,
to healthy controls (highest HF-HRV). The study
published by Dixon-Gordon et al. [133] did not
obtain any significant group differences, but a
graphical display of baseline RSA values (see
[133], Fig. 1) showed a linear trend, such that
individuals high on BP features display the lowest
RSA, followed by those with moderate BPD fea-
tures, with participants low on BPS features
displaying the greatest levels of RSA.

Globally, the meta-analysis shows that a sig-
nificant reduction in vagal tone might be an
important trait characteristic in BPD, providing a
psychophysiological mechanism underlying diffi-
culties in emotion regulation and impulsivity in
BPD patients. Despite this, several experimental
studies have failed to find a baseline difference
[131–133]. A similar result was obtained by
Meyer et al. [136], who compared HRV parame-
ters of patients with PTSD, current BPD, and BPD
in remission with healthy volunteers in a 5-min
resting state ECG recording. Although the study
displayed significant differences between the
groups in both HRV time domain and frequency
domain (in particular, a significant reduction of all
the measures in PTSD patients), patients with
current BPD did not differ significantly from
those from HC in any of the analyzed HRV mea-
sures. The results of this study are thus inconsis-
tent with the recent meta-analysis by Koenig et al.
[6]. This finding could be explained referring to

the experimental methodology used. Recruited
subjects were asked to take part in an emotional
face recognition task (requiring the classification
of ambiguous angry and happy facial expressions)
and, then, after a short break of about 10min, were
seated in a relaxing and comfortable situation to
record a 5-min resting state ECG. This kind of
task may be not able to trigger emotional reactiv-
ity in BPD, which is not pervasive, but rather
specific to personally relevant negative stimuli
[128, 129]. Despite this limitation, the study has
the strength to address together two trauma-
related diseases, such as PTSD and BPD, consis-
tently with the idea that traumatic experiences,
either early-life maltreatment or acute or chronic
stress later in life, could have a severe impact on
ANS [136]. The design study does not allow to
clarify whether alterations in HRV are a result of
the disorder or a precondition that gives trauma
the foundation to lead to mental illness. However,
authors underline the negative correlation of self-
reported early-life maltreatments (assessed with
the Childhood Trauma Questionnaire, by Bern-
stein and Fink [137]) and mean independent
RMSSD of the diagnostic group: this finding sup-
ports the idea of an interaction between early-life
maltreatments, altered ANS regulatory capacities,
and increased vulnerability to adverse life events.

Future studies are needed to investigate youn-
ger sample of BPD patients to explore if decreased
vagal tone represents an endophenotype preced-
ing the development of BPD or instead, whether it
is a consequence of the disorder’s
psychopathogenesis. There is in fact some evi-
dence supporting that lower vmHRV might pre-
cede the development of BPD. Research on the
genetic and environmental influences on human
HRV has shown that genetic actors account for
between 13% and 57% [138, 139] of the variation
among HRV measures in adults and there is good
evidence for genetic contribution to HRV in chil-
dren [140]. Moreover, important heritable trait
such as affective instability is related to HRV
[141], so that individuals with lower parasympa-
thetic tone are emotionally less stable.

On the other side, research has shown that a
persistent emotional stress influences vagal
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modulation of the heart, regardless of the trait
anxiety [142], which is consistent with recent
findings on how the early caregiving environment
shapes the stress response system reactivity in
humans [143]. Childhood abuse and neglect
might overstrain early adaptive emotion regula-
tion capacities, during the sensitive period of
infancy, and finally might constitute a develop-
mental pathway to BPD. Reduced adaptive capac-
ities – indexed by lower resting vmHRV – might
represent a predisposition (trans-generational per-
spective) that is further burdened by early-life
experience within the child environment [144].
Two studies by Koenig et al. [145, 146] explored
resting cardiac function in adolescents engaging
in non-suicidal self-injury (NSSI). They found
that vmHRV was inversely correlated to global
functioning and directly correlated with the num-
ber of BPD symptoms. These findings remained
after controlling with a stepwise regression anal-
ysis for a series of variables, which have been
previously discussed to potentially underlie
altered ANS function in BPD (e.g., BMI,
smoking, alcohol intake, medications, among
others): a decrease in vmHRV showed to be
related to greater symptom severity in BPD, so
that authors hypothesize that cardiac function in
adolescent engaging non-suicidal self-injury
could be less indicative of current behavioral
symptoms of affective states but of phenotypic
traits and level of functioning. Subsequently,
Koenig et al. [146] investigated longitudinal
covariance of cardiac function and BPD symp-
toms in adolescents NSSI, completing a baseline
and 1-year follow-up assessment of physiological
data, clinical interviews, and self-reports. In this
research, changes in BPD symptomatology were
associated with changes in HR and vmHRV,
suggesting the utility of cardiac markers to track
treatment outcome in BPD.

The possible reversibility of vagal dysfunc-
tion in BPD patients by effective psychothera-
peutic treatment is thus another important
research task, as pointed by Koenig and col-
leagues [6]. It has been displayed in depressed
patients that sertraline treatment led to significant
increase in the covariation of synchronized

neural activity (measured with fMRI) and vagal
control (HRV measured with ECG recordings)
for patients compared to controls [147]. In BPD,
psychotherapy is the primary treatment option.
Exploring the impact of available treatment
options on resting state vmHRV, as well as the
potential to monitor therapeutic outcome through
the assessment of vmHRV, is an interesting field
for future research. On the other hand, authors
suggest it would be interesting to explore if
potential treatment options designed to increase
cardiac vagal tone during the resting state (e.g.,
physical activity; see [148, 149]) might lead to
improved emotion regulation capacities in indi-
viduals with BPD.

Conclusion/Summary

In conclusion, HRV has been widely identified as
a transdiagnostic biomarker of psychopathology.
In particular, his role as an index of vagal func-
tion, and thus of prefrontal inhibitory function,
provides a useful key to understand the psycho-
physiological mechanisms underlying difficulties
in emotion regulation and impulsivity in patients
with BPD. Research on this topic is still at the
beginning: despite some studies in this direction,
it is necessary to further investigate adolescents
with BPD to point out if decreased vagal tone
represents an endophenotype preceding the devel-
opment of disorder, or whether it is a consequence
of the disorder. Future studies need also to
improve by addressing larger standardized sam-
ples and carefully controlling for the effect of
psychotropic medications and comorbid psycho-
pathology, often present in those with BPD, but
also by using reliable standardized vagal tone
measures. To this purpose, Quintana et al. [150]
provided recommendations to improve HRV
research in psychiatry, introducing Guidelines
for Reporting Articles on Psychiatry and Heart
rate variability (GRAPH) checklist for good prac-
tice; these guidelines consist of four main areas:
selection of participants, interbeat interval collec-
tion, data analysis and cleaning, and HRV calcu-
lation. Carr et al. [151] referred to this checklist to
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identify studies following the GRAPH checklist
relatively well.

Moreover, comorbid physical pathology has to
be controlled too: altered HF-HRV also marks
several adverse health outcomes, including car-
diovascular disease [152] and diabetes [153],
and is more strongly related to self-rated health
than other common biomarkers [154]. In a popu-
lation-based observational study among Quebec
residents aged 14 years and older, cluster B PD
diagnosis is associated with a loss of 9–13 years of
life expectancy at age 20 years, explained by both
suicide rate and medical comorbidities: interest-
ingly, the three most important causes of death
were suicide (20.4%), cardiovascular diseases
(19.1%), and cancers (18.6%) [155]. Similar find-
ings emerged in a study on life expectancy at birth
and all-cause mortality among people with per-
sonality disorder [156]. Some studies tried to test
the hypothesis that BPD may have a higher risk of
developing cardiovascular disease caused by
altered endocrine, metabolic, and inflammatory
parameter. Greggersen et al. measured intima-
media thickness (IMT, considered an early marker
of atherosclerosis and associated with most car-
diovascular risk factors) in BPD women: BPD
women had a significantly higher IMT than
healthy women with increased risk of developing
subsequent cardiovascular disease [157]. This
underlines once more the existence of an inte-
grated psychophysiological system of regulation
in human beings. Efferent outflows from the heart
affect the brain and vice versa, with vagus acting
as an integral part of this heart-brain system and
vagally mediated HRVappearing to be capable of
providing valuable information about the func-
tioning of this system. This regulation network
has shown to involve not only an interplay
between brain areas, cardiovascular system, and
ANS but also neuroendocrine system (including
in particular the hypothalamic-pituitary-adrenal
axis) as well as immune alterations with a role of
proinflammatory cytokines. For example, a recent
exploratory study addresses the association
between variability in subjective mood and vari-
ability in measures of diurnal physiology (the
circadian or clock system, which activity has a
complex neuroendocrine regulation; see [158]).

Future directions of research have to clarify
this complexity to better understand mental
disorders.
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Abstract

Many studies demonstrate the high association
between cardiovascular diseases and psychotic
disorders such as schizophrenia. People suffer-
ing of schizophrenia presented an up to triple
the risk of attaining cardiovascular disease than
the general population with higher cardiac
mortality rates (approximately an expectancy
of life 20% shorter). Several factors contribute

to the increased cardiovascular risk in these
types of patients. First of all unhealthy lifestyle
factors, such as poor diet, low physical activity,
high rate of cigarette smoking, and alcohol/
substance abuse associated with socioeco-
nomic difficulties, have an important role in
predisposing the genesis of cardiovascular dis-
eases (CVD). Reinforcing the hypothesis of the
presence of a psycho-neuro-endocrine-cardio-
vascular axis, studies have shown a hormone
imbalance conditioning an increase of meta-
bolic abnormalities. Moreover the exposure
to antipsychotic medications with consequent
cardiometabolic collateral effect and a
suspected genetic predisposition with a proba-
ble overlap between schizophrenia spectrum
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disorders and cardiometabolic phenotypes
studied in drug-naive patients increase the
risk. Genetic and iatrogenic effects are linked
in pharmacogenomic studies that demonstrate
a different susceptibility to antipsychotic in
relationship to specific gene polymorphisms.
Another major contributing factor associated
with increased cardiovascular mortality in
schizophrenic patients is a dysfunction of the
autonomic system that implicates several
abnormalities, for example, a decreased heart
rate variability (HRV). To improve the expec-
tancy and the quality of life of schizophrenic
patients, a strict monitoring of metabolic risk is
important, as well as promoting behavioral
interventions and information and trying to
focus the attention on an intervention in the
first years of the psychiatric disease.

Keywords

Schizophrenia · Psychosis · Cardiovascular ·
Antipsychotic drugs · Genetic · Inflammation ·
Autonomic dysfunction · Lifestyle · Metabolic
syndrome · Smoking

Introduction

Schizophrenia is associated with higher cardiac
mortality rates, an approximately 15–20 years of
shorter life expectancy for these patients, and
up to triple the risk of attaining cardiovascular
disease compared with the general population
[1]. A 24% of deaths worldwide is determined
by cardiovascular disease (CVD), being the lead-
ing cause of overall mortality. Severe mental ill-
nesses (SMI) (schizophrenia, bipolar disorder,
schizoaffective disorder, and major depressive
disorder) have an important impact on global
mortality [2]. The mortality and the cardiovascu-
lar risk (CVR) are higher two or three times than
in general population [1, 3, 4]. It is not yet clear if
there is a difference between schizophrenia and
other SMI. The study made by Bioque recruited a
majority of patients diagnosed of “non-affective
psychosis” but also a percentage of patients
affected by “affective psychosis” (unipolar

depression or bipolar disorder with psychotic fea-
tures and schizoaffective disorder). They found no
significant interaction between diagnosis and any
of the CVR factor measures, suggesting similar
evolution both in affective and non-affective psy-
choses [5], except for metabolic syndrome. A
meta-analysis, conducted by Bartoli, compared
rates of metabolic syndrome in schizophrenia
with those in schizoaffective disorder [5]. People
with schizoaffective disorders might be more
prone to develop metabolic syndrome because
affective symptoms may determine a greater vul-
nerability to sedentary and unhealthy lifestyles
[6]. Furthermore, patients with schizoaffective
disorder are more often treated with antidepres-
sants and mood stabilizers, along with antipsy-
chotics [7, 8], with additional burden for several
metabolic abnormalities, including weight gain
and diabetes [9, 10]. A recent meta-analysis has
carried out an analysis of the subgroups of severe
mental illness and find out a higher global CVR
associated with schizophrenia spectrum disorders
(according to the definition of DSM-V, they are
characterized by abnormalities in one or more of
the following five domains: delusions, hallucina-
tions, disorganized thinking (speech), grossly dis-
organized or abnormal motor behavior (including
catatonia), and negative symptoms [11]) than with
other severe psychiatric illness like depressive
disorders or bipolar disorders [2]. Several studies
have underlined that there are abnormalities also
in drug-naive patients and in their healthy first-
degree relatives [12, 13]. These findings
suggested that the etiology of cardiovascular risk
in schizophrenia is multifactorial. In fact it has
been demonstrated that it includes genetic factors,
cardiac autonomic dysfunction and altered brain-
heart interaction, dysregulation of hypothalamus-
pituitary-adrenal axis, unhealthy lifestyle, inflam-
mation, and antipsychotic treatment effects. In the
present chapter, we will discuss the factors impli-
cated in the genesis of the cardiovascular disease
in patients affected by schizophrenia.

An easily resolvable problem is that this
kind of patients often do not receive adequate
monitoring of cardiovascular health and deal
with inequalities in the availability of healthcare
provision [14, 15]. For these reasons strict
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monitoring of metabolic risk is essential. Some
studies suggest that the first year of treatment
represents a critical period for the cardiovascular
risk. Early intervention such as the challenging
task of engaging young patients with psychotic
disorders is an opportunity to reduce premature
cardiovascular mortality, applying different pre-
ventive strategies [16]. Existing clinical guide-
lines recommend scheduled monitoring for
metabolic risk factors (smoking status, body
mass index, dietary content, participation in phys-
ical activity, levels of blood pressure, blood glu-
cose, and total cholesterol) [17] in patients
prescribed with antipsychotic medication and
switching antipsychotic therapy if a patient expe-
riences weight gain of more than 5% of the initial
weight [18, 19]. Moreover, the patients should be
informed of the necessity of a balanced diet and
regular physical activity, trying to avoid an
unhealthy lifestyle (smoke, alcohol). The choice
of a specific antipsychotic should be done on drug
efficacy and on assessment of risk factors (pro-
pensity to gain weight, family or personal history
of diabetes or hyperlipidemia, elevated fasting
glucose, lipid or insulin levels) [20].

Risk Factors in the Early Phase of
Psychosis

In the last years, many studies on drug-naive
patients with a first episode of psychosis (FEP)
have been conducted. Studies on this population
are of great interest because they avoided the
effect of confounding variables, such as somatic
comorbidities, prolonged antipsychotic treatment,
and chronicity [21], and underlined that there are
abnormalities not just in drug-naive patients, but
also in their healthy first-degree relatives [12, 13].
It was demonstrated that patients with FEP pre-
sent a wide array of metabolic disturbances, which
might predict the development of medical condi-
tions, such as metabolic syndrome or CVD.

A cohort study of patients with FEP, evaluating
the metabolic profile, highlights that the first 2-
year period can be characterized by an extremely
high risk of developing CVR factors and a rapid
worsening of the metabolic profile. At the

baseline, the FEP group showed differences in
metabolic parameters compared to the control
group. After 2 years of follow-up, FEP patients
presented a worsening of almost all the metabolic
measures with higher rates of metabolic syndrome
and overweight/obesity. This study through the
baseline findings supports the existence of a pre-
disposition of FEP patients to present alterations,
such as statistically significant higher total and
LDL cholesterol and lower HDL cholesterol
mean levels, from the beginning of the disorder
or even before starting the psychopharmacologi-
cal treatment [22]. Other studies performed on
drug-naive first-episode psychosis patients indi-
cate abnormal glycemic control [23] and
increased levels of C-reactive protein and pro-
inflammatory cytokines [24, 25]. The data col-
lected indicate the predisposition of FEP patients
to develop metabolic abnormalities even though
in the European first-episode schizophrenia trial
(EUFEST), an open-label, randomized trial of five
commonly-used antipsychotics (amisulpride, hal-
operidol, olanzapine, quetiapine and ziprasidone)
the subjects with metabolic syndrome was 5.9%
of patients in treatment, 5.6% in antipsychotic-
naive and 6.1% in patients with a brief exposure
of antipsychotics, suggesting that the baseline
prevalence rate of metabolic syndrome in this
group of patients is similar to the prevalence in
general population of same age [26]. Further evi-
dence, supporting a baseline predisposition, sug-
gests that individuals at ultrahigh risk for (UHR)
psychosis have unhealthy lifestyle factors and
poor physical health, prior to the onset of a first
episode [27]. Criteria of UHR have
been developed to identify individuals vulnerable
to developing a psychotic disorder [28], and they
also have an implication for an early intervention
and for the monitoring of physical health. A
patient in UHR status must exhibit one or more
of the following characteristics: presence of atten-
uated psychotic symptoms, brief limited intermit-
tent psychotic symptoms that spontaneously
resolve, or a genetic risk combined with
a significant recent decline in functioning [29].
Approximately one-third of the UHR individuals
make the transition to psychotic disorders within
3 years [30]. Carney conducted a retrospective
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analysis on the case notes of individuals accepted
into a specialized early detection service for
young people at ultrahigh risk for psychosis. The
metabolic abnormalities (higher rates of meta-
bolic syndrome and reduced high-density lipopro-
teins (HDL) levels, higher levels of fasting blood
glucose and blood pressure [31]) might be in part
attributed to unhealthy lifestyle factors (low levels
of physical activity and high rates of cigarette
smoking or alcohol abuse) [32]. This underlined
the importance of clear monitoring guidelines for
the assessment of metabolic risk factors, so appro-
priate interventions can then be targeted to prevent
future development of organic diseases [27, 33].

Genetic Factors

Metabolic dysregulation observed in drug-naive
patients with FEP suggests that schizophrenia
spectrum disorders might share overlapping
genetic background with cardiometabolic pheno-
types [34]. It is proved by several studies that
polymorphisms in genes, such as apolipoprotein
C-III (ApoC3), apolipoprotein A-V gene
(ApoA5), and lipoprotein lipase (LPL) genes,
implicated in the lipid metabolism, influence cho-
lesterol and other lipid parameters [35, 36, 37].
These variations could provide additional markers
for differential gene effects of antipsychotic ten-
dencies to produce an elevation in lipid blood
levels as well as polymorphisms, which determine
a different response to statin therapy [38, 39].

Furthermore, other genes such as the ApoE,
ApoA1, ApoB, hepatic lipase, and PPAR genes
have been associated, in general population, with
changes in lipid levels and/or cardiovascular dis-
ease outcomes [35, 38, 40]. A study made by
Smith associates allelic variations in the ApoC3
and ApoA5 with modification induced by antipsy-
chotics on lipid levels, considering a monotherapy
to assess in a clearer way the phenotype.

In some single-nucleotide polymorphisms
(SNP), the minor allele was associated with
lower serum lipid levels in patients with
olanzapine or clozapine and increased levels in
patients treated with first-generation antipsy-
chotics. For example, an ApoA5CG haplotype

had a similar effect, and the W (minor) allele of
the ApoA5_S19W SNP was associated with
increased serum cholesterol in patients treated
with risperidone. It seems that genes that may
influence weight gain are correlated with differ-
ential drug gene effect on serum lipids such as the
polymorphisms in the 5-HT2C receptor (759T/C),
polymorphisms of the leptin gene, and polymor-
phisms in the a2A receptor (1291C/G) [41].

It was demonstrated that for most regions that
have been reported to be linked to schizophrenia,
overlapping regions of linkage have been
obtained in type 2 diabetes. One of the most
promising regions of interest in both schizophre-
nia and type 2 diabetes is chromosome 1q21–25,
in particular, the CAPON gene recently identified,
whose protein primarily functions as an adapter
protein targeting neuronal nitric oxide synthase
[42]. The regulator of G protein signalling 4
(RGS4) gene, a negative regulator of G protein-
coupled receptors, is another good positional can-
didate in this region for schizophrenia [43]. It may
modulate activity at certain serotonergic and
metabotropic glutamatergic receptors [44, 45]. It
has been hypothesized that interactions of atypical
antipsychotic agents with several neurotransmit-
ter receptors, including serotonin (5-HT) recep-
tors, may play an important role in weight gain in
patients with schizophrenia. There are currently
14 known 5-HT receptors; 2 of these are of par-
ticular interest. First, the 5-HT5A receptor may be
involved in higher cortical and limbic functions.
Its gene maps to chromosome 7q36, and a number
of researchers have examined common polymor-
phisms within the gene and reported an associa-
tion with schizophrenia [46]. Second is the 5-
HT2C receptor gene on the X chromosome. 5-
HT2C knockout mice develop increased feeding
and obesity. A number of antipsychotic agents are
5-HT2C antagonists and induce high expression
of HTR2CmRNAA–759C/T polymorphism in
the promoter region of this gene that influences
transcriptional activity [47] previously reported
to be associated with type 2 diabetes and obesity.
Different studies [48, 49] now support the view
that antipsychotic-induced weight gain is associ-
ated with the low-expressing C allele of this poly-
morphism. These genetic studies are beginning to
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identify susceptibility genes conferring risk
through allelic variants at a high frequency in the
general population.

Cardiac Autonomic Dysfunction and
Altered Brain-Heart Interaction

There is a relationship between cardiac autonomic
dysfunction (CADF), reported in acute and
chronic patients with schizophrenia irrespective
of the received treatment [12, 50], and the devel-
opment of cardiovascular diseases [51]. Reduced
vagal activity might be one crucial mechanism
inducing CADF, with the physiological conse-
quences of increased resting heart rates, decreased
heart rate variability (HRV) and complexity,
reduced baroreceptor sensitivity, and reduced
vagal thresholds during exercise, all factors
that indicate a decreased physical fitness [13].
Moreover, distinct changes occur in heart rate
and respiratory regulation and to a far lesser extent
in blood pressure regulation [52]. A study
conducted by Herbsleb describes different find-
ings. First, the reduced physical fitness in patients
with schizophrenia at submaximal and maximal
levels, in accordance with previous studies, as
suggestion of relation between cardio-respiratory
regulation and reduced physical fitness in this
patients [53, 54]. Second, this study shows an
occurrence rate of chronotropic incompetence
(CI) of 45% in patients with schizophrenia. A
strong correlation exists between CI and physical
incapacity. CI is a significant contributor to
exercise intolerance and has been shown to be
associated with reduced quality of life, major
cardiovascular events, and premature death [55].
One of the possible complicating factors related
to an increased mortality rate in schizophrenia
is the imbalanced autonomic nervous system
(ANS). In schizophrenia patients, severe CADF
is not initially caused by major structural or
functional alterations of the heart, like other
patient populations suffering from primary car-
diac conditions (e.g., myocardial infarction, car-
diomyopathy) and which present signs of CADF.
It seems to be associated with an altered brain-
heart interaction influenced by a lack of cortical

inhibitory control over sympathoexcitatory sub-
cortical regions [13, 56]. Moreover, patients with
schizophrenia benefit of relative longevity, when
compared with more frequent shorter survival
rates of cardiac patients. It was stated by William
that paranoid schizophrenia is characterized by a
disjunction of arousal and amygdala-prefrontal
circuits that leads to impaired processing of, par-
ticularly threat-related, signals. This excessive
arousal with reduced amygdala activity or a lack
of “with-arousal” medial prefrontal engagement
points to a dysregulation in the normal cycle of
mutual feedback between amygdala function and
somatic state (autonomic activity), leading to a
perseveration and exacerbation of arousal
responses. The precise mechanism of ANS
dysregulation in schizophrenia still remains
unclear, complicated by the large number of cor-
tical, subcortical, and brainstem structures that
coordinate autonomic function [56]. Like seen in
previous studies, people with lower heart rate
variability (HRV), as seen in the case of schizo-
phrenia, exhibit effective behavioral responses (e.
g., faster response times and higher accuracy
rates) on executive cognitive tasks as well as
exhibit flexible and adaptive emotions [57, 58].
Thayer and Lane proposed the “neurovisceral
integration model” to explain that ANS
dysregulation is driven by the failure of the pre-
frontal cortex to inhibit the amygdala-mediating
cardiovascular and autonomic responses to stress.
They showed that resting HRV is tied to the func-
tioning of frontal-subcortical circuits and, in par-
ticular, that a higher resting HRV is associated
with the effective functioning of the frontal top-
down control over subcortical brain regions that
support flexible and adaptive responses to envi-
ronmental demands [59, 60]. Considering the
hypothesis that frontal, cingulated, and subcorti-
cal brain regions play a critical role in such self-
regulatory functions involved in reward and emo-
tion, such as the amygdala, it is not difficult to
understand why the disruption of frontal-subcor-
tical circuits has been associated with a wide
range of psychopathologies, including schizo-
phrenia [61, 62]. Moreover, it was shown that
the prefrontal cortex could play a critical role in
ANS dysregulation and that schizophrenia
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patients are characterized by a decrease in their
prefrontal cortex activity and concomitant deficits
in executive function and inhibition that can
explain the reduced HRV in these subjects [63,
64]. They further emphasized the importance of
the medial prefrontal cortex as the “core integra-
tion” system owing to its assumed critical role in
the representation of internally and externally
generated information, as well as its integrative
function to regulate behavior and to adapt periph-
eral physiology. Especially noteworthy is the
proof that the left and right central hemispheres
are specialized for parasympathetic and sympa-
thetic control of cardiovascular functioning and
the changes in functional central system activation
are related with changes in heart rate and blood
pressure [60, 65]. Tanida et al. showed, during
mental arithmetic (MA) task, that the right pre-
frontal cortex activity has a greater role in the
central regulation of heart rate owing to the virtue
of decreasing parasympathetic effects or increas-
ing sympathetic effects [66]. The relationship
between autonomic regulatory capacity and
neuropsychological performance in patients with
schizophrenia was also demonstrated by
Mathewson et al. [67]. In particular, susceptibility
to perseveration in patients was associated with
faster heart rates at rest and reduced vagal modu-
lation. The assumption is that an abnormal inter-
play between frontocingulate and subcortical
brain can lead to abnormal autonomic arousal
[56]. It is presumed that lesions within the central
nervous system (CNS) associated to greater levels
of cerebral dysfunction may result in an
increasing severity of cardiovascular dysfunction,
bringing to the overall changes in heart rate and
blood pressure in schizophrenic patients, thus
posing an increased risk of sudden cardiac death
for these patients [65]. It has been assumed that
an abnormal interplay between frontocingulate
and subcortical brain can lead to abnormal
autonomic arousal, being expressed as a func-
tional disconnection in autonomic and central sys-
tems when patients with paranoid schizophrenia
process threat-related signals. Thus, paranoid cog-
nition may reflect an internally generated cycle of
misattribution regarding incoming fear signal
sowing to a breakdown in the regulation of these

systems resulting in an altered brain-heart interac-
tion, influenced by a lack of cortical inhibitory
control over sympathoexcitatory subcortical
regions [56]. Two further medullary areas contain
preganglionic parasympathetic neurons: these are
the nucleus ambiguous and the dorsal motor
nucleus of the vagus nerve. Both mediate the
efferent parasympathetic components of blood
pressure and heart rate, showing either cardiac-
or respiration-related activity [68]. Brainstem
nuclei and pathways receive modulatory inputs
from supramedullary centers such as the insula,
thalamus, hypothalamus, amygdala, parietal and
cingulated regions or from the medial prefrontal
region. Studies have shown the involvement of
these brain areas in the autonomic regulation
at rest and during cognitive or emotional strains
by means of functional brain imaging [69, 70].
Psychopathological states such as anxiety, depres-
sion, post-traumatic stress disorder, and schizo-
phrenia are associated with prefrontal
hypoactivity. This lack of inhibitory neural pro-
cesses manifests itself in a poor habituation to
novel neutral stimuli, a pre-attentive bias for threat
information, deficits in working memory and
executive function, and poor affective informa-
tion processing and regulation [71]. For healthy
adults, Beissner et al. suggested that a symmetric
frontal electroencephalogram (EEG) response to
emotional arousal in the form of positive and
negative emotions may elicit different patterns of
cardiovascular reactivity [72]. In schizophrenia,
the results of central activity (via EEG frequency
analyses) showed a highly significantly reduced
EEG activation (power) in all frequency bands
from the frontal lobe, being much more pro-
nounced in the right frontal hemisphere, when
compared with healthy subjects. In particular, γ
and β activity is most augmented over frontal
and temporal brain regions, reflecting a genetic
liability for schizophrenia [73]. This impaired
neural oscillation (e.g., a reduction in amplitude
and altered phase synchronization in all frequency
bands with emphasis on the β and γ band activity)
can be considered a marker for a functional
disconnectivity between different brain areas
and for dysfunctional cortical networks [74]. In
summary, the activity of the prefrontal cortex is
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associated with vagal-mediated HRV [75], and,
moreover, the differences in central activity in
schizophrenia between the two hemispheres
would determine the overall changes in heart
rate and blood pressure [65]. Steffen Schulz et
al. [76] have clarified different aspects due to a
study that enrolled 17 patients with paranoid
schizophrenia (SZ) and 17 healthy subjects
(CO), who were matched according to age and
gender. This investigation has revealed highly
significant increased heart rates, reduced HRV,
decreased spontaneous baroreflex sensitivity
(BRS), a reduced EEG activity (power) indepen-
dent from frequency range and frontal area or
left hemisphere area, as well as altered central-
autonomic couplings (CAC) in patients with
schizophrenia, when compared with healthy sub-
jects. In particular, considering BRS, they
found significantly reduced tachycardic and
bradycardic slopes in accordance with other
studies investigating unmedicated patients [77,
78]. The decrease of efferent vagal activity and
the inhibition of baroreflex vagal bradycardia in
schizophrenia might be caused by stress owing to
psychotic experiences or to the psychosis itself, a
process that allows the organism under physiolog-
ical conditions to adjust to demanding environ-
mental stress [12]. It can be assumed that the
primary BRS changes in schizophrenia were a
result of impaired heart rate regulation. It was
shown that during stressful conditions such as
mental stress (supposedly present in these
patients), the arterial baroreflex was generally
inhibited. From the point of view that central
mechanisms are involved in BRS regulation, cen-
tral sites proven to elicit the facilitation are the
medial prefrontal cortex, the preoptic/anterior
hypothalamus, the ventrolateral part of the peri-
aqueductal gray matter, and the nucleus raphe
magnus [79]. Central-vascular coupling analyses
demonstrated that the coupling strength was
highly significantly reduced in schizophrenia for
the direction SYS (systogram) toward the central
activity (SYS!PEEG, power EEG). For the
opposite direction from the central activity toward
SYS, the coupling strength (PEEG!SYS) was
highly significantly increased in SZ when com-
pared with CO. Central-vascular coupling in SZ

pointed to a bidirectional one with the central
driver (PEEG!SYS), whereas the direction for
CO was equal in both directions (PEEG$SYS).
This suggests that the closed-loop regulation pro-
cess of central-vascular regulation in SZ is more
strongly focused on maintaining/regulating the
blood pressure than this regulation process for
CO. In the case of SZ, the central part of this
closed loop seems to more strongly influence the
autonomic system (SYS). This closed loop in CO
indicates a balanced condition. Central-vascular
coupling in SZ was dominated mainly by highly
variable SYS patterns in combination with
all other eight central pattern families. This was
demonstrated by highly significantly decreased
SYS-E1 and highly significantly increased SYS-
E0, SYS-E2, SYSLU1, SYS-LD1, SYS-LA1,
SYS-P, and SYS-V. It seems to be that the blood
pressure regulation is more complex and mainly
influences the central-vascular coupling pattern in
SZ. Furthermore, it could be shown that central-
vascular coupling is strongly affected by reduced
BPV (SYSE1) and short-term strong/weak,
increasing/decreasing, alternating, and fluctuating
vascular family patterns (SYS-E0, SYS-E2, SYS-
LU1, SYS-LD1, SYS-LA1, SYS-P, SYS-V), in
combination with central activity. We could also
found that the complexity of the central-vascular
coupling is significantly increased in SZ when
compared with CO. This was demonstrated by
the highly significantly decreased SYS-E1 and
highly significantly increase of other family pat-
terns. The results indicated that, for SZ, this
closed-loop interaction does not work well
owing to the known significant heart rate
changes for those patients [76, 80]. Returning
to central spectral power bands (via EEG fre-
quency analyses) with respect to central-cardiac
coupling and central-vascular coupling, the
strongest influence of cerebral γ activity was
found for both SZ and healthy subjects, indepen-
dent of the brain hemisphere, but is reduced in
SZ, and this highlights the role of γ activity in
people affected by SZ. The connection between
central-cardiac and central-vascular coupling
and central spectral power bands was character-
ized as bidirectional acting driver in each fre-
quency band [80].
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Dysregulation of Hypothalamus-
Pituitary-Adrenal Axis

Stress is an important factor in the development
of physical and mental illness. The response to
stress is mediated by hypothalamus-pituitary-
adrenal (HPA) axis through the secretion of glu-
cocorticoid hormones. Despite a variety of results
showing some patients affected by schizophrenia
with low level of cortisol, generally have been
discovered phase of hypercortisolism that can be
explained by symptoms of illness as well as by a
dysregulation of the HPA axis [81]. Studies have
been conducted on symptomatic patients, and this
made it difficult to understand whether the higher
cortisol levels are due to the stress of the acute
disease or to a basal dysregulation of HPA axis.
Other confounding factor is antipsychotic treat-
ment: second-generation antipsychotics (such as
olanzapine, quetiapine, and clozapine) are known
to reduce ACTH and cortisol level [82]. Other
studies are needed to understand the presence of
a baseline HPA dysregulation, but considering the
important consequences in general population of
prolonged exposure to hyper/hypocortisolism, it
is reasonable to suppose that over many years the
pattern of HPA function in schizophrenia patients
probably contributes to the increased levels of
central obesity, insulin resistance, lipid distur-
bance, and premature mortality (due to CVD)
found in this group of patients.

Unhealthy Lifestyle

People affected by severe mental illness (SMI)
generally conduct an unhealthy lifestyle
(smoking, irregular diet, and rare physical exer-
cise) [83, 84]. Male patients are more likely to
have unhealthy dietary habits. In particular the
intake of fruit, vegetables, and fibers is less than
in general population, and they exceed in the
consumption of calories and saturated fats [85].
For example, in a study conducted on 146 sub-
jects affected by schizophrenia with mean body
mass index (BMI) of 32.8 (condition of obesity),
it was shown that they consumed more calories
with a similar diet than general population [86].

The factors that interfere with achieving a weight
loss in patients with schizophrenia are various:
metabolic effects of psychoactive medications,
impact of symptoms on motivation, sedentary,
loneliness (only 3% results to be married),
and chronic poverty that can have a great impact
also in the ability to pursue activities such as
exercise [85].

Moreover, in patients with schizophrenia,
negative symptoms, which are relatively common
and account for poor functional outcome, interfere
with the ability to cope with daily activities [87,
88]. It determines low physical activity in these
patients assessed with new validated tool such as
the International Physical Activity Questionnaire
[IPAQ] short form [89]. In a study made by Sicras-
Mainar, it demonstrated the association between
negative symptoms and the development of met-
abolic syndrome [90]. Another environmental
factor that increases cardiovascular risk is the
high prevalence of smoking in patients with
schizophrenia (about 70% currently smoke). The
reasons of the increased level of smoking can be
self-medication of negative/cognitive symptoms
and neurophysiological abnormalities [91],
depressive symptoms [92], or a means of activity
or staving off boredom [93] or to decrease the
extrapyramidal side effects of antipsychotics
[94], but there also theories about a relationship
between nicotine dependence and possibly
dysregulation in nicotinic receptors or other neu-
rotransmitter systems [95]. Patients with schizo-
phrenia are majority heavy smokers, for example,
in a study made by Wehring [96], 43% of the
sample were found to be heavy smokers, as
confirmed in other studies where the percentage
was similar [97] and exceed the rate in
general population that counts 11% of heavy
smokers [85]. Furthermore heavy smokers
were more likely to have used substances (more
likely amphetamines, cocaine, cannabis, and hal-
lucinogens but less likely to use sedatives and
opiates) [98] and alcohol, increasing the risk for
morbidities and mortality [96]. In a study made in
Kentucky on patients with SMI, a lifetime preva-
lence of alcohol abuse or dependence of 64% was
found [86]. A higher than expected prevalence of
hepatitis C and HIV was also found in this study.
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Reviews and meta-analysis have demonstrated
potential effectiveness of lifestyle interventions,
even of short duration (�6 months), for achieving
weight loss in these patients [99]. It has been
shown that behavioral approaches (with diet and
increased physical activity) are preferred than
pharmacological therapy to lose weight in psychi-
atric population [100]. A systematic review
published in 2003 evaluated the effectiveness of
any intervention to reduce weight gain in schizo-
phrenia. Only five out of the eight pharmacolog-
ical interventions reported any degree of weight
loss, whereas all the behavioral interventions
reported at least small reductions, or maintenance,
of weight [101]. Another meta-analysis made by
Naslunda [102] considered trials of lifestyle inter-
ventions targeting weight loss in people with SMI.
These studies included behavioral interventions
(self-monitoring, dietary changes, nutrition edu-
cation, fitness, exercise or physical activity) and
excluded pharmacological treatments, nutritional
supplements, or surgical procedures. These stud-
ies underlined the importance of weight loss; in
fact a modest �5% weight loss is associated with
reduction in cardiovascular risk [103]. To date,
there is limited evidence to support the long-
term sustainability of lifestyle interventions
for patients with severe mental illness [102].
Hassapidou [104] found a significant weight loss
and reduction of adiposity parameters in a follow-
up of 3 and 6 months, but the evidence about the
reduction of adiposity parameters at long term
were poor. At 9 months weight loss was signifi-
cant and progressive [105]; also in the dropouts
there is a continual and significant weight loss
which probably indicates a general efficacy of
this nutritional intervention. There was also
a significant decrease in body fat mass (kg)
and percent of body fat (%) in patients. This
reduction contributes to an improvement in
the risk factors associated with cardiovascular
disease [104]. Moreover weight gain, which can
be associated also with antipsychotic treatment,
may affect the compliance of patients toward
the pharmacological therapy. Controlling and
decreasing the weight gain of psychiatric patients
should be a priority within their treatment pro-
gram [106].

Inflammation

Inflammation is one of the biological mechanisms
that take part to an increase of CVR mainly
through the development of metabolic abnormal-
ities. Chronic inflammation is associated with
metabolic-related conditions such as obesity,
type 2 diabetes, and insulin resistance. This link
proves the interdependence between metabolism
and immune systems [107]. Recent studies have
reported the onset of an inflammatory process in
both chronic and first-episode psychosis patients
(FEP) [108]. As regards this last group of patients,
we report some evidence, but the relationship
between inflammation and metabolic outcomes
has to be investigated further. For example, one
previous study found that elevated baseline inter-
leukin 1β(IL-1β) levels predicted a major risk of
an increase of body weight after 6 months of
treatment with risperidone [109]. Furthermore, in
a cross-sectional study of patients with psychosis,
hs-CRP (high-sensitivity C-reactive protein, a
highly sensitive quantification of C-reactive pro-
tein, an acute-phase protein released during
inflammation) predicted independently the devel-
opment of metabolic syndrome, an increase of
waist circumference, and an elevation of triglyc-
erides in blood [110]. A longitudinal study made
by Russel [111] showed that FEP patients who
experience greater increase in inflammation index
early on in their illness course have a poorer
metabolic prognosis in the short term. In particu-
lar the risk of dyslipidemia, a risk factor for car-
diovascular disease, is higher. The mechanisms
linking dyslipidemia with inflammation and
higher hs-CRP are still unclear, but studies
have highlighted that the acute-phase response
causes lipid disturbances [112]. During an inflam-
matory process, the immune system redistributes
essential nutrients to the cells involved in the host
defense; for example, HDL cholesterol decreases
as a result of a reduction of the uptake of choles-
terol by cells, as well as an increase in their catab-
olism. Some investigations on CVR focus on
markers of inflammation such as ICAM1,
VCAM1, and E-selectin. There are evidence that
chronic inflammation in atherosclerotic disease
includes components of vascular tissues [110,
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111]. Cytokines change the levels of VCAM1 and
ICAM1 during the early phase of inflammation.
Evidence have demonstrated that in patients with
a first episode of psychosis, levels of cellular
adhesion molecules aren’t different from controls,
except for ICAM1. Furthermore, antipsychotics
increased ICAM1 and decreased VCAM1 [113].
Another way to study the inflammatory state in
psychosis is to measure cytokines. Cytokines
are small secreted proteins involved in the
inflammatory response in physiologic and patho-
logic conditions through a complex network of
interactions. They are also mediators between
the immune system and the central nervous sys-
tem, which might have implications for psychiatry
[114, 115]. For our purpose is important to
know that cytokines receptors exists in soluble
form that can inhibit or enhance the biological
activity (soluble interleukin 2R-sIL-2R; soluble
IL6 receptor-SIL-6R respectively). There are
also endogenous cytokine receptor antagonists
(IL-1 receptor antagonist, IL-1RA). It is relevant
that there is an increased prevalence of aberrant
cytokine levels in patients and their first-degree
relatives [116], suggesting that immune system
abnormalities may be an endophenotype of the
disorder.

Some evidence have associated an imbalance
in Th1/Th2 cytokines, with a shift toward Th2
system in schizophrenia [117, 118]. A large num-
ber of studies have measured cytokines IL-2 and
IL-6. About this topic the results are contradic-
tory; there is evidence of decreased IL-2 levels in
schizophrenia [119], not confirmed in another
study [120]. In another case it has shown the
reverse relationship [121]. IL-6 appears to be
increased in schizophrenia; in this case the results
are more consistent, but some groups haven’t
replicated this observation [122]. A recent meta-
analysis shows that in schizophrenia, there is an in
vivo increase of IL-1RA, sIL-2R, and IL-6 and a
decrease in vitro of IL-2. Other important cyto-
kines reported in schizophrenia are TNFα and IL-
1β. They promote dopaminergic neural differenti-
ation of neural stem cells and regulate the devel-
opment of dopamine neurons [123]. TNFα and
IL-1β participate in the selective vulnerability of

the nigrostriatal pathway related with dopaminer-
gic neurotoxicity [115]. These two cytokines
appear to be responsible for an imbalance of
Th1/Th2 in schizophrenia, elevating the immune
response of other cytokines. A study made by Zhu
[124] searched how the serum TNFα and IL1β
levels changed in the first-episode psychosis and
chronic psychosis patients. Data showed
that TNFα and IL-1β levels were decreased in
first-episode drug-naive patients, but elevated
in chronic psychosis. This suggests a role of
psychotropic drugs and of the progression of
the disease itself. The study showed a moderate
correlation between the increase of TNFα and IL-
1β and the negative symptoms in chronic
psychosis, so it has been supposed a contribution
of the immune abnormality to the progression of
the disease and that immune-modulating treat-
ments may become a new strategy of therapy in
these patients. Some trials of nonsteroidal anti-
inflammatory agents in acutely relapsed patients
with schizophrenia showed significant improve-
ments in symptoms [116, 125]. It has been shown
that responders to celecoxib have significantly
decreased soluble tumor necrosis factor receptor
levels [126] and aspirin was more efficacious in
patients with a lower baseline in vitro IFNγ/IL-4
ratio [125]. Some cytokines such as IL-1β, IL-6,
and TGFβ appeared to be markers of the clinical
phase of the disease. They increase during
exacerbation and normalize with antipsychotic
treatment. There is also a positive correlation
between IL-6 levels and psychopathology scores
[127, 128]. In contrast, IL-12, IFNγ, TNFα, and
sIL-2R levels remain elevated both in acute exac-
erbation and during antipsychotic treatment.
Furthermore sIL-2R appears to be a marker for
patients with treatment-resistant psychosis [129].
The relation between antipsychotic and serum
cytokine levels has been controversial [130,
131]. First of all, the immune alteration in drug-
naive patients suggests that there is an association
between cytokines and clinical phase of the dis-
ease independent from antipsychotic medications.
There aren’t clear evidence about a direct relation
between TNFα/IL-1β and antipsychotics. Some
reviews suggest an anti-inflammatory effect in
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schizophrenia of psychotropic drugs [132]. As
previously observed [130], a meta-analysis made
by Tourjman [131] confirms the increase of sIl-2R
levels in schizophrenia during antipsychotic treat-
ment. Data demonstrate that IL-2, Il-4, IL-10, Il-
1RA, sIL-6R, TGFβ, and TNFα are unchanged.
IL-6, a cytokine generally unaffected by antipsy-
chotic treatment, increases during therapy with
clozapine [133]. IL-1β and IFNγ levels in schizo-
phrenia spectrum disorders appear to decrease,
and IL-12 seems to increase during antipsychotic
treatment.

Antipsychotic Treatment

More solid evidence demonstrate that antipsy-
chotic treatment can induce cardiovascular and
metabolic alterations that increase CVR [53,
134]. Themolecular mechanisms with whom anti-
psychotics cause abnormalities in glucose and
lipid metabolism are both obesity-related and obe-
sity-unrelated [135]. The increased CVR is due in
part to insulin resistance and weight gain caused
by medications [136]. Drugs differ in effect on
body weight; the mechanisms are not fully under-
stood, but it seems that actions at receptors asso-
ciated with hypothalamic control of food intake
are implicated. Evidence supports 5-hydroxytryp-
tamine receptor 2C and dopamine 2D receptor
antagonism as well as antagonism at histamine
H1 and muscarinic M3 receptors (they may be
implicated in glucose regulation alterations pro-
voked by antipsychotics). There are important
differences in the propensity to cause weight
gain between drugs. For example, aripiprazole
has protective pharmacological mechanisms
rather than just the absence of a hyperphagic
effect. It is important to focus on the fact that
there is a significant individual variation in anti-
psychotic drug-induced weight gain. This reflects
genetic variations in several drug targets, includ-
ing the 5-hydroxytryptamine receptor 2C, as well
as genes involved in obesity and metabolic distur-
bances [137]. Antipsychotic drugs may affect the
actions of hormones implicated in the hypotha-
lamic control of food intake and body weight.

A study made by Zhang [135] reported that, in
people with an antipsychotic treatment, there is
an increase in blood concentrations of leptin
(a hormone secreted by adipose cells to inhibit
hunger), but in people gaining weight during anti-
psychotic treatment, the anorexigenic effect of
leptin is lost through the block of hypothalamic
receptors implicated in control of food intake
made by the drugs. This suggests that a mecha-
nism contributing to antipsychotic weight gain is
the interference with hormone control of food
intake and body weight [138]. To support this
hypothesis, a meta-analysis made by Bartoli
[139] showed that olanzapine and clozapine are
associated with a decrease in adiponectin (an
orexigenic hormone secreted by adipose tissue
with opposite effects to leptin on feeding behav-
ior), a decrease in adiposity, and diabetes insulin
resistance [140]. Decreased adiponectin was asso-
ciated with increased insulin resistance, increased
inflammation as determined by CRP, and elevated
serum leptin in patients treated with second-
generation antipsychotics [141]. Weight gain can
be related to the interaction with the brain
monoaminergic and cholinergic systems and also
to the metabolic/endocrine effects of hyper-
prolactinemia. Evidence agrees on the hierarchy
in the magnitude of body weight gain induced by
diverse drugs [136, 142], being very high for
clozapine and olanzapine; high for quetiapine,
zotepine, chlorpromazine, and thioridazine; mod-
erate for risperidone and sertindole; and low for
ziprasidone, amisulpride, haloperidol, fluphen-
azine, pimozide, molindone, and aripiprazole.
Furthermore, clozapine and olanzapine seem to
induce glucose dysregulation and dyslipidemia
despite patients with schizophrenia having a sig-
nificant high prevalence of diabetes before the
introduction of treatment. Both typical (first-gen-
eration) antipsychotics and atypical (second-gen-
eration) antipsychotics cause weight gain [136].
Evidence suggested that atypical antipsychotics
may have lower discontinuation rates due to any
cause as well as greater weight gain and diabetes,
but more work is needed to clarify this [143, 144].
A meta-analysis made by Burghardt [145]
highlighted that atypical antipsychotics, from the
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results of trials in healthy volunteers, cause insulin
resistance and weight gain directly, independent
of psychiatric disease and may be associated with
length of treatment. Moreover a continuous and
significant weight gain due to second-generation
antipsychotics is more pronounced in younger
and female patients with schizophrenia [144].
Schizophrenia itself is a risk factor suggesting
that illness severity and negative symptoms
could contribute in weight gain. Interestingly dif-
ferences in effect between second-generation and
first-generation antipsychotics as regards weight
and lipid outcomes declined with longer follow-
up. This highlights the role of other non-iatro-
genic factors (unhealthy lifestyle, environment,
and genetics) [144]. Besides causing weight gain
and dyslipidemia and indirectly diabetes and
higher CVR, antipsychotics have a direct effect
on the vascular system. They can modify blood
pressure and cause endothelial alterations leading
to higher risk of thrombosis and bleedings
[146]. In general atypical antipsychotics are
associated with lower risk of all-cause mortality
and extrapyramidal symptoms, but higher risk
of stroke [147], metabolic syndrome [148],
dyslipidemia (in particular clozapine and
olanzapine, quetiapine and risperidone confer
an intermediate risk), and diabetes mellitus (risk
1.3-fold higher with second-generation antipsy-
chotics) compared to typical antipsychotics
[143]. All the types of antipsychotics are associ-
ated with QTc prolongation and/or torsades de
pointes and sudden death due to cardiac arrhyth-
mia [149]. It is relevant to know that the risk for
QTc prolongation is dose-dependent, so adding a
second antipsychotic may increase the risk [150].
Antipsychotics elevate the risk of cortical venous
thrombosis or pulmonary embolism [151]. These
effects can be caused by enhanced aggregation of
platelets, raised concentration of anticardiolipin
antibodies, and exacerbation of venous stasis
[152]. Parker, in a case-control study based on
the primary care clinical record of 115.000 people
in the UK, highlights a 32% higher hazard ratio of
venous thromboembolism for patients in treat-
ment with antipsychotics in the past 24 months
[153]. Liperoti conducted a retrospective cohort
study of nonusers and new users of antipsychotics

and calculated the rate of hospitalization for
thromboembolism (higher for quetiapine, risperi-
done, olanzapine, and clozapine) [151]. Another
risk factor for cardiovascular disease and strokes
is variation of blood pressure (it’s recognized that
an increase of 2–3 mmHg can increase the risk).
One out of three patients using antipsychotics
has elevated blood pressure that seems to be
due to drugs [154]. Antipsychotics can also
cause orthostatic hypotension through weight
gain and the intrinsic antagonistic action on
adrenergic receptors [155]. Despite the few
data, antipsychotics with low potency at
the dopamine D2 receptor (phenothiazine, chlor-
promazine, and thioridazine) are considered
the most likely to cause orthostatic hypotension
[137].

Conclusions

Based on the large number of factors implicated in
the increased CVR of schizophrenic patients, a
strict monitoring of the metabolic risk is essential,
in particular, as stated before in the text, in the
early phase of the disease (after 2–5 years after
illness onset). First of all, a behavioral interven-
tion is necessary, applying measures to reduce
obesity and smoking. Moreover clinicians should
prescribe regular blood test and monitor body
weight/waist circumference to control collateral
effects of antipsychotic drugs. An accurate family
medical history and a coordinated action of sev-
eral specialists are essential.

Cross-References

▶Borderline Personality Disorder and the Heart
▶Brain-Heart Communication
▶Cardiovascular Adverse Effects of Psychotro-
pic Drugs

▶Cardiovascular Manifestations of Panic and
Anxiety
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▶Emotional Processing and Heart Activity
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Abstract

In recent years, epidemiologic research has
increasingly documented significant correla-
tions between medical and psychiatric condi-
tions. In most cases, this comorbidity has been
shown to enhance morbidity, loss of quality
of life, and mortality, implementing maladap-
tive behaviors and unhealthy lifestyles that
inevitably affect physical health, but also to

induce or worsen the course and outcomes of
mental disorders. The relationship between
cardiovascular diseases (CVDs) and post-trau-
matic stress disorder (PTSD) is one that gained
growing interest in the last decades. In many
instances, compared to other mental disorders,
PTSD has the peculiarity of having
a bidirectionality toward cardiovascular dis-
eases: on one hand, exposure to traumatic
events and consequent development of PTSD
is now recognized to take an additional toll on
physical health, contributing to increased risk
for early incident CVDs; on the other hand,
having CVDs can represent a severe stress for
vulnerable individuals, leading to the onset of
a PTSD symptomatology. From this perspec-
tive, the present chapter aims to reviewing and
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summarizing recent knowledge on the relation-
ship among PTSD and CVDs, devoting special
attention to factors that may contribute to
bidirectionality toward both diseases.

Keywords

Post-traumatic Stress Disorder (PTSD) ·
Cardiovascular diseases · Acute coronary
syndrome · Cardiovascular-disease-induced
post-traumatic stress disorder (CDI-PTSD) ·
Risk factors · Maladaptive behaviors

Introduction

Post-traumatic Stress disorder (PTSD) typically
arises following exposure, both direct and indi-
rect, to a traumatic event, and is characterized by
the onset and persistence of a series of clinical
symptoms that can often be profoundly incapaci-
tating and tendentially chronic [1]. There is
evidence that PTSD is a chronic, drug-resistant
disorder, associated with high suicidal risk (about
25% of patients have attempted suicide), sub-
stance abuse, and maladaptive behaviors, which
can also be insidious beginning even after years
of silence [2]. The lifetime prevalence of PTSD
can vary considerably depending on the
populations considered and the year in which
the study was carried out, for the diagnostic
criteria adopted. Nowadays, the prevalence in
the general population corresponds to about 8%.

In recent years, several studies have examined
and confirmed the strict relationship between
mental disorders and physical health, with partic-
ular attention to the implications that the former
have on the latter. Having a mental disorder often
involves implementing maladaptive behaviors
and unhealthy lifestyles that inevitably affect
physical health, but also because mental disorders
may determine biochemical and hormonal alter-
ations in our body that can lead to various physical
illnesses. In this case, PTSD has been closely
correlated to various physical disorders, among
which cardiovascular diseases stand out [3].

Compared to other mental disorders, PTSD has
the particularity of having a bidirectionality

toward cardiovascular diseases. While on one
hand, exposure to traumatic events and conse-
quent development of PTSD has a wide-ranging
impact on quality of life across several domains,
including occupational, family, and social and
interpersonal functioning, it is now recognized
to take an additional toll on physical health, con-
tributing to increased risk for early incident
cardiovascular disease (CVD) and cardiovascular
(CV) mortality. On the other hand, having a car-
diovascular disease can put the person under
severe stress which can determine the onset of
a PTSD symptomatology in predisposed individ-
uals. In this respect, a long debate has been devel-
oped in the last decades whether which kind
of physical illnesses may be defined as traumatic,
focusing on the issues of severity, acuteness, chro-
nicity, and potential lethality [4–7]. In the present
chapter we’ll examine most recent finding on both
these aspects.

Cardiovascular Diseases (CVD)
Induced by PTSD

Epidemiology

The impact of PTSD in terms of mental health and
social functioning is well-recognized: it has been
widely shown that it has, in itself, a wide-ranging
impact on quality of life across several domains
and is often associated with high suicidality and
substance abuse. Nonetheless, the awareness of its
impact on physical health is more recent [8]. In the
last years, an increasing number of empirical
researches have enlightened the existence of a
relationship between PTSD and a wide range
of diseases including cancer, metabolic diseases
(such as diabetes mellitus), immunological
disorders, hypertension, stroke, and heart dis-
eases [9, 10]. In this sense, the PTSD-linked risk
of unfavorable outcomes, in terms of physical
health, is one of the reasons why PTSD diagnosis
might be considered, according to some authors,
as a life sentence [11].

With respect to the aforementioned pathologi-
cal conditions, one of the strongest epidemiolog-
ical associations has been shown to be that
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between PTSD and cardiovascular or cardio-
metabolic diseases [12]. Not by chance, this
association has been made object of growing
interest [8]. More specifically, even if investiga-
tion focused on the association between PTSD
and development and prognosis of CVD became
widespread more than 20 years ago [13], the
increase of attention paid to this aspect is related
to two concurrent streams of studies: on one hand,
the production of evidence about multiple effects
of stress on CVD [14]; on the other, a copious
production of studies relating CVD to other men-
tal diseases, especially mood disorders [15]. This
notwithstanding, PTSD is not yet listed among
risk factors in the fields of endocrinological and
cardiovascular medicine: as to the former field, for
instance, PTSD is at most mentioned as a condi-
tion potentially leading to poor management of
diabetes. This has quite a strong impact on clinical
practice: individuals affected by PTSD are not
provided with systematic surveillance in order to
reduce this risk and are likely not to be promptly
treated [11]. Accordingly, it is important to
strengthen existing evidence and provide new
data and more definitive answers to the issue of
causality as to the association between PTSD and
CVD [3].

It is well-known that PTSD is strongly
associated with a large number of traditional
CVD risk factors, such as maladaptive
behaviors [5, 16, 17], high rate of smoking,
alcohol abuse, nonadherence to therapy, hyperten-
sion, but also dyslipidemia, diabetes, endothelial
dysfunction, and chronic low-grade inflammation
[18–20]. However, it still stands in need of clari-
fication, whether any association between PTSD
and CVD exists independently from the afore-
mentioned factors [8]. In this perspective, several
studies have demonstrated that PTSD diagnosis is
associated to a wide range of cardiovascular dis-
eases including angina, heart failure, and coronary
heart disease, even after controlling for traditional
risk factors [2, 21, 22]. In order to better clarify
this scenario, in what follows we shall briefly refer
to some relevant epidemiological studies focusing
on this issue.

The majority of epidemiological studies have
focused on risk for acute cardiac events, and most

of them have estimated the association in samples
of male US veterans [14]. This is a group with
unique epidemiological features, since the life-
time prevalence of PTSD is estimated to be 20%
with an additional 10% with subthreshold PTSD
symptoms [23]. Among the most representative
studies belonging to this stream of research,
Kubzansky [24] and Boscarino [25, 26] found a
relative risk (RR) for early cardiovascular and
all causes mortality ranging from 1,26 to 2,55.
Consistently a recent large study on a sample
of 138.000 veterans over 55 years old found a
significant increase in cardiovascular risk among
veterans with PTSD (3% of the sample); the esti-
mated risk gap was of 49% after adjustment for
confounding factors [27]. Even if civilian popula-
tion has been historically less represented in
PTSD literature, several studies have focused
on nonmilitary samples, including both male and
female subjects. These studies substantially
confirm the aforementioned veterans studies.
Edmonson et al. [8], in a meta-analysis including
a cumulative sample of 402.000 participants, both
civilians and veterans, and in the general popula-
tion exposed to a wide range of traumatic experi-
ences, enrolled from 1984 to 2000 with a follow-
up ranging from 2,9 to 15 years, reported PTSD
to be associated with a 53% increased risk for
incident cardiac events or cardiac-specific mortal-
ity. Data were confirmed after adjustment for
confounding factors, such as demographic, clini-
cal, and psychosocial ones. When the authors
considered also depression, as a confounding fac-
tor, this percentage decreased to 27%, which is
still highly relevant.

Another important aspect to take into account
is related to gender issues: while it is noteworthy
that women have a higher risk in the prevalence of
PTSD, female gender is less represented in the
epidemiological studies with an overwhelming
predominance of male samples (such as veterans).
This aspect is even more significant if one con-
siders that both PTSD and CVD show some gen-
der-specific features in the clinical presentation. In
this framework, a recent study conducted by Sum-
mer [28] is of particular importance. By taking
into account a sample of 50.000 women, this
study confirmed the epidemiological association
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between PTSD and CVD on an exclusively
female sample, namely, by reporting a HR 1,6 of
developing CVD. This general point given, two
further aspects are worth mentioning: on
one hand, more than a half of this risk increase
was not explained by other traditional risk factors
or behavioral factors; on the other, women with
a PTSD diagnosis showed higher rates of new-
onset venous thromboembolism, a finding that
was not explained by other risk factors or medical
comorbidities.

A different approach consists in taking into
account specific cases of traumatic history in
patients developing CVD. In this respect, a study
conducted by Sachs-Ericsson [29] analyzed
a cohort of 17.000 adults from the general popu-
lation highlighting a relationship between a his-
tory of childhood traumatic experience and
ischemic heart disease. In this case, the RR
resulted of 3,5, leaving aside traditional risk fac-
tors such as smoking, poor diet, and physical
inactivity [29]. Even if this study did not consider
whether involved subjects had developed PTSD,
but only the presence of traumatic history in child-
hood, we can infer there could be a significant
overlap between childhood abuse and the devel-
opment of PTSD symptoms.

Even though evidence suggests PTSD has an
independent detrimental effect on CV function-
ing, in order to estimate the physical health bur-
den, it is important to take into account the
association with pathological conditions tightly
bound to CVD, namely, hypertension and athero-
sclerotic disease (ATS). The association between
PTSD and hypertension may be an important
mechanism by which PTSD could increase CVD
risk. However, even if the existence of this asso-
ciation is widely acknowledged, its strength is still
debated. The national comorbidity survey found
a twofold greater prevalence of hypertension
among people with PTSD if compared with
healthy controls. This result confirms the
findings of a large prospective study on a sample
of 300.000 veterans: veterans with PTSD resulted
to have a double prevalence of hypertension [18].
These results are further confirmed by another
prospective study involving 200.000 veterans:
the PTSD-associated HRwas 1,3 for hypertension

diagnosis or prescription for hypertension medi-
caments [3]. Although these studies have pro-
duced massive evidence, if considered altogether
they do not seem to lead to definitive conclusions
[14].

For what concerns the atherosclerotic disease,
probably the main proxy of CVD disease, a study
conducted on 600 veterans identified PTSD as an
independent predictor of the presence and exten-
sion of atherosclerotic lesions and as a predictor
of mortality to each increasing level of ATS
burden [30]. In this framework, taking into
account the overlap between the risk factors and
pathogenesis of cardiovascular and cerebrovascu-
lar event, it is not surprising that PTSD seems to
be associated to a higher risk of stroke. Indeed,
a recent meta-analysis founded a PTSD-associ-
ated relative risk of stroke of 2,3 [8, 14], and
according to a study based on the Danish National
Patient Registry, this association was stronger in
male population [31].

This survey should have shown that epidemi-
ological data, gathered in a huge range of studies,
clearly indicated a correlation between PTSD and
CVD. However, demonstrating the casual nature
of this link is much more controversial. Several
factors contribute to this complexity. First of
all, one could object that it is possible to hypoth-
esize at least two forms of bidirectionality [11]:
PTSD could lead to CVD and the development
of a serious disease could worsen PTSD symp-
toms. In other words, these pathological condi-
tions maymutually influence each other, no causal
relationship being at stake in this case. Another
issue concerns the role of confounding factors,
such as maladaptive behaviors [3] (e.g., smoking,
alcohol and drug abuse, poor compliance to ther-
apy) and psychiatric comorbidity [3], that are
highly prevalent among people suffering from
PTSD. Furthermore, the majority of the aforemen-
tioned epidemiological studies have some meth-
odological shortcomings: for instance, they tend
to measure PTSD and CVD symptoms only once
at the beginning of the study, but then typically
rely on lengthy follow-up periods during
which the confounding factors may vary over
time [11, 14]. However, other important studies
shed light on this issue approaching the open
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question about causality from different perspec-
tives. Some significant suggestions came from the
study of Vaccarino and colleagues, who carefully
examined a sample of twins from the Vietnam
Era Twin Registry in order to estimate the role
of common genetic background and familiar con-
founders in determining PTSD and CVD risk.
The results of this study have shown that the
association between PTSD and CVD was not
significantly confounded by genetic or other
environmental factors suggesting that PTSD is
a causal risk factor for CVD. In addition, the
recent studies of Koenen [11], Dennis [32], and
Scherrer [33] have further strengthened the case in
favor of the existence of a causal relation between
PTSD and CVD. In the first [11], the authors
inquired the development of changing in the
CVD biomarkers in women with new-onset
PTSD without previous CVD. In the study of
Dennis and colleagues, the focus was on the
extent to which modifications in PTSD symptoms
affect autonomic dysregulation, inflammation,
and endothelial dysfunction [32]. Finally,
Scherrer and colleagues have been examining if
PTSD treatment can reduce CVD risk [33].

In light of these data, there is enough evidence
to suggest the existence of a causal relationship
between PTSD and CVD: available data clearly
emphasize an epidemiological association
between PTSD and risk of CVD and suggest that
PTSD can be considered, in a multifactorial path-
ogenetic model, an independent risk factor. To put
it with Boscarino’s words “The question now is
not if there is a link between PTSD and CVD, but
why this association exists and can this outcome
be prevented?” [34]. In this regard, more studies
are needed from non-US population and nonvet-
erans, and research should provide more precise
estimates by rigorously adjusting for depression
and lifestyles as well as established CVD risk
factors.

Risk Factors

The pathogenetic model which best accounts for
the association that has been detected between
PTSD and the aforementioned pathological

conditions and, more specifically, CVD is multi-
factorial: both biological and behavioral factors
contribute, to different extents, in determining a
higher risk of CVD in PTSD patients [11]. It is
currently acknowledged that people with PTSD
are prone to develop a pattern of maladaptive
behaviors, such as smoking, substance and alco-
hol abuse, and poor adherence to medical treat-
ment. This clearly constitutes in itself a source of
additional risk in terms of general health outcome.
However, as emerged from the previously quoted
epidemiological studies, the contribution of PTSD
to the increased risk of CVD and related
conditions, such as cerebrovascular disease,
hypertension, atherosclerotic disease, and venous
thromboembolism, seems to be independent from
these factors. Accordingly, a growing amount of
literature has been analyzing the physiopatholog-
ical pathways underlying this association. In what
follows we will provide a discussion of the
principal mechanisms which are potentially
involved in determining this association,
such as autonomic and neuroendocrinological
dysregulation, pro-phlogistic diathesis, genetic
factors, and behavioral factors. Each of these path-
ways may influence the cardiovascular function;
it follows that related pathological modifications –
being acute, chronic, or both – can contribute to
CVD risk, and this can happen either directly
or through an increase of the risk to develop
strictly related pathological conditions, such as
hypertension [35].

Physiopathological Factors
The majority of theories formulated with the aim
of detecting a causal path leading from PTSD
to physical diseases have been focused on auto-
nomic imbalance and on dysregulation
in the hypothalamus-pituitary-adrenal axis
(HPA) [3]. An ongoing dysregulation in these
pathways may have pleiotropic effects, for
instance, on blood pressure regulation and on
inflammatory response, and can contribute to
a cardiovascular system damage [36–38]. This
depends on the fact that, in the immediate after-
math of a stressful or traumatic event, there is
a sudden, massive activation of the autonomic
system and of the HPA axis. This activation
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represents the physiological substrate of “flight or
fight” response, an adaptive reaction that leads to
an increase in catecholamines and cortisol levels.
This reaction gives rise to a complex series of
behavioral and physiologic modifications, aimed
to deal with the newly occurred condition, and
usually extinguishes itself in a short timespan
thanks to the activation of negative feedback
homeostatic mechanisms [39]. By contrast,
among people who develop PTSD, several abnor-
malities have been documented, namely, an
abnormal persistence of psychological, behav-
ioral, and physiological stress response [38] and
neuroendocrinological and autonomic alterations.
More specifically, among PTSD sufferers,
an imbalance of autonomic activity has been
detected, leading to a sympathetic predominance
with pervasive effects on cardiovascular function-
ing. It is noteworthy that this response, which
is detectable by measuring urinary catecholamine
level, is combined with lower cortisol levels and
daily cortisol output [40, 41]. All this leads
to outline a complex scenario, in which two par-
ticular conditions occur: on one hand, there is
a lowering of the threshold for a sympathetic
response, meaning that a lot of stimuli potentially
activate a flight or fight response with a massive
catecholamines release; on the other hand, the
baseline functioning of the HPA axis is impaired
with chronically lower cortisol levels [42, 43].

In consequence to the autonomic imbalance,
patients with PTSD show an exaggerated and
poorly modulated sympathetic response with
higher catecholamine levels. At the same time,
there is a downregulation of parasympathetic
activity with a decreased vagal control of hemo-
dynamic homeostasis and of inflammatory
response. In this respect, among PTSD sufferers
a lower heart rate variability (HRV) has been
detected: this is a reliable indicator of parasympa-
thetic nervous system activity, along with subtle
baroreflex abnormalities [19, 44–46]. These
results outlined a lack of autonomic modulation,
with a consequent autonomic inflexibility, which
in turn constitutes an acknowledged risk factor for
unfavorable CV outcomes [47, 48]. These abnor-
malities showed a strong association with current
PTSD, independently of other genetic, familial,

and sociodemographic factors. Furthermore, there
was a linear relationship between PTSD symptom
burden and decrease in HRV, and this alteration
resulted to be at least partially reversible [44].

Among the several physiopathological conse-
quences of the aforementioned imbalance, there is
also a sustained higher heart rate, with frequent
peaks after exposure to reminders of the traumatic
experiences [49]. A chronically high heart rate
is an acknowledged major risk factor for acute
cardiac events and mortality in CVD patients
[48]. Moreover, in the short term, the iterated
heart-rate peaks cause sudden increase of the
shear stress on the endothelium, potentially lead-
ing to an acute injuring of atheromatous plaque,
and this in turn triggers an atherothrombotic
mechanism. In a longer perspective, a sympa-
thetic tone higher than normal is linked to
a sustained increase in vascular resistance: in this
way, by eliciting iterated autonomic response,
PTSD can exert a deep influence on arterial
blood pressure [8, 35, 50].

For what concerns the HPA, during the last
three decades, a growing literature has been
enlightening to what extent there is an impairment
of this axis in stress-related psychiatric
disorder, leading to an insufficient gluco-
corticoid signaling with a lower daily cortisol
output [37, 40, 51]. This is a somewhat counter-
intuitive finding, since it is widely acknowledged
that the HPA axis represents one of the principal
stress response mechanisms. Several hypotheses
have been formulated in order to explain this
evidence, mainly about the role of an increased
negative feedback sensitivity [52] that could
represent the mediator between the initial
stress-related hypercortisolism and the subse-
quent development of hypocortisolism [53].
Noteworthy, peripheral tissues show a heteroge-
neous pattern of glucocorticoid responsiveness
with an overall hyperreactivity of some target
tissues such as adrenal gland and hypothalamus
[37]. This finding has several pathophysiological
implications. An absolute or relative hypo-
cortisolism, in fact, may play a permissive role
for the autonomic imbalance, reducing the capac-
ity to modulate the sympathetic response [37]
or constitute a contributory cause to the pro-
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phlogistic diathesis commonly associated
to stress-related disorder [54]. Moreover, a recent
study pointed out the existence of an association
between HPA hypofunctioning and metabolic
and cardiovascular risk factors. However, it is
still unclear whether it is rather the case that this
association is ascribed to the previous state of
hypercortisolism that can be detected in the after-
math of traumatic event and may persist for
a variable timespan [55].

Several studies have provided solid grounds to
the hypothesis of the existence of an inflammatory
diathesis among PTSD sufferers. A large number
of studies, whose results have been gathered in
a recent meta-analysis [56], have pointed out
the existence of an association between PTSD
symptoms and blood level of inflammatory
biomarkers, such as IL-1, IL-6, and IFN [56–58].
Moreover, it has been found that blood level of
phlogistic markers show a linear association with
PTSD symptom burden [20]. This is a noteworthy
point, since the phlogistic state can be considered
one of the main determiners of the association
between PTSD and CVD, since it may lead to
endothelial dysfunction, hypertension, earlier
development, and accelerated progression of ath-
erosclerosis disease [14]. Indeed, one of the mech-
anisms through which inflammation plays
a pathogenetic role in mediating the detrimental
effects of PTSD on CV functioning is its contri-
bution to atherosclerosis, which is the main proxy
of CVD. It is widely recognized that atheroscle-
rotic disease is sustained by an inflammatory pro-
cess from the initiation, through the progression
of the atheroma, until the acute plaque events that
constitute the substrate of catastrophic cardiovas-
cular events, such as acute myocardial infarction
(AMI) [20, 59]. Both autonomic and neuroendo-
crine mechanisms, already discussed in the previ-
ous paragraph, are involved in determining
this inflammatory state. On one hand, chronically
elevated catecholamine levels act on B-adrenergic
receptors of immune cells and induce transcrip-
tion of nuclear factor kappa B (NFkB); NFkB
exerts a critical control on synthesis of a large
number of cytokines; consequently an increase
in NFkB expression leads to the activation of
the inflammatory response. High levels of NFkB

were found among a sample of women with PTSD
who had a history of childhood abuse [60]. In this
framework, NFkB can be considered an important
mediator for the translation of social stress into
inflammation [61]. It is worth mentioning that
NFkB transcription is regulated both by glucocor-
ticoid hormones and by catecholamines with an
effect respectively inhibiting and inducing.
Indeed, NFkB DNA expression in immune cells
shows an inverse correlation with glucocorticoid
sensitivity of GC. In this finding it is not unex-
pected considering that glucocorticoid signaling
exerts a pervasive modulation of the inflammatory
and immune response. Glucocorticoid
generally restricts the inflammatory process by
inhibiting immune cell proliferation, regulating
pro-inflammatory cytokine production such as
tumor necrosis factors (TNF-α) or interleukin 6
(IL-6), and stimulating apoptosis [20, 62, 63].

The endothelium is the innermost stratum of
vascular wall and is constituted by a single layer
of cells. It has a critical role in determining the
vascular permeability and mediates the vasomotor
response to hemodynamic factors and circulating
mediators even by synthesizing in its turn a wide
series of vasoactive substances. In addition, it has
a role also in the regulation of coagulation cascade
and platelet activation and, under normal circum-
stances, exerts an anti-aggregatory effect. Overall,
the endothelium plays a crucial role in keeping
vascular homeostasis: endothelial dysfunction has
been proved to exert a systemic detrimental effect
on CV function, it is detectable in early stages
of CVD, and it is nowadays recognized as
an independent and highly predictive index of
CVD [64, 65]. Moreover, endothelial dysfunc-
tion, just as an abnormal endothelial response to
vasoactive mediators, has been detected during
and after a period of stress [19, 66]. Consequently,
the endothelial function has been object of grow-
ing interest in researches focused on the pathways
binding PTSD and CVD risk. As previously
demonstrated by studies conducted on samples
of people undergoing stressful circumstances,
experiencing of anger and negative moods is asso-
ciated to an acute worsening of endothelial func-
tion that lasts 1 h or more. If we consider that re-
experience of traumatic events and hyperarousal
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constitute two of the main features of PTSD, this
finding can be easily generalized to PTSD suf-
ferers. The result of a study conducted by von
Kanel adds evidence to this claim: the author
measured three markers of endothelial function,
namely, von Willebrand factors (vWF), soluble
tissue factor (sTF), and soluble intercellular adhe-
sion molecule-1 (sICAM-1), and found a correla-
tion between sTF and vWF and PTSD symptoms
that was only partly affected by psychological
distress. It is worth mentioning that this associa-
tion was also observed among people whose
symptoms did not reach the threshold for a cate-
gorical PTSD diagnosis; this finding suggests the
existence of a continued relationship between the
severity of PTSD and the endothelial impairment
[20]. Both autonomic imbalance and chronic low-
grade inflammation may be implicated in deter-
mining endothelial damage. First, the chronic
exposition to high blood level of norepinephrine
and epinephrine causes vasoconstriction both
directly, acting on beta-1 and alpha-1 adrenergic
receptors, and indirectly, through the mobilization
of endothelin-1 (ET-1) from plaque resident mac-
rophages. In this framework, norepinephrine and
ET-1, which are synergistically involved in stress-
related vasoconstriction, may play a key role in
emotion-triggered cardiac events. Moreover the
iterated catecholaminergic peaks induce a rapid
release of vWF from endothelial storage sites via
stimulation of endothelial B2 adrenergic receptor
causing an imbalance in coagulation homeostasis
[3, 20]. In addition, the inflammatory state
described above constitutes a well-known endo-
thelial injuring in as much as it causes an increase
in oxidative stress and a hypercoagulable state.

Several studies have demonstrated the
existence of an association between PTSD and
hypertension. This evidence is of particular sig-
nificance, in as much as hypertension is a tradi-
tional risk factor for CVD and cerebrovascular
disease. Among these researches, it is worth men-
tioning a recent prospective study conducted by
Burg on a sample of 195,000 veterans [35] of both
genders, in which a PTSD diagnosis was shown to
be associated with a 25–46% increased risk
to develop hypertension. Moreover, the hyperten-
sion occurred much earlier than in the general

population, and this age gap was wider among
female patients [35]. This finding confirms
what was previously reported in other studies
conducted on veterans: the National Comorbidity
Study [67, 68] found a twofold greater prevalence
of hypertension among people with PTSD; similar
data had come from a large study conducted on
a sample of over 300,000 subjects [18], while two
prospective studies reported an increased risk
(33–38%) of receiving a subsequent hypertension
diagnosis [69, 70]. The PTSD-related physiopath-
ological alterations described above account for
this increased risk in as much as the autonomic,
neuroendocrinological, and inflammatory corre-
lates of PTSD act on arterial capacity, peripheral
vascular resistances, endothelial functioning, and
heart rate, which are altogether among the main
determinants of arterial blood pressure [14].

Behavioral and Environmental Factors
Among diagnostic criteria for PTSD, the DSM-5
recently introduced the emergence of reckless or
self-destructive behavior, such as dangerous driv-
ing, excessive alcohol or drug abuse, or self-inju-
rious or suicidal behavior (criterion E2), in the
context of marked alterations in arousal and reac-
tivity associated with the traumatic event begin-
ning or worsening after the traumatic
event (criterion E) [1]. This is consistent with
several studies, conducted on heterogeneous epi-
demiological samples, showing a significant asso-
ciation between PTSD diagnosis and a wide range
of maladaptive behaviors, that is, volitional
behavior whose outcome is uncertain and which
negatively affects everyday life functioning.
In a wider perspective, it is reasonable to hypoth-
esize the existence of higher rates of CVD health
risk behavior among individual with PTSD.

Moreover, the avoidance symptoms of PTSD,
mentioned in the criterion C, may lead to social
isolation. The consequent poor social support
constitutes by itself a recognized psychosocial
risk factor for adverse medical outcome,
inasmuch as it further compromises the chance
of receiving a prompt diagnosis and an optimal
treatment [71, 72]. The same studies have also
been focusing on the prevalence of unhealthy
behavior in PTSD sufferers with the aim of
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quantifying its impact on the etiopathogenesis of
CVD: although behavior-related factors rarely full
attenuate the association between PTSD and CVD
and related condition [11], on the other hand, it is
out of doubt that they exert a detrimental effect on
cardiovascular function and, more generally, neg-
atively affects the physical health.

A list of maladaptive behaviors, albeit not
complete, includes smoking, substance abuse,
hazardous drinking, dangerous driving, sexual
unprotected intercourses, poor medical therapy
adherence, unhealthy eating behaviors, and phys-
ical inactivity [7, 73–76]. Interestingly, the results
of a large longitudinal study conducted by Breslau
highlights that the association between heavy
alcohol use, substance abuse, and traumatic expe-
riences was mediated by PTSD development and
was not ascribable to the trauma in itself. Another
important aspect to be taken in account is the
effect of gender and sociodemographic factors:
young males with lower instruction were
more prone to develop a maladaptive behavioral
pattern [6, 7, 77]. In addition, among people with
PTSD, there is a high prevalence of sleep distur-
bance [78], a recent meta-analysis enlighted an
association between short duration of sleep
and incidence of CVD and stroke, and more stud-
ies are warranted in order to explore this relation-
ship [79].

Cardiovascular Disease-Induced PTSD
(CDI-PTSD)

Epidemiology

The number of adults with diagnosed CVD in the
USA alone has been recently estimated to be as
high as about 121.5 million [80] and 83.5 million
in Europe [81]: among these, ischemic heart dis-
ease accounted for about 50% of these cases.
Despite this, in recent decades, survival rates for
cardiac events and, especially, for acute coronary
syndrome [ACS, including myocardial infarction
(MI) divided into subgroups of ST-segment
elevation myocardial infarction (STEMI), non-
ST-segment elevation myocardial infarction (N-
STEMI), and unstable angina (UA)] have firmly

increased [82, 83]: thus, quality of life after ACS
has become vitally important. Even though the
therapeutic progresses brought by new interven-
tions, technologies, and treatment guideline have
given an important survival benefit, the men-
tioned progresses may also have increased the
number of patients at potential risk for developing
psychiatric morbidity.

Psychiatric disorders, such as anxiety and
depression, have been widely described in patients
suffering from CVD in the last years with increas-
ing attention, being devoted to the high prevalence
rates detectable in this population. In patients suf-
fering from coronary artery disease or heart failure,
an overall prevalence of depressive disorder has
been estimated to be around 20%: three times
greater than in general population [84]. Literature
reported prevalence rates of any anxiety disorders
in CVD populations of about 16%, with preva-
lence rates of general anxiety disorder and panic
disorder being much higher than in the general
population and with comorbidity between depres-
sive and anxiety disorders being around 50% of
the CVD cases [85]. In this context, in recent
years, researchers strongly focused on the impor-
tance of evaluating PTSD emerging in the after-
math of cardiovascular events (CDI-PTSD).

Among life-threatening diseases, CVDs seem
to include potentially traumatizing characteristics,
such as the concrete danger of death; the drasticity
of the event, associated with the sense of loss
of control; and helplessness experienced by the
patient [86]. In addition to this, possible invasive
treatments, including catheterization [percutane-
ous transluminal angioplasty or percutaneous
coronary intervention (PCI)], heart surgery [coro-
nary artery bypass graft (CABG)], implantation
of pacemaker or implantable cardioverter-defibril-
lator (ICD), stress testings that the patient may
undergo because of the cardiovascular event, as
well as the side effects of pharmacological treat-
ments, can work as traumatizing factors promot-
ing the development of PTSD [87].

Since PTSD’s first appearing as a diagnosis
in the APA’s third edition of its Diagnostic and
Statistical Manual of Mental Disorders [9, 88],
nosographic changes in the DSM later editions
specifically involved PTSD diagnostic criteria,
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generating as much controversy in its clinical
boundaries, as well as the definition of an event
as being traumatic. In the initial DSM-III formu-
lation, in fact, a traumatic event was defined as
a catastrophic stressor, an experience outside the
range of usual human experience. In this context,
events such as serious illnesses were not included
among trauma, basing on the assumption that
most individuals have ability to face these events
that were assumed as ordinary stressors and that
only events that can overwhelm subjects’
adaptive capacities can be considered as trau-
matic. However increasing data have suggested
PTSD in patients affected by cardiovascular dis-
eases [84, 89, 90], leading to the current definition
in the DSM-5 [1], where life-threatening illnesses
and debilitating medical conditions, while being
considered as not necessarily causal events of
PTSD, are described as traumatic events that can
elicit it.

For its hallmarks, PTSD due to medical condi-
tions (including PTSD consequent to cardiovas-
cular disease such as heart attack) has unique
characteristics because of the trauma’s nature
and effects. Whence, this argument has been
deepened in literature, and a number of
researchers have studied how it can diverge from
the traditional model of PTSD. Edmondson, in
one study, highlighted the differences from
PTSD due to other traumatic events (for instance,
the classical example of PTSD in war veterans),
including the source of the trigger event (external
vs somatic), the timing and the probability of
recurrence of the threatening event (past versus
present/future), and the different symptoms and
course of post-traumatic symptoms, proposing
an enduring somatic threat to the approach [91].
In PTSD triggered by external events, such as
combat or sexual assault, events are in fact
circumscribed: even if the probability of re-
experiencing similar violent situations exists, sub-
jects rationally know that there are safe places
in the world wherein the danger is unlikely to
exist. Otherwise, life-threatening medical condi-
tions, such as CVD, represent long term risk
conditions that are intrinsically linked to the sub-
ject. Moreover, this kind of traumatic experiences
may generate expectation of future unpredictable

recurrences and further negative consequences;
they also require medical surveillance on regular
basis and compliance to therapeutic regimes, and
make the patient feel unarmed and unsafe in any
place [92, 93]. It’s well-known that the great fre-
quency of recurrence of these chronic diseases
requests strict adherence to therapeutic regimens
[94, 95], lifestyle changes, monitoring of physio-
logical markers, and working as a continuous cue
of ongoing threat and has been associated with
poor psychological adjustment and distress [96].
Furthermore, cardiac acute events are often per-
ceived with intense fear [97], loss of control [98],
and helplessness [99] which are themselves risk
factors for PTSD development.

Some researches highlighted how PTSD char-
acteristics can also vary in the way symptomato-
logical clusters of PTSD are presented in
the aftermath of CVDs. For example, re-
experiencing symptoms of PTSD due to a medical
illness (e.g., recalling the cardiac event or defibril-
lator shocks, dreams of event recurrence, flash-
backs of surgery, or generally medical
interventions) are caused by recurrent fear rather
than to a single event happened in the past, as
much as avoidance (e.g., avoid reminders of the
cardiac event such as the location of the event, the
hospital, medical therapies, situations in which
heart rate increases such as sexual activity), neg-
ative alterations in cognition or mood, and hyper-
arousal symptoms (e.g., worrying with heart rate
or chest pain; insomnia) can have different behav-
ioral and psychological consequences [100].

Interestingly, for what concerns re-experienc-
ing symptoms, for example, some studies found
that intrusive thoughts are linked to endothelial
dysfunction [19], higher blood pressure [101],
higher blood levels of contro-insular hormones
(like cortisol or catecholamines) [102], and higher
levels of C-reactive protein levels [103],
highlighting the connection between psychologi-
cal answers and autonomic nervous system,
which is an important cardiovascular risk factor
accelerating progression of heart disease and
increasing the risk of acute events, which is
more significant for patients surviving a cardiac
attack than for those suffering other external
events without an underlying cardiovascular risk.
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In support of this, a study conducted on ACS
patients found a threefold increased risk for recur-
rence or mortality due to a cardiac event, in the 42
months after the index event, in those subjects
with higher scores of re-experiencing symptoms
[104].

In relation to avoidance symptom as well, there
is now considerable evidence for the association
of PTSD with avoidance of medical treatments in
ACS [105, 106], suggesting that nonadherence to
secondary prevention can represent a reminder of
the index event, with consequences on global
survival rate of these patients.

Interestingly, in the trauma and loss spectrum
questionnaire [107], developed in the framework
of the Spectrum Project acknowledging a multi-
dimensional spectrum approach to PTSD, one of
the items encoded among maladaptive behaviors
is: “Since the loss or event, did you ever
stop taking prescribed medications or fail to fol-
low-up with medical recommendations, such as
appointments, diagnostic tests, or a diet?”.
A number of studies conducted by some of
us showed the relevance of this behavior in trau-
matized subjects shedding light on the possible
medical implications of treatment nonadherence
as post-traumatic stress spectrum symptomatol-
ogy, particularly among women [5, 6].

Hyperarousal symptoms, as well, represent an
interesting indicator in cardiac-induced and gen-
erally in medically induced PTSD, because of the
two-way connection between anxiety reactions
and sympathetic answers and consequent cardio-
vascular activity: any fluctuation of cardiovascu-
lar indicators of threat (heart rate, blood pressure)
in a hypervigilant heart attack survivor can itself
increase anxiety and consequently autonomic
and cardiovascular activity. Hyperarousal symp-
toms are furthermore associated with sleep
disruption [79] as well as with inflammatory bio-
marker increase in cardiac event survivors [106,
108], probably due to autonomic imbalance with
sympathetic prevalence of function, both of them
representing themselves a cardiovascular risk and
predictors of adverse outcome in survivors of
acute cardiovascular events.

Among cardiovascular events, great focus of
studies has been devoted to ACS, because of its

high incidence in the general population: so it has
been widely used as a paradigm to analyze car-
diac-induced PTSD (CDI-PTSD). Fewer data
have been reported on other cardiac conditions,
such as heart surgery or ICD.

PTSD consequent to ACS (ACS-PTSD) prev-
alence estimates across studies widely varied from
0% to 32%, due to the different methodologies, in
particular to the variability of the instruments
adopted to assess post-traumatic stress symptoms:
prevalence estimates derived by screening ques-
tionnaires, in fact, result to be higher than those
derived by the use of clinical diagnostic inter-
views, with 16% and 4% prevalence rates,
respectively.

Vilchinsky and colleagues [109], in a most
recent systematic review, analyzed the PTSD
prevalence rates across studies assessing patients
at different timeframes from the cardiovascular
event, ranging from the hospitalization to as
many about 10 years later. Interestingly,
only few studies have taken into account post-
traumatic symptoms due to a coronary event
during hospitalization or within 2 weeks as a
consequence of ACS, in order to evaluate
the prevalence of acute stress disorder with
a variable prevalence ranging from 0% to
26% [110–114]. Evidence produced from studies
that assessed the situation a month after the index
event were influenced by diagnostic tools used:
Roberge and colleagues reported CDI-PTSD
rates of 4,1% by the means of a clinical
interview, although other authors found higher
rates, ranging about 11–16% using self-report
questionnaires [115].

In a range of time going from 3 to 18 months,
evidence suggested ACS-PTSD rates ranging
from 3% to 21%, with differences that have may
also been related to the variation of the diagnostic
criteria suggested by the DSM for the PTSD diag-
nosis [105, 110, 116, 117] and with higher rates
being reported by self-report measures with
respect to the SCID. One study [89], using
the structured clinical interview for the PTSD
diagnosis 2 years post-MI, found that none of
the subjects observed satisfied the criteria; higher
prevalence was estimated around 13% in studies
with wider samples of MI patients 3 years to
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as many as 8 years after the event [118, 119]
through self-report measures. These rates are any-
way higher than those found in other studies
reporting the prevalence rates in the general pop-
ulation [120–123].

To the best of our knowledge, the only meta--
analysis available [124] including 24 observa-
tional cross-sectional studies reported an
aggregated prevalence estimates of ACS-induced
PTSD of 12%. Almost all the studies assessed
PTSD within 2 years after the index medical
event, suggesting timing from the index cardio-
vascular event to be unrelated to PTSD prevalence
rates. Interestingly, most recent publications
reported lower PTSD prevalence estimates,
highlighting that less severe diseases more
recently included to the definition of ACS (i.e.,
N-STEMI or UA) resulted to be unrelated to prev-
alence rates, suggesting that the advances
achieved over the years in the medical treatment
of MI may represent an effective instrument to
reduce its traumatic impact, bettering post ACS
psychological outcomes.

Little is known about the burden of PTSD
caused by other cardiovascular diseases besides
coronary artery disease. In a systematic review,
Vilchinsky and colleagues [109] reported preva-
lence rates ranging from 15% to 38% among
patient survivors of sudden cardiac
arrest [125–127], with variability also being
related to the assessment instruments adopted.
In patients with an ICD was reported a
prevalence of CDI- PTSD ranging from 7.6% to
30% [128–131]. The peculiarity inherent in this
case is that ICD works in restoring physiological
heart function with an electric shock when malig-
nant arrhythmias occur, sometimes with daily
multiple device firing (“electric storm”). While
the aforementioned device is a lifesaver, it may
be a continuous reminder of heart chronic disease
and its life threat [132], not to mention the
shock which represents a painful experience
linked with helplessness and fright. For all the
above reasons, it’s likely that ICD implantation
in the future will be found to fit neatly into CDI-
PTSD risk factors’ list.

In cases where the cardiac pathology requires a
surgical intervention, such as CABG and in the

most extreme cases heart transplantation, some
authors investigated the presence of PTSD in
these populations, finding again prevalence rate
variations based on the evaluation times, ranging
from 7% prior elective surgery [133, 134] to
12.7% after emergency CABG [135].
Interestingly, in case of heart transplant, higher
PTSD prevalence rates have been reported, with
a particular increasing trend across times with
rates going from 10.8% to 19.3% 12 months
after transplantation and up to 22% after 36
months with the most elevated rates among all
studies [136, 137].

Despite a growing researchers’ interest for
PTSD induced by cardiovascular events in the
last few years, more than half studies have been
conducted so far on patients following a MI, with
less attention being paid on other conditions (e.g.,
medical procedures consequent to cardiac illness):
given the paucity of results, evidence can’t be yet
considered conclusive, and more research is
needed.

Risk Factors

A growing body of literature has investigated the
risk factors related to PTSD and to its symptoms’
severity after ACS event. For what concerns
demographic factors, many were found to be asso-
ciated with CDI-PTSD related to ACS, even if
there’s no univocal consensus about this. In fact,
if younger age was shown to be related to
greater PTSD prevalence rates in some studies,
suggesting that the threatening of the event
could be more serious because of the little
prior experience of these patients with medical
illnesses [118, 124], in others it was not [138].
The same disagreement concerned gender: some
authors detected females to be more prone to
develop PTSD than male patients, while others
did not find any gender differences [139]. Other
demographic factors found to be related to PTSD
onset, including ethnic minority and low socio-
economic status [140, 141]. Interestingly, all the
aforementioned factors are those predicting
myocardial ischemia in patients with known
CVD [142]. Interestingly, no study considered
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the clinical severity of the cardiac event predictive
of PTSD’s development, but many traumatic fac-
tors have been suggested by literature as risk
factors for diagnosis and prognosis of PTSD
after the cardiac event, like helplessness and
chest pain during the event [143], dissociation
during acute stress disorder [144], history of psy-
chiatric disorder and depression symptoms during
hospitalization [125], as well as prior traumatiza-
tion [86], psychological traits as type of personal-
ity (such as distressed type D personality) [145],
alexithymia [146] or neuroticism [99], maladap-
tive coping [147], and negative cognitive
appraisals [149].

For what concerns CDI-PTSD related to other
conditions besides ACS, significant correlations
emerged to be related to preoccupation with
somatic symptoms and impaired quality of
life [109]. In the case of ICD, risk factors were
associated with emotional distress before the
device implantation and actual firing of the device
[131, 149], while the ones connected with
the CABG were represented by disease severity,
longer operation, use of more complex surgical
procedures instead of less invasive procedures,
as well as postoperative delirium [90, 151, 152].
Finally, Dew and colleagues in 2001 [137],
detecting anxiety disorders (among which
PTSD) onset after heart transplantation, identified
psychiatric history, female sex, longer post-trans-
plant hospitalization, and low support from family
members as risk factors.

Clinical Characteristics

Authors have explored the course of CDI-PTSD,
despite there is currently some controversy about
its chronicity. For what concerns ACS related
PTSD, Ginzburg and colleagues, in an 8-year
follow-up, revealed a significant decrease of
post-traumatic stress symptoms, with most
patients reporting PTSD at 7 months after being
recovered for ACS acute coronary syndrome,
except for a small percentage (6% patients, the
so-called chronic group), showing enduring
PTSD symptoms up to 8 years after the index
event [153]. On a shorter time-gap, PTSD criteria

were met in 12,2% and 12,8% of patients at a
follow up of 12 and 36 months from the first
ACS event respectively, highlighting, however,
the fact that some patients resulting positive at
12 months resulted no longer affected at 36
months and others, conversely, resulted positive
at 36 months having been negative at 12 months.
Other factors, such as depressed mood during
admission and recurrent cardiac symptoms, were
independent predictors of post-traumatic symp-
toms, indicating emotional responses as predic-
tors of longer-term post-traumatic stress and the
importance of the patients’ identification to
improve their quality of life. Accordingly, Abbas
and colleagues demonstrated that post-traumatic
stress symptoms persisted in two-thirds of patients
2 years after the cardiac event, although PTSD
global symptoms waned over time and in con-
junction with a longer follow-up (leading advo-
cacy for the prolongation of the clinical
investigation). Furthermore, among all the symp-
tomatic clusters, avoidance showed the lowest to
decline [154].

For what concerns PTSD due to cardiac arrest,
besides the scant data available, there is some
controversy in relation to its course. Versteeg
et al. [149] showed that 60% of the patients
affected by cardiac-induced PTSD after 3 months
from the implantation of the ICD still reported
PTSD after 6 months. von Kanel et al. [120], on
the other hand, following a group of ICD patients
for 5 years, found that only 19% of patients having
PTSD at baseline resulted in having PTSD at the
follow-up test, but 18% of patients not affected by
cardiac-induced PTSD at the baseline developed a
PTSD afterward [150].

Only few studies have assessed the prevalence
rate of CDI-induced PTSD due to CABG, and
these produced heterogeneous results: some
found a reduction of prevalence at the 1-year
follow-up [141] (5,8%), while others detected
a higher prevalence in the same time lapse
(19,7%) [155].

The same can be said about heart transplanta-
tion-induced PTSD: in fact, prevalence outcomes
derived from post-transplantation 1 to 5 years of
follow-up cover a wide variety (ranging from
9,8% to 13%) [156, 157].
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The increasing attention toward post-traumatic
stress symptoms following major cardiovascular
events has led to investigate the consequences and
prognostic aspects of CDI-PTSD, as well as cor-
related aspects in mortality and morbidity even for
other cardiovascular events. Various authors have
focused on these aspects, and, although there is no
consensus, the evidence of PTSD-related symp-
toms as negative prognostic factors in the popula-
tion of patients with cardiovascular disease is
quite clear. In 1979, Horowitz et al. found a pos-
itive correlation between scores obtained in the
size of the intrusive symptoms of the IES scale
[158] and the risk of developing major adverse
cardiac events, as well as overall mortality [159].
Similarly, Edmondson et al. in 2011 confirmed the
same concept, finding that severity intrusive
symptoms measured 1 month after the cardiac
event could predict the relapse of the major car-
diac events and global mortality [104]. More
recently, another study has shown the existence
of dissociative symptoms increases the 15-year
overall mortality rate among patients with myo-
cardial infarction [153]. von Kanel and his col-
leagues highlighted that, for each 10-point
increase of the post-traumatic stress symptoms’
score evaluated at 3 months from an acute coro-
nary event, the probability of a new hospitaliza-
tion in relation to the re-occurrence of the
previous cardiovascular pathology was signifi-
cantly higher (HR = 1,42) [160, 161] .

Similarly, moving from the rising hypothesis
of a correlation between PTSD and uncomplied
therapy, Shemesh and colleagues have found the
association between prevalence rates of above-
threshold symptoms of PTSD in patients evalu-
ated 6 months after the acute coronary event with
an incidence of heart attack recurrence being
almost double compared to patients who did not
reach this threshold, as well as an association with
nonadherence to medications [148].

In their meta-analysis, Edmondson and col-
leagues detected an almost doubled risk (RR=2)
of unfavorable outcomes such as recurrence of
cardiovascular events and mortality in this patient
sample [124].

However, the evidence of a worse prognosis
has not yet found great attention in literature as to

univocally explain its reasons. Shortly mentioning
the basis of pathophysiologic mechanisms linking
PTSD to recurrence of cardiovascular events and
consequent increase of mortality risk, although
there is need for more data and research, there is
considerable evidence about the link between
PTSD, due to several stressful stimuli, and conse-
quent occurrence of cardiovascular events. PTSD,
indeed, is associated with an excess of inflamma-
tion and immune system dysfunction. This
imbalance in favor of pro-inflammatory factors
seems to be related to a dysfunction of the hypo-
thalamic-pituitary-adrenal axis system as well as
epigenetic factors leading T cells to a specific
differentiation [162]. The increase of inflamma-
tory factors, common to both diseases, including
specific cytokines, such as PCR, TNF, and IL-1
[19], accelerates sufferance processes that con-
tribute to an increased risk of cardiovascular dis-
ease. It is likely that the addictive effect of two
disorders determines worsening of the underlying
disease outcome. Chronic medical conditions
such as PTSD can also cause activation of renin-
angiotensin system resulting in vasoconstriction,
inflammation, and fibrosis. The final effect can be
explained in high blood pressure, increased sym-
pathetic activity, and pro-inflammatory and
hypertrophic effects [163, 164]. Some of these
mechanisms have been highlighted and referred
to as “the allostatic load model” [49]. Such
model hypothesizes the presence of an imbalance
in the physiological systems implied in the
response, which allows this reaction in relation
to a varied range of stress stimuli: PTSD as a
chronic pathology linked to stress implies a
request for responses to the body which requires
the implementation of new steady states [164]: as
all compensation mechanisms, this becomes an
overload factor of allostatic systems that can
result in pathophysiological consequences that
contribute to increasing the risk of medical ill-
ness and negative consequences of cardiovascu-
lar outcomes].

It is important to mention that some behavioral
mechanisms related to PTSD may represent fur-
ther cardiovascular risk factors. Authors have sup-
posed the basis of prognosis to be the poor
adherence to therapies, a trait frequently found in
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patients with PTSD who survived cardiovascular
events, also considering the unique characteristics
of the trauma induced by life-threatening medical
events previously discussed, also highlighting
how treatment can be a reminder of the traumatic
medical event [165–167]. Unhealthy lifestyles,
among which are substance use, decreased phys-
ical activity, and sleep disturbances, may repre-
sent negative prognostic factors contributing to
enhanced cardiovascular risk. There is evidence
that substance use disorders represent a frequent
comorbid diagnosis in the context of patients with
PTSD [73, 86], and this is partly linked to the
tendency to self-medication of both anxiety and
hyperarousal symptoms. In addition, some
authors have evaluated the association between a
history of exposure to traumatic events and
increased risk of development of dependence
and the presence of higher prevalence rates of
nicotine smoking and nicotine dependence,
resulting in a greater risk of initiation of tobacco
use and associated lower quit and remission
rates [17, 168]. It is noteworthy that some of the
aforementioned behaviors are currently included
in the DSM-5 among PTSD symptomatological
criteria, constituing the socalled maldaptative
behaviors. On the other hand, these behaviors
are widely aknowledged as risk factors for the
recurrence of cardiac illnesses behavior. A recent
meta-analysis has highlighted and confirmed an
association between PTSD decreased physical
activity and incorrect alimentary habits which, in
PTSD patients, appear to be related to the devel-
opment of obesity and related metabolic conse-
quences [169]. Finally, some studies found that
sleep disturbances, common in patients with
PTSD (i.e., nightmares, difficulties in falling/
staying asleep), play a role as risk factors for
development and flare of the cardiovascular dis-
ease [69, 170].

These behavioral factors, on the whole, are an
example of the need to acquire greater awareness
in order to preside over interventions aimed at
their primary and secondary prevention, globally
reducing the risk of unfavorable outcomes in
patients who develop post-traumatic symptoms
following cardiovascular events and, therefore,
by definition vulnerable themselves.

Conclusions

The relationships between PTSD andCVDs appear
to be complex and bidirectional. PTSD patients are
clearly prone to develop CVDs, and increasing
evidence highlighted the possible onset of PTSD
related to CVDs. The increased risk of CVD
among PTSD patients seems to be ascribable to a
multifactorial pathogenetic model. Pathophysio-
logical factors, such as neuroendocrinological
abnormalities, autonomic imbalance, and pro-phlo-
gistic diathesis, which have been shown to be
associated with PTSD, as well as a wide range of
maladaptive behaviors, many of which are well-
known CVDs risk factors, contribute to outline an
unfavorable scenario in terms of cardiovascular
and, more generally, physical health. Hence, the
higher prevalence of CVD health risk behaviors
among individual with PTSD and their physiopath-
ological vulnerability to CVDs deserve stronger
attention from the health practitioners. This risk
gap should be addressed with prevention and treat-
ment strategies in order to reduce the excess burden
of morbidity and mortality of people with PTSD.

On the other hand, psychiatric disorders, such
as PTSD, have been widely described in
patients suffering from CVDs, due to CVDs’
potentially traumatizing characteristics such as
life-threatening, concrete danger of death, sense
of loss of control and helplessness experienced by
the patient, and possible invasive treatments, all
traumatizing factors that promote the develop-
ment of PTSD. PTSD represents negative prog-
nostic factors in the population of patients with
CVDs, so it is essential for clinicians to recognize
the more vulnerable subjects to implement
targeted and early therapeutic strategies.
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Abstract

People affected by diseases linked to an increased
risk of sudden death, including cardiomyopathies

and cardiac “channellopatiens,” can benefit
from the implantation of an ICD (implantable
cardioverter-defibrillator). Penetrance and pheno-
typic expression of such diseases are very vari-
able, which leads to an increase of psychological
distress among these patients. For instance, an
increased prevalence of mood disorders, anxiety
disorders, and substance abuse disorders is found
in people affected by hypertrophic cardiomyop-
athy. Moreover, symptomatic long QTsyndrome
(LQTS) patients are generally more depressed
than asymptomatic ones, taking into account
that depression and arrhythmic events are
strongly interrelated and that most antidepres-
sants are known to prolong the QT interval.
Also the Brugada syndrome, another potentially
lethal familiar cardiac disease, is known to be
possibly triggered or worsened by the use of
antidepressants and mood stabilizers. Patients
affected by catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) have a higher rate of
anxiety, depression, and post-traumatic stress
symptoms compared to the general population.
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In addition, the implantation of the ICD in itself
proved to be a very stressful event for the patients,
whoworry aboutmany factors:first of all, they are
afraid of having to experience the shocks deliv-
ered by the device, but also of potentially losing
their independence. ICD implantsmay also have a
bad impact on body image perception and lead to
the feeling of being “impaired” and useless. ICDs
have in fact been linked to many psychiatric
comorbidities like anxiety and depression, but
also post-traumatic stress disorder and adjust-
ment disorders.

Keywords

Cardiomyopathies · Channelopathies · Sudden
death · Implantable cardioverter-defibrillator ·
Depression · Anxiety

Introduction

Heart and brain are in close relation, and this is true
mostly in the case of heart diseases causing an
increased risk of sudden cardiac death. The increased
risk of sudden cardiac death itself or the subsequent
need of an implantable cardioverter defibrillator
(ICD) can cause mood disorders such as anxiety,
depression, and substance abuse. Many factors may
play a role in this regard such as the presence of a
heart disease, the presence of other family members
affected, the need of a chronic therapy or, on the
contrary, the absence of a specific therapy, and
finally the need of a cardiac implantable device. In
this complex scenario, further complicated by the
interindividual variability, it is quite difficult to
weigh the role of every single factor. The aim of
this chapter is to discuss how different structural and
non-structural heart diseases could influence the
brain’s dynamics resulting in mood disorders.

Living with the Risk of Sudden Cardiac
Death

The advancement in genetic techniques has
recently provided the opportunity of identifying
familiar diseases linked to a risk of sudden cardiac
death since the postnatal period. These diseases

include cardiomyopathies as well as the cardiac
“channelopathies” [1]. Differently from other form
of inheritable pathologies (such as Huntington dis-
ease) for which no treatment is available, familiar
cardiac arrhythmia syndromes should benefit from
prophylactic measures and, eventually, implantable
cardioverter-defibrillators which have consistently
reduced mortality and morbidity. However, due to
their reduced penetrance, a large number of diag-
nosed individuals would never experience symp-
toms or sudden death [2]. This uncertainty about
possible life-threatening outcomes creates great
distress among patients and their caregivers, espe-
cially when dealing with the interpretation of car-
diac signs and symptoms [3]. Living with a
potentially life-threatening illness exerts a dramatic
impact on several aspects of everyday life andwell-
being: each subject must face several difficulties in
dealing with present/future personal relationships,
altered body identity, limitation in social as well as
physical activity. Eventually she/he must rebuild a
new normality, starting from her/his resiliency and
personal attitudes [4], a processwhich is not always
smooth and linear.

Among familiar diseases with a risk of sudden
cardiac death, hypertrophic cardiomyopathy
(HCM), affecting 1 in 500 people, is the most
common cause of premature sudden cardiac
death [5]. The HCM is characterized by asymmet-
rical left ventricular hypertrophy with an extreme
phenotypic variability, ranging from being
completely asymptomatic during the entire
lifespan to experiencing chest pain, dyspnea, syn-
cope, or sudden death at any age [5]. Despite the
potential psychological/psychiatric consequences
of HCM, the first study evaluating psychiatric
comorbidities in an HCM sample dated to 2008
[6]. The authors observed an elevated prevalence
of mood disorders (especially major depression),
anxiety disorders (particularly panic disorder),
and substance use disorders. HMC patients with
comorbid depression or anxiety were generally
older and perceived themselves to be at high risk
of death. Among clinical symptoms, only chest
pain was significantly associated with depression
and anxiety [6]. This may be related to consider-
ing chest pain as a more pregnant sign of
impending mortality compared to dyspnea; on
the other hand, altered visceral perception
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associated with depression and anxiety may foster
an interpretation of normal emotional symptoms
as evidence of an imminent cardiac arrest. Of
note, despite this correlation with chest pain, pres-
ence of psychiatric comorbidities was not corre-
lated with the severity of the disease. In a
subsequent study [7], HCM individuals were
found more depressed than the general population
but with rates of depression similar to patients with
coronary artery disease. Consistently with previous
report, there was no correlation between severity of
depression and severity of HCM. Of note, longitu-
dinal follow-up of HCM patients did not show a
temporal pattern for psychiatric comorbidities:
Patients were not more depressed immediately
after the diagnosis than after 5 years from testing
results. A recent review [8] summarized the results
of studies which focused on self-report depressive
symptoms [7, 9, 10], on self-report anxiety symp-
toms [9], and on DSM-defined psychiatric condi-
tions [6]. Overall, 21% of HCM patients met the
criteria for depression and 37% for anxiety disorders.
Despite these figures, there are no studies evaluating
potential strategies for preventing/treating psychiat-
ric comorbidities in this population.

Among familiar cardiac disease with a risk of
sudden death, another disorder is represented by
long QT syndrome (LQTS), affecting at least 1 in
2500 individuals [11]. LQTS symptoms are
represented by cardiac ventricular arrhythmias,
leading to dizziness, syncope, and eventually sud-
den death, often before the age of 40 (Tester and
Ackerman) [12]. Diagnosis is made combining
familiar history, clinical symptoms, and instru-
mental findings (ECG, Holter ECG, etc.). How-
ever, as for HCM, penetrance and phenotypic
expression is quite variable, with nearly 50% of
mutation carriers who would never manifest any
symptoms of LQTS and 15% of mutation carriers
whom would not display even any ECG signs of
the disease. This uncertainty about outcomes is
potentially a threat for an individual’s capacity to
maintain control over everyday life. The first lon-
gitudinal study focusing on the psychological
consequences of predictive testing for LQTS
showed that levels of distress in patients returned
to normal values for the general population after
18 months from testing, irrespectively of the
carriership status [13]. However, symptomatic

LQTS patients (that is with arrhythmic events)
were generally more depressed than asymptom-
atic LQTS patients or healthy controls [14]. Addi-
tionally, symptomatic LQTS subjects were more
prone to develop depression in response to stress-
ful life events compared to asymptomatic ones
[15]. The link between LQTS and depression
appeared to be gender-mediated: in fact, the cor-
relation between symptomatic LQTS and elevated
levels of depressive symptoms was present only in
men, while women seemed unaffected [16]. Con-
sidering temperamental characteristics associated
with LQTS, patients with this syndrome reported
higher level of harm avoidance than the general
population, irrespectively of their symptom status
[17]. Harm avoidance is a temperamental trait
which is associated with fear and unpleasant emo-
tions and low level of happiness during stress
[18]. Additionally, harm avoidance is linked to
low parasympathetic control of the heart rate
which could eventually lead to cardiac events [19].

The problem of dealing with depression in
LQTS is of extreme importance and several fac-
tors need to be taken into consideration in order to
provide better care for these patients. First of all,
depression and arrhythmic events are deeply
intertwined, with depression increasing the risk
of ventricular arrhythmia [20]. Thus, a screening
for the presence of subthreshold depressive symp-
toms should be relevant in LQTS. Secondly,
almost all commonly used antidepressants are at
risk of prolonging the QT interval, thus preventing
its use in LQTS patients [21]. As a consequence,
identifying LQTS patients at risk for depression
could be useful to initiate a strict monitoring: this
could lead to a prompt response in early stage of
depression in which psychotherapy could be used.

Catecholaminergic polymorphic ventricular
tachycardia (CPVT) is another familiar cardiac
disease with risk of sudden death. CPVT main
symptoms are generally exercise-induced syn-
cope or sudden death. CPVT is associated with a
normal ECG during rest but an altered ECG dur-
ing exercise [22]. Unfortunately, CPVT is one of
the most lethal hereditary cardiac disease with
sudden cardiac death in more than 30% of CPVT
individuals [22]. Despite this datum, the first
study on well-being and psychological outcomes
of CPVT patients has been published in 2018
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[23]. The authors showed that patients with CPVT
had poorer psychological functioning compared
to the general population, with higher levels of
depression, anxiety, and post-traumatic stress
symptoms. There was a negative correlation
between psychosocial functioning and age, with
younger people displaying the worst outcomes.
Specifically in children with CPVT, parent reports
showed overall poor quality of life (impacting all
domains from physical to school functioning) in
their children. All parents declared the need for
specific support strategies for affected children.

The last heritable arrhythmia syndrome which
we will analyze in this chapter is Brugada syn-
drome (BrS). BrS is characterized by an ECG
pattern of coved type ST-segment elevation in the
right precordial leads (V1 through V3) and an
increased risk for sudden cardiac death resulting
from episodes of polymorphic ventricular tachyar-
rhythmias [24]. The first manifestation of BrS may
occur in adulthood and sudden death typically hap-
pened during sleep.As the familiar cardiac diseases
described in previous paragraphs, BrS has an
incomplete penetrance and a highly variable phe-
notypic expression, ranging from asymptomatic
individuals to sudden death in the first years of
life. There is no current epidemiological data on
the prevalence of psychiatric comorbidities in BrS.
However, it has been reported that BrSmay present
with physical symptoms of anxiety and therefore
misdiagnosed and referred to the psychiatrist
instead of the cardiologist [25]. Of note, as for
LQTS, many antidepressants as well as mood sta-
bilizers are deemed responsible for exacerbating or
triggering BrS. Therefore, therapeutic options in
patients with BrS and comorbid severe depression
and/or anxiety are limited: two case reports
supported the use of mirtazapine [25, 26], an atyp-
ical antidepressant, or transcranial magnetic stimu-
lation [26]. However, more studies are needed to
address this issue.

Implantable Cardioverter-
Defibrillators: Friends or Foe?

Familiar cardiac diseases with a risk of sudden
death benefit from behavioral and lifestyle adap-
tation. In several cases, the use of implantable

cardioverter defibrillator (ICD) is the best thera-
peutic option. The number of implantable
cardioverter defibrillators (ICD) and pacemakers
has increased significantly during the past decades
as a result of the large amount of evidence
supporting the positive effect on survival [27].

Several recent reviews have explored the com-
plex issue of psychosocial adjustment in patients
with an ICD [28–32]. In fact, living with an ICD is
generally associated with multifaceted emotions,
an entangling mixture of optimism and fear.

As regarding quality of life (QoL), a recent
systematic review of randomized controlled trials
[28] has summarized the results of seven trials,
evaluating the impact of ICD not only on mortal-
ity but also on QoL. Of the two secondary pre-
vention studies included in the review, one
reported a positive impact of ICD on QoL [33],
while the other did not observe differences in QoL
between ICD and antiarrhythmic medications
[34]. Results from the five primary prevention
selected studies [35–39] showed more consistent
positive findings, favoring ICD versus other types
of treatment. Only one primary prevention study
reported a poor quality of life in patients with
ICD: however, it was the only trial using a larger
device with a more invasive and unaesthetic
method of implantation (open chest with abdom-
inal pocket) [36]; this difference may explain the
conflicting findings as the physical and aesthetic
appearance of the device seemed to exert a signif-
icant impact on psychosocial functioning espe-
cially in women [27]. The review from da Silva
reported a mixed evidence for association
between ICD shocks and QoL: overall this corre-
lation seemed to be time-mediated with a decreas-
ing impact on QoL as time passed from the ICD
shock.

Focusing on the psychological status of
patients with ICD, there are several aspects to
consider [32]. Firstly, the experience of ICD
shocks is a significant worry for the patient. The
shock episodes could be divided in objective
shocks (recorded by the ICD) and phantom
shocks (when the patient feels the shock sensation
even with no recorded trace by the ICD). Both
types of ICD shocks are dramatic and generally
unexpected, with no foreboding sensations of the
impeding shock [40]. Consistently across
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numerous qualitative investigations, patients
receiving ICD shocks tend to use similar terms
to describe the experience like “bomb,” “explo-
sion,” “lightning,” “electric shock,” or “sticking
your finger in the light socket” [32]. All these
expressions are characterized by the intensity
which match the physical sensation of pain.

Secondly, the uncertainty about the outcomes fol-
lowing ICD implantationmay determine a significant
psychological distress for patients and caregivers.
Immediately after implantation, patients experience
a complex mix of negative emotions, predominantly
anxiety and fear [41]. Anxiety ismainly driven by the
unpredictability of shock and by the fear of a potential
loss of independence [32] and displays important
gender differences (women are more anxiety prone
than men after ICD implant). This difference appears
mediated by heightened somatosensory amplification
(the tendency to perceive normal somatic sensations
as being potentially dangerous) in women [42]. Con-
versely, fear experienced by patients is commonly
related to sudden death, to failure of the device and
possibility of hurting the partner during sexual activ-
ity [32]. The unpredictability of the disease’s course
and the number of ICD shocks may become the
trigger for repetitive negative thinking and rumina-
tion: recurrent ICD shocks may represent a potential
rapid progression of the disease, while no shock or
phantom shock may lead the patient to doubt the
utility of the device.

The feeling of uncertainty about the future is
potentially a threat to the individual’s locus of
control, that is the degree to which a person
believes to exert control on the outcomes of the
events of their lives: specifically it could be
hypothesized that the balance between internal
and external locus of control would move toward
a greater impact of the external; people with ICD
would blame the ICD (the external factor) as the
responsible for negative events in their lives.

Thirdly, as mentioned above, ICD implants
may have a detrimental effect on body image
perception. Women are more sensitive to this con-
cern, especially in younger age, when the scars
left by the implant are a motive of social
embarrassment [43].

Fourthly, driving restrictions due to ICD may
foster a sense of “feeling impaired,” of useless-
ness and a loss of independence, a need for other’s

help [32]. Several people could not be at ease
when receiving help from others and feel them-
selves as burden for their loved ones.

Finally, two important aspects impacting
recovery of patients with ICD are related to social
and familiar support as well as on acceptance of
the condition and on developing coping strategies.
In fact, ICD subjects with adequate family and
social support usually have better outcomes and
shorter recovery time [44]. Fostering and devel-
oping a social network for patients with ICD
seems a cost-effective strategy to improve psy-
chological status and outcomes in this group.
Additionally, a specific focus on developing cop-
ing strategies and improving acceptance of the
condition in these subjects should be carefully
considered. In fact, a recent Swedish study
reported that ICD patients rarely used coping
strategies, among which optimism was the most
common: [45] evaluating coping strategies before
the implant must be important in order to define
the pattern of care after discharge and to identify
patients which may benefit from individual or
group psychotherapy. Better coping strategies
would result in faster adaptation to limitations
inherent to ICD implantation, such as pain, weak-
ness, and negative emotions [46].

Psychiatric comorbidities related to ICD are
more commonly anxiety and depression. The
identification of these comorbidities is of primary
interest as their presence is often related to worst
outcome for the patients. The link between anxi-
ety and worst cardiac outcomes is mediated by
psychophysiological and behavioral mechanisms:
The first ones are mostly represented by inappro-
priate activation of the autonomic nervous sys-
tems in response to emotional stimuli such as
fear and anxiety: this will induce directly and
through an increase in catecholamine levels vaso-
constriction, rise in blood pressure, and alteration
of heart rate and rhythm. The behavioral mecha-
nism connecting anxiety and cardiac outcome are
represented by the fact that subjects experiencing
more anxiety frequently indulge in unhealthy life-
style habits, such as eating junk food, smoking,
abusing of alcohol, and being sedentary which in
turn could worsen the course of the cardiac dis-
ease [47]. Unfortunately, however, our data about
prevalence of these conditions rely mainly on self-
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report questionnaires [31]. Anxiety was assessed
by means of diagnostic interview only in a few
trials [48–51] and rates of clinically relevant anx-
iety vary between 4.2% and 37.5%. Higher prev-
alence was observed in patients with device shock
compared to patients who never received a shock.
Dealing with anxiety in patient with ICD may
represent a challenge: Apart from using medica-
tions, cognitive behavioral psychotherapy (CBT)
shows greater benefits for the patient. A recent
systematic review has highlighted the positive
effect of CBT on anxiety in ICD patients [52],
even if several methodological problems were
observed in the included studies. Of note, a ran-
domized controlled trial performed in 2015 has
reported a positive effect of CBT on anxiety in
ICD patients after a short treatment period (three
sessions) [53].

As for anxiety, most studies evaluate depres-
sive symptoms by means of self-administered
measures. Prevalence rates of clinically assessed
current depressive episode vary from 8% to
32.5% [49, 54], with higher rates in patients hav-
ing received a ICD shock. Of note, these numbers
are low and seem to point out that ICD patients
manifest a good adjustment. However, identifica-
tion of people with ICD at risk for developing a
depressive episode is recommended. Risk factors
for depression in ICD are older age, absence of
significant relationships, and self-care depen-
dency [55]. Potential treatment may consist in
educational strategies concerning ICD function-
ing as well as CBT.

Post-traumatic stress disorder (PTSD) is
another mental disorder frequently observed in
ICD patients, affecting 10–15% of ICD recipients
[56]. PTSD correlates with 5-year mortality in
patients with an ICD [57] and with higher rates
of cardiac morbidity and mortality. ICD patients
with PTSD tend to be younger and PTSD symp-
toms surprisingly do not appear related to ICD
shock. Trajectories of PTSD symptoms over
time from implant show slight but constant
decrease of severity [58]. As for other disorders,
PTSD responds to CBT: [59] in fact, a randomized
controlled trial showed greater reduction of PTSD
symptoms in CBT compared to usual care, espe-
cially for patients with high symptoms severity.

Patients with low severity of PTSD symptoms
showed small improvement in both CBTand stan-
dard care group [60]. Apart from CBT, positive
findings were observed in trials using the Eye
Movement Desensitization and Reprocessing
(EMDR) techniques. [61]

Other clinically relevant mental disorders
observed in ICD patients were adjustment disor-
ders [62], a psychiatric category that lays between
normality and mental disorders, characterized by
distress and emotional disturbances, occurring
after important life events, physical illness, or
possibility of important physical illness.

As the occurrence of psychiatric conditions in
ICD patients seems associated with positive
familiar psychiatric history and inadequate social
support, it is striking the need for adequate screen-
ing before implantation. Additionally, future stud-
ies should be design to better target the unmet
need for psychological support of this patient
group, determining also the best therapeutic strat-
egy to offer.
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Abstract

Neurocognitive and psychiatric conditions after
cardiac surgery are frequent and have an impact
on postoperative recovery, adherence to phar-
macological and rehabilitation therapy, and,
ultimately, a significant effect on mortality. In
a broader framework, neuropsychiatric disor-
ders affect both patient’s socio-occupational
functioning and quality of life. Patients requir-
ing cardiac surgery could have significant risk
factor for developing neuropsychiatric disorder

or already show subthreshold conditions or
diagnosed disorders that could worsen after the
intervention. All these factors need to be
acknowledged and targeted to improve the over-
all outcome. In the postoperative period,
patients may experience several complications
including depressive disorders, anxiety disor-
ders, post-traumatic stress disorder, delirium,
and neurocognitive damage. These conditions
have all been related to general and specific
pathological factors, both modifiable and
non-modifiable, that will be discussed in this
chapter. A brief review of recent etiological
theories has also been provided for the major
neuropsychiatric complications. The complex
assessment of neurological and psychiatric
problems will also be discussed in order to
justify the heterogeneity in prevalence estimates
of these conditions and to increase the aware-
ness of the clinician involved in the care
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management of this delicate category of
patients. Moving from the strictly scientific per-
spective, this chapter will further provide an
overview of the general and specific interven-
tion needed to improve the outcome of patients
undergoing cardiac surgery and presenting with
neuropsychiatric complications [98].

In conclusion, this chapter advocates for a
better understanding of the impact, the role,
and the therapeutic strategies of neuropsychi-
atric complications of cardiac surgery, provid-
ing a general reference for clinicians.
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Introduction

Cardiac surgery is often associated with neurolog-
ical adverse events, including stroke and transient
ischemic attack. Over the years, some techniques
have been developed with the aim of reducing the
risk of neurological complications of major car-
diovascular surgical procedures. The techniques
include, for example, the off-pump coronary
artery bypass graft (off-pump CABG) [1], antero-
grade cerebral perfusion and hypothermia during
aortic bow surgery and distal and cerebrospinal
aortic perfusion fluid drainage in thoracic-
abdominal aortic surgery [99]. As a result of the
significant reduction of major neurological
adverse events, the attention has shifted to less
well understood and often subtle neuropsychiatric
complications such as neurocognitive disorders
and postoperative cognitive dysfunction
(POCD). The scientific literature has also grown
about the psychiatric disorders associated with
such a traumatic situation, especially post-
traumatic stress disorder (PTSD), depression,
and anxiety. These topics are clinically relevant
as neuropsychological and psychological prob-
lems can also affect functional independence,
resulting in increased care requirements, reduced

workforce participation, and greater reliance on
social well-being and long-term mortality [2]. The
precise etiology of neuropsychological and psy-
chological problems is not entirely clear. How-
ever, this etiology is currently a focus on
research: increased cerebral metabolic demand,
deranged cerebral autoregulation, excessive cere-
bral microembolic load, consistently lower
regional cerebral oxygen saturation (rSO2) levels
in patients, disrupted blood–brain barrier, and
endothelial damage, for example, are all dysfunc-
tions that expose patients to neuro-inflammation,
which has been suggested to lead to delirium
susceptibility [3]. Furthermore, POCD may be
associated to a low-grade baseline systemic
inflammatory reaction that occurs after cardiac
surgery. This inflammatory burden could be pre-
sent in elderly and in those affected by neurode-
generative diseases or atherosclerosis [4]. Initial
preoperative low-baseline scores during neuro-
psychological testing are associated with hyper-
tension, age, and low education levels, indicating
mild cognitive decline: this may increase, for
example, the risk of POCD [5]; J.A. DiGangi
et al. [6] systematically reviewed prospective
studies of trauma and PTSD to determine how
pre-trauma factors affected the development of
PTSD symptomatology following an index
trauma exposure. The authors identified six cate-
gories of predictors: cognitive abilities, coping
and response styles, personality factors, psycho-
pathology, psychophysiological factors, and
social ecological factors (e.g., family of origin,
social support, poverty); in the reciprocal associ-
ation between depression and CVD, several bio-
logical mechanisms might be involved, including
inflammation, platelet reactivity, autonomic
dysregulation, circadian rhythm disruption, hor-
mone imbalance, neurotrophins, lifestyle, and
metabolic syndrome [7].

From a review of the literature, we have exam-
ined what appear to be the main psychiatric prob-
lems that can be observed after cardiac surgery,
without going into the specifics of the main car-
diac pathologies.

The aim of this chapter is to set out an analyt-
ical account of neuropsychiatric and psychiatric
conditions associated with cardiac surgery.

388 B. Vanini et al.



Postoperative Delirium

Despite the use of good clinical practice [8], some
important studies indicate that 37% of patients
undergoing cardiac surgery develop delirium, a
complication that can prolong the admission
time in the intensive care unit (ICU), complicate
recovery, and increase the risk of death [9]. Several
authors have recognized the importance of mak-
ing an early diagnosis of delirium [10].

Delirium is considered an acute mental disor-
der characterized by inattention, with several
causes, including medical illness and withdrawal
from medications or substances [10]. According
to the definition provided in the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5)
[11], five criteria need to be present in order to
diagnose this condition. The diagnosis of delirium
is based on clinical assessment since no clear
biomarker has been introduced in the clinical
practice, except some aspecific biomarkers (e.g.,
increased urea and creatinine levels) [12]. How-
ever, the follow-up of the clinical status could rely
on standardized monitoring tools including the
intensive care checklist for delusion screening
and the confusion assessment method for the
intensive care units (CAM-ICU) [10, 13, 14].

The critically ill patient can show three types of
delirium: hypoactive (predominant but often
underdiagnosed), hyperactive, and mixed
[10]. Hypoactive delirium is characterized by
lethargy, confusion, sedation, low level of aware-
ness, periods of poor attention, drowsiness, dep-
rivation, and apathy. Hyperactive delirium
manifests itself with agitation, hallucinations,
delusional ideas, paranoia, disorientation, disrup-
tive behavior, self-removal of invasive devices,
aggressiveness, and pugnacity. Mixed delirium
has manifestations of both hyperactive and hypo-
active delirium.

The true prevalence of delirium is not yet well
defined. Some studies suggest that delirium
occurs in cardiac surgery in 10–50% of patients
and may not be recognized, especially in patients
who are not particularly agitated (the so-called
“hypoactive” delirium) [15, 16]. In ICU it is not
defined, but several studies report a range from
16% to 89% [10, 17].

After cardiac surgery, delirium is associated
with the risk of self-harm (e.g., due to self-
extubation, inappropriate removal of lines, and
falls), to a substantially longer stay in ICU and
to greater mortality [16, 18]. The prevention of
delirium and its treatment are important for
improving results.

The pathophysiology of delirium is believed to
be due to a combination of vulnerability factors
and stress factors related to acute disease [19]. In
the context of cardiac surgery, the vulnerability
reflects the preoperative status of patients and
includes age, comorbidity, and low values of pre-
operative cerebral oximetry [20]. Furthermore,
the stress-related elements that may trigger delir-
ium among vulnerable patients undergoing car-
diac surgery include complicated procedures,
and other mechanisms are likely involved in the
pathogenesis of post-cardiac surgery
delirium [21].

Risk factors associated with delirium could be
classified as modifiable and non-modifiable. The
modifiable risk factors are total amount of seda-
tion received, type of analgesic and sedative
drugs, number of intravenous infusions, use of
mechanical restrictions, duration of stay at ICU,
lack of natural light, nonuse of glasses or hearing
aid, interventions during sleep hours, and pro-
longed immobilization. Instead, the
non-modifiable risk factors are old age, prior neu-
rological or psychiatric disorders and hyperten-
sion, the severity of the illness, mechanical
ventilation, urgent surgery, multiple organ failure,
metabolic acidosis, and coma [16].

Several studies have investigated some surgi-
cal techniques as risk factors of delirium.
Norkiene et al. [22] performed a study of 1267
patients undergoing CABG. Patients with low
cardiac output in the perioperative period had a
significantly greater risk of postoperative delir-
ium. Another study of 8139 [23] patients with
CABG and valvular surgery focused on the devel-
opment of psychotic symptoms, such as halluci-
nations and delusions, identifying a similar list of
independent risk factors. These factors include
older age, preoperative renal failure, dyspnea,
heart failure, left ventricular hypertrophy, periop-
erative hypothermia, postoperative hypoxemia,

22 Major Psychiatric Complications of Cardiac Surgery 389



low hematocrit, renal failure, hypernatremia,
infection, and stroke.

Some authors [23] showed that beating heart
“off-pump” surgery was not associated with a
lower incidence of delirium, which was found in
a previous large cohort study [24].

In cardiac surgery, in addition to prevention,
the treatment of delirium requires several
non-pharmacological interventions and some-
times requires the use of antipsychotic drugs to
reduce associated psychotic symptoms and agita-
tion [25]. The multicomponent intervention
should follow the assessment by a trained and
competent healthcare professional, who would
recommend actions tailored to the person’s
needs. The intervention should encompass ade-
quate hydration, reorientation activities, preven-
tion of sensory deprivations, sleep hygiene, and
medication review [26]. In clinical practice, phar-
macological interventions are currently used to
manage the symptoms of delirium, but the evi-
dence for this is limited. Some studies showed that
atypical and typical antipsychotics have a superior
efficacy when compared against placebo, but
there is no evidence for benzodiazepines
superiority [27].

In clinical practice is frequent the use of a
variety of antipsychotic agents: oral or intramus-
cular administration of haloperidol is considered
the first-line agent, as no clinical trial has
suggested the superiority of other antipsychotics
over haloperidol. However, care must be taken to
monitor for cardiac adverse effects and extrapyra-
midal symptoms. It is also recommended to avoid
intravenous use whenever possible [27]. Even
though in lesser extent than haloperidol,
olanzapine may cause extrapyramidal symptoms,
but could also show greater sedation, which is the
most commonly reported adverse effect
[27]. Interestingly this medication could also be
available as tablets for oral disintegration. Admin-
istration of quetiapine may cause postural hypo-
tension and sedation as the most common reported
adverse effects. Consequently, before and during
the antipsychotic treatment of delirium, blood
pressure, QT-corrected, and serum potassium
and magnesium levels should be monitored.

Prakanrattana et al. [28] found that a single
dose of risperidone administered soon after recov-
ery from anesthesia could reduce the incidence of
postoperative delirium. Furthermore, a trial com-
paring haloperidol, olanzapine, risperidone, and
quetiapine showed that all were equally safe and
efficacious in the treatment of delirium, but the
response rate to olanzapine was poorer in the older
age group (>75 years) [27, 29]. Furthermore, sev-
eral studies [30, 31] have suggested that benzodi-
azepines may be associated to a higher risk of
delirium than other sedatives.

At present, there is no conclusive evidence to
support a single-drug therapy to treat delirium
once it has established [10, 15]. However, we
need to stress the crucial role of preventive mea-
sures. For example, day/night differentiation
using change in environment illumination helps
to avoid sleep disturbance. Nighttime and the
reduction of noise for patients are recommended.
Reorientation, reassurance, and facilitating com-
munication using visual/hearing aids are of
utmost importance. The crucial role of resting
periods has also been studied: many hospitals
now enforce a “quiet time” in the afternoon (usu-
ally 2 h where no visitors are allowed and only
essential procedures are carried out), allowing
time for the patients to rest and prevent over-
stimulation, which can also aggravate delirium.
Each physician should consider the underlying
pathophysiology: hypotension, hypoxemia, hypo-
glycemia, and pain that should be specifically
addressed. Finally, early mobilization can reduce
delirium (including sitting out in a chair and visits
outside the ICU once stable) [10, 17].

Delirium in post-cardiac surgery patients over
60 years old was related with lower-adjusted
MMSE scores at 1 month but not at the follow-
up (6- or 12-month), even in patients with delir-
ium lasting 3 days or longer [32]. Moreover, in
cardiac surgery patients, postoperative delirium
was correlated with a decrease in IADLs (instru-
mental activities of day life) at 1 month but not at
the follow-up (12-month) [33, 34]. Devore EE
et al. [35] found that global cognitive performance
was most deeply related with long-term cognitive
decline following delirium and that pre-surgical
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factors may substantially predict this outcome.
This aspect has been specifically addressed in
the following paragraph.

Postoperative Cognitive Dysfunction

Postoperative cognitive dysfunction (POCD) is a
condition characterized by neurocognitive deficits
(in particular memory, concentration, and psycho-
motor speed) after surgery that may persist for
weeks or months.

Cognitive deficits after cardiac surgery are
quite common and their incidence is very difficult
to identify. However, some studies indicate that
after major cardiac intervention, 30–80% of
patients could have POCD at the time of hospital
discharge and after 6 months 20–40% of patients
may still experience cognitive problems. In some
patients, the POCDmay persist for a year or more.

From a general review of the literature about
the diagnosis of POCD [5, 36–39], a core battery
of tests could be recommended. The tests encom-
pass the evaluation of specific basic cognitive
domains including motor skills, verbal memory,
attention, and concentration. Alongside with neu-
rological examination, the effects of concurrent
anxiety and depression should be carefully
excluded. Whenever the condition should be pre-
sent, follow-up tests at least 3 months after the
procedure is recommended. Despite the first indi-
cations, a revision of the POCD following cardiac
surgery, which comprised 62 studies, found that
there was a high heterogeneity between the
applied evaluation batteries [38]. Although the
heterogeneity in the definition of POCD remains,
the condition can be generally described as a
reduction of any cognitive domain after surgery
– usually reasoning and memory [40]. This is
important to distinguish POCD from postopera-
tive delirium that is considered an attention disor-
der that usually resolve in days if adequately
treated. Unfortunately, the complexity of reaching
a consensus definition of POCD is limiting the
clear assessment of its incidence, the understand-
ing of causative factors putatively involved, and
the evaluation of the implications for the long-

term prognosis. What has been suggested how-
ever is that, in some patients, the deficit lasts for
more than a year [5].

In the early stages of the preoperative period, it
is difficult to diagnose POCD given the many
variables that should be accounted for: the tail
effects of anesthetics, narcotics and benzodiaze-
pines as well as the misinterpretation of POCD in
the presence of postoperative delirium [38, 39].

The long-term diagnosis of POCD is also com-
plicated: it is unusual to routinely assess preoper-
ative cognitive functions of account for increased
incidence of silent brain infarcts (SBI) already
associated with increasing age. In other words, a
misdiagnosed pre-existing cognitive impairment
could result in overestimating the effect of cogni-
tive dysfunction actually related to surgery
procedure [41].

Patients with POCD are at risk of increased
hospitalization, long-term care needs, morbidity,
and higher mortality as compared to those without
post-surgical deficits [42].

Risk factors for POCD include advanced age,
low level of education, and greater invasiveness of
surgery procedure [43]. Cardiac surgery is recog-
nized to be associated with a higher incidence of
POCD when compared to non-cardiac surgery
[44]. Cardiopulmonary bypass (CPB) could be
the technique responsible for this increased inci-
dence. In particular, the bypass aspects that are
declared to involve neuronal damage are micro-
emboli; hypotension; difficulties in management
of hypothermia (e.g., fast rewarming); and
increased expression of inflammatory and vaso-
active molecules induced by shear stress associ-
ated with non-pulsatile flow during CPB [20, 45].

However, some studies suggest that POCD
cannot be attributed solely to CPB. In fact, several
data have shown that long-term cognitive dys-
function among patients undergoing CPB is no
worse than that affecting patients undergoing car-
diac surgery without CPB [20, 46].

An Italian study investigated the possible
effects of circulatory arrest on cognitive functions
[47]. The studies describe the surgical procedure
for the treatment of chronic thromboembolic
hypertension, involving the use of 7–10 min of
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repeated moderate hypothermia and circulatory
arrest (MHCA), each followed by short periods
(5–7 min) of reperfusion. During periods of cir-
culatory arrest and reperfusion, the saturation of
cerebral oxygen is monitored by near-infrared
spectroscopy (NIRS), a widely recognized moni-
toring measure of cerebral oxygenation (rSO2).

The study investigated the association between
repeated short periods of circulatory arrest with
moderate hypothermia during pulmonary endar-
terectomy (PEA) in patients with chronic throm-
boembolic pulmonary hypertension (CTEPH) and
different neuropsychological dimensions
[47]. This technique appeared to be safe of any
neuropsychological complication and may even
lead to post-surgical psychological improvements
such as a reduction in anxiety, depression, and
improvement in the quality of life at 3 months.
This study followed the indications of another
significant research on cognitive functions after
cardiac surgery with techniques such as circula-
tory arrest and hypothermia [48]. More studies are
awaited to corroborate these results.

Several studies are investigating the possibility
of reducing POCD after surgery based on the
modulation of different risk factors. A recent
review [49] pinpoints the attention toward the
possible role of dexmedetomidine. However,
while there is evidence for the neural anti-
inflammatory properties of dexmedetomidine,
human trials have produced incomplete results
regarding its use for the prevention of POCD.
Dexmedetomidine could be used as alternative
sedative to benzodiazepines in controlling hyper-
active postoperative delirium, but further studies
are awaited prior to recommend the use of
dexmedetomidine for the reduction of POCD.

Alongside with neuropsychiatric complication,
some psychiatric conditions need to be carefully
considered. Hereinafter, we will focus on PTSD,
depression, and anxiety.

Post-traumatic Stress Disorder

The delicate interlinks between this condition and
several cardiological problems have been thor-
oughly addressed in another chapter. Briefly, the

ICD-10 diagnosis of post-traumatic stress disor-
der (PTSD) requires that the patient, first, has been
exposed to a traumatic event and, second, suffers
from distressing re-experiencing symptoms.
Patients will usually also show some symptoms
of hyperarousal, avoidance of reminders of the
event, and/or emotional numbing. ICD-10 diag-
nosis requires the presence of several criteria [50]
but is beyond the scope of this chapter to provide a
detailed description of the diagnostic criteria
for PTSD.

Patients undergoing heart surgery are at risk of
developing, in addition to mood disorders, PTSD.
This appears to be present in 15% of patients [51,
52] and could hinder full recovery. In the periop-
erative period surrounding cardiac procedures,
high levels of stress occur. Schelling et al. found
that, despite the correct cardiac procedures, up to
20% of patients had no improvement in the qual-
ity of life scores [53]. Out of 148 patients, 20 were
affected by PTSD 6 months after undergoing car-
diac surgery. This appeared to be strongly corre-
lated with preoperative stress and duration of CPB
(e.g., higher risk with 150 vs. 120 min of CPB)
[54]. Before addressing the putative biological
substrate, we would like to remark the
undoubtable psychological relevance of being
exposed to the traumatic experience of two life-
threatening conditions: the disease requiring a
cure and the cure itself, which is frequently per-
ceived by the patient as the greatest risk.

Exposure to stressful events may alter the sen-
sitivity, and thus the responses of the
hypothalamic-pituitary-adrenal (HPA) axis when
further stressful situations are encountered [54,
55]. The role of exposure to stressful life events
on the development of psychopathology
(i.e., PTSD and depression) is currently unknown.
However, the impact of permanent stress on an
individual depends partly on personality traits,
such as anxiety [6, 56–58]. Trait anxiety, for
example, is common among cardiac patients and
associated with major symptoms of PTSD
[59]. As discussed in the introduction, to deter-
mine how pre-trauma factors affected the devel-
opment of PTSD symptomatology, an important
role is played by six categories of predictors:
psychopathology, coping and response styles,
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cognitive abilities, psychophysiological factors,
personality factors, and social ecological factors
(e.g., family of origin, social support, poverty).
Examination of these categories revealed that
many of these categories, long considered aspects
of post-trauma psychopathology, were actually
present before the index trauma [6]. As already
anticipated, an important role in stress is played by
plasma cortisol levels, for example corticosteroid-
related insufficiency linked to severe or acute
illness, including septic shock and post-cardiac
surgery [60]. Postoperative treatment following
cardiac surgery has shown a reduction in circulat-
ing corticosteroids and a higher incidence of
PTSD and chronic stress. A prominent study
[61] has shown that the administration of hydro-
cortisone in the perioperative period was able to
reduce chronic stress symptoms, improve quality
of life scores, and reduce the incidence of PTSD at
a 6-month follow-up [60]. However, these results
need to be considered with caution and confirma-
tion studies are awaited.

Regarding pharmacological intervention, the
first-line drug treatment of PTSD [27] is the use
of SSRI (paroxetine, sertraline, and fluoxetine are
the preferred SSRIs) [27, 62, 63]. Antipsychotics
appear to be effective for the intrusion symptoms
(flashbacks and nightmares) but not the hyper-
arousal and avoidance symptoms of PTSD, as
shown in studies investigating these drugs as
monotherapy or as adjunctive treatment [27,
64]. The use of mirtazapine is recommended by
NICE [27, 65].

Depression and Anxiety in Cardiac
Surgery Patients

Often, when you are dealing with a very stressful
event such as a disease, feelings of marked fear,
anxiety, and mood disorders can be normal reac-
tions. In some cases, however, reactions to a
stressful event may be so marked as to compro-
mise the functioning of the person. It is therefore
important to differentiate a normal reaction, a
hypothetical “adaptation disorder,” from the psy-
chopathology of major psychiatric diseases:
depression is a common mental disease

worldwide, with depressed mood and/or loss of
pleasure in most activities as key symptoms. A
proper diagnosis, according to ICD-10 classifica-
tion system, requires at least two of these three
key symptoms: low mood, loss of interest and
pleasure, or loss of energy [66]; anxiety is an
emotion experienced with symptoms that can be
psychological, physical, or a combination of both.
When symptoms become overly distressing or
disabling, or reduce quality of life, in the context
of the absence of any clear external threat, an
intervention is necessary [27].

The World Health Organization [67] indicated
that only in 2012, 17.5 million people died of
cardiovascular disease and 80% of deaths
occurred in middle and low income countries.
Since the heart is fundamental for life, the related
problems concerning it are provoking different
behaviors and emotions. In fact, when there is a
heart disease, many variables interfere with the
progression and healing of the patient [68]. Sev-
eral studies have found a significant relationship
between mood disorders, anxiety, and heart dis-
ease. The presence of psychological disorders in
patients with heart disease increases the risk of
death associated with cardiovascular condition.
Consequently, the rehabilitation of a patient with
cardiac disease should include, in addition to the
organic and physiological aspects, also cognitive,
adaptive, and psychological care, especially in the
postoperative period [69].

Over the years it has been possible to prove that
attention to psychological aspects is particularly
important in cases of serious heart disease such as
refractory heart failure (HF), in which cardiac
transplantation is recognized as the best therapeu-
tic strategy. In these cases, screening psychiatric
problems and their treatment is essential to obtain
the best post-surgical results. Other chapters
discussed in detail the association between psy-
chiatric disorders and individual heart disease.
However, the major depressive disorder is proba-
bly the most common psychopathology in this
patient’s group. This disorder is present in more
than 20% of patients with cardiovascular disease
and is considered a relevant comorbidity [70]. Car-
diac surgery has not been clearly addressed as a
significant cause of depression. However,
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depression may in turn be an important cofactor in
inducing relapse and contributing to postoperative
morbidity and mortality. In fact, some studies
indicate that the incidence of major depressive
disorder is two to three times greater in patients
with cardiovascular disease (CVD) than in the
general population [71]. Among the various
hypotheses about possible causes, some author
suggested a correlation between depressive disor-
der and silent cerebral infarcts (SBI). In a study of
194 patients with different psychiatric problems,
it was found that 42.8% had an SBI and were
being treated for depressive disorder [72]. This
study supported the previous results of Yamashita
et al. who reported the prevalence of SBI in
depression as greater than 48.6% [73]. This asso-
ciation is present, above all, in elderly patients
[74]. In support of this hypothesis, there is also
the Rotterdam study which demonstrates the
reduction of cerebral blood flow velocity as pre-
dictive of depressive symptoms and disorders
[75]. Bipolar disorder, which appears to be asso-
ciated with vascular risk factors and ischemic
lesions of the white matter, as well as manic
episodes due to cerebral infarcts, is also of con-
cern in elderly patients. Specifically, organic
lesions were observed in about half of the patients
diagnosed with bipolar disorder after
50 years [76].

Among the various cardiac surgery interven-
tions, that of CABG is certainly one of the most
studied even with respect to psychological impli-
cations. CABG is usually associated with
improved clinical outcomes. However, some
patients experience depression and anxiety both
before and after surgery. The depressive disorder
was found in 14–47% [77] and anxiety in 15–52%
of patients [78].

Some studies suggest that major depressive
disorder and anxiety are associated with poor
post-surgical outcomes including cardiac events,
level of functioning, and quality of life [79]. Sev-
eral studies focus on biological mechanisms of
cardio-pathogenesis imputable to depression and
anxiety. These biological mechanisms are multi-
factorial and include the dysregulation of the HPA
axis [80–82], reduced heart rate variability [83–
85], altered serotonergic pathways, inflammatory

response [85], and altered platelet aggregability
[86]. Tully et al. [87] in systematic comparison of
anxiety, depression, and stress suggested that only
depression was systematically related to quality of
life domains tapping into vitality, social role func-
tioning, and physical and general health. Further-
more, mortality appears to increase in patients
with high levels of depression and anxiety under-
going CABG surgery, although not all studies
have been consistent. A recent review showed an
increase in mortality from various causes in rela-
tion to preoperative depressive disorder [88]. The
treatment of this condition is thus critical for
improving the overall success of the intervention.

For the pharmacological treatment, it is impor-
tant to underline some evidences: several studies
have reported the possible pro-arrhythmic and
cardiotoxic effects of tricyclic anti-depressants in
cardiac patients [89, 90], while selective serotonin
reuptake inhibitors (SSRI), by contrast, have been
considered as safe among cardiac patients due to
the serotonin transporter affinity and attenuation
of platelet functioning [79]. However, careful pre-
scription, slow dosage titration, and cardiology
monitoring are needed as some studies reported
safety, tolerability, and efficacy of SSRIs among
cardiac patients [91, 92], but others did not [93–
95]. Psychological support and psychotherapy
should also be considered. Further research will
investigate gender-specific factors of people
undergoing CABG surgery. In fact, differences
emerged in the delayed referral of women to sur-
gery, disparity in functional gains after CABG
surgery, with women showing worse results and
lower adherence to cardiac rehabilitation pro-
gram. Another group of studies on patients with
myocardial infarction showed gender disparity in
the impact of depression on clinical outcomes,
with women showing more adverse effects [96,
97].

Conclusion

This chapter stressed the relevance of the most
frequent neuropsychiatric and psychiatric condi-
tions associated with cardiac surgery. The wide
prevalence of attention disorders, cognitive
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impairment, and psychiatric disorders highlighted
the need for a basic knowledge of this condition
for all the clinicians working in the field of cardiac
surgery and associated intensive care. The clinical
and functional detrimental roles of these condi-
tions also pinpoint the need for liaison psychiatric
and psychological support for the patients under-
going surgical procedure. The existence of effec-
tive and safe treatments is well recognized and
should be part of the reasons to spread the culture
of integrated multi-specialist approaches.
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Abstract

Heart transplantation (HT) is a well-
established procedure for terminal cardiac
disease and is considered the treatment of
choice in cases of severe cardiac insufficiency
refractory to medical or surgical treatment.
Although cardiac transplantation leads to
a dramatic improvement in functional status
and quality of life, it still represents one of the
more invasive and psychologically threatening
surgical interventions. HT raises unique

psychological issues which originate from the
complexity of the entire clinical and therapeu-
tic trajectory as well as from extraordinary
symbolicity of the heart and the human source
of the graft. Psychiatric and psychological dis-
turbances, mainly mood and anxiety disorders,
are common both in the pre- and posttransplant
phase, with prevalence rates of 50% in HT
candidates and 20–30% in HT recipients,
even in the long term. Correct detection and
treatment of these conditions is mandatory
given their recognized impact on HT main
outcomes, including survival. Available
interventions include pharmacological treat-
ment, mainly selective serotonin reuptake
inhibitors (SSRIs), and psychotherapeutic
approaches, but the evidence to guide
clinicians’ management of psychopathology

P. Politi · V. Martinelli (*)
Department of Brain and Behavioral Sciences, University
of Pavia, Pavia, Italy
e-mail: pierluigi.politi@unipv.it;
valentina.martinelli@unipv.it

© Springer Nature Switzerland AG 2020
S. Govoni et al. (eds.), Brain and Heart Dynamics,
https://doi.org/10.1007/978-3-030-28008-6_27

399

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-28008-6_27&domain=pdf
mailto:pierluigi.politi@unipv.it
mailto:valentina.�martinelli@unipv.it
https://doi.org/10.1007/978-3-030-28008-6_27#DOI


in this population is still limited. Further
research is needed to optimize treatment and
management of psychological outcomes.

Keywords

Heart transplantation · Psychopathology ·
Depression · Anxiety · Delirium ·
Antidepressants · Psychopharmacological
treatment · Psychotherapy · Psychosocial
outcomes

Introduction

Heart transplantation (HT) is a well-established
procedure for terminal cardiac disease and is
considered the treatment of choice in cases
of severe cardiac insufficiency refractory to med-
ical or surgical treatment. However, even nowa-
days, more than 50 years after Christiaan Barnard
performed the world’s first human-to-human heart
transplant at Groote Schuur Hospital in Cape
Town, South Africa, cardiac transplantation still
evokes intense emotions. Indeed, it represents one
of the more invasive and psychologically threat-
ening surgical interventions [1, 2].

HT is only a part of a complex clinical process,
which involves a series of stages, each one carry-
ing dangerous implications. In the preoperative
period, the patient may experience recurrent
episodes of acute decompensated heart failure,
leading to urgent hospital admissions, invasive
procedures, and, in some cases, mechanical circu-
latory support. The postoperative phase is also
physically and psychologically challenging due
to a first period of isolation, the risk for acute
rejection, infections, and immunosuppressants’
side effects. For many transplant recipients, trans-
plantation and related comorbidities impose a sig-
nificant and lifelong physical and emotional
symptom burden [3].

It is often assumed that HT psychological
peculiarities are interwoven with the extraordi-
nary symbolicity of the heart. From the dawn of
time, cardiac sound – we all may hear it – marks
the beginning as the end of our lives. Through the
history of mankind, the heart became soon the

vital center of the human being, long before
blood circulation was discovered. From the very
beginning of heart transplantation, psychiatry was
deeply involved into transplantology, as it was
for surgery, immunology, ethics, and sociology.
Major organ transplantation soon became a kind of
in vivo experiment along the development of body
scheme organization, enriching the experience had
with amputated patients or having congenital or
acquired malformations. A paradigmatic example
of life-extending operations, heart transplantation
is characterized by important psychological impli-
cations, over all the convergence of the themes of
identity, death, and rebirth [4].

Of note, many transplant recipients celebrate the
anniversary of the surgical intervention in terms of
a new birth, the beginning of a second life. Richard
Blacher, an American psychiatrist and psychoana-
lyst, talks about rebirth discussing psychological
implications of open-heart surgery [5].

The concept of rebirth indissolubly recalls
the thought of death and dying, which is
central in the inner experience of transplant recip-
ients. The graft “weighs.” It carries feelings of guilt
that many recipients may experience for having
desired, mostly unconsciously, the death of another
human being during the waiting period [6].

The graft is, effectively, the organ of a
deceased which continues to beat. The mourning
for a young person, whose heart still continues
to pulse in another body, may be almost impossi-
ble to elaborate. The concept of rebirth evokes
also the dimension of identity, the possibility of
remaining ourselves, despite the change. In fact,
the themes of extraneousness, non-self and “dou-
ble”, often recur in these clinical settings. The
integration of the new organ into the body scheme
often requires time [7]. From a psychological
perspective, the graft is not inert: it carries some
of the donors’ features. The transplanted
organ almost immediately achieves a mental
representation: it does not become only a part
of the body, but represents the donor and the
relationship to that person [4, 8]. It is an anatom-
ical part which becomes anthropomorphized.
Identification with the donor is often noticeable.
Some patients report they have become more
masculine or feminine, according to the sex of
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the donor, as if some of the donors traits, both
physical and psychological, could have been
transmitted to them as a result of transplantation.
The recomposition of the body image’s integrity
gradually leads to overcome the crisis induced by
the transplant and allows adaptation to the new
condition [4]. HT is generally followed bymarked
improvements in physical and mental health and
emotional well-being. However, in the late years
post-HT, the development of medical complica-
tions may provoke renewed distress. To this
regard, Jean-Luc Nancy, a contemporary French
philosopher, describes the experience of his own
heart transplant in terms of the problematic gift of
a foreign organ and the intrusiveness of a cancer
fostered by the immunosuppressive treatment reg-
imen [9].

Taken together, these considerations show how
HT raises unique psychological issues and poten-
tial psychiatric complications which require a
multidisciplinary approach.

Waiting For a New Heart

Psychosocial Evaluation of Heart
Transplant Candidates

Extensive clinical literature highlighted the
impact of pretransplant psychosocial factors,
including patient’s history of medical adherence,
mental health, substance use, and social
support on HT outcomes. Therefore, all HT
guidelines state that pretransplant screening
should include a thorough psychological assess-
ment [10, 11]. This evaluation integrates a
complex multifaceted assessment, providing
information relevant for patients’ selection and
overall care planning. With specific regard to
complex situations, it facilitates appropriate refer-
ral for treatments or interventions that may
improve patients’ well-being and suitability
as transplant candidates. While medical
criteria warranting HT candidacy have been well
established, psychosocial criteria are less stan-
dardized. Recently, a consensus of expert opinion
promoted by the International Society for Heart
and Lung Transplantation (ISHLT) provided

recommendations for the psychosocial evaluation
of adult cardiothoracic transplant candidates,
addressing both the evaluation content and pro-
cess [10]. Regarding content, the psychological
assessment should address nine main domains,
specifically patient’s treatment adherence and
health behaviors; mental health history; substance
use history; cognitive status and capacity to give
informed consent; knowledge and understanding
of current illness; knowledge and understanding
of treatment options; coping with illness; social
support; and social history.

Predicting non-compliance has always
represented one of the central issues in the
psychosocial evaluation of the potential HT can-
didate. Repeated documented nonadherence
to medications and other medical directives is
a recognized contraindication to cardiothoracic
transplantation, due to the associated increased
risks for posttransplant morbidities and mortality.
Psychiatric conditions contraindicate transplanta-
tion when uncontrolled, affecting patients’ ability
to adhere to the medical regimen, and are
not mitigated by adequate clinical and social sup-
port [10]. Depression and anxiety are common in
HT candidates [12, 13]. Even the more severe,
less common psychiatric disorders, including psy-
chosis and bipolar disorder, do not inevitably
lead to posttransplant clinical outcomes if careful
candidate assessment and close management of
these conditions is provided. Active alcohol
abuse, drug abuse, and tobacco smoking are con-
traindications to cardiothoracic transplantation,
given the increased risks for poor postsurgical
clinical outcomes and mortality, primarily medi-
ated by relapse to use after the operation. The
evaluation should carefully investigate history of
use of all substances, current status, previous
treatments received, periods of abstinence as
well as the person’s insight and willingness to
receive treatment [10]. The assessment of
patients’ understanding, acquaintance, and capac-
ity to engage in decision-making needs is also part
of the psychosocial evaluation. Although demen-
tia represents a contraindication to HT, patients
with milder degrees of cognitive impairment or
with transient impairments (delirium, encephalop-
athy) that resolve may have the capacity to give
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informed consent and undergo HT. Moreover,
previous studies suggest that intellectual disabil-
ities per se may not adversely affect ultimate
transplant outcomes if adequate social support is
provided to ensure patient’s medical adherence
[10]. More recently, research explored the role of
coping strategies, received family and social sup-
port, and social history on HT outcomes and
sustained their inclusion in the formal assessment.
In HT patients, the use of denial and avoidant
coping before transplantation is associated with
an increased risk for developing a psychiatric dis-
order after transplant. Optimism, active problem-
solving, and having a strong sense of self-efficacy
are associated with better psychological, behav-
ioral, and clinical outcomes [10, 14]. Family and
social support needs also to be assessed given its
contribution to patient’s adherence and the impor-
tant protective role in mitigating other risk factors
including mental health problems and cognitive
and intellectual disability. Low level of family
and social support, low socioeconomic status, and
worse background health characteristics contribute
to an unsatisfactory HT outcome due to worse
adherence to the therapeutic regimen [10, 15].

In contrast with the large body of literature
supporting the content to be explored by the psy-
chosocial evaluation, few empirical works focus
on processes and procedures [10]. According
to Organ Procurement and Transplantation Net-
work (OPTN)/United Network for Organ Sharing
(UNOS) guidelines, “All transplant programs
should identify appropriately trained individuals
who are designated members of the transplant
team and have primary responsibility for coordi-
nating the psychosocial needs of transplant candi-
dates, recipients, living donors and families” [11].
The evaluation protocol may follow one of the
published specific screening tools, including the
Psychosocial Assessment of Candidates for
Transplantation (PACT) [16], the Transplant
Evaluation Rating Scale (TERS) [17], and the
Stanford Integrated Psychosocial Assessment for
Transplantation (SIPAT) [11]. There is current
insufficient evidence to support the use of any
given instrument over the others [10].

Consensus of expert opinion highlights the
importance of a multidisciplinary discussion of

the psychosocial evaluation’s final report. This
approach provides a key opportunity to recom-
mend treatments and interventions to ameliorate
any identified psychosocial contraindication
or risk factor to transplantation. With regard to
mental health, pharmacological and psychothera-
peutic strategies are now available and can be
used safely and effectively to treat mental health
issues before HT. Implementation, progress, and
outcomes of recommended treatments or inter-
ventions should be monitored to allow timely
updates to the transplant team [10]. Importantly,
criteria for success need to consider the patient’s
medical urgency. In fact, HT represents a life-
saving procedure: the process of conducting the
evaluation therefore requires a tailored approach
to the patients’ ability to provide information,
according to their current medical status and
capacity to participate actively. In this sense,
researchers and clinicians underline that strict,
prescriptive guidelines for universal application
are not appropriate in this field [10].

The Waiting Period: Psychopathology

Scarcity of donor organs and improvement in
survival after a cardiac event due to advances in
medications and technology, including ventricular
assist devices (VAD), has led to an increase
of average waiting times for all patients over
the past years. Regarding psychopathology, the
period between being listed for transplantation
and receiving a heart is often particularly
difficult and very stressful [12, 18]. The majority
of patients experience a marked worsening in their
physical condition. Previous studies reported rates
of psychiatric morbidity of around 50% in HT
candidates, mainly depressive and anxiety disor-
ders [18]. The waiting period is often described as
the most stressful of the entire transplant trajec-
tory. The first allusion to the need for the interven-
tion may generate in the patient profound
discouragement and anguish, if not terror, with
attempts to deny the seriousness of the situation.
Denial has been observed to be a common defen-
sive pattern and coping strategy in patients with
cardiac disease and may play an initial adaptive
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role, leading to a reduction in anxiety. By contrast,
maladaptive denial may result in treatment non-
compliance, counterphobic over efforts in work
and activities, and failure to make appropriate
plans. When denial is extreme, patients may
refuse appropriate medical treatment and trans-
plant [6, 12]. One of the main challenges during
the waiting period is a sort of extreme uncertainty:
the person lives constantly on the alert, dealing
with the fear of death before an organ becomes
available, while the physical status declines. Dif-
ferent from other solid organ transplant recipients,
many patients await HT in the hospital setting.
This wait, coupled with the need for intensive
cardiac support, can compound the stress of the
heart transplant process. Even for patients who are
able to wait at home, there is significant stress
associated with poor physical functioning, short-
ness of breath, fatigue, the stress of adhering to a
medical and dietary regimen, waiting for an
organ to be allocated, and contending with the
possibility of death. Moreover, in recent years
the implantation of ventricular assist devices
(VAD) has evolved into a standard procedure to
bridge patients to transplant. VAD therapy is asso-
ciated with characteristic psychiatric and psycho-
social issues, including additional distress
due to the risk of adverse events such as infec-
tions, bleeding, neurological events, and early
mortality [19]. The neuropsychologic course
after VAD implantation proceeds in different
stages [20]. Neurologic affections, including
recurrent episodes of embolic or hemorrhagic
strokes, may occur in the initial phase and can
even preclude the possibility of HT [19, 21].
Subsequently, when adjustment to the life with
a VAD sets in, the patient may experience an
existential threat and that a machine controls his/
her life. This represents a traumatic experience
and implies a severe distortion of the body
image [22]. This period is usually followed by a
stage of stabilization, which often accompanies
somatic health progress. However, this phase is
characterized by continuing efforts of adaptation
to life with the VAD and to the necessity to
develop a new personal life concept. Patients are
required to learn to manage a complex technical
device where errors or inattentiveness are

potentially fatal. This results in constant psycho-
logical pressure, where pause nor oblivion is pos-
sible [20]. Long hospitalization due to recurrent
VAD-related complications leads to deprivation
and presents an additional negative psychological
factor.

The prevalence of anxiety in patients with heart
failure ranges between 9% and 53%, and moder-
ate anxiety has been reported in the majority
of transplant candidates [18, 23]. Symptomatic
cardiac disease may itself trigger anxiety. Angina,
arrhythmia, and acute heart failure produce anxi-
ety related to fears of heart attack, disability, and
sudden death. New potential sources of anxiety in
the waiting period include long waits for the donor
organ, the informed consent process, and the
experience of the death of other patients [6].
Of note, anxiety has been identified as an inde-
pendent predictor of all-cause mortality in patients
with heart failure [19]. The prevalence of major
depressive disorders ranges from 20% to 40% in
patients with heart failure and 24% to 38%
of patients on a heart transplant waiting list, with
further increases in the intensity of the
symptoms during the waitlisted period [13, 15].
Sanchez et al. in a cross-sectional study of 125
subjects found 30.4% of HT candidates reported a
DSM-IV-TR Axis I disorder and 31.2% were on
psychopharmacological treatment, mainly benzo-
diazepines (16%) and selective serotonin reuptake
inhibitors (6.4%) [18]. Preoperative depression
predicts higher risk for unfavorable outcome
after HT, in terms of poor medication compliance,
higher rates of hospitalization, and mortality [13,
15]. Appropriate identification and treatment of
depressive and anxiety disorders is therefore
essential. Psychotropic medications provide an
effective option, combined with psychotherapy
or alone. The choice of psychotropic agent
requires careful consideration of the risk for QTc
prolongation and of pharmacokinetic issues. In
the waiting period, end-stage organ disease repre-
sents the primary focus, given the potential alter-
ations in drug absorption, distribution, and
clearance [19, 24]. Selective serotonin reuptake
inhibitors (SSRIs) are well tolerated and effica-
cious for depression, panic disorder, and post-
traumatic stress disorder. Adjustments in dosage
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are required when renal or hepatic impairment is
present. For acute or short-term control of anxiety
with these patients, benzodiazepines provide the
most rapid and effective relief. First-generation
antipsychotics, most atypical antipsychotics, tri-
cyclic antidepressants, and the SSRIs citalopram
and escitalopram have been associated with QTc
prolongation and ventricular arrhythmias, thus
requiring a careful analysis of the necessity of
immediate treatment and the availability of alter-
native treatment options. Furthermore, specific
caution and awareness of the QTc-prolonging
effects of cardiac medications, particularly class
I and class III antiarrhythmics, are required to
guide appropriate drug choice in case of
coadministration [19, 24].

Living with a New Heart

Early Postoperative Period

In the early phase following heart transplantation,
many recipients report feelings of euphoria,
omnipotence, and immortality, linked to the dra-
matic improvements of their physical conditions.
These feelings are often accompanied by a
temporary denial of worries about the risk of
rejection, the need for lifelong pharmacological
therapy, and the extraneous nature, not only bio-
logical, of the transplanted organ. The very early
period after HT has been described as a sort
of “honeymoon,” a phase of transient idealization
of the recipient’s condition following the triumph
over death. This feeling of rebirth may
resemble the characteristics of a hypomanic
state, most likely reactive to the intense anguish
and threat experienced throughout the waiting
period [4, 25]. Previous studies showed a signifi-
cant decline in anxiety and depressive symptoms
and the return to a psychological status compara-
ble to that in the absence of illness [2, 25].

Neurological complications represent the
main neuropsychiatric disturbances in the
immediate postoperative period, with a 9% prev-
alence of delirium or encephalopathy in HT recip-
ients [26]. The pathogenesis of delirium after
HT is complex and involves neurotransmitter

alterations, physiological stressors, metabolic
derangements, electrolyte imbalances, potential
neurocognitive side effects of immunosuppres-
sive regimens and antibiotics, and the use of
extracorporeal circulation [25, 27]. Of note, post-
operative delirium has been reported in 36.8%
of lung transplant recipients in a recent study by
Anderson et al. (2018), with pretransplant benzo-
diazepine prescription found as an independent
risk factor. There are few data to guide the treat-
ment of delirium in cardiac intensive care unit
patients [28]. Non-pharmacological strategies to
reorientate the patient should be preferred. There
are conflicting and limited data to guide the use of
antipsychotics. Atypical antipsychotics may
reduce the duration of delirium, but these should
not be used in patients at significant risk for tor-
sades de pointes [27]. Brief psychotic disorders
may also occur in the immediate postoperative
period or within 2–4 weeks after the intervention,
mainly in patients with a previous history of psy-
chiatric disorders or secondary to steroid treat-
ment. Although rare, the early and correct
identification of psychotic disorders deserves
attention, given the potential for appropriate
good management rather than the very negative
effect on HT outcomes if not treated [25, 29].

First Year After Transplant

The first year following HT is characterized by
a complex strict clinical follow-up, including
laboratory tests, pharmacological monitoring,
electrocardiograms and echocardiograms, chest
radiography, and biopsies. The need for accurate
close clinical surveillance is due to the risk of
acute rejection and the higher recipients’ frailty
in this phase, especially if hospitalized in the
period before the intervention. The need to adhere
to frequent, continued medical controls and
immunosuppressive regimens, the threat of acute
rejection, and possible hospital admissions due to
infectious complications may all lead to the loss of
the initial feeling of omnipotence and contribute
to the genesis of feelings of depression and uncer-
tainty. The perception of the graft itself may
change, from a magic and powerful organ to
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a weak and fragile one [4, 8]. The development of
anxiety and depressive symptoms may be
influenced by the unique experience of end-stage
heart failure and subsequent transplantation,
which can be highly traumatic. Competing senses
of hope and gratitude mixed with guilt and grief
regarding the acceptance of a heart from
a deceased donor may contribute to psychopathol-
ogy in this population. A review of qualitative
studies on recipients’ perception of the transplant
reported a complex variety of experiences, rang-
ing from positive feelings and emotions,
connected with a sense of gratitude, pride, and
altruism, to more negative ones, such as feeling
fearful, depressed, and guilty. Of note, a sense
of grief seemed to relate to the loss of the donor’s
life as well as for the recipient’s own heart that had
needed to be replaced [30, 31]. Overall, several
studies reported a significant improvement in
depressive and anxiety symptoms within the first
postoperative year compared to the waiting list
period [2]. However, HT recipients may experi-
ence a higher prevalence of depressive symptoms
at hospital discharge and in the early period after
HT, with a rapid decline over time. Mood and
anxiety disorders, as well as subclinical psycho-
logical symptoms, are relatively common in the
first year after HT. About 4% of recipients meet
criteria for major depressive disorder in the first
month after transplant, rising to about 8% by the
middle of the first year and to about 14–20% by
12–18 months after transplant [32]. The preva-
lence of anxiety disorders is similar, with
1.5–7% of recipients meeting criteria for either
phobias, panic, generalized anxiety disorder, or
post-traumatic stress disorder specifically related
to the transplant experience (PTSD-T) during the
first month posttransplant, rising to at least
17–18% by the end of the first year [29].

Despite recipients’ awareness of being sur-
vived to a disabling condition, early problems
with medical compliance may already arise during
the first year after HT. Previous research found
that 20% of recipients reported difficulties
with pharmacological adherence, 19% restarted
smoking, 18% did not follow nutritional advice,
and 9% did not present to scheduled appointments
regularly [33]. Data on the occurrence of

psychosis beyond the postoperative period, not
ascribed to acute organic etiology, are scarce and
appear to occur almost exclusively in individuals
with a pretransplant history of illness [25, 29].

Long-Term Follow-Up

According to the International Society for Heart
and Lung Transplantation (ISHLT) registry,
the average life expectancy after cardiac trans-
plant is 10.9 years [34]. With improvement in
patients’ survival after heart transplant, the quality
of life and psychosocial well-being emerged as
important outcome measures in the long term.
Despite a general improvement in functional and
psychosocial status following the intervention, the
posttransplant adaptation trajectory may be threat-
ened by the onset of medical complications due to
the immunosuppression regimen, pharmacologi-
cal side effects, and comorbidities. As a result,
many patients may experience psychological and
psychiatric morbidity in the subsequent years.

Mood and anxiety disorders are the most com-
mon ascertained psychiatric conditions after HT.
During the first several years following the inter-
vention, up to 63% of recipients have been
reported to experience depressive disorders,
mainly major depressive disorder or persistent
depressive disorder, while up to 26% suffered
from one or more anxiety disorders, including
generalized anxiety disorder, panic disorder, and
post-traumatic stress disorder [29]. Dew et al.
(2001) found that 3 years after HT, the cumulative
rate of major depressive disorder (MDD) was
25%, slightly higher than that of all anxiety disor-
ders (21%). The levels of distress and impairment
due to depressive and anxiety disorders in HT
recipients appeared to be severe in terms of length,
number of symptoms, and presence of suicidality
[32]. Risk factors for depression in the early post-
transplant period include worse physical function-
ing, longer hospitalization, lower level of social
support, and inadequate coping strategies [32].
Within 5 years after HT, the estimated frequency
of major depression is 41% and 12% for trans-
plantation-related post-traumatic stress disorder
(PTSD) [35]. In the last decade, a growing body
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of research explored psychological outcomes
more than 10 years after HT [36]. Dobbels et al.
reported a prevalence of depressive symptoms of
30% at 5 years and 22% at 10 years after surgery,
with 20% of the entire study cohort showing
symptoms at both time points, according to the
Beck Depression Inventory, one of the most used
self-administered questionnaires in the field. The
use of passive coping strategies, a tendency to
express more negative emotions, and lower club
membership were associated with the presence of
depression at both time points. None of those
patients was taking antidepressants or had
received psychotherapeutic treatment during the
follow-up period [37]. Similar rates of depressive
symptoms (30%) were reported by Fusar-Poli et
al. in a sample of 137 recipients more than 10
years after HT [38]. A recent cross-sectional
study by Conway et al. involving mostly HT
long-term survivors found that 10% of partici-
pants suffered from major depression according
to a structured clinical interview and 18% were
receiving antidepressant medications, with
depressed HT recipients experiencing worse pain
control after controlling for clinical and psycho-
logical variables [3]. Of note, depression and
anxiety are recognized risk factors for morbidity
and mortality after organ transplantation [39].
Predictors of poor psychological functioning
after HT include the onset of posttransplant sec-
ondary medical complications, poor physical
functioning at time of HT or perioperatively, pre-
transplant history of psychiatric disorder, poorer
social supports, use of avoidant/passive coping
strategies, lower sense of personal control/self-
efficacy, and lower optimism and sense of hope.
Cumulative cyclosporine dose and pretransplant
VAD support may affect neurocognitive status
following HT [40]. Older patients reported better
quality of life, psychosocial adjustment, and
adherence after HT than middle-aged and younger
patients [41, 42].

Despite being recommended by the clinical
guidelines for caring for heart transplant recipi-
ents, regular screening for anxiety and depression
is not a currently standard practice. Although
underrecognition and treatment of major depres-
sion is a well-known phenomenon in many

clinical populations, it may be particularly prob-
lematic in transplant recipients due to clinicians’
concerns about recommending the addition of
psychopharmacological agents to the complex
regimen of medications. Treating depression in
this patient population is challenging due to drug
interactions from patients’ antirejection medica-
tions. Cyclosporine and tacrolimus are both
metabolized utilizing the hepatic CYP450 3A4
pathway: inhibitors of this enzyme increase the
risk of their toxicity, while, by contrast, medica-
tions that induce 3A4, such as many antidepres-
sants, determine subtherapeutic levels of these
immunosuppressants, increasing the risk of graft
rejection. Selective serotonin reuptake inhibitors
(SSRIs) are the first-line treatment for depression
in postcardiac transplant patients. The serotonin-
norepinephrine reuptake inhibitor (SNRI)
venlafaxine can be safely used in most transplant
recipients. Mirtazapine has been suggested as
a second-line treatment to be reserved for patients
suffering from cachexia who may benefit from its
appetite-stimulating effect [24, 43, 44].

However, transplant patients experience
unique issues that may benefit from a psychother-
apeutic approach. Interesting findings and poten-
tial suggestions come from qualitative research
exploring recipients’ perceptions of the factors
that contributed to their past and present emotions.
Adequate support from family, friends, previous
HT recipients, and the transplant team has been
reported as essential. However, too much support
from caregivers at a time when the HT recipient
was trying to readjust back to normal life was
noted as an obstacle to recovery and a source of
potential conflict within family dynamics [31].
These considerations highlight the importance
of tailored support transitioning to a level that
promote recipients’ sense of independence and
perceived control over health and daily life.
As a practical implication for healthcare providers
too, these findings suggest that during hospitali-
zations the staff should provide the HT recipient
with as many opportunities to care for themselves
as possible. Other interventions, which have been
shown to increase perceived control in cardiac
populations, include reframing techniques in
which an acute event is viewed not as something
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that is uncontrollable out of control but as an
isolated exacerbation of a chronic condition that
can be controlled managed with adherence to
prescribed medications and lifestyle modifica-
tions. Receiving support from others who had
previously undergone HT was also considered
particularly beneficial as HTwas viewed by recip-
ients as a unique experience. Further research is
needed to explore the impact of peer support pro-
grams and group interventions [31].

Data on the impact of non-pharmacologic
interventions on psychological outcomes for
heart transplant recipients are limited, and insuffi-
cient evidence is currently available. This is
surprising, given the long term since ISHLT first
calls for more research in the field. Moreover,
no study specifically addressed the impact of
non-pharmacological interventions on psycholog-
ical outcomes in heart transplant recipients fitting
the criteria for psychopathology [40, 45]. Possible
reasons include feasibility of psychosocial inter-
ventions, including psychiatric evaluation and
psychotherapeutic treatment in the hospital set-
ting, accessibility for patients living at a long
distance from the transplant center or coming
from other regions of the country, restrictions
due to physical illnesses, costs, and availability
of dedicated trained staff.

Exercise programs, a web-based intervention,
cognitive behavioral therapy (CBT), interpersonal
psychotherapy, and mindfulness-based stress
reduction techniques have been shown to improve
depressive symptoms and quality of life in solid-
organ transplant and cardiovascular disease
patients [45–47]. Recently, a pilot study by
Conway et al. found that telephone-delivered
CBT was not acceptable in HT recipients [48].
More research into how depression manifests
after heart transplantation is required in order to
determine the most effective supportive strategies.

Conclusion

HT raises unique psychological issues and poten-
tial psychiatric complications which originate
from the human source of the graft, together

with the complexity of the entire clinical and
therapeutic trajectory. HT therefore deserves a
multidisciplinary approach, including psycholog-
ical and psychiatric competences.

Cross-References
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Anxiety

▶Depression and Cardiovascular Diseases
▶Major Psychiatric Complications of Cardiac
Surgery

▶ Psychiatric and Neurological Effects of Cardio-
vascular Drugs

▶ Psychiatric Aspects of Sudden Cardiac Arrest
and Implantable Cardioverter-Defibrillators

▶ Psychological and Cardiovascular Effects of
Meditation and Yoga

▶ Psychotherapy and Psychological Support for
Severe Heart Conditions
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Abstract

Cardiovascular diseases are the leading causes
of death around the world and in most devel-
oped countries are the major causes of disabil-
ity among elderly people.

In this chapter psychological issues and
psychological/psychotherapeutic interventions

related to chronic coronary heart disease and
chronic heart failure (the most common type of
heart disease) are discussed.

The relationship between psychosocial risk
factors and health outcomes in cardiac diseases
is known. Many researches in fact show that
psychosocial risk factors, such as low socio-
economic status, social isolation, stress, type D
personality (a tendency to experience negative
emotions associated with a tendency not to
express these emotions when together with
others), depression, and anxiety, increase the
risk of incident coronary heart disease and also
contribute to poorer health-related quality of
life and prognosis in patients with established
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cardiovascular diseases. Evidence also exists
for an association between depression, social
factors, and disease outcome for chronic heart
failure.

Evidence-based psychological support and
psychotherapy, consisting of cognitive behav-
ioral therapy (mainly), interpersonal therapy,
and short-term psychodynamic therapy, are
discussed.

Finally, different psychoeducational and
psychological interventions in order to
enhance cardiac patient adherence to pharma-
cological and non-pharmacological prescrip-
tions are described.

Keywords

Psychosocial factors · Adherence ·
Psychotherapy · Psychological support · Heart
diseases · Coronary heart disease · Chronic
heart failure

Introduction

Cardiovascular diseases are the leading causes of
death around the world and in most developed
countries are the major origin of disability
among elderly people [1]. The incidence of car-
diovascular diseases (CVD) has been strongly
related with classic risk factors (hypertension,
dyslipidemia, and diabetes) and poor lifestyles
(smoking, physical inactivity, and unhealthy
diet) [1]. In the last 30 years, psychosocial risk
factors and inadequate psychosocial and living
conditions have also been found to be linked to
CVD [2–6]. The relationship between psychoso-
cial risk factors and health outcomes in chronic
diseases has been the subject of a review of evi-
dence for cancer and cardiovascular disease in a
2015 WHO document [7]. Thirty-seven system-
atic reviews and meta-analyses were identified.
Among the psychosocial factors repeatedly iden-
tified as related to chronic diseases emerge: high
job demand, low autonomy, low control or high
effort-reward imbalance, interpersonal conflicts,
and low social support or low trust. Evidence

suggests that multiple psychosocial factors are
independently associated with various chronic
diseases throughout adulthood. Moreover, the
social gradient in health observed during adult-
hood can partly operate through psychosocial fac-
tors on the path between socioeconomic
characteristics and health. This report provides
evidence that psychosocial factors play an impor-
tant role in explaining CVD outcomes. In partic-
ular for cardiovascular diseases, evidence for
association with depression and social isolation
is strong and consistent. Psychosocial factors,
therefore, could become part of comprehensive
risk reduction interventions focused on multiple
risk factors. These findings suggest that psycho-
social factors can provide multiple opportunities
for prevention, intervention, and possible cross-
sectoral approaches to address social inequalities
in health observed in the middle and elderly age.
These results also support health policy 2020,
which aims to reduce health inequalities and
focuses on actions that would improve health,
including improving psychosocial conditions to
reduce stress through measures such as work con-
trol, adequate social protection, or improvement
of job security.

In this chapter psychological issues and psy-
chological/psychotherapeutic interventions
related to chronic coronary heart disease
(CHD) and chronic heart failure (CHF) are pre-
sented. Particularly, we describe the model
developed by the working group of psycholo-
gists of GICR-IACPR [8, 9], which show the
steps of a psychological intervention in CHD
and CHF patients, especially in a cardiac reha-
bilitation setting in Italy. Recently the working
group of psychologists of the GICR-IACPR
(Italian Association for Cardiovascular Preven-
tion, Rehabilitation, and Epidemiology) updated
and renewed the Italian Psychological Guide-
lines published in 2003, in order to elaborate a
document on the best practice in daily psycho-
logical activities in CPR based on efficacy,
effectiveness, and sustainability, introducing
new knowledge and new paths for psychologists
who work in the cardiac and preventive rehabil-
itation settings [9].
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Coronary Heart Disease (CHD)

Patients suffering from CHD should adapt to rad-
ical changes in their health status and may expe-
rience intense emotional states to their previous
work, leisure, and level of sexual activity, even if
they are physically fit to these activities, such as
excitement, anger, anxiety, fears, and depression.
These experiences are often associated with the
failure to return. Many studies have shown that
psychosocial risk factors, such as low socioeco-
nomic status, social isolation, stress, type D per-
sonality, depression, and anxiety, increase the risk
of incident coronary heart disease and also con-
tribute to poorer health-related quality of life
and prognosis in patients with established CHD.
Psychosocial risk factors may also act as
barriers to lifestyle changes and treatment adher-
ence [2, 4, 9, 10].

The prevalence of depression is between 15%
and 20% in coronary heart disease, and estimates
of clinically relevant depressive symptoms are
much higher [11, 12]. A recent meta-analysis
indicated a prevalence rate of 16% of anxiety
disorders [13]. While psychosocial risk factors
such as anxiety and depression may affect the
cardiovascular system through biological and
behavioral pathways, on the other hand, CHD
and its treatments may cause anxious and depres-
sive reactions in the patient and in the
caregiver [14].

Many position papers and psychological
guidelines [2–6, 9, 10] underline the need of an
effective management of these psychosocial risk
factors, including the screening of psychosocial
risk factors and the implementation of different
psychological intervention programs, such as
counseling, motivational interview, health
psychoeducation, and psychotherapy. It may be
important to teach the patients to change their
existing stressors, or to enhance their coping
mechanisms for existing stressors, than to change
unhealthy lifestyle habits.

Educational interventions can affect a patient’s
psychological state positively and reduce mis-
conceptions about CHD and its outcomes [15].
A larger number of “multidisciplinary” studies

have been conducted to determine the effective-
ness of psychosocial interventions for primary
and secondary prevention, but often the effects
of psychosocial components cannot be formally
isolated from these studies. Psychoeducation is a
method of disease management that provides
patients with the tools they need to take control
of their health and healthcare. A complete
psychoeducational intervention for CHD should
include health education with nutrition and
smoking cessation counseling, physical activity
program, and emotional/psychosocial support.
Cardiac rehabilitation is a secondary prevention
intervention that focuses on the overall well-being
of patients after a cardiac event. One of the core
components of CR is the psychological support
that is intended to both evaluate and manage psy-
chosocial risk factors that are also cardiovascular
risk factors [15].

The studies on psychological interventions for
CHD patients reported positive effects on quality
of life, health behavior, and somatic risk profile,
while others reported a protective effect on car-
diovascular morbidity and mortality [14]. Some
studies showed small-to-moderate improvements
in depression and anxiety, a small reduction in
cardiac mortality risk, and a reduction in
all-cause mortality risk for men but not women.
Men appear to profit more from the interventions
than women, but there are less studies of women
than men [14]. Linden et al. [16] showed that
programs, which were initiated at least 2 months
after the cardiac event, showed stronger effects on
the rate of future events than those initiated imme-
diately after. Welton et al. [17] carried out system-
atic literature searches to update an earlier
Cochrane review and classified components of
interventions into six types: usual care, educa-
tional, behavioral, cognitive, relaxation, and sup-
port. Most interventions were a combination of
these components. There was some evidence that
psychological interventions were effective in
reducing total cholesterol and standardized mean
anxiety scores, that interventions with behavioral
components were effective in reducing the odds of
all-cause mortality and nonfatal myocardial
infarction, and that interventions with behavioral

24 Psychotherapy and Psychological Support for Severe Heart Conditions 413



and/or cognitive components were associated
with reduced standardized mean depression
scores. The meta-analysis by Whalley et al. [18]
underlined the positive effects of psychological
interventions on quality of life, depressive symp-
toms, and anxiety, as well as an effect on cardiac
mortality. Pogosova et al. [2] affirmed that stress
management should be offered to patients (on an
individual basis or in small groups) and that
significant others should be included in the
programs. A recent umbrella review and meta-
analysis of RCT of psychotherapeutic interven-
tions aimed at patients with ischemic heart disease
[19], which consists of 4 systematic reviews and
of the meta-analysis of 24 RCTs, showed positive
effects on psychological distress conditions, on
the management of traditional risk factors, and
with respect to some cardiovascular prognostic
indices. Furthermore, a Cochrane review [20]
highlighted that for people with CHD, psycholog-
ical treatments reduce the rate of cardiac mortality
and symptoms of depression, anxiety, or stress;
there is no evidence that psychological treatments
influence overall mortality, the risk of revascular-
ization procedures, or the rate of nonfatal AMI.
There remain some uncertainties regarding people
who would benefit the most from treatment (i.-
e., people with or without psychological disorders
at baseline) and the specific components of suc-
cessful interventions. Psychological interventions
combined with additional pharmacology (when

deemed appropriate) seemed to be more specifi-
cally effective for people showing depressive
symptoms. For anxiety, recruitment interventions
for participants with a basic psychological disor-
der were more effective than those given to non-
selected populations.

The most recent systematic review and meta-
analysis of randomized controlled trials (RCTs) of
psychological interventions in coronary heart dis-
ease [21], including RCTwith at least 6 months of
follow-up, compared the direct effects of psycho-
logical interventions to usual care for patients
following myocardial infarction or revasculariza-
tion or diagnosis of angina pectoris or coronary
artery disease defined by angiography. Thirty-five
studies were included with 10,703 participants
(median follow-up of 12 months). In many of
the psychological interventions, the reference
model is cognitive behavioral therapy (CBT)
(Table 1), and many evidence-based techniques
developed as management strategies for promoting
healthy behaviors and the enhancement of psycho-
social well-being are derived by CBT: health
counseling, smoking cessation and weight man-
agement, self-monitoring, stress management, etc.

Data from the literature on the effectiveness of
the psychological interventions and evidence-
based psychotherapy are mainly based on CBT
interventions [14]. Most of the studies with CBT
involve individual and/or group interventions; the
average duration is about 1 year with weekly

Table 1 Cognitive behavioral therapy model

Cognitive behavioral therapy (CBT)

CBT is a form of psychotherapy oriented toward short-term goals, which aims at a cognitive and behavioral action useful
for modifying thoughts, emotions, and problems that are a source of discomfort. CBT is effective, recognized as
preferential for most emotional and behavioral disorders by the international scientific community and the WHO.

Behavioral therapy teaches people to react differently to problematic situations. It focuses on changing specific
actions using different techniques to decrease or eliminate behaviors that create discomfort and increase or acquire
behaviors that promote a better quality of life.

Cognitive therapy helps people learn how thoughts and beliefs often contribute to creating a distorted view of what is
happening in our lives making us feel anxious, depressed, and angry. Awareness of the role of these thoughts, combined
with other behavioral techniques, helps the person to compete and confront the dreaded situations and their own fears.

The evolution of CBT could be briefly summarized as follow:

“First wave”: in the first period [up to 50–60 years] the emphasis was on behavior and learning.

“Second wave”: the focus is on the link between thoughts, emotions, and behaviors and on the role of conscious
thought in the psychotherapeutic field.

“Third wave”: puts more emphasis on the ability to react differently to one’s own thoughts, without questioning them
or trying to rediscover them.
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sessions in the early stages, followed by monthly
sessions in the second part [9].

In the literature there are few reports of psy-
chotherapeutic interventions with a non-cognitive
behavioral orientation. A randomized clinical trial
conducted in 2013 by Roncella et al. [22, 23]
shows the efficacy of a short-term psychotherapy
(group and individual) on cardiac symptoms,
quality of life, and psychological/medical out-
comes at 1-year follow-up. This short-term inter-
vention model, however, is awaiting replication
studies that could confirm the strength of the
results. Finally, Lesperance [24] shows the effec-
tiveness of interpersonal psychotherapy on reduc-
ing depression in a sample of patients with CHD.
However, further studies are required due to the
low number of studies and short follow-up dura-
tion (1 year).

Chronic Heart Failure (CHF)

CHF is a common chronic disease with poor
prognosis and significant quality of life limita-
tions. The European guidelines on heart fail-
ure [25] point out that heart failure is a common
and chronic disease with an unfavorable progno-
sis and severe quality of life limits. Patients
are required to follow a complex regimen of
self-care behaviors, including medication, self-
monitoring of symptoms, diet, and exercise.
Mental comorbidities such as depressive and anx-
ious disorders are common in patients with CHF.
Depressive comorbidities are present in about
20% of patients, anxious comorbidities of up to
40% [26].

Evidence-based psychological and psycho-
therapeutic interventions in heart failure [9]
show that it is essential to treat patients in the
perspective of a chronic and invasive disease.
The patient need to develop cognitive, emotional,
and behavioral skills that allow it to live with this
disease, adhere to complex therapeutic regimens,
and maintain a reasonable level of quality of
life. Specific counseling or psychotherapeutic
interventions (cognitive therapy and stress
management) are often included in the set of
non-pharmacological approaches (including

physical activity and dietary prescriptions)
or included in the global rehabilitative treatment
or in multidisciplinary intervention for which
it is difficult to document the specific effective-
ness. Psychological intervention can be
performed on dysfunctional aspects (cognitive,
emotional, or behavioral) in the management of
the disease, counseling in the optimization of cop-
ing, and psychological support during the stabili-
zation phase. Many contributions focus on
depression and the provision of emotional support
or counseling in order to understand the needs
of the patient, manage emotional responses to
the disease, improve the quality of life, and opti-
mize the physical outcomes of the therapeutic
intervention.

Interventions to optimize the CHF treatment,
reduce hospitalizations and mortality, and
improve quality of life and management of the
disease, carried out during the stay in hospital or
at home with telemedicine methods or face-to-
face interventions, are linked to two key aspects:
[a] self-management and adherence and
[b] depression and anxiety [9].

Psychological Support
and Psychotherapy: Intervention
Models

The Model Developed by the Working
Group of Psychologists of GICR-IACPR
in the Context of Rehabilitation

Over the past 18 years, psychologists in the con-
text of rehabilitation have started to work more
and more in collaboration with cardiology teams,
developing tailored interventions to address the
needs of both patients and their caregivers [8].
The position paper “Best practice on psychologi-
cal activities in cardiovascular prevention and
rehabilitation” [9] is the update of the “Guidelines
for the activities of psychology in rehabilitative
and preventive cardiology” [5] and aims to act as a
tool for consultation and promotion of best prac-
tice in the daily clinical activity of psychological
activities in a preventive and rehabilitative cardi-
ology setting directing with clarity the choice of
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interventions which are evidence based and which
have at least a minimum standard. It contains
indications of best practice concerning evaluation
and intervention, transversal to various cardiac
pathologies (coronary heart disease, heart failure,
cardiac surgery, etc.), deduced from the analysis
of scientific evidence, as well as from legal and
deontological considerations:

• Assess the possible presence of psychopatho-
logical aspects in the medical history, and con-
sider referring the patient to local community
services.

• Investigate the possible presence of previous
cognitive deficits.

• Evaluate the possible presence of depression
and anxiety, either reactive or related to the
clinical condition.

• Evaluate the presence/absence of social
support.

• Evaluate the knowledge, awareness, accep-
tance, and management of the disease.

• Take into account sex, age, and ethnic
minorities.

• Evaluate positive, personal, and environmental
resources, and construct interventions aimed at
reinforcing them.

• Evaluate the level of health literacy of the
patient and caregiver in order to personalize
the informative, educational, and communica-
tion intervention.

• Design psychological interventions of
low/high intensity based on the problems
detected and the working and organizational
resources present.

• Provide counseling to caregivers where prob-
lems are detected and/or their need emerges
from the patients themselves, the family,
and/or the multidisciplinary team.

• Provide counseling on sexuality, where prob-
lems arise.

• Structure all of the psychological activity
within the multidisciplinary intervention and
in synergy with the team.

The literature analysis permitted the authors to
define a model of assessment and intervention in
the cardiac diseases. CHD and CHF evaluation

and intervention suggested in the position paper
are reported in Tables 2 and 3.

Psychoanalytic Psychotherapy

Psychodynamic psychotherapy is another meth-
odology used in the field of cardiac psychology. It
is an empirical and speculative discipline that
includes a wide range of theoretical models of
mind and psychopathology and a wide range of

Table 2 CHD evaluation and psychological intervention

Assessment

Behavioral risk factors

Social factors

Depression

Anxiety and panic

Stress

Posttraumatic stress disorder

Personality factors (type D)

Intervention

Psychological support and psychoeducational sessions
(patient and family)

Psychotherapeutic interventions

Cognitive behavioral therapy (depression, anxiety,
relaxation, stress management)

Interpersonal psychotherapy on depression

Short-term – psychoanalytic therapy

Mindfulness interventions

Table 3 CHF evaluation and psychological intervention

Assessment

Alcohol and cocaine addiction

Social factors

Depression

Anxiety

Neuropsychological disorders

Sleep disorders

Disease management

Intervention

Psychoeducational and disease management
interventions (self-care)

Cognitive behavioral interventions

Telemedicine

Psychological support and psychoeducational
interventions in family members

Caregiver burden interventions
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psychotherapeutic techniques. Since it was first
developed, derived from Freud’s psychoanalytic
theory, it has been contaminated by contributions
from various theoretical approaches – such as
ethology, the cognitive sciences, and the neuro-
sciences. Despite these important premises and
the long-standing tradition of psychoanalytic psy-
chotherapy, the psychodynamic literature within
cardiology reveals many gaps, as outlined in sys-
tematic review published by Jordan and Barde in
2007 [27]. The authors pointed out some of the
methodological limits of prior studies (e.g.,
small subject samples and high drop-out rates).
Furthermore, the studies reviewed by the authors
focused on the personality characteristics of
patients with cardiovascular disease rather than
on their treatment.

Psychological Intervention
for Enhancing Cardiac Patient
Adherence

In this paragraph, some researches about
psychoeducational programs, which aim to
improve adherence and to reduce anxiety and
depression, will be reviewed. The focus will be
on cardiac treatment studies to enhance adherence
in CHD, CHF, and diabetes patients.

Noncommunicable diseases (NCDs, also
known as chronic diseases, are not passed from
person to person. They are of long duration and
generally slow progression. The four main types
of noncommunicable diseases are cardiovascular
diseases (like heart attacks and stroke), cancers,
chronic respiratory diseases, (such as chronic
obstructed pulmonary disease and asthma), and
diabetes. The World Health Organization
(WHO) estimated that �80% of NCDs could be
prevented if four key lifestyle practices were
followed: a healthy diet, being physically active,
avoidance of tobacco, and alcohol intake in mod-
eration [28]. In the 2003, the WHO defines adher-
ence as “. . .the extent to which a person’s
behavior – taking medication, following a diet,
and/or executing lifestyle changes – corresponds
with the agreed recommendations from a pro-
vider” [29]. Furthermore, the WHO’s adherence

definition emphasizes the importance of active
involvement of the patient and good communica-
tion with healthcare professionals. Given the mag-
nitude and clinical implications of nonadherence
to medication regimens, the WHO has published
evidence-based guidelines for clinicians,
healthcare managers, and policymakers on strate-
gies to improve medication adherence [29]. More
recently, the ABC (Ascertaining Barriers to
Compliance) taxonomy defines the overarching
concept of “medication adherence” as a process
divided into three essential phases: “initiation,”
“implementation,” and “persistence.” This pro-
cess well describes the sequence of events that
have to happen for a patient to experience the
optimal benefit from the prescribed treatment
[30, 31].

In older adults and severe cardiac patients,
optimal adherence should be viewed as a means
of achieving a satisfactory therapeutic outcome
and not as a goal in itself [32]. To achieve this
goal, it is advisable to adopt a multidisciplinary
approach, in terms of multidisciplinary team [33]
and educational/psychoeducational programs
[6]. The interest on this topic is based on the
idea that a range of specific interplaying
factors facilitates the process of developing self-
management strategies and regulates emotional/
cognitive process. Among these, disease aware-
ness, self-efficacy, self-care, and other meta-
cognitive factors can be generally improved by
using appropriate psychological techniques and
interventions. In this circular process, the final
goal is to enhance cardiac patient adherence to
pharmacological and non-pharmacological pre-
scriptions (Fig. 1) [34].

Psychoeducational Interventions
to Enhance Cardiac Patient Adherence:
Theory, Model, and Specific Studies

Mutual mechanisms link psychosocial factors to
increased CVD risk and lower level of adherence:
factors that include an unhealthy lifestyle (fre-
quent smoking, poor diet, and poor physical exer-
cise), increased healthcare utilization, financial
barriers to healthcare, and low adherence to
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behavior change recommendations or cardiac
medications [6]. As discussed before, depression
and anxiety are linked to nonadherence and can
significantly impair the ability to manage cardiac
illness; the odds of medical treatment non-
adherence are three times greater among
depressed patients compared to non-depressed
patients [35, 36]. On the other hand, positive
psychological attributes have been linked with
improved adherence to a number of behaviors
that are important to cardiovascular health. Such
behaviors have included healthy eating, sufficient
exercise/activity, smoking cessation, and medica-
tion adherence. Additional studies have also
found links between positive attributes and other
health-related behaviors, such as alcohol use and
sleep quality [37, 38].

The most important technique used in
the psychoeducational interventions is moti-
vational counseling (MC) or motivational

interviewing (MI) and cognitive behavioral
therapy (CBT) [9, 39, 40]. During the process of
self-redefinition, the psychologists motivate the
patient to correct health risk factors (e.g.,
smoking, poor dietary habits, a sedentary lifestyle,
high stress, etc.) and to reinforce the patient’s
adaptive behaviors toward self-care and manage-
ment adherence. These issues are typical compo-
nents of CBT in a rehabilitative setting for cardiac
patients, with a constant focus not only on limita-
tions but also on resources, according to
the biopsychosocial model of illness and the
International Classification of Functionality
(ICF) [41, 42].

Intervention on anxiety and depression should
never be neglected since two objectives could be
reached: first to improve the patient’s emotional
status and secondly to indirectly intervene on
adherence self-management. Psychological
interventions could be implemented in those

Educational intervention

Psycho-education

Psychological intervention

Psychotherapy

ADHERENCE

AND

HRQoL

Well-being

Positive
attributes

Social support

Depression

Anxiety

Psychological

distress

Self-management

Self-care

Empowerment

Health literacy

Knowledge

Communication

Health care

Psychologist and/or
interdisciplinary team

trained ot CBT tecniques

Fig. 1 Psychologist and/or interdisciplinary team trained to CBT techniques
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single-case situations where the presence of psy-
chological difficulties could interfere with disease
self-management, cardiac rehabilitation adher-
ence, and outcome. These interventions include
individual or group counseling on psychosocial
risk factors and coping with illness, stress
management programs, meditation, autogenic
training, biofeedback, breathing, yoga, and/or
muscular relaxation [8, 9].

The caregiver-patient team interaction should
follow the principles of patient-centered care,
which refers to taking a whole person perspective,
in contrast to the traditional medical model, and is
based on respect for patients’ values, needs, and
preferences. Empathic and patient-centered com-
munication helps to establish and maintain a trust-
ful relationship and is a powerful source of
emotional support and professional guidance in
coping with psychosocial stressors, depression,
anxiety, and lifestyle risk factors. Combining the
knowledge and skills of caregivers into multi-
modal behavioral interventions can optimize pre-
ventive efforts. They enhance coping with illness
and improve adherence [4, 6, 9].

Eight out of ten studies of a meta-analysis
demonstrated an increased uptake of cardiac reha-
bilitation. Three out of eight studies demonstrated
improvement in adherence to cardiac rehabilita-
tion. Successful interventions included self-
monitoring of activity, action planning, and tai-
lored counseling by cardiac rehabilitation staff
[18]. On the other hand, randomized controlled
trials of positive affect interventions – combined
with patient education – have shown clinically
significant increases in physical activity among
patients after percutaneous coronary intervention
and improvements in medication adherence
among hypertensive patients, compared with edu-
cation intervention alone. More work is needed to
understand the role of positive psychological fac-
tors in the processes of health behavior mainte-
nance and change. It is becoming increasingly
clear that psychoeducational programs for CHD
patients do not increase event-free survival, but
the intervention can improve depression, social
isolation, adherence to therapy, health-related
quality of life (HRQoL), and overall progno-
sis [38, 43, 44].

We take into account other studies, not
included in the previous meta-analysis, and we
summarize them in Table 4 [45–50].

In Table 4 we refer to cognitive behavioral
therapy for adherence and depression (CBT-AD)
that integrates CBT for depression with another
program to promote medical adherence. The treat-
ment, originally developed for patients with HIV,
is divided into modules where core CBTskills can
be learned, followed by focused work on specific
individual problems. In the first session of
CBT-AD, beliefs about illness and treatment are
elicited from patients, and special attention is paid
to cognitions related to the specific treatment reg-
imen of each patient. The CBT-AD has proven to
be a good treatment for improving depressive
symptoms and medication adherence in the
context of various chronic health conditions,
including diabetes [49, 50]. Further investigations
are needed to strengthen these results and
to implement more and more specific inter-
ventions to enhance pharmacological and
non-pharmacological adherence in cardiac
patients.

Tailored Interventions for Older
Cardiac Patients and Their Caregivers

When handling the older patient, it is necessary to
enact different strategies in order to guarantee
adherence to treatment, because the possible pres-
ence of cognitive deterioration, visual and audi-
tory deficits, cultural resources, and social status
influence communication with these patients on
various levels (attention, comprehension, plan-
ning, and memory). Therefore, sometimes, it will
be necessary to utilize another type of language
and a different modality of interaction, which will
eventually involve a caregiver. This problem
results in being widely underestimated by the
health professionals, whose prescriptions are
often not adequate to the objectives, the real
capacity of understanding, and to the preference
of the patient. The findings of a recent review
highlight the importance of working to improve
healthcare strategies for older adults with low
health literacy and the need for a standardized
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and validated clinical health literacy screening
tool for older adults [51, 52].

In the statement of the American Heart
Association on secondary prevention in older car-
diac patients, the association between health
literacy and clinical condition was underlined. In
patients who are over 75, especially if they are
fragile, an accurate evaluation of costs and bene-
fits of every single intervention is necessary. Until
further evidence from single-intervention strate-
gies becomes available, combinations of educa-
tional and behavioral strategies should be used to
improve medication adherence in the elderly. The
communication with the patients and their care-
givers needs to be as efficient as possible, and the
information needs to be given with modalities,
which are in-line with the level of patients’ health
literacy. Often when physicians and healthcare
providers need to provide information on an
elderly patient, they speak with younger family
members excluding the patient (and sometimes
also their elderly partner) from participating in
the healthcare plan and the projects for the future,
accentuating the barriers to good adherence
amplifying the sense of uselessness linked to an
increasing age. It is therefore recommended to
give priority to the concept of the dyad of
caregiver-patient in every event in which a com-
munication must be given. Changes in unhealthy
behaviors, such as smoking, an incorrect diet, and
a sedentary lifestyle, can be greatly facilitated if
also the partner of the patient modifies his/her
lifestyle. In fact, recent data support the possibility
of making behavioral prescriptions to the couple
especially if it is a stable one, which has been
consolidated though many years of living
together. Furthermore, it is important to keep in
mind that when structuring the motivational inter-
vention, the patients’ temporal horizon and severe
conditions are to be always considered, adapting
to their needs and preferences [38].

We must therefore deal with new challenges in
a more holistic healthcare system of the elderly to
enable the management of highly complex issues
that require the integration of competencies of
different social and healthcare professionals.
Older people’s adherence to clinical plans

constitutes an essential part of this trip toward
adding quality to life rather than adding years to
life [52].

Conclusions

This chapter reports on the results of different
psychological/psychotherapeutic interventions
performed in addition to medical approaches in
chronic coronary heart disease and chronic heart
failure. It reviews the current state of the art and
extends this to incorporate the most recent
approaches, as well as future applications, thereby
yielding insights into practical models that inte-
grate psychotherapy with medical care.

We also underline the importance of psycho-
logical intervention for enhancing cardiac patient
adherence, suggesting tailored interventions for
older cardiac patients and their caregivers.

Several issues remain to be clarified in a near
future, for example, which psychological inter-
ventions are more useful in which patients and at
which stage of the disease, what is the optimal
timing and duration of interventions, and how can
different approaches be combined, including psy-
chopharmacologic tools.
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Abstract

Brain function and heart function deeply influ-
ence each other in both evident andmore subtle
ways. This is a reciprocal phenomenon that can
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happen at many levels. The following chapter
will primarily focus on this bidirectional influ-
ence. We have decided to describe five phys-
iopathological and psychopathological
conditions in which a primary cardiovascular
impairment causes a secondary dysfunction of
cerebral cognitive activity or the opposite.

First, the consequences on brain cognition
of two major heart dysfunctions, cardiac arrest
and heart transplantation, have been analyzed.
Second, we discussed how three severe and
impairing psychopathological conditions,
namely, autism spectrum disorders (ASD),
intellectual disability (ID), and dementia, may
have an extensive impact on the cardiac
activity.

The co-occurrence of this double impair-
ment, both on heart and cognition, has been
explored from a biopsychosocial point of view.
The biopsychosocial model helps to under-
stand the complexity of the patient as an indi-
vidual, considering him as a unique system
rather than focusing on single diseases, in line
with the idea that such systems are
interdependent and not separated entities.

Keywords

Cognition · Cardiovascular activity · Cardiac
arrest · Heart transplantation · Autism
spectrum disorders · Autonomous nervous
system · Dementia · Heart rate

Introduction

In 1977 George L. Engel firstly proposed a new
theoretical and practical model of medicine, the
“biopsychosocial model.” From the assumption
that “nothing exists in isolation,” Engel
underlined that physicians should not focus on
patients with a mere biomedical approach, which
he defined reductionist. They, indeed, should see
the patient as a person, a whole system, from a
psychological perspective too. The person-system
is, in turn, included in a wider system that ulti-
mately is represented by the social and cultural
context he lives in.

In a paper published in 1980 [1], Engel illus-
trated a clinical example of his revolutionary
biopsychosocial model. In doing this, he pur-
posely avoided to describe a psychiatric clinical
case. Instead, the author exposed the case of “Mr.
Glover” in the event of a coronary artery occlu-
sion. This shows how even a cardiac accident can
be approached by a wide perspective, including
social and psychological consequences, not alone
the strictly biomedical factors.

Engel’s biopsychosocial model and Mr.
Glover’s example form a conceptual and histori-
cal basis of how cardiac activity and psychologi-
cal functions, including cognition, influence each
other.

In the following chapter, we will deepen how
cognition and heart activity interact. This analysis
will be conducted at different levels, or “systems,”
to use a term of biopsychosocial models.

Consequences of Cardiac Arrest on
Cognition

Pathophysiology of Cardiac Arrest

Cardiac arrest (CA) can be defined as the cessa-
tion of cardiac mechanical activity; it is usually
confirmed by the absence of signs of circulation.
This sudden loss of circulation brings the effective
cerebral blood flow to zero. Cerebral consumption
is estimated from 20% to 25% of cardiac output,
and brain tissue is extremely sensitive to ischemia
[2]. Neuronal tissue lacks nutrient stores, being
highly glucose-dependent, thus neuroglycopenia
and metabolic crisis happen in few minutes after
an episode of CA. This ultimately brings neurons
to cell death. But the threshold for ischemic/hyp-
oxic damage varies between different brain areas,
with studies showing that the gray matter have a
higher threshold than the white matter [3].

Clinically, the loss of neurological functions is
manifested by a decreased level of consciousness
after global cerebral ischemia [4]: 10 s are enough
to lead to acute decreased level of consciousness
after the cessation of cerebral blood flow (CBF)
by neck cuff insufflation to 600 mmHg in humans.
Clinical findings show that decreased levels of
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consciousness after CA occur within 20 s after
onset of ventricular fibrillation; neurophysiologi-
cally, the loss of neurological function has been
demonstrated by isoelectric electroencephalogra-
phy in observational studies.

Recent findings evaluated isoelectric electro-
encephalography rhythms within 15 s and 30 s of
asystole and ventricular fibrillation, respectively.
These evidences in humans are paralleled by ani-
mal models. A recent study, about the decapitation
of conscious or anesthetized rats, establishes a
similar timing (from 10 to 30 s) from cerebral
ischemia to isoelectric electroencephalography,
assuming that isoelectricity means that the animal
as completely unconscious.

Cardiopulmonary resuscitation (CPR) par-
tially restores blood flow, including cerebral
blow flow. If an optimally conducted CPR can
assure a cardiac output which is between 25%
and 40% of pre-cardiac arrest values, almost 30%
of it goes to the brain. It is well established
that reperfusion can bring further neuronal dam-
age, due to inflammatory and coagulation path-
ways activation, reactive oxygen species (ROS)
creation, endothelial damage, and calcium
dysregulation.

Nonetheless early CPR has a crucial role in
post-CA prognosis. When talking about cognitive
sequelae of CA, CPR seems to be protective
regardless of its timing.

Many studies acknowledge hypoxic brain
damage as main mechanism of damage and exec-
utive functions, memory and attention, as main
areas of cognitive impairment. As stated above,
neurons feature a different sensibility to hypoxia
according to their area in the brain. Hippocampal
neurons are markedly prone to hypoxic ischemic
damage. Among these neurons, the cornu
ammonis 1 (CA1) are the most fragile [5]. The
reason may be the lack of a strong blood supply,
compared to other brain areas. This weakness
accounts for the high frequency of memory
impairment in patients with CA. For example, a
recent study compared CA patients with myocar-
dial infarction controls, finding significantly
worse memory performance in the first popula-
tion. This evidence is reflected by a significant
reduction in hippocampal volume.

Effects on Cognition

If patients have an immediate complete recovery
after CPR and return of spontaneous circulation,
they may have no residual cognitive impairment
or minimal deficits. With a period of coma from 1
to 7 days, the prognosis is uncertain. Part of the
patients show important impairment in several
cognitive domains, mainly memory and psycho-
motor functioning, whereas a larger group shows
a milder impairment, limited to memory and psy-
chomotor domains. If coma lasts more than a
week, patients may have a bad prognosis, in
terms of cognitive and, in general, neurological
functioning.

A review published in 2009 [6] describes that
orientation, attention, memory, perception, exec-
utive functioning, apraxia, verbal functioning,
language skills, construction, concept formation
and reasoning are the main cognitive domains
measured by original studies about cognitive
sequelae of CA. In spite of the wide range of
scales, questionnaires, tests, and interviews,
most of the studies included in the review agree
that cognitive impairment is a common condition
after an episode of CA. Only 2 studies, out of 28,
did not agree with this conclusion. The best stud-
ies, in terms of quality, recorded cognitive prob-
lems in half of the patients. This finding is
supported from more recent studies, with percent-
ages of impairment of 54% in one or more cogni-
tive tests [7]. As stated above, memory is the most
frequent altered domain, along with attention and
executive functioning. Data from the previously
mentioned 2009 review (12–100% of CA patients
with a memory problem) are in line with more
recent findings. For example, Polanowska et al.
[8] have reported that 100% of CA cases have
memory impairment immediately after the occur-
rence of CA. This total declines to 57% after
12 months from the CA episode.

Many prospective studies not only focus on the
acute brain and functional damage after CA but
also try to estimate whether there is some recovery
in cognition over time. In 2009 Moulaert et al.
underlined that the improvement, if there is some,
is limited to the first 3–5 months after the cardiac
accident [9]. After that, cognitive function does
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not seem to restore. Some long-term studies [10,
11] have stated that a cognitive impairment lasting
for 1 year after CA is likely to be permanent and
not susceptible to spontaneous recovery.
Nedergaard et al. [12] analyzed a series of studies
about timely interventions, in the intensive care
unit (ICU), to prevent cognitive impairment in
critical patients (including a few with CA). They
found that none of them seems to prevent cogni-
tive impairment, despite the wide range of inter-
ventions and their immediate timing. When
speaking of rehabilitation after CA [13], a lower
cognitive function represents a disadvantage dur-
ing the program [14]. Nonetheless, physical exer-
cise, when possible, may be beneficial for
cognitive problems [15]. This is true even for
memory [15], frequently impaired after CA,
suggesting the need of implementing new trials
based on physical activity and focused on the
rehabilitation of single cognitive domains.

Psychological and Psychiatric
Comorbidities

The co-occurrence of psychological distress,
such as anxiety, depressive symptoms, and
post-traumatic stress disorder (PTSD) in CA sur-
vivors is also relevant. This population shows a
prevalence of anxious symptoms which ranges
from 13% to 61%; depressive symptoms are pre-
sent in the 14%–45% of this population, and
PTSD symptoms range from 19% to 27% [16].
The presence of anxiety and/or depression is
often associated with cognitive problems [17].
On one hand, depression can lead to worse cog-
nitive performance (depressive pseudo-
dementia); on the other hand a worse
neurological, both physical and cognitive, per-
formance can lead to a significantly lower quality
of life (QoL) [18]. A lower perception of QoL is
both a cause and consequence of anxious and
depressive symptoms.

The precise psychopathological mechanism
and the link between psychological distress
and brain damage after CA are still not clear.
The event of a CA can be shaped as a traumatic
event, explaining the high levels of anxiety in this
population [19]. This also accounts for the high

rate of PTSD in CA survivors and for the presence
of this disturbance in CA caregivers too [20].

Some authors suggest a psychological screen-
ing in CA patients, along with the routine neuro-
logical assessment. However, further studies are
needed to establish how to treat this psychological
distress in terms of psychopharmacology and
psychotherapy.

Heart Transplantation and Cognition

Pathophysiology and Consequences of
Heart Failure

Heart transplantation (Htx) is a surgical proce-
dure, first successfully performed in 1967. It is
exploited for people with end-stage heart failure
(ESHF) and other severe cardiac disturbances
shown to be resistant to other treatments. As
described in another chapter, heart failure (HF) is
associated with multiple organ dysfunctions,
involving also the brain. Preexisting conditions
of vascular brain damage, as cardiac failure and
cerebral vasculopathy share a wide range of risk
factors, can be worsened by circulatory impair-
ment from HF. Therefore, Htx candidates are
more likely to have a cognitive impairment than
the general healthy population, as it happens for
patients with heart failure. Htx candidates are,
indeed, part of this population with a more severe
and untreatable disease.

In 2016, Roman et al. [21] thoroughly evalu-
ated neurological and psychological functioning
in Htx candidates. The studied population had
severe, end-stage HF, classes III–IV of New
York Heart Association (NYHA). Their finding
of a significant evidence of cognitive impairment
in the analyzed population is remarkable, as this
study’s patients are younger than the ones from
similar studies. While it is established to have a
cognitive impairment in older end-stage HF
patients [22], Roman and colleagues stated that
it may be the norm also in younger ESHF patients.
The improvement of surgical and medical tech-
niques also made possible to widen the population
of candidates. Nowadays, more subjects with dia-
betes mellitus, hypertension, and left ventricular
assist device undergo Htx process. These
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conditions are linked to a higher risk of cognitive
problems [23], increasing the cumbersome patho-
logical burden of Htx recipients.

Htx Candidates

Patients with ESHF are a frail-health population
who deserve a challenging surgical procedure, a
complex posttransplant pharmacotherapy, and a
strict follow-up. Therefore, Htx candidates
undergo an established evaluation before becom-
ing eligible to the procedure, as stated by the
International Society for Heart and Lung Trans-
plantation (ISHLT) Guidelines, updated in 2016.
This evaluation includes a dedicated psychosocial
analysis. The ability to give an informed consent,
the compliance with clinicians’ instructions and
with drug therapy, and the existence of a social
and familiar support system are taken into
account. If 2006 ISHLT Guidelines considered
mental retardation and dementia as a relative con-
traindication, 2016 Guidelines state that:

“Any patient for whom social supports are deemed
insufficient to achieve compliant care in the outpa-
tient setting may be regarded as having a relative
contraindication to transplant. The benefit of heart
transplantation in patients with severe cognitive-
behavioral disabilities or dementia (e.g. self-injuri-
ous behavior, inability to ever understand and coop-
erate with medical care) has not been established,
has the potential for harm and therefore heart trans-
plantation cannot be recommended for this sub-
group of patients.”

This caveat makes the neuropsychological
evaluation a tricky and fundamental step prior to
transplantation. This is harder considering the
described high rate of cognitive impairment in
this population. ISHLT further recognize that
patients with intellectual disability, instead, may
be eligible if they have a valid social support and
lack of any other contraindication [24].

Brain Function after Transplantation

There is still no clear evidence that cognition is
restored after Htx procedure. Even though cardiac
functioning improves, this is not clear for

cognitive abilities. Some structural brain changes
are undoubtedly irreversible and do not recover
even with a normal or subnormal cerebral blood
flow. Older studies [25] reported improvement in
some cognitive measures, but the relevance of this
finding is discussed. There may be a group [26] of
Htx recipients whose cognitive function does not
restore, maybe because of chronical and irrevers-
ible brain damage from chronic HF.

Another factor to be taken into account is that
Htx patients undergo a strict and challenging
pharmacological regime that may have secondary
effects on the brain. Organ transplant recipients
are due to take immunosuppressive drugs, with
various possible regimes. Some immunosuppres-
sants may be neurotoxic, and others may influence
cognitive outcomes too, while not clearly being
neurotoxic. Calcineurin inhibitors (CNI), such as
cyclosporine, have an established neurotoxicity.
Nonetheless, it is not clear whether they have a
negative or positive effect on cognition after Htx.
Burker [23] and colleagues recently compared
two populations of Htx recipients, one cohort on
CNI therapy and one on everolimus therapy. This
immunosuppressive drug is part of a class called
mTor (mammalian target of rapamycin) inhibi-
tors. Results showed no significant difference
between two groups in terms of the impact on
cognitive impairment. Lang et al. [27], instead,
found that a CNI-free immunosuppressive ther-
apy in Htx follow-up is associated with significant
improvements in several neuropsychiatric
domains. Patients on everolimus (another mTor
inhibitor) saw an improvement in memory and
concentration and a decrease of psychiatric
symptoms.

Psychological and Psychiatric
Comorbidities

A strict follow-up, risks of rejection, infection
care, and the complex pharmacotherapy and its
possible side effects can be distressing factors
after solid organ transplantation. Patients, also,
need to actively change their lifestyle and their
diet and follow clinicians’ advices. So, quality of
life (QoL) has become a relevant outcome to be
evaluated during follow-up. Nowadays, we have
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several studies focused on this issue, some of
them with long-term follow-up. Politi et al. [28]
studied QoL ten years after Htx, finding that phys-
ical quality of life was significantly lower than the
general population, while mental quality of life
was comparable to that of the general population.
More recently, Grady et al. [29] studied QoL, in
terms of physical and occupational function, psy-
chological state, social interaction, and somatic
sensation, with a 5–10 years follow-up. They
found overall good levels of QoL 5–10 years
after transplantation. Even though these high
level results, they identified some biopsychosocial
factors negatively influencing QoL even after
years from the surgical procedure. Depression,
surely the most common psychiatric comorbid
after Htx, deeply influences quality of life with
depressive, anxious, and somatic symptoms. Poor
sleep is one of them and it is linked to lower QoL
scores. Also, cardiopulmonary distress symptoms
and difficulty in moving can affect this result even
after 10 years. One out of four Htx recipients can
have depression at 1 year follow-up [30]. Depres-
sion is also associated with poorer outcomes and
lower compliance [31].

Autism Spectrum Disorders and the
Autonomic Nervous System

The term autism spectrum disorders (ASD)
includes a variety of chronic neurodevelopmental
conditions. Impairment in reciprocal social inter-
actions and restricted, repetitive, and stereotyped
behaviors or interests characterize this condition.
As stressed by the mentioning of a spectrum, there
is a high variability in severity of autistic disorder
itself. These patients are often affected by several
other psychiatric and medical co-occurrent dis-
eases. Some of them are nowadays clearly more
frequent in ASD population than in the general
population, namely, epileptic disorders, gastroin-
testinal dysfunctions, sleep disturbances, and
intellectual disability [32].

Even though ASD were firstly regarded as rare
conditions, ASD prevalence and incidence num-
bers are rising. In the USA, the Center for Disease
Control (CDC) estimates that ASD affects 1 child

out of 59 [33]. The prevalence rates of ASD have
been rising worldwide, both in developed and in
developing countries. Worldwide, there are more
than 52 millions of people with ASD [34]. ASD is
also characterized by a typical male-to-female
ratio of 4:1 [35]. This rate changes if cognitive
abilities and IQ are taken into account. A popula-
tion of high-functioning ASD individuals may
have a higher male-to-female ratio, such as 10:1.
If both ASD and ID are present, male-to-female
ratio may be markedly lower, 1.8:1.

Cognitive Models of ASD

Several theoretical models of cognition in ASD
have been proposed from the discovery of this
condition. Many of them aim to explain the so-
called core symptoms of ASD, namely, the
impairment in social interaction and communica-
tion and restricted/repetitive behaviors.

The first model claims that individuals with
ASD may have impairment of theory of mind
(ToM). ToM can be defined as the ability to infer
other people’s state of mind. ASD individuals
may be unable to predict others’ behaviors, inten-
tions, sense of humor, and, ultimately, language.
This deficit can explain the social and communi-
cation impairment of ASD, but it does not ground
for stereotypical behaviors and repetitive inter-
ests, as well as for other non-core symptoms. So,
the ASD population have significantly lower
scores in tasks that measure ToM, when compared
to neurotypical individuals [36].

The second model, the “weak central coher-
ence” theory [37], clarifies the core symptoms of
restricted interests in ASD individuals. Central
coherence can be defined as the ability to give
coherence from a wide array of stimuli, thus put-
ting them in a context with a general meaning.
This is an adaptive skill to “make sense” and have
priorities out of an overwhelming, even appar-
ently chaotic and meaningless, group of informa-
tion. According to this model, people with ASD
may perceive these stimuli as detached, being
unable to integrate them into a meaningful
entirety. This also means that they have a cogni-
tive and attentive profile focused on detailed and
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localized information rather than on extracting the
global meaning. More recently, other authors
emphasized the inability of people with ASD to
use the general context to bestow a meaning to
stimuli. This deficit has been called context blind-
ness [38].

The third model states that people with ASD
may have impairment in executive functions (EF).
These comprise a set of high-order cognitive abil-
ities and cognitive control processes. There are
three [39] “core” executive functions, namely,
inhibition, working memory, and cognitive flexi-
bility. Making plans, putting actions in order, and
dealing with novel situations are more complex,
high-order functions that start from core EF [40].
Many studies underline a series of deficits in EF,
such as planning, cognitive flexibility, working
memory, and attention [41]. A recent meta-analy-
sis by Geurts and colleagues [42] confirmed that
ASD people have problems with inhibition (a
prepotent response inhibition) and interference
control (i.e., the ability to resist distractor stimuli).

Impairment in cognitive flexibility can lead to
pervasive errors that some authors found in the
ASD population. Leung et al. [43] quantitatively
meta-analyzed the magnitude of cognitive flexi-
bility impairment in ASD. This disparity between
typically developing (TD) and ASD people relates
with the restricted interests, the opposition to
changes, and the inability to switch to different
tasks. According to another recent meta-analysis,
working memory too seems to be impaired in
ASD. Notably, visuospatial working memory is
more impaired than verbal working memory [44].

Autonomic Dysfunctions in ASD

There is currently an increasing evidence that
people with ASD may have abnormalities in auto-
nomic nervous system (ANS) [45]. Among the
multiple pathophysiological effects of ANS acti-
vation, ANS function and/or dysfunction may be
involved in behavioral responses and
irregularities.

ANS (also called “involuntary nervous sys-
tem” or “vegetative nervous system”) functions
are beyond conscious control. It mainly targets

glands and muscle tissues of internal organs. Sev-
eral structures of the central nervous system
(CNS), such as pons, medulla, limbic area, hypo-
thalamus and thalamus monitor it and CNS is, in
turn, influenced by ANS. This is divided into two
branches, sympathetic (SNS) and parasympa-
thetic (PSN), both have opposite functions and
are physiologically balanced. The PNS is associ-
ated with functions that we exert at rest. It favors
digestion, decreases heart rate (HR), dilates blood
vessels, and relaxes muscles in the gastrointestinal
tract. This is the so-called “rest and digest”
response. The sympathetic nervous system
increases heart rate and breathing rate and narrows
blood vessels, thus increasing blood pressure.
This is the so-called “fight or flight” response.

The polyvagal theory by Porges [46, 47] is a
model of how ANS may influence behavioral
states and responses. According to this theory,
there are three distinct autonomic subsystems,
each of which is of phylogenetic origin. The
immobilization system, the most primitive one,
deals with vasovagal syncope, behavioral shut-
downs, and apparent death states. It depends on
the unmyelinated vagus. The mobilization sys-
tem, dependent on SNS, starts the fight-or-flight
reactions. The social communication system, phy-
logenetically complex and dependent on myelin-
ated vagus (present only in mammals), controls
our social functions, such as facial expressions,
vocalization, and listening. The polyvagal theory
has been considered as a theoretical model that
may explain some social-behavioral impairments
in ASD. A dysfunctional ANS would lead to
dysfunctional social interactions and behavioral
response. According to this theory, an altered
ANS-mediated response to environmental stimuli
may favor emotional and behavioral
dysregulation. So a stressful and overstimulating
task, which the person with ASD is not able to
restrain, leads to behavioral disturbances (self-
injury, aggression, tantrums) [48]. A state of
hyper-arousal may favor this kind of response.
Some authors [49] claim that ANS-mediated
hyper-arousal may be related to sympathetic
hyperactivity, parasympathetic undertone, or an
imbalance between the two systems. According
to a recent review [45], there is no evidence for
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autonomic imbalance during resting parasympa-
thetic activity in children with ASD, and their
pattern of autonomic response to a multitude of
tasks is different than TD children.

Heart Rate

Heart rate (HR), i.e., the number of heartbeats
(contractions) per minute, is one of the simplest
measures of cardiovascular activity. In humans, it
reflects the action of both SNS and PNS. The first
one increases HR, while the second one decreases
it. Speaking of baseline HR, there is some evi-
dence of higher HR in the ASD population at rest.
There are some findings, too, of elevated HR
during sleep. Other studies focused on how HR
changes when ASD individuals are exposed to
different kinds of external stimuli. Their findings
are consistent with a blunted HR response to
stimuli. For example, Pace and colleagues [50]
recently found that people with ASD have a
decreased adaptive HR response to physical exer-
cise (a standardized set of physical fitness tests),
when compared to TD controls. Kushki et al. [51]
exposed ASD people to tasks stimulating their
social anxiety (a 3-min public speaking task).
From data analysis, they found a specifically
blunted HR reactivity to psychosocial stimuli. A
basal hyper-aroused state, with SNS hyperactiv-
ity, may be the explanation of this low HR
increase, with a saturation of SNS response. In
this sense, HR change and anxiety scores were
negatively associated. These altered responses to
different kinds of stimuli, namely, physical stress
and social anxiety, sustain the evidence of a
dysautonomia. Recently, Harder et al. [52] studied
basal HR during sleep. This period offers the
opportunity to study ANS activity in ASDwithout
social stress factor that may elicit the hyper-
arousal state during daytime. They recorded
higher HR during sleep, both in non-REM and
REM phases. When falling asleep, both groups
had lower levels than when awake. Both showed
the trough during N2 (non-REM phase 2) and
higher levels during REM phase. People with
ASD had significantly higher HR values than
TD in each phase of sleep. This support the

hypothesis of ANS in ASD, even during sleep.
An absolute higher HR in ASD than TD during
sleep may be due to a less effective vagal modu-
lation. Also, an abnormal SNS activity may be a
factor.

Respiratory Sinus Arrhythmia

Respiratory sinus arrhythmia (RSA) is a physio-
logical phenomenon, occurring during respiratory
cycle. In depth, HR increases during inspiration
and decreases during expiration. PNS exerts its
influence on HR reducing it. So, a PNS activity
decrease determines a HR increase during the
inspiratory phase. While both SNS and PNS
impact HR, a variation in RSA reflects the
reduced or valid influence of PNS, thus excluding
the ANS. Ellenbroek [53], in a recent review,
states that most studies recorded a reduction of
RSA in ASD population. Following the polyvagal
theory, the reason may be a chronically reduced
parasympathetic tone. In this sense, a reduction in
RSA is measured in ASD at baseline condition
[54]. According to Condy et al. [55], a reduced
vagal tone, measured as blunted RSA, predicts the
presence and the severity of repetitive and/or
restricted behaviors in people with ASD.
Patriquin et al. [56] confirmed a positive correla-
tion between social functioning and RSA ampli-
tude in people with ASD, as it is established in the
general population.

Preejection Period

Preejection period (PEP) is a noninvasive mea-
sure of the latency between the onset of left
ventricular depolarization. It is measured by the
Q-wave onset on the electrocardiogram (ECG),
and by the opening of the aortic valve, recorded
as the B-point by the thoracic impedance cardio-
gram (ICG). PEP [57] is an established index of
SNS and beta-adrenergic activity, as it is
influenced by myocardial contractility. An
increase in contractility, as of SNS activity or
beta-adrenergic drugs, leads to a higher HR and
to a lower PEP. This is a pure SNS index, as ANS
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does not interfere with its length. Edmiston et al.
[58] studied changes in PEP in people with ASD,
compared to TD people, when exposed to a
social threat. ASD individuals showed a reduced
SNS reactivity. This parallels the lower HR
response in the ASD population, accounting for
a SNS saturation and a hyper-arousal baseline
state. In another trial by Schaaf et al. [59], PEP
response did not differ between TD and ASD
people during sensory stimulation.

Intellectual Disability and
Cardiovascular Risk

Definition of Intellectual Disability

Intellectual disability (ID) is defined as a condi-
tion of significant deficits in cognition and func-
tional and adaptive abilities. The expression
“intellectual disability” officially replaced “men-
tal retardation” in the last edition of the Diagnos-
tic and Statistical Manual of Mental Disorders
(DSM-5) [60]. This long awaited change [61]
aligns the American Psychiatric Association man-
ual with International Classification of Diseases
by World Health Organization and other associa-
tions of professionals.

Historically, the standardized threshold for IF
has been an intelligence quotient (IQ) below 70
(approximately, 2 standard deviations or more
below the mean of 100 in general population).
The IQ scoring has now been removed from diag-
nostic criteria, but it is retained in disease descrip-
tion. According to DSM-5 authors, this allows to
de-emphasize test scoring as a sole criterion and
forces to clinically measure the level of functioning.

Three criteria need to be fulfilled to have a
DSM-5 diagnosis of ID. They are:

A. Deficits in intellectual functions (reasoning,
problem-solving, planning, abstract thinking,
judgment, academic learning, learning from
experience), confirmed by clinical assessment
and individualized standard IQ testing.

B. Deficits in adaptive functioning that signifi-
cantly hamper conforming to developmental
and sociocultural standards for the individual’s

independence and ability to meet their social
responsibility.

C. The onset of these deficits during childhood.

ID Population and Cardiovascular Risk
Factors

ID prevalence is around 1% in the general popu-
lation, even though a precise number is disputed.
A recent review byMcKenzie and colleagues [62]
estimated that this rate may be lower than
expected. Maulik [63] and other authors
underlined how the social and economic environ-
ment, the place of birth, the ethnic origin, and the
mean age of study population can interfere with
the evaluation of ID prevalence.

Nowadays, individuals with ID still have a
lower life expectancy, compared to the general
population [64]. Even though lifespan increased
in both populations, there is still a gap of years
between ID and non-ID individuals. On one hand,
some syndromes that present with some degree of
ID can show severe medical conditions, too, thus
lowering the mean age of survival [65]. On the
other hand, behavioral consequences of ID may
lead to a less healthy lifestyle, with a higher expo-
sure to risk factors for various diseases. Further-
more, some authors [66] underlined that the ID
population may have more difficulty in accessing
health services. They are more exposed to social
risk factors, such as poverty and unemployment,
communication difficulties, a less healthy life-
style, and genetic and environmental risk factors.
It is clear that ID individuals are more fragile and
exposed when compared to the general popula-
tion. In addition, they exhibit sedentary habits and
unbalanced diets, leading to dyslipidemia. For the
same reason, obesity is also more frequent in this
population than in the general population, along
with diabetes mellitus (DM) type 2 [67]. Speaking
of DM type 1, the same genetic factors that cause
ID may predispose to it [68]. Glucose and lipid
imbalance is favored, in addition, by the wide use
of antipsychotic medication for MR. This is par-
ticularly true for the second-generation antipsy-
chotics that are known to have worse metabolic
adverse effects and are often prescribed in this
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population. De Kuijper et al. [69] found that one
out of three persons with ID receives an antipsy-
chotic prescription. Outspoken psychotic symp-
toms are rarely the reason for the use of this class
of drugs in ID. The main use of antipsychotics
may be their sedative effect and their assumptive
control on problem behaviors. Conversely, some
authors state that antipsychotics, regardless of the
generation, are not proven to be effective and
suggest not to prescribe these drugs in individuals
with ID, thus avoiding adverse effects. Other
authors suggest to use them only if the problem-
atic behavior is severe, persistent, and not other-
wise solvable [70]. For example, Trollor et al. [71]
suggest to use antipsychotic in ID with the same
guidelines as for the general population. Cardio-
vascular risk in ID can be worsened [72] by the
above cited seldom unnecessary and excessive
antipsychotic usage. In general, polypharmacy is
an issue of public health in this specific population
(Schoufour) [73]. Even more so, higher preva-
lence of hypertension is reported in ID individuals
[74].

All the above factors configure metabolic syn-
drome (syndrome X) and increase cardiovascular
risk. Cardiovascular events are a leading cause of
death in both developed and developing countries,
where the prevalence of ID is higher. In recent
times, the number of cardiovascular (CV) deaths
decreased in the general population. Some authors
[75], indeed, did not find this decrease in the ID
population. In this sense, the increasing lifespan
of ID individuals may predispose to a higher risk
of CV events. Nowadays, we have more ID
elderly, whose CV risk is burdened both by age
and intellectual disability. Furthermore, many of
them have been deinstitutionalized with the
chance of a more independent daily living. But
this means, too, fewer chances of controlling their
health. For example, people with a moderate ID,
able to live almost independently, may be more at
risk to adopt unhealthy habits. This may explain
the high CVrisk state that they have, confirmed by
studies with comparison both to people without
ID and people with a more severe ID. A recent
review [76] showed a 16% prevalence of tobacco
use in this population. Even though the authors

underline that this number may not be conclusive
(due to inhomogeneous cohorts), a 16% preva-
lence is higher than in the general population.
This issue needs further studies. Smoking is a
proven CV risk factor, and it is more prevalent in
socially and economically disadvantaged classes.
It is even increasing in elderly with ID [77].

A recent meta-analysis by Correll et al. [78]
estimated prevalence, incidence, and mortality by
CV disease in people with severe mental illness
(schizophrenia, bipolar disorder, major depressive
disorder, and their related spectrum disorders),
who, generally speaking, have a higher mortality
than the general population [79]. They feature an
estimated higher risk, too, of cardiovascular
death, coronary heart disease, and cerebrovascular
disease. So, CV events may be a leading cause of
decreased lifespan in people with severe mental
illness. There is a need to evaluate whether it is
true for intellectual disability with a definitive
meta-analysis. This would help too to target pub-
lic health intervention for this specific population.
Individuals with ID are less frequently targeted by
preventive medicine and screening interventions
[80].

Health-promoting interventions should be spe-
cifically tailored for ID adults, with an eye to long-
term adherence [81]. Otherwise, they may be
ineffective and wasteful, as underlined by a recent
meta-analysis [82].

The link between cardiovascular risk and ID, in
sum, needs to be further investigated from an
epidemiologic and etiologic point of view, with
specific attention to health-promoting prophylaxis
interventions. The main issue is still their reduced
quality of life and life expectancy, along with the
new issues arising from the aging of ID adults.

Dementia, Anti-Dementia Drugs, and
Cardiovascular Effects

Dementia is a long-established term for a clinical
syndrome centered around cognitive decline. It
specifically requires a cognitive impairment that
is severe enough to alter previous social and occu-
pational functioning.
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DSM-5 Definition

A historical adjustment occurred after the publi-
cation of DSM-5 [60, 83]. This renamed dementia
as a major neurocognitive disorder (NCD). It rec-
ognizes, along with it, a milder state,
corresponding to mild cognitive impairment
(MCI), called mild NCD, which could benefit
from some specific treatment too. These changes
are aimed to stress the existence of a continuum
from MCI to dementia, naming them both NCD.
Also, DSM-5 removed the presence of memory
impairment as a compulsory criterion for demen-
tia or NCD. This now requires impairment in any
of the cognitive domains, listed in DSM-5,
namely, complex attention, executive function,
learning and memory, language, perceptual-
motor function, and social cognition. The impair-
ment may be modest and not interfering with
previous levels of functioning (diagnosis of mild
NCD), or it may be severe and interfering with
previous state of independence in daily living
activities (diagnosis of NCD).

Epidemiology

Dementia has a significantly higher prevalence in
the old ages of life. From 70 to 75 years, it is
around 2–3%, rising to 20–25% among 80–
85 years. Worldwide prevalence is growing, due
to the increasing lifespan in developing countries.

In developed countries, almost 80% of cases of
dementia is due to Alzheimer’s disease (AD).
Vascular dementia (VaD) accounts for 15–20%
and dementia with Lewy bodies (LBD) for 10–
15%. Other causes of dementia, such as
frontotemporal dementia and rare causes, and
dementia due to a reversible condition are respon-
sible of the remaining 5%.

Pharmacological Treatment

Dementia in AD features two classes of drugs
approved for pharmacological treatment [84].

The first one comprises acetylcholinesterase
inhibitors (AChEIs), such as donepezil,
galantamine, and rivastigmine; the second one is
represented by memantine, an antagonist of N-
methyl-D-aspartate (NMDA) receptor.

AChEIs selectively target enzyme acetyl-
cholinesterase, by reversibly inhibiting the
degradation of acetylcholine. This effectively
enhances the presence of acetylcholine in the
presynaptic space and its activity to muscarinic
Ach receptors. Central muscarinic receptors
have a role in cognitive process and in mem-
ory. M1 and M2 are mainly responsible for
this cognitive effect, out of five subtypes (M1
to M5) [85].

This role of Ach in cognitive and mnestic pro-
cess fits well into the cholinergic hypothesis of
AD. According to this hypothesis [86], the brain
of individuals with AD has lowered levels of
acetylcholine, due to a reduced production and/
or hyperactivity of acetylcholinesterase. Parasym-
pathetic nervous system too may be targeted
by these drugs, thus causing some of AChEI
side effects. Donepezil, rivastigmine, and
galantamine, in sum, are indicated for mild-to-
moderate dementia in AD, without being a dis-
ease-modifying therapy [87].

The only approved NMDA receptor antago-
nist is memantine. NMDA receptor are ionic
channels, activated by glutamate, the main
excitatory CNS neurotransmitter [88, 89]. They
wield several actions in the brain, being firstly
involved in excitatory signal transmission. Also,
synaptic plasticity, formation of new neural
pathways, and, thus, learning and memory are
under NMDA influence. Conversely, an exces-
sive activation of NMDA receptors leads to
excitotoxicity, loss of synaptic function, and
cell death. This loss parallels the progressive
cognitive and mnestic impairment of AD that
can be clinically observed. The memantine-
mediated, low-affinity NMDA antagonism may
limit the influx of calcium ions, which are the
biochemical basis of excitotoxicity. Even though
memantine is indicated for moderate-to-severe
dementia in AD, it is not a disease-modifying
therapy.
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Cardiovascular Side Effects of AChEI

Acetylcholine enhancement, mediated by AChEI,
selectively happens in the brain. Nonetheless,
AChEIs marginally strengthen Ach activity in
parasympathetic nervous system. This PSN tone
increase, mainly vagal, may be responsible for the
side effects of AChEI. Even though the most
frequent side effects are at the gastrointestinal
level, namely diarrhea, nausea, and vomiting,
some studies recorded side effects at the cardio-
vascular system level [84]. They are rarely
reported than gastrointestinal symptoms, but
they need to be taken into account, as AD patients
are a fragile population.

The occurrence of bradycardia has been
reported with an increased risk for hospitalization
[90]. Elderly people with AD, taking AChEI,
showed higher rates of syncope, with falling-
related injuries, such as hip fracture, and the
necessity of pacemaker insertion [91]. There are
also some reports of QT prolongation after the
administration of AChEI [92]. A recent meta-
analysis by Isik et al. [93] evaluated the cardio-
vascular effects of this class of drugs.

A significant finding is that individuals with
dementia treated with AChEIs showed a higher
risk of bradycardia, as stated above. Notwith-
standing, a reduction of HR did not lead to higher
rates of hospitalization for the consequences of
bradycardia and falling. Also, they found that
treatment with AChEIs leads to a significant pro-
longation in PR interval, but not in the QT/QTc
intervals.

Conversely, an AChEI treatment in people
with dementia was associated with a reduced
risk of cardiovascular events. The authors
evoked the PNS effects of AChEI with a cholin-
ergic protective action of myocardiocytes, their
thrombomodulin modulation, and cognitive pro-
file improvement as possible explanation of this
risk reduction. This finding is in line with a
recent cohort study by Nordstrom and colleagues
[94]. They underlined the association of AChEI
treatment with a reduced risk of myocardial
infarction that was stronger with higher AChEI
doses.

Cardiovascular Side Effects of
Memantine

Even though memantine do not show the vago-
tonic effect of AChEI, there are some studies and
reports suggestive of possible cardiovascular con-
sequences of this drug. A recent retrospective
study [89] found that memantine was associated
with higher risk of myocardial infarction (fatal or
nonfatal) and cardiac death, when compared to
donepezil. As the association is not clear, the
authors suggested that it may be due to differences
from patients taking memantine with patients tak-
ing donepezil. In that cohort, memantine-treated
individuals had a more severe dementia, so they
were more likely to have behavioral abnormalities
and, therefore, an antipsychotic medication. All
these factors lead to an increased cardiovascular
risk. A French pharmacovigilance database
(2003–2007) [95] recorded 18 reports of brady-
cardia and 18 cardiovascular adverse drug reac-
tions (mainly orthostatic hypotension and ECG
abnormalities) after memantine administration.
The underlying mechanism of CV influence of
memantine is unclear and there is still scarce
literature about it.

Conclusions

This chapter summarizes five practical examples
of connections between cognitive functioning and
heart activity and how they influence each other.
Severe cardiological diseases, such as end-stage
heart failure and cardiac arrest, can deeply affect
cognitive function, thus lowering patients’ com-
pliance and, ultimately, their life expectancy. On
the other hand, major psychiatric illness, includ-
ing intellectual disability and dementia, may rep-
resent risk factor for cardiovascular diseases.
Antipsychotic and anti-dementia medication may
worsen it, even more so a decompensated mental
illness. The example of ASD exhibits a connec-
tion between heart and brain function through the
ancestral autonomous nervous system. These are
fascinating lines of research that deserve to be
deepened.
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Abstract

The prevalence of dementia is continuously
increasing worldwide in aging population.
Although neurodegenerative changes account
for the majority of dementias, one common
etiology shared among all forms is cerebrovas-
cular dysfunction at some point during the dis-
ease process. The main aim of this chapter is to
summarize the current findings in the field and
address the mechanisms of vascular brain dam-
age and its contribution to cognitive impair-
ment in these conditions. We review the
historical steps of research, the main issues
regarding terminology, and the epidemiologi-
cal aspects of vascular dementia. We then focus
on the role of classical and novel risk factors,
and that of chronic inflammation, and describe
the various subtypes of vascular dementia with
the underlying pathological correlates. The role
of hypoxia, oxidative stress, endothelial dys-
function, and blood–brain barrier permeability
in disease etiology and progression is also
discussed. Finally, the issue of mixed dementia
(or, as it is now proposed, mixed Alzheimer’s
disease), often encountered in clinical practice,
is also reported, along with the various clinical
pictures of amyloid angiopathies.

Keywords

Vascular dementia · Cerebrovascular disease ·
Small vessel disease · Blood-brain barrier ·
Endothelial dysfunction · Cerebral
hypoperfusion · Lacunes · White matter
lesions · Cerebral amyloid angiopathy

Introduction

The term vascular dementia (VaD) includes a
number of heterogeneous dementing disorders
due to cerebrovascular disease (CVD). CVD

refers to diseases involving the brain blood ves-
sels and the cerebral circulation, mainly identified
with stroke. VaD is another consequence of CVD
and it is now recognized to extend beyond the
traditional multi-infarct form. In Europe, demen-
tia is more common than stroke, both in terms of
incidence and prevalence [1]. VaD is widely
regarded as the second most common type of
dementia, causing around 15% of cases, after
Alzheimer’s disease (AD), which predominantly
results from neurodegenerative changes [2]. How-
ever, unselected community-based studies show
that brains of demented subjects often exhibit
more than one type of pathology. Moreover, vas-
cular lesions are frequently found to coexist with
AD-type lesions in healthy older subjects [3]. The
relationship between CVD and cognitive decline
is currently a topic of particular interest and it is
indeed very complex. This complexity has led
over the years to radical views and strong debates,
sometimes with opposite conclusions. It is now
thought that AD and VaD, in addition to simple
coexistence, are closely associated, on both clini-
cal and pathophysiological levels. First of all, they
share several vascular risk factors (e.g., arterial
hypertension) and vascular pathology in the
brain (e.g., lacunae, white-matter lesions) [4].
Although a bidirectional relationship is now well
established, the exact link between the two is not
yet fully understood [5].

When examining the role of CVD in terms of
cognitive decline, interpretations and relative con-
clusions may be different depending on whether a
clinical, neuroimaging, or pathological approach
is used [6]:

• From a clinical standpoint, cognitive deficits in
CVD are much more variable when compared
to other disorders such as AD (which is char-
acterized by a typical amnestic syndrome), and
therefore standard neuropsychological testing
may lack in specificity.
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• The recent increase of neuroimaging availabil-
ity, particularly magnetic resonance imaging
(MRI), has been responsible of the widening
of VaD spectrum. Since vascular changes are
easier to spot than degenerative ones, even
patients with minimal vascular signs on MRI
may be classified as affected by VaD rather
than degenerative dementia.

• Although diagnosis of definite VaD can be
confirmed only by neuropathological analysis,
the definition of many vascular lesions is var-
iable, potentially determining heterogeneity in
the interpretation of the vascular origin. Cur-
rently, pathological consensus criteria for diag-
nosing and staging of VaD are still lacking.

With the aim of assessing the contribution of
AD pathology, the availability of in vivo imaging
and cerebrospinal fluid (CSF) markers of both
amyloid and tau may provide a substantial contri-
bution. Biomarkers of vascular dementia, apart
from imaging changes, are less developed than
those for AD. Since endothelial dysfunction
(ED) has been identified as a key mechanism in
the pathophysiology of VaD, markers of endothe-
lial function are potential candidates, including
albumen, metalloproteinases, and inflammatory
markers, but they need further validation [5].

Historical Aspects and Terminology

Until the 1960s, the so-called senile dementia was
attributed to cerebral arteriosclerosis; the vascular
etiology was then challenged by the neuropatho-
logical studies of Blessed, Tomlinson and Roth
[7], who defined AD, and not CVD, as the main
cause of dementia in the elderly. Nevertheless,
they identified a certain proportion of patients
with AD with mixed cerebrovascular lesions,
ranging between 8% and 18%. In the 1980s and
1990s, these two forms of dementia were there-
fore considered as separate entities. Hachinski and
Iadecola [8], in the early 2000s, focused attention
on mixed forms; because vascular risk factors are
treatable, it appeared possible to prevent cognitive
decline in CVD as well as mitigate the vascular
exacerbation of AD. Subsequently, the concept of

a continuum also on a pathophysiological level
appeared plausible.

Originally, it was thought that CVD produced
dementia only in the case of multiple extensive
cortical infarcts, and international classifications
(DSM-IV and ICD-10) were largely based on this
concept. Subsequently, it became increasingly
evident that vascular dementias extend beyond
traditional multi-infarct types. Pathological stud-
ies from large cohorts showed that subcortical
vessel disease, rather than large cortical infarcts,
accounted for most cases of VaD. While new
criteria for VaD, including those specific for
some subgroups such as subcortical ischemic vas-
cular dementia, were needed, the main challenge
was the absence of a clear consensus on patholog-
ical criteria for VaD [5]. In 1993 the National
Institute of Neurological Disorders and Stroke
and the Association Internationale pour la
Recherche et l’Enseignement en Neurosciences
proposed the NINDS-AIREN criteria [9]
(Table 1). These have been used in the most rele-
vant studies thus far, because of their high speci-
ficity compared to ICD-10 and DSM-IV criteria
[10]. The criteria for the diagnosis of probable
VaD include a temporal relationship between the
onset of dementia (defined as impairment of mem-
ory and two or more cognitive domains including
executive function, interfering with activities of
daily living and not resulting from effects of
stroke alone) and neuroradiological signs of cere-
brovascular disease. The relationship between the
above two disorders could manifest with either
onset of dementia within 3 months after a recog-
nized stroke, or abrupt deterioration in cognitive
functions, or fluctuating, stepwise progression of
cognitive deficits. In addition, clinical features
consistent with the diagnosis of probable VaD
include early presence of gait disturbances, his-
tory of unsteadiness and frequent unprovoked
falls, early urinary frequency or urgency or other
urinary symptoms not explained by urologic dis-
ease, pseudobulbar palsy and personality and
mood changes, abulia, depression, emotional
incontinence, or other subcortical deficits includ-
ing psychomotor retardation and abnormal exec-
utive function. Criteria for diagnosis of definite
VaD require clinical criteria for probable VaD,
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histopathologic evidence of CVD obtained from
biopsy or autopsy, absence of neurofibrillary tan-
gles and neuritic plaques exceeding those
expected for age, and absence of other clinical or
pathological disorder capable of producing
dementia [9].

On a neuropsychological level, the term vas-
cular dementia was questioned mainly because
definitions of dementia were based on the concept
of AD and thus included as core criterion deficits
in memory domain. In 1994 Hachinski proposed
the introduction of the term vascular cognitive
impairment (VCI) to include all forms of cogni-
tive impairment due to cerebrovascular disease,
from mild cognitive impairment (MCI) to definite
dementia [11]. In addition, the term vascular cog-
nitive disorders (VCD) designates a global diag-
nostic category for cognitive impairment of
vascular origin, ranging from VCI to VaD,
which explicitly rules out isolated cognitive dys-
functions [12]. Only very recently, classification
systems such as DSM-V have removed the neces-
sity for memory impairment to be one of the
criteria for dementia, which is currently defined
as major neurocognitive disorder.

Epidemiological Aspects

Studies on VaD report that it is the second most
common cause of dementia after AD. Poststroke
dementia develops in around 15–30% of subjects
3 months after a stroke and in around 20–25% of
subjects in the long term [5]. VaDmay yet develop
also in the absence of stroke or in coexistence with
AD. The fact that the brain accounts for only 2%
of the body weight but consumes a critical 20% of
the body’s oxygen and other nutrients supplied via
the vascular system highlights the importance of
the integrity of the vasculature for the optimal
functioning of the brain. In addition to the cardio-
vascular system, brain vascular control mecha-
nisms are vital for the maintenance of the
neurovascular milieu, created by nerve terminals,
astrocytic endfeet, and the microvasculature [3].
The “Rotterdam Study” has been a fundamental

Table 1 NINDS-AIREN diagnostic criteria for vascular
dementia [9]

I. the criteria for the diagnosis of probable VaD
include all of the following:

1. Dementia: Impairment of memory and two or more
cognitive domains (including executive function),
interfering with ADLs and not resulting from effects of
stroke alone.
Exclusion criteria: Alterations of consciousness,
delirium, psychoses, severe aphasia or deficits precluding
testing, systemic disorders, Alzheimer’s disease, or other
forms of dementia
2. Cerebrovascular disease: Focal signs on neurological
examination (hemiparesis, lower facial weakness,
Babinski sign, sensory deficit, hemianopia, dysarthria)
consistent with stroke (with or without history of stroke,
and evidence of relevant CVD by brain CT or MRI
including multiple large-vessel infarcts or a single
strategically placed infarct (angular gyrus, thalamus,
basal forebrain, or PCA or ACA territories), as well as
multiple basal ganglia and white-matter lacunes or
extensive periventricular white-matter lesions, or
combinations thereof
Exclusion criteria: Absence of cerebrovascular lesions on
CT or MRI
3. A relationship between the above two disorders:
Manifested or inferred by the presence of one or more of
the following:
a. Onset of dementia within 3 months after a recognized
stroke
b. Abrupt deterioration in cognitive functions; or
fluctuating, stepwise progression of cognitive deficits

II. Clinical features consistent with the diagnosis of
probable VaD include the following:

1. Early presence of gait disturbances (small step gait or
Marche à petits pas, or magnetic, apraxic-ataxic, or
parkinsonian gait)
2. History of unsteadiness and frequent, unprovoked falls
3. Early urinary frequency, urgency, and other urinary
symptoms not explained by urologic disease
4. Pseudobulbar palsy
5. Personality and mood changes, abulia, depression,
emotional incontinence, or other deficits, including
psychomotor retardation and abnormal executive
function

III. Features that make the diagnosis of VaD
uncertain or unlikely include:

1. Early onset of memory deficit and progressive
worsening of memory and other cognitive functions, such
as language (transcortical sensory aphasia), motor skills
(apraxia), and perception (agnosia), in the absence of
corresponding focal lesions on brain imaging
2. Absence of focal neurological signs, other than
cognitive disturbances
3. Absence of CVD on CT or MRI
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longitudinal study carried out in the 1990s to
investigate the distribution of cognitive function
in elderly people and to assess the impact of
clinical manifestations of atherosclerotic disease
on this distribution. The study evidenced that a
nonmodifiable risk factor for VaD is age, whereas
gender has almost no effect, in particular when
adjusted for education. Other risk factors included
low education, presence of strokes, and athero-
sclerosis [13]. There is now increasingly aware-
ness that AD and VaD share common traditional
risk factors for stroke and cardiovascular disease
(e.g., hypertension, diabetes, dyslipidemia), with
salt intake, chronic inflammation, and gut infec-
tion emerging as additional risk factors. Notably,
controlling vascular risk factors does not prevent
AD but rather raises the threshold for the clinical
manifestation of AD [14].

Strokes, Silent Infarction, White Matter
Hyperintensities

In the elderly, strokes or transient ischemic attacks
(TIAs) increase the risk of AD up to threefold.
Cerebral infarcts appear to accelerate AD progres-
sion and account for a large proportion of mixed
cases in older age groups. Silent brain infarctions
(without overt neurological sequelae) occur with
high prevalence in the healthy elderly, around 5%
of individuals over 60 years of age in both gen-
ders. Almost 90% of these lesions occur sub-
cortically, mainly as lacunae in basal ganglia.
Silent infarcts double the risk of dementia, cause
steeper cognitive decline, and impact on memory
and executive functions [3]. The “Nun Study”
emphasized clinical importance of the combined
neurodegenerative and vascular pathologies. In
this prospectively assessed cohort, with similar
environmental influences and general lifestyles,
it was estimated that an eightfold greater burden
of neocortical neurofibrillary tangles would be
necessary to develop dementia in the absence of
strategic cerebral infarction [15].

Progressive age-related changes in intracere-
bral vessels or presence of infarcts may result in

white matter abnormalities in as many as 96% of
those over 65 years of age. Previous studies have
investigated possible correlations between the
degree of white matter hyperintensities (WMH)
on MRI and cognitive function or disability in the
elderly. It appears that total WMH volume may be
a critical measure and it is associated with decline
in frontal lobe functions which include executive
tasks, attention, motor, and processing speed
rather than in memory per se. In the LADIS
cohort, executive dysfunction was attributed to
white matter lesion (WML) severity in the non-
disabled elderly [16]. Furthermore, volume of
periventricular WMH rather than deep WMH at
baseline and progression was found to be longitu-
dinally associated with decline in processing
speed.

Cerebral amyloid angiopathy (CAA), another
form of CVD, is found in almost all AD patients
and more than 50% of the elderly over 90 years
[17]. CAA mostly results in lobar hemorrhages,
white matter damage, and cortical microinfarcts.
Moderate-to-severe CAA is also considered as an
independent risk factor for dementia [18].

Vascular Risk Factors and Dementia

Several modifiable risk factors such as hyperten-
sion, dyslipidemia, diabetes mellitus, and obesity
enhance the rate of both VaD and AD. The link
between hypertension and VaD, through the well-
established relationship between hypertension
and stroke, is evident. In many cases of VaD, in
the absence of a clear history of stroke, long-
standing elevation of blood pressure may increase
the risk for dementia by inducing small-vessel
disease (SVD), white matter changes, and cerebral
hypoperfusion by disrupting vasoregulatory func-
tions. Hypertension represents a good example of
the complex link between vascular and neurode-
generative diseases. On one side, a relationship
between hypertension and amyloid plaques, neu-
rofibrillary tangles and brain atrophy is well
documented. However, disentangling the patho-
physiological link is complex, because vascular
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risk factors like hypertension may take years or
decades to lead to significant cognitive impair-
ment, and AD pathology is thought to be present
years to decades before clinical symptoms appear.
Moreover, increased blood pressure apparently
precedes AD onset by decades, and later decreases
before the start of AD. On the other side, there
may also be a reverse association between AD and
hypertension. Amyloid β (Aβ) may be able to
induce hypertension, possibly through direct sys-
temic vascular effects, without brain parenchymal
Aβ deposition and before dementia onset, in the
form of CAA. Although CAAmay be unrelated to
AD, AD patients with CAA may present with
stroke and cerebrovascular comorbidity [14].

In comparison to the role of hypertension, the
link between hypercholesterolemia and VaD is
weaker. While the “Rotterdam study” concluded
that carotid atherosclerosis in the elderly is a
strong risk factor both for VaD and AD [19],
cholesterol levels measured in midlife appear to
be associated with higher risk of AD but not VaD.
The risk of cognitive impairment is 2–2.5 fold
greater among type II diabetics both for AD and
(particularly) for VaD, irrespective of age at which
diabetes occurs [3]. Neuroimaging evidence sug-
gests an association between diabetes and cerebral
atrophy and lacunar infarcts, but the association
with WML is less robust [20].

Chronic Inflammation and Gut
Infection

Chronic inflammation is also related to CVDpathol-
ogy, including lacunar stroke, enlarged perivascular
spaces, and WMH. Inflammation primarily targets
endothelial cells and results in blood–brain barrier
(BBB) breakdown probably due to neopterin and
cytokines being secreted by activated monocytes/
macrophages, and subsequently disrupting the
extracellular matrix [21]. Sources of inflammation
are salt intake, joint inflammation, C-reactive pep-
tides from the liver (after the ingestion of a carbo-
hydrate-rich meal), serum amyloid P, rheumatoid
arthritis, and stroke itself.

Inflammation associated with infection is also
considered important both before and after stroke

since a plethora of acute and chronic infectious
pathogens may affect susceptibility and prognosis
of stroke patients. Among pathogens affecting the
respiratory system, Chlamydia pneumoniae and
influenza increase the risk of stroke. Interestingly,
the emerging concept of the brain–gut axis, which
proposes that bidirectional signaling between the
gastrointestinal tract – or gut microbiota – and the
brain is vital for maintaining homeostasis, has
gained attention in recent years. For instance,
lack of gut microbiota results in reduced anxiety
behavior, which can be normalized if microbiota
are reconstituted early in life, suggesting a great
impact of gastrointestinal environment on brain
development. Several studies have reported an
association between the brain–gut axis and vari-
ous disorders including cardiovascular disease
and neurodegenerative disorders, through mecha-
nisms of molecular mimicry [22]. Viruses of ani-
mal or plant origin may indeed mimic amino acid
sequences as well as nucleotide sequences of
microRNAs and influence protein expression.
More recently, oral microbiota has been hypothe-
sized to affect the brain not only by causing
inflammation but also by altering platelet aggre-
gation. Of all the known pathogenic oral bacteria,
a few have been linked to CVD. It has been
demonstrated that certain strains of Streptococcus
mutans are potential risk factors for intracerebral
hemorrhage [23]. The hemorrhage-causing S.
mutans strains express collagen-binding proteins
on their cell surface, enabling them to attach effec-
tively to exposed collagen fibers on the surface of
damaged blood vessels and prevent platelet acti-
vation, thereby leading to hemorrhages. Consis-
tent with these data, a strong correlation between
cerebral microbleeds and collagen-binding pro-
teins–positive S. mutans has been detected [24].
Porphyromonas gingivalis is also found in athero-
sclerotic plaques and has been linked to the
increased risk of ischemic stroke [25]. It was
reported that P. gingivalis infects endothelial
cells and increase the expression of endothelial
adhesion molecules which promote monocyte/
macrophage infiltration; in addition, it produces
cysteine proteinase gingipains, which activate
protease-activated receptors-1 and -4 on platelets
and induce platelet aggregation.
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Highlights of Pathophysiology

Endothelial Dysfunction (ED)

Although the mechanisms by which these differ-
ent factors may impact VaD are currently ill
defined, considerable evidence, including that
derived from neuroimaging and pathology stud-
ies, indicates that ED is a pivotal pathophysiolog-
ical process [26] [27]. It is proposed that risk
factors may alter vascular hemodynamics and
impact the endothelial cell function. ED, in turn,
can reduce vasomotor reactivity and impair cere-
bral hemodynamic changes. Endothelium is a
monolayer of cells covering the inner surface of
blood vessels, with an estimated total area in
humans of about 350 m2. The endothelium is a
dynamic organ that serves as a functional and
structural barrier between the blood and the vessel
wall; it has a wide variety of critical roles in the
control of vascular function and, as a consequence
of its dysfunction, in many mechanisms underly-
ing vascular disorders. Endothelial cells are the
main regulator of vascular homeostasis due to
their interaction with both the circulating cells
and those present in the vascular wall, mainly
the smooth muscle cells. The four main endothe-
lial functions can be summarized as following: (i)
regulation of vascular tone which is obtained

through the balanced production of vasodilators
and vasoconstrictors in response to a variety of
stimuli; (ii) regulation of fibrinolysis and coagu-
lation pathways; (iii) participation in inflamma-
tion; (iv) blood vessel formation, repair, and
remodeling (Fig. 1). The term ED is applied to
identify the shift from a normal endothelium to a
damaged one that may express with a pro-
inflammatory, vasoconstrictive, proliferative, and
procoagulation phenotype [27]. Brain micro-
vessels are composed of endothelial cells, peri-
cytes with smooth muscle-like properties that
reside adjacent to capillaries, and astroglial pro-
cesses. It was originally thought that the glial foot
processes formed the BBB, but electron-micro-
scopic studies identified the endothelial cell as
the principal anatomic site of the BBB. The
BBB results indeed from a specialized phenotype
of the endothelial cells, which exhibit no fenestra-
tions, extensive tight junctions, and relative lack
of vesicular transport [28]. This barrier allows a
strict control of exchange of solutes and circulat-
ing cells between the plasma and the interstitial
space. Cerebral endothelial cells in most brain
regions are connected by tight junctions that func-
tion as a “physical barrier” preventing molecular
traffic between blood and the brain. BBB also acts
as a “transport barrier,” given to the presence of
specific transport systems regulating the

Fig. 1 The main molecules and pathways involved in
main endothelial functions. (Modified from [27]). NO,
Nitric Oxide; PGI2, Prostacyclin; TM, Thrombomodulin;
t-PA, tissue Plasminogen Activator; HSPG, Heparan Sul-
fate Proteoglycan; ET, Endothelin; PAF, Platelet-

Activating Factor; PAI, Plasminogen Activator Inhibitor;
VEGF, Vascular Endothelial Growth Factor; ICAM-I,
Intercellular Adhesion Molecules I; VCAM-I, Vascular
Cell Adhesion Molecule I
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transcellular traffic of small hydrophilic mole-
cules, as well as a “metabolic barrier,” given the
presence of a combination of intracellular and
extracellular enzymes.

Assessment of endothelial function consists of
the analysis of endothelial cell responsiveness to
vasodilator or vasoconstrictor stimuli. The
methods include in vitro analysis, such as culture
of endothelial cells, and in vivo analysis, such as
flow-mediated dilation, venous occlusion plethys-
mography, and measurement of serum markers.
However, none of these methods have been cur-
rently applied in the clinical setting, due to inva-
siveness, high costs, and difficult standardization
of the techniques [29].

Different mechanisms have been hypothesized
for ED to contribute to brain parenchyma lesions.
Reduced cerebral blood flow and impaired cere-
bral blood flow autoregulation, secondary to an
alteration of nitric oxide pathway, has been dem-
onstrated in patients with SVD. Using endoge-
nous contrast MRI perfusion, brain perfusion is
reduced in the white matter and, within the white
matter, it is reduced not only within regions of
radiologic WMH but also in normal appearing
white matter, although to a lesser extent [30].
Decreased vasodilation in response to external
stimuli such as hypercapnia or salbutamol in
patients with lacunar infarction, compared with
controls, has been demonstrated [31]. Interest-
ingly, there is now evidence pointing to a systemic
ED in patients with cerebral SVD, as indicated by
several studies in which endothelial changes have
been measured in other vascular beds other than
the brain. This association has been documented
in districts like the kidney, the skin, and the sub-
lingual microvasculature. AlthoughWML are fre-
quently interpreted as “ischemic,” evidence from
pathological studies that they are characterized by
the expression of hypoxia-related molecules and
endothelial markers such as intracellular adhesion
molecule 1 (ICAM-1) supports a role for ED [32].
Finally, increased cerebrospinal fluid/serum albu-
min ratio [33] and increased permeability in the
white matter on contrast-enhanced MRI in
patients with lacunar stroke compared with
patients with cortical stroke [34] suggest that
BBB permeability is increased in these patients,

with consequent leakage of plasma components
into the vessel wall and surrounding parenchyma.

Chronic Cerebral Hypoperfusion

Cerebral hypoperfusion is emerging as a major
contributor to cognitive decline and degenerative
processes leading to dementia [35]. Several ani-
mal models have been developed to mimic the
chronic hypoperfusive state in VaD. First, bilateral
common carotid artery occlusion results in a
severe reduction in cerebral blood flow (CBF) in
rats, whereby cortical blood flow drops by over
70% in the days immediately following surgery,
recovering to a 40% reduction in 1 month [36].
Another approach, bilateral common carotid
artery stenosis by application of microcoils to
reduce luminal diameter to �50% in mice, results
in blood flow decrease of 30–40% immediately
following surgery, with a recovery to 15–20% of
baseline levels at 1 month [37]. Blood flow mea-
sures are normally made using laser speckle or
Doppler flowmetry or, more recently, arterial spin
labeling MRI. Interestingly, these studies high-
light that hypoperfusion is not restricted to the
cortical vasculature, but involves both cortical
and subcortical regions. Gradual common carotid
artery stenosis in rats and mice, using ameroid
constrictor devices applied on both common
carotid arteries is a novel model recently devel-
oped to overcome the acute reduction in CBF
[38].

Reduced cerebral perfusion correlates with the
severity of cognitive impairment and also predicts
which individuals with will progress to dementia
[39]. Cross-sectional studies show that low cere-
bral blood flow is related to the severity of WMH
on MRI [40] [41]. Interestingly, white matter is
damaged in the absence of overt ischemic neuro-
nal damage. Neuropathological investigations
have revealed marked reductions in myelin den-
sity in the white matter in AD but particularly VaD
patients compared with age-matched controls [42]
[32], and there is evidence that this is related to
reduced white matter perfusion [43]. Selective
disruption of key proteins within the paranodal
axon–glial junctions, which are critical to the
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stability and function of myelinated axons and
white matter function, has also been claimed
[44]. Finally, in response to increasing duration
of hypoperfusion, microglia gradually increases
in parallel with the evolving damage to myelin-
ated axons, particularly in the white matter [44]
[45]. Astrogliosis can also be observed, but these
changes appear to occur later than microglial
alterations.

Clinical Features of Cognitive
Dysfunction

A practical problem that frequently confronts the
internist is the elderly patient with cognitive and
behavioral decline, presenting with abnormal
score in the Mini-Mental State Examination
(MMSE) and presence of vascular lesions on
brain imaging. In clinical practice, the Hachinski
Ischemic Score (HIS) is a widely used method to
differentiate VaD and mixed dementia from AD,
with a specificity and sensitivity of 89% [46]. The
last HIS version identifies 7 items, with a binary
scoring (0, 1), and suggests a vascular component
of cognitive impairment if the total score is 2 or
higher. The first 13-item formulation, which still
remains the most used one, is shown in Table 2
[47].

Cognitive changes in VaD are much more var-
iable than in other disorders such as AD and are
highly dependent on the particular neural sub-
strates affected by the vascular pathology. How-
ever, because subcortical vessel disease, rather
than large cortical infarcts, accounts for most
cases of VaD, lesions are particularly located in
the subcortical areas and mainly cause the disrup-
tion of corticostriatal loops subserving the frontal
lobes functions. While memory impairment is
considered the core cognitive feature of degener-
ative MCI (d-MCI), predominant deficits in atten-
tion, information processing, and executive
function are seen in vascular MCI (v-MCI).
Other functions such as memory, language, and
praxis are much more variably affected [5]. The
use of the Montreal Cognitive Assessment
(MoCA) over standard screening tests for demen-
tia (such as the MMSE) is advisable in CVD
patients, due to its higher sensitivity and specific-
ity [2]. Another useful tool is the Vascular Demen-
tia Assessment Scale (VADAS-cog). Recently, the
immediate copy of the Rey–Osterrieth Complex
Figure (ROCF), which explores cognitive pro-
cesses such as planning and organizational strate-
gies related to executive functions, has been
proposed to differentiate d-MCI from v-MCI [48].

Behavioral and psychological symptoms of
dementia (BPSD) are common in VaD as in
other types of dementia and can be particularly
distressing both for the patient and their family.
Some symptoms, such as depression and apathy,
are particularly prominent, while other features
such as delusions and hallucinations are less fre-
quent [5]. Patients with multi-infarct dementia are
more likely to display “positive” symptoms (e.g.,
hallucinations, agitation/aggression, irritability,
and euphoria), whereas “negative” symptoms
(e.g., apathy, decreased appetite, and eating dis-
turbances) are more typical of small vessel
dementia [49].

Subtypes of Vascular Dementia

Based on type and location of CVD, it is possible
to distinguish different subtypes of vascular
dementia (Table 3) [5]. Single or recurrent cortical

Table 2 Hachinski Ischemic Score (HIS). A score of 4 or
less suggests dementia is due to Alzheimer’s disease, a
score of 7 or greater suggests vascular dementia [47]

Hachinski Ischemic Scale

Feature Value

Abrupt onset 2

Stepwise deterioration 1

Fluctuating course 2

Nocturnal confusion 1

Relative preservation of personality 1

Depression 1

Somatic complaints 1

Emotional incontinence 1

History or presence of hypertension 1

History of strokes 2

Evidence of atherosclerosis 1

Focal neurological symptoms 2

Focal neurological signs 2
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infarcts can lead to strategic infarct dementia or
multi-infarct dementia, whereas subcortical
infarcts such as lacunes or WMLs can be associ-
ated with small vessel dementia or hypoperfusion
dementia [50].

Multi-Infarct and Strategic Infarct
Dementias

Multi-infarct dementia (Fig. 2) typically arise
abruptly, with fluctuating symptoms and
“stepped” progression, and manifest with cortical
and subcortical focal signs and symptoms which
depend on the area affected by acute cerebrovas-
cular disease. Dementia develops in around
15–30% of subjects 3 months after a stroke [5].
Although functional outcome can be moderately
predicted at baseline, accurate prediction of cog-
nitive outcome remains more elusive. For func-
tional outcome, age, initial stroke severity, and
stroke volume have been identified as important

predictors. In particular, age and initial severity
assessed by the National Institutes of Health
Stroke Scale (NIHSS) correctly classify about
70% of the patients with respect to functional
recovery [51]. These factors are accepted, even if
less predictive, also for cognitive dysfunction.
Stroke location is an independent predictor of
cognitive outcome: single brain infarct in func-
tionally critical areas of the brain (e.g., angular
gyrus, thalamus, basal forebrain, posterior cere-
bral artery, and anterior cerebral artery territories)
can indeed cause dementia itself, in the form of
the strategic infarct dementia. Anterior infarcts,
cortical locations, and lesions in the left hemi-
sphere are all associated with worse global cogni-
tive scores. The importance of left inferior frontal
gyrus and left superior temporal gyrus is recog-
nized for speech production and speech compre-
hension. Hippocampus, parahippocampal gyrus,
and the left middle temporal gyrus are known to
be involved in poststroke memory dysfunction.
Executive functions are associated not only with
prefrontal cortex but also with cingulate cortex,
basal ganglia, and thalamus. Furthermore, the

Table 3 Subtypes of vascular dementia with associated
imaging and pathological changes. (Modified from [5])

Multi-infarct dementia
Multiple, large, complete
cortico-subcortical infarcts

Strategic infarct
dementia

Single infarct in strategic
location (e.g., thalamus)

Small vessel dementia Lacunes, extensive white
matter lesions
Pathologically, infarcts,
demyelination, and gliosis

Hypoperfusion
dementia

Watershed infarcts, white
matter lesions
Pathologically, incomplete
infarcts in white matter

Hemorrhagic dementia Hemorrhagic deep or lobar
changes, may be associated
with amyloid angiopathy

Hereditary vascular
dementia

Multiple lacunes and white
matter lesions, temporal
lobe white matter affected

Alzheimer’s disease
with cardiovascular
disease

Combination of vascular
changes and atrophy,
especially medial temporal
lobe
Pathologically, mixture of
vascular and degenerative
(plaque and tangle)
pathology

Fig. 2 Multi-infarct dementia. MRI shows ischemic
lesions in the territory supplied by the right middle cerebral
artery, with hemorrhagic infarction, and another ischemic
lesion in the contralateral occipital lobe; in addition, diffuse
white matter hyperintensities
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involvement of the left thalamus is associated
with a worse global cognitive score, because of
its role of relay in several cognitive domains
(attention, working memory, visuo-spatial abili-
ties, orientation, long-term memory, and execu-
tive functions). All cognitive functions are further
integrated by a widely distributed network; there-
fore, cognitive dysfunction may also be due to
deafferentation through white matter fiber dam-
ages [52].

Small Vessel Dementia

The term cerebral SVD refers to a group of path-
ological processes with various etiologies affect-
ing the small arteries, arterioles, venules, and
capillaries of the brain. SVD may have various
meanings, in pathological rather than clinical and
neuroimaging contexts. However, because small
vessels cannot be currently visualized in vivo, the
term SVD is frequently used to describe the paren-
chyma lesions visible at CT or MRI scan rather
than the underlying small vessel alterations.
Lesions on the brain parenchyma, as conse-
quences of SVD, are mainly located in the sub-
cortical structures, such as lacunar infarcts, white
matter lesions, large hemorrhages, and micro-
bleeds (Fig. 3). Cerebral arterial small vessels
recognize two origins: superficially, they stem
from the subarachnoid circulation as the terminal
vessels of medium-sized arteries, and deeper, at
the base of the brain, they stem directly from the
large vessels as perforating arteries. These two
systems converge towards each other and, after
passing the cortical layers and the deep grey struc-
tures, respectively, they tend to merge in the
deepest areas of the subcortical white matter
where there is a watershed area [17]. In this case,
cognitive decline may have an insidious onset and
a slow progression, representing an AD mimic.
This form is now considered to be the main cause
of VaD. From a pathological point of view, the
process underlying SVD is mainly included in a
systemic small vessel disorder (Table 4). Only in
some cases the brain is the main target and the
lesions and effects of these diseases might be
confined to the brain. The frequency of these

Fig. 3 Small vessel disease dementia. MRI demonstrates
prominent periventricular white matter hyperintensities
and lacunar infarcts in the corona radiata bilaterally on
fluid-attenuated inversion recovery (FLAIR) image

Table 4 Aetiopathogenic classification of cerebral small
vessel diseases. (Modified from [17])

Type 1: Arteriolosclerosis

Type 2: Sporadic and hereditary cerebral amyloid
angiopathy

Type 3: Inherited or genetic small vessel diseases
distinct from cerebral amyloid angiopathy
For example, CADASIL, CARASIL, Fabry’s disease,
cerebroretinal vasculopathies, small vessel diseases
caused by COL4A1 mutations, PADMAL, hereditary
multi-infarct dementia of the Swedish type, MELAS

Type 4: Inflammatory and immunologically mediated
small vessel diseases
For example, Wegener’s granulomatosis, Churg-Strauss
syndrome, microscopic polyangiitis, Henoch- Schönlein
purpura, cryoglobulinaemic vasculitis, cutaneous
leukocytoclastic angiitis, primary angiitis of the CNS,
Sneddon’s syndrome, nervous system vasculitis
secondary to infections, nervous system vasculitis
associated with connective tissue disorders such as
systemic lupus erythematosus, Sjögren’s syndrome,
rheumatoid vasculitis, scleroderma, and dermatomyositis

Type 5: Venous collagenosis

Type 6: Other small vessel diseases
For example, post-radiation angiopathy and nonamyloid
microvessel degeneration in Alzheimer’s disease
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forms is very variable, and arteriolosclerosis and
sporadic and hereditary cerebral amyloid
angiopathy are the most prevalent ones.

Hypoperfusion Dementia

Chronic cerebral hypoperfusion (CCH) is a com-
mon consequence of various cerebral vascular dis-
orders and hemodynamic and blood changes and an
important cause of both VaD and AD [53]. Three
main causes lead to CCH: (i) vascular structural
lesions resulting from artery stenosis or occlusion
caused by atherosclerosis, arteriovenous malforma-
tion, Takayasu arteritis, Moyamoya disease, and
cerebral arteriovenous fistula; (ii) cerebral hemody-
namic changes, including chronic hypovolemia,
prolonged hypotension, and reduced cardiac output
due to heart failure; and (iii) changes in blood com-
ponents of any nature, causing an increase in blood
viscosity, such as hyperlipidemia, polycythemia,
and hyperhomocysteinemia. The major risk factors
of CCH are therefore hypertension, hyperlipidemia,
smoking, obesity, age, hyperhomocysteinemia, and
obstructive sleep apne/ahypopnea syndrome [54].
As seen above, CCH might promote VaD and
neurodegeneration through neuronal energy failure
and production of reactive oxygen species and pro-
inflammatory cytokines through activated micro-
glial cells that, in turn, damage the neurons and
contribute toWMLs. The clinical spectrum of hypo-
perfusion dementia is broad and depends on the
length and extent of hypoperfusion [55]. MRI find-
ings may be unremarkable or show incomplete
infarctions with WMHs, hippocampal sclerosis, or
scarring. Bilateral globus pallidus lesions (high sig-
nal on T2-weighted MRI) may occur. The most
vulnerable areas to ischemia appear to be the cortical
watershed regions and the basal ganglia. Neurons
are particularly susceptible to hypoxic injury in
cortical layers 3 and 5, the striatum, the hippocam-
pus, and the Purkinje cells of the cerebellum.

Hemorrhagic Dementia

While intracerebral hemorrhage (ICH) represents
only 10–15% of all strokes, it carries a higher risk

of morbidity and mortality compared to the more
common ischemic forms of stroke. Different
underlying pathologies are associated with the
specific location of hemorrhage in the brain.
Deep ICH results from rupture of small arterioles
most commonly in the putamen or thalamus,
while lobar ICH results from rupture of small
and medium-sized perforating arteries in the cor-
tex and subcortical white matter. While deep per-
forating vasculopathy, mainly driven by
traditional cardiovascular risk factors, appears to
underlie deep ICH, CAA, resulting from progres-
sive cerebrovascular Aβ deposition within small
cortical and leptomeningeal small vessel walls,
accounts for the majority of lobar ICH in the
elderly. Effects of ICH on cognition can occur at
three different stages during the disease course:
before ICH, in the acute stage and in the chronic
stage [56]. Cognitive impairment prior to ICH is
indeed common. In postmortem studies, SVDwas
detected in 36% of CAA-related ICH patients
versus 75% of non-CAA-related ICH, while AD
pathology was found in 68% of CAA-related ICH
patients versus 9% of non-CAA-related ICH
patients [57]. Therefore, the underlying pathology
can cause cognitive changes before symptomatic
ICH. In the acute stage, the severity and location of
ICH are primarily responsible for the immediately
observed cognitive deficits. In the chronic stage,
the underlying SVD or neurodegenerative pathol-
ogy appears to be primarily responsible for the
cognitive decline, which presents in a proportion
ranging from 5% to 44% of patients. This view also
explains why young patients with ICH present
overall lower incidence of cognitive impairment.
Since a high proportion of these patients had an
underlying structural cause of ICH (63%), it is
possible that the natural history of these diseases
is different from those with primary ICH.

Hereditary Vascular Dementia

There are a small number of familial cerebral
microangiopathies caused by mutations in single
genes that present with cognitive impairment pro-
gressing to dementia [58, 59]. Autosomal Domi-
nant Cerebral Arteriopathy with Subcortical
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Infarcts and Leucoencephalopathy (CADASIL) is
the most common inherited cause of stroke and
VaD in adults with an estimated frequency of
1.5–5.0 per 100,000 in Western Europe. It is
caused by dominant mutations in the NOTCH3
gene. It is characterized by five basic symptoms:
migraine with aura, subcortical ischemic events,
mood disorders, apathy and cognitive impair-
ment, which evolves over the 4th to 7th decades
of life. Brain MRI alterations may precede symp-
toms for up to 10 years; the most frequent anom-
alies are point hyperintensities in T2 or FLAIR;
with the progression of the disease, there are also
multiple ischemic lacunes (basal ganglia, thala-
mus, brainstem), diffuse WMH, and dilated peri-
vascular spaces (Fig. 4). Since the clinical
presentation, the profile of neuropsychological
deficits and neuroimaging abnormalities are very
similar to those of subcortical ischemic VaD,
CADASIL has attracted great interest as a possi-
ble model for more common forms of small vessel
diseases. CARASIL (a cerebral autosomal reces-
sive variant of CADASIL) is a rare disorder found
mainly in Asian families, caused by mutations in
the HTRA1 gene. Fabry disease is an X-linked

disease causing insufficient activity of the enzyme
alphagalactosidase A and accumulation of
glycosphingolipids especially in vascular endo-
thelium; it is particularly important because of
the possibility of enzyme replacement therapy.
Cerebroretinal vasculopathies include hereditary
endotheliopathy, retinopathy, nephropathy with
stroke, and hereditary vascular retinopathy and
result from mutations in the TREX1 gene.
COL4A1 and COL4A2 are genes coding for
type IV collagen, a component of basement mem-
branes in blood vessels. Mutations in these genes
are associated with systemic SVD especially
affecting eyes, muscles, kidneys, and brain. Pon-
tine autosomal dominant microangiopathy and
leukoencephalopathy (PADMAL) is a recently
discovered autosomal dominant disease caused
by mutation in an untranslated region of
COL4A1, leading to upregulated expression of
COL4A1. Other familial forms of vascular
dementia include an autosomal dominant type of
Swedish dementia not linked to CADASIL and
mitochondrial encephalopathy with lactic acidosis
and stroke-like episodes (MELAS).

Cerebrovascular Pathology and Brain
Parenchymal Changes

Although CVD causes pathological damage and
impairs cognition, finding the exact contribution
of cerebrovascular pathology to cognitive decline
and dementia is extremely difficult. The natural
history of CVD consists in vessel wall modifica-
tions, such as arteriolosclerosis or CAA, which
lead to cortical and subcortical infarcts, subinfarct
ischaemic lesions (microinfarcts), and cerebral
large and small (microbleeds) hemorrhages
lesions. In autopsy studies, it is difficult to relate
cognitive impairments in life to postmortem
pathology, even when using data from prospective
studies. Currently, pathological consensus criteria
for diagnosing and staging VaD still lack. Differ-
ent studies therefore use different criteria to report
whether individuals have autopsy evidence of
substantial CVD, since abnormalities in vascular
brain pathology are almost the rule in people aged
over 75 years [5].

Fig. 4 CADASIL. MRI shows confluent white matter
hyperintensities on FLAIR sequence, typically involving
the anterior temporal lobes and the pons
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Lacunes represent small foci of ischemic
necrosis resulting from narrowing or occlusion
of penetrating arteries branching directly from
larger cerebral arteries. Perivascular edema and
thickening, inflammation, and disintegration of
the arteriolar wall are common, whereas vessel
occlusion is rare. Lacunar infarcts are frequently
multiple and bilateral and often coexist with other
vascular lesions (e.g., large infarcts or diffuse
white matter damage) [2]. Lacunar infarcts are a
widely accepted sign of SVD. However, isolated
lacunar infarcts might be caused also by
atheroembolism from atherosclerotic plaques in
the carotid arteries or aortic arch and
cardioembolism. It may be appropriate to classify
patients with lacunar infarcts as having SVD only
when the lacunar infarcts are multiple or associ-
ated with moderate to severe WMLs. Whether
single or multiple, they may be symptomatic or
asymptomatic, depending on their location and
the volume of normal brain tissue lost; they are
typically seen on MRI in locations such as the
basal ganglia, internal capsule, thalamus, and
pons. Lacunes are defined as hypointense foci on
MRI T1-weighted sequences. There is no full
consensus on the size of lacunar infarcts; the max-
imum accepted diameter for the definition of a
lacunar infarct is usually 15 mm. On MRI it is
sometimes difficult to distinguish these from
dilated perivascular spaces. These are enlarge-
ments of the spaces around the penetrating ves-
sels in the brain parenchyma (also called
Virchow-Robin spaces) and are typically located
in some areas (e.g., anterior commissure, vertex)
that are different from those of lacunar infarcts;
moreover, they are usually smaller than
1 � 2 mm and have an isointense appearance
with the CSF on proton density sequences. Lacu-
nar infarcts and dilated perivascular spaces share
the same risk factor profile and it is plausible that
dilated perivascular spaces are another expres-
sion of SVD [17].

WMLs are considered a form of rarefaction or
incomplete infarction where there may be selec-
tive damage to some cellular components. Alter-
ations include pallor or swelling of myelin, loss of
oligodendrocytes, damage to axons, cavitations
with or without presence of macrophages, areas

of reactive astrogliosis, and perivenous
collagenosis. WMLs are secondary to chronic
hypoperfusion with oligodendrocytes particularly
vulnerable to hypoxic environment and are asso-
ciated with chronic pro-thrombotic endothelial
dysfunction. WMLs are a hallmark of SVD but
also occur most in ~30% of AD and in fact may
reflect Wallerian changes secondary to cortical
loss of neurons [2]. The previous term to describe
the rarefaction of the white matter was
leukoaraiosis, which was introduced already
more than 20 years ago. WMLs on MRI are seen
as more or less confluent areas that are bilaterally
and symmetrically sited in the hemispheric white
matter and that appear hyperintense on T2-
weighted and fluid-attenuated inversion recovery
images. Despite the fact that WMLs are typically
supratentorial, they do frequently occur in one
infratentorial location, the pons [17].

Mixed Dementia, Differential
Diagnosis, and the Concept of
Mixed AD

AD and VaD together represent the vast majority
of dementias. Due to overlapping of their neuro-
psychological profiles and the possible coexis-
tence of the same brain vascular lesions,
differentiating between these two forms of
dementia can be difficult. This is a common
event in clinical practice, and the label of “mixed
dementia” sounds very familial to every neurolo-
gist. Interestingly, the most recent proposals of
new diagnostic criteria for AD have introduced
the term of “mixed AD” [60]. This term should
refer to patients who fulfill the diagnostic criteria
for typical AD, but additionally present with clin-
ical and brain imaging/biological evidence of
other comorbid disorders, first of all cerebrovas-
cular disease. The criteria warn that detecting in a
patient the co-occurrence of two pathologies that
potentially affect cognitive performance does not
equate to proof of multiple causation: it is there-
fore recommended to reserve the “mixed AD”
label only for cases in which both clinical features
and diagnostic markers point to a mixed etiology.
For instance, a typical AD phenotype with
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coexistent white matter changes cannot be diag-
nosed as mixed AD in the absence of motor
symptoms or gait disturbances consistent with
the distribution of vascular pathology.

The advances in biomarker development
(such as CSF tau and beta-amyloid concentra-
tions, brain amyloid PET) now allow biological
evidence to be used in support of a diagnosis of
mixed AD. With respect to advanced MRI tech-
niques, the identification of quantitative imaging
biomarkers specifically sensitive to AD or VaD
may facilitate the differential diagnosis. For
example, parameters of microstructural abnor-
malities derived from diffusion tensor imaging
(DTI) may be helpful in differentiating between
dementias. It has been recently reported that
DTI parameters in the parahippocampal tracts
are mainly affected in AD, while VaD shows
more spread white matter damage associated
with thalamic radiations involvement, and that
the genu of the corpus callosum is predomi-
nantly affected in VaD, while the splenium is
mainly involved in AD [61]. Therefore, specific
patterns of white matter alterations can help
distinguishing between VaD and AD; further
imaging studies on larger cohorts of subjects,
characterized for brain amyloidosis, will allow
to confirm and to integrate these findings and
elucidate the mechanisms of mixed dementia.
These steps will be essential to translate these
advances to clinical practice, also in terms of
future treatments.

Sporadic, Hereditary, and
Inflammatory Cerebral Amyloid
Angiopathies

One important link between VaD and AD, emerg-
ing in recent years, is cerebral amyloid
angiopathy. CAA involves cerebrovascular amy-
loid deposition and, although mostly identified
with Aβ deposition, it may be classified into sev-
eral types according to the amyloid protein
involved (e.g., cystatin C, prion protein, ABri/
ADan, transthyretin, gelsolin, and immunoglobu-
lin light chain amyloid) [62]. CAA due to Aβ
deposition has a high frequency; it is found in

clinic-based autopsy series in 83% of persons
with pathologically-confirmed AD and in 64% to
68% of those with and without dementia [18].
Sporadic CAA affects arterioles and capillaries
of the cerebral cortex and overlying
leptomeninges, with a predilection for parieto-
occipital regions, but it is almost never seen within
subcortical white matter, deep grey matter, or
brainstem. It may be seen infratentorial, affecting
the leptomeningeal vessels overlying cerebellum.
Neuropathologic features include fibrillar Aβ
deposits among smooth muscle cells within the
media of brain parenchymal arterioles, with even-
tual replacement (over months or years) of the
smooth muscle cells by Aβ, which can easily be
demonstrated by immunohistochemistry [58]. Aβ
is cleaved from the β-amyloid precursor protein
(APP) in peptides of different lengths; while Aβ42
easily aggregates and deposits in the brain paren-
chyma as senile plaques, Aβ40 does not aggregate
as easily and is transported, through periarterial
interstitial fluid drainage pathways, to blood ves-
sels for clearance. In this process, Aβ40 aggre-
gates on vascular basement membranes [62].
CAA-associated vasculopathies mainly lead to
development of hemorrhagic lesions (spontane-
ous lobar intracerebral macrohemorrhage, cortical
microhemorrhage, and cortical superficial
siderosis) and less frequently, cortical micro-
infarcts. CAA can be accompanied by marked
inflammation (CAA-related inflammation/
angiitis), presenting with subacute leukoence-
phalopathy that is responsive to immunosuppres-
sive therapies [63]. The clinical-radiological
Boston criteria are commonly used for the diag-
nosis of CAA-related ICH (Table 5) [64]. MRI
techniques, such as gradient-echo T2� imaging
and susceptibility-weighted imaging, are useful
for detecting microhemorrhages and cortical
superficial siderosis (Fig. 5). In vivo markers for
Aβ (e.g., amyloid PET and cerebrospinal fluid
Aβ40, Aβ42, tau, and ptau) can support the diag-
nosis but need further validation. APOE epsilon 2
is also associated with sporadic CAA-related cere-
bral hemorrhage. Several familial forms of Aβ
CAA, usually inherited as an autosomal dominant
trait, are also recognized (e.g., mutations in APP,
PSEN-1, and PSEN-2 genes).
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Conclusions

In conclusion, among the multifactorial nature of
dementias (including the neurodegenerative types,
such as sporadic AD), vascular changes play an
important role in the disease process. It is therefore
important to investigate vascular pathology before
the disease becomes too severe to reverse. The
mechanisms underlying these events, however,
are far from clear and will be an important topic
of future research. In recent years, the relationship
between SVD and cognition has been actively
investigated due to rapid advances in imaging
technology. Amyloid and vascular pathologies
have been found ever more to overlap, and it
would now appear that they almost never occur
in isolation. Although many clinical and radiolog-
ical aspects are not yet fully standardized, this
coexistence of pathologies appears to be interest-
ing with respect to future trials focused on the
treatment of cognitive impairment due to SVD.
Targeting the vascular component may be indeed
a strategy not only to reduce the risk of developing
dementia, but also to decelerate the progression of
degenerative processes. Vascular biomarkers will
certainly facilitate preventive efforts and the devel-
opment of more effective treatments for vascular
as well as other dementias.
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Abstract

Autonomic dysfunction is deeply associated
with stroke, due to anatomy and

pathophysiology of the cerebrovascular system
and the related autonomic structures. Auto-
nomic dysfunction plays an essential role in
determining clinical course of acute stroke. In
fact, diagnosis, prognosis, and treatment of
acute cerebrovascular disorders frequently
rely on the prompt recognition and the ade-
quate management of the associated autonomic
dysfunction. In acute stroke patients, the
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autonomic nervous system involvement deter-
mines the occurrence of specific signs and
symptoms and of particular medical complica-
tions as well as impacts on clinical response to
treatments and functional outcomes. Thus, it is
essential to enhance awareness about the auto-
nomic impairment in cerebrovascular diseases
and consequently expertise for its manage-
ment. Unfortunately, many “gray areas” still
affect current knowledge about autonomic
dysfunction management in acute ischemic
stroke. Further studies are needed to evaluate
pharmacological and non-pharmacological
approaches to ensure better clinical outcomes.

Keywords

Acute stroke · Autonomic nervous system ·
Sympathetic activation · Parasympathetic
dysfunction · Medical complications

Introduction

It is known that autonomic dysfunction occurs to
various extents in association with cerebrovascu-
lar diseases, essentially due to anatomy and path-
ophysiology of the cerebrovascular system and
the related autonomic, sympathetic, and parasym-
pathetic structures. Autonomic dysfunction can
affect cardiac, vascular, respiratory, sudomotor,
or sexual systems [1] and can be detected both
clinically and electrophysiologically [2].

The deep connection between stroke and auto-
nomic nervous system is complex, multifaceted,
and time-dependent and can be explored through
different perspectives. As a matter of fact, diag-
nosis, prognosis, and treatment of acute cerebro-
vascular diseases rely on the prompt recognition
and management of the associated autonomic dys-
function [3–8].

More precisely, in acute stroke patients, auto-
nomic nervous system involvement [9–11]:

– Causes the onset of peculiar medical compli-
cations, such as blood pressure imbalance and
arrhythmias

– Impacts on clinical response to treatments and
functional outcomes

– In some cases is responsible for the occurrence
of specific, pinpointing signs and symptoms

The underlying mechanisms are sometimes
hardly identifiable, accounting for the high het-
erogeneity of stroke etiology and clinical course.

Besides the acute phase setting, autonomic
dysfunction is also probably involved in produc-
ing “chronic” cardiocerebrovascular risk factors,
such as hypertension and atrial fibrillation [9–11].

The aim of this chapter is to cover clinical
features and pathophysiological mechanisms of
the autonomic impairment in cerebrovascular dis-
eases, especially in acute stroke, in order to pro-
vide awareness about its occurrence as well as
practical tools to set adequate management.

Focused Overview of Anatomical
Structures

As above mentioned, the link between autonomic
dysfunction and cerebrovascular disorders is often
a consequence of their tight anatomical or func-
tional relationship.

In fact, several central nervous system (CNS)
structures are involved in controlling the auto-
nomic nervous system (ANS), and they can be
summarized in different levels as follows [12]:

– The spinal level mediates segmental sympa-
thetic or sacral parasympathetic reflexes.

– The bulbopontine level controls respiration
and circulation.

– The pontomesencephalic level controls pain
modulation and integration of behavioral
responses to stress.

– The forebrain level includes the hypothalamus
and the anterior limbic circuit and is involved
in autonomic and endocrine responses for main-
tenance of general homeostasis and adaptation.
The insular cortex, as part of the anterior limbic
circuit, integrates visceral, pain, and tempera-
ture sensation and carries a visceromotor
function controlling sympathetic and
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parasympathetic outputs through a relay in the
lateral hypothalamus. The anterior cingulate
cortex has extensive connections with the
insula, prefrontal cortex, hypothalamus, amyg-
dala, and brainstem and controls sympathetic
and parasympathetic function [12–17].

Furthermore, besides the sites located within
the neuraxis, several other autonomic structures
are characteristically positioned close to the vas-
cular system, being potentially affected during
cerebrovascular disorders.

The autonomic output of the CNS is divided
into sympathetic and parasympathetic.

The sympathetic output, crucial for the main-
tenance of arterial pressure and regional blood
flow as well as for thermoregulation, originates
from the preganglionic neurons located in the
spinal cord. These neurons are controlled by pre-
motor neurons in the brainstem and hypothalamus
to initiate appropriate responses to internal and
external stressors. For the head and neck, the
sympathetic pathway consists of a first-order neu-
ron originating in the posterior hypothalamus, a
second-order neuron in the intermediolateral cell
column at spinal cord level C8–T2, and a third-
order neuron in the superior cervical ganglion,
next to the bifurcation of the common carotid
artery. Third-order neurons carry two different
types of sympathetic fibers: oculosympathetic
and vaso�/sudomotor fibers. Oculosympathetic
fibers ascend along the walls of the internal
carotid artery, forming the internal carotid plexus,
then distributing to deep structures (superior tarsal
muscle and pupillary dilator muscles), and com-
municating with the trigeminal ganglion, the
abducent nerve, the sphenopalatine ganglion,
and the tympanic branch of the glossopharyngeal
nerve. The vaso�/sudomotor fibers separate at the
level of carotid bifurcation. Fibers innervating
ipsilateral blood vessels and sweat glands of the
medial forehead and nose travel along the internal
carotid artery, whereas fibers for the remaining
facial areas run along the external carotid artery.

The parasympathetic output includes the
vagal and sacral outputs and is responsible for
mediating organ-specific reflexes.

The vagus nerve is the main parasympathetic
innervation of the thoracic and abdominopelvic
viscera. Most vagal fibers are afferents with cell
bodies originating from the superior and inferior
vagal ganglion. The efferent vagal fibers (pregan-
glionic visceromotor fibers) originate from the
dorsal motor nucleus of the vagus (DMV) and
the nucleus ambiguus in the medulla oblongata.
Afferent projections of the vagus nerve are host by
the nucleus of the tractus solitarius (NTS), the
nucleus of the spinal tract of the trigeminal
nerve, the medial reticular formation of the
medulla, the area postrema, the DMV, and the
nucleus ambiguus. The vagal parasympathetic
output to the heart originates primarily from the
ventrolateral portion of the nucleus ambiguus via
the cardiac ganglia. Output of the nucleus
ambiguus is activated by the NTS during the
baroreflex and inhibited during inspiration. The
nucleus ambiguus output inhibits sinoatrial node
automatism [12, 13].

The sacral parasympathetic output originates
from neurons located at the S2–S4 segments of
the spinal cord and plays a critical role in the
control of micturition, defecation, and sexual
function [15].

As for cerebrovascular disorders, a peculiar
parasympathetic pathway is that of the oculomo-
tor nerve, whose Edinger-Westphal nucleus sup-
plies parasympathetic fibers to the eye via the
ciliary ganglion, thus controlling the sphincter
pupillae muscle (affecting pupil constriction) and
the ciliary muscle (affecting accommodation). On
emerging from the brainstem, the oculomotor
nerve passes between the superior cerebellar and
posterior cerebral arteries, running in close prox-
imity to the posterior communicating artery; it
traverses the cavernous sinus, above the other
orbital nerves receiving in its course fibers from
the cavernous plexus of the sympathetic nervous
system and a communicating branch from the
ophthalmic division of the trigeminal nerve.
Since the parasympathetic fibers run on the out-
side of the nerve, any potentially compressive
damage would affect the parasympathetic fibers
before any disruption of the motor fibers. Thus,
the proximity of the nerve to the abovementioned
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intracranial vessels could determine pupillary
abnormalities in case of aneurysms [18].

How to Test Autonomic Dysfunction
in Acute Stroke?

Many tests have been developed and validated for
the clinical assessment of autonomic functions.
Among them, the following have been widely
applied in the setting of acute cerebrovascular
conditions.

Heart Rate Variability (HRV)

HRV is defined by the variation in heartbeat inter-
vals or correspondingly in the instantaneous heart
rate, which is due to an autonomic neural regula-
tion of the cardiocirculatory system. It reflects the
balance between the sympathetic and parasympa-
thetic nervous systems. Several methods used to
analyze HRV are based on time-domain analysis,
frequency-domain analysis, and nonlinear
methods of analysis [12]. Indices of time-domain
analysis derive from either direct RR interval
measurements or the differences between succes-
sive RR intervals. They can be calculated over a
full 24-h ECG recording or over shorter, e.g.,
5-min, recordings in order to evaluate the influ-
ence of various factors on HRV [19]. HRV has
been reported as altered after acute stroke in
patients with middle cerebral artery infarction,
possibly due to the involvement of insular control
on autonomic function [20]. It has also been
related to stroke prognosis and used to evaluate
the interaction among the CNS, the regulation of
the immune response, and cardiac autonomic con-
trol in ischemic stroke patients [12].

Baroreflex Sensitivity Variability

The baroreceptor reflex is the major neural mech-
anism for blood pressure control. Beat-to-beat
variation in systemic blood pressure is the activa-
tor of baroreceptors located in the carotid arteries,
cardiac chambers (right atrium), and the aortic
arch. Afferents from these baroreceptors carry

information to the nucleus tractus solitarius and
the ventrolateral medulla, which is further pro-
cessed in the insula, medial prefrontal cortex,
cingulate cortex, amygdala, hypothalamus, thala-
mus, and cerebellum. Baroreflex sensitivity is
measured in milliseconds of RR interval duration
to each mmHg of arterial blood pressure, with a
normal value of approximately 15 ms/mmHg
[12]. It has been widely reported that baroreflex
sensitivity is dysregulated during acute stroke,
especially with insular cortex involvement
[21]. Alteration of baroreflex sensitivity has also
been associated with poor stroke outcome and
alteration of cerebral perfusion [12].

Blood pressure variability can easily be
assessed by means of a 24-h ambulatory blood
pressure monitoring. Blood pressure is also con-
tinuously monitored, as well as heart rate and
rhythm, during specific conditions to assess auto-
nomic cardiovascular reflexes: Valsalva maneu-
ver, deep breathing, isometric handgrip test, cold
pressure test, mental arithmetic, active standing
(or orthostatic test), and head-up tilt test
[19]. However, since patients have to be able to
comply with precision, acute stroke does not often
represent a reliable setting for these diagnostic
procedures.

What Kind of Poststroke Medical
Complications Are Due to Autonomic
Dysfunction? When and Why Do They
Occur?

In this section, we will encompass the most rele-
vant clinical events related to autonomic dysfunc-
tion, typically affecting the acute phase of stroke
(Box 1).

Cardiovascular Dysregulation

Pathological activation of the sympathetic ner-
vous system has been documented in ischemic
infarction and hemorrhagic brain lesions since
the 1980s [22]. This activation has been found to
be associated with an increased incidence of
severe cardiac arrhythmias [23], increased cate-
cholamine concentration, takotsubo syndrome,
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complications of myocardial damage, heart fail-
ure, pathological Q waves and QT prolongation,
sudden death, paroxysmal arterial hypertension,
neurogenic pulmonary edema, and other auto-
nomic dysfunctions [22].

Several studies have demonstrated that cardiac
dysfunction may occur after vascular brain injury
without any evidence of primary heart disease
[12]. A crucial role in autonomic cardiovascular
disturbances in acute stroke is played by impaired
baroreflex (or baroreceptor) sensitivity (BRS),
which independently predicts mortality and inci-
dence of adverse cardiovascular events. Compli-
cations such as hypertensive fits or high blood
pressure variability occur in the acute phase of
both ischemic and hemorrhagic stroke, in associ-
ation with a constant depression of BRS [21,
24]. Baroreflex dysfunction in acute stroke is
thought to be a consequence of a central auto-
nomic network derangement. In fact, barorecep-
tors are connected to the nucleus tractus solitarius
and the ventrolateral medulla and therefore linked
to the insula, medial prefrontal cortex, cingulate
cortex, amygdala, hypothalamus, thalamus, and
cerebellum. Impaired BRS has been documented
in stroke patients with left and/or right insular
involvement [25], and concurrent involvement
of both insulae has been found to participate in
baroreflex regulation [26]. The insula is one of the
most important cortical areas involved in auto-
nomic control, and lesions (particularly of the
right hemisphere) leading to disinhibition of the
insular cortex are associated with increased sym-
pathetic tone [27], increased catecholamine con-
centration with impaired BRS, and myocardial
changes (myocytolysis). The functional laterali-
zation of the insular cortex plays a key role in
autonomic control. According to recent evidences
from literature, the right and the left insula hosts
the center for sympathetic and parasympathetic
autonomic control, respectively. Oppenheimer
et al. identified cortical sites involved exclusively
in cardiac control. In the rat, stimulation of the left
rostral posterior insula caused an increase in heart
rate, while stimulation of left caudal posterior
insula resulted in bradycardia; stimulation of the
left insular cortex during the Twave of the cardiac
cycle on electrocardiography resulted in arrhyth-
mias, QT prolongation, ST-segment depression,

and death in asystole. However, studying the
functional lateralization of the insula is compli-
cated by some facts, first and foremost since hem-
orrhagic and ischemic lesions are rarely limited to
the insular region. Moreover, right-sided insular
damage causes marked bradycardia and recurrent
asystole as an effect of decreased sympathetic
tone and consequent parasympathetic overactiv-
ity. Isolated lesions of the left insula have been
shown to increase sympathetic tone and were
found to be associated with a decrease in heart
rate variability (HRV), while right insular lesions
might be associated with hypertension and tachy-
cardia. Inter-individual differences in insular lat-
eralization mechanisms have been proposed to
explain such findings: left-handed or ambidex-
trous stroke subjects with symptomatic carotid
disease had a lower risk of sudden death than
right-handed patients. Functional asymmetry is
more frequently reported in men; however, a
more diffuse pattern of physiological activation
in both hemispheres is observed in women, which
show more left-hemisphere than right-hemisphere
intrahemispheric correlation, according with a
left-hemispheric dominance. Furthermore, male
rats are more susceptible than females to
epinephrine-induced arrhythmias, but this female
advantage is reduced after ovariectomy, and
female left-hemisphere dominance is associated
with a parasympathetic predominance (therefore
with a greater frequency of paroxysmal supraven-
tricular tachycardia). Although the main role is
played by the insular cortex, other cerebral cen-
ters (e.g., cingulate gyrus, orbitofrontal area, and
amygdala) are also involved in cardiovascular
autonomic regulation. The link between cortical
activation and neurogenic heart and BP alter-
ations could be mediated by increases in neuro-
peptide Y in the basolateral nucleus of the
amygdala and in Leucine enkephalin, dynorphin,
neurotensin, and tyrosine hydroxylase in the cen-
tral nucleus (important for catecholamine
synthesis) [28].

Abnormal Heart Rhythm
Hemispheric stroke has been reported to be asso-
ciated with increased risk of cardiac arrhythmia
and sudden death. The incidence of poststroke
arrhythmias is higher in studies using 24-h Holter
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monitoring compared with electrocardiogram
(ECG) recordings.

Atrial Fibrillation
Previous studies suggested that exercise-induced
atrial fibrillation (AF) is usually driven by sympa-
thetic stimuli, although AF in young patients is
probably mediated by the parasympathetic sys-
tem. Activated β-adrenergic signal pathways
increase Ca2+ entry and the spontaneous release
of Ca2+ from the sarcoplasmic reticulum. How-
ever, experimental vagal stimulation or perfusion
of ACh contributes to the development of AF
through a heterogeneous shortening of action
potential duration and of the refractory period.
Briefly, the pathophysiology of AF revolves
around four general types of disturbance that pro-
mote ectopic firing and reentrant mechanisms,
namely: (1) ion channel dysfunction, (2) Ca(2+)-
handling abnormalities, (3) structural remodeling,
and (4) autonomic neural dysregulation. Aging,
hypertension, valve disease, heart failure, myocar-
dial infarction, obesity, smoking, diabetes
mellitus, thyroid dysfunction, and endurance
exercise training cause structural remodeling.
Heart failure and prior atrial infarction also cause
Ca(2+)-handling abnormalities that lead to focal
ectopic firing via delayed afterdepolarizations/
triggered activity. Neural dysregulation is central
to atrial arrhythmogenesis associated with endur-
ance exercise training and occlusive coronary
artery disease. Monogenic causes of AF seem to
promote arrhythmia via ion channel dysfunction,
while the mechanisms of the more common poly-
genic risk factors are still poorly understood and
under intense investigation [29].

Hypertension
An acute hypertensive response is frequently
observed in the acute phase of stroke and
thought to be a consequence of increased
sympathoadrenal tone with subsequent release of
renin and vasoconstriction of arterioles. It may
result from direct injury to inhibitory or modula-
tory brain regions or be an indirect effect of
reduced parasympathetic activity, which leads to
impaired cardiac BRS in patients with stroke. An
indirect effect of muscle paralysis or the release of

neurotransmitters such as nitric oxide during
ischemia may be other factors contributing to
altered activity of these nuclei. An increase in
systemic blood pressure has been reported to be
associated with an increase in intracranial pres-
sure and with brainstem compression. Further-
more, in acute stroke, hypertensive responses to
stress and pain are exaggerated and additive, prob-
ably because of impaired parasympathetic activity
and BRS. The abnormal autonomic responses
underlying the abrupt increase in blood pressure
accompanying the onset of stroke normalize over a
few hours, presumably as a result of spontaneous or
therapeutic recanalization and resolution of the
ischemia and other neural compensatory mecha-
nisms [30]. Accordingly, the primary cause of the
acute hypertensive response is damage or compres-
sion of specific regions in the brain that mediate
autonomic control. Another possiblemechanism of
acute BP raise is an attempt to compensate for the
reduced blood flow in the ischemic area. In fact,
higher systolic BP at admission has been reported
as a protective factor for poststroke outcome. Fur-
thermore, the etiological stroke subtype is thought
to influence BP response during the acute phase:
specifically, the cardioembolic subtype has been
found to be related to a lower BP during the acute
phase when compared to atherothrombotic and
lacunar stroke [31].

Neurogenic Pulmonary Edema
Sympathetic outflow has been claimed to lie at the
origin of neurogenic pulmonary edema (NPE), and
some centers in the brain, including the hypothal-
amus, medulla, areas A1 and A5, NTS, and area
postrema, have been identified as “NPE trigger
zones.” These areas are also related to respiratory
regulation and receive input from the carotid sinus;
in animal models bilateral stimulation of the NTS
causes severe hypertension and NPE, while unilat-
eral stimulation of the area postrema induces severe
hemodynamic changes such as increased cardiac
output, peripheral vascular resistance, and hyper-
tension. NPE may also develop after lesions of the
hypothalamus: in a case series of 22 patients with
NPE, 11 had significant abnormalities in the hypo-
thalamus. The presence of lesions of the hypothal-
amus is associated with a worse prognosis
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[32]. Finally, both cardiac and hemodynamic fac-
tors have been considered causes of NPE: alter-
ations in hydrostatic and Starling forces are crucial
for the formation of pulmonary edema following
central nervous system (CNS) injury. Moreover,
since the presence of red blood cells and protein
in the alveolar fluid of many NPE subjects cannot
be explained by hydrostatic pressures alone, the
“blasty theory” has been proposed, according to
which NPE results from the concomitance of high
hydrostatic pressure effects and pulmonary endo-
thelial injury [33].

Disordered Immunomodulation

Insular lesions in acute stroke have also been
suggested to play a role in the pathogenesis of
stroke-induced immunodepression, a systemic
anti-inflammatory response (occurring in about
one-third of stroke patients) that increases suscep-
tibility to infections. These mostly involve the
respiratory and urinary systems and have a major
impact on 30-day mortality.

Stroke interferes with the balanced interplay
between sympathetic and parasympathetic neural
connections with the immune system, including
lymphoid organs and humoral components such
as the hypothalamic-pituitary-adrenal (HPA) axis
[34]. Poststroke decreased BRS has also recently
been found to be independently associated with
infections after intracranial hemorrhage. The early
development of infections after acute ischemic
stroke is associated with enhanced activation of
the sympathetic adrenomedullary pathway, as
indicated by the finding of significantly increased
plasma catecholamine levels on day 1 after stroke
in patients who subsequently (days 2–7) develop
infections [35]. Similarly, in the PANTHERIS
trial, the placebo group patients with infections
had significantly higher urine norepinephrine
levels on days 1 and 2 after stroke compared
with those without infections. It has been hypoth-
esized that a “CNS injury-induced immunosup-
pression” starts with activation of the sympathetic
nervous system and the HPA axis, causing a
downregulation of immune response by catechol-
amine and glucocorticoids [36]. Neuroendocrine

and autonomic centers are synchronized through
the paraventricular nucleus of the hypothalamus.
These systems contribute together to induce
immune system alteration after stroke [35]. The
activation of the autonomic parasympathetic cen-
ters by means of increased cholinergic activity
may suppress peripheral cytokine release through
macrophage nicotine receptors. This effect has
been demonstrated in adult male Lewis rats by
electrical stimulation of the vagal nerve.

No specific brain region has been clearly asso-
ciated with higher infection frequency after
stroke; however, since the activation of the sym-
pathetic nervous system and the HPA axis is trig-
gered by cytokine released from the ischemic
tissue, it can be hypothesized that lesion size
may be more important in the development of an
immunosuppressive status after stroke than the
location of the lesion. However, recent data sup-
port the concept that neither stroke severity nor
stroke volume are independently associated with
poststroke infections and that sympathetic activa-
tion and an ischemic lesion in the anterior MCA
cortex might be major determinants of stroke-
associated infection [34–36].

Bladder Dysfunction

Almost one third of subjects hospitalized for acute
stroke show urinary incontinence, and a quarter of
these subjects are still incontinent at 1 year from
the acute episode. Stroke is associated with dif-
ferent kinds of urinary disturbances: detrusor
hyperreflexia (urge incontinence), detrusor hypo-
reflexia (overflow incontinence), impaired aware-
ness of urinary incontinence (dribbling or leakage
of urine), functional incontinence, stress inconti-
nence, and incontinence related to exogenous fac-
tors (drugs, infections, delirium).

Poststroke incontinence is probably caused by
different factors. Micturition is controlled through
a complex neural mechanism located in the brain,
spinal cord, and peripheral ganglia that, acting on
the smooth and striatal muscle activity of the
bladder, bladder neck, urethra, and urethral
sphincter, allows bladder filling and voiding to
occur through a coordinated series of events
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[37]. During bladder filling, low-intensity afferent
signals travel along the pelvic nerves to the spinal
cord inhibiting the parasympathetic innervation of
the detrusor muscle. This process stimulates sym-
pathetic outflow in the hypogastric nerve,
resulting in contraction of the bladder outlet, and
pudendal outflow in Onuf’s nucleus, resulting in
contraction of the external urethral sphincter
(guarding reflex). When bladder distension
reaches a critical level, afferent signals in the
spinobulbospinal pathway are maximally intensi-
fied. Afferent impulses from the spinal cord are
relayed via the periaqueductal gray (PAG) to the
pontine micturition center (PMC). Activation of
the PMC inhibits the sympathetic and pudendal
outflow, leading to urethral relaxation, and stimu-
lates parasympathetic outflow to the bladder,
resulting in detrusor contraction. Higher centers
(prefrontal cortex, insula, anterior cingulate cortex)
control the voiding pattern (voluntary). Alteration
of the pathways controlling bladder contraction
will lead to detrusor overactivity and therefore the
appearance of urge incontinence (the main form of
poststroke urinary incontinence) [38].

Gastrointestinal Disorders

The CNS is involved in the control of visceral
functions, and CNS damage can lead to gastroin-
testinal impairment. Lesions affecting the pontine
defecatory center may disrupt the sequence of
sympathetic and parasympathetic components of
defecation and impair the coordination of the
peristaltic wave and the relaxation of the pelvic
floor and external sphincter [39]. The most fre-
quent gastrointestinal manifestations of stroke are
constipation (reported in about a quarter of acute
stroke patients), masticatory difficulty and dys-
phagia, incomplete bowel evacuation, fecal
incontinence, and sialorrhea [12, 40].

Thermoregulation Disorders

Several studies reported sweating dysfunction
after acute hemispheric stroke, more specifically
contralateral hyperhidrosis and asymmetric skin
temperature sensation, whose severity correlates

with the severity of motor deficits. Conflicting
results of reduced and increased skin sensation
in paretic limbs have been reported. Paretic
limbs have also been found as colder than the
contralaterals, possibly due to decreased cortical
and subcortical inhibitory effect on vasomotor
neurons, which increases the vasoconstricting
tone and reduces the cutaneous blood flow and
skin temperature [12].

Sympathetic Skin Response
Abnormalities

Sympathetic skin response (SSR), which repre-
sents a potential generated in skin sweat glands,
originates by activation of the reflex arc with
different types of stimuli. A significant decrease
in latencies and amplitude of SSR in hemispheric
infarction compared with the control subjects was
observed [41, 42]. The observed abnormalities of
SSR after hemispheric stroke may be related to
damage in the ascending and descending
corticoreticular pathways or the cerebral
cortex [12].

How Signs and Symptoms
of Autonomic Dysfunction Can
Suggest the Occurrence of Specific
Cerebrovascular Disorders?

The close anatomical relationship between cere-
brovascular and autonomic nervous structures is
responsible for the occurrence of peculiar clinical
syndromes, whose prompt recognition is crucial
for making the correct diagnosis and consequently
setting the appropriate medical management. In
fact, in some cases, signs of autonomic dysfunction
can be the only clinical expression of potentially
life-threatening cerebrovascular diseases, such as
arterial dissections that can disrupt sympathetic
fibers located within the vessel walls.

Horner’s syndrome is a combination of
dysautonomic signs that arises when the
oculosympathetic trunk of the same side is dam-
aged. In its complete form, it is characterized by
miosis (due to the inactivation of the pupillary
dilator muscle), partial eyelid ptosis and apparent
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enophthalmos (due to inactivation of the superior
tarsal muscle), anhidrosis (due to inactivation of
sudomotor fibers). Sometimes there is flushing on
the affected side of the face due to vasodilation of
skin vessels. Cavernous sinus thrombosis and
carotid artery dissection can produce postgangli-
onic interruption of the sympathetic outflow, thus
causing Horner’s syndrome without anhidrosis.
The clinical features (way of onset, associated
symptoms such as headache, cervical pain, cranial
nerve palsy) can help the diagnostic work-up [43].

Harlequin sign is featured by an asymmetrical
facial flushing and sweating. It is determined by
both pre- and postganglionic injury of vaso-/
sudomotor fibers, resulting in ipsilateral paleness
and anhidrosis of half of the face, and it has been
reported in association with internal carotid dis-
sections, although more rarely than Horner’s
syndrome [44].

The occurrence of mydriasis, especially if
painful and/or associated with ipsilateral signs of
oculomotor nerve palsy, should raise awareness
about the possibility of intracranial vascular
pathologies affecting the vessels that are located
next to the nerve (see above). Berry aneurysms at
the junction between the posterior communicating
artery and the internal carotid artery are known to
produce many cases of oculomotor nerve
palsy [18].

Does Acute Stroke Care Setting Allow
Monitoring of Autonomic Functions?

Irrespective of age, gender, stroke subtype, or
stroke severity, admission to a stroke unit signif-
icantly reduces death, poststroke disability, as
well as the need for institutional care after stroke.
Its technical equipment allows assessment of neu-
rological status and continuous monitoring of
vital parameters and ensures early mobilization
and rehabilitation after stroke. In this setting of
care, the continuous monitoring of physiological
parameters (EKG, blood pressure, respiratory
rate, oxygen saturation) for the first few days
after symptoms onset improves outcomes and pre-
vents complications [45; Table 1]. Attention to the
changes in physiological variables is a key feature
of a stroke unit, and continuous monitoring can

aid in the detection of critical changes without
complications related to immobility and help trig-
ger treatments through the relief of abnormal
physiological variables [46].

Stroke unit-monitored parameters are focused
on the detection of acute care early warning sys-
tems and include blood pressure, heart rate, respi-
ratory rate, oxygen saturation, temperature,
glycemia, level of consciousness, and neurologi-
cal deficit assessment. In acute ischemic stroke,
thresholds for the triggering of a clinical response
may change depending on interval from symp-
toms onset and on time taken to reach the thresh-
old. In addition, thresholds and the subsequent
clinical response are still not well defined for all
the parameters, and little is known about how to
identify preclinical change markers of a risk of
higher occurrence of medical complications. The
duration and settings of monitoring in ischemic
stroke and its etiopathogenetic subtypes are still
not well defined. Almost all available guidelines
suggest the monitoring of stroke patients for at
least 24 h from admission. The monitoring pro-
cedures can be prolonged if required, depending
on the patients’ comorbidities and medical or neu-
rological complications. The relevance of a well-
trained treating team in diagnosis and treatment of
cardiac arrhythmias is crucial [47]. Since stroke
unit monitoring is not yet geared for the detection
of autonomic derangement as a marker of a higher
risk of neurological deterioration and medical
complications, stroke physicians are rarely aware
of the importance of autonomic involvement in
the outcome of ischemic stroke patients. The
impossibility of carrying out validated tests and
the diagnostic limits of neuroendocrine and neu-
rophysiologic assessment prevent an adequate
monitoring of autonomic function in an acute
setting. The analysis of HRV and BRS could be
easily performed in an acute stroke setting, but
the lack of a validated method, cutoff values, and
knowledge about the influence of possible con-
founders (medications, hospital stress, previous
medical conditions, lifestyle factors) hinders the
evaluation of autonomic function in acute ische-
mic stroke difficult and its transferability to clin-
ical care [48]. Sykora et al. suggested that
baroreflex impairment in acute stroke is indepen-
dent of carotid atherosclerosis, antihypertensive
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therapy, and age and that confounders like age
and concomitant medication are inevitable and
have to be included in the analysis [23]. Chen
et al. proposed to quantify short-term HRV spec-
tral analysis to assess autonomic nervous system
function in each patient admitted to a stroke unit
in order to identify stroke patients who need
more intensive blood pressure monitoring soon
after the acute stage [49]. Tang et al. suggested to
evaluate the complexity of HRV by applying the
multiscale entropy analysis to a 1 h ECG data in
order to identify patients with atrial fibrillation
and to predict outcomes in patients without atrial
fibrillation [50]. All these suggestions require
confirmatory studies, and their transferability to
clinical practice seems far away. The shock
index, a very simple index, easy to assess in

clinical setting, is a promising tool for the strat-
ification of patients’ risk of very early mortality
and of inhospital complications, but further stud-
ies should be done for its definite validation
[51]. Regular monitoring of the neurological
state with the NIHSS together with careful eval-
uation of vital parameter modifications can help
to quantify the risk of autonomic dysfunctions, to
stratify the allocation of monitoring capabilities,
and to promptly and adequately treat neurologi-
cal, cardiovascular, and general complications
[52]. Regular monitoring of bladder dysfunction
with serial evaluation of post-void residual can
reduce the incidence of poststroke incontinence,
and a regular assessment of the presence of dys-
phagia can prevent malnutrition, aspiration, and
pneumonia [53, 54].

Table 1 Methods to evaluate autonomic dysfunction in stroke patients

Methods Strengths and limitations

24 h urinary norepinephrine and metabolites Index of norepinephrine turnover
Easy to perform
Static assessment of the sympathetic activity
Inadequate for acute effects of adrenergic stimuli

Plasma norepinephrine Crude estimation of overall sympathetic activity
Easy to perform
Low sensitivity and reproducibility

Microneurography and organ-specific norepinephrine
spillover

Appropriate measure of sympathetic activity
Invasive
Technical difficulty
Not useful in clinical practice

Heart rate variability (HRV) and baroreflex sensitivity
(BRS)

Assessment of the sympathovagal balance
Noninvasive
Easy to perform
Relatively good reproducibility
Not usually available
Not validated methods
Lack of cutoffs
Influenced by confounders

Shock index Risk stratification of very early death and/or inhospital
complications
Easily obtainable
Not validated

NIHSS score monitoring Predictor of autonomic dysregulation risk
Readily available
Lack of cutoff

Bladder post-void residual monitoring Predictor of poststroke incontinence
Readily available

Dysphagia screening Predictor of pneumonia, dehydration, malnutrition, and
death
Readily available
Lack of consensus on the best screening instrument
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How Is Stroke Therapeutic Approach
Influenced by Autonomic Dysfunction?

Themain aim of the admission to stroke unit care is
to provide non-pharmacological neuroprotection
by controlling the physiological functions usually
involved in cerebral metabolism (blood pressure,
temperature, glycemia, and arterial oxygen satura-
tion) that play a key role in the modulation of the
ischemic process and are mainly regulated by the
autonomic nervous system. The attempts to use
drugs able to control and modulate baroreflex sen-
sitivity in order to ameliorate the outcome of acute
ischemic stroke patients have led to controversial
and conflicting results (Table 2). Theoretically,
beta-blockers can positively influence baroreflex
sensitivity and stroke-induced immunodepression
and are the most studied drugs. The BEST trial
reported a trend toward increased death rates and
disability in the beta-blockers treatment group
[55]. Dziedzic et al. in their retrospective study
reported a neuroprotective effect of beta-blockers
in acute ischemic stroke patients documenting a
decreased risk of early death [56]. The Cochrane
systematic revision failed to demonstrate that beta-
blocker treatment is able to reduce stroke recur-
rence in patients with previous stroke or TIA

[57]. Maier et al. failed to detect any effect of
beta-blocker therapy on infectious complications
after stroke [58]. These results could be at least
partially explained by the different pharmacological
properties of beta-blockers. For example, the
increase of systolic BP variability, a parameter asso-
ciated with worse outcomes in acute ischemic
stroke, is more marked with nonselective
β-blockers than with β-1-selective agents; thus the
use of β1-selective may be advisable when
β-blockers are indicated for patients at risk of stroke
[59]. Several other drugs have been proposed
although only preclinical data or results based on
small clinical series are available [27; Table 2].

Currently, the awareness of the presence of an
autonomic dysregulation in the acute phase of
stroke may change the therapeutic strategies.

Mild-to-moderate variation in blood pressure
may result in a critical fall in cerebral blood flow
and transform areas of oligemia in penumbra and
areas of penumbra into infarction. Despite the
clinical relevance of blood pressure control, few
evidences about management of hypertension in
acute ischemic stroke patients are currently avail-
able. Several trials have investigated the safety
and efficacy of different drugs and strategies that
lower BP, but their results on functional outcome

Table 2 Possible therapeutic interventions

Therapeutic
options Target Effects

Beta-blockers Reduction of sympathetic overactivity No effects on stroke outcomes
Pre-stroke use reduces risk of stress-
induced hyperglycemia
No data on the hypothesis that beta-
blockers may lower the glucose level in
acute stroke patients
Pre-stroke use reduces risk of urinary tract
infection and of pneumonia

Alpha2-adrenergic Inhibition of the release of norepinephrine No neuroprotective function

Nitric oxide donors Inhibitor of central sympathetic outflow Transdermal glyceryl trinitrate: acceptable
safety, no effects on functional outcome

Cholinesterase
inhibitors

Activation of the vagal pathways No data in acute stroke patients

Ghrelin (growth
hormone-releasing
peptide)

Modulation of sympathovagal balance Can improve neuronal cell survival in
animal models
No data after stroke in the clinic

Lipophilic statins Reduction in oxidative stress in central brain
regions involved in sympathetic and
parasympathetic pathways

Improve stroke outcomes
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are inconsistent. The ENOS trial documented that
transdermal glyceryl trinitrate is effective in low-
ering BP in acute and hemorrhagic stroke patients
with acceptable safety levels but without effects
on functional outcome [60]. A recent systematic
review showed no effect of early blood pressure
lowering versus control on functional outcome
with a slight increase on mortality [61]. Current
guidelines state that in the absence of other clini-
cal conditions that require urgent BP treatment,
the BP goal is lower than/equal to 220/120 mm hg
during the first 24 h of symptoms onset, starting
the drug treatment after 24 h and gradually reduc-
ing BP values. Any previous antihypertensive
treatment should be restarted after the first 24 h
if the patient is neurologically stable. An excep-
tion is the presence of ongoing cardiovascular
conditions such as aortic dissection or acute
heart failure. In such cases BP reduction should
be as gradual and as modest as the condition
allows. In patients treated with EV-tPA BP, values
must be less than or equal to 180/105 mmHg for
the next 24 h. No data are available to guide drug
selection for the lowering of blood pressure in the
setting of acute ischemic stroke. Saline 0.9% or
volume expanders can be used to raise blood
pressure when arterial hypotension is associated
with neurological deterioration. Inotropic agents
are indicated in patients with hypotension due to
low cardiac output [47].

Cardiac arrhythmias may be encouraged by the
presence of electrolyte disorders that must be
promptly corrected. Specific drug treatment
should be introduced only when cardiac arrhyth-
mias are able to reduce cardiac output; however
no clear guidelines are available.

Hypoxemia is poorly tolerated in areas of focal
cerebral ischemia. Patient positioning can influ-
ence oxygen saturation, cerebral perfusion pres-
sure, mean cerebral artery, mean flow velocity,
and intracranial pressure. However, it is hard to
define the ideal position for stroke patients.
Patients at risk for airway obstruction/aspiration
or with suspected intracranial hypertension
should be positioned with a head-over-bed tilt of
15�–30� that may help in reducing the central
venous pressure by avoiding the obstruction of
the jugular veins. Careful monitoring of SpO2

and supplemental oxygen should be provided to
maintain oxygen saturation by >94% [47].

Persistent inhospital hyperglycemia during the
first 24 h after stroke is associated with worse
outcomes, and it is reasonable to treat hypergly-
cemia to achieve blood glucose levels in a range
of 140 to 180 mg/dL and to closely monitor gly-
cemia to prevent hypoglycemia [47].

The possible presence of stroke-induced
immunodepression requires careful monitoring
of body temperature and a prompt recognition
and treatment of the causes of hyperthermia.
Body temperature above 37 �C–37.5 �C must be
treated. If pneumonia or urinary tract infections
are suspected, antibiotic therapy should be started
[47]. The high incidence of poststroke infection
and the presence of a brain-induced immunode-
pression have prompted researchers to investigate
preventive antibiotic use in experimental and clin-
ical settings. In a recent meta-analysis, preventive
antibiotic therapy appeared to reduce the risk of
infection, but did not reduce dependence or mor-
tality. However, the studies included were small
and heterogeneous, and the author suggests the
need for large randomized trials [62].

Early mobilization of less severely affected
patients is safe and feasible and lowers the likeli-
hood of complications such as pneumonia, DVT,
PE, and pressure sores [63]. Sustaining nutrition is
important because dehydration or malnutrition
may slow recovery and dehydration is also a risk
factor for DVT. The Feed Or Ordinary Diet
(FOOD) trial showed that early NG tube feeding
may substantially decrease the risk of death and
that early feeding via an NG tube resulted in better
functional outcomes than feeding by PEG [64].

Conclusions

Autonomic dysfunction plays an essential role
in determining clinical course of acute stroke.
Being aware of the various autonomic-related
medical complications could enhance their pro-
mpt and adequate management, thus affecting
prognosis. However, today, there are still many
“gray areas” about autonomic dysfunction man-
agement in acute ischemic stroke. Further studies
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are needed to evaluate pharmacological and
non-pharmacological approaches to ensure better
outcomes for acute stroke patients.

Box 1 Multisystemic Autonomic Involvement
During Stroke
Cardiovascular complications

Reduced heart rate variability (HRV)
Arrhythmias

Atrial fibrillation
Sinus bradycardia
Sinus tachycardia
Pathological Q waves
QT prolongation
Prominent U waves
ST-segment elevation
ST-segment depression
Ventricular ectopic beats
Polymorphic VTs
Cardiac Arrest

Myocardial damage
Myocardial infarction
Serum troponin I and natriuretic factor

elevation
Impairment in regional myocardial

perfusion
Heart failure
Takotsubo syndrome

Neurogenic pulmonary edema
Hypertension
Infections
Pneumonia
Urinary tract infections
Urinary and gastrointestinal disorders
Detrusor hyperreflexia (urge

incontinence)
Detrusor hyporeflexia (overflow

incontinence)
Impaired awareness of urinary inconti-

nence (dribbling or leakage of urine)
Functional incontinence
Stress incontinence
Incontinence related to exogenous fac-

tors (drugs, infections, delirium)
Constipation
Masticatory difficulty and dysphagia

Box 1 Multisystemic Autonomic Involvement
During Stroke (continued)

Incomplete bowel evacuation
Fecal incontinence
Sialorrhea
Thermoregulation disorders
Sympathetic skin response abnormalities
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Abstract

In 1947, Byer et al. first reported that cerebral
vascular disease can cause myocardial damage
and arrhythmia suggesting an interaction
between heart and brain dynamics. Clinical
and experimental evidence has accumulated
since then, supporting the hypothesis that the
brain can influence heart function and the
heart can be responsible for secondary brain
damage. It is crucial to determine whether heart
dysfunction is triggered by stroke or vice-versa
as this may influence the therapeutic strategy
for secondary prevention. This is particularly
true when dealing with those cryptogenic

strokes whose clinical and neuroimaging char-
acteristics suggest that their etiology is likely
embolic, the so-called embolic stroke of
undetermined source (ESUS). This chapter
will explore the strengths and limitations of
the ESUS definitions, its clinical and epidemi-
ological aspects providing a description of
patients who may fit this definition. The role
of the possible sources of embolism in ESUS
including arterial, minor-risk cardioembolic
source such as structural abnormalities,
subclinical atrial fibrillation, atrial high-rate
episodes, and the influence of systemic inflam-
mation are discussed as well. A brief review
of the recent and ongoing clinical trial on this
topic is also provided, highlighting the impor-
tance to validate standardized markers of atrial
cardiopathy. These markers could improve the
stratification of stroke recurrence risk and
detect those patients with a cryptogenic stroke
that are more likely to benefit from anticoagu-
lant therapy.
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Introduction

The brain-heart connection may be conceptual-
ized into three major categories: the heart’s effects
on the brain (e.g., cardiac source of stroke), the
brain’s effects on the heart (e.g., post-stroke
autonomic nervous system imbalance and
arrhythmias onset), and neurocardiac syndrome
(e.g., Friedrich disease) [1]. The brain can influ-
ence heart dynamics and the heart can be respon-
sible for secondary brain damage. Stroke may
simultaneously be both the cause and conse-
quence of a cardiac embolic source. This aspect
can make the pathogenetic characterization of
ischemic stroke particularly complex and the
choice of the antithrombotic therapy for ischemic
stroke prevention very hard.

Ischemic stroke can result from a variety
of causes and it is usually classified into: large-
artery, small-vessel, cardioembolic, cryptogenic,
and unusual causes (dissection, genetic, infec-
tious, paraneoplastic, etc.). Cardioembolic strokes
are more severe than other ischemic stroke
subtypes and its frequency has tripled during the
past few decades. Oral anticoagulant therapy can
prevent about 70% of stroke in patients with atrial
fibrillation (AF), the most common cardiac source
of embolism [2].

However, about 25% of ischemic strokes
remain cryptogenic although their clinical and
neuroimaging characteristics often suggest that
their etiology is likely embolic. In the last
few years, stroke research has made many
efforts to reduce the burden of cryptogenic stroke
and to identify that subgroup of patients with an
embolic cryptogenic stroke who could benefit
from a secondary prevention therapy with oral
anticoagulants [3]. This led to the definition of a
new entity called embolic stroke of undetermined
source (ESUS), to prolong the monitoring of
heart rate and rhythm during follow-up to increase

the chance of detecting covert AF, and to hypoth-
esize the existence of a thrombogenic atrial sub-
strate as a possible source of embolism even when
AF is not yet apparent.

In this chapter, we will discuss the strengths
and limitations of the definition of ESUS, its
clinical and epidemiological aspects, and its
adequacy as the rationale for randomized clinical
trials on secondary prevention. In this regard, we
will discuss the pathogenetic role of covert AF
and the hypothesis that atrial thrombosis can
occur also without AF.

Embolic Stroke of Undetermined
Source (ESUS)

Cryptogenic stroke is a heterogeneous disease
with several possible pathophysiological mecha-
nisms. The TOAST classification [4], the most
widely used system to define stroke etiology,
includes in the category of cryptogenic stroke or
stroke of unknown cause: stroke with incomplete
diagnostic assessment, stroke with no cause
despite extensive assessment, and stroke with
more than one possible cause. This heterogeneous
definition has led to different diagnostic evalua-
tion in clinical practice and to a major knowledge
gap regarding the best therapeutic approach (e.g.,
no clinical trial to identify the best secondary
prevention is available).

In 2014, Hart RG et al. [3] hypothesized
that the predominant underlying mechanism of
cryptogenic stroke is embolism and introduced
the clinical construct of “embolic stroke of
undetermined source” to classify patients with
nonlacunar stroke, absence of intracranial or
extracranial atherosclerosis causing �50% lumi-
nal stenosis in arteries supplying the ischemic
area, lack of known cardioembolic source of
embolism (AF, sustained atrial flutter, intracardiac
thrombus, prosthetic cardiac valve, atrial myxoma
or other cardiac tumor, mitral stenosis, recent
(<4 weeks) myocardial infarction, left ventricular
ejection fraction�30%, valvular vegetations, or
infective endocarditis).

The diagnostic assessment necessary for a
designation of ESUS is a stroke unit routine
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assessment including: brain CT or MRI, 12-lead
ECG, echocardiography, cardiac monitoring for
�24 h with automated rhythm detection, and
imaging for both the extracranial and intracranial
arteries supplying the area of brain ischemia. The
possible sources of embolism in ESUS includes
minor-risk cardioembolic source, arterial source
(aortic arch atherosclerotic plaques, cerebral
artery nonstenotic plaques with ulceration), can-
cer-associated (covert nonbacterial thrombotic
endocarditis, tumor emboli from occult cancer)
and paradoxical embolism (patent foramen
ovale, atrial septal defect, pulmonary arteriove-
nous fistula). The minor-risk cardioembolic
sources are the following: myxomatous mitral
valve disease with prolapse, mitral annular calci-
fication, aortic valve stenosis, calcific aortic valve,
moderate left ventricular systolic or diastolic
dysfunction, left ventricular noncompaction, left
ventricular myocardial fibrosis, atrial structural
abnormalities (atrial septal aneurysms, Chiari net-
work), atrial dysrhythmias and stasis (atrial
asystole and sick sinus syndrome, atrial heart
rate episodes, atrial appendage stasis with reduced
flow velocities or spontaneous echodensities),
and covert paroxysmal atrial fibrillation. The aim
of the authors was to clearly define a subset of
patients with cryptogenic stroke and a probable
embolic mechanism as the basis for randomized
trials for secondary prevention.

The average frequency of ESUS, reported in
a systematic review of nine studies, was of 17%
(9–25%) with no geographical differences. The
mean age of ESUS patients was 65 years with
a prevalence of male sex. They were younger
than non-ESUS patients with ischemic stroke,
and they had a lower prevalence of conventional
vascular risk factors. The average severity of
ESUS, assessed with the NIH Stroke Scale
score, was 5 [5]. The 30-days mortality rate, in
the Global ESUS Registry involving 19 stroke
research centers in 19 different countries, was
2% in ESUS patients, 10% in stroke patients
with AF, and 5% in non-ESUS non-AF stroke
patients. The risk of death was similar between
ESUS and non-ESUS non-AF strokes, and it
was significantly lower when compared to
cardioembolic strokes [6]. The Athene Stroke

Registry, with a mean follow-up >30 months,
confirmed a lower risk of mortality in ESUS
than in cardioembolic patients. In fact, in this
Registry, the cumulative probability of survival
at 30 months from the index event was 65.5%
in ESUS and 38.8% in cardioembolic strokes.
However, this study documented a cumulative
probability of stroke recurrence in ESUS (29%)
similar to cardioembolic strokes (26.8%) but sig-
nificantly higher compared to all types of non-
cardioembolic stroke [7]. Age but not sex seems
to be a strong predictor of stroke recurrence. In a
pooled dataset of 11 stroke registries, the risk
of recurrent stroke/TIA and death were higher
in the group 60- to 80-years-old (HR 1.90, 95%
CI 1.21–2.98; HR 4.43, 95%CI 2.32–8.44) and in
the group >80-years-old (HR 2.71, 95%CI
1.57–4.70; HR 8.01, 95%CI 3.98–16.10) when
compared with the group <60-years-old [8].

The risk of embolic stroke in ESUS patients
can be reliably stratified by the CHADS2 and
CHA2DS2-VASc scores, two well-validated
scores to quantify the risk of stroke in patients
with AF. In the study of Ntaios G et al., conducted
on 1095 ESUS patients, these two scores were
independently associated with the risk of ischemic
stroke/TIA recurrence and death in ESUS. With
a CHA2DS2-VASc scores �2, the risk of stroke
recurrence is increased by approximately three-
fold and the risk of death of 15-fold when com-
pared with a CHA2DS2-VASc scores of 0 [9].

About three quarters of ESUS patients had at
least one minor-risk embolic source defined as
mitral annular calcification or myxomatous
changes, aortic valve stenosis or calcification,
hypokinetic/akinetic left ventricle, aortic arch
atherosclerotic plaque, and patent foramen ovale
(PFO) [6].

Complex aortic arch atheroma (AAA) >4 mm
has been associated with an increased risk
of stroke in the elderly [10]. Ryoo et al. found
that vulnerable AAA could be causative in 12.5%
of ESUS patients. This subgroup of ESUS was
older, more frequently with hypertension and
multiple, small cortical or border zone infarct
[11]. Furthermore, no stenotic carotid plaques
(<50%) have been reported in 79% of ESUS
patients [6]. In these patients, the presence of
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ultrasound-detected stenotic carotid plaques was
inversely correlated with PFO and markers
of atrial cardiopathy in ESUS patients [12, 13].
In the last years, the evolution of imaging tech-
nology has made possible to identify high-risk
plaque features including intraplaque hemor-
rhage, plaque ulceration, neovascularization,
fibrous cap thickness, presence of lipid-rich
necrotic core, and to evaluate the plaque inflam-
mation activity [14–16]. These has led to a
revisitation of the role of nonstenotic carotid
plaque in ESUS [17]. In the study of Freilinger
et al., 37.5% of cryptogenic stroke patients
presented an American Heart Association lesion
type VI plaque in the carotid artery ipsilateral to
ischemic stroke and 0% in the contralateral one.
The most common feature was intraplaque
hemorrhage (75%). This finding was present in
cryptogenic stroke but not in strokes due to
cardioembolism or small vessel occlusion [18].
In patients with at least one complicated plaque
on MRI, the 18F-FDG uptake during PET was
higher in both arterial carotids suggesting a dif-
fuse inflammatory process associated with carotid
vulnerable plaques [19]. Conversely, the popula-
tion-based Oxfordshire Vascular Study [20]
and the Plaque At RISK multicenter study in
Europe [21] did not confirm the association
between nonstenosing vulnerable carotid plaque
and stroke. The evidence on the causative role of
vulnerable carotid plaque in ESUS is controver-
sial and well-designed prospective controlled
study to evaluate the role of different embolic
source in this stroke subtype is needed.

A covert AF has been reported in 10–20% of
patients with cryptogenic ischemic stroke, and so
it is considered the most frequent source of embo-
lism in ESUS. The CRYSTAL AF study [22]
prospectively evaluated the incidence of AF in
patients with a cryptogenic stroke within the pre-
vious 90 days. AF was defined as an irregular
heart rhythm, without detectable P waves, lasting
more than 30 s. Patients were randomly assigned
to ICM (Reveal XT) or standard monitoring. The
rate of AF detection was 8.9%, 12.4%, and 30.0%
in the ICM group and 1.4%, 2.0%, and 3.0% in
the standard monitoring group at 6, 12, and
36 months. The 79% of AF episodes in ICM

group at 12 months follow-up was asymptomatic.
Sposato LA et al. [23] reported that the proportion
of patients diagnosed with covert AF was 7.7% in
the emergency room, 5.1% during hospitalization,
10.7% after ambulatory Holter, and 16.9% after
mobile cardiac outpatient telemetry, external loop
recording, and implantable loop recording. The
overall AF detection yield was 23.7%. These
data suggest that in about one-fourth of patients
with cryptogenic stroke the underlying stroke
mechanism was a covert AF. Anyhow, the fact
that AF is absent in 70% of ESUS raises questions
about the role of AF as the main cause of embo-
lism in this type of stroke.

Recently, the clinical characteristics of ESUS
patients, provided by published small cohorts and
pooled data derived from registries, have been
confirmed by the analysis of the patients enrolled
in the first published randomized trial on ESUS
the “NAVIGATE ESUS” supporting the validity
and generalizability of the ESUS concept. In
this trial, covert AF was not systematically
screened during follow-up, but it was detected in
3% of patients at a median of 5 months after
randomization [24].

Another line of research followed to better
support the ESUS concept is the analysis
of thrombus composition [25]. The introduction
of endovascular treatment of acute ischemic
stroke has made available a much higher number
of thrombus samples, and some studies have
evaluated the differences in basic thrombus mor-
phology between different stroke subtypes. The
main components of thrombus are fibrin/platelet
(F/P) conglomerates and red and white blood cells
(RBCs and WBCs, respectively). In the largest
study published so far, conducted on 145 consec-
utive stroke patients, cardioembolic thrombi were
characterized by higher proportions of F/P con-
glomerates, less RBCs, and more WBCs than
noncardioembolic stroke. Thrombus composi-
tion, procedural and clinical parameters were sim-
ilar between ESUS and cardioembolic strokes but
significantly different when compared with non-
cardioembolic strokes [26]. These data are in line
with some previous results but in contrast with a
smaller study by Kim et al. [27], conducted on
only 37 patients, which supported the traditional
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concept that clots from cardioembolism had a
significantly higher proportion of RBCs and
a lower proportion of fibrin compared with those
from large-artery atherosclerosis. Again, the
results of neuroimaging studies aiming to
differentiate thrombus components in ischemic
stroke subtypes are conflictual. The retrospective
MRI-imaging study by Cho et al. [28] found a
relationship between the “T2*-weighted gradient
echo imaging susceptibility vessel sign” (GRE
SVS) and cardioembolic stroke. This hypodense
signal on GRE in the symptomatic occlusive ves-
sels is related to the deoxygenated hemoglobin in
red thrombi, suggesting a high content of RBCs.
On the other hand, Niesten et al. [29] in their CT
study found that cardioembolic thrombi had the
least hyperdense vessels signs and the lowest
attenuation when compared with those due to
large artery atherosclerosis or arterial dissections.
The hyperdense sign reflects the degree of
RBCs content supporting the hypothesis that
cardioembolic thrombi are rich of fibrin and
contain a small amount of RBCs.

In summary, the ESUS construct includes
patients with nonlacunar, cardioembolic, or large
artery atherothrombotic ischemic stroke. It is
characterized by younger age, mild severity of
stroke, and high frequency of minor-risk embolic
sources or covert AF. When compared with
cardioembolic stroke patients, ESUS patients
have a lower risk of death, the same risk of stroke
recurrence, and probably similar characteristic in
thrombus morphology. Based on ESUS construct,
their source of embolism could be cardiac, arterial
(vulnerable arterial plaques), or venous due to
paradoxical embolism such as PFO.

From a therapeutic point of view, previous
studies have suggested that embolic strokes
could respond better to anticoagulant therapy
than to aspirin. However, the beneficial effect
of anticoagulation in reducing ischemic events
may be outweighed by an excess of major bleed-
ing complications. In the subgroup analysis of
the Warfarin-Aspirin Recurrent Stroke Study
(WARSS), conducted on 338 patients with cryp-
togenic stroke and a CT scan suggesting an
embolic pattern, the rate of ischemic stroke recur-
rence or death at 2 years was 12% with warfarin

and 18% with aspirin (HR: 0.66, 95%CI 0.4–1.2).
In this study, the target international normalized
ratio (INR) was 1.4–2.8, the median achieved
INR was 1.9 and therefore lower than the target
suggested for stroke prevention in AF patients
(target INR 2.0–3.0) [30]. In the Patent Foramen
Ovale in Cryptogenic Stroke Study [31], a sub-
study of WARSS, the rate of stroke recurrence
and death was lower in warfarin group than in
aspirin one (9% vs. 17%, respectively). The
CLOSE study [32], one of the two recent studies
that demonstrated the superiority of PFO closure
combined with antiplatelet on other anti-
thrombotic treatment in patients with cryptogenic
stroke and PFO, showed that in the non-
interventional arm, the 5-year cumulative proba-
bility of stroke was 1.5% in the anticoagulation
group and 3.8% in the antiplatelet-only group.
Unfortunately, the study was underpowered to
detect a significant difference between these two
groups.

The evidence in favor of anticoagulation after
cerebral ischemia of arterial origin is weaker. The
Stroke Prevention in Reversible Ischemia Trial
(SPIRIT) [33], in which high intensity anti-
coagulation with warfarin (target INR: 3.0–4.5)
was compared to aspirin in patients with TIA or
minor stroke of arterial origin, was stopped pre-
maturely because of an excess in major bleeding
complications in the anticoagulant group. The
European/Australasian Stroke Prevention in
Reversible Ischaemic Trial (ESPRIT) [34] repli-
cated the SPIRIT paradigm using a medium inten-
sity anticoagulation (target INR: 2.0–3.0). Once
again, oral anticoagulants were not superior to
aspirin in preventing serious vascular events,
both ischemic or hemorrhagic. The possible ben-
eficial effects in the prevention of ischemic events
were completely offset by an excess of major
bleedings.

An unanswered question is whether aortic arch
atheromas may benefit from anticoagulation.
Some nonrandomized controlled observational
case series showed a superiority of anticoagulants
on aspirin in treating mobile aortic arch atheroma.
In a matched-paired analysis on 519 patients with
severe thoracic aortic plaque, warfarin or anti-
platelet showed no significant benefit on the
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incidence of stroke and other embolic events.
There was a protective effect only with statin
therapy [35].

The direct oral anticoagulants (Dabigatran,
a direct thrombin inhibitor; Apixaban,
Edoxaban, and Rivaroxaban, direct factor Xa
inhibitors) have demonstrated in AF patients at
least the same effectiveness of warfarin in pre-
venting thromboembolic events with a signifi-
cant reduced risk of major bleeding [36]. This
has led to hypothesize that direct oral anticoagu-
lants could be more effective than antiplatelet
for the prevention of recurrent stroke in patients
with ESUS.

Two trials have been implemented based on
the ESUS construct: the NAVIGATE ESUS trial,
which compared the efficacy and safety of
rivaroxaban 15 mg o.d. with aspirin 100 mg o.d.,
and the RE-SPECT ESUS trial, which compared
dabigatran 150 mg b.i.d. or 110 mg b.i.d. with
aspirin 100 mg o.d. These trials did not selectively
enroll patients based on markers of potential
cardioembolic stroke but also patients with para-
doxical or artery to artery embolism.

To date, the results of the NAVIGATE ESUS
trial are available. Rivaroxaban was not superior
to aspirin for the prevention of recurrent stroke
(HR: 1.7, 95%CI 0.87–1.33) and was associated
with a significantly higher risk of major bleeding
(HR: 2.72, 95%CI 1.68–4.39) [37].

The failure of the NAVIGATE ESUS trial
underlines the gray areas behind ESUS construct
that include the heterogeneous sources of embo-
lism (arterial, cardiac, or paradoxical) with a
various composition of thrombi that may not ben-
efit from anticoagulation. The possibility of
artery-to-artery cerebral embolism could be rele-
vant as well. Arterial emboli could resemble those
found in atherothrombotic strokes and could be
less responsive to anticoagulants. Probably, the
degree of stenosis does not correctly identify
those patients with atherosclerotic plaque at high
risk of recurrent cerebral embolism, who may
therefore benefit from aggressive medical therapy
(e.g., dual antiaggregant therapy plus high dose
of statin).

In the future, it will be necessary to refine the
diagnostic work-up of ESUS cases in order to

identify with greater certainty the subset of
patients with higher chance of having a cardiac
source of embolism and a higher risk of
cardioembolic stroke recurrence that justifies and
derives benefit from long-term anticoagulation.

Asymptomatic Paroxysmal Atrial
Fibrillation

AF is the cause embolism in half of the patients
who suffered a cardioembolic stroke. Clinically,
apparent AF has been associated with a three- to
fivefold higher risk of ischemic stroke. The risk of
stroke is driven by the presence of other vascular
risk factors and in patients with AF lacking other
risk factors is barely distinguishable from that of
patients without AF, and patients with paroxysmal
AF are at risk even when the atrial rhythm is sinus
or paced [38]. In about 5% of patients, stroke
precedes AF, and AF is detected in stroke unit
especially when continuous electrocardiographic
monitoring is initiated soon after symptoms onset
[23]. Longer periods of monitoring can substan-
tially increase detection of AF after a stroke or
TIA. AF detected after stroke (AFDAS) can be
evaluated by in hospital monitoring, serial ECG,
24–48 h Holter cardiac monitoring, cardiac event
recorders, wearable external loop recorders, car-
diac implantable electronic device (CIED), and
insertable cardiac monitors (ICMs, including
implantable loop recorder). The gold standard
for cardiac monitoring after ischemic stroke
remains unclear. Early initiation and longer dura-
tion of monitoring are the two main determinants
of AFDAS diagnosis. In a retrospective study by
Sposato et al. [39], the diagnostic rate of AFDAS
in patients who underwent continuous cardiac
monitoring immediately after hospital admission
and those who did not were 18.2% and 2.2%,
respectively. Over 70% of cases were diagnosed
within the first 3 days. Episodes of poststroke AF
are usually asymptomatic and half of them last
less than 30 s.

It is important to consider that subclinical atrial
fibrillation (SCAF), detected by device-related
monitoring, is different from permanent, persis-
tent, and paroxysmal AF (clinical AF), which are
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diagnosed by conventional ECG. Both SCAF and
poststroke AF detected with conventional ECG
would be different in terms of risk of thromboem-
bolic events from a known AF (KAF) [40]. For
example, in a recent retrospective study of the
Paradise Study group, the 1-year ischemic stroke
recurrence was similar between patients with
AFDAS or sinus rhythm and the prevalence of
heart disease was lower in AFDAS compared to
KAF [41].

SCAF is defined as atrial high-rate episodes
(AHRE), lasting >6 min and <24 h, without
correlated symptoms in patients with CIED, with
continuous intracardiac monitoring and without
prior diagnosis of AF. It has been suggested to
be the main underlying cause in ESUS. Only
13–16% of patients with AHRE will develop a
clinical diagnosed AF after 2.5 years. Data from
large prospective trials have demonstrated that
AHRE increases the risk of stroke. The stroke
rate reported in patients with AHRE ranged from
0.32% to 2.2% per year, significantly lower than
the stroke rate detected in patients with clinically
diagnosed AF [42].

The MOST trial (the Atrial Diagnostics
Ancillary Study of the MOde Selection Trial)
[43] reported that a pacemaker-detected AHRE
(>200 bpm) lasting longer than 5 min. was asso-
ciated with sixfold increased risk of AF. Patients
who developed AF had 2.8-fold increase of death
or stroke. The TREND study [44] evaluated the
association between AT (atrial tachycardia)/AF
burden and the risk of systemic thromboembo-
lism. A daily AT/AF burden >5.5 h had a hazard
ratio of risk of systemic thromboembolism of 2.2
compared to patients with zero AT/AF burden. In
the ASSERT trial, only patients with AHRE>24 h
had a significantly higher risk of ischemic stroke
or systemic embolism as compared to patients
with no AHRE (HR 3.4, 95%CI 1.51–6.95). In
patients with AHRE of shorter duration (<24 h),
the risk did not differ from that reported in patients
without AHRE [45].

These studies highlight the challenge to iden-
tify a threshold for a significant increase of throm-
boembolic events and so, the ESUS patients with
poststroke SCAF at highest risk of stroke
recurrence.

Another issue in understanding the correct role
of SCAF in ESUS pathogenesis is represented by
the difficulty to detect a temporal and causal rela-
tionship between AHRE and ESUS. In a sub-
analysis of the TRENDS study, only 20 (50%)
patients experienced an atrial tachyarrhythmias
prior to the thromboembolic event. Moreover, 29
(73%) patients with thromboembolic events did
not have any AT/AF within 30 days before the
thromboembolic episodes [46]. A subanalysis of
the ASSERT study confirmed these findings. In
this study, only 4 (8%) patients had SCAF
detected within 30 days before the thromboembo-
lism [47]. These studies suggest that SCAF may
be simply a risk marker or, even if it is causal, it
may be indirectly related to thromboembolism.
More recently, the study of Turakhia et al. showed
that patients with AHRE >5.5 h had an increased
risk of TE events in the first 5 days after the
episode, with the risk progressively returning to
baseline after 3–4 weeks [48]. These data suggest
a time dependency of TE risk and again questions
the causative role of arrhythmic events recorded at
a long-time distance from stroke.

Taken together, findings from implantable
device suggest that the presence of AF may not
be a necessary component in the pathophysiology
of thrombogenesis and embolization.

Furthermore, an AF detected in the first period
after stroke could be both neurogenic or cardio-
genic. The neurogenic AF, triggered by the
derangement of the autonomic nervous system
(ANS) in the acute phase of stroke, could simply
represent an innocent bystander. The concept of
neurogenic AF has stimulated an increasing
debate.

In the acute phase of ischemic stroke, both the
involvement of cerebral cortex areas, especially
insula but also other cortical areas (i.e., cingulate
and prefrontal) responsible of the brain control
over heart rhythm, and the systemic inflammation
response induced by stroke can trigger the onset of
a paroxysmal AF which is the consequence and
not the cause of the ESUS.

The right and the left insular cortices are
connected with the hypothalamus, the limbic
system, and the brainstem nuclei. These
structures form the “extrinsic” or “cerebral”
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ANS. The “intrinsic” ANS is constituted by gan-
glionated plexi distributed along the ending of
pulmonary veins in the left atrium and within
pericardium and it is regulated by the “extrinsic”
ANS. In patients with insular or other cortical
acute ischemic stroke, autonomic imbalance or
abrupt loss of central modulation can induce the
intrinsic system to generate arrhythmogenic stim-
uli triggering focal ectopic firing at pulmonary
and nonpulmonary vein sites which can induce
paroxysmal AF.

Systemic inflammation can also play a role in
AFDAS. Immediately after the stroke onset, there
is a short-lasting inflammation response with the
release of cytokines, adhesion molecules, and
chemokines into the blood stream. Inflammatory
processes could induce focal firing (autonomic
cascade) and reentry circuits (atrial myocarditis).
This inflammatory response is stronger in acute
cardioembolic strokes than in other acute stroke
subtypes. Both autonomic and inflammatory
responses tend to extinguish within the first days
after ischemic stroke and so neurogenic post-
stroke AF could have a lower probability of
long-term recurrence [49–51].

ESUS patients undergoing prolonged ECG
monitoring can be subdivided based on their
heart rhythm into three categories: normal sinus
rhythm, preexisting newly diagnosed AF, and
newly diagnosed atrial fibrillation. The pre-
existing newly diagnosed AF is most likely due
to pre-stroke cardiac structural changes and could
be considered “cardiogenic.” The newly diag-
nosed AF could be the consequence of the stroke
itself and therefore could be considered as “neu-
rogenic.” Actually, it is difficult to differentiate
between preexisting newly diagnosed AF and
newly diagnosed AF. An attempt to solve this
dilemma is to compare the clinical presentation,
the prevalence of cardiovascular risk factors,
and the long-term risk of stroke recurrence and
peripheral embolism in AF diagnosed after stroke
(AFDAS) and in AF known before stroke (KAF).
Newly diagnosed cardiogenic AF patients should
be similar to KAF patients; however, available
data on this topic are conflictual. In a recent retro-
spective cohort study based on data collected in
the Ontario Stroke Registry, the rate of stroke

recurrence at 1 year was 6.6% in AFDAS, 9.6%
in KAF, and 8.0% in sinus rhythm (SR), with
a higher risk of recurrence in KAF and a similar
risk between AFDAS and SR. The prevalence
of coronary artery disease, myocardial infarction,
and heart failure were lower in AFDS than in KAF
[41]. In another study of the same research group,
AFDAS patients had a lower proportion of left
atrial enlargement, a smaller left atrial area, and
a higher frequency of insular involvement than
patients with KAF [52]. On contrast, the study of
Hsieh et al., based-on data derived from a national
claims database in Taiwan, showed the same
risk of a composite outcome of ischemic stroke,
intracranial hemorrhage, or death within 1 year
between KAF and AFDAS. They confirmed the
higher prevalence of underlying heart disease in
KAF [53]. Similarly, a French longitudinal cohort
study found a higher prevalence of preexisting
cardiovascular comorbidities in AFDAS patients
than in no-AF and KAF patients. The main inde-
pendent predictors of incident AF were older age,
hypertension, heart failure, systemic embolism,
coronary artery disease, abnormal renal function,
anemia, lung disease, pacemaker/implantable
cardioverter defibrillator implantation and val-
vular disease. The mean CHA2DS2-VASc score
was similar among AFDAS and KAF patients
[54]. The Athene Stroke Registry compared clin-
ical severity and risk of stroke recurrence and
peripheral embolism in ESUS patients with or
without AF detection during follow-up. Stroke
severity was similar between the two groups, but
the risk of recurrent stroke and peripheral embo-
lism was higher in the AF ESUS group [55].

The neuroimaging features of AFDAS and
KAF have also been compared to explore whether
the prevalence of an embolic lesion pattern was
similar between the two groups and if an involve-
ment of insular cortex was more prevalent in
AFDAS than in other stroke subtypes.

Kim Y and Lee SH defined an embolic lesion
pattern as: (1) cortico-subcortical territorial
lesion without relevant large artery disease and
(2) multiple noncontiguous lesions in bilateral
hemispheres or both anterior and posterior circu-
lation. An embolic lesion pattern was present
in approximately 90% of KAF versus 58% of
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AFDAS patients, suggesting that at least some of
them might have had a neurogenic AF, therefore
not causally related to stroke [56]. The idea of
a neurogenic AF behind AFDAS was also
supported by the neuroimaging study of Scheitz
et al. [57]. They reported a significant association
between insular cortex involvement and AFDAS.
However, this study did not consider stroke size
and severity, and the frequency of insular
involvement was the only parameter recorded.
Furthermore, Rizos et al. explored the influence
of infarct volume on insular involvement in an
MRI-based study. The authors confirmed that
patients with AFDAS were more likely to have
lesions involving the right insula compared with
patients without AF, but when these findings were
controlled for infarct volume, the difference was
no longer significant, raising therefore doubts on
the hypothesis of neurogenic AF [58].

Data on the role of AFDAS in stroke patho-
genesis are conflictual. AFDAS is probably a
heterogeneous group constituted by a variety of
possible phenotypes with an extreme including
patients with preexisting AF not diagnosed
because of insufficient monitoring (cardiogenic
AFDAS) and the other extreme including patients
who had never had AF before stroke, with normal
heart function and with a stroke involving brain
structures implicated in the central autonomic
regulation of heart rhythm (neurogenic AF). The
whole spectrum of patients in between these two
phenotypes might be considered to have mixed
AFDAS.

There is a considerable debate regarding both
clinical significance and therapeutic implications
of AFDAS. Further insights on this topic will be
provided by the Pathophysiology and Risk of
Atrial Fibrillation Detected after Ischemic Stroke
(PARADISE) study. This study comprises exper-
imental, clinical, and epidemiological research
aimed to define clinical features, pathophysiol-
ogy, and outcomes of neurogenic AFDAS. The
results will be available in 2020 [59].

In the meanwhile, a recent consensus docu-
ment of the European Heart Association regarding
subclinical atrial tachyarrhythmias recommends
oral anticoagulation for patients with at least
two additional CHA2DS2-VASc risk factors

(score: �2 in males or �3 in female) and with a
burden of AF >5.5 h/day [60]. Two large-scale
randomized trials of anticoagulation for
patients with AHRE are ongoing: ARTESIA trial
(Apixaban for the Reduction of Thrombo-Embo-
lism in Patients with Device-Detected Sub-Clini-
cal Atrial Fibrillation) and the NOAH trial (Non-
vitamin K Antagonist Oral Anticoagulants in
Patients with Atrial High Rate Episodes) [61, 62].

The above data on SCAF have also induced to
revisit the classic direct mechanistic explanation
of left atrial thromboembolism in AF patients
which implies intracavitary stasis during the
irregular atrial wall contraction. This mechanism
is consistent with the findings from numerous
clinical trials that anticoagulation reduces the
risk of ischemic stroke in AF, but not enough to
explain the cause of stroke in patients with AF
detected for the first time after stroke and the lack
of temporal relationship between AF and stroke
documented by device-related monitoring. These
inconsistencies could be explained by the pres-
ence of thrombogenic atrial substrate even in the
absence of AF.

Atrial Cardiopathy

It is well defined that AF is characterized by a
high risk of thromboembolism, but in AF patients
without other risk factors, their risk of stroke is
hardly distinguishable from that of patients with-
out AF. These risk factors, included in the
CHA2DS2-VASc score, a validated score to pre-
dict the risk of stroke and systemic embolism in
AF patients, are: chronic heart failure, hyperten-
sion, vascular disease, diabetes mellitus, prior
stroke or TIA, gender, and age (� 64, 65–74,
and �75 years). AF male patients aged
�64 years has a CHA2DS2-VASc score of 0 and
have an adjusted stroke rate of 0% per year, and
AF female patients with the same age have a score
of 1 and an adjusted stroke rate of 1.3% per year.
These data suggest that other factors beyond AF
could promote atrial thrombogenesis [63].

AF is associated with tissue as well as other
atrial chamber structural remodelling which
represents the substrate for its maintenance.
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Thrombogenic atrial abnormalities often detected
in AF such as endothelial dysfunction, fibrosis,
impaired myocyte function, chamber dilatation,
and mechanical dysfunction in the left atrial
appendage may be present independently of AF
and may facilitate its onset and correlate with
stroke risk [64, 65].

Atrial fibrosis is the chief structural alteration
in AF. An increase in atrial fibrosis could
lead to stasis and endocardium changes that
promote thromboembolism. It has been linked to
cardiac factors (genetic, valvular, ischemic, infil-
trative, inflammatory) and extracardiac factors
(hypertension, obesity, sleep apnea, autonomic).
Furthermore, atrial fibrosis detected with late gad-
olinium enhancement MRI (LGE-MRI) has been
associated to stroke, atrial mechanical dysfunc-
tion, and presence of thrombus in the left atrial
appendage. Stroke patients with AF show a higher
degree of fibrosis when compared to AF patients
without a history of stroke [38]. ESUS patients, in
a cardiac magnetic resonance imaging study, were
characterized by a higher percentage of left atrial
fibrosis compared with patients with other stroke
causes, and in ESUS, the left atrial ejection frac-
tion was lower although not significantly differ-
ent. ESUS and cardioembolic stroke had similar
values of atrial fibrosis [66]. Left atrial (LA) diam-
eter was shown to predict the occurrence of atrial
fibrillation, and it has been associated with both
first and recurrent episodes of stroke even in the
absence of AF [67]. Left atrial size has been
associated with risk of stroke and death in the
Framingham Heart Study [68]. In the Manhattan
Stroke Study, a moderate to severe left atrial
enlargement was an independent marker of recur-
rent cardioembolic or cryptogenic stroke [69].
Spontaneous atrial echocardiographic contrast
and left atrial appendage (LAA) thrombus have
been associated with highest level of atrial
fibrosis, and LAA involvement with fibrosis was
associated with reduced blood flow velocities exit
from the appendage. The decrease of LAA veloc-
ity has been associated with a higher risk of
stroke and thromboembolic events. An atrial
fibrosis >20% improved the prediction model
for the presence of appendage thrombus on
transoesophageal echocardiography by 16%. The

possible causative mechanism would be the flow
stasis determined by an impaired LA function
with a consequent increase in the risk of embo-
lism [70]. This hypothesis has been supported by
the echocardiographic study of Kim et al. [71]
which demonstrated that, in acute ischemic stroke
patients, LA enlargement and impaired mechani-
cal function assessed by 2D transthoracic echo-
cardiography with speckle tracking imaging were
markers of high-risk findings for cardioembolism
assessed by transoesophageal echocardiography.
In this population, global LA longitudinal strain
showed good diagnostic values for the presence of
flow stasis, thrombus in the LA and LAA. The LA
mechanical function was independently corre-
lated with age, left ventricular function, LA vol-
ume index, and aortic stiffness. LAA has been
considered the primary site for thrombus forma-
tion in AF patients. Furthermore, cauliflower
LAA morphology, characterized by extensive
LAA trabeculations, and larger LAA orifice has
been shown to be associated with ischemic stroke
[69].

Beside structural atrial changes detected by
echocardiographic or MRI studies, also ECG
signs related to the left atrium have been
associated with the risk of stroke, particularly of
nonlacunar subtypes, even in the absence of AF.
Excessive supraventricular ectopic activity
(ESVEA) is linked to a high risk of AF, and it
has also been associated with an increased risk of
stroke [72–74]. Paroxysmal supraventricular
tachycardia in AF-free patients aged>65 increase
the risk of stroke [75]. P-wave indexes (P-wave
terminal force in lead V1 (PTFV1) P-wave dura-
tion, maximum P-wave area) have been recog-
nized as markers of left atrial abnormality on 12-
lead ECG such as atrial dilatation, atrial muscular
hypertrophy, elevated atrial pressure, and delayed
intra-atrial conduction. High P wave duration
(PWD) values are a marker of irregular propaga-
tion of sinus impulses and prolongation of atrial
conduction time, the atrial electrophysiological
substrate of paroxysmal AF. An association of P-
wave indexes with stroke outcome has been
documented even in the absence of AF. In the
Multi-Ethnic Study of Atherosclerosis during a
mean follow-up of 8.5 years, the PTFV1 was
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more strongly associated with incident stroke than
incident AF [76]. The ARIC study (Atherosclero-
sis Risk in Communities) documented an inde-
pendent association between abnormal P-wave
axis and ischemic stroke. The risk of ischemic
stroke was increased of 1.50-fold even when AF
was included in the multivariate model. The risk
was higher for cardioembolic stroke than for
thrombotic stroke [77]. A recent systematic
review of He et al. [78] has evaluated the value
of P-wave indices in predicting ischemic stroke
risk. PTFV1 was found to be an independent pre-
dictor of stroke both as continuous or categorical
variable. P-wave duration predicted stroke occur-
rence only when analyzed as a categorical variable.
Maximum P-wave area also predicted the risk of
stroke. An abnormally increased PTFV1 has been
detected in about one-third of ESUS patients. Fur-
thermore, in a large prospective cohort study,
PTFV1 resulted significantly associated with prev-
alent MRI-defined infarcts and with baseline and
worsening white matter disease grade supporting a
causal link between atrial cardiopathy and vascular
brain injury [79]. However, we should consider
that these ECG measures have a low sensitivity
and specificity, because ECG signals can be
affected by body habitus, lead position, lung
pathology (e.g., emphysema), and obesity. More-
over, the analysis of PTFV1 is not standardized and
validated across different cohorts.

AF has also been linked to inflammation and
cardiac serum markers. Systemic inflammation
markers, such as high-sensitive C-reactive protein
(hsCRP), have been associated to the develop-
ment and persistence of atrial fibrillation, by con-
tributing to atrial remodelling. Acampa et al., in
their recent study, have detected in ESUS patients
a positive correlation between increased hsCPR
levels and high PWD [80]. Subclinical inflamma-
tion may play a role in the biology of atrial cardi-
opathy and the increase risk of AF among ESUS
subjects [81].

Although serum biomarkers are not specific to
atrial disease, various serum biomarkers have
been reported to be elevated in AF or predictive
of AF. Elevated levels of B-type natriuretic pep-
tide (BNP) and of the N-terminal fragment of
BNP have been associated with the risk of

development AF even in the absence of left
ventricular dysfunction. High plasma levels of
NT-proBNP have been associated with a substan-
tially increased risk of cardioembolic stroke, but
not with other subtypes of ischemic stroke. The
mechanism behind this association is not easily
understandable considering that several volume
and pressure loading conditions can affect natri-
uretic peptides synthesis and secretion and that
BNP is also secreted from brain tissue and its
elevation in the acute phase of stroke may be
due to stroke itself. Similarly, elevated levels of
cardiac troponin, a marker of myocardial cell
death which may presage a reparative fibrotic
process, have been associated with a higher risk
of cardioembolic stroke in patients with AF [82].
Yaghy et al. have recently confirmed an associa-
tion between positive cardiac troponin I level
measured within 24 h from hospital arrivals and
after ischemic stroke and ESUS or cardioembolic
stroke subtypes [83]. If confirmed using high-
sensitivity troponin assay, these findings would
support the concept of possible cardiac embolic
source other than AF in ESUS patients and could
be used to test optimal secondary prevention strat-
egies in these patients.

Recently, in a large prospective study, the Car-
diovascular Health Study, with a median follow-
up of 12.9 years, among 3723 participants, 585
subjects experienced an incident ischemic stroke.
A significant association of atrial cardiopathy
markers and incident ischemic stroke was con-
firmed for PTFV1, NT-proBNP, and incident AF
but not for left atrial dimension [84].

Acampa et al. have reviewed the evidence in
favor of a link between ANS dysfunction and
atrial cardiopathy as a possible pathogenic factor
in cryptogenic stroke. The impact of ANS on
PWD has been suggested in chronic spinal cord
injury and in neurally mediated syncope. The
prolongation of the P wave duration in non-elite
athletes has been related to an altered atrial sub-
strate, determined by the exercise-induced atrial
fibrosis, probably mediated by increased vagal
tone. Finally, ANS imbalance is a well-known
risk factor for alterations in atrial electrophysiol-
ogy. In particular, adrenergic activation can lead
to focal ectopic firing, modulating cardiac ionic
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channels activity, and promoting atrial structural
remodelling. Changes of ANS activity may trig-
ger different signalling pathways that are able to
determine an atrial derangement, promoting struc-
tural alteration. A sympatho-vagal imbalance may
induce the expression of pro-inflammatory cyto-
kine (TNFα, IL-1β, and IL-6) with consequent
structural atrial alterations mediated by the
increased release of matrix metalloproteinases
and a fibroblast activation. The epicardial adipose
tissue (EAT), surrounding the left atrium, has an
important endocrine and inflammatory function,
and it is a source of several pro-inflammatory
mediators. The ANS is embedded in the epicardial
fat pads forming ganglionated plexi, the EAT
contains both adrenergic and cholinergic nerves
which interact with the extrinsic sympathetic and
parasympathetic nervous system. A sympatho-
vagal imbalance has been associated to EATactiv-
ity and thickness, and an excess of EAT has been
implicated in atrial remodelling and cardiac func-
tion. ANS has a well-defined role in regulating
oxidative stress, and oxidative stress is a pathoge-
netic mechanism of atrial fibrosis and structural
cardiac remodelling. Lastly, the ANS may modu-
late the renin-angiotensin-aldosterone system, and
this system exerts a well-known role in atrial
fibrosis [85].

The above findings strongly support the
hypothesis of Kamal et al. [64] that systemic and
atrial substrate as well as rhythm can be involved
in thrombogenesis in ESUS. Age and systemic
vascular risk factors can induce the development
of an abnormal atrial substrate that can result in
AF and thromboembolism. Atrial cardiopathy can
play a role in thrombogenesis even in the absence
of AF. On the other hand, when AF appears, the
dysrhythmias induces contractile dysfunction and
stasis which further increases the risk of thrombo-
embolism, but over time, AF causes an atrial
remodelling and consequently a worsening of
atrial cardiopathy and an increasing of the risk
of thromboembolism. AF can increase the risk of
thromboembolism but is not necessary for its
occurrence being only a secondary contributor to
abnormal tissue substrate. In this model, the
timing and burden of AF does not need to be
coupled with the timing and burden of stroke.

Based on these evidence, two trials are actually
ongoing to explore whether ESUS patients with at
least one marker of atrial cardiopathy would ben-
efit from anticoagulation compared antiplatelet
therapy for prevention of stroke recurrence. In
case of positive findings, benefit observed with
anticoagulants in AF may be extended to at least
one-fourth of patients with ESUS.

The ATTICUS trial (Apixaban for the Treat-
ment of Embolic Stroke of Undetermined Source)
[86] compares apixaban 5 mg b.i.d. versus aspirin
100 mg o.d. It is focused on a selected group of
ESUS patients with at least one minor cardiac
sources of embolism, such as: LA size >45 mm
(parasternal axis), spontaneous echo contrast in
LAA, LAA flow velocity �0.2 m/s, atrial high
rate episodes, CHA2DS2-Vasc score �4, persis-
tent foramen ovale, and with implanted insertable
cardiac monitor (ICM) to detect covert AF. The
main end-point is the prevention of new ischemic
lesions, both symptomatic or silent. The ARCA-
DIA trial (Atrial Cardiopathy and Antithrombotic
Drugs in prevention After Cryptogenic Stroke)
[87] compares Apixaban 5 mg b.i.d versus
Aspirin 100 mg o.d. in ESUS patients with evi-
dence of atrial cardiopathy. The primary outcome
of the study is the incidence of recurrent
stroke from any cause (ischemic, hemorrhagic of
unknown).

Conclusion

The mechanistic concept of thromboembolism
in AF is insufficient to completely explain the
pathogenesis of embolic stroke in AF and ESUS
patients. Atrial cardiopathy may be the key to
explain cardiac embolism in ESUS and the lack
of a temporal relationship between AF and
embolism. Standardization of atrial cardiopathy
markers is needed in order to translate research
findings into clinical practice.

These markers should be included in stroke
risk scores for cardiac embolism to improve the
stratification of stroke recurrence risk and detect
those patients with an embolic stroke that could
benefit of oral anticoagulant therapy in the
absence of AF or in presence of AFDAS.
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Abstract

Recently, there has been a growing emphasis
on better understanding how the brain-heart
axis works and in which way the brain may

influence cardiac performances both in physi-
ological and in pathological conditions. A new
research field, named as neurocardiology,
investigates the whole spectrum of cardiac syn-
dromes, which arise as a result of a widespread
or a strategic brain injury in the absence of a
real ischemic heart disease. Disorders of con-
sciousness, such as coma, vegetative state and
minimally conscious state, have been recently
reported to be associated with multiple medical
comorbidities, also including cardiovascular
manifestations like arrhythmias, arterial hyper-
tension, and conditions of myocardial stun-
ning. There is growing evidence that such
clinical events are the consequence of an auto-
nomic imbalance within the autonomic
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nervous system, with the sympathetic activa-
tion outweighing the parasympathetic one.
Either a widespread anoxic brain injury or a
vascular/traumatic damage in specific cortical
areas, which usually slow down the activity of
the sympathetic branch, may produce a wide
pattern of cardiac manifestations ultimately
interfering with the prognosis of patients.
Investigating the cardiac behavior in patients
with disorders of consciousness is mandatory
in order to avoid further medical complica-
tions, prevent the secondary injury occurring
in the minutes to months following the primi-
tive brain damage, and improve survival and
long-term outcomes. Moreover, the study of
the brain-heart interface offers a window for a
better understanding of the natural history of
disorders of consciousness and the identifica-
tion of chances for recovery. This is because
the heart behavior, with its physiological fluc-
tuations, may represent an indirect sign of the
residual complexity of cortical-subcortical net-
works responsible for consciousness recovery.

Keywords

Coma · Vegetative state · Unresponsive
wakefulness syndrome · Minimally conscious
state · Comorbidities · Heart

Introduction

Disorders of consciousness (coma, vegetative state,
and minimally conscious state) are the result of a
severe acquired brain injury, which is classified as a
damage leading to consciousness impairment and
vital parameter instability. Patients suffering from a
severe acquired brain injury usually show wide-
spread bihemispheric damage or a selective
brainstem lesion, which interferes with survival,
so that nursing and medical care are necessary to
maintain the patients alive. They are managed
within intensive care units and may have different
outcomes and a variable degree of functional
impairment depending on the extent of the primi-
tive damage. Recent evidence shows that multiple
medical comorbidities, also including the whole

spectrum of cardiac syndromes, may be associated
with the brain damage [1]. However, it is not clear
whether these syndromes arise autonomously or,
on the other hand, they are the result of the brain’s
effects on the heart. Recently, a fascinating field of
study, named neurocardiology, was developed in
the attempt of investigating the heart’s effect on the
brain and the brain’s effect on the heart in all
patients with nervous system’s diseases, especially
those potentially interfering with the cardiovascu-
lar control. According to the most accredited the-
ory, neurocardiac syndromes following a severe
brain damage may be the result of a generalized
autonomic storm having both sympathetic and
parasympathetic effects [2]. This condition may
produce, in patients with disorders of conscious-
ness, asymptomatic electrocardiographic (ECG)
changes, or clinical cardiac disorders, which are
reminiscent of a coronary disease, even in the
absence of a real ischemic heart disease.

Classification of Disorders of
Consciousness

Disorders of consciousness include a wide spec-
trum of neurological syndromes such as coma,
vegetative state (VS), also named as unresponsive
wakefulness syndrome (UWS), and minimally
conscious state (MCS). Although patients show-
ing a disorder of consciousness may appear sim-
ilar from a behavioral point of view, they are
deeply different from each other with respect to
the underlying brain injury and the degree of
residual behavioral responsiveness they show.
Patients in coma are neither awake nor aware
[3]: they are confined to bed, have closed eyes,
do not have spontaneous breathing, so that
mechanical ventilation is usually needed, and are
fed by parenteral nutrition. On the other hand,
patients in VS/UWS show recovered wakefulness
in the absence of self- and environmental aware-
ness, so they have open eyes and normal sleep-
wake cycles but are completely unable to interact
with the environment through purposeful behav-
iors [4, 5]. As a consequence they are completely
depended on others in all self-care activities
including toileting and feeding, so they need
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continuous assistance and are fed through a feed-
ing tube or a percutaneous endoscopic
gastrostomy. The ability for functional communi-
cation is completely lacking, and there is no way
to establish a communication channel with the
patients. Finally patients in MCS are those show-
ing a partial recovery of consciousness, being
again able to carry out basic purposeful move-
ments: however, in MCS, the behavioral evidence
of consciousness is considered clearly discernible
but inconsistent, and the patients can remain in
such state for an indefinite time [6]. The recovery
of functional object use and of functional commu-
nication, as assessed by the Coma Recovery Scale
(Revised), denotes the emergence from minimally
conscious state to a condition of completely
restored consciousness [7, 8].

Medical Complications in Disorders of
Consciousness

Recent evidence revealed that multiple medical
comorbidities might be detected in patients with
disorders of consciousness [1]. Patients in coma
are, by definition, unstable as the acute brain
injury, together with a condition of severe
edema, may cause a progressive rostral-caudal
neurologic deterioration, which may be fatal for
the patients. Moreover, in the acute stage, patients
show medical and surgical complications, includ-
ing cardiac, hemodynamic, and vascular disor-
ders, and require full life support within
intensive care units until the condition improves
and wakefulness and spontaneous breathing are
recovered. On the other hand, patients in VS and
MCS have spontaneous breathing and are consid-
ered stable from a medical perspective, with a
normal life expectancy if immobilization-related
complications are avoided through standard med-
ical and nursing care. However, recent literature
findings show that medical comorbidities may
also be present in patients in VS and MCS, thus
interfering with the natural course of their disease
and the likelihood of a further recovery. These
comorbidities include respiratory diseases,
arrhythmias without organic heart diseases, arte-
rial hypertension, anemia, diabetes, ischemic or

organic heart diseases, kidney and urinary tract
diseases, peripheral artery and venous diseases,
gastrointestinal and hepatobiliary disorders, cere-
brovascular events, musculoskeletal disorders,
and malignancies [1]. Particular attention has
been paid to the occurrence of arrhythmias not
supported by organic heart diseases: the patholog-
ical effects of the initial brain injury on the heart
might explain arrhythmias through a mechanism
of autonomic imbalance. In fact, it is not rare that
patients in VS develop a paroxysmal sympathetic
hyperactivity even many months after the primi-
tive brain injury, which was responsible for the
consciousness impairment [9]. Arrhythmias with-
out organic heart diseases have been recognized in
patients with disorders of consciousness follow-
ing a brain damage of different etiologies: they
have been frequently found not only in patients in
whom the condition of VS/UWS was the result of
a stroke or of a postanoxic encephalopathy due to
a cardiac arrest but also in patients with a trau-
matic injury caused by external circumstances.
While in the former cases, arrhythmias could be
somehow expected, especially in the patients with
a cardiac arrest or a cardioembolic stroke, they
were less expected in patients with a damage of
traumatic nature. Moreover, arrhythmias without
organic heart diseases have been shown to be
negative predictors of full recovery of conscious-
ness in severely brain-injured patients [1]: this
prompts reflections on the usefulness of investi-
gating the brain-heart interface as potential
marker of the brain network derangement associ-
ated with the persistence of the loss of
consciousness.

Empirical Evidence About
Cardiovascular Dysfunctions in
Disorders of Consciousness

One of the first descriptions of ECG changes in
patients with disorders of consciousness was pro-
vided by Harold Levine who described a 69-year-
old woman showing a condition of coma as a
result of a subarachnoid hemorrhage caused by a
ruptured aneurysm [2]. Two days following the
brain damage, the patient’s ECG showed a pattern
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suggestive of myocardial infarction (ST segment
elevation), which was not confirmed by later
autopsy [2]. This description was followed by
multiple observations from other researchers
suggesting the presence of ECG changes (long
QT intervals, large inverted T waves, and U
waves) in patients with severe brain damage,
mainly of hemorrhagic nature [2]. In all the
cases, postmortem examination excluded the
presence of ischemic heart diseases, just endors-
ing the view of a visceral organ dysfunction
directly linked to the primitive brain damage. In
the same venue, research in animal models
revealed that the occurrence of cardiac syndromes
following a severe brain injury might be favored
by the development of an autonomic
dysregulation. Specifically, it seems that a sympa-
thetic hyperactivity associated with catechol-
amine increasing and toxicity may lead to
several cardiac dysfunctions. Moreover, the
described cardiac disorders cannot be prevented
by adrenalectomy, thus suggesting that a direct
neural connection between the brain and the
heart rather than a blood-borne route is more
likely to be responsible for the final cardiac effects
[2]. The autonomic storm ultimately resulting in
cardiac disorders may arise as a consequence of
strategic brain lesions, which involve areas and
structures normally contributing to the cardiovas-
cular control. These structures, which represent
the cortical inhibitory centers for sympathetic
tone, include the Brodmann areas n.13 and n. 24,
respectively, located in the orbitofrontal cortex
and in the anterior cingulate gyrus, the ante-
rolateral portion of the hypothalamus, and the
insular cortex. After a widespread brain injury,
the above cortical inhibitory centers might be
functionally disconnected from the hypothalamic,
diencephalic, and brainstem hubs that are respon-
sible for the supraspinal control of sympathetic
tone, thus leading to the so-known paroxysmal
sympathetic hyperactivity (PSH) syndrome. This
syndrome is characterized by the sudden onset, in
patients with apparently stationary conditions, of
tachycardia, arterial hypertension, tachypnea,
hyperthermia, and decerebrate posturing follow-
ing stimulation. A mechanism of allodynia under-
lies the occurrence of these paroxysms, as

normally non-noxious stimuli such as mild pain,
urinary retention, or simple movements may trig-
ger a condition of hyperresponsiveness, resulting
in sympathetic storms [10]. The prevalence of
PSH ranges from 8% to 33% across different
studies and countries, with the higher prevalence
being recognized after a traumatic brain injury
[10]. As concerns the effects of PSH on outcomes
of patients, there are some discrepancies across
literature findings, with some studies reporting
PSH as an independent risk factor for mortality
or poor clinical outcome and others excluding the
effects of PSH on long-term neurological out-
comes of patients [10].

Protecting the Heart from the Severely
Injured Brain

Although the effects of a severe brain injury on the
cardiovascular system are only partially under-
stood, there is much evidence that they can have
a profound impact on the short- and long-term
recovery of patients. Arrhythmias and ECG
abnormalities may occur, in the absence of a pre-
vious or a concomitant structural heart disease, in
the whole spectrum of the central nervous system
(CNS) diseases, including ischemic stroke, intra-
cerebral hemorrhage, subarachnoid hemorrhage,
traumatic brain injury, meningitis and encephali-
tis, epilepsy, and neurodegenerative diseases [11].
Especially in CNS diseases with an acute onset
and a rapidly progressive course, including those
leading to consciousness impairment, a closed
cardiac monitoring of patients is mandatory in
order to properly identify and manage any unex-
pected cardiovascular dysfunction, which may
affect survival and outcomes. The most frequently
encountered cardiac abnormalities in acquired
severe brain injuries include arrhythmias, stress
cardiomyopathy (also known as Takotsubo syn-
drome), myocardial infarction, paroxysmal arte-
rial hypertension, and autonomic dysfunction in
ischemic stroke; arrhythmias, stress cardiomyop-
athy, heart failure, systolic dysfunction, myocar-
dial infarction, and wall motion abnormalities in
intracerebral hemorrhage; asymptomatic ECG
abnormalities or arrhythmias, heart failure,
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systolic and diastolic dysfunction, stress cardio-
myopathy, myocardial infarction, and pulmonary
hypertension in subarachnoid hemorrhage; and
arrhythmias, sudden cardiac death, stress cardio-
myopathy, myocardial infarction, systolic dys-
function, heart failure, arterial hypertension, and
autonomic dysfunction in traumatic brain injury
[11]. Arrhythmias cover a heterogeneous spec-
trum of conditions, ranging from asymptomatic
ECG changes to life-threatening conditions like
ventricular runs, torsades de pointes, and
sustained ventricular tachycardias. In the presence
of any ECG changes, it is important to exclude the
presence of concomitant cardiovascular causes by
evaluating serum cardiac enzymes, echocardiog-
raphy, and, when necessary, coronary angiogra-
phy. Electrolyte abnormalities have to be
promptly reversed, and medications causing a
QT prolongation (such as antipsychotics) should
be avoided [12]. Another harmful condition, fol-
lowing a severe brain injury, is represented by the
stress cardiomyopathy/Takotsubo syndrome,
which is characterized by the occurrence of a
neurogenic myocardial stunning triggered by a
catecholamine storm: although catecholamine
usually have a positive inotropic effect on the
heart, a catecholamine excess during an acute
brain injury may result in a myocardial stunning
and require active management [13]. The progno-
sis is usually good, but no data are available on the
effects of this additional complication on brain
injury-related outcomes.

The risk of developing arrhythmias after a
severe brain injury seems to be higher in patients
with right-sided lesions as compared to those with
left-sided lesions [14]. Of note, right insular cor-
tical lesions have been frequently associated with
the development of ECG abnormalities and
increased 3-month mortality rates following the
primitive brain injury. This suggests that the right
insula plays a dominant role in the modulation of
the autonomic nervous system, through the hyper-
activation of the sympathetic branch (“fight or
flight system”) over the parasympathetic (“rest
and digest” system) one. The recent research has
been mainly focused on the identification of bio-
markers denoting an overactivity of the sympa-
thetic system after a traumatic brain injury:

increased plasma and urinary catecholamine
levels have been reported being associated with
the occurrence and the severity of the primitive
brain injury, with high levels of epinephrine and
norepinephrine being found to be independent
predictors of the need of mechanical ventilation,
the length of hospital stay, and the in-hospital
mortality [15]. Moreover, various catecholamine
levels have been detected across brain injuries of
different severity: patients with a consciousness
impairment following a severe acquired brain
injury, as denoted by a Glasgow Coma Scale
score of 3–4, have been reported to have epineph-
rine and norepinephrine levels four to five times
above the normal values, whereas patients with a
mild brain injury had only slightly elevated levels
[16]. In this view, the use of beta-adrenergic
blockers after TBI has been considered useful in
controlling the effects of the sympathetic system
overactivity, thus improving the global outcomes
of patients. Many studies investigated the impact
of the beta-adrenergic blockers use on early sur-
vival and long-term functional outcomes and
quality of life of patients, all reporting a beneficial
effect of beta-blockers [17]. The mechanism by
which these drugs, particularly propranolol, exert
their beneficial effects seems to be linked to an
improvement of cerebral perfusion and microcir-
culation and a decrease of secondary brain injury
of anoxic nature [17]. The decreasing adrenergic
or sympathetic hyperactivity after severe trau-
matic brain injury (DASH After TBI Study) trial
recently investigated the effects of combined pro-
pranolol and clonidine on the outcomes of
severely brain-injured patients: the study was
structured as a single-center, randomized, dou-
ble-blinded, placebo-controlled, two-arm trial
where patients with a severe acquired brain injury,
as defined by a Glasgow Coma Scale � 8, were
divided in two groups, one receiving a combina-
tion of propranolol (1 mg intravenously every 6 h
for 7 days) and clonidine (0.1 mg per tube every
12 h for 7 days) and the other receiving double
placebo [18]. The main outcomes explored
included the norepinephrine plasma level reduc-
tion; the heart rate variability pattern; the occur-
rence of arrhythmias, infections, and agitation; the
medication profile; the extent of coma-free days
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and ventilator-free days; the length of stay; and
the mortality. Although the recruitment of patients
has been completed, the definitive results are still
awaited. They will allow us a better comprehen-
sion of the sympathetic overactivity-related injury
in traumatic brain damage and the potential ben-
efits arising from the use of drugs acting by con-
trolling the sympathetic branch of the autonomic
nervous system [18].

Quantifying the Cardiac Dysfunction
After a Severe Brain Injury

The prerequisite to carry out effective treatments
to control cardiac dysfunctions in widespread
brain injury is the proper identification of patients
who, as a result of specific brain lesions, are more
likely to develop a cardiac disorder even in the
absence of a previous or concomitant direct myo-
cardial injury. For this aim, a series of clinical
parameters and biomarkers should be identified
and investigated in all the patients at risk of
experiencing a sympathetic storm-related dam-
age. Serum troponin and creatine kinase levels
are certainly the ideal biomarkers to promptly
evaluate any cardiac disorder, whether a primitive
damage linked to atherosclerotic coronary artery
diseases or a secondary cardiac dysfunction trig-
gered by a brain injury, which affects the brain-
heart interface. High troponin and creatine kinase
levels have been recognized in multiple cardiac
manifestations following a cerebral damage of
traumatic or vascular nature and have been
reported to be predictive of later functional out-
comes [17]. Similarly, the plasma levels of the N-
terminal probrain natriuretic peptide may be
higher in patients with a severe brain injury, espe-
cially when the size of the brain parenchymal
damage is relevant or when the contribution of
edema to the whole damage increases [17]. More-
over, the assessment of hemodynamic parameters,
such as the heart rate variability and the baroreflex
sensitivity, may be a reliable method to indirectly
investigate the autonomic dysfunction associated
with the underlying brain damage. In fact, intra-
cranial pressure, mean arterial pressure, and heart
rate are mutually interconnected with the

consequence that the heart rate and the blood
pressure profile, in patients with a severe brain
damage and an increased intracranial pressure,
may show pathological changes. Moving from
the assumption that the autonomic, the cardiovas-
cular, and the cerebrovascular system have a
physiologic dynamic interdependence, TBI may
be classified as a multisystem disease, where cere-
bral perturbations manifest extra-cranially by
affecting the normal fluctuations of measured
physiological parameters such as blood pressure
and heart rate [19]. In this respect, a lower com-
plexity of the patterns of heart rate, mean arterial
pressure, and intracranial pressure, as expressed
by a reduction of the nonlinear parameter approx-
imate entropy, has been related to unfavorable
outcomes in severely brain-injured patients [20].
Specifically, the lower ApEn intracranial pressure
has been interpreted as a sign of the primary
cranial insult occurring at the moment of the
impact, while the lower ApEn mean arterial pres-
sure and ApEn heart rate have been postulated to
reflect the secondary additional injury, which also
contributes to mortality and disability [20]. In
these terms, ApEn and other complexity indexes
might be used as indicators of the residual health
of the brain-heart axis, in order to stratify patients
on the basis of their chances for recovery and to
plan a more adequate management.

The Heart Behavior as a Prognostic
Window in Disorders of Consciousness

The most relevant challenge in patients with dis-
orders of consciousness is trying to establish a
prognosis. Notwithstanding the recent develop-
ments in medicine, we are still unable to establish
whether a patient in VS of MCS will recover
consciousness or not. This causes great psycho-
logical distress for families and caregivers and
practical difficulties in establishing which patients
may benefit more from resource allocation in this
field. In this light, we recently proposed a new
prognostic approach in patients with disorders of
consciousness, based on the analysis of the non-
linear dynamics of ECG and electroencephalo-
graphic (EEG) signals [21–24]. This approach
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moves from the assumption that formulating a
prognosis in such patients remains challenging
as a consequence of the lack of an univocal defi-
nition of consciousness, the missing knowledge of
its neural correlates and the extreme heterogeneity
of patients with respect to the extent and severity
of brain damage, the underlying mechanism of
injury, and the presence of additional
comorbidities [23]. The proposed approach is an
“edgeshot” research method, which goes beyond
the definition and localization of consciousness,
by considering the brain as a complex system and
consciousness as an emergent phenomenon
whose peripheral outputs show a nonlinear behav-
ior [24]. A system is defined as complex when the
whole is more than the sum of its single parts, thus
showing emergent properties or behaviors, which
arise as a result of the interaction among the single
parts. Therefore, an emergent phenomenon is a
large-scale group behavior of a system, which
doesn’t seem to have any clear explanation in
terms of the system’s constituent parts [25]. An
example of emergent phenomenon is a flock,
where the single constituent parts (birds) carry
out basic behaviors and give rise to a more com-
plex compound group behavior, which is
unpredictable on the basis of the single parts’
behavior. In these terms, the brain may be consid-
ered as a complex system, showing large-scale
connections within its cortical and subcortical
loops, and consciousness may be labeled as one
of its emergent unpredictable phenomena. This is
also in line with the most accredited definition of
VS according to which VS is a disconnection
syndrome with frontoparietal networks being
functionally disconnected from thalamic struc-
tures [26].

Each complex system (including the brain) has
peripheral outputs (blood pressure dynamics,
heart rate dynamics, ECG and EEG dynamics)
showing a nonlinear unpredictable behavior.
When nonlinearity and unpredictability of blood
pressure, heart rate, and EEG time series are pre-
served, this denotes that the complex system, from
which they arise, is properly working. On the
other hand, when the complex is injured, with
some of its parts being functionally disconnected
from the others, this results in a loss of

unpredictability of its outputs’ behaviors. As the
degree of unpredictability may be stated as a com-
plexity-related parameter (whose reduction
reflects the system “decomplexification”), we
can assume that a reduction of nonlinear behavior
of one or more physiological measures in a patient
with disorder of consciousness may indicate a
reduced brain complexity and, consequently, a
poor outcome [21]. Therefore, the nonlinear anal-
ysis of heart rate and EEG signal may be a prom-
ising way to investigate the residual complexity of
a severely injured brain as a prerequisite to estab-
lish the prognosis of patients. In this venue, we
recently investigated the heart rate (HR) nonlinear
pattern, through a specific parameter known as
approximate entropy (ApEn), in 15 patients with
a persistent VS as compared to 15 matched
healthy control subjects. The findings showed
that mean ApEn values of patients were signifi-
cantly lower than those recognized in healthy
control subjects, thus demonstrating that patients
had a reduced unpredictability of fluctuations in
HR time series, as a possible sign of their neural
networks derangement (Fig. 1). The same was
applied later to a combination of ECG and EEG
signals in order to confirm that ApEn is able to
indicate decreased brain complexity and to dis-
criminate patients with VS from healthy control
subjects [22]. Interest findings also come from a
recent study, which demonstrated that patients in
MCS, as compared to VS/UWS patients, have
more complex heart rate variability (HRV) pat-
terns, as estimated through the complexity index
(CI) [27]. Moreover, a positive correlation was
found between the CI and the connectivity in
several brain areas belonging to the central auto-
nomic network and the autonomic nervous system
[27]. However, the main limitation of using HR
time series to investigate the degree of the neural
derangement lies with the possible presence of
cardiac comorbidities or other concomitant medi-
cal conditions, which can interfere with the anal-
ysis. Obviously, all the patients suffering from
such concomitant conditions are not the ideal
candidates to be selected for prognostic studies
on this issue and should be necessarily excluded.
This represents a relevant restriction if we con-
sider that a high proportion of patients with a VS/
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UWS shows a postanoxic disorder of conscious-
ness due to a primitive cardiac arrest: moreover, it
is well known that the above patients are those
showing the worst prognosis in terms of con-
sciousness recovery, with all the ensuing doubts
and controversies about the possibility of late
recoveries. Therefore, this might lead to the para-
dox that the patients who would benefit more from
an innovative prognostic approach are the same
who cannot be included in prognostic studies. For
this reason, much attention has been recently paid
to the EEG (rather to the ECG) nonlinear dynam-
ics as prognostic indicator for recovery: it has
been reported that ApEn, when applied to EEG
time series analysis, has a strong discriminative
and prognostic validity as it is able to discriminate
patients from healthy controls and correlate sig-
nificantly with the extent of recovery or the per-
sistence of a condition of VS/UWS [28].

In the same venue, other recent studies, focus-
ing on the relevance of the brain-heart research in
prognostic studies on disorders of consciousness,
investigated the occurrence of stereotyped cardiac
and autonomic changes associated with the recov-
ery of sustained focused attention in severely
brain-injured patients. Particular attention has
been paid to the phenomena of anticipatory bra-
dycardia and pupillary dilatation, which seem to
precede attentional task performances, and may
be of help in discriminating even minimal atten-
tional efforts in apparently behaviorally
unresponsive patients [29]. Stereotyped cardiac
responses, including anticipatory bradycardia,

have been recently assessed in a patient with a
diagnosis of posttraumatic persistent minimally
conscious state, as a consequence of a severe
closed head injury following a blunt trauma to
the right frontal lobe occurred 6 years earlier.
The patient underwent a stimulation protocol
based on the implantation of deep brain stimula-
tion (DBS) electrodes in the anterior intralaminar
thalamic nuclei, which resulted in a marked
improvement in behavioral responsiveness. The
improvement was explained by considering the
hypothesis that DBS could have partially reversed
the depressed cerebral global metabolism previ-
ously measured in the patient through fluorodeox-
yglucose positron emission tomography (FDG-
PET) [29]. What’s of note here is that the arousal
improvement, most likely due to DBS, was asso-
ciated with consistently produced marked
changes in heart rate and audible modulations of
heart rhythm during interactions with the patient.
Specifically, a nearly 50% increase in heart rate
was detected and interpreted as the result of an
increase in cardiac output demand in order to meet
the progressively increasing cerebral metabolic
rates. Moreover, the above pattern was occasion-
ally reversed, with audible signs of cardiac decel-
eration being detected, when the patient was
engaged in cognitive tasks requiring attentional
efforts. This finding, although confined to a single
subject and deserving further confirmation, sheds
light on the possibility of indirectly monitoring
the cerebral demand of patients during recovery of
consciousness by easily tracking their patterns of
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heart rate variation. This would be another oppor-
tunity to use the heart window as a prognostic
indicator in disorders of consciousness [29].

Conclusions

The assessment of the brain-heart axis in patients
with a disorder of consciousness, as a result of a
severe acquired brain injury, may have multiple
implications from a prognostic and a therapeutic
perspective. First, a better understanding of the
mutual interactions which occur when the brain
and the heart are, respectively, damaged may
allow us to characterize the mechanisms of myo-
cardial injury following a primitive damage and,
conversely, the effects of an impaired cardiac per-
formance on the brain. This may contribute to
avoid the occurrence of any secondary damage,
which frequently occurs in the minutes to months
following the primary injury, through the develop-
ment of biochemical andmetabolic changes and the
activation of inflammatory and immune processes
[30].Moreover, the heart windowmay represent an
easily accessible way to investigate the residual
complexity of the interconnected brain networks,
which are responsible for the consciousness recov-
ery. Quantifying the heart nonlinear dynamics may
improve our ability to discriminate the patientswho
are more likely to recover, even some months or
years after the cerebral injury, from those whose
chances for recovery are extremely poor. This
might allow us to overcome the most relevant dif-
ficulty we have when establishing a prognosis in
patients with a disorders of consciousness, which
lies with our actual inability to localize the con-
sciousness into the brain within well-established
brain areas or networks.
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Abstract

Epilepsy is a chronic neurological disorder,
characterized by predisposition to recurrent
seizures. Epilepsy patients show an increased
mortality rate, and cardiovascular disease is a
significant cause of death.

The interrelationship between epilepsy and
hearth is complex and many physiopathologi-
cal aspects still remain unclear. Epilepsy may
induce both acute and chronic cardiac changes.

The Central Autonomic Network (CAN)
includes cortical, subcortical, hypothalamic,
and subthalamic regions which control the
activity of preganglionic sympathetic and
parasympathetic neurons; activation or
deactivation of CAN may be responsible for
cardiac changes related to seizures. Acute
cardiac effects of seizures include ictal tachy-
cardia, ictal bradycardia syndrome (including
bradycardia and asystole), postictal asystole,
postictal atrial, and ventricular fibrillation;
periictal QT changes, cardiac ischemia, and
acute stress cardiomyopathy are also
described.
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Chronic cardiac changes include reduced
interictal heart rate variability and QT interval
modifications. Both acute and chronic
factors may be involved in the pathogenesis
of SUDEP.

Many drugs, i.e., Phenitoin, Carbamazepine,
Lamotrigine, Lacosamide, have been associated
with cardiac side effects. Levetiracetam,
Valproic Acid, and other AEDs are relatively
free of any untoward cardiac effect.

Keywords

Epilepsy · Epilepsy and heart · Cardiovascular
comorbidity · SUDEP · AEDs · Ictal
bradycardia · Ictal tachycardia · Ictal asystole ·
Heart rate variability

Introduction

Epilepsy is a chronic neurological disorder
characterized by predisposition to recurrent sei-
zures [1]. Epidemiological studies have reported
for epilepsy patients an increased mortality, com-
pared with general population, and cardiovascular
disease is a significant cause of death. The asso-
ciation between epilepsy and cardiovascular
morbidity and mortality is not clearly defined;
people with epilepsy may report more cardiovas-
cular disease than people without epilepsy
because of behavioral risk factors, genetic predis-
position, seizure-related damage to the heart,
or medication effect. Epilepsy, antiepileptic
drugs (AEDs), and cardiac arrhythmias may be
all involved in the pathogenesis of Sudden
Unexpected Death in Epilepsy (SUDEP) in such
patients [2].

The relation between epilepsy and heart is
complex and reciprocal. True epileptic seizures
could occur in the course of a syncopal attack
caused by a cardiac arrhythmia, but also epileptic
seizures could provoke severe cardiac arrhyth-
mias [3]. Epilepsy is frequently associated with
ictal tachycardia or bradycardia, which sometimes
precedes the onset of seizures [4], suggesting an
important role of brain in cardiac autonomic
control. The peri-ictal changes can lead to short
term alteration of cardiac functions in patients
with seizures, while long lasting epilepsy may

lead to a chronic dysfunction of the autonomic
nervous system [5].

Since many AEDs may exert effects on heart,
the choice of AEDs should be accurately
evaluated based on patient profile and the
cardiovascular risk.

Central Control of Cardiac Function

The autonomic nervous system is fundamental for
body homeostasis. Cardiac control results from
integration between parasympathetic and sympa-
thetic reflex centers; medullary reflexes are then
influenced by cerebral cortex [5].

Parasympathetic output travels from the med-
ullary nuclei DMN (Dorsal Motor Nucleus) and
NA (Nucleus Ambiguus), through the vagus
nerve. According to the “polyvagal theory,” NA
can be considered the origin of the more recently
phylogenetically developed “smart” vagus,
reflecting the vagal phasic output of the heart,
while the DMN is part of the more primitive
“vegetative” vagus, showing only more tonic
effects on heart rate [6]. Vagal efferent activity
causes a slowing of heart rate, a depression of
left ventricular contractility, and a reduction
of the ventricular conduction system.

The sympathetic output to the heart is
mediated by preganglionic neurons from the
intermediolateral column of the spinal cord,
extending from the first through fifth thoracic
segments [4], resulting in an increased automa-
tism of the sinus node, increase in atrio-
ventricular conduction and ventricular excitability
and contractility.

Visceromotor, neuroendocrine, and behavioral
responses are mediated through a Central
Autonomic Network (CAN) which controls the
activity of preganglionic sympathetic and parasym-
pathetic neurons, but also neuroendocrine, respira-
tory, and sphincter neurons. The central autonomic
network includes the insular cortex, anterior cingu-
late cortex, amygdala, hypothalamus, peri-
aqueductal gray, parabrachial nucleus, nucleus of
the solitary tract, ventrolateral reticular formation
of the medulla, and medullary raphe [7].

Both the insular and infralimbic cortices
have been implicated as critical sites for the
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generation of autonomic or cardiovascular
responses [8]. In the rat, the stimulation of caudal
posterior insular cortex generates increases in
heart rate and blood pressure, while the same
stimula applied on rostral posterior insula results
in decreases in heart rate and blood pressure
[9]. The stimulation of infralimbic cortex is
responsible for changes in blood pressure, heart
rate, baroreceptor gain, and even an influence on
chronic hypertension [10, 11].

The left insula is responsible for parasympa-
thetic cardiovascular effects; damages in this
cortex could lead to increased sympathetic
tone and thus to a pro-arrhythmic condition
[12]. In stimulation studies, electrical stimulation
of left insula more often produces bradycardia,
while stimulation of right insula tends to produce
tachycardia [13].

Effects of Seizures on Heart

Rhythm Disturbances Related
to Seizures

During seizures, ictal autonomic changes and
thus cardiovascular or pulmonary dysfunction
may occur. These cardiorespiratory complications
are suspected to be a significant risk factor for
Sudden Unexpected Death in Epilepsy (SUDEP)
[14]. Sympathetic responses are common during
most seizures, causing tachycardia and hyperten-
sion. It is also possible that ictal parasympathetic
activity or sympathetic inhibition occurs, leading
to bradycardia and hypotension.

Seizures of temporal lobe onset are more likely
to show heart rate changes compared to extra-
temporal epilepsies [15, 16]. The occurrence of
early ictal heart decrease is mainly reported in
seizures of temporal origin [17]. Even though
events with increase in heart rate seem to be
more influenced by right anatomic structures
than by left ones, more recent studies have dem-
onstrated a less evident lateralization of cardio-
vascular effects [18]. Heart rate changes prior to
seizure onset are reported in several studies;
recently, suppressed parasympathetic activity at
seizure onset has been described, suggesting the
possibility of predicting seizures by heart rate

variability analysis, shortly before seizure
onset [19].

The following cardiac autonomic changes
have been reported to occur during seizures [20]:

Ictal tachycardia: Sympathetic responses, and
thus tachycardia, are the most common changes
occurring during seizures. In patients with epi-
lepsy, ictal discharges that occur in or propagate
to anterior cingulate, insular, posterior orbito-
frontal, prefrontal cortices, amygdala, and hypo-
thalamus, can lead to increased sympathetic out-
flows, impacting autonomic function.
• Ictal sinus tachycardia: it is usually defined as

heart rate exceeding 100 beats per minute
(bpm). Ictal tachycardia can be defined as the
occurrence of sinus tachycardia either prior
to, during or shortly after the onset of ictal
discharges. It is the most frequent cardiac dys-
rhythmia during epileptic seizures, occurring
in >90% of seizures and usually without any
consequence [21]. Its occurrence ranges from
4% to 41% of subclinical seizures, from 32.9%
to 100%, with a weighted average of 71%, of
partial seizures (with or without generaliza-
tion), from 48% to 100% with a weighted
average of 64% of generalized seizures.

• Ictal atrial flutter/fibrillation (AF): both
ictal and postictal tachyarrhythmias are
reported [22].

• Ventricular fibrillation (VF): in all the
described cases, VF is preceded by a convul-
sive seizure [22].

Ictal bradycardia syndrome. Bradycardia and
asystole during an epileptic seizure are defined as
“ictal bradycardia syndrome” [23].
• Ictal bradycardia (IB): This is considered

a rare event, affecting <5% of epileptic
patients [18]. A progressive decrease in heart
rate from normal sinus rhythm to atrial paced
rhythm with subsequent development of AV
block has been described. It has been hypoth-
esized that IB could be the consequence
of central autonomic network activation,
with consequent increase of parasympathetic
activity or disruption of sympathetic activity
[24, 18]. This syndrome is mainly described in
seizures involving the temporal lobe (67%),
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but it has also been reported in frontal lobe
seizures (33%) involving the insular cortex.
The original Oppenheimer hypothesis about
left-sided stimulation of insular cortex causing
bradycardia and right-sided stimulation caus-
ing tachycardia is not completely reflected in
clinical practice; no clear lateralizing value of
bradycardia in localizing seizure onset has
been proved, since ictal bradycardia most
often occurs in association with bilateral hemi-
spheric seizure activity.

• Ictal asystole (IA): IA has been reported in
0.22–0.4% of monitored patients, although an
underdetection of this phenomenon is possible
[25]. Predominantly focal seizures result in
asystole; in a minority of cases, asystole
appears after a secondary generalization to
GTCS. Regarding seizure onset zone and sei-
zure activity at asystole beginning, significant
temporal predominance has been detected; in
a minority of cases, extratemporal (mostly
frontal) localization can be detected. When
lateralized, left hemispheric predominance
can be observed; however, many cases show

bilateral seizure activity. Conflicting opinions
are available regarding the overall nature of IA,
since some suggest its connection to SUDEP
and others argue for its benign nature. It is
anyway considered a rare cause of cardiac
arrest [26].

IB or IA should be considered in patients with
unusual or refractory episodes of syncope.
Sudden loss of consciousness, falls, and trauma
due to this subtype of complex partial seizures are
similar to those observed in nonepileptic vasova-
gal syncope; this suggests that cerebral hypo-
perfusion secondary to asystole, rather than
seizure-induced stimulation of cortical regions,
is responsible for the clinical manifestation of IA
or symptomatic IB [27].

Regarding management of patients presenting
with ictal asystole and bradycardia, AEDs, and
epilepsy surgery may lead to sustained freedom
of seizures and ictal syncope; in drug-resistant
patients not suitable for epilepsy surgery,
pacemaker implantation should be considered
(Fig. 1) [28].

Fig. 1 Clinical algorithm
for management of ictal
asystole and symptomatic
ictal bradycardia. AED:
Anti-epileptic drug; PM:
Pace-maker. (Modified
from Ref. [28])
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The following cardiac autonomic changes
have been reported to occur after seizures:

Postictal asystole. It is associated with convul-
sive rather than focal dyscognitive temporal
lobe seizures; the association with SUDEP is
strong [22]. Prolonged apnea, activating the
carotid chemoreceptors, causes arousal and even-
tually vagally mediated bradycardia or cardiac
arrest [29].

Postictal AF and VF. They have been detected
in the context of convulsive seizures. Convulsive
seizures cause an activation of sympathetic
nervous system, which is considered a trigger for
both AF and VF. Postictal VF is always classified
as (near-)SUDEP [22].

Cardiac Dysregulation Related
to Chronic Epilepsy

The association between uncontrolled epilepsy
and cardiac dysregulation has gained prominence
in recent years. Respiratory depression occurs
both during and between seizures, resulting in
oxygen desaturation, while heart rate variability
is diminished in patients suffering from chronic
epilepsy. Permanent alteration in cardiac electro-
physiology has been observed in chronic epilepsy,
leading to the development of arrhythmias, bra-
dycardia, and asystole [30].

Pathophysiology. In rat models, chronic
epilepsy causes electrophysiological changes and
thus a secondary cardiac channelopathy. A num-
ber of groups of ion channels are expressed
in both brain and heart, and are implicated in the
dual pathologies of both epilepsy and cardiac
dysrhythmias. For example, hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels
are expressed in both brain, where they promote
normal neuronal excitability, and in heart, where
they contribute to the maintenance of pacemaker
activity in the sinoatrial node. HCN channel genes
could be implicated in both pathophysiology of
arrhythmias and seizures [31].

Interictal heart rate variability. Epileptic
patients show cardiac dysfunction similar to
patients at risk of sudden cardiac death in
general population; modifications in cardiac

electrophysiology induced by epilepsy may be
also responsible for SUDEP. Interictal heart rate
variability (HRV), determined by cyclical varia-
tions in sympathetic and parasympathetic inputs
to the SA node, is significantly decreased in
patients with chronic temporal lobe epilepsy
[32]. HRV is heavily dependent on the vagus
nerve, modulating heart rate in response to inspi-
ration, expiration, wake and sleep states, levels of
activity. Low HRV may be a risk factor for
SUDEP [24].

Other Cardiac Effects of Epilepsy

QTmodifications due to epilepsy. Seizures have
been associated with QT prolongation and QT
shortening [33]. Potential factors leading to peri-
ictal QT prolongation are cerebral dysregulation,
cardiorespiratory interactions, release of stress
hormones during seizures. Data about the role
of acquired QTc shortening, induced or not by
drugs, in epilepsy patients are ambiguous. Some
drugs, such as primidone, have been proved to
shorten QTc. Finally, epilepsy patients show an
increased QT dispersion (i.e., the difference
between the longest and the shortest QT inter-
vals), which is a marker for spatial distribution
of cardiac repolarization [34].

Prolongation or shortening of QT intervals as
well as increased QT dispersion are established
risk factors for life-threatening tachyarrhythmia
and sudden cardiac death. QT prolongation can
cause a delayed ventricular repolarization, leading
to polymorphic ventricular tachycardia and sud-
den cardiac death. QT shortening is associated
with abbreviation of refractory period that, when
combined with an increase in dispersion of repo-
larization, may lead to ventricular fibrillation and
sudden cardiac death [24].

Cardiac ischemia. Rarely, individuals with
underlying coronary artery disease may have sig-
nificant cardiac ischemia and myocardial infarc-
tion during seizures, due to physiologic stress and
adrenergic surge associated with a seizure [35].

Cardiomyopathy. Stress-induced cardiomy-
opathy or Takotsubo cardiomyopathy, resulting
in transient dilatation of ventricular walls
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associated with left ventricular dysfunction, have
analogously been reported due to high levels of
sympathetic activity [36].

SUDEP

SUDEP is defined as “sudden, unexpected,
nontraumatic, witnessed or unwitnessed death in
patients with epilepsy, with or without evidence
for a seizure and excluding documented status
epilepticus, in which postmortem examination
does not reveal a toxicologic or anatomic
cause of death” [37]. SUDEP is a major clinical
problem in epileptic patients, especially those
with chronic and uncontrolled epilepsy. The role
of rhythm disturbances in SUDEP (tachyarrhyth-
mia, bradyarrhythmia, asystole, atrial fibrillation,
supraventricular tachycardia, and atrioventric-
ular blocks), commonly reported during ictal,
interictal, and postictal phase, is unclear.

SUDEP accounts for 8–17% of deaths in
people with epilepsy [38], with an incidence
2–10 per 1000 person years in population-based
studies [39].

The pathogenesis of SUDEP is multifactorial,
including changes in cardiac functions during

seizures, neurogenic pulmonary edema, and respi-
ratory factors (ictal respiratory suppression, cen-
tral or obstructive apnea) [5]. The role of potential
cardiac factors contributing to SUDEP is summa-
rized in Fig. 2.

Effects of AEDs on Heart

AEDs may exert both beneficial and adverse
cardiovascular effects [2].

Metabolic effects. Valproic acid (VPA), carba-
mazepine (CBZ), pregabalin, gabapentin
(GBP), vigabatrin (VIG) have been associated
with weight gain [40], probably due to interfer-
ence with leptin release, insulin resistance,
hyperinsulinemia, and increased food intake.
Nonalcoholic fatty liver disease has been
documented in 60.9%, 22.7%, and 8.7% patients
on VPA, CBZ, and lamotrigine (LTG) mono-
therapy, respectively [41]. Weight gain, metabolic
syndrome, and nonalcoholic fatty liver disease
are linked to increased cardiovascular risk [2].

Enzyme-inducers AEDs (phenytoin (PHT),
fenobarbital (PB), primidone, CBZ) enhance
P450 cytochrome system activity, leading to
increased cholesterol synthesis; enzyme

Fig. 2 Brain and heart mechanisms potentially involved in the genesis of SUDEP. (Modified from Ref. [24])
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inhibitors (VPA, LTG, levetiracetam (LEV)) exert
the opposite action [42]. For example, signifi-
cantly increased levels of total and LDL choles-
terol and triglycerides have been reported in
patients treated with PHT and CBZ, while
VPA-treated patients are reported to have lower
total, LDL, and HDL-cholesterol compared with
nonepileptic patients.

Lifestyle measures and the use of lipid lower-
ing drugs may be useful in patients with epilepsy,
since lipid abnormalities are associated with
increased cardiovascular risk.

Many AEDs (CBZ, oxarbazepine (OXC),
VPA, PHT, PB, LEV, topiramate (TPM)) have
been associated with elevated serum homocyste-
ine levels. Since hyperhomocysteinemia is a
risk factor for hypercoagulability and vascular
diseases and can also enhance seizure activity,
screening for homocysteine concentrations
before and during antiepileptic therapy is recom-
mended [2]. The mechanism leading to hyper-
homocysteinemia may involve depletion of
folate, B6 and B12 vitamins; a decrease of cofac-
tor molecules has been outlined for CBZ and PHT,
while for VPA the changes are unrelated to the
alteration in the levels of cofactors. It is unknown
whether AEDs-induced changes on vitamin levels
could be translated to a real higher risk of cardio-
vascular events [2].

Cardiac Rhythm effects. Many AEDs exert
their effect by binding electrolyte channels, which
could induce effects on cardiac rhythm. PHT,
CBZ, LTG, LAC have been associated with car-
diac side effects. LEV, VPA, and other AEDs are
relatively free of any untoward cardiac effect.

– Phenytoin. PHT is an effective drug in the
treatment of acute seizures and status
epilepticus, with a less sedative effect than
benzodiazepines. Serious adverse effects of
IV PHT, such as cardiac arrhythmias, hypoten-
sion, respiratory arrest, and related deaths,
were historically reported.
PHT is a class IB antiarrhythmic drug; increas-
ing the conduction in myocardial junctions,
shortening the duration of action potential in
injured cardiac tissue, and raising the threshold
of ventricular fibrillation [43], it was used in

the past in the treatment of digoxin intoxication
and atrial fibrillation. Particularly during rapid
intravenus infusion, PHT can lead to AV block
and QT prolongation and consequent death of
patients [2]. It also induces peripheral vasodi-
latation and negative inotropic effect, leading
to a lowering in blood pressure [44]. Phenytoin
preparations contain propylene glycol to
increase water solubility, which may cause
bradycardia and asystole in toxic dosages.
Phosphenytoin is a pro-drug of PHT lacking
propylene glycol, but it may cause hypotension
and arrhythmia in rapid infusion rates.
PHT is now considered safe in oral administra-
tion; IV administration is considered safe at a
maximum infusion rate of 50 mg/min in young
patients and 25 mg/min in patients over
50 years old [45].

– Carbamazepine. CBZ is a widely diffused
AED, used for partial and generalized seizures,
trigeminal neuralgia, as a mood stabilizer and
for neuropathic pain syndromes. Sodium chan-
nel inhibition is the primary mechanism
of CBZ; this causes reduction of phase 4 of
depolarization, affecting the automaticity of
pacemaker cells of the heart. CBZ may sup-
press the AV node and aggravate a bradycardia
to complete heart block.

Based on a review of the evidence, CBZ
may worsen preexisting heart blocks at low
and therapeutic doses may induce de novo
AV conduction delay at higher concentrations
in otherwise normal-aged subjects [46]. The
latter effect is reversible after drug discontinu-
ation. Abrupt withdrawal of CBZ can lead to a
decrease in total heart rate variability and
predominance of sympathetic activity during
sleep [2].

– Lamotrigine. No elevated risk of clinically
relevant cardiac side effects on LTG treatment
is reported. PR interval may be slightly
prolonged, especially at high doses of LTG;
post-marketing safety surveillance proved this
not to be a clinically relevant adverse effect
[47]. Lamotrigine exerts an effect neuronal
sodium channels within cardiac fibers; as slight
sodium channel block tends to shorten action
potential duration before affecting the rate
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of rise, Lamotrigine may cause a small reduc-
tion in QTcF; the clinical consequences of QT
shortening are unclear. Lamotrigine overdose
has been reported to cause complete hearth
block.

– Lacosamide. LAC is a new AED with demon-
strated efficacy for partial-onset seizures in
adults with epilepsy. CBZ, LTG and LAC all
inhibit the cardiac voltage-gated sodium chan-
nel (SCN5A). In vivo studies showed that
lacosamide acts as a cardiac depressant, with
decreased systolic left ventricular pressure,
transient increases in PR interval, and QRS
complex duration [48]. Phase III epilepsy
trials and postmarketing studies have observed
a dose-dependent increase in PR interval of
patients taking lacosamide [49]; this prolonga-
tion is within the range caused by moderate
doses of LTG, PRG, CBZ and its clinical
relevance is unknown. Recent case reports
are available about conduction disturbances
and arrhythmias associated with lacosamide
treatment.

Conclusions/Summary

Epilepsy and AEDs may exert strong effects on
cardiovascular function.

Since insular and infralimbic cortices have
been implicated as critical sites for the generation
of autonomic or cardiovascular responses, sei-
zures of temporal lobe onset are more likely to
show heart rate changes compared to extra-
temporal epilepsies. Ictal tachycardia (sinus or
aritmic tachycardia) and ictal bradycardia syn-
drome have been reported during seizures; post-
ictal asystole and atrial/ventricular fibrillation have
been reported following seizures. Other effects of
epilepsy include QT modifications, cardiac ische-
mia, and stress-induced cardiomyopathy.

AEDs influence cardiac function through met-
abolic and cardiac rhythm effects. The first
include weight gain, hypercholesterolemia,
hyperomocysteinemia. Effects on heart rhythm
include AV block and QT prolongation (PHT)
and AV conduction delay (CBZ, LTG, LAC).
The knowledge of these side effects could help

to tailor the therapy according to patient’s charac-
teristic and comorbidities, and to avoid unex-
pected cardiac side effects.
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Abstract

The general term headache indicates a pain
localized in the cranial region, associated with
a variety of different signs and symptoms. A
headache can be a primary condition, when no
organic cause can be identified, or it can repre-
sent symptom of an underlying condition,
being in this latter case defined as secondary.

In this chapter the intricate relation between
the heart and brain is depicted in relation to the
different types of existing headaches, based on
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the most recent diagnostic criteria and avail-
able scientific evidence.

Primary headaches, with migraine in particu-
lar, represent a risk factor for heart diseases and
heart defects: the decision on how to treat these
conditions, such as patent foramen ovale, will be
therefore properly addressed. Moreover, as dif-
ferent categories of pharmacological treatments
for migraine prevention derive from the cardio-
vascular pharmacopeia, the rationale behind
their use will be further elucidated. Finally,
among secondary headaches, we will describe
the causative relationship due to hypertension,
cervical artery dissection, and angina pectoris.

The pathways leading to the relationship
between the heart and brain are multifold in
number and nature: this chapter highlights the
variety of connections between them through
the experience in the headache field.

Keywords

Primary headaches · Migraine · Cluster
headache · Nytroglicerin · Heart defects ·
Secondary headaches · Hypertension ·
Cervical artery dissection · Angina cephalgia

Generalities on Headache:
Classification

Headache is a general term that indicates pain
localized in the cranial region. Several types of
headaches are nowadays recognized and identi-
fied with precise diagnostic criteria in the Interna-
tional Classification of Headache Disorders
(ICHD), recently published in its 3rd edition [1].

Classifications are extremely important
because they offer a common framework on
which to conceptualize knowledge and research
and, at the same time, ensure standardized com-
munication among the scientific community.

ICHD subdivides headaches into “primary,”when
no organic cause can be identified and the headache is
actually the disease, and “secondary,” where head-
ache is a symptom of an underlying condition.

Primary headaches are represented by migraine,
tension-type headache, trigeminal autonomic
cephalalgias, and other primary headache disorders.

Migraine is a common disabling condition
with an estimated 1-year prevalence in the general
population that varies from 12% to 42% [2]. Many
epidemiological studies have documented its high
prevalence and socioeconomic and personal
impacts. In the Global Burden of Disease Survey
2010 (GBD2010), it was ranked as the third most
prevalent disorder in the world. In the 2015 edi-
tion of the same survey (GBD2015), it was ranked
third-highest cause of disability worldwide in
both males and females under the age of 50 years.

Migraine has two major types: migraine with-
out aura is a clinical syndrome characterized by
headache with specific features and associated
symptoms (see Table 1), and migraine with aura
is primarily characterized by the occurrence of
transient focal neurological symptoms that usu-
ally precede or sometimes accompany the head-
ache (see Table 2).

Relationship Between Migraine and
the Heart

The association between migraine and cardiovas-
cular events has been a field of ongoing interest,
but the data available do not allow, so far, any
strong conclusive indications.

Migraine headache, especially migraine with
aura, has been linked to cerebral hypoperfusion,

Table 1 Diagnostic criteria of the International Classifi-
cation of Headache Disorders for “migraine without aura”
(2018)

A. At least five attacks fulfilling criteria B–D

B. Headache attacks lasting 4–72 h (when untreated or
unsuccessfully treated)

C. Headache has at least two of the following four
characteristics:

1. Unilateral location

2. Pulsating quality

3. Moderate or severe pain intensity

4. Aggravation by or causing avoidance of routine
physical activity (e.g., walking or climbing stairs)

D. During headache at least one of the following:

1. Nausea and/or vomiting

2. Photophobia and phonophobia

E. Not better accounted for by another ICHD-3 diagnosis
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systemic vasculopathy, endothelial dysfunction,
and a hypercoagulable state. It is hypothesized
that these factors may increase the risk of various
adverse cardiovascular and cerebrovascular
events. However, studies that investigated an
association between migraine and cardiovascular
and cerebrovascular outcomes demonstrated
inconsistent associations [3].

A recent large meta-analysis involving 16
observational cohort studies including over 1.1
million subjects and an extended follow-up dura-
tion up to 26 years showed that subjects with
migraine are at increased risk of myocardial
infarction at a follow-up of 8.8 years [4]. How-
ever, no apparent influence emerges in the meta-
analysis as regards the type of migraine (with/
without aura) or gender.

In a previous analysis, Sacco et al. reported an
increased risk of myocardial infarction in
migraine with aura [5] but no increased risk of
ischemic heart disease and coronary revasculari-
zation. It must be noted that the Authors reported
quite a high variability of data in the evaluation of
the different studies.

Taken these findings altogether, it seems rea-
sonable to state that in general there is some signal

that migraine sufferers may be more exposed to
coronary heart disease. One piece of the picture
may be represented by the increased number of
risk factors for migraineurs. Indeed, the GEM
(Genetic Epidemiology of Migraine) population-
based study showed that compared to controls,
migraineurs have a higher number of risk factors
for myocardial infarction: they are more likely to
smoke, to have a parental history of early myo-
cardial infarction, an unfavorable cholesterol pro-
file and elevated blood pressure.

Contrarily to what has been proposed for
stroke, where evidence is in favor of an increased
risk for women suffering from migraine with aura
using combined hormonal contraception, no evi-
dence was found on risk of myocardial infarction
[6].

Patent Foramen Ovale

Multiple studies have reported a significant asso-
ciation between migraine, in particular migraine
with aura, and the presence of a patent foramen
ovale (PFO) [7]. The foramen ovale serves the
purpose of physiologic right-to-left shunting of
blood circulation until the pulmonary circulation
is established after birth. It remains patent after
birth in approximately 20% of the general popu-
lation, while this percentage rises from 41% to
48% in patients with migraine with aura [8].
Reports suggesting an association of PFO and
migraine have been published after observational
studies in migraine patients undergoing device
closure of PFO and experiencing an alleviation
of migraine symptoms after the procedure. With
migraine without aura, the association with PFO
seems to be weaker [9].

Several pathophysiological mechanisms may
be invoked to explain the association of PFO
with migraine with aura: platelet activation,
aggregation, and embolism [10] and paradoxical
gas embolism across atrial shunts (with the sever-
ity of an episode of migraine related to the amount
of bubbles crossing the defect) [11]. A genetic
mechanism has also been proposed, with domi-
nant inheritance of atrial shunts, linked to inheri-
tance of migraine with aura in some families that

Table 2 Diagnostic criteria of the International Classifi-
cation of Headache Disorders for “migraine with aura”
(2018)

A. At least two attacks fulfilling criteria B and C

B. One or more of the following fully reversible aura
symptoms:

1. Visual

2. Sensory

3. Speech and/or language

4. Motor

5. Brainstem

6. Retinal

C. At least three of the following six characteristics:

1. At least one aura symptom spreads gradually over
�5 min

2. Two or more aura symptoms occur in succession

3. Each individual aura symptom lasts 5–60 min
4. At least one aura symptom is unilateral

5. At least one aura symptom is positive

6. The aura is accompanied, or followed within 60min,
by headache

D. Not better accounted for by another ICHD-3 diagnosis
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may be explained by the common development of
endocardium, endothelium, and platelets.

It must be however noted that, at variance with
the first positive results obtained in open or retro-
spective studies, several controlled studies aimed
at evaluating the efficacy of PFO closure on
migraine disease failed to reach the primary end-
points, although they report a partial improvement
[12] or were totally negative [13]; consequently
up to now, FDA has not approved closure devices
for treating migraine.

Other Heart Defects

An atrial septal aneurysm (ASA) consists of
redundant atrial septal tissue bulging into the
right or left atrium. A high prevalence of isolated
ASA was described in a small group of patients
with migraine with aura without cerebral and car-
diovascular disease; the probability of having
ASA seems to be higher in patients with ischemic
stroke, PFO, and comorbid migraine [14].

Mitral valve prolapse (MVP) is definitely asso-
ciated with migraine as suggested by convincing
evidence in favor of a bilateral relationship: sub-
jects with migraine bear MVP more frequently
than the general population, and subjects with
MVP prolapse more frequently suffer from
migraine [15].

The shared pathogenetic mechanisms are elu-
sive; thus it seems reasonable to hypothesize a
role for serotonin release by platelets that are
damaged by the MVP regurgitant jet. Further-
more, MVP may be a source of small emboli due
to myxomatous degeneration of the prolapsing
mitral valve leaflets, which in turn may cause
platelet aggregation. The subsequent thrombi for-
mation may therefore result in transient cerebral
ischemia [16].

The Human Migraine Model:
Nitroglycerin

Another area of contact of migraine and the heart
is nitroglycerin, a well-known vasodilator used
for coronary heart disease. Researchers in the

headache field were attracted by nitroglycerin
(NTG) headache attacks that bear migraine-like
features.

Sicuteri first described a segregation in the
headache response to NTG in healthy subjects
and migraineurs [17]. Healthy controls develop
an immediate, low-intensity headache that
resolves within a fewminutes; at variance subjects
with migraine develop a headache attack with
migraine-like features after several minutes or
hours and may have a long duration. The speci-
ficity of the headache response has been tested on
large population [18].

A striking similarity exists between spontane-
ous migraine attacks and NTG-induced headache
attacks in migraineurs: NTG-induced headache
fulfils the IHS diagnostic criteria for migraine in
a very high percentage of migraineurs [18],
responds to triptans, and is prevented by
migraine-preventive drug valproate.

Several studies from our group, confirmed and
expanded by other groups, have shown that the
mechanism linking a vasodilating drug like NTG
tomigraine is muchmore complex than the simple
effect on the endothelial cells as it involves differ-
ent targets: multiple lines of evidence suggest that
NTG generates peripheral and central sensitiza-
tion via a cascade of events that encompass the
accumulation of nitric oxide and the activation of
ion channels in the brain, the activation of the
inflammatory cascade, and the release of neuro-
transmitters and vasoactive peptides (i.e., calcito-
nin gene-related peptide) in the meninges and in
central trigeminal areas [19].

Preventive Drugs for Migraine

Patients affected by frequent migraine attacks
may need preventive treatment in order to reduce
the frequency and severity of attacks. A number of
oral pharmacological treatments have been evalu-
ated and are recommended for migraine preven-
tion [20, 21]. Among them we find beta-blockers
(propranolol, metoprolol), calcium antagonist
(flunarizine), and angiotensin inhibitors. These
substances belong to pharmacologically unrelated
drug which seems to suggest that headache
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prevention is due to the reduction in blood pres-
sure per se [22]. Data from the literature at vari-
ance suggest several possible mechanisms of
actions that are analyzed in the following
paragraphs.

Beta-Blockers

ß-Adrenergic blockers (ß-blockers) are competi-
tive inhibitors of ß-receptors, but they differ with
regard to receptor binding (i.e., ß1-selectivity
and partial agonistic activity) and pharmacoki-
netic properties. ß-Blockers with intrinsic sym-
pathomimetic activity (e.g., acebutolol,
alprenolol, oxprenolol, and pindolol) are not
effective for migraine prevention. Clinical stud-
ies support instead the efficacy of propranolol,
timolol, and metoprolol in migraine-preventive
treatment [23]. Atenolol and nadolol also have a
moderate effect in reducing migraine attack
frequency.

The mechanisms of action of ß-blockers in
migraine prevention are not completely under-
stood, although it seems that the most relevant
activity in this regard is the inhibition of ß1-medi-
ated effects. Indeed, blockade of ß1 receptors may
inhibit noradrenaline release and the activity of
tyrosine hydroxylase, the rate-limiting synthetic
step. Propranolol reduces the neuronal firing rate
of noradrenergic neurons of the locus coeruleus
and the firing rate of periaqueductal grey matter
(PAG) neurons via a GABA-mediated action.
Recent findings in an animal model of tri-
geminovascular activation showed that proprano-
lol exerts its prophylactic action, at least in part,
by interfering with the chronic sensitization pro-
cesses in the rostral ventromedial medulla and
locus coeruleus and by counteracting the facilita-
tion of trigeminovascular transmission within the
trigeminocervical complex [24].

It is also possible that some ß-blockers interact
with the serotonergic system, a key player in the
pathophysiology of migraine, by blocking 5-
HT2C and 5-HT2B receptors [25]. Furthermore,
propranolol inhibits nitric oxide production by
blocking inducible nitric oxide synthase (NOS).
Propranolol also inhibits kainite-induced currents

and is synergistic with N-methyl-D-aspartate
blockers, which reduce neuronal activity and
have membrane-stabilizing properties and may
therefore attenuate cortical excitability.

Cortical spreading depression (CSD) could
also represent a target for ß-blockers in migraine.
In an experimental model, it was observed that
treatment with propranolol suppressed retinal
spreading depression. Moreover, treatment with
propranolol blocked CSD in rats, without altering
regional cerebral blood flow and systemic arterial
blood pressure [26].

Finally, it has also been hypothesized that ß-
blockers exert some of their therapeutic effects in
migraine through an action at the ventropos-
teromedial thalamic nucleus, which represents a
relay of trigeminal sensory input to the primary
somatosensory cortex.

Calcium Antagonists

Several calcium antagonists (Ca-antagonists) are
used for migraine prevention since the 1980s.
Flunarizine is the best studied compound and
licensed for this indication in many countries
(although it is not available in the USA). Verapa-
mil and the antihistaminergic drug cinnarizine are
alternatives (e.g., in refractory migraine cases or
when flunarizine is not available) that also act at
calcium channels. However, both latter drugs are
off-label for migraine treatment, and the evidence
in terms of efficacy is scarce.

As regards the potential mechanism of action
of these ca-antagonists in migraine, flunarizine is
a nonselective calcium antagonist, which also
blocks voltage-gated sodium channels [27]. Via
these two mechanisms, flunarizine may reduce
neuronal excitability and normalize cortical
hyperexcitability in migraine. Furthermore,
flunarizine acts as a dopamine antagonist on D2
receptors, and dopamine has been invoked as an
important mediator in migraine pathophysiology.
Finally, flunarizine attenuates in terms of number
and duration of the waves of cortical spreading
depression in the animal laboratory setting and
alleviates mitochondrial injury caused by cortical
spreading depression waves [28].
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ACE Inhibitors and Angiotensin
Receptor Blockers

Lisinopril, an angiotensin-converting enzyme
inhibitor (ACE-I), has been shown to be prophy-
lactically effective at a dose of 10 mg twice daily
in a small, double-blind, placebo-controlled cross-
over trial [29]. ACE-Is modulate vasoreactivity,
alter sympathetic tone, and promote degradation
of proinflammatory factors, such as substance P,
enkephalin, and bradykinin. An additional mech-
anism of action for ACE-I in migraine could be
modulation of the endogenous opioid system.
Indeed the effect of this class of drugs has been
reported to be blocked by antagonizing opioid
receptors. In addition to its traditional role as a
circulating hormone, angiotensin is also involved
in local functions through activity of tissue renin-
angiotensin system that occur in many organs,
including the brain (both systemic and presump-
tive neurally derived angiotensin). Angiotensin II
receptors are located on neurones, astrocytes, and
endothelium, and the hormonal effect is mainly
mediated through the angiotensin II type 1 recep-
tor. Brain angiotensin II type 2 receptors are
located in areas predominantly involved in sen-
sory processing, but their function remains to be
clarified [30]. Renin-angiotensin system is present
in the brain where it modulates cerebrovascular
flow and influences fluid and electrolyte homeo-
stasis, autonomic pathways, and neuroendocrine
systems. Angiotensin II modulates potassium
channels and calcium activity in cells, increases
the concentration of dopamine and of the main
serotonin metabolite, 5-hydroxyindoleacetic acid,
and activates nuclear factor kB, which is associ-
ated with increased expression of inducible nitric
oxide synthase [31].

Candesartan is an angiotensin II receptor that
showed an efficacy comparable to propranolol in
migraine prevention. By blocking angiotensin
receptor, candesartan provokes several effects that
may be relevant to migraine, such as direct vaso-
constriction, increased sympathetic discharge, and
adrenal medullary catecholamine release.

Taken together the multiple biological activi-
ties of cardiovascular drugs that proved effective
in migraine prophylaxis suggest that, rather than

purely vascular, their mechanism of action may
involve neuronal and astrocytic activities. A pos-
sible explanation may reside in a shared genetic
comorbidity at the basis of the association of
migraine with cardiovascular disease and the ben-
eficial effect of “cardiovascular” drugs. In this
frame, it is worth mentioning that in non-Cauca-
sian population, an increased risk of migraine with
aura was detected in subjects bearing the
methylenetetrahydrofolate reductase 677C > T
polymorphism with migraine, while the ACE II
genotype was protective against both migraine
with and without aura [32].

The importance of these polymorphisms in
explaining the link between migraine and cardio-
vascular disease remains uncertain, and specifi-
cally targeted studies are necessary to address
the issue.

Cluster Headache

Cluster headache (CH) is an infrequent primary
headache belonging to the group of trigeminal
autonomic cephalalgias whose attacks are charac-
terized by the strict unilaterality of pain and the
activation of the trigeminal autonomic reflex lead-
ing to ipsilateral lacrimation, rhinorrhea, partial
ptosis, miosis, and conjunctival injection, as man-
ifestation of increased parasympathetic and
diminished sympathetic outflow to the cranial
anatomy.

Several lines of evidence suggest that cardiac
autonomic control is subclinically affected in CH
sufferers. Several studies suggested an association
between CH and obstructive sleep apnea [33],
which is a risk factor for developing hypertension
[34]. Furthermore, CH patients present a
dysregulated systemic BP in the form of increased
variability and an attenuation of the normal
decrease in nocturnal blood pressure, known as
nocturnal dipping [35]. This seems important
since the absence/reduction of nocturnal dipping
is a strong and independent predictor of cardio-
vascular risk. Indeed, in normotensive patients,
the prevalence of non-dippers has been estimated
to range from 10% to 20% [36], while it is as high
as 84% in CH patients.

522 C. Tassorelli et al.



It is also true that cardiovascular risk factors,
namely, cigarette smoking, seem to be more prev-
alent in these patients [37]. In analogy to
migraine, CH-like attacks can be brought about
by NTG. Ekbom described that the CH attack
typically occurred 30–50 min after administration
of the NTG [38]. Another similarity and link with
cardiovascular function is the effect of a calcium
antagonist, in this case verapamil, in the preven-
tion of CH attacks. Once again, the mechanism
involved for the biological activity of verapamil in
CH is not the purely vascular but rather seems
linked to the modulation of hypothalamic activity.
The hypothalamus plays a leading role in the
pathophysiology of CH [39] possibly through
destabilization of descending antinociceptive con-
trol [40]. Of course, the hypothalamus is also a
central control hub for the autonomic function.

Secondary Headache Associated with
a Cardiovascular Disorder

Hypertension

Elevated blood pressure (BP) and headache have
long been linked in the medical literature,
although data on association are conflicting. Inter-
national guidelines stipulate that headache should
be attributed to elevated BP if the systolic BP
(SBP) rises rapidly to 180 mmHg or higher, or if
the diastolic BP rises to 120 mmHg or higher, and
if the headache resolves with normalization of BP
[1] (Table 3). This guideline statement is
supported by ambulatory BP-monitoring studies
in hypertensive patients, which demonstrate that,
in general, routine headache is not preceded by
atypical fluctuations in BP [41]. Left unclear by
these data is the role of elevated BP in headaches
of sufficient intensity to warrant a visit to a med-
ical provider, a not uncommon scenario, and the
question of how to manage patients with both an
acute headache, such as migraine, and elevated
BP.

A recent study that analyzed two distinct and
large datasets regarding patients seeking medical
help at the emergency department because of
headache or arterial hypertension found that (i)

elevated BP is common among patients who pre-
sent with a chief complaint of headache; (ii)
patients with headache are more likely to have
elevated BP than are patients with other com-
plaints; and (iii) among patients who presented
with migraine and an elevated BP, there is no
correlation between improvement in headache
and improvement in systolic or diastolic blood
pressure [42].

Therefore, if the association hypertension-
headache seems in fact genuine, its directionality
is not clear. Indeed, one may actually hypothesize
that elevated blood pressure is causing headache,
but it is just as likely that headache is causing
elevated blood pressure.

Spontaneous Cervical Artery Dissection

Cervical artery dissection is a serious but treatable
cause of headache that may be misdiagnosed as
recent onset migraine. Risk factors include neck
trauma, recent infection, family history, smoking,
hypertension, oral contraceptives, and connective
tissue disease [43].

Most of the times, patients cannot recall an
injury, and thus the dissection is presumed to be
spontaneous. Spontaneous cervical artery dissec-
tion typically occurs in young adults before
45 years and is a common cause of stroke in the
young population [44]. Typical clinical features

Table 3 Diagnostic criteria of the International Classifi-
cation of Headache Disorders for “headache attributed to
arterial hypertension” (2018)

A. Any headache fulfilling criterion C

B. Hypertension, with systolic pressure � 180 mmHg
and/or diastolic pressure � 120 mmHg, has been
demonstrated

C. Evidence of causation demonstrated by either or both
of the following:

1. Headache has developed in temporal relation to the
onset of hypertension

2. Either or both of the following:

a) Headache has significantly worsened in parallel
with worsening hypertension

b) Headache has significantly improved in parallel
with improvement in hypertension

D. Not better accounted for by another ICHD-3 diagnosis
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include ipsilateral headache preceding an abrupt
neurologic deficit. Incomplete Horner syndrome
(oculosympathetic paresis without facial
anhidrosis) due to disruption of branches of the
superior cervical ganglion is also common [45].
The diagnostic criteria of the International Classi-
fication of Headache Disorders are illustrated in
Table 4. The diagnostic confirmation can be
performed noninvasively with CT/CT angiogra-
phy scan, MRI/MRI angiography, and ultrasonog-
raphy, but angiography is the gold standard for the
diagnosis [46]. Medical treatment with either anti-
platelets or anticoagulants is the mainstay of treat-
ment to prevent thromboembolic complications.
Endovascular and surgical approaches, though
effective, bear a greater risk for hazardous com-
plication than medical management. No treatment
guidelines have favored anticoagulation over anti-
platelet agents, and the choice of management
remains in the discretion of the treating physician.

Anticoagulation using intravenous heparin
followed by warfarin constitutes one end of the
treatment spectrum, while antiplatelet agents such
as aspirin and clopidogrel represent the other
commonly used strategy. Even aspirin alone has
been shown to be effective in treating cerebrovas-
cular dissections [47]. Most of the data available
on the medical management of arterial dissections
have come from observational studies, but
recently the randomized trial CADISS (Cervical
Arterial Dissection in Stroke Study) [48] did not
show any difference in the efficacy of antiplatelet
and anticoagulant drugs in the prevention of
stroke and death in patients with symptomatic
carotid and vertebral artery dissection. This find-
ing was confirmed in a subsequent observational
study on a large population, where new or recur-
rent ischemic and hemorrhagic events recurred in
9.6% of patients treated with antiplatelets, 10.4%
of patients on anticoagulation, and 13.3% of
patients on combined treatment [49].

Cardiac Cephalalgia

Cardiac cephalalgia is a migraine-like headache,
usually but not always aggravated by exercise,
occurring during an episode of myocardial ische-
mia and relieved by nitroglycerine. The diagnostic
criteria are illustrated in Table 5.

In 1997, Lipton et al. described two cases and
summarized five previous cases of an exertional
headache complicated with acute coronary syn-
drome, discovering that the headache was relieved
by the administration of nitroglycerine and/or sur-
gical interventions including coronary artery
bypass grafting or percutaneous angioplasty [50].

The diagnosis requires a careful documenta-
tion of headache and of the simultaneous cardiac
ischemia during treadmill or nuclear cardiac stress
testing. Failure to recognize and correctly diag-
nose it may have serious consequences. There-
fore, distinguishing this disorder from 1.1
migraine without aura is of crucial importance,
particularly since vasoconstrictor medications (e.
g., triptans) are indicated in the treatment of
migraine but absolutely contraindicated in
patients with ischemic heart disease. Both

Table 4 Diagnostic criteria of the International Classifi-
cation of Headache Disorders for “headache attributed to
acute headache or facial or neck pain attributed to cervical
carotid or vertebral artery dissection” (2018)

A. Any new headache and/or facial or neck pain fulfilling
criteria C and D

B. Cervical carotid or vertebral dissection has been
diagnosed

C. Evidence of causation demonstrated by at least two of
the following:

1. Pain has developed in close temporal relation to
other local signs of the cervical artery dissection or has
led to its diagnosis

2. Either or both of the following:

a) Pain has significantly worsened in parallel with
other signs of the cervical artery dissection

b) Pain has significantly improved or resolved
within 1 month of its onset

3. Either or both of the following:

a) Pain is severe and continuous for days or longer

b) Pain precedes signs of acute retinal and/or
cerebral ischemia

4. Pain is unilateral and ipsilateral to the affected
cervical artery

D. Either of the following:

1. Headache has resolved within 3 months

2. Headache has not yet resolved, but 3 months has not
yet passed

E. Not better accounted for by another ICHD-3 diagnosis
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disorders can produce severe head pain accompa-
nied by nausea, and both can be triggered by
exertion.

The pathogenesis remains unclear and three
hypotheses have been proposed along the years:
(i) convergence of nerve fibers within the spinal
cord, (ii) increased intracranial pressure second-
ary to decreased venous return from the brain, and
(iii) increased inflammatory mediators causing
vasodilation. In a recent case report, the Authors
reported cortical hypoperfusion during headache
attack in a patient with cardiac cephalalgia. This
observation paves the way to an additional path-
ological hypothesis: the vessel constriction
hypothesis. Two possible physiological mecha-
nisms may be implicated in the hypothesis: one
is represented by the activation of the sympathetic
system by the myocardial ischemia, with the con-
sequent small intracranial arteries constriction and
subsequent headache, in analogy to the mecha-
nisms of reversible cerebral vasoconstriction syn-
drome; the other considers that hypoperfusion
might induce cortical spreading depression,
which might then initiate the headache [51].

Conclusions

In the intimate and underestimated relation
between the heart and the brain, headache may
represent both a symptom and a comorbid condi-
tion. The pathways leading to this relationship are
multifold in number and nature and comprise the
autonomic nervous system, commanded by the
brain and innervating the heart; the blood vessels’
state of constriction/dilatation; the substances that
can be released from nervous terminals near the
blood vessels; the mechanic obstacles created by
heart structure that may lead to the formation of
microembolisms, a possible genetically based
link; and most likely many others, yet to be
described – but definitely worth studying –
mechanisms.
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Abstract

The ability of the central nervous system
(CNS) to damage the heart depends on
the physiological link between the brain and
cardiovascular system. The latter is under con-
trol of interconnected areas of CNS belonging
to the central autonomic network (CAN) and of

two different pathways: the sympathetic and
the parasympathetic nervous system.
Neurological disorders that disrupt this com-
plex system at various levels can lead to car-
diovascular dysfunction. Multiple sclerosis
(MS) is an inflammatory disorder of the central
nervous system leading to focal and diffuse
demyelination of neurons and ultimately to
neurodegeneration and accumulation of dis-
ability. Recently, attention has been paid to
the study of autonomic dysfunction and of
cardiovascular complications of MS, as they
may impact on MS prognosis and long-term
disability. Acute cardiac events have been
also reported in MS patients associated with
inflammatory relapses. Nevertheless, treat-
ments for MS, such as mitoxantrone or
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fingolimod, may impact on cardiovascular
functioning via autonomic system-dependent
or autonomic system-independent mechanism
of action. Therefore, accurate and periodic
monitoring of heart and cardiovascular system
is required during disease-modifying treat-
ments. This chapter will provide an overview
of the available evidence on the role of the
autonomic system in MS, to describe clinical
and prognostic features of cardiac events in
MS and to describe the main cardiovascular
complications of disease-modifying treatments
in MS.

Keywords

Multiple sclerosis · Cardiovascular reflexes ·
Autonomic nervous system · Heart rate
variability · Fingolimod · Mitoxantrone

Introduction

Multiple sclerosis (MS) is an inflammatory disor-
der of the central nervous system (CNS) leading to
focal and diffuse demyelination of neurons and
ultimately to neurodegeneration and accumula-
tion of disability. MS was traditionally considered
to be an autoimmune disease mediated by auto-
reactive T helper (Th)1 and Th17 cells releasing
pro-inflammatory cytokines allowing Th cells to
enter the CNS and induce focal damage. Recently,
B cells are increasingly recognized as main
players in the MS pathogenesis, particularly after
the discovery of B-cell follicles in the meninges
and the encouraging results of clinical trials using
B-cell-depleting agents to treat MS [1].

MS typically affects patients between 20 and
40 years of age, and it is one of the world’s leading
causes of disability in young adults with a preva-
lence that varies between 50 and 300 per 100,000
people [2]. The risk of developing MS is higher in
women (female-to-male ratio about 3:1) and in
northern countries. The two main clinical courses
of MS are relapsing-remitting and progressive,
although many overlaps exist between the
two forms. Relapsing-remitting MS (RRMS) is

characterized by the occurrence of subacute neu-
rological deficits (“relapses”) undergoing com-
plete or incomplete remission in days to weeks,
which are usually subtended by new focal demy-
elinating lesions in the brain or spinal cord. In
progressive MS, slow disability accumulation
occurs over time due to progressive neuronal
loss. In order to provide a standardized definition
ofMS subtypes and to unify terminology, in 1996,
it was proposed to classify MS subtypes in
relapsing-remitting MS (RRMS), secondary pro-
gressive MS (SPMS), and primary progressive
MS (PPMS) [3]. In 2013, an updated revision of
this classification was made [4], introducing new
disease courses (radiological and clinically iso-
lated syndromes) and adding to the established
MS phenotypes two disease modifiers, activity
and progression, to better define individual clini-
cal course.

The diagnosis of MS is based on a combination
of clinical, imaging, and laboratory evidence and
on the exclusion of alternative explanations. The
most updated revision of the McDonald diagnos-
tic criteria has been made in 2017 and can be used
as guidance for diagnosis [5].

Clinical symptoms of MS may involve several
functional systems, most commonly visual,
pyramidal, sensitive, cerebellar, and urogenital.
Cardiovascular and autonomic involvement,
both at onset and during the disease course, is
more rarely investigated and described, and it is
reliably underestimated. It is dependent on brain
and spinal cord inflammatory lesions or may
occur as complication of treatments.

As of June 2019, 15 disease-modifying treat-
ments have been approved for the treatment of
MS, with very different mechanisms of action
and side effect profile. With the development of
disease-modifying therapies (DMTs), patients and
health-care providers now have multiple options
and improved flexibility in managing MS.

This chapter will provide an overview of the
available evidence on the role of the cardiovascu-
lar autonomic system in MS, of clinical and prog-
nostic features of cardiac events in MS, and of the
main cardiovascular complications of disease-
modifying treatments in MS.
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Cardiovascular Autonomic
Dysfunction in Multiple Sclerosis

Autonomic nervous system (ANS) impairment
frequently occurs in MS [6], although it is rarely
explored. Anatomic and functional organization
of ANS is very complex, and the effector organ of
ANS and the sympathetic and parasympathetic
system are under the control of the central
autonomic network (CAN). The latter is distrib-
uted throughout the neuraxis and is involved in
visceromotor, neuroendocrine, complex motor,
and pain modulating control mechanisms essen-
tial for adaptation and survival [7]. With regard
to cardiovascular function, the CAN receives
inputs, from baroreceptors, cardiac receptors,
and chemoreceptors, which are carried by the
glossopharyngeal and vagus nerves and relay on
the nucleus of the tractus solitarius (NTS) in the
medulla. NTS and ventrolateral medulla contain a
network of respiratory, cardiovagal, and vasomo-
tor neurons implicated in the control of cardiovas-
cular function. The physiologic control of the
cardiovascular system results from a balance
between sympathetic and parasympathetic activ-
ity regulated by the medullary reflexes and by
descending influences from other areas of CAN.
The parasympathetic system decreases the heart
rate, atrioventricular conduction, and ventricular
excitability, via the vagus nerve through a direct
input of the NTS to a group of preganglionic
cholinergic neurons located in the ventrolateral
portion of the nucleus ambiguus, while the sym-
pathetic system produces the reverse effects
through noradrenergic postganglionic neurons
activated by the preganglionic sympathetic neu-
rons located in the intermediolateral columns in
the upper thoracic segments of the spinal cord
[8]. Via the NTS, the baroreflex also suppresses
the secretion of vasopressin by magnocellular
neurons of the supraoptic and paraventricular
nuclei of the hypothalamus by inhibiting norad-
renergic cells of the A1 group [9]. As a conse-
quence, the involvement of all the aforementioned
areas by pathological processes can lead to dys-
functions of the autonomic cardiovascular system.
MS is considered a secondary cause for

autonomic cardiovascular dysfunction [10];
indeed, there has been an upsurge in cardiovascu-
lar ANS investigations, involving patients with
MS. Autonomic symptoms can be evaluated
with clinimetric scores as the Composite Auto-
nomic Scoring Scale (CASS) [11] or the more
recent Composite Autonomic Symptom Score
(COMPASS-31) [12]. The neurophysiological
assessment of ANS integrity is usually indirectly
achieved by measuring the reflex responses of the
target organs to physiological and pathological
stimuli [13]. The cardiovascular reflex tests
(head-up tilt test, Valsalva maneuver, handgrip,
deep breathing, and cold face) assess heart rate
(HR) and blood pressure changes in response to
certain particular maneuvers, with the aim of dis-
closing a dysfunction of the autonomic control of
the cardiovascular system and assessing the integ-
rity of the parasympathetic and the sympathetic
branch and baroreflex [13]. Another method for
evaluating sympathetic or parasympathetic car-
diac control is the spectral analysis of HR vari-
ability (HRV), calculated from the interval
between two consecutive R-waves of QRS com-
plexes in the ECG trace. The power spectrum of
HRV comprises high-frequency (HF), respiratory-
linked component (centered 0.16–0.4 Hz)
reflecting mostly vagal activity, and a
low-frequency (LF) component (0.04–0.15 Hz)
reflecting mostly sympathetic activity [14]. As
early as 1985, Sterman et al. [15] proved signifi-
cant differences in the heart rate and blood pres-
sure change in two or more out of six
cardiovascular function tests in half of MS
patients studied, with lack of clinical correlation
to patients’ disability or MS type. Single patients
showed diverse abnormality patterns, and this
heterogeneity has been attributed to the difference
plaques dissemination. The correlation of cardio-
vascular dysfunction with demyelinating lesions
in the brainstem has been proved through mag-
netic resonance imaging, supporting the anatom-
ical origin of cardiovascular impairment [16]. The
abovementioned correlation was also found by
other authors [10, 17, 18]. Nevertheless, another
study has shown the impairment of cardiovascular
reflexes correlated also with parietal MS
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lesions [19]; hence, also hemispherical lesions
can be involved in cardiovascular autonomic
dysregulation.

While the anatomical origin of autonomic
impairment is certainly proved, this probably
does not fully explain the cardiovascular dysfunc-
tion. In any case, inflammatory processes most
likely have a role in cardiovascular dysfunction.
The release of catecholamines caused by the
inflammatory lesions in the central nervous sys-
tem can alter cardiovascular function. Th 1-type
cytokines have pro-inflammatory effects in MS
and activate the sympathetic nervous system; on
the other side, the activation of the sympathetic
nervous system produces changes in the immune
system [20]. Moreover, previous studies have
demonstrated an enhanced expression of beta-
adrenergic receptor density on peripheral blood
mononuclear cells in MS patients, associated
with an increase in interleukin 2 receptors
that are largely engaged in pro-inflammatory path-
ways [21]. The beta-adrenergic receptors
involved in the inflammatory process also
regulate the sympathetic cardiovascular function,
which, as a consequence, may undergo alter-
ations. Conversely, the parasympathetic system
plays an anti-inflammatory role warning the
central nervous system on the presence of inflam-
mation via afferent signals transmitted by the
vagus nerve. These signals trigger an anti-
inflammatory response named “cholinergic anti-
inflammatory pathway” that culminate activating
the alpha-7 subunit on nicotinic acetylcholine
receptors expressed in immune and nonimmune
cells [20, 22]. Both parasympathetic and sympa-
thetic cardiovascular components are impaired
selectively in different stages in MS, and the
sympathetic-vagal imbalance may be implicated
in heart events.

Epidemiology and Prognostic Value
of Cardiovascular Dysfunction in MS

Cardiovascular dysfunction in MS has been
less frequently described and is less well
understood than other neurological manifestations
of MS. However, it is well known that MS can

affect cardiovascular function in a variety of
ways ranging from abnormalities in blood
pressure response, heart rate, heart rhythm, and
left ventricular systolic function to acute dramatic
cases of sudden unexpected death in MS
(SUDIMS). Among cardiovascular autonomic
dysfunction in MS patients, there is emerging
evidence suggesting that certain disorders may
even serve as prognostic markers of severity and
progression of the disease. There seems to exist a
distinct pattern of dysautonomia, which depends
on different phases of the disease. Orthostatic
hypotension and postural orthostatic tachycardia
syndrome (POTS) have both been reported in
MS patients [23]. POTS diagnosis result as a
significant predictor of conversion from clinical
isolated syndrome (CIS) to defined MS [24]. Sev-
eral studies, using the cardiovascular autonomic
function tests (heart rate and blood pressure
responses to Valsalva maneuver and heart rate
response to deep breathing), have suggested a
distinct pattern of autonomic dysfunction in dif-
ferent phases of the disease. In the CIS stage, there
is predominant sympathetic dysfunction with
sparing of the parasympathetic system [25]. A
similar finding was observed in RRMS, where
adrenergic sympathetic dysfunction was higher
in patients with active MS compared to healthy
controls or stable patients [26]. Further, sympa-
thetic dysfunction was associated with the clinical
activity of the disease [27] and thus may be related
to inflammatory mechanisms in MS.

In contrast, parasympathetic, but not sympa-
thetic dysfunction, increases with disease duration
significantly correlating with an increase in clini-
cal disability [26]. These results were confirmed
in a recent study prospectively designed to assess
differences in autonomic dysfunction between
RRMS and PMS [28]. Specifically, differences
in total composite autonomic scoring scale, as
well as adrenergic, cardiovagal, and sudomotor
indices, were assessed for the two groups. The
study has shown similar results for RRMS, with
autonomic involvement being present in the
majority of patients. Sympathetic dysfunction
was noted in 35.9% and cardiovagal in 2.5% of
patients. The HRVanalysis in the same study has
shown that PMS have an overall decrease of HRV
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with a reduction of cardiovagal activity, as well
as combined sympathetic and parasympathetic
cardiac activity. These results are in concordance
with CASS results in PMS, which also show a
higher degree of both adrenergic and cardiovagal
dysfunction, compared to RR phenotype.
Consistently with these results, other authors
described an altered HRV in progressive patients
with respect to healthy controls and RR patients.
In PMS a higher low frequency power at rest,
reflecting parasympathetic outflow and a lack of
the expected increase of low frequency power,
during the head-up tilt test were found. The
authors hypothesized that patient-specific
autonomic balance could reflect an endogenous
inhibitory signal inefficiency against overshoot-
ing inflammation in RR phase of the
disease. Accordingly, hyperactivity of the sympa-
thetic system could be protective against
neuroinflammation, and neurodegeneration and
progressive disease could be the price for the
continuous autonomic control of acute inflamma-
tory reactivation in MS [29]. As to what, studies
that have investigated longitudinal evolution
of cardiovascular dysfunction in MS showed a
worsening of different measures of parasympa-
thetic function, while there was no substantial
change in the results of adrenergic sympathetic
function tests [26, 30, 31].

A critical revision of the results of published
studies on cardiovascular dysfunction in MS
patients suggests that the active inflammatory
stage of the disease could lead to an initial sym-
pathetic activation and a subsequent progressive
sympathetic dysfunction with a relative sparing of
the parasympathetic system. Parasympathetic
dysfunction correlates with progression of clinical
disability, resulting more likely from structural
CNS damage in MS.

The abnormalities of the cardiovascular auto-
nomic system described in MS patients might be
related to epidemiological studies showing that
MS patients may have an increased risk of ische-
mic heart disease and congestive heart failure
when compared with the general population [32]
and they have a markedly increased risk of
myocardial infarction in the first year after
the MS diagnosis [33]. A recently published

retrospective study found that MS patients have
adrenergic hyperactivity, expressed as an increase
in adrenergic baroreflex sensitivity, compared
with healthy controls [34]. In the same study, the
authors also observed a positive correlation
between in adrenergic baroreflex sensitivity and
systolic blood pressure at head-up tilt test [34].
These results are meaningful knowing that
adrenergic hyperactivity can predispose to arterial
hypertension [35] and may contribute to the
increased risk of ischemic heart disease and con-
gestive heart failure in MS patients, impacting on
global clinical outcome. An impairment of the
cardiac autonomic reflexes, described so far,
may cause an inadequate cardiac autonomic con-
trol during endurance exercise in MS patients
[36]. The importance of physical activity, even
high-intensity and resistance training in
global outcome of MS, has been established
[37]. Therefore, limited exercise capacity in indi-
viduals with MS, due to disturbed cardiovascular
autonomic reflexes, can severely affect patients’
abilities to properly perform physical rehabilita-
tion – an essential aspect of MS treatment.

Acute Cardiac Events in MS Patients

Although autonomic dysfunction frequently
impairs the patient’s quality of life, autonomic
dysregulation and its prognostic value are still
poorly addressed in the clinical evaluation of MS
patients. Acute cardiovascular emergencies are
rarely recognized as manifestation of MS, proba-
bly because cardiologists and neurologists are
unaware of this phenomenon. The important role
of the CNS in the regulation of normal cardiovas-
cular and pulmonary functions is well known.
Several nuclei of the central autonomic network,
in the diencephalon, brainstem, and spinal cord, as
well as areas within the insular cortex, are critical
for modulation of cardiac function, systemic
blood pressure, and pulmonary hydrostatic
pressure. Acute interruption of the function
of these regions may cause symptomatic,
sometimes fatal, cardiopulmonary syndromes
[38]. Neurogenic pulmonary edema and neuro-
genic stunned myocardium are both described as
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possible dramatic clinical expression of acute
brainstem demyelinating lesions in MS patients.
This condition shares a common catecholamine-
mediated pathophysiology [39]. The reason why
patients with MS exacerbations and lesions
in similar locations develop predominantly
neurogenic pulmonary edema or predominantly
myocardial dysfunction remains unclear. Two dif-
ferent mechanisms may trigger the sympathetic
overactivation: a sudden increase in intracranial
pressure with global decrease in brain perfusion
and a localized insult in suspected brain vasomo-
tor centers [40].

Thirty-one case reports of acute cardiopulmo-
nary events in patients with RRMS associated
with MS exacerbations have been recently revised
[38]. In 12 patients, these events represented the
clinical onset of the disease. MS lesions located
in the dorsomedial medulla can cause damage to
the nucleus tractus solitarius and result in
baroreflex failure and loss of regulation of the
excess sympathetic activity. A reliable mechanism
is a loss of inhibition of the neurons in the
rostral ventrolateral medulla and loss of activation
of the cardioinhibitory outflow from the nucleus
ambiguus [8].

Neurogenic myocardial dysfunction described
in MS patients has been identified as Takotsubo-
like cardiomyopathy. Takotsubo is a reversible
but potentially life-threatening left ventricular
dysfunction, also known as stress-induced cardio-
myopathy, neurogenic stunned myocardium, and
broken heart syndrome [41]. The pathogenic
mechanism of this disease is still unclear, but it
could be linked to catecholamine release and
cardiotoxicity. Diagnostic criteria for Takotsubo
syndrome include presence of a transient abnor-
mality in the left ventricular wall motion beyond
a single epicardial coronary artery perfusion terri-
tory, absence of obstructive coronary artery dis-
ease, presence of new electrocardiographic
abnormalities or elevation in cardiac troponin
levels, and absence of pheochromocytoma and
myocarditis [42, 43].

In all case reports of acute cardiopulmonary
events described in MS patients, a clear temporal
relationship between cardiac event and a newly
formed demyelinating lesion was detected, as well
as a significant improvement of neurological

and cardiac symptoms after the administration of
corticosteroids. These evidences strongly argue in
favor of a causal association between the two
entities. Due to their complexity, autonomic car-
diovascular dysfunctions in MS patients remain
often overlooked. Although they are mostly
described as subclinical, they include clinical
manifestations with potentially strong impact on
quality of life and global disability of MS patients.

A deeper understanding of the pathogenic
mechanisms of autonomic unbalance occurring
in MS is needed; in this perspective, a systematic
investigation of cardiovascular autonomic dys-
function in MS patients could potentially serve
for clinicians as warning signs of disease activity
and progression.

Cardiovascular Complications of MS
Treatments

Cardiovascular complications are not commonly
associated with MS treatments. However, for
some treatments, cardiovascular effects are
known, and they do involve both autonomic sys-
tem dysregulation and structural heart damage
and require specific monitoring (Kaplan et al.).
Among those we find mainly mitoxantrone,
fingolimod, teriflunomide, and others.

Mitoxantrone

Mitoxantrone is an analog of doxorubicin; both
are anthracenedione derivative, originally used as
antineoplastic agents. Mitoxantrone is an inhibitor
of RNA synthesis, so, due to its antiproliferative
properties, it was considered a suitable agent to
treat chronic autoimmune disorders [44]. Its effi-
cacy in MS was demonstrated by a phase III
clinical trial conducted by the mitoxantrone
in Multiple Sclerosis (MIMS) Study Group
[45] and by additional smaller studies
[46–48]. In December 2000, the US Food
and Drug Administration (FDA) approved
mitoxantrone hydrochloride as the first
non-biological treatment for worsening
relapsing-remitting MS, progressive-relapsing
MS, or secondary progressive MS.
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Originally developed to be less cardiotoxic
compared to doxorubicin, over the last decade,
several acute and chronic cardiac complications
such as acute cardiac failure, arrhythmias,
cardiomyopathy, reduced left ventricular ejection
fraction (LVFE), and congestive heart failure have
been associated with mitoxantrone [44]. Based
on all the available evidence in MS patients,
the Therapeutics and Technology Assessment
Subcommittee of the American Academy of
Neurology has reported that overall systolic
dysfunction occurs in approximately 12% of
patients and congestive heart failure in approxi-
mately 0.4% [49]. The exact mechanism by
which mitoxantrone induces cardiotoxicity is
not known, although free radical formation and
oxidative stress have been claimed as main fac-
tors. Pathological studies found profound struc-
tural abnormalities of myocytes including
myofibrillar loss and swelling of mitochondria,
sarcoplasmic reticulum, and T tubules. The main
prognostic factor for cardiotoxicity development
seems to be the cumulative dose of treatment
received. In particular, congestive heart failure
increases significantly (>5%) beyond a cumula-
tive dose of 160 mg/m2; therefore, the ceiling
dose for mitoxantrone has been initially set at
140 mg/m2. Later some evidences have suggested
that initial cardiac damage may be seen also at
lower dosage [44]. The last revision of product
labels indicates that MS patients candidate
to mitoxantrone need to be screened for cardiac
dysfunction by echocardiogram or multiple-gated
acquisition (MUGA) prior to administration of the
initial dose, prior to each dose, and yearly for up to
5 years after the end of therapy. It cannot be
administered to patients with LVFE<50%, and a
maximum cumulative dose of 100 mg/m2 can be
reached [Novantrone SPmC].

Due to the high risk of cardiotoxicity, but also
of treatment-related acute leukemia and amenor-
rhea, mitoxantrone is now rarely used in MS.

Fingolimod

Fingolimod (FTY720) has been approved in 2012
as the first oral -1-phosphate (S1P) receptor mod-
ulator for treatment of relapsing-remitting

multiple sclerosis (MS). Fingolimod is licensed
as a first-line treatment in the USA, Canada,
Australia, New Zealand, Switzerland, and Russia
while in the European Union for highly active
MS. It is a structural analog of intracellular sphin-
gosine, and it acts as functional antagonist of S1P
receptors (S1P1R, S1P3R, S1P4R, S1P5R) that
are ubiquitously expressed in human tissues [50].
By modulating S1P1R receptors on lymphocytes,
FTY is able to reduce the trafficking
of autoreactive lymphocytes and inhibit their infil-
tration into the central nervous system, reducing
local inflammation and neurodegeneration. Nev-
ertheless, it may also have several non-immuno-
logical effects in humans, such as ocular or
cardiovascular effects by modulating other recep-
tor subtypes. Transient agonistic activation of
S1P1R expressed on myocytes leads to activation
of G protein-gated cholinergic potassium chan-
nels, eliciting an inwardly rectifying potassium
current, membrane hyperpolarization, reduced
cell excitability, and decreased firing rate that
determine negative chronotropic effects on the
SA node and the upper fibers of the AV node
[51]. Patients may develop transient bradycardia
or, more rarely, delay or blockade of atrioventric-
ular conduction during the administration of first
dose, which returns to baseline in few hours. In
phase III of the clinical trials (TRANSFORMS,
FREEDOM, FREEDOM II) [52–54] heart rate
average decrease of 8.1 beats/min, starting from
the 1–2 h after the first dose and reaching the
maximum after 4–5 h. Heart rate returned to nor-
mal after the first dose and during prolonged treat-
ment due to internalization of S1P1R. According
to pooled analysis of phase III trials, PR interval
decreased to 4.5 ms, while first-degree AV block
was observed in 4.7% of the cases (Mobitz type I
second-degree AV block in 0.2%) of the study
participants during the first dose [55]. Several
observational studies (FIRST, EPOC) [56, 57]
including also patients with cardiac comorbidities
or taking calcium antagonist or beta-blockers
have further investigated cardiovascular safety of
fingolimod, confirming previous findings
[58]. Based on pre- and post-marketing evidence,
and according to the summary of product charac-
teristics (Gilenya SpMC), ECG and blood pres-
sure measurements are required prior to and 6 h
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after the first dose of fingolimod, and continuous
monitoring during the first 6 h is recommended.
The same monitoring procedures are
recommended if the treatment is interrupted for
one or several days during the first 2 weeks of
treatment, for more than 7 days during the third
and fourth weeks of treatment, and for more than
2 weeks after 1 month of treatment. Moreover,
fingolimod is contraindicated in patients who in
the previous 6 months had myocardial infarction,
unstable angina pectoris, stroke/transient ische-
mic attack, decompensated heart failure, or
New York Heart Association (NYHA) class
III/IV heart failure, with severe cardiac arrhyth-
mias requiring anti-arrhythmic treatment with
class Ia or class III anti-arrhythmic medicinal
products, with second-degree Mobitz type II
atrioventricular (AV) block or third-degree AV
block, or sick sinus syndrome, if they do not
wear a pacemaker, with a baseline QTc interval
�500 ms. In MS patients with no cardiovascular
diseases, baseline individual sympathetic and
parasympathetic regulation may predict cardiac
effects after the first fingolimod dose [59]. In par-
ticular, higher heart rate response to deep breath-
ing and Valsalva maneuver, which measure
parasympathetic activity, seems to be correlated
with a lower nadir heart rate and to predict the
risk of significant bradycardia after the first dose.
PR prolongation, instead, is associated with
reduced sympathetic tone, unveiling the impor-
tance of the sympathetic system in limiting the
negative dromotropic effects of fingolimod
[59]. S1P signaling, particularly through the
S1PR1–3 subtypes, has emerged also as an
important regulator of vascular development and
stability, angiogenesis, permeability, and vascular
tone. Clinical trials in MS have reported an
average increase of approximately 3 mmHg in
systolic pressure, and approximately 1 mmHg in
diastolic pressure, first detected approximately
1 month after treatment initiation, and persisting
with continued treatment. In the 2-year placebo-
controlled study, hypertension was reported as an
adverse event in 6.5% of patients on fingolimod
0.5 mg and in 3.3% of patients on placebo [53]
(Gilenya SPmC 2015). Animal models have
shown, instead, that fingolimod treatment
increases blood pressure in control mice,

exacerbates hypertension, and impairs
endothelial-dependent vasodilation [58, 60].
Therefore, monitoring of blood pressure is
recommended during treatment, in particular in
patients with cardiovascular risk factors.

To minimize cardiovascular risk of
fingolimod, over the past decade, several new
S1P1 modulators were developed with increased
receptor binding selectivity, such as siponimod
and ozanimod, which are S1P1,5 functional
antagonist, and ponesimod, which is reversible
S1P1 functional antagonist. Siponimod has been
already approved in the USA for the treatment of
MS, while ozanimod and ponesimod are in phase
III trials.

Results of clinical trials (BOLD and BOLD
extension study) exploring the safety of
siponimod have shown a better cardiac safety
profile, also thanks to availability of dose
titration [61].

Increased cardiac safety of siponimod is of
paramount importance considering that it is indi-
cated for patients with secondary progressive MS
that are usually older and show higher prevalence
of cardiovascular comorbidities.

Teriflunomide

Teriflunomide is an oral agent available in two
different dosages – 7 and 14 mg – approved for
the treatment of relapsing-remitting MS. It
inhibits the synthesis of pyrimidine in activated
and proliferating B and T lymphocytes by selec-
tively and reversibly blocking the mitochondrial
enzyme dihydroorotate dehydrogenase DHODH.
Treatment with teriflunomide is not associated
with cardiac diseases, but increase in blood pres-
sure has been reported. The risk of hypertension in
treated patients varies from 9.2% to 4.5%, and it is
dose dependent (14 vs. 7 mg) and amplified by
pre-existing hypertension [62]. The time of onset
of hypertension is not established, but there is a
trend for a gradual increase during treatment,
which is reverted by treatment interruption.
Usually, blood pressure values are mildly elevated
and well controlled by antihypertensive treatment.
Incidental hypertension has been also observed
in patients with rheumatoid arthritis taking
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leflunomide, which is the precursor of
teriflunomide, after few weeks of treatment [63,
64]. All these evidences support a causal relation-
ship between inhibitors of DHODH and hyperten-
sion; nevertheless, the mechanisms subtending
this side effect remain unknown. Sympathetic
modulation by leflunomide has been postulated,
but no evidence is available so far. According to
teriflunomide SmPC, blood pressure has to be
checked before starting treatment and periodically
thereafter.

Cladribine

Cladribine tablets are the last oral agent approved
for treatment of relapsing-remitting MS. It is a
synthetic analog of chlorinated deoxyadenosine:
it is actively transported into cells where it
undergoes phosphorylation by deoxycytidine
kinase (dCK). It is then incorporated into
nuclear DNA, altering the double helix structure
and leading to a failure of DNA repair and
synthesis. Cells containing a high deoxycytidine
kinase, such as B and T lymphocytes, accumulate
deoxynucleotides to toxic concentrations,
resulting in cell death. Cardiac effects of
cladribine on heart rate, AV conduction, and car-
diac repolarization in patients with MS have
been explored by a sub-study of the multicenter
CLARITY phase III trial (Hermann et al. [65]).
No effect of cladribine has been observed on
cardiac functions, including QT prolongation.
The integrated analysis of clinical trials and
follow-up in patients with MS [66] reported
four cases of cardiac death in young MS patients
previously treated with cladribine; however,
due to the long time from the last administration
and death, they were considered unrelated to
treatment. In one case, cardiorespiratory arrest
was ascribed to a large MS brain stem lesion [66].

Others

No special warning exists for other MS treatments
(IFN, glatiramer acetate, dimethyl fumarate,
natalizumab, ocrelizumab, alemtuzumab).

Conclusions

Cardiovascular dysfunction in multiple sclerosis
may be the result of the disruption of central
autonomic network depending on demyelinating
lesion distribution. Nevertheless, diffuse
neuroinflammation may induce cardiovascular
impairment in MS via sympathetic activation
and consequent catecholamine release.
Cardiovascular autonomic dysregulation has
an important yet underrecognized prognostic
value both regarding long-term disability and
side effects of treatments, such as fingolimod.
Moreover, it can be associated with acute clinical
syndromes, like Takotsubo syndrome, in MS that
should be promptly identified and managed.
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Abstract

Duchenne muscular dystrophy (DMD) is a
progressive form of muscular dystrophy that
occurs primarily in males and though in rare
cases may affect females. It is caused by muta-
tions in the DMD gene, which result in
the completely lack of the related protein
dystrophin (Dp427). Absence of Dp427 causes
progressive weakening and degeneration of
muscles. In addition, beyond skeletal muscle,
these mutations alter the respiratory and heart
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performances, representing the leading causes
of death in these patients. Furthermore, certain
neuronal populations express Dp427, whose
perturbation is correlated with several neural
disorders in DMD patients. Recently, it has
been hypothesized that dystrophin could
play a fundamental role also in the axonal
growth mediated by the nerve growth factor
(NGF). Indeed, different studies have shown
that in a dystrophic scenario, different neural
populations exhibit reduced responsiveness
to NGF stimulation, compared to controls.
Parameters, such as number and length of
neurites, growth cone advancement, and rec-
eptor ligand responsiveness (NGF/TrkA), are
significantly reduced in neurons deriving from
DMD patients or dystrophin-deficient (mdx)
mice, a murine dystrophic model. Remarkably,
the reduced sympathetic innervation affects
even more distal districts, such as the heart,
disturbing electrophysiology, beating, and con-
traction force. A deepen analysis of the rela-
tionship between the heart and brain in the
context of DMD offers a new strategy for
patient stratification and knowledge of the
pathology that could open up new therapeutic
scenarios.

Keywords

Heart · Brain · Innervation · Duchenne
muscular dystrophy · Nerve growth factor ·
Sympathetic nervous system · Fibrosis ·
Postganglionic adrenergic neurons

Introduction

Cardiac innervation originates from the sympa-
thetic nervous system (SNS), and it occurs in the
late stages of embryogenesis. SNS is able to
condition cardiac activity throughout life, modu-
lating rhythm and contractility based on emo-
tional and physical stresses. The sympathetic
neurons (SNs) are capable to regulate the contrac-
tility, frequency, and electrical conductivity of
the entire cardiac system, releasing specific neu-
rotransmitters, such as norepinephrine (NE). On

the other hand, cardiac cells are able to guide the
innervation and guarantee the survival of the
afferent neurons through the secretion of specific
molecules. The main molecule that guides the
distribution of sympathetic synapses is the nerve
growth factor (NGF).

The topology of innervation is generated over
a fine balance between chemoattracting and
chemorepellent cardiac signals, which allow or
repel penetration of the nerve endings within the
myocardium. Some areas of the heart are differ-
entially innervated, such as the subendocardial
and subepicardial regions, because of the function
that the SNS must exercise in that particular area.
Although cardiac innervation density reflects in
general the levels of NGF produced by the heart,
some myocardial elements, such as the sinoatrial
node, are more intensely innervated, in line with
the specific physiologic role of the SNS in con-
trolling heart rhythm in response to stimuli related
to fight-or-flight response. The physiologic role of
such innervation pattern is not fully understood,
and its alteration is connected with impaired car-
diac function, activity, and arrhythmias, leading
to different pathologies. Indeed, many diseases
present unconventional innervation, such as dia-
betes mellitus, heart failure, and several dystro-
phies, including Duchenne muscular dystrophy
(DMD).

In individuals affected by DMD, despite mus-
cle wasting, cardiomyocytes (CMs) degeneration
and necrosis are the main causes of morbidity and
death. Heart failure (HF) is generally preceded by
disturbances in heart rate variability (HRV), and
noninvasive measurement of the autonomic ner-
vous system is an important instrument to envi-
sage adverse cardiovascular events. As major
observations in DMD patients, several studies
reported a reduced parasympathetic activity and
an augmented sympathetic predominance: indeed,
regional differences in sympathetic discharge are
linked to arrhythmias in both ischemic and struc-
turally normal hearts of arrhythmic patients. This
hypothesis is also supported by a reduced pres-
ence of neurons at superior cervical ganglia level
and by an imbalance of many components linked
to the NGF signal, in the same patients. The
mechanism, by which regional heterogeneity of
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sympathetic discharge triggers arrhythmia, is
related to the action potential (AP) dispersion, an
electrophysiological state favoring ventricular
arrhythmias. The increment in sympathetic tone
may be the primary cause or may be a compensa-
tory response (secondary cause) to cardiac dystr-
ophy that further directs DMD patients toward
HF. Moreover, there is a robust correlation
between reduced HRV and myocardial fibrosis
within the DMD population. These patterns man-
ifest in DMD patients at early stage and become
more evident as the disease severity and age incre-
ment. Because a primary role for autonomic
imbalance in DMD is not well sustained, deeper
studies are necessary to completely define this
possibility.

In this chapter, the relationship between the
heart and brain in DMD scenario will be
analyzed both morphologically and physiologi-
cally, deconstructing the state of the art and
focusing on interactions that could promote alter-
native hypotheses for the treatment of the disease.

Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is trig-
gered by mutations of the gene encoding for the
dystrophin enzyme, found on the short arm of
the X chromosome in the Xp21 region [18], and
manifests mostly in males. Although most boys
with DMD inherit the abnormal gene from their
mothers, some may develop the diseases as the
result of a spontaneous mutation of the dystrophin
gene that occurs randomly for unknown reasons
(de novo or sporadic cases). Some females, who
inherit a single copy of the DMD gene, may
display some of the symptoms related to the dis-
ease, such as weakness of certain muscles, espe-
cially those of the arms, legs, and back. Carrier
females, who acquire DMD symptoms, are at risk
for developing heart abnormalities, which may
present as exercise intolerance or shortness of
breath, and, if left untreated, heart abnormalities
can cause life-threatening complications.

DMD represents the most common lethal
genetic disorder and cause progressive muscle
degeneration. This pathology is provoked by a

mutation of the DMD gene, which regulates the
assembly of a protein, called dystrophin (Dp427),
that is found in association with the inner side
of the membrane of skeletal and cardiac
muscle cells.

DMD is the most common childhood onset
form of muscular dystrophy and affects males
almost exclusively. The prevalence is estimated
to be 1 in every 3500 live male births. Age of
onset is usually 3–5 years old [18], and it is
usually recognized between 3 and 6 years of age.

Duchenne disease is characterized by the pro-
gressive loss of voluntary movement of the lower
limbs and subsequently of the upper ones, caused
by the increase of the fibrotic tissue and, in the late
stages, by significant intensification of adipose
tissue in the muscle compartment. The disease is
progressive, and most affected individuals
require a wheelchair by the teenage years. The
long-term effects imply cardiac or respiratory
malfunction, analogically to the skeletal muscle,
which fails to accumulate the cytoskeletal protein
dystrophin and subsequently lead to death [68].

DMD is an incurable disease, but the life
can be made more comfortable by physiotherapy,
surgery, and a positive supportive environment.
Cares are focused to specific symptoms present
in each individual. Boys affected by DMD require
multidisciplinary care, including clinical and
functional assessment, pharmacological agents,
physical exercises, prevention of anticipated com-
plications, and genetic counselling. Surgery may
be suggested in some patients to handle contrac-
tures or scoliosis. Supports could be utilized to
prevent the development of contractures. The use
of mechanical aids, such as braces and wheel-
chairs, may become required to aid walking
(ambulation).

End-stage heart failure (HF) is increasingly
becoming the main cause of death in DMD
patients; consequently, current therapy options
include inhibitors of the renin-angiotensin system,
which are used as first-line therapy, along with
corticosteroid treatment, COX-inhibiting nitric
oxide donors, and beta-blockers. Mechanical
cardiac support with left ventricular assist
devices (LVAD) is a possible treatment, as these
patients usually are not recommended for cardiac
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transplants, due to progressive myopathy and lim-
ited functional capacity. However, the insufficient
availability of LVAD devices and the lack of
prospective studies with large follow-up periods,
for evaluating their use in DMD, are a concern.

Finally, several therapeutic approaches to
cure DMD are being investigated, which can be
divided into two groups: therapies focused to
restore dystrophin expression and those that
point to compensate for the lack of dystrophin.
Therapies that restore dystrophin expression
include read-through therapy, exon skipping, vec-
tor-mediated gene therapy, and cell therapy.
Among these approaches, the most advanced
are the read-through and exon skipping therapies
[64].

Dystrophin and the Heart

The dystrophin protein is associated with a large
complex of proteins and glycoproteins, known as
the dystrophin-glycoprotein complex (DGC).
Dystrophin is thought to play an important role
in maintaining the membrane (sarcolemma) of
skeletal and cardiac muscle cells, and its main
function is to connect the cytoskeleton of
myocytes with the extracellular matrix (ECM).

The clinical features of DMD include skeletal
myopathy and respiratory and cardiac dysfunc-
tions, which are the most common cause of death.

In DMD patients, a high resting heart rate (HR)
is present at early stages [31, 58]. Surprisingly,
this dysfunction occurs before the onset of
changes in the ejection fraction (EF), and this
high resting frequency can be considered an
abnormal form of heart rate variability (HRV),
which could correlate with autonomic dysfunc-
tion. HRV is a parameter of autonomic cardiac
activity and is connected with various morbidity
and mortality, resulting in acute myocardial
infarction, congenital heart disease, diabetic
neuropathy, and congestive HF, while in DMD,
only recently, has been demonstrated the necessity
to consider it for the patients’ stratification [4, 38,
53, 67].

Currently, two theories have been promoted
to explain the mechanisms underlying DMD

cardiomyopathy: (i) the loss of myocyte structural
integrity, following the absence of dystrophin,
leads to a deterioration under hemodynamic stress
together with an impairment of ventricular func-
tion; and (ii) the cause could be the interruption in
the regulatory function and, consequently, in
the secondary signaling pathways, triggered by
the absence of dystrophin [31].

The lack of dystrophin in cardiomyocytes
(CMs) sensitizes the cells to stressful stimuli,
such as chemical, mechanical, neurohormonal,
or inflammatory insults, inducing apoptosis
and a severe cardiac remodeling. Thus, many
researchers have hypothesized that autonomic
dysfunction in DMD can be traced back to exces-
sive remodeling and to abnormal conduction,
given by the extent of the fibrotic cardiac areas,
characteristic of the disease.

Duchenne Muscular Dystrophy and
Myocardium

Patients affected by DMD, initially, have structur-
ally normal hearts. Successively, CMs death initi-
ates an inflammatory cascade, during which
macrophages (MP) migrate to clear the damaged
cells and debris. After MP recruitment, fibroblasts
invade the damaged area developing scar tissue or
fibrosis in the heart, considered as the earliest sign
of myocardial involvement. Fibrotic tissue is very
inflexible compared to the normal cardiac tissue
and thus restricts the efficiency of myocardial
contraction. The fibrosis starts in the left ventric-
ular wall, from the epicardium, and advances into
the endocardium and progressively extends
throughout most of the outer half of the ventricu-
lar wall. This pattern of fibrosis is unique to
dystrophinopathy. Gradually, the fibrotic region
stretches, becomes thinner, loses contractility,
and results in dilated cardiomyopathy leading to
end-stage HF (Fig. 1). The dilation of the heart
increases left ventricular volume, decreases sys-
tolic function, and often leads to mitral valve
regurgitation, resulting in reduced cardiac output
and hemodynamic decompensation. The cardiac
phenotype in each DMD patient depends from the
patient’s particular type of dystrophin gene
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Fig. 1 Flow diagram describing the natural progression of
cardiovascular dysfunction in patients affected byDMDand
lacking dystrophin. The process begins with cardiomyocyte
(CMs) death, develops in dilated cardiomyopathy, and leads

to cardiac end-stage failure. ECM, extracellular matrix;
NGF, nerve growth factor; HRV, heart rate variability;
LVAD, left ventricular assist device
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mutation; however, the relationship between
genotype and phenotype remains elusive. Recog-
nition of HF symptoms in DMD patients can be
difficult due to physical inactivity and other respi-
ratory complaints that can hide the diagnosis.
Currently, clinical guidelines recommend the ini-
tial cardiac screening at the time of diagnosis of
DMD, every 2 years until 10 years of age and
yearly thereafter [35].

Many DMD patients develop sinus tachycardia
by the age of 5, and conduction changes by
10 years of age. Irregular conduction patterns,
named fragmented QRS (fQRS), are characterized
by the presence of an additional R-wave (R0) or
notching in R-wave or S-wave or the occurrence
of more than one R0 without a typical bundle
branch block. These outlines indicate wall motion
abnormalities and could be one of the first signs of
myocardial change in the patients. Depolarization
and repolarization abnormalities are gradually
prominent in patients over 10 years of age.
Shortened PR intervals are appreciated in about
50% of patients, and QT prolongation is rare but
can also be present. Resting sinus tachycardia,
loss of circadian rhythm, and reduced HRV,
caused by increased sympathetic activity, can
be detected by electrocardiogram (ECG). More
important, arrhythmias could develop with an
advanced fibrosis, including atrial fibrillation,
atrioventricular block, ventricular tachycardia,
and ventricular fibrillation [33, 73]. The presence
and progress of fQRS may be a useful marker of
cardiac involvement for detection and follow-up.
Electrocardiographic evidence of repolarization
abnormalities implicating the risks of cardiac
dysrhythmias and sudden cardiac death is gradu-
ally prominent in patients with DMD over
10 years old.

HF, with multisystem organ involvement and
inability to rehabilitate after cardiac transplanta-
tion, is a relative contraindication for heart trans-
plantation, limiting the broad use of this therapy in
the DMD population. Given the scarcity of organs
for heart transplantation, the use of LVADs is
demonstrated to be effective in treating patients
with end-stage or advanced HF.

Changes in cardiac function, induced by DMD,
determine a physiopathological scenario almost

unique, whose effects are still to be properly
clarified. Normally, cardiac remodeling and fibro-
sis are compensatory mechanisms consequent to
cardiovascular events. Both processes are interre-
lated and critical, strictly determining the clinical
outcome. However, they are also balanced under
physiological conditions as they represent the
attempt of the cardiac muscle to repair the tissue
[56]. The DMD exacerbates this scenario, and
fibrosis progressively substitutes all dead CMs,
thus leading to cardiac failure and subsequently
to death. In addition, patients affected by DMD
have a very characteristic electrocardiographic
pattern. Some subjects present a reduction in var-
iability in response to sympathetic activation,
correlated with a distinct tachycardia [75].

Scientists, from all over the world, have tried to
give different explanations of the phenomenon.
The cardiac remodeling correlates with reduced
contractility, autonomic nervous system, and pos-
ture dysfunction that are the main outputs and
could affect cardiac performance, but the solution
of the problem, faced with a multifactorial
approach, has not yet been revealed.

As mentioned, patients affected by DMD have
characteristic ECG, showing tachycardia and sub-
stantial decreasing in HRV [50, 75]: common and
characteristic features, such as sinus tachycardia
(40%), mild alteration of repolarization, and
reduced HRV (75%), are detected, while no
abnormalities are found in arrhythmias. Tachycar-
dia, altered states of repolarization, and HRV pre-
suppose a reduced tone of the parasympathetic
system and the predominance of sympathetic
tone, already reported in the literature relative to
DMD patients.

Electrocardiographic abnormalities have been
ascribed to various mechanisms, including
postural syndromes that intensify cardiac
responses, iperactivation of endogenous compen-
sating mechanisms, and a possible autonomic
dysfunction. However, the pathogenesis of elec-
trical and autonomic disorders in patients affected
by DMD remains completely unveiled [16]. In
most patients, the ECG shows an abnormal car-
diac profile. In particular, shortening of atrioven-
tricular conduction time seems to be a feature
always present in the pathology. Indeed, some
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pathological features, such as persistent sinus
tachycardia, appear in the subject before muscular
degeneration [11, 54].

The heartbeat of DMD patients presents
a higher baseline than the healthy subjects,
approximately 20%, regardless of the registration
condition or the rash manifestations of the dis-
ease [50, 75].

Although there is no clear evidence that the
mechanism of autonomous regulation is responsi-
ble, many theories are promoting the hypothesis
that in the pathological scenario of DMD, there is
a decrease of the parasympathetic nervous system
in favor of the sympathetic nervous system.
Furthermore, the same researchers claim that this
condition would be aggravated during the disease
progression [12, 50, 74, 75]. The mechanisms of
these changes in the ECG are not known, although
there is a growing consensus that an abnormal
autonomous regulation is responsible.

For this reason, the combination of chronic
tachycardia, prolonged sympathetic activation,
and impairment of baroreceptor reflex control is
thought could be the triggering cause of HF in
patients with DMD [65].

Dystrophin and the Brain

In 2005, a theory based on a possible autonomic
dysfunction has been proposed as the cause
of frequent cognitive impairment in DMDpatients
[13].

The smooth and cardiac muscles and the
nervous system express truncated isoforms of
dystrophin, unlike skeletal muscle. These iso-
forms, encoded by the same gene, are generated
by alternative splicing or by a different action
of the promoter [3, 47].

Data generated on mdx mouse, a DMD animal
model, demonstrated that, in the superior cervical
ganglia (SCG), dystrophin is localized at the post-
synaptic apparatus of a number of intraganglionic
synapses where, together with the transmembrane
glycoprotein β-dystroglycan (β-DG), it stabilizes
the nicotinic acetylcholine receptors, containing
the α3 subunit (α3nAChR). In this mouse model,
the number of synapses containing α3nAChR

is significantly decreased [14], suggesting alter-
ations in the fast intraganglionic synaptic
transmission that it could cause the autonomic
dysfunction described in patients affected by
DMD.

One of the most fascinating theories claims that
the damage produced in the heart could affect
retrogradely the ganglion neurons [24]. Some
characteristics and responses of neurons are regu-
lated by the dynamics of the target organs, such as
cell body size, dendritic arborization, synapse for-
mation and plasticity, neurotransmitter secretion,
and neuron apoptosis [1, 60]. Recently, dystro-
phin has been shown to be able to modulate the
neuronal size, the dendritic arborization, the sta-
bilization of the neurotransmitter receptor groups,
the synaptogenesis, the synaptic plasticity, and the
neuronal survival [7].

The analysis carried out at SCG level of adult
mdx mice showed a 36% neuron reduction com-
pared to the wild-type condition. The degenera-
tion occurred between day 5 and 10, while, at
earlier stages, the number of neurons was the
same as the wild type. These findings highlight
the possibility that degeneration and neuronal loss
occur after birth due to the retrograde pathological
modulation exerted by the target organ. However,
immunofluorescence experiments, labelling tyro-
sine hydroxylase (T-OH), displayed a reduction of
axonal defasciculation and/or terminal germina-
tion throughout the SCG target already at day 5,
following changes in the dynamic link between
the cortical actin cytoskeleton and ECM.

Signals that are conveyed from nerve terminals
to remote cell bodies are crucial for neuronal
survival. Tropomyosin-related tyrosine kinase
receptors (Trks) are internalized from axon
membranes and transported by dynein motors to
cell bodies, in response to neurotrophin sti-
mulation. Survival maintained by target-derived
neurotrophins is abolished when internalization
and dynein-based transport of Trks are disrupted
[26].

Dystrophin is responsible for the cytoskeleton-
ECM connection through the dystrophin-glyco-
protein complex [48] and, in the absence/dysfunc-
tion condition, dramatically alters this linking.
This could also trigger an aberrant
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axonal growth, caused by the impairment of gan-
glionic transmission, following the reduction of
intraganglion α3nAChR [14]. Indeed, ganglionic
neurons may also be retrogradely affected by the
injuries induced in the heart, one of the SCG target
organs, by the lack of dystrophin, which develops
into the dilated cardiomyopathy, described in
DMD patients and mdx mice. Neuron survival
and differentiation, density of innervation, and
collateral sprouting firmly depend on target-
derived neurotrophic factors, such as NGF.
Therefore, excessive neuron death in mdx mouse
SCGmay be triggered by an insufficient provision
of these factors, attributable to their reduced syn-
thesis by cardiac muscle cells damaged by the lack
of dystrophin. This condition may also be linked
to an impairment of Trks-activated retrograde sig-
nals due to degeneration of the actin cortical cyto-
skeleton degeneration, which can diminish axonal
retrograde transmission. Dynein-dependent trans-
port is necessary for retrograde survival signals
triggered by Trks in sensory neurons, and the
integrity of the cortical actin cytoskeleton is
needed for the neurofilament transport based on
dynein and myosin [32]. Neurotrophins, secreted
by target tissues, bind and activate specific recep-
tors, such as Trks, located on axon terminals of the
innervating neurons and thereby initiate retro-
grade signals that culminate in neuronal survival.
If this process requires transport of long-range
signals, then defects in dynein function might
cause cell death by interfering with
neurotrophin-dependent survival.

The dystrophin-glycoprotein complex protects
the cell membrane from the mechanical stress
developed during contraction. The complex defi-
ciency in DMD causes plasma membrane rupture,
and the injured muscle cells show greater perme-
ability to the macromolecules, affecting muscle
physiology, contractile properties, and survival
[3, 30]. Possible CMs functional alterations,
resulting from plasma membrane impairment,
may render them unreceptive for axon growing
and provoke synapse removal and retraction of
the sympathetic fiber. Furthermore, the same
deficiency of dystrophin would influence the
innervation by neurons that would not be
capable to drive the axon in that hostile

system [13]. Therefore, the altered physiology of
SNs and corresponding muscle target cells, in the
DMD scenario, may perform a combined action
and trigger the autonomic impairment described
in patients affected by DMD.

Sympathetic Innervation System

The autonomic nervous system (ANS) is the com-
ponent of the peripheral nervous system that con-
trols cardiac muscle contraction, visceral
activities, and glandular functions of the body.
Specifically, the ANS can regulate heart rate,
blood pressure, rate of respiration, body tempera-
ture, sweating, gastrointestinal motility and sec-
retion, and other visceral activities that maintain
homeostasis. The ANS has two interacting
systems: the sympathetic and parasympathetic
systems. Sympathetic and parasympathetic neu-
rons exert opposed effects on the heart. The sym-
pathetic system prepares the body for energy
spending, emergency, or stressful situations,
such as “fight-or-flight” response, while the para-
sympathetic system is most active under restful
conditions. The parasympathetic responds to the
sympathetic system, after a stressful event, and
reestablishes the body to a restful state. The SNS
releases norepinephrine (NE), while the para-
sympathetic nervous system (PNS) releases ace-
tylcholine (ACh). Sympathetic stimulation
increases heart rate and myocardial contractility;
therefore during exercise, emotional excitement,
or under various pathological conditions, such as
HF, the SNS is activated. During rest, sleep, or
emotional tranquility, the PNS prevails and regu-
lates the heart rate. Consequently, the ANS effect
on the heart is the balance between the opposing
actions of the SNS and PNS [23].

Thus, cardiac sympathetic innervation, releas-
ing neurotransmitters, mostly NE, is the principal
cardiac rhythm, force, and relaxation/conduction
speed modulator, initiating at the late embryonic
stage and prosecuting throughout the whole life
[61]. On the other hand, the cardiac sympathetic
system development, the networking between
neurons and their myocardial targets, and the neu-
ronal survival preservation are controlled by the

548 C. Bearzi and R. Rizzi



paracrine effect of cardiac signaling molecules.
Indeed, during postnatal development, the equilib-
rium between the action of chemoattracting
neurotrophins, principally NGF, and neuro-
chemorepellent factors allows the verve endings
permeation into the cardiac walls [29]. The selec-
tive allocation of the neurons to different heart
regions and the physiologic function of the inner-
vation outline are not completely understood, and
its variation is correlated to a reduced cardiac func-
tion/activity and arrhythmias [29]. Though cardiac
sympathetic nerve density mirrors the NGF expres-
sion levels produced by the heart [34], some myo-
cardial structures, such as sinoatrial node, are more
densely innervated, coherently with the SNS func-
tion in the control of cardiac rhythm.

NGF and Sympathetic Cardiac
Innervation

SN differentiation and viability are supported
by NGF secretion from the target organs, as dem-
onstrated by the complete loss of postgang-
lionic neurons in mice ablated for NGF or its
receptor, TrkA. Like other neurotrophins, NGF
is expressed as a pre-pro protein of the alternative
splicing isoforms A and B. NGF maturation
occurs through cleavage of the pre-domain in the
endoplasmic reticulum and the pro-domain in
the Golgi apparatus, and N-linked glycosylation
and sulfation gain the expression of mature NGF.

The major NGF source, used by mature SNs,
originates in its target organs. In the murine car-
diac system, the neurotrophin became detectable
around the time of initial innervation by SNs
(embryonic day l2) and augmented 14-fold in
the following 2 days, to reach adult levels already
at embryonic day l4. Successively, there is a
reduction of NGF levels, and a second expression
peak appears about a week after birth (postnatal
day 8); afterward NGF expression decreases to
that of the adult heart. The initial growth of post-
ganglionic SNs during development reflects NGF
expression, but the penetration of neurons into the
myocardial walls occurs postnatally and the adult
neuronal pattern appears only 3 weeks after birth
(postnatal d21) [37].

Thus, NGF synthesis, in target organs, begins
alongside with the onset of sympathetic innerva-
tion, and NGF responsiveness, in SNs of the SCG,
also progresses parallel to or shortly after the
target contact, since the earliest stage, at which
a small population of NGF-responsive neurons
could be identified, is day l4. Therefore, both,
sufficient NGF synthesis and NGF responsive-
ness, seem not to occur before the establishment
of the initial target contact by innervating neurons,
indicating that NGF is not implicated in the initial
direction of outgrowing sympathetic axons
to their target organs and that SNs during devel-
opment are provided with NGF via retrograde
axonal transport from the target organs.

Different cardiac cell types express NGF both
in physiological and in pathological conditions: in
CMs and smooth muscle cells, NGF modulates
the cardiac wall innervation and is regulated
by extracellular factors, such as endothelin-1
[28]. Cardiac fibroblasts (CFs) possess a funda-
mental function in pathological circumstances,
such as myocardial infarction, inducing NGF
production and consequently higher innervation
of the peri-infarcted tissues. MPs, which, in
response to ischemic damage, penetrate the myo-
cardium, express NGF [25].

NGF, once released by any of cellular sources,
operates on the neurons by binding to specific
membrane receptors. Two are the neurotrophin
receptors expressed on SNs: TrkA, which is spe-
cific for the mature form of NGF and binds it with
intermediate affinity, and p75NTR, which binds
to different neurotrophins and pro-neurotrophins,
such as pro-NGF, with low affinity. Co-expression
of both receptors on neuronal membrane increases
NGF affinity for the TrkA.

NGF variants (mature NGF and pro-NGF) pos-
sess opposed effects on neuronal viability that
depend on their interaction with the receptors
(TrkA and p75NTR) co-expressed on the same
cell [51]. Mature NGF is released as a homodimer
and binds to the high-affinity TrkA receptor, trig-
gering its autophosphorylation, endocytosis, and
retrograde transport to neuronal soma. These
interactions sustain neuronal viability and differ-
entiation by regulation of gene transcription for
proteins involved in signaling, in intracellular
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trafficking, and in function of synapsis and cell
survival [27]. Instead, removal of TrkA activation,
following NGF deprivation, or p75NTR activa-
tion, by either other neurotrophins or pro-NGF,
causes neuronal apoptosis [51].

The function of NGF, in the postnatal days,
regards cardiac sympathetic innervation network,
through the selection of neurons that will inner-
vate the target organ, meaning that only neurons
that successfully innervate the heart would receive
sufficient neurotrophin and survive and the
quantity of sympathetic nerves that the organ
receives becomes proportional to the produced
neurotrophin [52].

Co-expression of two neurotrophin receptors
with opposite effects on cell viability permits
selection by neuronal competition. Indeed, in
vitro experiments, using neurons, revealed that
NGF treatment increases the expression levels of
TrkA and neurotrophins with the following
effects: (i) the upregulation of TrkA receptors
amplifies the duration of survival signaling in
those neurons receiving high amounts of NGF;
(ii) the NGF-stimulated neurons release the
neurotrophin, which activates p75NTR, and
oppose TrkA effects provoking apoptosis of the
nearby neurons that receive lower NGF quantity
[15]. Beside the effect that NGF exerts on SNs
supporting cell survival, the NGF has also a
pivotal role in guidance during development [20].

Neuronal survival and differentiation, axonal
growth, and terminal branching have been studied
mainly on mouse models, and it has been
shown that NGF plays a fundamental role in
all these processes through its link with the TrkA
receptor [21]. As mentioned before, the pro-NGF/
p75NTR promotes neuronal apoptosis, especially
in limiting NGF-TrkA signaling conditions [21].
Therefore, an imbalance in the relationship
between immature form and mature form of
NGF could be the cause of the loss of the neurons
of the ganglia of the cervical roots, which project
toward the heart, altering the peripheral system.

In fact, some data generated in the DMD ani-
mal model have indicated a significant increase in
the 32 kDa pro-NGF form in both day 5 and day
10. Considering the apoptotic effect of pro-NGF
in some conditions [21], the contribution of the

pro-NGF in the induction of apoptosis in neurons
would emerge [13].

Furthermore, the decrease in TrkA and phos-
pho-TrkA (pTrkA, the tyrosine phosphorylated
residues of TrkA that interacts with proteins
which have potential roles in signal transduction)
in the same animal models also suggests an alter-
ation in the receptor-mediated NGF signaling,
which may influence the expression of molecules
important for the correct axonal growth and
defasciculation [22].

Sympathetic Innervation in Duchenne
Muscular Dystrophy

Both, patients affected by DMD and mdx mice,
display impairment of the autonomic nervous sys-
tem confirmed by electrocardiographic analysis,
but it is not clear yet if the dysfunction induces
the sympathetic activity to increase or to decrease:
indeed, the greater basal heart rate in DMD
patients and mdx mice indicates that the sympa-
thetic complex is favored respect to the parasym-
pathetic nervous system. Instead, ECG recording
upon inhibition of the PSN system by atropine
treatment exhibited augmented heart rate in the
wild type and not in themdxmice, suggesting that
impairment of cardiac sympathetic innervation
occurs in dystrophic mice. This evidence is further
reinforced by alterations of the components,
implicated in NGF-mediated signaling and by
the decreased number of SNs in SCG from mdx
mice, when compared to controls [13, 42].

NGF Role in Duchenne Muscular
Dystrophy

DMD subjects suffer several neural syndromes
since selected neuronal populations express dys-
trophin. In contrast to the muscle scenario, where
dystrophin expression reaches a plateau already in
fetal life, in the brain it appears to be developmen-
tally regulated, probably because of the need to
modulate neurogenesis, neuronal migration and
differentiation, neuronal size, and dendritic arbor-
ization [47]. Consequently, DMD patients and
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mdx mice show, during development, different
degrees of cognitive and behavioral anomalies
[55, 69]. Mdx mice display several structural and
functional alterations in SCG, which innervates
different muscular, such as the heart, and non-
muscular targets; further they present reduced
muscular noradrenergic innervation and dimin-
ished axon defasciculation and terminal
branching [13, 42]. The expression of NGF
receptors (TrkA and p75NTR) is also altered,
indicating a discrepancy in the NGF signaling
cascade [42] and a diverse modulation expression
of genes implicated in neuron survival and differ-
entiation [40].

It has been, therefore, hypothesized that dys-
trophin could have a role in NGF-dependent axo-
nal growth during development and adulthood
[42, 43]. After axotomy, axon regeneration poten-
tial of SCG neurons was analyzed in mdx and
wild-type mice: while noradrenergic innervation
of mdx mouse submandibular gland, main source
of NGF, was recovered similarly to wild type, iris
innervation (muscular target) didn’t restore.
Therefore, it was evaluated whether dystrophic
SCG neurons were weakly responsive to NGF,
particularly at low concentration. Following in
vitro axotomy, the number of regenerated axons
in mdx mouse neuron cultures was indeed dimin-
ished, compared to wild type, at the lower con-
centration of NGF. These results imply that
neuronal damages in mdx mice are sufficient for
dropping regeneration capabilities and that NGF
concentration is a limiting factor in vitro and
could be in vivo as well: when higher NGF con-
centration was used, the neuron regenerative per-
formance in mdx mouse improved.

Further, it was noticed that neurite growth
parameters and NGF/TrkA receptor signaling in
differentiating neurons (not injured) were signifi-
cantly reduced when cultured with low concen-
tration of NGF, as well as with higher NGF
concentrations. These data indicate a role for dys-
trophin in NGF-dependent cytoskeletal dynamics
connected to growth cone advancement, possibly
through indirect stabilization of TrkA receptors.
Decreasing of TrkA/NGF signaling prevents
growth cone regeneration and reduces cytoskele-
ton dynamics at the axon terminal. It has been

theorized that, since in mdx mice, lower concen-
trations of NGF recall less TrkA receptors on the
neuron membrane, there is a consequent decrease
in intracellular signaling pathways, which could
be due to the inefficient stabilization of the recep-
tor on the cell surface, indirectly induced by lack
of dystrophin. Interestingly, when NGF concen-
tration increases, no differences were observed in
terms of TrkA phosphorylation, supporting
the hypothesis that the more NGF is present, the
more efficiently TrkA receptors in dystrophic neu-
rons are able to bind it. Although the dynamical
characteristics to be considered are multiple and
intermingled, the main idea is that dystrophic
neurons are less sensitive to NGF compared to
wild type.

This is very important to address the DMD
pathology: muscle-innervating autonomic neuron
impairment could convey to weakening axon
recovery, neuron survival, and consequently aug-
ment dysfunctions. Finally, these data could pro-
vide the incentive for new research aimed at
developing therapeutic strategies to reduce neural
dysfunctions and autonomic failures in DMD
patients.

Neuro-Cardiac Junction

The whole mammalian heart is innervated by
SNs, which enter the heart from the epicardium
and extend their processes throughout the myo-
cardial interstitium, running parallel to capillary
vessels. On the other hand, NGF, released by the
myocardium, modulates the cardiac innervation
by SNs after binding to its receptor (TrkA) and
is required for neuronal survival. Therefore, it
presents a bidirectional coupling between SNS
and the heart. Sympathetic neurons are joined to
the heart for neurotrophic stimulation necessary
for neuronal viability. On the other hand, the heart
requires to be connected to sympathetic neurons
to receive NE stimulation for an efficient heart
contraction, thus modulating the frequency of
heart contraction (positive chronotropic effect),
the conduction velocity (positive dromotropic
effect), the contractility (positive inotropic effect),
the relaxation (positive lusitropic effect), and the
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CM size [78]. To achieve such sophisticated
functions, sympathetic ganglia incorporate both
peripheral and central inputs and transmit infor-
mation to the heart via motor neurons, directly
interacting with target CMs. So far, the dynamics
and mode of communication between these two
cell types, which determine how neuronal infor-
mation is adequately translated into the wide spec-
trum of cardiac responses, are still blurry.

Merging the anatomical and structural infor-
mation, recently highlighted using imaging tech-
nologies, and the functional evidence in cellular
systems, it can be promoted the existence of a
specific “neuro-cardiac junction” (NCJ), where
sympathetic neurotransmission occurs in a “quasi-
synaptic” way. The properties of such junctional-
type communication meet with those of the
physiological responses, generated by the cardiac
SNS, and elucidate its capability to coordinate
heart function with precision, specificity, and
elevated temporal resolution.

Lately several investigators focus on the inter-
actions in the mammalian heart between cardiac
SNs and CMs. Similarly, to the specific neuro-
muscular contact sites of the neuromuscular
junction (NMJ), many morphological and ultra-
structural analyses revealed that sympathetic
varicosities and CM membranes are in close con-
tact [8].

In rodent hearts it was demonstrated by two-
photon microscopy that not only all CMs are in
contact with several varicosities from the same
neuronal process but also that each CM estab-
lishes parallel contacts, possibly with processes
from different neurons. The heart consists of a
complex multicellular network, composed mostly
of CMs, CFs, and endothelial cells and is held
together by ECM and encapsulated in a dense
mesh of neurons. All these cells express receptors
for sympathetic neurotransmitters, and, because
of the capillary innervation of the heart, each cell
type is close to a neuronal process, indicating that
cardiac SNs may control myocardial function in
a cell-specific fashion [77].

The dense innervation of the myocardium and
the direct interaction between SN and myocardial
target cells suggest that neuro-cardiac coupling
may occur at specific junctional sites.

The existence of a neuro-cardiac communica-
tion can be assumed considering the following
concepts: (i) sympathetic neurotransmission
has to take place powerfully upon maximal neu-
ronal activation (“fight-or-flight” reaction); (ii)
neuronal activation requires to initiate cardiac
activation almost instantaneously, to quickly
increment blood pressure, through frequency of
heart contractions; (iii) the system has to guaran-
tee that under stress the entire heart muscle
undergoes changes in inotropy at the same time;
and (iv) the system must be precise enough to
operate almost on a beat-to-beat basis in the reg-
ulation of electrophysiology and trophic signal-
ing. To coordinate all these tasks, it is necessary a
signaling dynamics of intercellular communica-
tion that permit the system to work with wide
effect range, precision, and specificity of
responses to the diverse stimuli.

However, the NCJ hypothesis is not
completely accepted, since specific molecular
factors are not determined, and the obtained
results are not conclusive [41, 79]. An effort was
done to find molecular determinants focusing on
proteins that normally participate in intercellular
junctions, such as VCAM1 and α4p1 integrins
[71]. Larsen and coworkers determined protein
complexes present in neurons and CMs at cell-
cell interface [39], as β-ARs, SAP97, AKAP79,
cadherin, and β-catenins are confirmed in ex vivo
studies as well [62]. Still the molecular machinery
that links the two membranes together (synapses/
junction structure) is not fully reassembled.
Remarkably, based on in vitro experiments, even
CFs could interact with sympathetic neurons, but
the interactions are labile and transient in time, in
contrast with stable connection endorsed with
CMs [77].

Even if recent studies indicate that the
contact site is enriched in presynaptic markers
(synapsin I, synaptotagmin), in cell-to-cell
adhesion molecules (cadherins, β-catenin), and
in postsynaptic specializations of the CM mem-
brane [62], this model has not been explained at
the functional level. Moreover, the neurotransmit-
ters, the intercellular signaling dynamics, and how
the target cells respond to the intercellular com-
munication have not been clarified.
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Animal Models

Several mouse models have been developed
to better understand the DMD basic biology.
However, there has been a lack of animal models
that recapitulate the severe phenotype of DMD
disease and facilitate a test of therapeutic
strategies.

The mdx mouse is the most employed model
for studying DMD. This strain originated from a
spontaneous mutation in the premature stop codon
that terminated exon 23 of the dystrophin gene in
the C57BL/10ScSnJ mouse [5]. Although this
mutation leads to dystrophin function loss, there
is a compensatory upregulation of another protein,
named utrophin, which exhibits 80% homology
and shares structural and functional motifs with
dystrophin [2]. In mdx mice the upregulation of
utrophin repairs plasma membrane integrity and
muscle degeneration [19], while in human DMD
muscle, the levels are not sufficient to prevent
disease progression [44]. Consequently, the lack
of dystrophin and compensatory upregulation of
utrophin in the mdx mouse indicate that dysfunc-
tion of skeletal muscle characteristic of DMD is
less severe. In contrast to the degeneration of
skeletal muscle, which is rescued to some extent,
this strain exhibits myocardial damage, even if it
develops cardiomyopathy very late in its life.
Starting from 3 months of age, mdx mice display
altered metabolic processing associated with
increased oxygen consumption, decreased cardiac
efficiency, and increased cell membrane fragility
[36]. At 6 months, mdx heart is hypertrophied
compared to wild-type controls, suggesting car-
diac dysfunction, and, from 9 months of age,
fibrosis is evident histologically. 10-month-old
mdx mice have poor contraction and slower
rate beating than normal [57], and at 15 months,
interstitial fibrosis is detectable in the endocardium,
myocardium, and epicardium of the ventricular
wall and septum [45]. Considering these character-
istics, the mdx mouse model can provide helpful
information on the pathophysiology of the DMD
cardiomyopathy.

Many of the knowledge, we have gained over
the last few years on DMD, stems from the in-
depth study of mdx mouse model, although the

recapitulation of the disease sometimes appears to
be less aggressive. Some scientists have devel-
oped echocardiographic profiles of mdx mice to
confirm the fact that many DMD patients die from
HF. Mice also have significant tachycardia and
reduced HRV, as already observed in DMD
patients. In particular, the recorded heart rate is
faster in mdx mice than the control mice approx-
imately of 15%, while, the correct QT interval
based on speed, the duration, and the PR interval
are reduced.

Using atropine, a muscarinic receptor antago-
nist, it was observed that, in C57 mice, it signifi-
cantly increases heart rate and reduces the PR
interval, while inmdx it has a totally inverse effect
[9].Deepening the study with other pharmacolog-
ical approaches to the blockade of the autonomous
system, it was demonstrated an imbalance in the
modulation of the autonomic nervous system of
heart rate, with a decrease in parasympathetic
activity and an increase in sympathetic activity
inmdxmice. Furthermore, it has also been proven,
by the same researchers, that autonomic dysfunc-
tion inmdxmicemay be independent of decreased
myocardial nitric neuron oxide synthase (nNOS),
which is a component of the dystrophin complex
[59]. It was demonstrated that the absence of
dystrophin protein, in DMD and in mdx mouse,
triggers a redistribution of nNOS from the plasma
membrane to the cytosol in muscle cells. Aberrant
nNOS activity in the cytosol can stimulate free
radical oxidation, which is toxic to myofibers.
These data are very important and can provide
new bases for diagnosing, understanding, and
treating DMD patients. Unfortunately, the mdx
mouse is a mild model of DMD due to a minimal
cardiac dysfunction, as they do not develop early-
dilated cardiomyopathy as seen in DMD patients.

The most severe cardiomyopathy was found in
mice also lacking utrophin, indicating that the
homologous protein effectively compensated for
the lack of dystrophin in mdx mice [24].

Currently, the mdx4cv/mTRG2 model with
shortened telomeres seems to most faithfully reca-
pitulate both cardiovascular and skeletal muscle
features of the disease. It was shown that species-
specific differences in telomere length account for
diversities in the regenerative capacity of satellite
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cells from mdx animals compared to humans
and revealed premature telomere shortening in
CMs, which was an unknown characteristic of
DMD [76].

HDAC Inhibitor Therapy for Duchenne
Muscular Dystrophy

Recently, among the biological and molecular
mechanisms involved in the adaptive response to
a cardiac insult, the histone deacetylases (HDAC)-
mediated epigenetic processes are receiving a spe-
cial attention. HDACs are common enzymes regu-
lating the histone deacetylation in the core histones
(preferentially at the amino groups of lysine resi-
dues). From a physiological standpoint, HDACs
are strictly correlated to the regulation of homeo-
static gene expression of vascular and cardiac
populations including stem cell commitment [17].
More importantly, abnormal acetylation of core
histones, likely linked to environmental factors, is
associated with major cardiovascular diseases [70].
After a cardiac insult, HDAC activity is enhanced,
resulting in increased proliferation, migration, and
apoptosis of adventitial fibroblasts, endothelial and
smooth muscle cells, as well as MP activation and
phenotype switching [72], suggesting the involve-
ment of HDAC in driving the response to vascular
injury and remodeling even through the early
inflammatory phase. Hence, targeting HDACs
would represent a powerful tool to design
novel pharmacological approaches for cardiac dis-
orders. Accordingly, a wide range of molecules,
such as trichostatin A, suberoylanilide hydroxamic
acid, or valproic acid, has been described to inhibit
the activity of HDACs. Pan or selective HDAC
inhibitors (HDACis) have been shown to have
protective effects and, consequently, to preserve
the cardiac function by exerting anti-inflammatory
properties, reducing cardiac hypertrophy and
remodeling, and modulating the fibrosis and even
its potential reversion through definite molecular
signaling pathways, mainly targeting oxidase states
and/or specific kinases [6, 46].

Despite this, epigenetic therapeutic options
available in the cardiovascular field are still lim-
ited, and the clinical implications of the use of
the HDACis have still to be clearly elucidated,

including issues related to their safety and long-
term effects. Among these compounds, givinostat
(GIV, ITF2357), a powerful pan HDACi, has
recently gained considerable attention due to
its varied applicability, safety, and efficacy in
humans. Described in 2005 [66], GIV is currently
employed in ongoing clinical trials for myelopro-
liferative diseases, as well as for several inflam-
mation-based disorders, such as acute central
nervous system injuries, rheumatoid and juvenile
idiopathic arthritis, bowel diseases, and DMD [10,
63]. Recent studies suggest that GIV treatment
implies a decrease of the TNF-α, IL-6, and IL-1,
followed by a striking reduction of
the inflammatory response in combination with
pro-angiogenic effects [49].

To date, the effects of GIV in cardiac diseases
have still to be verified, because the lacking
of studies on this specific effect. DMD dispatches,
reporting that cardiac dysfunction may parallel the
skeletal muscle degeneration [10], suggest that
GIV might indirectly and beneficially act on the
cardiac muscle, defining this HDACi as a novel
potential cardiac therapeutic target and tool.

Milan and coworkers highlighted a cardiac
functional recovery concurrently to a reduced
fibrosis in the cardiac tissue. It has been postulat-
ing that GIV may protect the heart tissue from
an excessive remodeling by reverting the endo-
thelial-to-mesenchymal transition (EndMT) pro-
cess. Based on this, it can be speculated that GIV
might represent an excellent candidate both to
attenuate the cardiac failure in DMD patients
and to treat heart diseases.

From a physiological standpoint, HDACs are
strictly correlated with the regulation of homeo-
static gene expression of vascular and cardiac cell
populations. Targeting HDACs is a potentially
powerful strategic target for the treatment of
cardiac disorders.

Conclusion

Current care options and constant surveillance
have permitted a significant amelioration in
the life quality of DMD patients. However, the
increased lifespan of DMD patients has revealed
the developing cardiomyopathy as an essential
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health problem that has to be addressed. Because
it could be too late for improving heart perfor-
mance, the belief that heart medicines
should begin when symptoms appear is now
reconsidered. Indeed, currently treatments start
before the evident symptoms with the idea to
protect the heart from damage. It would be advan-
tageous to have matched study protocols intended
to achieve the reliability of the results inmdxmice
and use other models as an additional source of
information, as it was done for skeletal muscle
studies. Despite the important understandings
into the disease progression covered by these
many mouse models, there are still few acceptable
therapies. The longer life in DMD patients has
been mostly due to improvements in cardiac and
respiratory support, which only treat symptoms of
the disease. Finally, strong and clear protocols
can drive a direct comparison between various
studies, and any outcomes can be more easily
translated into changes in care regimens for
patients affected by DMD.
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Abstract

It is a consensus in literature that sleep is an
important modulator of several physiological
functions (e.g., cardiovascular, respiratory, and
neurobiological function). In fact, a complex
and dynamic rhythmic process involving the
activation of several cortical, subcortical, and
medullar neural circuits mutually interact in
order to synchronize the physiological func-
tions with sleep cycles. During physiological
sleep regulation, heart rate and blood pressure
lower during NREM sleep cycle, with marked
increase during REM sleep cycle. In this pro-
cess, autonomic nervous system has a pivotal
role in the hemodynamic regulation sleep-
mediated. In fact, several evidences show that
the vagal modulation is predominant during
NREM sleep cycle while that during REM
sleep cycle occur a prevalence of sympathetic
modulation. Thus, due to interaction between
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sympathetic and parasympathetic oscillations,
the hemodynamic fluctuations express the
effect of the autonomic cardiovascular modu-
lation in each sleep cycle. On the other hand,
a growing body of evidences has revealed that
chronic sleep deficiency promoted mainly by
sleep-disordered breathing (i.e., obstructive
sleep apnea) is highly prevalent in patients
with cardiovascular diseases. Through a vari-
ety of factors including nocturnal hypoxemia
and increased oxidative stress, production of
pro-inflammatory cytokines, and autonomic
and endothelial dysfunctions, a significant
overlap among pathophysiology mechanisms
of these two conditions has been reported.
Therefore, in this chapter we will address the
impact of chronic sleep deficiency promoted
by obstructive sleep apnea on the cardiovascu-
lar system with focus on the autonomic ner-
vous system.

Keywords

Autonomic nervous system · Chronic sleep
deficiency · Obstructive sleep apnea ·
Cardiovascular diseases

Introduction

In the past, sleep was defined as an easily revers-
ible state of reduced responsiveness and interac-
tion with the external environment, where there
is a relative motor and sensory quiescence that
occurs in periodic episodes to maintenance of
health and homeostasis [1]. Currently, National
Institute of Mental Health defines sleep as an
endogenous, recurring, behavioral state that
reflects coordinated changes in the dynamic func-
tional organization of the brain and that optimizes
physiology, behavior, and health [2].

The change of this paradigm occurred only
with the advent of polysomnography, which is
essential for a better understanding of aspects
physiology and pathology sleep-related [3, 4].
Based on polysomnographic records, it was pos-
sible to determine different sleep stages. In fact,
polysomnography (PSG) allows the definition of

different sleep stages, by means of continuous
recordings of the electroencephalogram (EEG),
submental electromyogram (EMG), and electro-
oculogram (EOG). PSG provides the analysis
among synchronization of brain waves together
with other physiological signals [e.g., heart rate
(HR), pulse oximetry, airflow, and abdominal and
thorax excursions] [3, 4].

Classically, normal sleep can be divided into
non-rapid eye movement (NREM) and rapid eye
movement (REM) stages in a cyclical manner
(~4 to 5 NREM-REM cycles) during every night
[3–7]. The sleep cycle begins when the fast and
low-amplitude brain waves characteristic of
wakefulness (alpha rhythm, 8–13 Hz) are replaced
by slower waves of greater amplitude as sleep
deepens [3–7]. Thus, sleep onset epoch is deter-
mined when occurs a decrease of alpha-wave
duration of less than 50% of an epoch or a vertex
wave, K complex, sleep spindle, or delta activity
occurs.

Currently, the NREM sleep cycle is divided
into three different stages. In Stage 1, a transi-
tional stage which corresponds to 5% of sleep
occurs the missing of alfa rhythm (Stage 0 or W)
and is scored when low-voltage mixed-frequency
EEG (theta rhythm, 4–7 Hz) is present but there
are no K complexes, spindles, or REMs [3–7].
Stage 2 is characterized by the presence of spin-
dles (sigma rhythm, 12–14 Hz bursts) and/or K
complexes and high amplitude delta EEG activity
(delta rhythm, <4 Hz with �75 μV amplitude)
which occupies less than 20% of the epoch
[3–7]. Finally, Stage 3 of the NREM sleep is
classified when slow-wave activity occurs in
more than 20% of the epoch [3–7].

In REM sleep, muscle atony and eye move-
ments are accompanied by fast and low-amplitude
brain waves (rhythm theta, 4–7 Hz). The morphol-
ogy sawtooth of the EEG tracing may also
accompany REM sleep [3–7]. In addition, other
physiologic activities accompanying REM sleep
includes periorbital integrated potentials, middle
ear muscle activity, and sleep-related erections
during REM sleep cycle [3–7].

Sleep represents more than 30% of our lives,
and it is an important modulator of several phys-
iological functions (i.e., cardiovascular, digestive,
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endocrine, and respiratory systems) being that
some of your effects are related to circadian
rhythms and others to specific sleep stages [8].
Most of the physiological parameters of the body
alter during sleep when compared to wake [i.e.,
HR, blood pressure (BP), and temperature]. For
this, a complex and dynamic rhythmic process
involving the activation of several cortical, sub-
cortical, and medullar neural circuits mutually
interacts in order to control normal sleep accord-
ing to hormonal changes (e.g., melatonin and
orexin), local factors (e.g., adenosine accumula-
tion), circadian variations (e.g., dark-light cycles),
and other unknown factors [9].

During physiological sleep regulation, HR and
BP lower during NREM sleep cycle, with marked
increases during REM sleep cycle [10, 11]. For
these physiological responses, autonomic nervous
system (ANS) has a pivotal role in the hemody-
namic regulation sleep-mediated. In fact, several
evidences show that the vagal modulation is pre-
dominant during NREM sleep cycle, while that
during REM sleep cycle occurs a prevalence of
sympathetic modulation [10–12]. Thus, due to
sympathetic and parasympathetic oscillations of
the sympatho-vagal balance, the hemodynamic
fluctuations are expression of the autonomic car-
diovascular modulation of HR and BP in each
sleep cycle.

As far as we know, the analysis of the heart rate
variability (HRV) is one of the most reliable
methods capable of evaluating the dynamic and
simultaneous interaction of these autonomic
branches on the effector organ (i.e., heart). By
means of spectral approaches, HRVanalysis iden-
tifies three main oscillatory components: (1) very
low frequency (VLF), marker of hormonal and
circadian oscillations; (2) low frequency compo-
nent (LF), marker of sympathetic modulation;
and (3) high frequency component (HF), marker
of vagal modulation and synchronous with respi-
ration [12]. HRV has been widely used for the
assessment of ANS during sleep, showing a pro-
gressive decrease of sympathetic modulation
and a predominant vagal modulation, as sleep
becomes deeper (i.e., from wakefulness to
NREM sleep cycle). On the other hand, during
REM sleep cycle occurs a predominant

sympathetic modulation on cardiovascular system
with surges of sympathetic outflow at levels even
upper than in wakefulness [10, 13–15].

Curiously, several scientific evidences docu-
ment that the simple restriction of the number of
hours of sleep can be deleterious to the cardiovas-
cular system. For example, cohort studies suggest
sleeping less than 5 h per night may increase the
risk of developing hypertension, acute myocardial
infarction (MI), and stroke [16–18]. In addition,
due to the high prevalence, another growing
focus of scientific interest is the impact of sleep-
disordered breathing (SDB) in patients with car-
diovascular disease [16–18]. Thus, in this chapter
we will address the impact of sleep deficiency
promoted by SDB on the cardiovascular system
with focus on the ANS.

Sleep Deficiency and Cardiovascular
Disease

Considering that the average hours of sleep fell
approximately 27% in the last century, sleep defi-
ciency has becoming one of the most relevant
health problem in modern societies [19]. This
phenomenon is supposed to impact upon global
health in a significantly way and can culminate in
several sleep disorders.

Based in the 2011 National Institutes of Health
(NIH) Sleep Disorders Research Plan, the sleep
deficiency is defined a “deficit in the quantity
or quality of sleep obtained versus the amount
needed for optimal health, performance, and
well-being; sleep deficiency may result from pro-
longed wakefulness leading to sleep deprivation,
insufficient sleep duration, sleep fragmentation,
or a sleep disorder, such as in obstructive sleep
apnea (OSA), that disrupts sleep and thereby ren-
ders sleep non-restorative” [20, 21].

According to NIH, it is recommended that an
individual in adulthood sleeps 7–8 h per night.
However, an alarming fact is that it is estimated
that in 2020 approximately 30% of the adults will
sleep less than 6 h per night [22]. It is worth
highlighting that approximately 30% of men and
women and 60% of adolescents fail to obtain
sufficient amounts of sleep [23, 24], 20% of adults
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experience excessive daytime sleepiness [25],
5–25% of adults meet objective criteria for SDB
[26], 20–30% report insomnia symptoms [27],
and nearly 1/3 of the American workforce is
engaged in shift work [28]. Therefore, sleep defi-
ciency has become a huge health-care problem in
modern societies.

In view of the foregoing, why are we sleep
deprived? To answer this question, several aspects
must be taken into account. Firstly, sleep defi-
ciency can be for reasons related to our lifestyle,
such as the use of electronic devices before going
to sleep, which alter the physiological secretion
of hormones that are fundamental for normal
sleep (i.e., melatonin and cortisol) [29], hard
work schedule, shift work, etc. A second reason
to be sleep deprived can be because of aging
process, once aging is associated with a reduction
of total sleep time and a disruption of physio-
logical sleep [30]. Finally, an individual may
suffer from sleep disorders (i.e., SDB, insomnia,
periodic limb movements, and restless leg syn-
drome) [21].

Although with pathophysiological differences,
one of the most important common elements of
these sleep disorders is the condition of chronic
sleep deprivation, which has a complex series of
biological consequences. Thus, sleep deprivation
can be related to the activation of several biolog-
ical pathways, for instance, neural regulation of
cardiovascular function [31], inflammatory
responses and deregulation of immune system
[32–34], metabolic dysfunctions [35–37], cogni-
tive functions, and mood’s alterations [38].

Several experimental studies have been
conducted on the effects of acute sleep depriva-
tion on ANS and cardiovascular system [39–46].
After 24 h of continuous wakefulness, the acute
sleep deprivation is able to induce significant
increase in HR and systolic BP (SBP) [39–41],
as well as a blunted HR and SBP responses to
orthostatic stimulus [42, 43]. Yet, other studies
report no significant differences in terms of hemo-
dynamic variables before and after acute sleep
deprivation [44], thus suggesting a possible
confounding factor related to the different exper-
imental criteria used to obtain sleep deprivation
among studies.

Curiously, the analysis of HRV also provides
crucial information of the consequences of acute
sleep deprivation on the ANS. After acute sleep
deprivation, showing a significant reduction of
HRV [39] represents a drop in capability of the
cardiovascular system to react and adapt to
stressor stimuli. Besides, this phenomenon is
accompanied by a significant alteration of the
sympatho-vagal balance with predominance in
the sympathetic modulation and a reduction of
vagal modulation after acute sleep deprivation.
In fact, several evidences revealed an increase
of the LF component (marker of sympathetic
modulation) and a reduction of HF component
(marker of vagal modulation), which impairs in
sympatho-vagal balance [39, 47]. Thus, these
results suggested that sleep deprivation may
importantly affect the ANS in healthy subjects.

Curiously, study assessing direct muscle
sympathetic nerve activity showed a significant
reduction of the bursts frequency [44]; this result,
associated with an increase of the BP values,
suggests a global resetting of the baroreflex con-
trol and a loss of rhythmical properties of the
sympathetic outflow after sleep deprivation. In
addition, when evaluating the dynamic response
to orthostatic stress, it has been demonstrated that
the response of HR, BP, and cardiac sympathetic
modulation is significantly blunted when com-
pared to clinostatic position [43]. These findings
thus supporting the hypothesis that ANS is less
capable of dealing with stressor stimuli after acute
sleep deprivation.

The majority of the studies showed important
alterations of hemodynamic and autonomic car-
diac control after a period of acute sleep depriva-
tion, with a sympatho-vagal balance shifted
toward a sympathetic predominance of HR and
BP control. Similar results have been observed
after partial chronic sleep deprivation. Consider-
ing the difficulty in performing this short of exper-
iments, as well as the diversity of experimental
protocols (in terms of hours of sleep deprivation
per day, number of days, population characteris-
tics, etc.), it is mandatory to consider these results
as preliminary. However, interesting but contrast-
ing data have been reported. Five days of partial
sleep deprivation were able to induce significant
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changes of HRV and blood pressure variability
(BPV), with decrease of total HRV, increase of
LF, and decrease of HF components [48, 49].

On the other hand, it has been documented that
SDB is associated with coronary artery disease
(CAD), myocardial infarction, chronic heart fail-
ure (CHF), stroke, diabetes mellitus (DM), and
obesity [50]. Therefore, these data clearly suggest
that sleep deficiency, especially those promoted
by SDB, plays a key role in the pathogenesis of
cardiovascular diseases.

Obstructive Sleep Apnea and
Cardiovascular Disease

OSA, a SDB characterized by recurrent episodes
of cessation of respiratory airflow during sleep
due to upper airway collapse on inspiration, is
primary sleep disorder associated with cardiovas-
cular disease [51–54].

According to epidemiological study, the prev-
alence of OSA in the general adult population is
approximately 25% in men and 10% in women,
and this prevalence doubled from the last decade
[55], when obesity and metabolic syndrome have
been identified as important risk factor [56].
In addition, patients with cardiovascular diseases
do have a higher prevalence of OSA, which is
present in 30–80% of patients with hypertension,
30–60% of patients with chronic CAD, and
50–80% of patients with CHF [57]. A recent sys-
tematic review on the risk of adverse cardiovas-
cular outcomes in patients with OSA showed a
relation between the presence of OSA and all
causes mortality and composite cardiovascular
outcomes (i.e., stroke, CHF, MI) in men, while
in women this relation was attenuated [58].

In addition, the apnea/hypopnea index (AHI),
an index that sums the amount of apneic and
hypopneic events during the sleep period, was
the only independent predictor of adverse events
[58]. However, the association between OSA and
DM did not reach a statistical significance after
the adjustment for confounding factors such as
age, sex, and BMI [59]. The pathophysiological
cascade leading from OSA to cardiovascular
events has been extensively described [60–62].

The immediate consequences of respiratory
events are exaggerated respiratory effort in an
attempt to maintain ventilation which in turn
leads to reduced intrathoracic pressure and inter-
mittent hypoxemia. Furthermore, cessation of air-
flow results in hypercapnia and hypoxemia and,
consequently, leads to activation of the central and
peripheral chemoreflex control, respectively [63].
This in turn causes an increase in vascular
sympathetic outflow as well as in circulating
catecholamine, with an accompanying increase
in peripheral vascular resistance [64, 65].
Furthermore, due to changes in intrathoracic pres-
sures upon final of apneic event, vasoconstriction
in the peripheral vasculature and increased cardiac
output lead to dramatic surges in BP [64, 65].
Thus, sleep fragmentation due to frequent
arousals of each OSA episode promotes expres-
sive hemodynamic and neuroendocrine distur-
bances, as well as profound decreases in level of
the oxygen saturation with consequent systemic
hypoxemia [63–65].

Therefore, intermittent hypoxemia is the most
important and major mechanism that connects
OSA to cardiovascular disease. Based on data
from several experimental studies, animals
exposed to chronically intermittent hypoxemia
develop multiple cardiovascular complications,
such as hypertension, myocardial hypertrophy,
endothelial dysfunction, and atherosclerosis
[66–69].

Obstructive Sleep Apnea and Arterial
Hypertension

The best studied relationship between SDB
and cardiovascular disease is between OSA and
hypertension. The prevalence of moderate-to-
severe OSA in patients with primary hypertension
is approximately 30% while 80% in patients with
resistant hypertension [70, 71]; therefore the link
is clinically relevant. According to international
guidelines, the OSA screening for all patients with
resistant hypertension is strongly recommended.

Interestingly, patients with OSA have cyclical
increases in BP associated with the end of OSA
episodes. In addition, it is common that these
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patients often do not present the nocturnal
descensus of the BP and are considered like non-
dippers [72]. This pattern is considered a risk for
the development of cardiovascular diseases [73].
Most of the pathophysiological mechanisms of
OSA, in particular autonomic dysfunction, have
central implications in the genesis of arterial
hypertension. In fact, autonomic control is altered
not only during nighttime, with a continuous
waxing and waning of sympathetic outflow
during apneic events, but also during daytime,
with a constant predominance of sympathetic
modulation to the sinus node and the vessels
[74–76].

Yet, from a pathophysiological and an epide-
miological point of view, although the relation
between OSA and hypertension has been well
established, the causality between OSA in hyper-
tension is a still debated issue. In fact, it has been
documented that untreated OSA increased the
risk of developing hypertension [77]. However,
other studies did not confirm this finding after
adjusting them for confounding variables (e.g.,
age, sex, body mass index, neck circumference,
and smoking) [78]. This contrasting data can be
related mainly to the overlap of the common risk
factors between OSA and arterial hypertension (i.
e., obesity and metabolic syndrome).

In 2006, a systematic review highlights
that continuous positive airway pressure (CPAP)
is effective on sleepiness symptoms and quality of
life measures in subjects with moderate and severe
OSA, being more effective than oral appliances in
reducing respiratory disturbances [79]. In addi-
tion, data on short-term trials showed that CPAP
lowers BP but long-term data are required for all
outcomes [79].

Interestingly, a recent meta-analysis showed
that the pooled effects after CPAP treatment for
24-h ambulatory systolic and diastolic BP were in
average 5 mmHg and 3 mmHg, respectively [80].
However, while CPAP is able to reduce cardio-
vascular outcomes, it is unclear whether this effect
is related to the reduction of arterial hypertension
or, more likely, to a synergistic effect among sev-
eral intermediate mechanisms.

Obstructive Sleep Apnea and Coronary
Artery Disease

According to epidemiological studies, approxi-
mately 50% of patients with CAD have moderate
to severe OSA [81], and one half of the patients
admitted to hospitals for a ST-elevation MI have
an undiagnosed severe OSA [82]. In addition,
prevalence of OSA is higher in CAD patients
with reduced ventricular function when compared
to CAD patients with preserved ventricular func-
tion [83].

Another interesting fact is related to the differ-
ence between genders, since OSA is a risk factor
for CAD in men, but this result has not been
confirmed in women [83].

From a pathophysiological perspective,
beyond to sleep fragmentation and autonomic
dysfunction promoted by intermittent hypoxemia,
the repetitive episodes of upper airways collapse
lead also to the uncoupling of coronary blood flow
and myocardial workload [84]. Thus, due to this
uncoupling, the sudden increase in coronary
blood flow after each apneic event could be a
pathophysiological mechanism responsible for
the strong link between OSA and ischemic events
in patients with CAD.

The comorbidity of OSA also impacts on the
clinical progression of MI patients. In the early
phases of acute MI, the heart is more sensitive to
the increased intrathoracic negative pressure
induced by apneas in patients with OSA, thus
leading to a worse recovery from acute events
[83]. Interestingly, patients with OSA tend to
have prolonged MI, altered ventricular remodel-
ing, and lower ventricular function [83, 85].

The effects on long-term cardiovascular out-
comes have been widely reported. In a pros-
pective study, Gottlieb et al. demonstrated that
OSA is a significant risk factor for the incidence
of an acute CAD, such as acute MI, revasculari-
zation, and death for cardiovascular causes [86].
Additionally, it has been also showed that the
event-free survival rate was worse in patients
with severe OSA when compared to nonsevere
OSA [82].
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Thus, besides being highly prevalent, these
evidences demonstrate that OSA is an indepen-
dent risk factor for the development of ischemic
cardiomyopathy in patients with CAD. In addi-
tion, patients with CAD and OSA have worse
short- and long-term outcomes. Therefore, the
prompt diagnostic of CAD patients with OSA
comorbidity is essential to stratify high-risk
patients and thus to tailor the best therapeutic
strategy for these patients.

Obstructive Sleep Apnea and Cardiac
Arrhythmias

Several factors described in the pathophysiology
that connect OSA with cardiovascular diseases
may contribute to cardiac arrhythmias, such as
ANS activation, cardiac remodeling, and incre-
ased inflammatory markers [87, 88]. Among all
cardiac arrhythmias, the most common during
sleep in patients with OSA are atrial fibrillation
(AF), ventricular extra systoles, second-degree
atrioventricular block, and non-sustained ventric-
ular tachycardia [54].

According to the American College of
Cardiology, it is estimated that the prevalence of
secondary bradycardia to SDB (e.g., OSA) is
approximately 10% [51]. The occurrence of
bradycardia associated with apnea and hypopnea
events reflects a parasympathetic hyperactivation
in the sense of reducing the consumption of oxygen
by the myocardium in a context of hypoxemia.

Although OSA is demonstrated to be related
to cardiac and peripheral sympathetic hyper-
activation, the cardiac autonomic system under-
goes different influences during and shortly after
the occurrence of apnea [63, 89]. When hypox-
emia occurs in the absence of ventilation, the
stimulation of peripheral chemoreceptors has
a vagotonic effect causing bradycardia. When
ventilation is resumed, even in the presence
of hypoxia, stretching of the pulmonary receptors
inhibits vagal stimulation, which results in
cardiac sympathetic discharge-mediated tachy-
cardia [51, 90, 91].

Yet, ventricular arrhythmias are more prevalent
in subjects with OSA when compared to individ-
uals without OSA. Since patients with OSA have
a large number of comorbidities (e.g., hyperten-
sion, obesity, and CAD), there is a certain diffi-
culty in discriminating the role of OSA as an
independent risk factor for the development of
ventricular arrhythmias [92].

On the other hand, recent evidence suggests
that OSA may be present in approximately 50%
of patients with AF [93]. Another important find-
ing is that, by analyzing only those patients with
AF who were referred for elective electric cardio-
version, the frequency of OSA reached levels
close to 80% [94].

In addition to the detrimental effects induced
by the hypoxia-reoxigenation episodes during
apneas, a major role might be played by the
coactivation of the ANS during hypoxemic epi-
sodes. Vagal activation would induce an impaired
refractoriness of the cardiac conducting system,
creating an electrogenic background for triggering
AF. Moreover, apneic events induce changes in
intrathoracic pressures causing atria enlargement
and tissue stretch and remodeling at the pulmo-
nary vein ostia, leading to a “mechanical” trigger
for AF onset [95].

Interesting data have been published on the
effects of OSA treatment on AF. A recent meta-
analysis showed that OSA patients treated with
CPAP had a 42% decreased risk of AF, with
benefits of CPAP more evident for younger,
obese, and male patients. On the contrary, an
inverse relation has been established between
CPAP therapy and AF recurrence [96]. Two recent
papers showed that patients under CPAP therapy
had a higher AF-free survival rate and AF-free
survival of antiarrhythmic drugs compared to
OSA patients without CPAP treatments. Patients
with OSA had a greater risk of AF recurrence after
catheter ablation compared to patients without
OSA and a higher risk to repeat ablation following
pulmonary vein isolation. On the contrary, OSA
patients under CPAP had a risk of AF recurrence
analogous to that of patients without OSA, and the
efficacy of catheter ablation for AF was similar
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between patients with and without OSA undergo-
ing CPAP treatment [97, 98].

Based in these data, the relationship between
OSA and AF is bidirectional, where patients with
OSA at higher risk to develop AF and patients
with AF have a greater prevalence of OSA. For
this reason, the efficacy of AF treatment is
affected by the presence of OSA, and an effective
OSA treatment with CPAP improves AF out-
comes [99]. Thus, a prompt identification of
OSA in patients with AF and adequate therapeutic
options should be considered in order to improve
the long-term outcomes in these patients.

Finally, several studies suggest that patients
with OSA have a significant alteration in an
established day/night pattern of sudden cardiac
death. Specifically, OSA increases risk of sudden
cardiac death in more than twofold during the
sleeping hours, which is in marked contrast to the
low occurrence of sudden cardiac death during
this time in individuals without OSA and in the
general population [100]. In fact, the severity of
OSA correlated directly with the risk of noctur-
nal sudden cardiac death [100]. However, while
these findings suggest that OSA changes the
timing of sudden cardiac death and that the
acute effects of OSA on cardiac ischemia and
arrhythmias may in fact have significant clinical
consequences, whether OSA actually increases
the overall risk of sudden cardiac death is not yet
known.

Obstructive Sleep Apnea and
Congestive Heart Failure

CHF is a pathological condition characterized
by the inability of the heart to fulfil the oxygen
demand of the periphery. CHF can be due to an
impairment of the ability of the ventricles to con-
tract properly (i.e., systolic dysfunction) or to an
increased stiffness of the ventricular walls during
diastolic phase (i.e., diastolic dysfunction) [101].

Although SDB may also occur in the course of
CHF, this factor must be considered a very impor-
tant comorbidity in patients with CHF. In fact,
SDB has a high prevalence, affecting more than
50% of the CHF patients with reduced ejection

fraction [102] and also in patients with CHF with
preserved ejection fraction [53].

Gottlieb and colleagues showed that the pres-
ence of OSA increases the risk of new onset CHF
inmen (hazard ratio, 1.13; 95%CI, 1.02–1.26) per
10-unit increase in apnea-hypopnea index (AHI,
the number of episodes of apneas and hypopneas
per hour of sleep). Men with a severe OSA (AHI
>30) are 58% more likely to develop CHF com-
pared to non-OSA subjects [86]. Patients with
CHF are at higher risk of developing central
sleep apnea (CSA) and Cheyne-Stoke breathing
(CSB), a particular condition characterized by
breathing that becomes progressively deeper and
faster followed by a gradual slowing of the breath-
ing followed by an apnea [103–105]. Interest-
ingly, CSA is an independent risk of adverse
outcome in patients with CHF [103, 106], and
also the more severe the CSA, the higher the
probability to develop clinical symptoms and
signs of heart failure and to develop
decompensated CHF in older men [107]. It has
been also shown that CSA is an independent risk
factor that predicts hospital 6-month readmission
[108]. Thus, OSA and CSA are often coexisting in
CHF patients.

It is known that OSA and CHF shown a strong
link, and the relation between diseases has impor-
tant consequences on long-term outcomes in these
patients. In fact, CHF patients with a comorbid
untreated OSA (i.e., AHI >15) double the all-
cause mortality compared to CHF patients with-
out OSA [109], and besides this OSA is an inde-
pendent risk factor of mortality in these patients
[110]. We know that progressive loss of oscilla-
tory pattern associated with an increased efferent
sympathetic discharge is a hallmark of CHF.
Thus, due to saturation of sympathetic nervous
system, the progressive loss of rhythmical prop-
erties of adrenergic outflow is accompanied by an
expressive reduction in HRV [111]. In addition to
this autonomic dysfunction, patients with CHF
and OSA not only have repetitive bursts of sym-
pathetic efferent during apneas due to the
chemoreflex hypersensitivity [74, 75] but due to
hypoxia and upper airway obstruction also shown
increased vagal activity. This pathophysiological
phenomenon triggers a reflex bradycardia, which
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is then followed by a sympathoexcitation after
apneic event [112]. During the coactivation of
autonomic branches, simultaneously to hypoxic
pulmonary vasoconstriction, both right ventricu-
lar hypertension and acute stretch of the atria
wall and pulmonary vein could promote the
onset of arrhythmias in patients with CHF, espe-
cially AF [112, 113]. Thus, in considering the
deleterious effects of this combined sympathetic
and vagal activation, a growing interest has
been focused on the possible beneficial effects
of OSA treatment in patients with CHF, mainly
in terms of mortality. Until now, it has been
recommended the use of CPAP as optimal ther-
apy for OSA, once that it is able to reduce symp-
toms, to improve quality of life, and to
significantly reduce the incidence of cardiovas-
cular outcomes [114].

Curiously, the effectiveness of CPAP treatment
in patients with CHF is still discussed. It has been
reported that 1–3 months of CPAP in patients with
CHF and OSAwere able to reduce HR and BP and
to improve left ventricular ejection fraction and
NHYA functional class [115]. In line with
these findings, the Canadian Continuous Positive
Airway Pressure for Patients with Central Sleep
Apnea and Heart Failure trial (CANPAP study)
reported that CPAP treatment was able to reduce
the number of obstructive apneas, to improve
nocturnal oxygenation, and to increase the left
ventricular ejection fraction, but without altering
survival rate [116]. A recent randomized clinical
trial focused on the use of a specific ventilation
(adaptive servo-ventilation) in CHF patients with
reduced ejection fraction and central apneas,
failed to reach its primary endpoints (i.e., cardio-
vascular intervention, worsening heart failure, and
reduction of death for any cause) [117]. And con-
trary to initial expectations, results showed that
cardiovascular mortality and all-cause mortality
were higher in the adaptive servo-ventilation
group compared to the conventional therapy
group [117]. Therefore, there is still lack of clin-
ical evidence based to randomized trials that
the reduction in obstructive as well as central
apneas in patients with CHF is associated with a
reduction in morbidity and mortality in these
patients.

Conclusion

As chronic sleep deficiency has becoming one
of the most relevant health problems in modern
societies, this phenomenon has an impact upon
global health in the whole world. This condition
is related to changes in lifestyle habits and an
increased prevalence of OSA. Independently of
its primary cause, chronic sleep deficiency pro-
moted by OSA can impinge upon several physio-
logical pathways, such as cardiovascular
autonomic control, oxidative stress, inflammatory
responses, and endothelial function. Therefore, all
these pathophysiological mechanisms are respon-
sible by mismatch among the physiological
rhythms that link between sleep deficiency with
increased risk of cardiovascular diseases, such
as arterial hypertension, cardiac arrhythmias, cor-
onary artery disease, and chronic heart failure.
Thus, an early diagnosis and treatment of subjects
with OSA is essential in order to reduce the risk of
cardiovascular diseases in general population,
since chronic sleep deficiency promoted by OSA
might be trigger to the development of cardiovas-
cular disease.
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Abstract

Sleep and heart show a bidirectional relation-
ship, in which sleep disorders influence cardiac
function and cardiac pathology may con-
versely disrupt sleep architecture. Sleep is con-
sidered a dynamic process with strong effects
on cardiovascular homeostasis. Normally,
sympathovagal balance ensures a sympathetic
predominance during the day and a prevailing
parasympathetic activity during the night; dur-
ing REM sleep, sympathetic burst occur,
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leading to blood pressure and heart rate insta-
bility. Moreover, many sleep disorders may
induce sleep fragmentation, leading to
increased sympathetic activity and
hypothalamic-pituitary axis hyperactivity;
these factors may induce vasoconstriction,
increased arterial stiffness, and vascular
remodeling. Sleep-disordered breathing is
associated with hypertension, congestive
heart failure, and cardiac rhythm disturbances.
Insomnia and short sleeping time are associ-
ated with increased risk of coronary heart dis-
ease, hypertension, and heart failure. Sleep-
related movement disorders, namely, periodic
limb movements and restless leg syndrome,
show a strong relationship with cardiovascular
disease, but further studies are needed. Auto-
nomic dysregulation has been described in Idi-
opathic REM sleep behavior disorder, with
possible consequences on cardiovascular func-
tion. Narcolepsy type 1 patients show a noc-
turnal non-dipping profile, resulting from
impaired sympathovagal balance.

Keywords

Sleep · Cardiovascular disease · Sleep
disorders · Non-dipping · Hypertension ·
Sympathovagal homeostasis · OSA ·
Insomnia · RLS · RBD

Introduction

Sleep is a complex, finely organized dynamic
process, which is considered essential for
human health. Despite its exact biological func-
tion remains to be fully understood, sleep is
thought to have restorative, conservative, adap-
tive, thermoregulatory, and memory
consolidative functions. Moreover, it is indisput-
able that sleep deprivation can be harmful (quoad
vitam and quoad valetudinem). Indeed, loss of
attention and concentration are considered
low-term consequences of sleep deprivation,
but increased mortalities due to coronary heart
disease, heart failure, and high blood pressure,
together with obesity, diabetes mellitus, and
mood disorders (other than car accidents), are

included among the long-term consequences of
sleep deprivation [1].

Due to the effects on cardiovascular dysfunc-
tion of sleep deprivation, the relationship between
sleep and cardiovascular function has largely been
studied. However, many aspects of this relation-
ship still remain unknown. The link between sleep
and cardiovascular function is considered bidirec-
tional: on the one hand, sleep modulates and
influences the cardiovascular function, and on
the other side, cardiovascular function influences
sleep (e.g., cardiac pathology as chronic heart
failure can disrupt sleep architecture).

Sleep influence on cardiovascular function is
strong in both physiological and pathological con-
ditions. From a physiological point of view, sleep
exerts numerous effects on the autonomic nervous
system, systemic hemodynamics, cardiac func-
tion, endothelial function, and coagulations,
through direct effect of sleep architecture or indi-
rect effects resulting from circadian rhythms [2].

In relationship with pathological conditions,
frequently diagnosed sleep disorders, such as
sleep apnea or periodic limb movements
(PLMs), have been shown to negatively influence
cardiac function, while sleep deprivation is
strongly associated with blood vessel and meta-
bolic disorders [3].

In the following chapter, sleep physiology will
be discussed with special regard to sleep and
sympathovagal homeostasis and receptor-
mediated cardiovascular control. Cardiovascular
implications of sleep disorders will be analyzed
and discussed.

Sleep and Sympathovagal
Homeostasis

During wakefulness and sleep, rhythmic patterns
of homeostatic regulatory mechanisms, including
the autonomic nervous system, influence cardio-
vascular function [2]. Sympathovagal tone is
modulated through circadian patterns of sleep-
wake activity, with general prevalence of sympa-
thetic activity during the day and parasympathetic
activity during the night [4].

Two main sleep phases are recognized
according to physiological and behavioral criteria,
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the nonrapid eye movement (NREM) and rapid
eye movement (REM) sleep, cyclically alternat-
ing for a total of 4–5 NREM/REM cycles in
a night; NREM sleep is further divided into stages
1, 2, and 3 (N1, N2, and N3). During NREM
sleep, an increase in parasympathetic tone and
a decrease in sympathetic tone are observed,
which leads to progressive blood pressure and
heart rate decrease, increasing from stages 1 to
3 of NREM [5]. During REM sleep, a further
increase of parasympathetic tone with sympa-
thetic depression occurs, but sympathetic activity
increases intermittently.

The central autonomic network (CAN),
through its upward and downward connections
between the hypothalamic-limbic region and the
medullary nucleus tractus solitarius (NTS), con-
trols the sympathetic and parasympathetic divi-
sions of the autonomic nervous system. NREM-
REM sleep cycles are controlled by sleep-
promoting neurons, scattered nearby the CAN
and its connections, along with cholinergic
REM-on and catecholaminergic REM-off cells
in the ponto-mesencephalic junction and pons [6].

During NREM sleep, the previously men-
tioned changes in autonomic activity lead to
heart rate slowing and consequently to a reduction
in cardiac output and blood pressure. REM sleep
is considered a vagotonic stage in which super-
imposed bursts of sympathetic nerve activity
occur; the hemodynamic changes in this phase
result in blood pressure, heart rate, and eventually
oxygen saturation instability [1, 2]. This may
explain the increasing mortality observed during
the early morning hours, in which REM activity
prevails. Cardiovascular diseases, such as myo-
cardial ischemia, acute myocardial infarct, and
supraventricular and ventricular arrhythmias,
actually show a higher incidence in the morning
and during daytime [7].

The increased parasympathetic activity during
sleep may also have negative consequences on the
cardiac function: marked sinus arrhythmia, con-
duction disturbances (first- and second-degree
atrioventricular block), and sinus pauses have
been reported to occur in healthy people during
sleep, especially REM sleep [8].

The interconnection between sleep and cardio-
vascular function is even more noteworthy in case

of many sleep disorders, in which sleep architec-
ture disruption results in sleep fragmentation
and increased sympathetic activity, leading to
blood pressure surge, systolic and/or diastolic
non-dipping tendency, and cardiovascular
consequences.

Role of Peripheral Receptors
in Cardiovascular Autonomic Control

Along with the CAN, medullary reflexes, trig-
gered by activations of baroreceptors, chemore-
ceptors, and cardiac receptors, control
sympathetic and parasympathetic activity [9].

Baroreceptors are mechanoreceptors located
in the carotid sinuses and aortic arch, responding
to stretches determined by modifications in arte-
rial blood pressure; through IX and X cranial
nerves (glossopharyngeal and vagus nerves),
they provide inputs directed to the nucleus of
solitary tract (NTS) of the medulla oblongata.
A blood pressure increase provides an excitatory
input to the NTS, which inhibits the sympathetic
response of the rostro-ventrolateral medulla and
activates vagal neurons in nucleus ambiguus,
resulting in peripheral resistance decrease and
heart rate decrease.

Chemoreceptors in the carotid bodies and aor-
tic arch respond to hypoxia with a vasoconstric-
tion resulting in blood pressure increase, mediated
by sympathetic system, and with heart rate
decrease, mediated by vagal system.

Cardiac receptors are mechanically and chem-
ically sensitive receptors located in atria ad ven-
tricles, responsible for heart rate and intravascular
volume regulation [10].

Baroreceptors and chemoreceptors are impli-
cated in the cardiovascular consequences in sleep-
related breathing disorders.

Sleep-Related Breathing Disorders

Sleep-related breathing disorders are grouped into
obstructive sleep apnea disorders, central sleep
apnea disorders, sleep-related hypoventilation
disorders, and sleep-related hypoxemia disorders.
Many subjects can be diagnosed with more than
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one of these disorders. Cardiovascular alterations
are strictly linked to sleep-related breathing disor-
ders, particularly in the case of obstructive sleep
apnea disorders and central sleep apnea disorders.

Obstructive Sleep Apnea (OSA)

OSA is characterized by increased pharyngeal
collapsibility and upper airway obstructions dur-
ing sleep [11], leading to complete cessation
(apnea) or partial reduction of airflow (hypopnea).
OSA syndrome (OSAS) results from an RDI
(Respiratory Disturbance Index) >=5 plus day-
time or nighttime symptoms or RDI>=15 during
a polysomnography or monitoring. Excessive
daytime sleepiness, fatigue, nycturia, and morn-
ing headache are the most reported symptoms;
bed partners often report breathing cessations
and loud and irregular snoring during sleep
[12]. OSAS is considered a major public health
issue, affecting 5–15% of general population with
an increasing prevalence with aging [13, 14].

Pathophysiology of OSA and cardiovascular
disease. Obstructive apneic events activate multi-
ple mechanisms involved in initiation and pro-
gression of cardiac, vascular, and metabolic
diseases: apnea or hypopnea, due to obstruction
of the upper airways, cause hypoxemia and hyper-
capnia; intermittent hypoxia/reoxygenation
amplifies the hypoxemic stress, leading to gener-
ation of reactive oxygen species (ROS) and
inflammation [15]; sleep arousals due to apnea
or hypopnea lead to sleep fragmentation and dep-
rivation, which is associated with a broad of
cardiovascular and metabolic diseases [16]; neg-
ative intrathoracic pressure induced by obstructed
breathing stretches intrathoracic structures,
including atria and large blood vessels [17]; and
OSA patients have high levels of sympathetic
activity, during both night and daytime.

Intermittent hypoxia causes an activation
of chemoreceptors located in the carotid bodies,
leading to sympathetic activation and consequent
renin-angiotensin-aldosterone system activation
which enhances vasoconstriction; reactive oxygen
species increase causes reduction in nitric
oxide (NO), leading to increased peripheral

resistances [17]; and impaired baroreflex and
increased endothelin may also promote an
increase in blood pressure [18]. Vascular endothe-
lial growth factor (VEGF), fibrinogen, C-reactive
protein, and adhesion molecule expression are
also triggered by intermittent hypoxia, leading to
increased risk for atherosclerosis [17]. Increased
sympathetic tone is responsible for impairment in
plasma glucose and insulin homeostasis on OSAS
[19], probably due to beta-cell death caused by
oxidative stress [20]. Increased serum cholesterol
and phospholipid levels [21] facilitate the progres-
sion of atherosclerosis. Figure 1 resumes the
events caused by intermittent hypoxia and
increased sympathetic tone in OSA patients.

OSA and cardiovascular rhythm. OSA and
CSAwith Cheyne-Stokes respiration (see below)
are both associated with increased risk of cardiac
arrhythmia, which may lead to sudden cardiac
death and premature mortality. In the initial
part of the apneic period, patients with OSA dem-
onstrate either a normal or slowing heart rate,
while blood pressure slowly rises from baseline;
profound vagal activation can occur at the
beginning of the apneic event (diving reflex),
resulting in potentially serious bradyarrhythmias:
sinus bradycardia, AV (atrioventricular) block
and asystole have been observed in OSA
patients [17]. C-PAP therapy has been reported
to reduce arrhythmias [22].

OSA and cardiovascular disease. OSA is a
clearly demonstrated independent risk factor for
the development of arterial hypertension, heart
failure, and stroke.

Sympathetic activation is thought to be the
major responsible, as previously described, of
increased hypertension risk. Both sleep apnea
and hypertension are common conditions; about
60% of sleep apnea patients are hypertensive [23],
and about 30% of hypertensive patients have sleep
apnea [24]. Increased sympathetic activation,
arterial hypertension, and intermittent hypoxia
may promote diastolic heart failure [25 26, and
27]. It has been shown that C-PAP therapy could
reverse the remodeling of the myocardial
structure [26, 27].

Major cardiac events, restenosis of coronary
vessels, and mortality are also associated with
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sleep breathing disturbance. Mortality linked to
OSA is primarily due to cardiovascular disease.
Mortality rate in OSA patients has been proved to
increase proportionally to AHI (apnea/hypopnea
index) [12], while survival rates improve with
C-PAP therapy [28].

Central Sleep Apnea (CSA)

CSA is characterized by recurrent cessations or
reduction of airflow due to lack of drive to breathe
during sleep [29]. Albeit it is a rare disorder in
general population, CSA occurs frequently in
many cardiovascular disorders, including heart
failure, atrial fibrillation, and pulmonary
hypertension [12].

CSA and congestive heart failure. A high
prevalence of CSA has been described in patients
with systolic heart failure, diastolic dysfunction,
and asymptomatic systolic dysfunction. In con-
gestive heart failure, CSA is frequently observed
in a crescendo-decrescendo pattern known as
Cheyne-Stokes breathing (CSB). In the pathogen-
esis of CSB, it should be kept in mind that
chemoreceptor inputs in the medulla respond to
changes in acid-base status, while peripheral che-
moreceptors in the carotid bodies are sensitive to
changes in PaO2 and PaCO2; central and

peripheral chemoreceptor inputs integrated in
the medulla modulate breath amplitude. Pulmo-
nary stretch receptors, irritant receptors, and
juxtacapillary (J) receptors act as other sensors in
the lungs and circulation.

When a hyperventilation (disturbance) causes
a reduction in PaCO2, chemoreceptors will
respond to this disturbance with a ventilatory
drive reduction (response) with an interval that
depends from the circulation delay. This
response (hypoventilation) can be greater than
the disturbance (hyperventilation) if the system
is instable: the concept of loop of gain has been
used to predict the occurrence of CSB and
its resistance to treatment [30, 31]. Loop of
gain is the magnitude of ventilatory response
to a sinusoidal respiratory disturbance; if
response>disturbance, loop gain is >1; thus
feedback loop is unstable, and periodic oscilla-
tions in breathing occur.

If response<disturbance and then loop gain is
<1, transient oscillations are attenuated.

Loop gain results from the following formula:

Loop gain ¼ G
PaCO2

LungVolume
T

where G is the chemosensitivity (change in venti-
lation in response to change in PaCO2), Lung

Fig. 1 Cascade induced by respiratory events in OSA.
Figure modified from Refs. [17] and [18]. ROS reactive
oxygen species, NO nitric oxide, BP blood pressure, AT

angiotensin, VEGF vascular endothelial growth factor,Fbg
fibrinogen, CRP C-reactive protein
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Volume is the functional residual capacity, and T
is the lung-chemoreceptor circulatory delay.

Congestive heart failure affects control of
breathing by increasing chemosensitivity and the
circulatory delay. An increased left atrial pressure
is thought to modify chemosensitivity via stretch
receptors in left atrium or pulmonary vein (direct
pathway) and via juxtapulmonary J receptors acti-
vated by pulmonary edema (indirect pathway).
Lower left ventricular ejection fraction causes
a decreased cardiac output and thus an increased
lung-to-chemoreceptor circulatory delay. Both
factors enhance loop gain, i.e., the response to
respiratory disturbance, leading to CSB
development [32].

CSB treatment includes the following:

– Positive airway pressure (C-PAP), which could
not resolve CSB especially in patients with
highest loop gain.

– Bi-level PAP (Bi-PAP), which can improve
CSB severity over C-PAP [33], and adaptive
servo ventilation (ASV).

– Oxygen, which could reduce chemosensitivity
and loop gain, resulting in resolution of CRB.

– Ventilatory stimulants (acetazolamide and
theophylline) and lung volume manipulation
through lateral positioning and bed
elevation [32].

– Therapies for the chronic heart failure, includ-
ing diuretics, beta blockers, cardiac
resynchronization therapy, and heart transplan-
tation: CSB could persist despite the most
aggressive therapies, so further more specific
treatments are needed.

CSA and atrial fibrillation. Atrial fibrillation
patients with congestive heart failure show an
increased prevalence of CSA [34]; conversely,
the increased prevalence of atrial fibrillation
among patients with CSA has been observed in
the absence of other cardiac disease [35]. No clear
etiopathogenetic mechanisms associating cause
and effect between CSA and atrial fibrillation
have been found. It has been hypothesized that
severe CSA is associated with impaired cardiac
autonomic control and consequently with gener-
ally increased arrhythmias risk [36].

Insomnia

Chronic insomnia is defined as (1) difficulty in
falling asleep or in maintaining sleep or waking up
earlier than desired; (2) impairment in sleep is
associated with daytime impairment or distress;
(3) the difficulty is present despite adequate
opportunity and circumstance to sleep; and
(4) sleep difficulty occurs at least three times per
week and has been a problem for at least
3 months [37].

The prevalence of insomnia is about 33% in the
general population according to insomnia symp-
toms, without application of restrictive criteria
[38]; applying more stringent criteria, as the
DSM-IV diagnostic criteria, current prevalence
switches to approximately 6% [39].

Existing data show that insomnia, especially
when accompanied by short sleep duration, is
associated with increased risk of hypertension,
coronary heart disease, recurrent acute coronary
syndrome, and heart failure [40]. Insomnia has
been estimated to be as high as 44% among car-
diac patients [41, 42].

Pathophysiology of insomnia and cardiovas-
cular disease. Insomnia is associated with
increase in adrenocorticotropic hormone and cor-
tisol secretion, suggesting a hypothalamic-pitui-
tary axis (HPA) hyperactivity. This is thought to
be due a conditioned hyperarousal state with
increased sympathetic activity and increased hor-
mones implicated in arousal and sleeplessness.
Dysregulation of HPA axis has been associated
with increased risk of cardiovascular disease,
insulin resistance, diabetes, anxiety, and depres-
sion [40]. Furthermore, in short sleepers and
insomnia patients, an autonomic dysregulation
with sympathetic nervous system (SNS) hyperac-
tivity [43] has been observed; this leads to
increased heart rate and altered or blunted heart
rate variability and, indirectly, to increased car-
diovascular disease.

Insomnia and hypertension. Insomnia is
found to be significantly associated with
hypertension in short sleepers (<6 h) [44, 45].
Furthermore, while in normal conditions, blood
pressure fluctuates and follows a circadian pattern
with lower values at nighttime (dipping), patients
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suffering from insomnia display a non-dipping
tendency. In patients showing clinically signifi-
cant symptoms of insomnia, sleep improvement
may lead to better blood pressure control [46].

Putative mechanisms of the association
between insomnia and hypertension include:

– Activation of autonomic nervous system, SNS
and HPA hyperactivity, and proinflammatory
conditions, which may lead to increased
sodium retention and reabsorption (due to
increased aldosterone release), volume over-
load, vasoconstriction, arterial stiffness, and
vascular remodeling; SNS and systemic
inflammation may also cause endothelial
dysfunction. All these factors may cause
hypertension.

– Circadian rhythm desynchronization, which is
linked to pathological vascular remodeling,
vascular stiffness, and endothelial dysfunction.

– Hyperarousal, enhancing autonomic nervous
system dysregulation.

Insomnia and heart disease. Insomnia is
associated with increased risk of coronary heart
disease, recurrent acute coronary syndrome,
and mortality [40], probably through mechanisms
involving hypertension, diabetes, and obesity [47].

Due to the strong association between insom-
nia and diabetes, it has been hypothesized that
chronic sleep deprivation may increase the risk
of type II diabetes [48]. The underlying mecha-
nisms are partially understood, and some data
suggest a role of increased sympathetic tone,
raised cortisol concentration, and decrease in cere-
bral glucose utilization, which may lead to insulin
resistance [48]. A number of studies have found
an association between insufficient sleep (but
even longer sleep), obesity, and related dietary
behaviors [49], but levels of evidence are insuffi-
cient to draw conclusive findings [50].

Insomnia is described in 23–73% of patients
suffering from congestive heart failure. Despite
insomnia could be a consequence of disease-
related anxiety, depression, medications, and
Cheyne-Stokes breathing [40], some studies
reported insomnia to precede heart failure
onset [51].

Sleep-Related Movement Disorders

Periodic Limb Movements Disorder
(PLMD)

Periodic limbmovements during sleep (PLMS) are
repetitive and stereotyped limb movements occur-
ring during sleep, determining clinical sleep distur-
bance or fatigue (PLMD) [37]. A correlation
between blood pressure increases and periodic
limb movements occurrence was shown indepen-
dently of arousal. This correlation increases with
age and the duration of illness, and repetitive noc-
turnal blood pressure fluctuations related to PLMs
occurrence has been reported to be a prognostic
factor for incident cardiovascular disease [52,
53]. It has been hypothesized that recurrent surges
in blood pressure every night for many years may
determine repeatedmechanical stress inducing vas-
cular remodeling; sheer stress, platelet activation,
atherosclerosis, and potentially hypercoagulability
may be induced by repetitive blood pressure oscil-
lations. Other mechanisms, including inflamma-
tion, oxidative stress, sympathetic activation,
metabolic dysregulation, HPA activation, sleep dis-
turbance, and deprivation, are considered respon-
sible for the association between PLMD and
cardiovascular disease [53].

Restless Leg Syndrome (RLS)

RLS is defined as an urge to move legs due to
unpleasant sensations in the legs, which worsens
during periods of rest, occurs predominantly in
the evening or in the night, and is relieved by
movements [37]. It is a common neurological
disorder frequently comorbid with pathologies
known to have detrimental effect on cardiovascu-
lar system such as obesity, hypercholesterolemia,
diabetes mellitus, OSA, and insomnia.

Many studies report an association between
RLS and cardiovascular disease. The following
characteristics of RLSmay contribute to increased
cardiovascular risk [54]:

– Sleep deprivation, whichmay induce neural and
vascular dysregulation as previously discussed.
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– Micro-arousals and sleep fragmentation, which
lead to repeated increases of blood pressure
and heart rate; this may trigger a non-dipping
circadian pattern of blood pressure and could
be the cause of increased risk for hypertension.

– Periodic limb movements of sleep (PLMs),
which are associated with large increases in
heart rate and blood pressure.

– Iron deficiency, which is recognized as a risk
factor for cardiovascular disease.

Although RLS and cardiovascular disease
show to be correlated, the extent and direction of
this relationship have not yet been adequately
clarified [55].

Parasomnias

REM Sleep Behavior Disorder (RBD)

REM sleep behavior disorder is defined as abnor-
mal behaviors emerging during REM sleep,
sleep-related vocalization, and/or complex
motor behaviors, with polysomnographic evi-
dence of REM sleep without atonia [37]. RBD
may be idiopathic (iRBD) or associated with
alpha-synucleinopathies (including Parkinson
disease, Lewy body dementia, multiple system
atrophy).

Spectral analysis of RR interval and respiration
shows absent REM-related cardiac [56, 57] and
respiratory responses in subjects with idiopathic
RBD (iRBD) [58], suggesting an underlying
autonomic dysfunction [59]. Reduction in
heart rate variability has been proposed as a bio-
marker of autonomic dysfunction in RBD
patients, irrespectively of the presence of PD diag-
nosis [57]. An association between iRBD with
ischemic heart disease, not explained by cardio-
vascular risk factors, has been reported [60]. The
autonomic dysfunction may be responsible for
impaired cardiac function and heart disease in
RBD patients, but further data are needed.
Whether this autonomic dysfunction is a prodro-
mal condition of phenoconversion to alfa-
synucleinopathy is still controversial [9].

Narcolepsy

Narcolepsy type 1 (NT1) is a disorder character-
ized by excessive daytime sleepiness and signs of
REM sleep dissociation, the most specific of
which is cataplexy (i.e., sudden muscle weakness
caused by emotions) [37]. In NT1, excessive
sleepiness is combined with low or undetectable
levels of hypocretin (orexin) in cerebrospinal
fluid. Orexin is normally produced by neurons of
the lateral and posterior hypothalamus; this neu-
ropeptide plays an important role in arousal, feed-
ing, homeostasis of energy, thermoregulation, and
neuroendocrine control, through multiple connec-
tions between orexinergic neurons and areas
involved in central autonomic control [61].

NT1 patients may show a nocturnal non-dipper
blood pressure profile, potentially influencing car-
diovascular risk; this may be due to increased
sympathovagal balance, resulting from either
sympathetic prevalence or parasympathetic with-
drawal. Normal and decreased balances during
sleep and wakefulness have also been reported in
these patients [9].

Summary

Sleep is a complex and dynamic process which
influences the cardiovascular function and is, in
turn, influenced by it. Strong changes in autonomic
nervous system activity occur physiologically dur-
ing sleep, and sleep disorders may be associated
with cardiovascular disease through the deteriora-
tion of cardiovascular autonomic control. Indeed,
sympathetic burst occurring during REM sleep
may explain the increase in mortality due to heart
disease that is reported in the early morning hours.
Sleep disorders lead from one hand to immediate
effects on blood pressure and heart rate and from
the other to long-term negative consequences.
Sleep-related breathing disorders (OSA, CSA),
chronic insomnia, sleep-related movement disor-
ders (PLMSD, RLS), REM sleep behavior disor-
der, and narcolepsy type 1 have been reported to be
associated with cardiovascular disease, although
the mechanisms underlying this association are
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only partially understood. Further studies explor-
ing the 24-h sympathetic-parasympathetic modula-
tion and its influence on cardiovascular parameters
could help to understand these mechanisms.
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Abstract

We humans tend to spend a significant fraction
of the night asleep in the dark and to stay
awake with daylight. However, the widespread
availability of electrical power is progressively
imparting 24/7 activity schedules to our mod-
ern societies, in which artificial ambient light
and illuminated screens of electronic devices
allow people to stay awake at night for work or
leisure, postponing sleep. Sleep disorders such
as insomnia and sleep-disordered breathing
may reduce the quantity and quality of noctur-
nal sleep and entail excessive daytime sleepi-
ness as a consequence. Not only these
environmental and behavioral factors but also
a range of genetic, epigenetic, and age-depen-
dent factors may cause the body to be regulated
out of phase with the environment, mimicking
in many respect conditions of jet lag associated
with long-range flights. This chapter will dis-
cuss the effects of night/day, darkness/light,
and sleep/wakefulness on cardiovascular activ-
ity considering firstly each factor on its own
and secondly the interactions among the differ-
ent factors. The chapter will focus on the con-
trol of arterial blood pressure and heart rate in
human subjects. The chapter will also touch
upon the hemodynamic consequences of the
control of vascular resistance and blood vol-
ume, as well as upon the bidirectional transla-
tion between research on human subjects and
model organisms such as mice, which are argu-
ably the mammals of choice for mechanistic
studies of functional genomics.
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Introduction

This chapter aims at providing a self-contained
update on the cardiovascular effects of night,
darkness, sleep, and their opposites, namely, day,
light, and wakefulness. We humans tend to spend

a significant fraction of the night asleep in the dark
and to stay awake with daylight. However, the
widespread availability of electrical power is pro-
gressively imparting 24/7 activity schedules to
our modern societies, in which artificial ambient
light and illuminated screens of electronic devices
allow people to stay awake at night for work or
leisure, postponing sleep. Sleep disorders such
as insomnia and sleep-disordered breathing may
reduce the quantity and quality of nocturnal sleep
and entail excessive daytime sleepiness as a con-
sequence. Not only these environmental and
behavioral factors but also a range of genetic,
epigenetic, and age-dependent factors may cause
the body to be regulated out of phase with the
environment, mimicking in many respect condi-
tions of jet lag associated with long-range flights.

From this perspective, this chapter will discuss
the effects of night/day, darkness/light, and sleep/
wakefulness on cardiovascular activity, con-
sidering firstly each factor on its own and sec-
ondly the interactions among the different
factors. In addressing the control of cardiovascu-
lar activity, this chapter will focus on the control
of arterial blood pressure (ABP) and heart rate
(HR) in human subjects. Where relevant, how-
ever, the discussion will also touch upon the
hemodynamic consequences of the control of vas-
cular resistance and blood volume, as well as upon
the bidirectional translation between research on
human subjects and model organisms such as
mice, which are arguably the mammals of choice
for mechanistic studies of functional genomics.

Circadian Rhythms

Definition and Essential Terminology

A circadian rhythm may be broadly defined as a
biological rhythm that satisfies three criteria [1]:
(1) it is endogenous, potentially occurring (i.e.,
free-running) in the absence of periodic changes
in the environment; (2) it is endowed with a tem-
perature-compensated endogenous period (tau, τ)
that ranges between 19 and 28 h; and (3) it is
entrainable, being capable to acquire the period
of suitable environmental changes (Zeitgeber,
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“time givers” in German) while maintaining a
constant difference between its own phase and
the Zeitgeber phase. The individual cells within
an organism are sensitive to endogenous Zeitge-
ber (Eigenzeitgeber) such as energy availability
and glucocorticoid hormone levels. However, it is
ambient light that represents the most important
Zeitgeber for whole organisms such as humans
and mice [2].

Entrainment to the light (photic) Zeitgeber con-
verts the free-running period τ of circadian rhythms
to the 24 h period of Earth’s rotation. Entrainment is
mainly obtained by causing a phase shift of the
circadian rhythm, namely, a delay or advance of a
given fraction of its period [3]. This process is akin
to shifting the hands of an analog clock by a given
angle either clockwise or counterclockwise. Phase
shift is, appropriately, expressed in angular terms
(most often in radians, where 2π radians correspond
to the perigon, or 360�).

The Molecular Clockwork

The intrinsic ability of cells to keep track of time is
achieved by a sophisticated molecular system
known as the molecular clock, which is highly
conserved among organisms ranging from yeast
to mammals [4]. The 2017 Nobel Prize in Physi-
ology or Medicine was awarded jointly to Jeffrey
C. Hall, Michael Rosbash, and Michael W. Young
for their discoveries of molecular mechanisms
controlling the circadian rhythm using fruit flies
(Drosophila melanogaster) as model organisms
[5]. These mechanisms have since been translated
to mammals including mice and humans.

At the core of the molecular clock is a delayed
negative feedback circuit consisting of gene tran-
scription, mRNA translation, intracellular transfer
of protein products, and eventual degradation of
these proteins. In mammals, this core circuit
involves transcription of the Period (Per1, Per2,
and Per3) and Cryptochrome (Cry1 and Cry2)
genes that are regulated by opposing sets of mol-
ecular signals: stimulated by heterodimers of
the protein products BMAL1 and CLOCK and
inhibited by complexes of the protein products
PER and CRY themselves. The CRY1 protein

stability depends on the cellular energy status
through the activity of the 5’AMP-activated protein
kinase. This represents a deep link between the
circadian and the energy homeostaticmachinery [4].

A number of additional molecular circuits inter-
act with the core molecular clock circuit to tailor its
period τ at approximately 24 h. In addition to
acting as key players of the core molecular clock-
work, the core clock genes act as transcription
factors for a number of other genes. As a result, a
substantial fraction of the ensemble of all cellular
transcripts (the transcriptome) undergoes a circa-
dian modulation [6], which affects circadian
rhythms of protein abundance (the proteome)
depending on factors such as mRNA and protein
mean half-lives and rhythms of posttranscriptional
regulation [7].

A Hierarchy of Molecular Clocks

The ubiquitous expression of the core molecular
clockwork in different cells and tissues makes the
body at risk of exposure to controversial time
signals. This risk is limited by a hierarchical orga-
nization of cellular clocks, whereby a leading
(master) ensemble of cellular clocks entrains all
other cellular clocks.

This master body clock is a collective property
of the neurons of the suprachiasmatic nucleus
(SCN) of the hypothalamus [8]. Experimental
damage to the SCN causes behavioral arhythmicity
in mouse models [9]. A possible exception is
represented by the so-called food-entrainable oscil-
lator, which causes food-anticipatory activity in
conditions of restricted feeding. However, the ana-
tomical and molecular mechanisms of this oscilla-
tor have so far remained elusive [10]. The SCN is
strategically located in proximity of the optic chi-
asm to receive information on the photic Zeitgeber
from the retina [11]. When dispersed artificially in
culture, each individual SCN neuron expresses the
working molecular clockwork described in the
previous section, but the rhythms of individual
neurons are out of phase with each other [12]. In
the intact SCN, the individual molecular rhythms
at single neuron level translate into changes in
electrical activity, and hence in synaptic activity.
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Synaptic connections between SCN neurons,
which use different neuropeptides as well as the
inhibitory neurotransmitter gamma-aminobutyric
acid (GABA), synchronize the different cellular
rhythms into a coherent output [8, 13]. The elec-
trical activity of the SCN is higher during the
subjective day even in the absence of light and is
further increased when light is present [14].

The SCN broadcasts the master circadian sig-
nal to the other cells of the body by means of
complex neurohumoral pathways, the first step
of which consists of short synaptic projection to
nearby hypothalamic structures [15]. A direct
inhibitory projection from the SCN targets the
paraventricular nucleus (PVN) of the hypothala-
mus, a master regulator of autonomic and endo-
crine control, and is critical for the circadian and
photic control of melatonin release. In particular,
the PVN is the starting point of a chain of excit-
atory synapses that target sequentially the sympa-
thetic preganglionic neurons of the cervical spinal
cord and the sympathetic ganglionic neurons of
the superior cervical ganglion. The sympathetic
postganglionic fibers eventually stimulate melato-
nin release by the pineal gland by releasing nor-
epinephrine that binds to β1 adrenergic receptors
on pineal cells. Since, as previously discussed,
SCN activity is increased by light, this synaptic
arrangement causes light to effectively inhibit
melatonin release by the pineal gland [16].

Other projections from the SCN reach the
PVN indirectly, with synaptic connections in the
dorsal and ventral paraventricular zone (SPZ) and
in the dorsomedial nucleus of the hypothalamus
(DMH). This hypothalamic circuitry is thought to
mediate the different phase shifts between circa-
dian rhythms and the photic Zeitgeber in diurnal
species, such as human subjects, vs. nocturnal
species such as laboratory mice. Projections
from the SPZ and the DMH to the PVN are instru-
mental in mediating the circadian rhythm of
glucocorticoid release and may play a role in
autonomic control. Projections from the same
structures to the medial preoptic area of the hypo-
thalamus (MPO) are key in mediating the circa-
dian rhythms in body temperature, and those to
the ventrolateral preoptic nucleus (VLPO) of the

hypothalamus and the lateral hypothalamic area
(LHA) are important in the control of sleep and
wakefulness [15].

The Eigenzeitgeber through which the SCN
entrains the different peripheral clocks are still
incompletely clarified. While in-vitro evidence
points to a key role of norepinephrine and gluco-
corticoid hormones, in-vivo evidence is less clear
and suggests differences among different cells and
tissues [2, 17, 18]. Feeding-related cues are partic-
ularly relevant to entrain the liver circadian trans-
criptome [19] and may compete with SCN-driven
sympathetic control to entrain oscillators in other
cells [20].

Circadian and Non-circadian (Masking)
Effects of Light

Light entrains the master SCN clock via a dedi-
cated retino-hypothalamic tract. This tract origi-
nates from a subset of retinal ganglion cells
which express their own photopigment, called
melanopsin, in addition to receiving information
from rods and cones. Melanopsin is particularly
sensitive to visible light in the blue-cyan range,
with period length of about 480 nm [11]. Retino-
hypothalamic tract terminals synapse on SCN neu-
rons and release glutamate, an excitatory neuro-
transmitter, and a neuropeptide (pituitary adenylate
cyclase-activating polypeptide, PACAP), which
raises intracellular levels of the second messenger
cyclic adenosine monophosphate (cAMP). In
turn, cAMP increases the activity of protein kinase
A, which ultimately leads to upregulation of Per
genes in SCN neurons [13, 16]. These effects are
counteracted by melatonin, whose binding to its
MT1 and MT2 receptors on SCN neurons
decreases cellular cAMP levels [16]. Melatonin is
therefore a darkness signal that reinforces the
entrainment of the SCN clock to the photic Zeitge-
ber by antagonizing the effects of light on SCN
neurons. Accordingly, melatonin may be used in
combination with light therapy to correct patholog-
ical phase shifts of the SCN pacemaker that
cause the delayed or advanced sleep phase syn-
drome, and to keep the SCN rhythm entrained to
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the photic Zeitgeber in totally blind people, in
whom intrinsically photosensitive retinal ganglion
cells are dysfunctional [21].

Light sensed by the retina elicits a range of
biological effects in addition of entraining the
SCN clock, whichmay alter (“mask”) the circadian
control of a range of body functions [22]. A clear-
cut example of this masking is the suppression of
melatonin synthesis by light that involves the SCN
in parallel with the clock entrainment. Themasking
effects of light have been mostly studied on exper-
imental models. In nocturnal rodents, light at night
reduces activity levels, whereas dark pulses during
the daytime may stimulate activity. Conversely,
light can trigger activity in diurnal mammals [23].
The masking effects of light may show complex
interactions with the output of the body clock.
Thus, light decreases body temperature more at
the end of the subjective night than in the middle
and at the end of the subjective day in rats [24].

The Wake-Sleep States

Operative Definitions of the Wake-
Sleep States and Stages

Sleep is a reversible state of motor disengagement
from the external environment. As such, sleep in
mammals such as humans and mice may be an
evolutionary adaptation of the dormant states that
occur in the simplest organisms such as yeast [25].
Sleep in mammals is a heterogeneous behavior,
which is usually subdivided in two main states,
named non-rapid eye movement (non-REM) sleep
and rapid eye movement (REM) sleep. The opera-
tive definitions of these sleep states are based on the
features of the electroencephalogram (EEG) and of
the electromyogram (EMG) of the submentalis
(genioglossus, hyoglossus, and digastricus) mus-
cles in addition to patterns of eye movements
recorded with the electrooculogram (EOG) [26,
27 ]. Wakefulness is scored when the EEG has
low voltage and mixed frequencies, the EMG
is relatively high and variable, and the EOG
shows eye movements associated with behavioral
activity. Non-REM sleep is scored when the EMG

tone is lower than in wakefulness, the EEG shows
typical sleep figures such as sleep spindles and K-
complexes or high-amplitude low-frequency delta
waves (0.5–4 Hz), and the EOG may indicate slow
eyemovements, particularlywhen falling asleep. In
addition to the characteristic rapid movements,
REM sleep physiologically entails muscle atonia,
which spares the diaphragm andmay be interrupted
by short-lasting muscle twitches, and EEG signals
of low amplitude and mixed frequency. In humans,
non-REM sleep is further subdivided into stages
termed 1 to 4 with the traditional scoring rules by
Rechtschaffen and Kales (R&K) [27], and N1 to
N3 with the new scoring rules issued by the Amer-
ican Academy of Sleep Medicine in 2007, which
also refer to REM sleep as stage R sleep [26]. For
the sake of consistency, reference to sleep stages in
humans will be made employing these new scoring
rules in the rest of this chapter.

In laboratory rodents such as mice and rats,
recording the EOG is not a standard practice for
sleep scoring, and the chin EMG is usually
substituted by the EMG of postural neck muscles.
While the rodent EEG during non-REM sleep may
show sleep spindles, K complexes, and high-
amplitude delta waves similar to those in humans,
these features are not usually employed as the basis
for non-REM sleep subdivision into stages. REM
sleep in rats and mice is also accompanied by
muscle atonia, but at variance with humans, the
EEG shows a prominent synchronous rhythm in
the theta (4–8 Hz) frequency range [28].

In humans in physiological conditions, sleep
onset typically occurs in stage N1 sleep, which
then gives way progressively to stages N2 and N3
sleep. A return to stage N2 sleep typically pre-
cedes transition to stage R sleep, which ends with
another episode of stage N1–N2 sleep or with a
brief awakening. These non-REM-REM sleep
cycles follow each other during the night with a
period of 90–120 min. The stage N3 sleep is most
abundant in the first part of the night, whereas the
stage R sleep is most abundant in the second part
of the night. Overall, non-REM sleep accounts for
approximately 80% and 90% of total sleep time in
humans and mice, respectively, the remainder
being represented by REM sleep [29].
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At a short time scale of a few seconds, sleep
entails a rich microstructure consisting of tran-
sient EEG, EMG, and respiratory changes such
as arousals [30], limb movements [31], and
apneas-hypopneas [32]. During non-REM sleep,
these short-lived events often cluster constituting
the so-called A phases of the cyclic alternating
pattern (CAP) [33]. On the other hand, REM sleep
may be subdivided in periods rich in EOG and
EMG bursts (phasic REM sleep) and periods of
relative quiescence (tonic REM sleep), although
this distinction is not standard practice [29].

Circadian and Homeostatic Control of
Sleep

Human subjects typically consolidate sleep into
one single period during the night, with the possi-
ble exception of a daytime nap. Laboratory
rodents instead show polyphasic sleep periods,
with short sleep episodes of few minutes’ duration
that occur throughout the day and night. Nonethe-
less, nocturnal rodents also have greater sleep
propensity during the daytime (light/rest period)
than during the nighttime (dark/activity period)
[34]. Both in humans and in rodent models, these
day/night changes of sleep propensity reflect a
strong circadian control of sleep, which, as previ-
ously mentioned, is mediated by the SCN through
a hypothalamic circuitry that involves the VLPO
and LHA [15]. Accordingly, experimental damage
to the SCN inmice abolishes the circadian rhythms
of wake-sleep states either under entrained or
under free-running conditions [9].

The circadian rhythm affects both the timing
and intensity of non-REM sleep depending on
the amount of time previously spent in wakeful-
ness or sleep, which is relevant to the so-called
homeostatic control of sleep. This interaction
has been framed into rigorously quantitative
terms in the context of the two-process model,
which was originally developed on rats and sub-
sequently translated to other species, including
mice and humans [35]. In this model, the drive to
non-REM sleep is estimated based on the EEG
slow-wave activity (SWA), a measure of spectral

EEG power in the delta frequency range. In
essence, the two-process model posits that sponta-
neous awakenings from non-REM sleep tend to
occur when the drive to non-REM sleep, as quan-
tified by the EEG SWA, falls below a lower thresh-
old that is modulated by the circadian rhythm.
During the course of the wakefulness bouts, the
drive to non-REM sleep rises exponentially with
time. If not precluded by volitional or environmen-
tal arousing factors, non-REM sleep then ensues
when its drive crosses an upper threshold, which
also varies with a circadian rhythm. The drive to
non-REM sleep is progressively dissipated during
the course of non-REM sleep episodes, as quanti-
fied by an exponential decrease of EEG SWAwith
time.When the drive to non-REM sleep falls below
the lower circadian threshold mentioned previ-
ously, another awakening starts the cycle again.
The circadian sleep propensity is physiologically
lower in the subjective late afternoon, thus effec-
tively counteracting the increasing sleep pressure
due to the prolonged waking bout. Compared to
that of non-REM sleep, the effectiveness of the
homeostatic control of REM sleep time is greater
in laboratory rodents [36] than in humans [37].
REM sleep timing is, nonetheless, subjected to a
strong circadian control, with increasing propensity
toREMsleep at the end of the subjective rest period
[38].

Night, Darkness, Sleep, and the Central
Autonomic Control of the
Cardiovascular System

The control of the cardiovascular system is exerted
at three different, hierarchically organized levels.
The lowest level involves local, tissue-, and organ-
specific mechanisms of regulation. These include
the control of blood vessels by autoregulation and
flow-metabolism coupling, the direct effects of par-
tial pressures of O2 and CO2 on vascular resistance,
and the effects on cardiac contractile force of cardiac
fiber length (Starling’s law of the heart), HR (Bow-
ditch phenomenon), and cardiac afterload. These
local mechanisms require neither hormones nor
neurotransmitters.
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The intermediate level of cardiovascular reg-
ulation consists of cardiovascular reflexes, which
generally operate as negative feedback control
circuits. These reflexes involve receptors, inter-
neurons, and neurohumoral effector mechanisms
such as sympathetic and parasympathetic post-
ganglionic fibers, adrenaline, angiotensin II, and
arginine vasopressin. The most powerful cardio-
vascular reflex for the control of ABP is the
arterial baroreceptor reflex (baroreflex), which
controls cardiac and vascular effectors in
response to changes in the stretch of afferent
fibers in the walls of the aortic arch and carotid
sinuses [39]. The chemoreceptor reflex
(chemoreflex) exerts important effects on the
heart and blood vessels, although it is primarily
involved in driving respiratory responses to
changes in arterial pH and in O2 and CO2 partial
pressures [40]. The exercise pressor reflex
increases HR and vascular resistance in response
to afferent signals from mechano- and chemore-
ceptors in skeletal muscles [41]. Overall, these
reflexes interact with the local level of control of
the heart and blood vessels, modulating it to a
variable extent depending on the specific reflex
and target tissue.

The top level of cardiovascular regulation con-
sists of central autonomic commands, which are
proactive autonomic drives exerted by the central
nervous system in anticipation of an expected
behavior, without the need for reflex cues. Central
autonomic commands may modulate not only the
local level of cardiovascular control, as autonomic
reflexes also do, but also the cardiovascular
reflexes. The study of central autonomic commands
is not new, dating back at least to the end of the
nineteenth century [42]. The concept has been tra-
ditionally applied to describe the cardiovascular
changes during physical exercise that could not be
explained by either local or reflex mechanisms
[43–45] and has been expanded only recently to
include mental stress and sleep [39, 46 ]. A further
potential extension of the concept of central auto-
nomic commands to the cardiovascular effects of
circadian rhythms will be addressed in the section
“Circadian Control of the Cardiovascular System
Under Unmasking Conditions” of this chapter.

Day-Night Rhythms of Cardiovascular
Variables

Day-Night Rhythm of ABP and HR

Description and Quantification
The occurrence of a measurable ABP decrease
from daytime to nighttime has long been known,
at least in real-life conditions, in which people
mainly spend the night sleeping in the dark and
the day waking with ambient light [47]. More
recent studies performed on thousands of sub-
jects employing automated ABP measurements
have substantiated these early observations [48].
The nocturnal fall in systolic ABP averages more
than 15 mm Hg, but the distribution of its values
in different subjects is wide. This has led to the
concept of classifying subjects based on the fall
(“dip”) in ABP from daytime to nighttime, normal-
ized as a percentage of the average diurnal value of
ABP. In particular, subjects have been classified as
“inverse dippers” (ABP dip <0%, with higher
values of ABP during the night than during the
day), non-dippers (ABP dip 0%–10%), normal
dippers (ABP dip 10%–20%), and “extreme dip-
pers” (ABP dip>20%) [49]. The day-night rhythm
of ABP has also been quantified by computing the
“morning surge” of ABP, taking the difference
between the average value of ABP in the 2 h after
morning awakening and either the average ABP
value in the 2 h before awakening or the lowest
ABP values during nocturnal sleep [50, 51].

The day-night rhythm of ABP is associated
with a rhythm of HR, which is lower during the
night than during the day. The decrease in HR
during the night compared to the day has also
been quantified in terms of a dipping pattern, in
analogy to what has been done for ABP [52]. HR
variability (HRV) also shows a distinct day-night
rhythm in humans in real-life conditions. Indexes
of short-term HRV reflecting parasympathetic
modulation are higher during the night than dur-
ing the day, whereas the contribution of lower-
frequency fluctuations to HRV varies in
the opposing direction [53]. While these low-
frequency fluctuations have long been consid-
ered as an index of the sympathetic modulation
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of the heart, this is now highly contentious [54].
On the other hand, no clear-cut day-night rhythm
in cardiac baroreflex sensitivity has so far been
reported [55].

In analogy with results on human subjects,
studies on nocturnal laboratory rodents such as
mice and rats have also shown robust day-night
rhythms of ABP and HR, with higher values dur-
ing the dark (active) period than during the light
(rest) period [56, 57].

Hemodynamic Mechanisms
The hemodynamic mechanisms of the different
day-night rhythms (“dipping patterns”) of ABP
are still unclear. One view, based on indirect
measurements made on healthy human subjects,
is that the nocturnal decrease in ABP is caused by
a decrease in cardiac output, which is incom-
pletely compensated by an increase in peripheral
vascular resistance [58]. This view is supported
by data on monkeys [59], rats [60], and mice
[61]. In monkeys, the nocturnal decrease in car-
diac output has been attributed to a decrease in
blood volume [62]. A possible explanation is that
during sleep, water intake ceases in the face of
continued water vapor loss and urine production,
leading to negative water balance. It is unclear
whether a similar mechanism may be at stake for
nocturnal laboratory rodents, whose polyphasic
sleep pattern would allow for water intake during
the brief wake bouts that often interrupt their
sleep. In line with this view, it has been suggested
that a non-dipping pattern of ABP may ensue
because of insufficient renal clearance of fluids
and electrolytes, itself associated with an
upregulation of renal sodium resorption [63,
64]. The mechanisms of the reported nocturnal
increase in vascular resistance are also unclear,
particularly in light of evidence that this increase
is unaffected or even enhanced by blockade of α1
and β1 adrenergic receptors [59].

Contrasting the view that the nocturnal ABP
decline is mainly due to a decrease in cardiac out-
put, recent data on human subjects with untreated
mild hypertension have found an overnight
decrease in peripheral vascular resistance, whose
extent was related to the amount of ABP dipping
[65]. Accordingly, ABP non-dipping in

hypertensive subjects has been associated to a
non-dipping of the urinary catecholamine concen-
tration and to heightened ABP responsiveness to α1
adrenergic receptor agonists [66]. This would sug-
gest that, at least in hypertensive subjects, the day-
night rhythm of ABP is largely due to the sympa-
thetic control of vascular resistance. Further studies,
including on normotensive subjects, are needed to
clarify the discrepancies between these findings and
those that support a major role of changes in blood
volume and cardiac output in the ABP dipping
pattern.

Sleep-Related Control of the
Cardiovascular System

Effects of the Wake-Sleep States on
ABP and HR

Wakefulness entails variable cardiovascular
changes, which closely depend on the specific
ongoing behavior. For example, HR increases
with the workload of physical exercise, whereas
ABP remains relatively stable. Posture is also
relevant to cardiovascular control, with increasing
mean values of ABP and HR and increased ABP
variability on passing from the lying to the sitting
and the active standing positions, at least in
healthy subjects [67]. In pathological conditions
and particularly in the elderly, standing may instead
be accompanied by orthostatic hypotension because
of baroreflex dysfunction and of mismatches
between cardiac output and vascular resistance
[68]. The opposing condition is represented by
supine hypertension, which may occur in patients
with cardiovascular autonomic insufficiency [69].
Orthostatic hypotension and/or supine hypertension
may contribute to inverse ABP dipping at least in a
subset of patients [70, 71]. Meals may also entail
postprandial hypotension, particularly in the elderly
[72].

In human subjects and rodent models, non-REM
sleep entails decreases in ABP and HR in terms of
absolute values and of short-term variability com-
pared to wakefulness, whereas REM sleep entails
cardiovascular changes in the opposing direction. In
human subjects, the decreases in ABP and HR
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during non-REM sleep do not differ remarkably as a
function of the sleep stage [73], start already before
sleep onset during relaxed wakefulness with lights
out [74, 75], and also occur during daytime naps
[75–77].

At the microstructural level, arousals from
non-REM sleep entail short-term increases in
ABP and HR, whose magnitude is similar to that
of the nocturnal average decrease in systolic ABP
[30]. As a result, repeated sleep fragmentation by
arousals may limit the ABP-lowering effect of
non-REM sleep [78]. Milder increases in ABP
and HR occur also with K-complexes, which
may be considered as elements of an arousal con-
tinuum. The association of arousals with increases
in ABP and HR may explain why increases in
these variables have been found associated with
the phase A of CAP [30]. Periodic leg movements
during sleep entail substantial increases in ABP
and HR, particularly if accompanied by micro-
arousals [79, 80]. The changes in ABP and HR
associated with these events are characteristically
biphasic: ABP and HR start increasing almost
simultaneously, but while ABP returns to base-
line, HR shows a rebound decrease after the ABP
peak [30]. A similar biphasic pattern of changes in
ABP and HR has been uncovered in rodent
models with analyses of coherent averaging
time-locked to spontaneous increases (“surges”)
in ABP during non-REM sleep and REM sleep
[81]. During REM sleep in rats, these spontaneous
ABP surges occur together with phasic changes in
central neural activity, which manifest with respi-
ratory perturbations and an acceleration of the
EEG theta rhythm [82].

The analysis of spontaneous cardiovascular
fluctuations indicates that the wake-sleep states
entail a distinct pattern of changes in cardiovascu-
lar coupling, with common features in species as
diverse as human subjects, rats, mice, and sheep
[46]. In particular, non-REM sleep entails a pattern
of positive correlation between the values of heart
period (i.e., the reciprocal of HR) and the previous
values of ABP, which is consistent with baroreflex
control. This pattern is much weakened or even
reversed during quiet wakefulness in the lying
position in human subjects, as well as during
REM sleep in rats [83] and in mice at

thermoneutrality [84]. This reversal has been
attributed to central autonomic commands acting
on the heart, an interpretation supported by a math-
ematical model of the cardiovascular system [85].
Interestingly, in humans, the pattern of tight
baroreflex control of the heart that is characteristic
of non-REM sleep reinstates during sitting and
particularly during standing in wakefulness, in
the face of a decrease in cardiac baroreflex sensi-
tivity [67].

Apneas during sleep are associated with marked
changes in ABP and HR. In particular, obstructive
apneas entail a progressive decrease in HR, while
ABP remains relatively stable [86]. Once apneas are
resolved, an increase in ventilation ensues because
of the chemoreflex drive and is often accompanied
by an arousal [32]. This entails a sharp rise in HR
and ABP, which may reach up to 200 mm Hg,
before returning to baseline levels. Altogether,
these changes abolish the ABP decrease that occurs
physiologically during sleep [86]. The transient
cardiovascular changes associated with central
sleep apneas are less well studied but may also be
significant, at least in children [87].

Autonomic and Hemodynamic
Mechanisms of the Effects of Wake-
Sleep States on ABP and HR

Non-REM sleep decreases the sympathetic nerve
activity (SNA) to skeletal muscle blood vessels,
kidneys, and skin compared to wakefulness [46].
The changes in skin SNA may be responsible for
the characteristic pattern of peripheral (hands, feet)
vasodilation during non-REM sleep, which
reverses upon awakening [88]. On the other hand,
compared to non-REM sleep, REM sleep was
found to increase SNA to skeletal muscle blood
vessels, at least when motor twitches do not occur
[89], and to decrease the SNA to the splanchnic
(intestinal) bed and to the kidneys [73].

Non-REM sleep has also been reported to
decrease cardiac output compared to wakefulness,
mainly due to the decrease in HR, itself attributed
to an increase in cardiac parasympathetic (vagal)
activity. Some evidence also indicates that cardiac
output may increase during REM sleep compared
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with non-REM sleep [73]. These findings ask the
question of whether the changes in ABP associ-
ated with the wake-sleep states are mainly due to
changes in cardiac output or in vascular resis-
tance. A recent study on mice attempted to clarify
the picture by performing sleep recordings during
the administration of autonomic receptor blockers
[90]. The changes in HR associated with the wake-
sleep states were due to strikingly balanced contri-
butions of the parasympathetic and sympathetic
nervous systems: HR decreased during non-REM
sleep compared to wakefulness because of both an
increase in parasympathetic activity and a decrease
in sympathetic activity, whereas the opposite held
true during REM sleep compared with non-REM
sleep. However, these changes in cardiac parasym-
pathetic and sympathetic activities had negligible
effects on the decrease in ABP during non-REM
sleep compared with REM sleep, which was
entirely attributed to a decrease in adrenergic activ-
ity mediated by vascular α1 sympathetic receptors.
The increase in ABP from non-REM sleep to REM
sleep was instead attributed to an increase in sym-
pathetic activity mediated by both α1 and β1 recep-
tors. Overall, these results evidenced a critical role
of the modulation of vascular resistance in the
effects of sleep on ABP [90].

The changes in cardiac and vascular activity
during sleep cannot be simply explained based on
reflexes such as the arterial baroreflex [73].
Indeed, the concomitant decreases in ABP, HR,
andmuscle SNA during non-REM sleep in human
subjects contrast with the operating logic of the
arterial baroreflex, which would be expected to
increase HR and muscle SNA in response to a
drop in ABP [89]. Another critical piece of evi-
dence is that on passing from non-REM sleep to
REM sleep, rats show decreases in renal SNA and
HR that precede an increase in ABP, and cannot
therefore represent baroreflex responses [91]. On
the other hand, studies on human subjects and
animal models have revealed a marked resetting
of the cardiac and vascular arms of the arterial
baroreflex during the different wake-sleep states,
whereas the gain or sensitivity of either arm does
not change consistently [73].

The increases in ABP associated with arousals
have been attributed to increases in vascular

resistance in the face of decreases in stroke volume,
although recordings of SNA bursts have led to
conflicting results [92]. Similar mechanisms may
underlie the increases in ABP and HR associated
with leg movements during sleep [79]. Once again,
the occurrence of concomitant increases in ABP
and HR associated with arousals and leg move-
ments cannot be explained only based on the arte-
rial baroreflex, given that the expected baroreflex
response to the increase in ABP should be a
decrease in HR. As previously discussed, such a
decrease in HR ensues only after the ABP peak and
is preceded by an increase in HR. These consider-
ations and their quantification with a mathematical
model of the cardiovascular system [85] raise the
hypothesis that the cardiovascular changes associ-
ated with the wake-sleep states, either tonic or
phasic, are due to central autonomic commands
that transiently modulate the baroreceptor reflex.

The cardiovascular changes associated with
sleep apneas are even more complex, resulting
from the interplay of physical hemodynamic and
autonomic mechanisms [86]. In the course of an
obstructive apnea, the chemoreflex causes bra-
dycardia and increases SNA to vascular effec-
tors. Negative intrathoracic pressure due to
inspiratory strains against the closed upper air-
ways may decrease the left ventricular stroke
volume because of increased left ventricular
afterload and decreased left ventricular preload.
The end result is that HR slows down, while ABP
increases little during the apnea. At the resump-
tion of breathing, HR rises because the
chemoreflex inhibition is counteracted by the
neural drives associated with hyperventilation,
with a possible contribution of the central auto-
nomic command associated with arousal. SNA
may also undergo a short-lasting increase asso-
ciated with arousal but then drops abruptly,
partly because of chemoreflex withdrawal. Nev-
ertheless, due to the relatively long delay and
time constant of the vascular response to changes
in SNA, the increase in cardiac output upon
resumption of breathing occurs while the sys-
temic circulation is still constricted. This leads
to a marked rise in ABP, which is buffered by the
baroreflex, contributing to decrease SNA and to
limit the HR rise.
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Postulated Central Neural Mechanisms
of the Cardiovascular Effects of the
Wake-Sleep States

The neural mechanisms that may underlie the
sleep-related cardiovascular changes are still
largely uncharted. However, a set of testable
hypotheses has been proposed based on the
available neuroanatomical and neurophysiologi-
cal evidence [46]. Increases in the activity of
non-REM sleep-active neurons in the VLPO
may target the median preoptic nucleus of the
hypothalamus (MnPO). These projections may
modulate the thermoregulatory pathways for heat
generation and retention, which include the medul-
lary raphe pallidus, so as to decrease SNA and cause
peripheral vasodilation during non-REM sleep. The
generalized decrease in SNA to different vascular
effectors during non-REM sleepmay instead be due
to inhibitory projections from the VLPO to the
hypothalamic PVN, a master switch of the auto-
nomic and endocrine systems, to the
pedunculopontine nucleus between the caudal
midbrain and rostral pons, which is associated
with the central locomotor region, and to the para-
brachial nucleus of the pons, which may disinhibit
the baroreflex by projecting to the medullary
nucleus of the solitary tract (NTS). Conversely,
transient increases in parabrachial nucleus activity
may transiently inhibit the baroreflex at the onset
of arousals during non-REM sleep. In turn, the
NTS controls parasympathetic activity to the
heart by projecting to the nucleus ambiguus of
themedulla, and sympathetic activity by projecting
to the caudal ventrolateral medulla, which then
projects to the rostral ventrolateral medulla
(RVLM) [93].

The increases in SNA to skeletal muscle and
the heart during REM sleep may result from direct
excitatory projections from the REM-active pon-
tine sublaterodorsal nucleus to the RVLM, the
pedunculopontine nucleus, and the parabrachial
and NTS nuclei. The disparate changes in SNA
to different vascular beds (i.e., increases in SNA
to the skeletal muscle and heart and decreases in
SNA to the splanchnic and renal vascular beds)
may reflect changes in the activity of the medul-
lary raphe obscurus and the ventrolateral and

lateral regions of the midbrain periaqueductal
gray, which include neurons that excite and others
that inhibit SNA. The enhanced cardiovascular
variability typical of REM sleep may result from
the activity of the medial and inferior vestibular
nuclei of the medulla, which receive sleep-related
synaptic input from the hypothalamic VLPO, and
may modulate the activity of the pedunculopontine
tegmental nucleus, the pontine parabrachial
nucleus, and the NTS [93].

Circadian Control of the
Cardiovascular System Under
Unmasking Conditions

The variety of cardiovascular changes associated
with the wake-sleep states at different time scales
indicates that the sleep states and the multifarious
behaviors of wakefulness may powerfully mask
the circadian control of the cardiovascular sys-
tem. Specific unmasking protocols are thus nec-
essary to evaluate the circadian cardiovascular
control properly. One such protocol, called con-
stant routine protocol, typically involves pro-
longed (�24 h) recordings in conditions of sleep
deprivation, semi-recumbency, and scheduled
isocaloric meals under dim light. A point of
weakness of this protocol is that the prolonged
sleep deprivation is a stressor and entails a pro-
gressive homeostatic increase in the sleep drive.
To overcome these limitations, a different
unmasking protocol has been developed
consisting of a few weeks of exposure to an
artificial light-dark cycle, with a period so differ-
ent from the free-running period τ to make circa-
dian entrainment impossible. Under these
conditions of “forced desynchrony,” the circadian
clock is running free, whereas masking factors
due to light, sleep, and activity occur at different
phases of the circadian rhythm on different days.
Final averaging of the results over several days
can therefore even out the role of these masking
factors [94]. The forced desynchrony protocol is
more protected than the constant routine protocol
from the stressful effects of prolonged sleep dep-
rivation but is even more demanding in terms of
logistics and costs.
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The complications just described contribute to
explain the paucity of studies of the circadian
rhythms of ABP and HR under unmasking condi-
tions. A recent study that employed both forced
desynchrony and constant routine protocols in
healthy human subjects provided robust evidence
for the existence of circadian rhythms of ABP and
HR [95]. A key finding was that the circadian
rhythm of ABP is unrelated to that of HR in
humans. In particular, the rhythm of HR was
found to peak at the beginning of the subjective
day, with a minimum at the end of the subjective
night [95]. A previous study had shown that this
circadian HR minimum in humans is approxi-
mately synchronized with the minima of meta-
bolic heat production and core body temperature
[96]. On the other hand, ABPwas found to peak at
the end of the subjective day, whereas the phase
corresponding to its minimum value was less con-
sistent [95]. A study performed on mice, which
spontaneously enter into wakefulness and sleep
bouts throughout the light and dark phases, con-
firmed the occurrence of a circadian rhythm of
ABP during each wake-sleep state. This ABP
rhythm peaked during the dark period, when the
fraction of time that mice spend spontaneously
awake is the highest [34]. These data on mice
are in broad agreement with those on humans,
given that, as discussed in section “Circadian
and Homeostatic Control of Sleep,” the circadian
sleep drive is the least powerful at the end of the
subjective activity period [35].

Another key finding on the circadian rhythm of
ABP in humans was that the amplitude of this
rhythm [95] was only a small fraction of the ampli-
tude recorded in presence of masking by the wake-
sleep states in real-life conditions [48]. Accord-
ingly, the amplitude of the ABP circadian rhythm
within each wake-sleep state in mice was signifi-
cantly lower than that computed on all time bins
irrespective of the wake-sleep state [34]. A differ-
ent study on circadian mutant mice also concluded
that the behavioral SCN effects on wake-sleep
states are more significant than direct outputs in
terms of the circadian control of ABP and HR [97].
Taken together, these pieces of evidence thus indi-
cate that the day-night rhythm of ABP in real-life
conditions mainly results from the masking effects

of the day-night differences in wake-sleep time and
the attendant cardiovascular changes, with a minor
component for the circadian rhythm of ABP. In
agreement with this conclusion, there is evidence
that poor sleep quality may be responsible for a
pattern of ABP and HR non-dipping, both in
human subjects and in animal models [98–100].

The study that showed the existence of a circa-
dian rhythm of ABP in each wake-sleep state was
reported on C57Bl/6J mice, which are arguably the
most widely studied mouse strain [34]. Intrigu-
ingly, these mice carry a spontaneous mutation
that dramatically decreases melatonin production
[101]. This would suggest that the melatonin
rhythm is not key for the circadian rhythm of
ABP, at least in mice. Nonetheless, melatonin has
been found to exert distinct cardiovascular effects,
including a decrease of nocturnal ABP [102–104].
However, the study of the effects of melatonin is
complex because this hormone feeds back on the
central SCN clock, and its receptors are expressed
by a vast array of peripheral cells [16]. On the other
hand, projections from the SCN to the hypotha-
lamic PVN control separate populations of pre-
sympathetic and pre-parasympathetic neurons
[105]. The circadian rhythms of ABP and HR
may thus result, in part, from central autonomic
command issues directly by the SCN [106].
Another area of high interest for circadian cardio-
vascular control concerns the potential contribution
of peripheral vascular clocks, particularly in the
heart [107], blood vessels [108], and kidneys
[109], to circadian cardiovascular changes. In par-
ticular, evidence is accruing that the cardiomyocyte
clock is involved in multiple functions, such as the
temporal partition of the metabolic fuel utilization
by the heart [110]. The vascular clock may also be
involved in altering the responsiveness of the blood
vessels to the autonomic nervous system [111]. The
kidney clock may cause circadian rhythms of elec-
trolyte and water resorption [109], thus affecting
blood volume and the ABP dipping pattern [112].
In summary, the limited direct effects of the circa-
dian clocks on ABP and HR may be due to the
effects of peripheral clocks in the heart, vessels,
and kidneys entrained by the SCN, to direct auto-
nomic effects of the SCN, and, potentially, to
effects of melatonin.
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Masking Effects of Light on the
Cardiovascular System

As previously discussed, light exerts a masking
effect on physical activity, which has been
mainly studied on animal models [22, 94]. Evi-
dence that light masks also the effects of the
circadian clock on the cardiovascular system is
scant and also limited to animals. In mice, light
during the dark period was found to decrease
HR, whereas bright light during the light period
was found to increase HR. [113] These effects
may be largely mediated by the SCN in response
to information from the retino-hypothalamic
tract [114]. Surprisingly, this information
seems to originate from retinal rods and cones
[113], at variance with the phase-shifting effects
of light on the SCN, for which the intrinsically
photosensitive retinal ganglion cells are criti-
cally involved [11]. Overall, light may thus
affect the cardiovascular system by three mech-
anisms that involve the SCN: by eliciting direct
autonomic effects [114], by masking the circa-
dian rhythm of melatonin [16], and by phase-
shifting the SCN circadian clock [115], with the
ensuing sleep and wake changes. The sum of
these effects may be particularly relevant due to
the extreme environmental light pollution of
industrialized countries and to the exposure to
artificial domestic ambient light during the sub-
jective night because of shift work or leisure
[116, 117].

Conclusions: Sleep andWakefulness as
the Key Intermediate Mechanisms of
Circadian Cardiovascular Control

This chapter has summarized evidence on the
effects of the night/day, in terms of the
corresponding circadian phases, darkness/light,
and sleep/wakefulness pairs, on ABP and HR at
descriptive and mechanistic (hemodynamic, auto-
nomic, neurophysiological, molecular) levels.
There is a wealth of evidence indicating that day-
night rhythms of ABP and HR are ample and
robust and occur in human subjects and in other
species, such as rats and mice. These rhythms are

mostly due to the powerful cardiovascular masking
effects of the wake-sleep states. Direct circadian
control of ABP and HR has been demonstrated
convincingly but is relatively weak. Nevertheless,
the circadian clock does exert a powerful control on
the timing and intensity of sleep, interacting with
sleep homeostasis. Thus, the first key take-home
message of this chapter is that the wake-sleep states
are a fundamental intermediate mechanism of cir-
cadian cardiovascular control. In this picture, light
emerges as a powerful factor essentially due to its
ability to act as a Zeitgeber and entrain the circadian
clock. Direct, masking effects of light on the car-
diovascular system cannot be excluded but are
probably subtler. Local mechanisms associated
with the intrinsic peripheral clocks of the heart,
vessels, and kidneys may also be involved in the
day-night rhythms of ABP and HR. Reflex mech-
anisms are at stake essentially because they can be
modulated or reset as a function of behavior. This
leads to postulate a prominent role for central auto-
nomic commands at different time scales, from
seconds (sleep-related changes in cardiovascular
fluctuations, cardiovascular correlates of sleep
microstructure) to minutes (tonic effects of the
sleep states and of exercise, posture, and meals),
all the way up to hours (day-night and circadian
rhythms). At each of these time scales, the central
commands would share the common feature of
controlling the cardiovascular system, modulating
cardiovascular reflexes, and anticipating changes
in behavior. Reflexes such as the arterial baroreflex
are often modelled as negative feedback control
circuits, whose control action depends on the mis-
match between the measured output and a refer-
ence signal that serves as a set point. The second
key take-home message of this chapter is therefore
that central autonomic commands associated with
sleep and circadian rhythms may encode the refer-
ence signal of the arterial baroreflex at different
time scales. Unravelling the complexities of the
day-night changes in ABP and HR is of evident
scientific interest. However, this endeavor is not
without practical implications, as it may lead to
better prevention of adverse cardiovascular events
[126], which have a strong day-night rhythm [118,
119], and to reduction of the cardiovascular risk
associated with high nocturnal values of ABP and
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HR [52, 120, 121], circadian misalignment [122,
123], and shift work [124, 125].
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Abstract

The relationship between the sensation of pain
and cardiovascular system has been investi-
gated only over the past decades, highlighting

significant connections between various areas
of our central nervous system and the heart,
putting such organs at a very close distance.

The nociceptive pathways lead painful
stimuli across the nervous system to specifi-
cally designated areas, involving the phenom-
ena of transduction, transmission, perception,
and modulation.

The autonomic response to pain is able to
determine a series of systemic effects, and the
cardiovascular system is primarily involved,
through the rise in heart rate (HR), arterial
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blood pressure (BP), together with respiratory
rate and muscle tension.

Acute postoperative pain is a good example
of how powerful stimuli, if not properly
treated, may seriously affect the whole organ-
ism, leading in the end to increased cardiac
workload and potentially lethal imbalance
between oxygen demand and supply. This
becomes even more evident in case patients
become chronically exposed to pain.

The positive impact of analgesia on cardio-
vascular control, finally, indicates that this
heart-brain relationship is real and can be a
therapeutic target in order to improve not only
the patients’ symptoms but also their cardio-
vascular health.

Keywords

Pain · Cardiovascular · Autonomic system ·
Nociception · Acute · Chronic · Takotsubo ·
Analgesia

Introduction

According to the International Association for
the Study of Pain (IASP) [1], pain is defined as
“an unpleasant sensory and emotional experience
associated with actual or potential tissue damage,
or described in terms of such damage” [2]. There
are, however, a few characteristics that must be
highlighted:

• Pain is always a subjective feeling: as such, it
may exist without depending on the ability of
each individual to express it verbally; however,
there are specific neurophysiological pathways
that have to be understood beyond the verbal
communication, in order for physicians to tar-
get the symptom and treat it successfully. For
example, a sedated and intubated patient is
surely able to feel pain but has no means to
directly transfer this information to the clini-
cian; therefore, it is the clinician’s task to col-
lect all those indirect signs of pain (e.g.,
increased blood pressure, increased heart rate)
that may guide the diagnosis.

• Pain is most often, but not always, due to
tissue damage or any other biologic/organic/
pathophysiologic causes; in those situations,
where pain is reported in the absence of bio-
logic tissue alterations, yet still regarded as
a very unpleasant perception, it should be
accepted as pain, even if it happens for psycho-
logical reasons.

A recent paper in 2016 proposed a revised
definition [3]: “pain is a distressing experience
associated with actual or potential tissue damage
with sensory, emotional, cognitive and social
components,” in order to acknowledge that this
human feeling has a substantial value through a
wide range of nonverbal behaviors.

These aspects are crucial in the setting of
Intensive Care Unit (ICU), especially considering
the cardiac ICU, where considerable amounts of
patients arrive immediately after major surgical
interventions and have to be kept sedated and
intubated for at least 12–24 h.

Nearly half of patients interviewed after ICU
hospitalization report moderate to severe pain,
at rest and during routinary procedures; pain in
the ICU may have multiple etiologies that can be
either related to the underlying illness, performed
surgery, invasive procedures, incisions, penetrat-
ing tubes and catheters. Moreover, daily patient
care procedures such as tracheal suctioning, turn-
ing, mobilization, and dressing changes are pain
sources, often underappreciated by caregivers.
Immobility may cause musculoskeletal stiffness
and wasting or pressure ulcers. Mechanical venti-
lation, sleep deprivation, and deliriummay further
enhance physical and psychological discomfort,
leading to an even higher perception of pain [4].

Pain assessment in the ICU is often suboptimal,
with infrequent evaluations, poor documentation,
and discrepancy in the evaluation methods; as a
matter of fact, this symptom has huge
interindividual variability in terms of intensity,
threshold, and linearity between injury and severity.

To address these challenges, validated assess-
ment tools exist to objectively quantify and qual-
ify pain for critically ill patients. Self-reporting is
the gold standard for pain assessment: The
Numerical Rating Scale (NRS) permits patients
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to rate pain on a numeric axis from 0 (absence of
pain) to 10 (highest level of pain) [4].

Vital signs (blood pressure, heart rate, and
respiratory rate) are widely used by clinicians for
pain assessment, but they can increase, decrease,
or remain stable due to physiologic conditions
unrelated to pain. In circumstances where self-
reporting is not possible, pain assessment tools
that incorporate behaviors and physiologic
variables can be used. Of those developed and
validated for ICU use, the behavioral pain scale
(BPS) and the critical-care pain observation tool
(CPOT) have the strongest evidence for reliability
and validity. Both scales can be used in patients
with artificial airways. The BPS evaluates three
behavioral domains: facial expression, movement
of upper limbs, and compliance with ventilation in
response to movement and painful stimuli. Each
behavioral domain is rated from one (no response)
to four (full response), with a composite score
ranging from 3 to 12. The CPOT evaluates four
behavioral domains: facial expressions, move-
ments, muscle tension, and ventilator compliance.
Each component is rated from 0 to 2 with a com-
posite score ranging from 0 to 8. If patients do not
have an artificial airway, the BPS and CPOT
include a vocalization domain to be assessed [4].

Nociception

Although now conceived as a wider and more
complex entity, involving also emotional and cog-
nitive elements, the biologic pathways through
which a painful sensation is evoked and transmit-
ted across the human body have been extensively
studied.

The whole process defining how pain becomes
a conscious experience is called “nociception.”

It involves specific peripheral receptors, i.e.,
“nociceptors,” that respond to a harmful stimulus
or to a stimulus that may become harmful,
if prolonged, repeated, or administered at higher
intensity.

They are usually divided into chemical,
mechanical, and thermal and act by collecting
the stimulation and subsequently sending it to
the brain through the nervous system. In the

central nervous system (CNS), the stimuli are
interpreted and elaborated to eventually produce
the definitive symptom. Nociception is based on
four main phases: transduction, transmission,
perception, and modulation.

Transduction is the phase where the stimulus
(thermal, chemical, or mechanical) is transformed
into electrical impulses, able to be conducted
across the peripheral nervous system (PNS); in
this phase, the noxious trigger activates the
nociceptors, causing ion channels to open and
promoting the generation of action potentials.
The nociceptors are characterized by the phenom-
enon of amplification, i.e., enhancing pain trans-
mission by releasing chemical substances able
to further involve new nociceptors; for example,
prostaglandins are able to sensitize nociceptors
through direct peripheral interaction and are the
main target of nonsteroidal anti-inflammatory
drugs (NSAIDs). Other chemicals, such as endor-
phins and enkephalins, are endogenous pain
inhibitors.

Transmission is the process of conduction of
electrical impulses along peripheral nerve axons
to the CNS. Through a complex sequence of
synapses, involving a number of excitatory and
inhibitory interneurons, nociceptive impulses that
have reached the dorsal horn of the spinal cord
can ascend to the CNS along two different
spinothalamic tracts. The thalamus is the main
relay station of sensory stimulation, but the
ascending pathways also connect to hypothala-
mus, limbic system, and the reticular formation.
Finally, the thalamus projects nerve fibers to the
somatosensory cortex, together with other areas,
in order to obtain an integrated response to
nociception.

Perception is defined as “decoding”/interpre-
tation of afferent input in the brain that gives to
the individual specific sensory experience [5]. It
involves the cerebral cortex, therefore it is the
phase of conscious awareness of pain and its
interpretation, according to a number of personal,
emotional, cultural, and experience-related fac-
tors; this explains why pain perception and its
threshold differ so much among individuals.

Modulation, finally, is the overall process by
which all sensory stimuli can be enhanced or
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decreased, through the action of supraspinal
impulses coming from the pons, medulla, and
midbrain.

There are neurotransmitters (e.g., endothelin,
enkephalin) released by supraspinal areas that can
inhibit pain transmission to the thalamus and
the somatosensory cortex; equally, norepineph-
rine and serotonin are released by the dorsal
horn of the spinal cord. Modulation is able to
make individuals feel the same type of stimuli
with different intensity; it is thus another reason
for the variability of pain threshold among human
beings [5].

Autonomic Response to Pain

There is copious evidence, both experimental and
clinical, that nociception and the autonomic ner-
vous system (ANS) are closely interconnected;
this is believed to be crucial for survival or, at
least, adaptation to the environment.

Across the whole CNS, a complex network
involving spinal and trigeminal dorsal horns,
brainstem, amygdala, hypothalamus, thalamus,
and insular cortex facilitates transmission of
neural impulses coming from somatic and
visceral sensation getting subsequently integrated
and modulating autonomic responses; in other
words, any painful sensation is able to initiate
involuntary motor, endocrine, cardiovascular,
and emotional reactions in our body [6, 7].

For example, the midbrain periaqueductal gray
matter (MPAG), in its lateral component, is able
to initiate fight-or-flight responses characterized
by sympathetic activation, causing tachycardia,
hypertension, blood flow redistributions to face
and lower limbs; this whole neural output origi-
nates from well-localized nociceptive inputs from
spinal and trigeminal dorsal horns [7].

Concurrently, the ventrolateral MPAG, receiv-
ing poorly localized visceral inputs, is able to
originate an opposite set of responses: bradycar-
dia, hypotension, hyporeactivity.

It is common knowledge that sympathetic ner-
vous system (SNS) and parasympathetic nervous
system (PNS), the two main branches of ANS,
generally determine opposite responses; however,

with regard to cardiovascular activity, SNS and
PNS may interact in a more complex and struc-
tured fashion; while PNS typically influences
decreased heart rate variability (HRV) and
increased heart rate, SNS is mainly responsible
for increasing heart rate by reducing the interval
between ventricle contractions [6].

As a matter of fact, there is consistent literature
supporting the link between painful stimulation
and ANS arousal, rising with increasing levels
of stimulus intensity. The most common signs of
ANS response to pain are changes in:

• Respiration rate (usually increased)
• Muscle tension (usually increased)
• HRV
• Peripheral vasoconstriction (usually increased)

Therefore, pain may substantially affect the
cardiovascular system directly, by altering the
pathways regulating heart rate, and by modulating
the tone of peripheral blood vessels, which has an
impact on blood pressure and, ultimately, on car-
diac hemodynamic balances [6].

HRV, i.e., the physiological phenomenon of
variation in the time interval between heartbeats,
measured by the variation in the beat-to-beat
interval, in particular, attempts to unravel the
relative contributions of SNS and PNS activity,
therefore representing an interesting measure of
ANS reactivity to painful stimuli. According to
Koenig et al., HRV may also be of interest as
a biomarker for specific pain-related diseases or
a potential outcome parameter to monitor pain
relief after specific therapies [8].

Like many organs in the body, the heart has
dual innervation. Although a wide range of phys-
iologic factors determine HR, the ANS is the most
significant. Chronotropic (i.e., the timing of heart
cycles) control of the heart is achieved via the
complex interaction of the SNS and PNS branches
of the ANS. More importantly, PNS influences
HR in an inhibitory fashion. The basic data for
the calculation of all the measures of HRV are
the sequence of time intervals between adjacent
heartbeats, known as the interbeat interval (IBI).
Relative increases in SNS activity are associated
with HR increases, and relative increases in PNS
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activity are associated with HR decreases. Since
PNS changes occur in the scale of milliseconds
rather than seconds, the PNS influences are the
only ones capable of producing rapid changes
in the beat-to-beat timing of the heart. Despite
several methods to record the IBI sequence, elec-
trocardiography (ECG) is the most prominent.
Different software solutions are available for the
analysis of prerecorded IBI sequences [8].

Although mean HR has some predictive
power, particularly in predicting morbidity and
mortality, HRV, rather than mean HR, has a
number of experimental and theoretical advan-
tages; it is a physiologically grounded, theoreti-
cally explicated, empirically supported, and
computationally tractable measure of autonomic
function. Because HR is a product of the complex
interplay of the two divisions of the ANS – the
SNS and the PNS – changes in mean HR are only
partially illuminating. HRV, on the other hand,
attempts to tease out the relative contributions of
SNS and PNS activity and may therefore be more
appropriate to investigate underlying autonomic
reactions to nociceptive stimulation [8].

Operating Room: Acute Postoperative
Pain and Its Effects on Cardiovascular
System

The sensation of pain was selected throughout
human evolution as a mechanism of protection;
it notifies tissue injury or damage and stimulates
an organism to act in order to heal them. This is
the case for any spontaneously occurred lesion in
the body, whether it is from a disease or accidental
trauma.

Surgery provokes pain, but since tissue disrup-
tion is usually more significant, painful stimuli are
more sustained. Generally, any response to post-
operative pain is proportionate to the extension of
the tissue trauma, though with variability among
individuals.

Peripherally, an acute inflammatory response
breaks out after surgery, involving the release of
cytokines and other types of immunomediators,
causing erythema, vasodilation, and enhanced
vascular permeability with edema and

activation of nociceptors (peripheral hypersensi-
tivity). An analogous phenomenon occurs in the
dorsal column of the spinal cord. Sustained
peripheral nociceptive signals cause accumulation
of neurotransmitters, which lower the nociceptive
threshold and enlarge the sensitivity territory. This
brings nociceptive sensitivity to its maximum
level (central hypersensitivity).

Due to specific interneuronal connections in
the spinal cord, a series of reflexes is generated,
enhancing sympathetic activity, which is
expressed through an increase in heart rate, stroke
volume, and peripheral resistance.

Vasoconstriction applies to all peripheral ves-
sels, including visceral districts; moreover,
uncontrolled skeletal muscle activity may be
observed.

As a result, cardiac workload is substantially
augmented, with a consistent increase in oxygen
demand; in such frail conditions, tachycardia
favors shortened diastolic filling and decreased
coronary artery perfusion. In those patients
already affected by abnormal coronary arteries,
this imbalance between oxygen supply and
demand becomes potentially lethal, as it can trig-
ger myocardial ischemia. Also, extreme sympa-
thetic stimuli of vasoconstriction, triggered by
severe acute pain, may even induce coronary
vasospasm and induce acute coronary syndromes,
from unstable angina up to acute myocardial
infarction.

Hypercoagulability has been implicated in the
genesis of angina and myocardial ischemia after
major surgery. Analgesia has been associated with
reduction of this hypercoagulability, presumably
by prevention of activation of platelets or
improved fibrinolysis; for example, it has been
demonstrated that epidural analgesia is able to
positively interfere with the postoperative impair-
ment in fibrinolysis, which is commonly seen
after lower extremity revascularization surgery.
This, in the end, leads to a lower incidence of
postoperative arterial thrombosis. The pathophys-
iological mechanism has been hypothesized as
follows: since steroids are able to increase levels
of plasminogen activator inhibitor-1 (PAI-1),
and high levels of PAI-1 are associated with an
increased risk of postoperative thrombotic
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complications (due to a weaker plasminogen acti-
vation, thus weaker fibrinolysis), analgesia, by
reducing cortisol and catecholamine production
in response to surgical tissue stress, may there-
fore have a significant impact on postoperative
hemostasis [9].

Peripherally, acute pain may reduce venous
blood flow, causing stasis and deep venous throm-
bosis, of which the well-known cardiovascular
complication, i.e., pulmonary embolism, repre-
sents another threat. Reduced renal and hepatic
blood flow is observed and associated with
organ failure, particularly in case of preexisting
pathology.

Finally, severe acute pain has an impact on
the neuroendocrine system, as well; the hypotha-
lamic-pituitary-adrenal axis is activated and the
adrenal glands may contribute to sympathetic
tone enhancement through the release
of catecholamines in the blood.

Both result in catecholamine secretion, cata-
bolic hormone secretion, and increased oxygen
demand.

In summary, severe acute pain may exacerbate
the stress response increasing perioperative
morbidity and mortality, especially in patients
with cardiac disease [10–12].

Chronic Pain and Cardiovascular
Disease

It is well known that many cardiac diseases
usually cause pain: acute myocardial infarction
or pericarditis are the most common examples.

However, there is still scarce knowledge about
how, on the other hand, pain from other origins
can specifically affect the cardiovascular (CV)
system.

In fact, this happens by multiple mechanisms,
up to a point for which sudden cardiac death
may occur in chronic pain patients who experi-
ence a severe pain attack. One of the goals of pain
therapy should be to address the patient’s CV
system and stabilize its homeostasis, and it partic-
ularly applies to elderly patients, who have either
overt or covert cardiovascular disease or who may
be at risk of developing it.

The consequences of pain may have deleterious
effects both in the case of acute settings, such as after
surgery, and during the course of a chronic disease,
such as rheumatic syndromes; this setting is partic-
ularly dangerous, as the exposure of the patient’s
body to pain is long lasting and continuous, and its
negative effects may cumulate over time.

Chronic pain is a potentially disabling condi-
tion affecting one in three people through
impaired physical function and quality of life;
its potential connection with CV disease has
been demonstrated across a spectrum of chronic
pain conditions including low back pain, pelvic
pain, neuropathic pain, and fibromyalgia.

So far, a number of significant consequences
of chronic pain on the human CV system have
been characterized: the main ones are the effect on
hemodynamics, on coronary artery disease
(CAD), and the effect on lipidic metabolism.

Pain causes elevation of blood pressure and
pulse rate by two basic mechanisms: the sympa-
thetic nervous system is stimulated by electrical
pain signals reaching the brain, as it occurs in
acute pain, during flares, or breakthrough pain.
The neuroanatomic brain changes that may
occur with severe chronic pain appear to produce
continuous sympathetic discharge.

Some chronic pain patients have persistent
tachycardia, defined as a pulse rate over 100
beats per minute. The apparent cause is continu-
ous sympathetic discharge from rearranged neu-
roanatomy which imbeds the memory of pain in
its circuitry. Despite aggressive analgesic treat-
ments (opioids), and adjuvants such as antidepres-
sants or benzodiazepine, such symptom may not
cease.

Painful stimuli can also cause significant release
of epinephrine from the adrenal glands, mainly
through a hypothalamic-pituitary-mediated signal-
ing pathway. This not only increases cardiac
inotropism and chronotropism but also enhances
peripheral vascular tone, affecting cardiac afterload.

This explains why uncontrolled pain is hazard-
ous in patients who have arteriosclerotic heart
disease; sudden and dramatic vasoconstriction,
affecting coronary arteries, may cause various
degrees of acute coronary syndromes, that can
even be lethal in patients suffering from
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severe atherosclerotic burden or other forms of
preexisting cardiopathy.

Finally, chronic pain states are known to
raise serum lipids. Although the mechanism is
not known, there is evidence of serum cortisol
elevations during uncontrolled pain and elevated
cortisol is known to elevate serum lipids and
glycemia. Moreover, the majority of chronic
pain patients eat a diet which is overloaded with
carbohydrates and which might lead to obesity
and elevated lipids.

The biological credibility of a model in which
chronic pain predisposes to cardiovascular disease
through sympathetic stress or inflammation would
be strengthened by evidence of a dose-response
relationship. In a recent systematic review and
meta-analysis, the authors reported that all
associations between chronic pain phenotypes
and cardiovascular outcomes (cardiac disease,
cerebrovascular disease, and cardiovascular mor-
tality) appeared to be stronger (i.e., larger effect
size); this represents mounting evidence that
chronic stress or inflammation may provide a
biologically plausible pathway from pain to car-
diovascular disease [13, 14].

Neurogenic Stunned Myocardium and
Takotsubo Syndrome

Acute stress-induced (takotsubo) cardiomyopathy
has a dramatic clinical presentation, mimicking
acute myocardial infarction (MI). The takotsubo
syndrome is a fairly rare event, 1:36,000. The
male/female ratio is about 1:3. It is more common
in postmenopausal women, without significant car-
diovascular risk factors. The main characteristic of
this condition is the transient balloniform modifi-
cation of the left ventricle, due to stimuli of neuro-
genic origin, due to physical or emotional stress.
This deformation (clearly visible with echocardi-
ography or magnetic resonance) makes the left
ventricle assume the shape of a basket (tsubo)
used by Japanese fishermen for octopus (tako)
fishing. The syndrome presents with prolonged
chest pain (angina), for an effort (50%) or at rest.

There is considerable variability in the ECG
pattern at presentation, as it is for acute MI. The

patients with takotsubo can present with a normal
ECG, ST/T wave changes and ST-elevation, left
bundle branch block (transient), and/or arrhyth-
mias. Coronary angiography showed no signifi-
cant stenosis. Laboratory tests (such as troponin)
reveal an alteration of myocardial necrosis indi-
ces, but the values never reach high levels.

An important characteristic of takotsubo is
the spontaneous recovery of the left ventricular
ejection fraction, which returns to normal in all
patients over a variable period of time (days to
weeks) [15, 16].

Pain Therapy

Considering the significant connection between
pain and the heart, it becomes crucial to analyze
the effects of pain relief on cardiac homeostasis
and hemodynamics.

We have seen that the heart is a major target
of the adrenergic cascade of pain response, and it
is easily affected in case of preexisting pathology.

Although any clinical scenarios would be suit-
able, particular interest is found in the setting of
cardiac surgery, where the heart itself undergoes
substantial stress and structural changes, becom-
ing even more vulnerable to pain and its
consequences.

In this setting, not only is the heart manipulated
and traumatized but also the whole body goes
through a massive release of proinflammatory
mediators and adrenergic stimuli, triggered by a
number of factors: sternotomy, thoracotomy, bone
fracture and dislocation, artery dissection, tissue
retraction, vein harvesting, and the need for numer-
ous vascular catheters and thoracic drains, which
usually have to be kept in place for several days.

Such clinical background represents a valid
model of how pain relief may affect cardiac
health.

Therapeutic Options

Postoperative pain (POP) after cardiac surgery is
more intense within the first 2 days after
surgery, and it is perceived stronger by younger
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people, females, and patients who suffer from
preoperative pain.

There are a number of therapeutic strategies to
treat POP, but they may generally be divided into
two main categories: systemic drugs and regional
techniques.

Systemic Drugs

This category includes a series of pharmacologi-
cal treatments that are usually administered intra-
venously; they spread through the whole body
and have different targets, according to the type
of molecule, and, consequently, a series of sys-
temic side effects, due to the wide distribution
of the drug.

Paracetamol is one of the most frequently used
analgesic drugs; however, its mechanism of action
is not totally understood. Paracetamol does not
appear to inhibit the function of any cyclooxygen-
ase (COX) enzyme outside the central nervous
system, but it selectively inhibits COX activities
in the brain, which may contribute to its ability to
treat fever and pain [17].

Nonsteroidal anti-inflammatory drugs
(NSAIDs) act as nonselective inhibitors of COX,
inhibiting both the cyclooxygenase-1 (COX-1)
and cyclooxygenase-2 (COX-2) isoenzymes.
COX catalyzes the formation of prostaglandins
and thromboxane from arachidonic acid.
Prostaglandins act (among other things) as mes-
senger molecules in the process of inflammation
[18].

Opioids bind to specific receptors in the ner-
vous system and other tissues. There are three
principal types of opioid receptors, μ, κ, δ (mu,
kappa, and delta), although up to 17 have been
reported, and include the ε, ι, λ, and ζ (epsilon,
iota, lambda, and zeta) receptors [19].

Regional Techniques of Analgesia

This category includes various techniques, usu-
ally through an invasive approach, that provide
the administration of local anesthetics and/or
opioids into predetermined areas; they allow

selective targeting of confined anatomical sectors,
thus a lower global dosage of drugs and their side
effects. Compared to systemic drug administra-
tion, they require specific expertise, both for
placement and for the following management.

Thoracic epidural analgesia (TEA) is the
placement of a catheter in the epidural space,
through which local anesthetics and opioids can
be infused; according to the chosen vertebral
space, different dermatomes may be involved.

Intrathecal morphine is the administration of
low doses of morphine in the subarachnoid space;
being morphine quite hydrophilic, it spreads
across the cerebrospinal fluid, allowing a central
and long-lasting (up to 24 h) analgesic effect.

Local peripheral blocks (e.g., parasternal,
paravertebral, intrapleural) provide the release
of local anesthetics directly into the peripheral
nerves or close to the surgical wound. They can
be performed either as a single-injection proce-
dure or as continuous drug infusion through a
previously placed catheter.

The Impact of Analgesia on the Heart

Given the wide variety of pharmacological and
technical options for analgesia, there is still no
definitive consensus upon their impact on main
cardiovascular outcomes.

This, at least, with regard to the setting of
cardiac surgery.

Paracetamol seems effective at reducing pain,
but it usually needs to be combined with another
drug to obtain significant pharmacological syn-
ergy. NSAIDs have also been poorly studied so
far, and their potential efficacy is counterbalanced
by the widespread fear for the well-known side
effects, among which bleeding, acute kidney
injury, and increased risk for acute myocardial
infarction (AMI) are worth reminding. Indeed,
the link between NSAIDs and AMI represents a
strong limitation to their use, but no definitive
results are yet available; for example, it has been
demonstrated that some molecules belonging to
this class of drugs, such as ibuprofen, are not able
to increase the risk of AMI significantly after
cardiac surgery. In general, severe side effects
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due to NSAIDs (and including AMI) do not seem
to be significantly likely after cardiac surgery, but
these results derive from a few small studies, and
further data are necessary to confirm them. On the
other hand, long-term use of NSAIDs, as it applies
to the setting of chronic rheumatologic or immu-
nologic diseases, is more clearly associated to
severe cardiovascular complications, including
hypertension, AMI, and atrial fibrillation; how-
ever, a potential confounding factor is the under-
lying chronic disease, which usually causes
increased cardiovascular damage per se [20].

Opioids are traditionally used for analgesia in
this surgical setting and are certainly better known
for their respiratory side effects; however, recent
evidence has come to attention about the potential
link between opioids and the risk of coronary
artery disease and cardiovascular death, again, in
the setting of chronic diseases. Interesting hypoth-
eses have been formulated to explain it: opioid
receptors have been described in human myocar-
dial cells and their chronic use or higher doses
may increase ischemia and oxidative stress;
remifentanil in rat myocardium demonstrated
dose-dependent increased susceptibility to reper-
fusion injury. Chronic methadone and oxycodone
use has been linked to prolongation of QT inter-
vals and torsade’s de pointes. Other studies have
found increased inflammatory markers such as
CRP and accelerated atherosclerosis in chronic
opioid users. Methadone also increased platelet
aggregation, decreasing protective effects of aspi-
rin [21].

On the side of regional analgesia techniques,
thoracic epidural analgesia (TEA) is the one
showing the most promising results in terms of
clinical benefits for the heart, being associated
with a number of positive systemic effects
besides the decrease of pain symptom itself.
Various studies showed that TEA may improve
respiratory and metabolic function, through the
reduction of pulmonary atelectasis and through
a better postoperative metabolic management
with a lower degree of “stress hyperglycemia,”
respectively. Pulmonary and metabolic functions
are directly connected to cardiovascular homeo-
stasis and any positive impact on them may reflect
on cardiac improvement as well.

However, TEA may also have specific and
direct positive effects on cardiac performance, as
it has been associated to increased stroke volume
index and increased central venous oxygenation.
Such benefits are probably due to the effect of
TEA on systemic vascular resistance (SVR),
which is usually decreased through the attenua-
tion of sympathetic activity, mediated by local
anesthetics [22, 23].

Systemic drugs and regional techniques, there-
fore, may certainly have a positive impact on the
heart; the attenuation of adrenergic stimuli,
obtained by the mitigation of pain symptoms,
plays a key role. Moreover, treatments like TEA
have shown potential further beneficial effects,
both direct and indirect, on the heart.

Anyway, all current analgesic therapies have
not yet shown a significant positive impact on
major clinical outcomes, such as the length of
stay in hospital, and may even determine severe
adverse cardiovascular effects, especially if used
in the long term.

Conclusions

In conclusion, it is now possible to investigate the
close connection between the heart and the ner-
vous system. There are various patterns of
response to pain that determine different systemic
effects, and the cardiovascular system is primarily
involved. Acute pain and, above all, chronic pain,
may carry on such stimulation, generating impor-
tant consequences. The positive impact of analge-
sia on the cardiovascular system can be employed
as a therapeutic target in order to improve specif-
ically the patients’ cardiovascular function and
wellness.
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Abstract

Angina pectoris is not a proportional indicator
of the severity of occlusive coronary disease
or myocardial ischemia; however, it is a key
symptom of coronary artery disease. In a sub-
group of patients suffering from long-lasting
angina-type pain in the presence of myocardial
ischemia, symptoms cannot be controlled
by a combination of medical therapy, angio-
plasty, and coronary bypass surgery. Despite
a relatively low mortality, these patients suffer
high morbidity and frequent hospital admis-
sions. This “refractory angina syndrome” is
associated with important biopsychosocial
issues and should be considered and treated
as “chronic pain.”

Considering refractory angina pain as a
chronic pain syndrome implies re-examining
the entire neurophysiological pain pathways
and questioning the Cartesian model. This
also opens the gate to different hypothesis,
including rethinking the symptom “angina” as
a marker of ischemia only and looking at
abnormal modulation processes involving
pain pathways.
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Introduction

Angina pectoris is not a very sensitive marker of
myocardial ischemia; however, it is a key symp-
tom of coronary artery disease. In this regard, in
the presence of myocardial ischemia, complaints
of angina are often expressed late, inconsistently,
or may be even completely absent in 30% of
patients [1]. Moreover, angina is not a propor-
tional indicator of the severity of occlusive coro-
nary disease [2].

The perception of pain from visceral nocicep-
tive stimuli is complex, and the severity of symp-
toms is often disproportionate to the degree of
ischemia [3]. So, angina should not be considered
as a reliable maker of the underlying pathological
process of atherosclerosis. However, it remains an
important clinical guide of the therapeutic effect
of the treatment.

In this chapter we will focus on persistent
forms of cardiac pain. This so-called refractory
angina syndrome is debilitating and requires the
understanding of the interplay of ischemic, meta-
bolic, and neuropathophysiological mechanisms
contributing to these clinical problems [4]. Like
other types of persistent pain, cardiac pain is
a complex, subjective experience with sensory-
discriminative, motivational-affective, and cogni-
tive-evaluative components. Each of these dimen-
sions, subserved by specialized systems in the
brain (i.e., limbic, reticular, neocortical areas),
contributes to the overall patient experience of
pain and the related individual responses [4].
Within the concept of the pain matrix (the exten-
sive network of brain regions involved in pain
processing pain) [5], there are multiple levels at
which abnormal modulation of afferent signals
from the heart can lead to the establishment and

maintenance of a chronic cardiac pain syndrome.
These same structures are also potential targets for
neuromodulation treatments (Table 1).

Refractory angina (RA), end-stage coronary
artery disease, “no-option” coronary vascular
disease, or intractable chronic angina have been
used frequently to describe this clinical syndrome.
Refractory angina is described as chronic
(>3 month) angina-type pain in the presence of
myocardial ischemia which cannot be controlled
by a combination of medical therapy, angioplasty,
and coronary bypass surgery [7, 8]. This definition
is important for building up an appropriate frame-
work for basic science and clinical research,
increasing awareness among clinicians [7].

With an aging population and increased sur-
vival from coronary artery disease, clinicians will
increasingly encounter these complex patients in
routine clinical practice [7, 8].

However, exact numbers on patients suffering
from refractory angina are difficult to obtain
because no large epidemiological study has
focused on RA alone [9]. Moreover, the condition
of refractory angina may represent at least four
different anatomo-pathological phenotypes [10].

Registries suggest that between 5% and 15%
of patients investigated for symptomatic angina
are unsuitable for revascularization and therefore
fulfil the definition of refractory angina [7, 11, 12].
A second indicator derives from stable angina
prevalence and the estimated proportion of refrac-
tory angina cases [9]. From this approximation,
it is estimated that 3–7 per 1,000 patients aged
45–74 years suffer from refractory angina [12]. It
is estimated that in the USA, between 600,000 and
1.8 million patients suffer from RA. In Canada,
about 500,000 patients live with angina. The num-
ber of new diagnosis for year is approximately

Table 1 Examples of therapies targeting the transmission pathway for angina pain

Level of transmission Pathways targeted Therapies

Periphery Sympathetic ganglia Stellate ganglion block

Periphery Sympathetic afferent pathways Surgical sympathectomy (neuroablation technique)

Central/spinal cord Spinal cord synapses TENS e SCS

Central/supraspinal Thalamic centers Modulatory antidepressants (low-dose tricyclics)

Central/supraspinal Higher cortical centers CBT

Adapted from Sainsbury et al. [6]
TENS transcutaneous electrical stimulation, SCS spinal cord stimulation, CBT cognitive behavioral therapy
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75,000 in the USA and 30,000–50,000 in
Europe [13]. Reynolds et al. studied the economic
burden of chronic angina in a 2004 systematic
review [14]. Among the 47 selected studies, 10
directly addressed the cost. The annual direct
costs ranged from $1,937 for medically managed
patients to almost 10 times that amount for patients
with advanced illness and refractory angina
($18,467 in 1997). Severity of illness clearly mat-
ters. Two other studies by Schofield in 1999 and
Kandzari in 2001 focused on “severe angina”
patients. These two studies also found that costs
weremuch higher than for patients with “medically
managed” chronic angina [15, 16 ].

Refractory angina patients suffer a rather high
morbidity considering the occurrence of acute
coronary syndrome, hospital admissions, and con-
comitant diseases, despite a relatively low mortal-
ity (5–7% per year) rate [17].

Angina is the symptom of myocardial ischemia
and chronic refractory angina (RA). These painful
disorders share some clinical features but differ
significantly in their underlying mechanisms [17].

Patients experience a significantly limitation
by persistent debilitating chest discomfort and
often relate their chest pain with a signal of a
life-threating cardiac event. This leads to a pro-
gressive decline in their mental well-being, to
pessimistic health beliefs, to negative behaviors,
and to impaired quality of life [8, 9].

In these conditions, simply treating the
expressed pain alone is important as it may
improve exercise tolerance and quality of life
[18]. RA ought to be conceptualized as a chronic
pain disorder and treated as such, integrating
physical, psychological, and educational modali-
ties run by a multidisciplinary team [18–20].

Neuropathophysiology and
Segmental Neuromodulation

Pathophysiology of angina goes far beyond “myo-
cardial oxygen supply/demand imbalance,” and
therefore multiple levels of neuromodulative mech-
anismsmay be available to control angina pain [21].

Currently the visceral pain symptoms related to
angina pectoris are described as precordial pain,

diffuse, poorly localized, and regional tissue ten-
derness. These symptoms can refer to somatic
structures as the neck, jaw, or arm and associated
with autonomic manifestations as sweating and
nausea [22]. However, the correlation between
pain perception and the extent of coronary disease
is poor. The spectrum of pain modulation is
extremely broad and can range from the complete
cessation out of perceived pain sensations to
feelings of extreme pain with little stimulus.
Examples range from silent myocardial ischemia
to that of a functional pain syndrome of cardiac
syndrome X (the sensitive heart). The wide vari-
ability of complains described by the patients is
another intriguing finding [22].

Throughout the late eighteenth and early nine-
teenth century, several correlations were made
between coronary obstruction and the symptom-
atology of angina through postmortem studies as
well as the description of the cardiac and extra-
cardiac symptoms of angina [23, 24]. In 1902,
Colbeck described differential stretching of the
myocardium and coronary spasm as potential
mechanical causes of angina-related pain [25].
Thirty years later, Lewis proposed the actual elec-
trical hypothesis to contrast the mechanical theory
and found to be accurate. He suggested that the
angina pain resulted from the release of pain
chemical mediators in the myocardium during
ischemia [26].

The sensory nerve endings in the myocardium
are formed by the endings of mixed myelinated A
δ and unmyelinated C fibers, forming bundles that
can be traced through the septa. Gradually these
fibers form nerve branches that coalesce into the
cardiac sympathetic and vagal components [22].

Physiological neuromodulation happens at dif-
ferent levels of the somatosensory system. These
levels are also potential therapeutic targets for
neuromodulation (Table 1 and Fig. 4).

Peripheral Pathophysiology and
Modulation

Both chemosensitive and mechanosensitive nerve
endings founded primarily in the epicardium with
the vagal fibers are generally close to the
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epicardium and especially in the infero-posterior
wall. The substances released during ischemia
such as bradykinin, potassium ions, prostaglan-
dins, leukotrienes, and adenosine excite the recep-
tors of the sympathetic and vagal afferent
pathways [27]. Adenosine specially plays an
important role in the physiological regulation of
the coronary microcirculation and is considered to
be responsible for the bulk of pain signaling from
the heart to the spinal cord and the brain [22]. In
patients with refractory angina, the high-threshold
receptors in the myocardium become low-thresh-
old receptors. The subsequent sensitization of
these receptors in the myocardium results in an
altered angina threshold [28].

More recently, the transient receptor potential
vanilloid-1 (TRPV1) has gained significant inter-
est. TRPV1 receptors respond to capsaicin, heat,
and hydrogen ions at the myocardial and dorsal
root ganglion (DRG) level. Activation of these
receptors leads to an influx of cations and to a
release of calcitonin gene-related peptide (CGRP)
and substance P. Substance P has a synergic
role together with adenosine in cardiac pain
nociception [29–31].

Afferent sympathetic neurons travel through
the myocardium to either the superior or inferior
cardiac plexus and progress, without synapsing,
through the sympathetic ganglion chain to end in
the dorsal horn of the spinal cord. The cell bodies
of sympathetic afferent fibers are in the dorsal root
ganglia of the C8 to T9 spinal segments, espe-
cially T2–T6. In the dorsal horn, they connect
predominantly to neurons in lamina I, with addi-
tional connections in lamina V [6].

Experimental pathological perturbations on the
anterior surface of the heart lead to an increase
nociceptive afferent traffic-inducing pain. This
process is accompanied by some sympathetic
efferent reflexes resulting in tachycardia and/or
hypertension. Surgical sympathectomy can alle-
viate pain and these sympathetic reflex symptoms.
Nonetheless, pathological perturbations involving
the inferior-posterior surface of the heart are char-
acterized by vagal efferent reflexes, resulting in
bradycardia and/or hypotension. In this situation,
it appears that the vagus nerve plays a major role
in the transmission of pain. In these experimental
studies, vagotomy generally abolishes such

cardiovascular reflexes. Lower cervical and
upper thoracic sympathectomies are not effective
in the relief of pain and vagal reflexes from angina
[32].

High levels of adrenergic activity can be
evoked in response to cardiac ischemia, leading
to a vicious cycle that increases myocardial oxy-
gen demand, worsens ischemia, and produces
more angina [33]. There are data suggesting a
reflexive coronary vasoconstriction evoked
by the original chest pain. High central sympa-
thetic tone is also proarrhythmic, in addition to
any local myocardial proarrhythmic effects of
ischemia [18, 22, 34]. The sympathetic cardiac
efferent fibers are located in the stellate ganglion
[35]. The block of this ganglion can relieve car-
diac pain.

Therapy Related to Peripheral
Neuromodulation

Epidural Blockade with Local Anesthetics
The antianginal effect is a result of blockade of
afferent and efferent cardiac sympathetic fibers
leading to a reduction in myocardial ischemia,
probably associated with reduced myocardial
oxygen consumption.

Richter et al. conducted a pilot study [36] eval-
uating the effect of long-term (3-year follow-up)
use of tunneled epidural catheter in RA patients.
They were trained to provide self-administration
through the catheter at home. Bupivacaine 0.25%
were injected in an average dose of 3 ml, two to
five times per day (median, 2). They demonstrated
a significant improvement in angina class reduc-
ing from a mean class of 3.6 to 1.7 after 1 week
and 1.3 after 6 months. The mean number of
anginal attacks per week also decreased signifi-
cantly. In addition, there was a significant
improvement in quality of life. They had no seri-
ous complications. Ten years later, the same group
published a similar study that confirmed these
findings. The observational designs of these
studies limit the conclusions that can be drawn,
but the high benefits demonstrated lower mortal-
ity, reduced angina episodes, and significantly
improvement in quality of life, and low rates
of complications make the technique to be con-
sidered [37].
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Stellate Ganglion Block (SGB)
Treating cardiac chest pain by modulation of sym-
pathetic afferents was first postulated by Frank
in 1899. Sympathetic neuronal blockade is pre-
supposed to interrupt adrenergic hypersensitivity
and positive feedback circuits that ordinarily aug-
ment central excitability [38].

Although the effect of this block is considered
generally transient, long-term relief has been
described with stellate block [39]. A potential
way to prolong the effect is the use of radio-fre-
quency ablation [40]. With the use of ultrasound-
guided blocks, the technique becomes much safer.
It is associated with some potential complications
including intravascular injection, hematoma,
retropharyngeal hematoma, hoarseness dysphagia,
phrenic paralysis, and esophageal rupture [41]. The
development of transient Horner’s syndrome (mio-
sis, partial ptosis, and ipsilateral anhidrosis) is a
traditional marker of success for SGB. It is also
frequently accompanied by ipsilateral increase in
blood flow and skin temperature [38].

A recent prospective study has shown SGB to
be both safe and efficacious in the management
of RA, with a mean pain relief duration of
3.5 weeks. SBG can be considered as an alterna-
tive neuromodulation invasive strategy in patients
suffering from intractable anginal symptoms.
However, the evidence for this procedure to treat
angina is lacking, and further RCTs are needed to
establish whether it should be incorporated into
routine clinical practice [38].

Surgical Cervical and Upper Thoracic
Sympathectomies
These procedures include removal of the superior
cervical and stellate ganglia or removal of the
cervicothoracic trunk and the sympathetic chain.
About 50–60% of patients report complete relief
from angina, whereas 30–40% report partial relief,
and approximately 10–20% report no relief at all [32].

Central Pathophysiology and
Modulation: Spinal Level

The extensive connections among cardiac sympa-
thetic plexus, sympathetic ganglion chain, and
spinal cord (from the upper cervical ganglion to

the sixth or seventh thoracic segment) explain
why angina is so widely expressed. Incoming
somatic nociceptive fibers synapse with the same
lamina I neurons (besides their own connections
on the lamina II and III), resulting in “crosstalk”
which occurs between somatic and visceral affer-
ent pathways and therefore the referred somatic
pain typically associated with characterizes
angina pectoris (Fig. 1). This convergence of vis-
ceral-somatic input to spinothalamic cells involv-
ing fibers of C5 and C6 explains pain referred to
the upper arm and at level of C1 and C2 explains
the associated jaw and neck pain. As the receptive
fields were located primarily in deepmuscle rather
than cutaneous tissue, the referred pain is often
described as deep [28, 42].

A part of these second neuron afferents cross
the spinal cord in front of the anterior white com-
missure and then ascend near the spinothalamic
tracts (STT). However, the majority of this tract
intertwined with somatic neurons [22, 42].

Kreiner et al. demonstrated in a study that 6% of
patients with cardiac ischemia presented with cra-
niofacial pain as the only complaint and 32% pre-
sented it as one of the symptoms. It is believed that
this transmission is made by the cardiac branch of
the left vagus nerve [43]. The afferent fibers of the
vagus nerve ascend to the nucleus of the solitary
tract and directly or indirectly modulate the neu-
rons of C1 and C2 that also receive somatic sensory
information from the neck and the jaw [21]. Since
only 6% of the vagal afferents project directly to
the C1–C2 spinal neurons, the rest most likely
ascend into the nucleus tractus solitarius of the
medulla and then descend to synapse on the
spinothalamic tract cells with axons projecting to
the C1–C2 segments. Transmission of pain signals
via the cardiac branch of the left vagus nerve is the
mechanism postulated for the development of neck
or jaw pain after sympathectomy for relieving
retrosternal pain. This post-procedure pain is
generally more tolerable than the presenting
retrosternal pain [28] (Fig. 2).

Therapy Related to Central
Neuromodulation: Spinal Level
In 1965, Melzack and Wall developed the “gate
theory” [44] which presented the notion that afferent
pain signals traffic could be controlled at the spinal
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level. Stimulating the dorsal columns activates the
large afferent fibers, which in turn activate neuronal
mechanisms in the spinal cord gray matter. In this
way, large afferent fibers can decrease the amount of
information coming from the nociceptive afferent
nerves to reduce the nociceptive sensation. Important

subsequent discoveries included that of endorphins
and enkephalins, acting via spinal and central opiate
receptors, Perl’s report of the sensitization of nerve
terminals by inflammatory mediators, and the find-
ing of long-term potentiation at the hippocampal
level by Bliss and Lomo in 1973 [22, 45].

Pain interpreted as
originating in distribution
of somatic sensory nerves

Patient perceives
diffuse pain in

T1–4 dermatome

Visceral
sensory nerve

Somatic
sensory nerve

T2

T3

T4

T1

Fig. 1 Convergence of
visceral-somatic input.
(Source: https://slideplayer.
com/slide/5332097/.
Access in 10/10/2018)
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The rationale of the “gate control theory” [44]
initiated the development of electrical neuro-
modulation techniques such as transcutaneous
electrical neuromodulation (TENS) and spinal
cord neuromodulation (SCN). Both of these tech-
niques utilize low-voltage electric current to mod-
ulate nociceptive signaling and replace pain
sensations with paresthesia without masking the
symptom of acute myocardial infarction. Both are
recommended by ESC as options to treat RA.
TENS through pads is placed over the skin, and
SCS through electrodes is implanted in the spine
cord [38, 46, 47].

Transcutaneous Electrical Stimulation
(TENS)
Some case-related reports have shown good
results with TENS for the treatment of RAP.
The trial dose is 1 h, one to three times a day.
Long-term results with significant pain relief and
even pain-free patients have been published. The
mechanism of action is probably a combination
of analgesia per se and inhibition of sympathetic
nervous stimulation of the heart [48]. TENS may
be considered to ameliorate symptoms of invalid-
ating RA; beyond pain, it has been related to
increased work capacity, decreased ST segment

depression, reduced frequency of anginal attacks,
and reduced consumption of short-acting nitro-
glycerin per week, its recommendation IIb, and
level of evidence, C [46].

Spinal Cord Stimulation (SCS)
The spinal cord stimulation (SCS) is a therapy
consisting of the placement of electrodes in
the perineural space. Linked to a generator, the
electrodes produce an electrical field inducing
paresthesia at the desired region. To be effective,
paresthesia must “cover” the pain region.
In neuropathic and visceral pain states, it may
significantly reduce pain. The first case was
described in 1967 by Shealy [49, 50].

Electrodes are placed midline in patients under
light sedation. An intraoperative test confirms the
good placement. The devices are placed with the
minimally invasive “Seldinger” technique after
identification of the epidural space. Once it is in
place, they are fixed to the interspinous ligament.
The system is tested with an externalized battery
over 2–4 weeks as an outpatient. If a pain reduc-
tion of>50% is achieved, the system is implanted
with an internal battery. Depending on the power
consumption, a standard (life span 2–4 years) or
a rechargeable battery (life span >10 years)

Fig. 2 Autonomic
efferents pathways.
(Source: https://www.
sciencedirect.com/science/
article/pii/
B9780124047068000061.
Access in 10/10/2018)
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is implanted subcutaneously in the abdominal
or gluteal region. The battery will deliver the
power for the continuous therapy (50 Hz, plus
width 100–800 μs) with an adjustable intensity
of stimulation depending on patient’s preference
[51, 52].

The epidural space contains extensive venous
plexus vulnerable to damage during needle punc-
ture and mobilization of SCS leads. Large needles
and stiff-styletted leads are needed to enable
directional control of SCS leads. In many cases,
the technique correlates with minimal tissue
trauma. However, in some clinical settings, the
procedure may be laborious, with greater manip-
ulation in the epidural space to reach to position
properly the leads [53].

Significant evidence exists supporting the use
of aspirin for secondary prophylaxis for cardio-
vascular disease [54]. Discontinuation of this
medication to perform safely interventional pro-
cedures may be associated with significant risk
[55]. P2Y12 receptor inhibitors are used in com-
bination with aspirin as a “dual antiplatelet ther-
apy,” to reduce thrombotic events in the setting
of acute coronary syndromes and in patients
who undergo percutaneous coronary intervention.
For trial of SCS, the antiplatelets drugs should be
stopped and the trial kept to the minimum duration
possible [53].

Oral anticoagulation must be interrupted
before SCS implantation. Whether or not to
bridge with heparin is a clinical common
practice although with limited evidence. New
observational studies and a recent large random-
ized trial [56] have noted significant perioperative
or periprocedural bleeding rates without reduction
in thromboembolism when bridging is employed
[57]. Although bridging anticoagulation may be
necessary for those patients at highest risk for
thromboembolic events (TE), for most patients it
produces excessive bleeding, longer length of
hospital stay, and other significant morbidities
while providing no clear prevention of TE.
While awaiting the results of additional random-
ized trials, physicians should carefully reconsider
the practice of routine bridging and whether peri-
procedural anticoagulation interruption is even
necessary. Results from randomized trials are

needed, especially for patients with mechanical
heart valves [58].

The decision to stop the anticoagulants medi-
cations should be shared between the pain physi-
cian and the referring physician, cardiologist,
neurologist, or primary care physician.

In Table 2 is presented a summary of recom-
mendations for the management of anticoagulants
drugs for SCS implantation [59].

Due to the consistently positive therapeutic
response and the risks associated with the multi-
ple comorbidities of patient with chronic refrac-
tory angina pectoris, we often do not undergo a
trial phase and proceed to the permanent system
implantation. The best placement of the elec-
trodes is over the levels T1–T4 [59] where the
induced paresthesia is optimally overlapping
with the area of angina attacks. An alternative
placement of electrodes is at the cervical level
C1–C2 where stimulation produces a sympa-
thetic and vagal modulation of pain of cardiac
origin [21].

Today it is well known that only the sole
activity of large fibers (gate theory) is not enough
to explain the SCS mechanisms of pain reduction.
The large fibers are not capable of “shutting
down the gate” and stopping the nociceptive
input in the small pain fibers. This is particularly
evident in the case of acute nociceptive pain
where SCS is not effective, but SCS can consid-
erably diminish the intensity of maladaptive pain.
This is also true for acute pain symptoms elicited
during myocardial infarction that are not masked
by SCS [47, 60–62].

In pathological pain states (e.g., animal models
of mononeuropathy), the amount of GABA
(gamma-aminobutyric acid) in spinal dorsal horn
is decreased, and administration of GABAB ago-
nist baclofen can revert the tactile hypersensitivity
thought to trigger cardiac pain [63, 64]. An impor-
tant effect of SCS on pain perception is likely
to occur through the activation of inhibitory
GABAergic and cholinergic spinal interneurons.
Stimulation of sympathetic efferents by SCS
causes vasodilation due to the antidromic release
of calcitonin gene-related peptide (CGRP) and
possibly nitric oxide linked to the transient recep-
tor potential V1 (TRPV1) [45, 65].
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The nervous system is activated during chronic
ischemia episodes [66], and this state corresponds
most likely to the neuropathic state. The injection
of bradykinin in the heart or chronic coronary
occlusion induces an activation of the sympathetic
nervous system and an increased activity in the
spinothalamic tract cell contributing to chronic
pain [67, 68]. These effects could be reversed by
SCS stimulation [69]. In this way, SCS result in
antinociceptive activation of spinal afferent neu-
rons and inhibit sympathetic efferents, attenuating
vasoconstriction and reducing ischemia [3].

There are differences in the mechanisms of
action of SCS in ischemic and neuropathic pain.

SCS also has an effect on rebalancing the
myocardial oxygen demand which is an important
role to improving overall cardiac function and
reducing angina. During myocardial ischemia,
SCS seems to have important effect on exercises
test [69], long-term ECG monitoring [70],
decreased O2 demand, and lactate metabolism
[71, 72]. These reduce sympathetic nerve system
overactivity which produces overall pain reduc-
tion. The stabilization of the intrinsic cardiac ner-
vous system seems to produce important anti-
ischemic effects through the activation of spinal
A1 receptors [73]. Although SCS improves the
rate-pressure product (heart rate � systolic blood

Table 2 Time to stop the anticoagulation therapy before SCS implantation

Drug When to stop When to restart

Aspirin Primary prophylaxis: 6 days
Secondary prophylaxis: shared assessment and risk stratification

24 h

NSAIDs 5 half-lives 24 h

Diclofenac 1 day

Etodolac 2 days

Ibuprofen 1 day

Indomethacin 2 days

Ketorolac 1 day

Meloxicam 4 days

Naproxen 4 days

Piroxicam 10 days

Phosphodiesterase inhibitors

Cilostazol 2 days 24 h

Dipyridamole 2 days

P2Y12 inhibitors

Clopidogrel 7 days 12–24 h

Prasugrel 7–10 days 12–24 h

Ticagrelor 5 days 12–24 h

PO anticoagulants

Coumadin 5 days, normal INR 24 h

Acenocoumarol 3 days, normal INR 24 h

New PO anticoagulants

Dabigatran 4–5 days
Patients with impaired renal function: 6 days

24 h

Rivaroxaban 3 days 24 h

Apixaban 3–5 days 24 h

Anticoagulants

IV heparin 4 h 24 h

Subcutaneous heparin 8–10 h 2 h

LMWH prophylactic 12 h 12–24 h

LMWH therapeutic 24 h 12–24 h

Fondaparinux 4 days 24 h
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pressure) [42, 74], it has no impact on the left
ventricle dynamics (pressure-volume relation-
ship), on overall coronary blood flow, or the dis-
tribution between ischemic and nonischemic
zones [75, 76].

SCS inhibits the sympathetic flow or blocks the
reflex arc after the onset of pain, thus reducing this
sympathetic activity and producing an anti-ische-
mic [60] end antiarrhythmic [77, 78] effect and
improving myocardial function during the acute
ischemia [79]. In patients with heart failure dis-
ease, associated biomarkers showed a small but
significant increase due to SCS delivered 12 h/day
at the level of T2–T4 segments. This modest
increase is not likely to be clinically relevant
per se but may indicate a possible adverse cardiac
effect of SCS in humans with heart failure
(without chronic pain) [80]. There are several
proposed SCSmechanism of action which include
the release of neuromodulators (dynorphin),
the blunting of the sympatho-excitation, and
the altering of preganglionic neurons. Clinical
trials in patients with heart failure need to be
tested [80–82].

Stimulation of the upper cervical spinal cord
C1–C2 showed in clinical trials a reduction in
pain symptoms, similar to the stimulation over
the usual high thoracic levels (T2) [78]. Experi-
mental studies could prove an inhibition in the
proximal and distant spinal cord neurons and
also in the somatic afferents [81]. The

mechanism is an antidromic activation of large
fibers with a consecutive release of dynorphin
[82] (κ-opioid peptide) suppressing the neuronal
activity in the upper thoracic segments and
reducing, for example, the amount of substance
P released [83].

The direct SCS stimulation of the dorsal
column were shown to reduce the firing of the
spinothalamic tract cells [69].

The influence of SCS on the wide dynamic
range (WDR) interneurons, through GABAergic
connections, is well known from the neuropathic
pain. This mechanism helps to explain the dimi-
nution of hypersensitivity when the paresthesia is
delivered in the pain area [83] (Fig. 3).

“Illustration showing how spinal cord stimula-
tion (SCS) of primary afferent fibers in the low
thoracic-lumbar dorsal columns (here L1) acti-
vates neural mechanisms producing vaso-
dilatation in peripheral vasculatures. SCS
activates ERK-containing GABAergic interneu-
rons (inset). These interneurons antidromically
activate a presynaptic mechanism exciting Ad
and C dorsal root afferent fibers that release calci-
tonin gene-related peptide (CGRP) and nitric
oxide from the endothelium. SCS also activates
interneurons that decrease activity of sympathetic
preganglionic neurons and, in turn, reduces
release of catecholamines mainly acting on
alpha-1 adreno-receptors from sympathetic post-
ganglionic neurons [83].”

ICN
Aδ/C

Aβ antidromic

DLF

STT

T3–T5

T1–T2,
C1–C2

DC

SCS
ThalamusFig. 3 Neuronal

mechanisms of spinal cord
stimulation. (Source:
https://slideplayer.com/
slide/5332097/. Access in
10/10/2018)
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The SCS therapy is one of the best adjuvant
therapies for cardiac-origin pain, and this thera-
peutic option can be recommended as evidence
level 2b with a degree B for recommendation [46].
Success rates achieved with SCS for angina
pectoris are in excess of 80% [70, 84].

The severity and frequency of anginal episodes
are reduced, and, in some cases, episodes are
eliminated. In addition to pain relief, SCS demon-
strate reduction in disease perception, reduction
in short-acting nitrate consumption, improved
Canadian Cardiovascular Society class, increases
in exercise tolerance (controversy) [85], improve-
ments in ischemia-related electrocardiographic
changes (ST segment), and improvements in
the quality of life [42, 74]. SCS can stabilize
these neurons for prolong periods even after the
stimulus has been stopped. This indicates that
a cardioprotective benefit may persist even after

discontinuing SCS therapy for long term [66, 86].
Anyway, adequate sham-controlled RCTs to con-
firm efficacy and cost-effectiveness are needed [3]
(Fig. 4).

Central Pathophysiology and
Modulation: Supraspinal Level

Sympathetic afferent fibers advance predomi-
nantly via the dorsal columns to the ventral pos-
terolateral nucleus of the thalamus (VPL). VPL
also receive visceral afferent inputs via the
spinothalamic tracts. Vagal fibers mainly connect
to the nucleus of the solitary tract and from there
to the parabrachial nucleus in the pons, which in
turn have efferent connections to the hypothala-
mus and amygdala and to posterior thalamus.
Rostral to the thalamus, cardiopulmonary inputs

Fig. 4 Targets for neuromodulation in RA. SCS spinal
cord stimulation, SENS subcutaneous electrical nerve stim-
ulation, STT spinothalamic tract, TENS transcutaneous

electrical nerve stimulation. (Source: https://www.ecrjour
nal.com/articles/management-refractory-angina-pectoris.
Access in 10/10/2018)
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have been shown to activate neurons in the insular
cortex. The insula is also connected to medial
prefrontal cortical regions. There is good evidence
that the insula is involved in the monitoring of
common visceral sensations and in modifying and
integrating autonomic responses. Additionally,
there are projections from the insula to the primary
somatosensory cortex [22].

Studies with positron emission tomography
(PET) have shown increased regional cerebral
blood flow in the hypothalamus, periaqueductal
gray, bilaterally in the thalamus and lateral pre-
frontal cortex, and left inferior antero-caudal cin-
gulate cortex in angina compared with the resting
state. In the study by Rosen et al. [87], he noted
that angina symptoms were stopped within
minutes after stopping the dobutamine infusion.
He also noted that when the patients no longer
experienced angina and the electrocardiographic
changes had resolved, thalamic, but not cortical
activation, could be demonstrated. Hence, they
proposed that the central structures activated the
pathways for perception of anginal pain. The per-
sistence of thalamic activation after the cessation
of the symptoms and signs of myocardial ische-
mia initiated the theory on “gate alterations of
painful signals” might occur at the thalamic
level. As an extension, the proposed mechanisms
of silent myocardial ischemia are abnormal cen-
tral processing of afferent pain messages, gate
regulation at the thalamic level, and the presence
of an autonomic neuropathy. Low-dose tricyclic
antidepressants could modulate the angina pain in
the thalamus [16, 87]. Nociceptive signals are
relayed from the thalamus to the primary and
secondary somatosensory areas and to subsequent
brain regions linked to visceral sensation (i.e.,
insula), emotion (i.e., limbic system), attention
(i.e., anterior cingulate), and cognition (i.e., pre-
frontal cortex). The brain also exerts descending
modulation on nociceptive processing via sub-
cortical structures such as periaqueductal gray
(PAG), rostroventral medulla (RVM), hypothala-
mus, parabrachial nucleus, and nucleus tractus
solitarius [28].

Mood, cognition (including expectation/antic-
ipation, belief, and empathy), context, structural,
and neurochemical factors have all been shown to

contribute to the modulation of pain perception.
Regardless of etiology or anatomy, patients with
refractory symptoms commonly believe that their
chest discomfort is due to pain from their heart
and that it may predict a life-threatening cardiac
event. This underpins the fear-driven psychologi-
cal response whereby pain begets pain, leading to
the development of persistent symptoms, negative
health beliefs, and behavior. Cognitive behavioral
therapy (CBT) could have a modulatory effect
in higher cortical centers, especially for those
demonstrating catastrophization [3, 16, 38, 82].
Patients with cardiac syndrome X demonstrate the
interaction between the heart and brain. These
patients present angina pectoris with ischemic-
like changes on the stress ECG but with no angio-
graphically coronary arteries anomaly. Functional
neuroimaging studies with PET during high-dose
dobutamine infusion demonstrated greater right
anterior insular activity, being maybe a specific
marker for a perception of myocardial pain with-
out ischemia, characterizing a functional cardiac
pain syndrome, and an abnormal central handling
of afferent pain signals [3, 88, 89].

Therapy Related to Central
Neuromodulation: Supraspinal Level

Acupuncture
Chronic pain is the most frequent indication for
acupuncture in the Western world. Although the
mechanism of action of acupuncture for pain relief
is not completely understood, it appears to evolve
a wide range of central nervous structures at spinal
and supraspinal (subcortical and cortical struc-
tures) levels including periaqueductal gray,
nucleus raphe magnus, locus coeruleus, arcuate
nucleus, amygdala, and nucleus accumbens.
Acupuncture modulate pain over both the ascend-
ing facilitatory pathways (N-methyl-D-aspartate
receptors, substance P, and interleukin-1) and the
descending inhibitory pain pathways (endoge-
nous opioids, serotonin, and norepinephrine).
Output of spinal neuron is dependent on ascend-
ing input from the periphery and modulated by
spinal interneurons (endogenous opioidergic sys-
tem) and descending projections from supraspinal
centers. The dynamic balance between these three
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pathways determine the final output generated
by secondary neurons, which project upward to
the relay centers and ultimately to the cerebral
cortex for pain perception. Numerous animal
studies suggest that acupuncture leads to anal-
gesia via powerful central pain modulatory mech-
anisms [89].

Acupuncture also plays a role in the autonomic
nervous system (regulating circulation). Some
studies have shown some effectiveness in relief
angina pectoris. Its beneficial influence has been
demonstrated during coronary arteriography. It
improves the working capacity of the heart in
patients with RA as showed in some controlled
studies (by placebo or standard medications, such
as glyceryl trinitrate). Dilation of the coronary
artery during acupuncture has been shown to
be comparable with that observed during intra-
catheter injection of isosorbide dinitrate [90].

The main points used to treat cardiac disorders
are Neiguan (pericardium 6), Tongli (heart 5),
Xinshu (urinary bladder 15), Pishu (urinary blad-
der 20), and Zusanli (stomach 36). The beneficial
effect of acupuncture at these points has been
demonstrated by serial equilibrium radionuclide
angiography. Acupuncture also produces hemorr-
heological improvement [90]. Ritcher et al. ran-
domized in a crossover study 21 patients to
4 weeks under traditional Chinese acupuncture
or placebo tablet treatment. During the acupunc-
ture period, the number of anginal attacks per
week was reduced from 10.6 to 6.1 compared
with placebo (P less than 0.01); the performance
before onset of pain during exercise test also
increased significantly. The intensity of pain at
maximal workload as well as ST-segment depres-
sions decreased after acupuncture. A life quality
questionnaire confirmed improved feeling of
well-being [91].

Therapy Related to Central
Neuromodulation: Spinal Level

Tricyclic Antidepressants
Low-dose tricyclic antidepressant as imipramine
and amitriptyline can be used successfully in
some patients with RA, improving symptoms in
individuals with abnormal pain perception. It acts

via its modulation of norepinephrine uptake,
besides its anticholinergic and alpha-agonist
effect [92].

Cognitive Behavioral Therapy (CBT)
CBT is often used to help patients manage their
symptoms more effectively. It has a sustainable
impact on improving quality of life [93]. The
focus of sessions is to help patients develop
more effective coping strategies. Patients’ under-
standing of angina can be evaluated and miscon-
ceptions corrected. For example, to have the
notion that stable angina in itself is not life-
threating. Patients are educated on the concept
that management is not solely limited to pharma-
cotherapy and revascularization but also involves
a fundamental alteration in thought processes
involved with symptom recognition and interpre-
tation [94].

Through learning cognitive-behavioral self-
management techniques and challenging negative
health beliefs, quality of life and psychological
well-being can improve substantially [3]. Self-
management programs for chronic angina result
in fewer episodes of angina per week and reduc-
tion in usage of glyceryl trinitrate (GTN) [38].

Lifestyle adaptations that can significantly
impact on patients’ symptoms (e.g., learning
how to pace oneself, setting realistic goals, relax-
ation exercises), adoption of behaviors to reduce
cardiovascular risk (e.g., smoking cessation,
weight loss, sleep quality enhancement, and exer-
cise), and adherence to primary and secondary
prevention should be emphasized [3].

McGillion et al. conducted a meta-analysis
based on seven small RCTs about self-manage-
ment programs in RA. It showed that psychoedu-
cational intervention may result in significantly
less angina episodes, reduced nitrate consump-
tion, and improved quality of life [95].

It has been postulated that the maladaptive
cognitive responses to chronic pain may be ame-
liorated through mindfulness meditation. A stan-
dardized program has been shown to have a
positive impact on pain management and clinical
sequelae in patients with chronic pain [13]. With a
growing body of evidence for chronic pain, mind-
fulness meditation can be an interest possibility in
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the management of RA. Although its role in the
context of RA is yet to be established [96].

Conclusion

Although the cornerstone of antianginal treat-
ments remains pharmacological, current therapies
are limited, and new approaches are needed. Non-
pharmacological interventions are therefore
required. A multimodal approach is clearly the
way for optimal care.

As for other chronic pain states, considering
pain pathways as therapeutic targets will broaden
the spectrum. Although evidence is not here yet,
it seems logical to consider the entire system of
afferent and efferent pathways as well as the
intrinsic inhibitory mechanisms that target and
coordinated therapy. As we move forward, pain
is not as only a symptom but also as pathological
processing of afferent input which may help
“modulate” the incoming information. Mixed
therapeutic approaches may be used concurrently
to either augment the intrinsic analgesia mecha-
nisms or inhibit excitatory mechanisms.
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Abstract

Pain activates a general hormonal and inflam-
matory reaction is a main determinant in post-
surgical patient’s recovery that may negatively

affect the CV system, especially in high-risk
patients. Pain can also become chronic,
increasing the risk for CV dysfunctions.

Epidural analgesia has various beneficial
effects on patient’s outcome, including the
reduction of stress response and sympathetic
activation after surgery. Some data suggest a
protective role of EA on CV morbidity, espe-
cially on ischemia and dysrhythmias. How-
ever, serious CV complications may be
expected with neuraxial anesthesia.

Traditional CV drugs such as alpha-2 ago-
nists and beta-blockers display important role in
pain treatment. Clonidine may also protect from
CV morbidity perioperatively, by improving
hemodynamic and sympathetic stabilities and
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reducing stress response, while beta-blockers
display beneficial effects in cardiac surgery but
may be deleterious in noncardiac surgery.

On the other hand, common drugs that are
effective for analgesia may also improve the
risk for CV morbidity. COX-2 inhibitors are
contraindicated for chronic use in pain
patients; however, they may not be unsafe in
the perioperative setting. Available data are
sparse to conclude that short-time administra-
tion of COX-2 inhibitors in the perioperative
setting is associated to higher risk of CV mor-
bidity, except for patients at higher risk for
cardiac events. As well, new data suggest that
acetaminophen, which is traditionally consid-
ered safe in terms of CV risk, may not be as
safe as believed. Opioids are safe, but can harm
CV homeostasis in specific cases or when asso-
ciated with other drugs; neuraxial opioids may
protect from hemodynamic impairment and
positively affect analgesia.

Protecting heart function during pain flares
means acting on nociceptive stimulus and on
the organic response to pain; the concept
should be to stabilize and bring homeostasis
to a pain patient’s CV system, always
balancing beneficial and detrimental effects of
any treatment.

Keywords

Postoperative analgesia · Surgical outcome ·
Surgical stress · Cardiovascular
complications · Myocardial infarction ·
Stroke · NSAIDs · Acetaminophen · Alpha-2
agonists · Beta-blockers

Introduction

Pain has negative impact on the cardiovascular
(CV) system and the heart, and complications
may occur in acute pain patients, as well as in
chronic pain patients, who experience a severe
pain flare. Hormonal and metabolic changes
immediately follow surgical trauma, with a wide
range of endocrine, immunological, and hemato-
logic effects, which are primarily activated by

afferent neural inputs from the injured area [1];
tissue injury is responsible for the inflammatory
reaction and physiologic stress response observed
during the perioperative period [2].

This inflammatory reaction has a major influ-
ence on a patient’s recovery trajectory since it is
involved in a variety of adverse outcomes besides
acute pain [3]: fatigue and delirium, cardiovascu-
lar and thromboembolic events, metabolic dereg-
ulation (i.e., insulin resistance or activation of a
catabolic state), and immune impairment [1]. This
is the so-called surgical stress syndrome that was
therefore identified as the main determinant of
perioperative morbidity in various surgical
settings [4].

One of the goals of intra- and postoperative
analgesia should be to minimize the effect of sur-
gical stress, including the effects on heart and CV
function, meaning to stabilize and bring homeosta-
sis to a pain patient’s CV system. This is particu-
larly the case in older patients, who display either
previously diagnosed or unknown CV disease, or
who may be at higher risk of developing it.

Pain Pathways and Nociception

Nociceptors are the specialized sensory receptors
responsible for the detection of noxious stimuli,
transforming the stimuli into electrical signals,
and then conducting them to the central nervous
system (CNS). Distributed throughout the body,
they can be stimulated by mechanical, thermal, or
chemical stimuli. Inflammatory mediators are
released from damaged tissue and can activate
nociceptors by reducing the activation threshold:
this process is called peripheral sensitization.

Nociceptors are the free nerve endings of pri-
mary afferent Aδ and C fibers; the so-called noci-
ceptive fibers that are mainly responsible for acute
postoperative pain are as follows:

• Aδ fibers are lightly myelinated. They respond
to mechanical and thermal stimuli, carrying
rapid, sharp pain. They are responsible for the
initial reflex response to acute pain, especially
to dynamic stimuli.
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• C fibers are unmyelinated and are also the
smallest type of primary afferent fiber. Hence,
they demonstrate the slowest conduction. C
fibers are polymodal, responding to chemical,
mechanical, and thermal stimuli, leading to
slow, burning pain.

Aδ and C fibers synapse with secondary afferent
neurons in the dorsal horn of the spinal cord.
Primary afferent terminals release a number of
excitatory neurotransmitters, and complex interac-
tions occur in the dorsal horn between afferent
neurons, interneurons, and descending modulatory
pathways. These interactions determine activity of
the secondary afferent neurons. The pathways
interacting in this complex network may be sche-
matically divided in ascending (excitatory) and
inhibitory (spinal and supraspinal) pathways.

Ascending pathways carry nociceptive signals
to higher centers in the brain: secondary afferent
neurons ascend in the contralateral thalamus; third
order neurons then ascend to terminate in the
somatosensory cortex. However, the experience
of pain is complex and subjective, and is affected
by factors such as cognition (distraction or
catastrophising), mood, beliefs, and genetics.
The somatosensory cortex is important for the
localization of pain, but projections to the peri-
aqueductal gray matter (PAG) and other important
structures in the CNS exist. Imaging techniques
such as functional magnetic resonance imaging
have demonstrated that a large brain network
(often called the “pain matrix”) is activated during
the acute pain experience [5]: the commonest
areas activated include the primary and secondary
somatosensory, insular, anterior cingulate and
prefrontal cortex, and the thalamus, demonstrat-
ing that these areas are all important in both the
discriminative and emotional aspects of pain
perception.

Meanwhile, other mechanisms act to inhibit
pain transmission at the spinal cord level. These
mechanisms are characterized by descending inhi-
bition from higher centers. Two of them deserve
special attention:

• Gate control theory (GCT) of pain: GCT
describes a process of inhibitory pain

modulation at the spinal cord level. It explains
why when we hurt any part of our body, it feels
better when we rub it. By activating Aβ fibers
(non-noxious, myelinated fibers responsible of
pressure and tactile sensation) with tactile,
non-noxious stimuli inhibitory interneurons in
the dorsal horn are activated leading to inhibi-
tion of pain signals transmitted via C fibers.

• Descending inhibition: the periaqueductal gray
in the midbrain and the rostral ventromedial
medulla (RVM) are two important areas of
the brain involved in descending inhibitory
modulation. Descending pathways project to
the dorsal horn and inhibit pain transmission.
These pathways are monoaminergic, utilizing
noradrenaline and serotonin as neurotransmit-
ters, as well as high concentrations of opioid
receptors and endogenous opioids.

Pain pathways are also connected with the auto-
nomic system, and such relationship is the main
mechanism underlying CV morbidity.

The Autonomic Nervous System (ANS)

The autonomic nervous system is a control system
that acts largely unconsciously and regulates body
functions such as the heart rate, digestion, respira-
tory rate, pupillary response, urination, and sexual
arousal. Within the brain, the autonomic nervous
system is mainly regulated by the hypothalamus.

The autonomic nervous system is divided into
the sympathetic nervous system and parasympa-
thetic nervous system. The sympathetic nervous
system is often considered the “fight or flight”
system, while the parasympathetic nervous sys-
tem is considered the “rest and digest” system. In
many cases, both of these systems have “oppo-
site” actions where one system activates a physi-
ological response and the other inhibits it.

Both systems coexist in a steady state, which can
be altered by both pain and anesthetic techniques.
Once pain stimuli reach the CNS, a stress reaction is
triggered via the hypothalamic–pituitary–adrenal
(HPA) axis; the autonomic system is therefore
unbalanced toward a sympathetic activation,
mainly mediated by the increased catecholamine’s
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production. Efferent messages can trigger
changes in different parts of the body simulta-
neously, especially influencing CV function (see
below).

As well, neuraxial administration of anesthetic
compounds (especially local anesthetics) can
block pre- to postganglionic communication in
paravertebral ganglia, reducing sympathetic tone
and unbalancing the system toward the parasym-
pathetic component.

Both mechanisms underlie a loss-of-balance
that may favor some CV side effects and
complications.

Effects of Pain on Cardiovascular
System

Pain influences the CV system by multiple mech-
anisms, and also affects other physiologic path-
ways that are involved with CV morbidity.

Pain causes elevation of blood pressure and
pulse rate by two basic mechanisms that may
simultaneously operate [6–11].

The sympathetic (autonomic) nervous system
is stimulated by electrical pain signals that reach
the central nervous system. Pain activates the
hypothalamic–pituitary–adrenal axis: adrenocor-
ticotropin hormone (ACTH) is released centrally,
which stimulates the adrenal glands to release
adrenalin with subsequent elevation of pulse rate
and blood pressure [12]. A hallmark complication
of uncontrolled pain is vasoconstriction due to
increased sympathetic tone, as well. A step-up in
heart rate and blood pressure due to autonomic
sympathetic stimulation can be a terminal event in
a patient who has existing heart disease or vascu-
lar compromise.

Recognition of sympathetic stimulation is a use-
ful clinical tool to guide therapy and diagnose
uncontrolled pain. Besides hypertension and tachy-
cardia, sympathetic discharge also producesmydri-
asis (dilated pupil), diaphoresis (sweating),
hyperactive reflexes, nausea, diarrhea, vasocon-
striction (cold hands and feet), anorexia, and
insomnia.

Protecting the CV system during pain requires
to block (or at least reduce) the elevation of heart

rate and blood pressure stimulated by pain, espe-
cially in patients at risk or with reduced functional
reserve.

Persistent Pain May Affect CV
Morbidity

Usually acute postoperative pain is supposed to
resolve in a variable timespan according to the
type of surgery. However, pain can sometime
last longer than expected, and configure the
so-called persistent postsurgical pain (PPSP).
Some patients can experience pain for months or
year after surgery, leading to reduction in the
quality of life and patient’s performance [13].

Persistent postsurgical pain (PPSP) probably
relies on a dysfunction of the mechanisms underly-
ing secondary hyperalgesia and sensitization
[14]. Physiologic, adaptive, and typically transient
modifications within the central nervous system
(CNS) in response to pain stimulus becomes per-
manent, leading to a persistent state of activation
within the CNS, which becomes constantly hyper-
reactive [13]. At present, the cause of this dysfunc-
tion is not known, as well as why only some patients
develop PPSP while others do not. However, some
patients (even with heart or vascular comorbidities)
can develop persistent pain after surgery: the aber-
rant, neuroanatomic changes that may occur with
constant pain appear to be capable of producing
continuous sympathetic discharge [15–17].

Some intractable pain patients have chronic
tachycardia. The apparent cause is continuous
sympathetic discharge from rearranged neural
anatomy, which imbeds the memory of pain in
its circuitry [15–17]. Despite aggressive opioid
and other treatments – such as antidepressants or
benzodiazepine – the tachycardia may not abate.
Severe fibromyalgia patients are particularly
prone to this phenomenon.

The relationship between hypertension and
chronic pain is still not clear, but pain and cardio-
vascular modulatory pathways are overlapped and
connected [18–20]. Some studies on chronic pain
patients have reported a positive correlation
between blood pressure and pain sensitivity in
chronic pain conditions, as well as an increased
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prevalence of hypertension in chronic pain popu-
lation [21], suggesting chronic pain as a risk factor
for hypertension [18]. Recent data further argue in
favor of a high blood pressure-pain intensity asso-
ciation, with hypertensive patients being more
prone to suffer higher levels of PPSP [22],
reflecting a pathologic, maladaptive mechanism
in the common adrenergic pathway (pain and
blood pressure), leading to hypertension and cen-
tral sensitization (and persistent pain).

Chronic pain states are known to raise serum
lipids [23, 24]. Although the mechanism is some-
what unclear, serum cortisol elevations occur dur-
ing uncontrolled pain and elevated cortisol is
known to elevate serum lipids and glucose.
Finally, drugs used for chronic pain management,
like NSAIDs or Opioids, are associated with con-
sistent (including CV) side effects.

Since uncontrolled postoperative pain is one of
the main risk factors for PPSP, effective acute pain
control may reduce CV morbidity besides the
immediate perioperative period, by reducing the
negative impact of chronic sympathetic discharge
and pain medications.

Analgesic Strategies and Their Effect
on CV Morbidity

The aim that should be always pursued to protect
the CV system from pain is to provide effective
analgesia. Effective acute pain treatment should
be based on multimodal analgesia (different drugs
aimed to different mechanisms that create and
maintain pain are used in order to improve effec-
tiveness and reduce side effects). Multiple drugs
and techniques are used for this purpose that can
be variously combined; however, some of them
are worth to be mentioned in the perspective of
heart protection (namely regional anesthesia with
local anesthetics and alpha-2 agonist clonidine),
because they are associated with specific benefi-
cial effects for the CV system. On the other hand,
some of them deserve special attention, since they
are largely used in clinical practice because of
their efficacy, but also display potential side
effects on heart function and CV morbidity
(NSAIDs and acetaminophen, beta-blockers).

Regional Anesthesia and Local
Anesthetics

Regional anesthesia (RA) involve segmental block
of a specific body region according to the source of
pain. RA can be performed at the neuraxis, by
administering a mixture of local anesthetics
(LA) (and eventually adjuvants) in the epidural
space (epidural analgesia) or in the subarachnoid
space within the CSF (spinal anesthesia). Never-
theless, anesthetic mixture can also be placed on
specific points along peripheral nerve’s course,
configuring the so-called peripheral nerve blocks.
Both strategies can be prolonged over time with
catheters insertion, allowing continuous regional
anesthesia.

Regional anesthesia is considered as the “gold-
standard” analgesic technique in many surgical set-
tings, due to the ability of providing strong blockade
of pain signals and leading to a wide range of
benefits. RA globally preserves the homeostasis
comparing to other analgesic approaches, and is a
major item in “fast-track” methodologies to reduce
perioperative complications and enhance patients’
recovery after surgery [25]; many data suggest that
RA is generally associatedwith improved short- and
long-term outcome in patients receiving surgery
[26, 27].

RA can modulate the stress response mainly
by: (1) the direct anti-inflammatory effect of local
anesthetic and (2) the effective block of neural
afferents and sympathetic activation.

Local anesthetics (LA) are a major component
of RA techniques and display some direct and
indirect anti-inflammatory properties. Interrup-
tion of nociceptive transmission by sodium chan-
nel blocking reduces “neurogenic inflammation”
(i.e., the release of inflammatory mediators by
stimulated neurons); the interruption of neuro-
genic inflammation modulates both peripheral
and central sensitizations processes as local neu-
rogenic inflammation contributes to the general
inflammatory response [28].

Neuraxial anesthesia provides an effective
block of neural afferents and reduces sympathetic
activation in response to pain; further, the admin-
istration of LA in the spinal canal at thoracic level
provides sympathetic block directly on the
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thoracic sympathetic trunk. Sympathetic blockade
and lower activation in response to pain by
neuraxial anesthesia reduces myocardial oxygen
demand and improves myocardial oxygen supply
by coronary dilatation [29–31]; thoracic epidural
analgesia (TEA) also directly reduces pulmonary
vascular resistance in pulmonary hypertension
[32]. Recent data on chronic patients with dilated
cardiomyopathy show that epidural infusion
(when combined with conventional medical treat-
ment) may reverse myocardial fibrosis and
improve cardiac function [33].

Available data on the protective effect of
regional anesthesia on CV morbidity are sparse
and far from giving conclusive evidence. How-
ever, some initial suggestions of benefits coming
from the adoption of RA are available, especially
regarding the occurrence of myocardial ischemia.

Some data show that cardiac morbidity was
generally lower among patients treated with epi-
dural analgesia. A recent meta-analysis, including
11 randomized studies and involving 1173
patients [34], showed a significant reduction in
perioperative myocardial infarction in patients
treated with thoracic epidural analgesia in com-
parison with control groups. A Cochrane study in
2016 from a review of 15 clinical trials concluded
that epidural analgesia significantly reduces the
number of people who suffer heart damage, and
improves other important perioperative outcomes,
including time to return of unassisted respiration,
gastrointestinal bleeding, and ICU length of stay,
but without reducing death rates at 30 days
[35]. When considering ischemic patients under-
going elective major abdominal cancer surgery,
Mohamed et al. concluded that lumbar epidural
anesthesia combined with general anesthesia pro-
vided better pain relief, but ischemic cardiac
events were similar in both groups [36].

In agreement with previous data, a very recent
randomized controlled trial [36] added additional
evidence that perioperative thoracic epidural anal-
gesia reduces cardiac events in patients suffering
from coronary artery disease and subjected to
major surgery; a significant reduction in overall
adverse cardiac events (myocardial injury,
arrhythmias, angina, heart failure, and nonfatal
cardiac arrest) was observed in patients receiving

epidural analgesia, and there was a significant
reduction in intraoperative mean arterial pressure
and heart rate.

Dysrhythmias are also common complications
in the immediate postoperative period, even more
common after upper abdominal and thoracic sur-
geries. The occurrence of arrhythmias can be
explained by many factors such as preexisting car-
diac pathology, intraoperative events, and arrhyth-
mia triggers. Autonomic imbalance after operation
has been implicated as a possible trigger, and is
thought to be characterized by increased sympa-
thetic tone and lower vagal tone [37].

The first randomized evaluation of the impact
of perioperative epidural analgesia on outcome in
a large series of 400 patients with normal ventric-
ular function undergoing coronary artery bypass
grafting showed a reduction in the incidence of
supraventricular arrhythmias [38]. In this study,
epidural analgesia resulted in a better optimization
of heart rate and mean arterial pressure during the
intra- and postoperative period in comparison
with intravenous anesthesia. This result showed
the advantage of epidural analgesia by means of
decreased heart rate and improved coronary blood
flow.

However, results from further trials have pro-
vided conflicting evidence: methodological bias
or discrepancies between studies may account for
nonuniform results.

Kessler et al. compared heart rate either with or
without TEA during coronary artery bypass
grafting performed on a beating heart and reported
that HR with TEAwas lower than preoperatively,
during sternotomy and anastomosis. In that study,
esmolol was administered in the group that
received GA because of a high HR.

Kopeika et al. showed TEA provided superior
postoperative pain control than intramuscular opi-
oid administration after pulmonary resection, and
found only a “tendency” of less frequent postop-
erative atrial fibrillation among those who
received TEA [39].

Oka et al. compared TEAwith bupivacaine and
TEA with morphine for postoperative analgesia
for pulmonary resection and found that occur-
rence of atrial fibrillation and supraventricular
tachycardia within 3 days after surgery was less
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for TEAwith bupivacaine [40]. This should rein-
force the concept of high sympathetic block as the
major protective mechanism from arrhythmias,
but this study was biased by the fact that patients
in the bupivacaine group received a higher dose of
indomethacin than those in the morphine group.

In a recent study, the occurrence of atrial fibril-
lation, atrial flutter, and supraventricular tachycar-
dia increased after the TEA catheter was removed;
however, TEAwas continued only until 2–3 days
after surgery, which is the time of frequent occur-
rence of atrial arrhythmia [41], and the occurrence
of atrial arrhythmia after discontinuation of TEA
could be just coincidence rather than a causal
relationship.

Other studies have even displayed conflicting
evidence, suggesting that TEA may be not protec-
tive (or even harmful). Jiang et al. compared the
incidence of supraventricular arrhythmia within
48 h after pulmonary resection between patients
having TEA with a combination of local anes-
thetic and opioid for intra- and postoperative anal-
gesia and those who received intravenous patient-
controlled analgesia with opioids. These authors
observed significantly less supraventricular tachy-
cardia and a tendency of less frequent atrial fibril-
lation among patients who received intravenous
patient-controlled analgesia [42]. Ahn et al. com-
pared intravenous patient-controlled analgesia
with fentanyl plus ketorolac vs TEA for postop-
erative analgesia among esophageal surgery
patients and found that the occurrence of arrhyth-
mia until 3 days after surgery was similar between
the groups [38]. Conversely, TEAwas not associ-
ated with reduced occurrence of postoperative
atrial arrhythmia in other studies [43]. Apart
from differences in the populations and the spe-
cific analgesic regimens studied, differences in the
way arrhythmia was diagnosed, duration of obser-
vation after the surgery, and use of nonsteroidal
anti-inflammatory drugs, which are potentially
protective against atrial arrhythmia, could be pos-
sible explanations of conflicting outcomes [43].

Despite the possible beneficial outcomes,
immediate CV side effects are related with the
use of neuraxial anesthesia. The preganglionic
neurons of the sympathetic system originate
from the thoracolumbar region of the spinal

cord (T1 to L2–L3), and travel to paravertebral
ganglia, where they synapse with a postganglionic
neuron. The physiologic effects of neuraxial anes-
thesia are the result of blockade of sympathetic
component, the compensatory reflexes, and of
unopposed parasympathetic tone.

Hypotension occurs as a result of a decrease in
systemic vascular resistance and peripheral
blood pooling with decreased venous return to
the heart, or both. In addition, block of cardio-
accelerator nerve fibers (originating from T1 to
T4 nerve roots) with high subarachnoid block
can contribute to hypotension through a decrease
in heart rate and cardiac output. Mechanisms for
bradycardia are direct (blockade of sympathetic
cardio-accelerator fibers) and indirect. Indirect
mechanisms include decreased output of the
myocardial pacemaker cells due to decrease in
venous return, stimulation of low-pressure baro-
receptors in the right atrium and vena cava, and
stimulation of mechanoreceptors in the left ven-
tricle resulting in bradycardia (paradoxical
Bezold-Jarisch reflex). Hypotension and brady-
cardia are frequent during neuraxial anesthesia
and can eventually evolve in major events such
cardiac arrest. Some patient populations are at
higher risk, because of either higher sensibility to
local anesthetics/high spinal block or because of
coexisting comorbidities leading to a dramatic
decrease in cardiac output (elderly, pregnant
women, hypovolemic patients, patients with
major mitral or aortic stenosis, pulmonary hyper-
tension, low cardiac output, and/or hypertrophic
left ventricle).

Peripheral nerve blocks are a valuable alterna-
tive for patients at risk of complications with
neuraxial anesthesia: since they are performed
away from the neuraxis, the impact on sympa-
thetic tone and CV homeostasis is far less pro-
nounced, except in case of rare complications
associated with specific nerve blocks. Such com-
plications are mainly related to the migration of
local anesthetics to the neuraxis or to local anes-
thetic systemic toxicity (LAST).

Epidural or intrathecal spread during lumbar
plexus blocks is often observed but is rarely clin-
ically significant; however, unintended neuraxial
block can lead to cardiac or respiratory arrest
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[44]. This is one of the most feared complications
for anesthesiologists; since it is unpredictable and
there are no validated strategies to avoid it, alter-
native techniques are often used and suspicion is
always maintained when a lumbar plexus block is
performed [45].

LAST results from intravascular injection or
from massive reabsorption of local anesthetics. It
has variable presentation, but encompasses neu-
rologic symptoms (tinnitus, lightheadness, peri-
oral numbness, peripheral tremors up to seizures
in severe cases) and/or CV symptoms (arrhyth-
mias up to ventricular fibrillation and cardiac
arrest). Specific guidelines are available for treat-
ment, while specific approaches are adopted to
avoid LAST (ultrasound guidance, use of lower
doses of local anesthetics, intermittent aspiration
before injection, epinephrine as marker of early
intravascular injection) [46].

Except for these rare events, the impact of
hypotension, bradycardia, or major adverse CV
complications is reduced with the use of periph-
eral techniques.

Clonidine and Beta-Blockers

Clonidine is a centrally acting imidazolin α2-
adrenergic agonist, analog of norepinephrine.
The presynaptic stimulation of α2-receptors is
coupled via G-protein to several effectors includ-
ing inhibition of adenylate cyclase and effects on
potassium and calcium channels that finally
restricts the release of norepinephrine in the cen-
tral nervous system. This drug has been largely
studied in anesthesia, suggesting a place for anal-
gesia, antiemesis, bleeding reduction, induction
time reduction, hemodynamic and hormonal sta-
bility, reduction of oxygen consumption, renal
protection, anesthetics-sparing effect, anxiolysis,
sedation, antishivering, recovery time reduction,
and myocardial protection.

Evidence from metanalysis on 57 studies and
nearly 15,000 patients shows that clonidine has
several protective effects on heart function in the
perioperative period: generally speaking, cloni-
dine improves hemodynamic and sympathetic
stabilities [47].

Clonidine is a well-known analgesic, which
helps reducing postoperative pain; furthermore,
clonidine attenuates blood pressure and heart rate
increase after intubation and insufflation, that
are key moments in anesthesia and during laparo-
scopic surgery (which is increasingly adopted in
clinical practice): sympathetic activation may be
deleterious, and heart rate and blood pressure
stability is helpful, especially in patients with pre-
vious CV morbidity and higher risk for complica-
tions when CV homeostasis is not carefully
maintained. Despite result being less clear, some
studies also claim a role for clonidine in reducing
epinephrine release and stress response after
surgical manipulation, as well as oxygen consump-
tion, with the cumulative result to reduce perioper-
ative metabolic demands [47]. Clonidine can also
be used as an adjuvant to local anesthetics in
neuraxial anesthesia. Epidural clonidine demon-
strates greater anti-inflammatory effects in terms
of reduction in systemic pro-inflammatory cyto-
kine expression than local anesthetics [48, 49].

A recent RCT has questioned the role of cloni-
dine in reducing myocardial infarction [50], but
data on this specific outcome are sparse and meth-
odological discrepancies hinder any firm conclu-
sion on the topic [47].

In contrast, it is important to keep in mind that
nonfatal bradycardia/nonfatal cardiac arrest and
hypotension have been described with the use of
clonidine. Despite no report of sequels, it should
be assumed that not enough data concerning bra-
dycardia/nonfatal cardiac arrest are available to
formally conclude about their safety. However,
clonidine-induced hypotension has not been spe-
cifically described to be associated with adverse
events linked to hypotension (worse renal or car-
diac outcomes). Even if not formally demon-
strated by available large-scale data, hypotension
due to other factors than clonidine (e.g., hypo-
volemic shock) is problematic, but not necessarily
if specifically due to clonidine, and clonidine can
be considered as safe. Further, findings are com-
patible with the belief that α2-adrenergic agonists
depress baseline sympathetic activity but that clo-
nidine leaves, at least partially, unaffected the
response to environmental or circulatory chal-
lenges such as hypotension [51].
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Of course, clonidine should be used carefully
used in the elderly patient [52], as in predicted
hypotensive response as after tourniquet deflation
[53], and considering the different impact on heart
rate and blood pressure according to the route of
administration (being more likely associated to
hypotension and bradycardia when injected in
the neuraxis rather than systemically) [54]. Beta-
blockers are drugs that attenuate stress response,
as well, which results in reduced heart rate and
blood pressure. These effects are desirable to fight
the stress response, but if pronounced, they may
cause very low blood pressure, a very low pulse,
and ultimately stroke or death.

Beta-blockers are extremely effective as anal-
gesics: a systematic review and meta-analysis
investigating the effect of beta-adrenergic antag-
onist on perioperative pain in RCTs showed that
perioperative esmolol and propranolol decrease
postoperative pain and analgesic consumption
when given as an adjuvant to general anesthesia.
Adverse effects were rarely reported in RCTs, but
notably, most of them were cardiovascular
alterations [55].

A large Cochrane review on 88 randomized
controlled trials with 19,161 participants
recently gave more detailed clues on the risk/
benefit profile of this class of drugs. Data show
that perioperative application of beta-blockers
still plays a pivotal role in cardiac surgery, as
they can substantially reduce the burden of sup-
raventricular and ventricular arrhythmias in the
postoperative period. Their influence on mortal-
ity, myocardial infarction, stroke, congestive
heart failure, hypotension, and bradycardia in
this setting remains unclear [56].

However, evidence shows opposite relation-
ship between beta-blockers and CV outcomes in
noncardiac surgery, namely an association of
beta-blockers with increased all-cause mortality.
Data from trials further suggest an increase in
stroke rate. As the quality of evidence is still
low to moderate, more evidence is needed before
a definitive conclusion can be drawn; however,
the beneficial reduction in supraventricular
arrhythmias and myocardial infarction in non-
cardiac surgery seems to be offset by the potential
increase in mortality and stroke [56].

NSAIDs and Acetaminophen

NSAIDs and Acetaminophen/Paracetamol are
extensively used in clinical practice, and are a
cornerstone for postoperative analgesia in nearly
all surgical setting. Despite the undisputed effi-
cacy, all of them have potential side effect that
may limit their use in some clinical situations.
Side effects are a concern both when they are
administered chronically or for few days in the
immediate postoperative period.

Nonsteroidal Anti-inflammatory Drugs
(NSAIDs)
All of NSAIDs’ side effects are associated with
the intrinsic ability of this class of drugs of blocking
cyclooxygenase activity: Cyclooxygenase-1
(COX-1 – innate) and Cyclooxygenase-2 (COX-2
– induced by surgical stimulus).

COX-1 and COX-2 inhibitors are both effec-
tive as analgesics, but COX-2 selective inhibitors
have been introduced because of their higher
selectivity on trauma-induced COX, with reduced
platelet impairment and being less aggressive on
gastric mucosae.

Traditionally, NSAIDs main side effects were
considered to be gastric toxicity, bleeding, and
kidney failure. However, new interest has
emerged in the last 10 years on the potential CV
risk associated with NSAIDs, especially with
selective COX-2 inhibitors.

Several explanations of CV toxicity have been
proposed. The more likely theory is that the inhi-
bition of COX-1 and COX-2 induces an unbalance
between thromboxane (TXA) and the prostaglan-
din (PGI2) production: platelet TXA production is
not inhibited if COX-1 activity is not completely
blocked, while the production of endothelial PGI2
is suppressed by COX-2 inhibition. PGI2 is a pow-
erful inhibitor of platelets aggregation and a potent
vasodilator, while thromboxane is a potent vaso-
constrictor and induce platelet aggregation.

Cardiovascular side effects have however been
reported after a long period of selective COX-2
inhibitors, but it is not clear if the administration
for few days can be harmful, as well.

Furberg et al. [57] evaluated the incidence of
cerebrovascular accidents in patients undergoing
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coronary artery bypass graft (CABG) and showed
a three-fold higher risk of cardiovascular events
compared with placebo [57]. These data have,
however, not been confirmed in a recent study:
1,065 patients undergoing thoracic and cardiovas-
cular surgery were treated with different non-
selective NSAIDs, particularly diclofenac,
ketorolac, and indomethacin. No difference in
side effects was found between NSAIDs-treated
patients and the control group [58]. The short
duration of drug administration and low risk
patients may have influenced the lack of cardio-
vascular and renal side effects. On the other hand,
in a recent cohort study that has enrolled 83,677
patients the use of NSAIDs in patients with prior
myocardial infarct resulted in an increased risk of
death and recurrent myocardial infarction also if
the drugs are used for short time [59]. Taken
together, these data may suggest that the higher
risk of CV toxicity may be limited to high-risk
patients, i.e., patients with prior CV morbidity.

However, the current idea that a great differ-
ence in CVrisk exists between combined NSAIDs
(COX-1 + COX-2) and COX-2 selective inhibi-
tors should be revisited. Nonselective NSAIDs
inhibit both COX-1 and COX-2 enzymes; selec-
tive COX-2 inhibitors still act on both COX iso-
forms, but producing lower effect on COX-1. For
this reason, difference in cardiovascular risk
between the two drugs is more hypothetical
than real.

As abovementioned, the CV adverse profile is
related with the degree of TXA synthesis and PGI
inhibition: a reduction in TXA production greater
than 95% produces cardiovascular protection as
low-dose aspirin does. The incomplete block of
TXA production provided by COX-2 selective
inhibitors, as well as by many nonselective
NSAIDs does not reduce TXA production in sig-
nificant percentage, predisposing to CV compli-
cations, regardless of the type of NSAIDs and
their selectivity [60]. The increase in CV risk not
only depends on the TXA/PGI2 inhibition ratio,
but also on other mechanisms (including blood
pressure elevation and COX-independent mecha-
nisms) [61]; available clinical data indicate that
the entire substance group of NSAIDs may cause
a little but increased risk for cardiovascular/

thromboembolic events [62], independently on
COX-1/-2 selectivity.

Most of data about toxicity are drawn from
chronic patients, which are administered with
NSAIDs for a long period of time. Projecting the
same results on acute pain patients, i.e., those
receiving NSAIDs for a brief timespan (days)
after surgery, may lead to wrong conclusions.
Actually, few studies exist on NSAIDs-associated
CV risk in patients treated for postoperative pain
according to COX selectivity.

The administration of paracoxib and
valdecoxib in the immediate postoperative period
of coronary surgery increased the risk of cardio-
vascular events (risk ratio 3.7 [63]). However, the
nonselective NSAIDs ketorolac, when adminis-
tered in the postoperative period of cardiac sur-
gery has not showed an increase of cardiovascular
risk [64]. As for previous data, COX-2 selective
inhibitors only showed to increase CV side effects
in high-risk patients with previous CV
comorbidities. No significant increase in the inci-
dence of postoperative myocardial infarction was
retrieved in more than 10,000 patients undergoing
total joint replacement: 0.8% for patients that
received meloxicam or ketorolac, 1.3% for
patients that received celecoxib, and 1.8% in sub-
jects who does not receive NSAIDs [65].

Data on postoperative patients are somewhat
conflicting; however, given the best available evi-
dence, the European Medicine Agency Commit-
tee for Medicinal Products for Human Use
decided that COXIBs but not nonselective inhib-
itors should be contraindicated in patients with
cardiovascular disease [66]. The possible increase
of cardiovascular adverse events has been
receipted by the Food and Drug Administration
that stated that, in the characteristics of the drugs,
a boxed warning about the risk of cardiovascular
disease is reported.

Noteworthy, most of data are transferred from
the chronic pain population to the completely
different setting of acute pain; further, when con-
sidering postoperative pain patients, a distinction
should be made for noncardiac and cardiac sur-
gery (where the risk for CV major events is prob-
ably mostly not related to the type of patient and
surgery, but rather to NSAIDs administration).
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Currently, despite unclear evidence existing on
NSAIDs CV toxicity for short-time administra-
tion (perioperatively), the most rational approach
for acute pain seems to base the choice of NSAIDs
on the type of patient and surgery that we are
dealing with. Patients with no CV comorbidities
can be treated with both selective and non-
selective drugs; when gastric toxicity/bleeding
are feared, COX-2 inhibitors are probably the
better choice, while it should be avoided in
patients with higher risk for cardiac events (due
to the type of surgery or to patient’s medical
history comorbidities) [67, 68].

Acetaminophen/Paracetamol
Paracetamol is the most widely used over-the-
counter and prescription analgesic worldwide
[69]. It is the first step on the WHO pain ladder
and is currently recommended as first-line phar-
macological therapy by a variety of international
guidelines for a multitude of acute and chronic
painful conditions, including multimodal analge-
sia for mild to severe postoperative pain.
Irrespective of its efficacy, paracetamol is gener-
ally considered to be safe than other commonly
used analgesics such as nonsteroidal anti-
inflammatory drugs [70, 71].

However, the analgesic benefit of paracetamol
has recently been called into question in the man-
agement of chronic painful condition (like osteo-
arthritis) [72], and a recent systematic review of
studies investigating the association between
paracetamol and major adverse events in the
general adult population gave clues on the unex-
pected paracetamol-associated CV toxicity
[73]. Comparing paracetamol use versus no use,
a dose–response and an increased relative rate of
mortality was reported in patients receiving para-
cetamol [74, 75]. Further, one study reporting
cardiovascular adverse events showed an
increased risk ratio of all cardiovascular adverse
events (confirmed or probable nonfatal myocar-
dial infarction, nonfatal stroke, fatal coronary
heart disease, or fatal stroke) [76].

While many limitations exist to the interpreta-
tion of these results that are important to consider,
the striking trend of dose–response is a consistent
finding across multiple outcomes and studies.

There is also evidence from the case–control lit-
erature supporting the dose–response seen in the
abovementioned review, and a similar toxicity
profile is demonstrated in systematic reviews of
short-term RCTs [72]. However, these data come
from the chronic pain population; evidence from
the available literature show that adverse events
associated with paracetamol in the postoperative
period (in patients with short-time administration)
are trivial [77].

Despite the true risk of paracetamol, prescrip-
tion may be higher than that currently perceived in
the clinical community for chronic pain patients; it
is still a cornerstone in postoperative analgesia
and should still be considered as the safest avail-
able drug in the postsurgical setting.

Opioids

Opioids bind to opioid-specific receptors that are
located in the central nervous system (CNS). How-
ever, the same opioid receptors are available in
many other organs, including cardiovascular tissue
[78]. Opioid receptors are linked to G proteins, and
activation of the opioid receptor leads tomembrane
hyperpolarization. Opioids may differently impact
the CV system when given acutely rather than
chronically [79]; in the acute and intraoperative
setting, opioids can are a mainstay for surgical
anesthesia and for postoperative analgesia, but
they are also responsible for important side effects;
some of them (nausea, vomiting, pruritus, ileus,
respiratory depression) can prolong and complicate
perioperative recovery. In some cases, paradoxical
opioid-related hyperalgesia (associated to
intraoperative or preoperative opioid use) can
increase postoperative pain and analgesic con-
sumption [80]; tolerance is a major concern, as
well, and opioids in the perioperative period seem
to predispose to chronic abuse [81, 82]. Opioid
abuse in the pre- and perioperative period has gen-
erally been linked to poorer outcomes and higher
rate of readmission [83, 84].

Opioids can also cause CV damage. Opioids
administered as part of an anesthetic are thought
to have modest direct effects on the heart, espe-
cially as an isolated drug. When administered
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alone, opioids (other than high doses of meperi-
dine) do not depress cardiac contractility. Intrave-
nous fentanyl leads to minimal changes to
cardiovascular function, heart rate, and blood pres-
sure [85]. Nevertheless, while cardiac contractility
may not be affected, opioids can impact other
aspects of the cardiovascular system: several opi-
oids can cause vagus nerve-mediated bradycardia.
In addition, acute administration of opioids can
lead to vasodilation and decreased sympathetic
tone. Tramadol administration can lead to serotonin
syndrome [86], which can lead to cardiac arrhyth-
mias; cardiac side effects may range from agitation
and palpitations to rhythm abnormalities, conduc-
tion defects, and cardiac arrest [87]. Morphine,
hydromorphone, hydrocodone, and meperidine
can lead to histamine release, and as a result can
cause significant decreases in systemic vascular
resistance and blood pressure, which may require
the administration of vasopressors and intravenous
fluids. However, opioids are rarely the sole anes-
thetic agent used, and when combined with other
medications they are associated with significant
changes in cardiac function. When administered
with benzodiazepines, opioids can significantly
decrease cardiac output, and significant CVeffects
can be observed when opioids are administered
with inhaled anesthetics.

Opioids have been found to have minimal effect
on coronary vessel vasomotor tone. Studies on the
influence of opioids on perioperative ischemia have
suggested that they can mimic ischemic pre-
conditioning, reducing infarct size. Mechanisms
are not completely understood, and opioid-based
anesthesia has not been shown to reduce
intraoperative ischemia, postoperative myocardial
infarction, or death [88].

Finally, opioids can be given into the neuraxis,
either by epidural and intrathecal route. In these
cases, they are administered as adjuvants to local
anesthetics: morphine, fentanyl, and sufentanyl
have all demonstrated to prolong sensitive block
and postoperative analgesia comparing to local
anesthetics alone. Neuraxial opioids reduce the
amount of anesthetics required for surgical anes-
thesia, and have lower effects on the sympathetic
tone than local anesthetics: neuraxial opioids are a
cornerstone to reduce hemodynamic impairment

associated with neuraxial techniques, reducing the
risk for major CV events (especially in high-risk
patients). Concerns exist on other side effects
(nausea, vomiting, pruritus, sedation), but
neuraxial opioids are more protective than harm-
ful on the CV homeostasis.

Conclusion

Pain has negative impact on the cardiovascular
(CV) system and the heart because it activates a
systemic stress response with generalized sympa-
thetic activation. Unbalancing the homeostasis of
the CV system may lead to major complications,
especially in patients with previous comorbidities
or risk factors.

Several drugs and techniques are available that
can be combined in multimodal strategies to
achieve optimal pain control. Some of them dis-
play specific advantages, while others may be
associated with adverse outcomes. In some
cases, evidence of risk/benefits is stronger while
in other case available data should be interpreted
with caution (because they are extrapolated from
chronic pain patients and no distinction is made
according to the type of surgery).

However, further studies are recommended
because current data suggest, at least, that even
short-term administration of specific drugs, as
well as the perioperative adoption of specific anal-
gesic strategies may influence CV morbidity,
especially in high-risk situations.
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Abstract

Acute pain may become very dangerous for the
cardiac function. Its rapid and efficacious treat-
ment is important to prevent serious cardiac
complications, especially in patients with pre-
existing cardiovascular problems. At the same

time, the use of analgesics may become harm-
ful for the cardiovascular system. In fact, all the
drugs used for treating pain have effects on
heart and vascular system.

In this chapter, the authors deeply analyze the
quality and quantity of the side effects of anal-
gesics on heart’s safety. They start reminding
that opioid receptors are present in every part
of the cardiovascular system and may have a
deep influence on its function. Such receptors
have effects on the parasympathetic system, but
also on the inotropic and chronotropic heart
activities. They affect the heart electrophysiol-
ogy and may be responsible for arrhythmias. At
the same time, they may protect the heart activ-
ity, as it is the case with the well-known efficacy
of morphine administration to treat coronary
syndromes. Lastly, the authors report data on
potential cardio-protective effects of opioids
“conditioning” myocardial responses both in
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physiological conditions and during post-ische-
mic phase.

Large part of the chapter is dedicated to the
effects of NSAIDs on cardiovascular func-
tions. The authors start reminding the different
actions of cyclooxygenases (COX1 and
COX2) on the cardiovascular system. Then,
they make clear that not all the NSAIDs affect
such functions in an equal entity. Lastly, they
deeply analyze the effects of both NSAIDs and
Coxibs on ischemic cardiovascular risk, on
heart failure, on stroke, and on renal function
and arterial hypertension. At the end, they pre-
sent a list of questions still open for scientific
discussion, and conclude that, from the cardio-
vascular perspective, there are no “safe”
NSAIDs, and the best solution is always to
use such drugs in a wise way, at their minimal
efficacious dosage, for the shortest time
necessary.

The chapter is closed with the presentation
of the cardiovascular effects of paracetamol
and adjuvant drugs. In particular, authors
report the effects of antidepressants,
gabapentinoids and few other adjuvant drugs
frequently used in pain patients.

They conclude reminding the readers that
pain management is always difficult and very
challenging for the clinicians. A deep knowl-
edge of the drugs used as analgesics, both for
the effects on pain and for their side effects, is
absolutely crucial if the physicians want to
help more than to harm the patients.

Keywords

Cardiovascular system · Cardiovascular
safety · Analgesics · Opioids · NSAIDs ·
Paracetamol · Analgesic adjuvants

Introduction

To the body, acute pain is interpreted as a defense
mechanism; however, it also has multiple deleteri-
ous effects on specific physiologic processes, espe-
cially the cardiovascular system (CVS). These
effects can be both direct and indirect. Related

directly to the entity of the tissue damage, these
effects can become extremely dangerous, especially
in multi-traumatized patients. The traumatic injury
is locally responsible for erythema, vasodilation,
activation of pain receptors, and other local physio-
logic processes, e.g., local increase in neurotrans-
mitters, recruitment of inflammatory cells,
mastocyte activation, and neuroinflammation [1].
Pain signals, transmitted by peripheral nerves, arrive
at the spinal cord and then the brain. If these signals
become prolonged and are not blocked, they alter
the process of normal transmission. Sustained local
vasodilation, altered capillary permeability, and
edema with the resultant peripheral hypersensitivity
all contribute to this process. The same occurs in the
dorsal column of the spinal cord, where the persis-
tent arrival of nociceptive stimuli is responsible for
accumulation of neurotransmitters with reduction of
pain thresholds and production of central hypersen-
sitivity, i.e., central sensitization [2].

Immediately after the tissue lesion and nocicep-
tive stimulus production, the CVS is affected at a
local level, with recruitment of segmental spinal
reflexes and increased sympathetic activity. This
latter response is responsible for increased heart
rate, stroke volume, peripheral resistance, arterial
pressure, myocardial work, and oxygen demand
[3]. This reaction is a direct result of the initial
traumatic lesion; however, its consequences may
be very different if the CVS of the affected patient
had some preexisting anatomic and pathological
disorder. Untreated acute pain is responsible for
reduced peripheral blood flow and impaired fibri-
nolysis, with a concomitant increased risk of
venous thrombosis [3–5]. This process is highly
associated with increased general morbidity and
mortality and especially with pulmonary
embolism.

The local reactions to acute pain are signifi-
cant, but the systemic reactions are even more
profound; they include neuroendocrine, cellular,
and immunological consequences. Initially, there
is the activation of the hypothalamic-pituitary-
adrenal axis and the sympathetic nervous system
by the adrenal glands. Among other responses,
this results in an increased myocardial oxygen
demand [6]. Moreover, the epicardial blood flow
is reduced by the higher resistance consequent to
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alpha-receptor stimulation [7]. In normal patients
the stress reactions are compensated, but this is
not possible in those with coronary artery disease
[8]. In these patients there is a paradoxical vaso-
constriction of the coronary arteries, after this
sympathetic stimulation, instead of the normal
physiologic vasodilatation [8]. This risk is signif-
icantly reduced by an efficacious and aggressive
analgesia [9].

There are data suggesting that the stress
responses per se are limiting pain perception, in
normal individuals [10], but without good analge-
sia, this is not enough to prevent potential side
effects of pain on cardiovascular balance. In other
terms, an efficacious and aggressive analgesia is a
“bodyguard” for the CVS, especially in patients
with cardiac disease. Nevertheless, analgesic
drugs (as any other efficacious drugs) have many
side effects, including a certain number on the CVS
[11]. This will be the focus of this chapter, in order
to make clear why and how much analgesics may
be responsible for protection or damage on the
heart and vascular system. This chapter will
emphasize the most relevant data in the literature
on this specific topic. Additionally, we will also
describe the currently known pathophysiological
mechanisms of these cardiovascular effects.

Pharmacological Treatment of Pain

Both acute and chronic pain are, in general, treated
with a wide group of drugs known broadly as
“analgesics.”Themost frequently used are opioids,
nonsteroidal anti-inflammatory drugs (NSAIDs),
paracetamol, adjuvants (e.g., anti-epileptic agents,
alpha agonists, etc.), and other agents (e.g., keta-
mine, etc.) or combinations. These last agents also
affect the CVS as well [12], but will not be treated
in this chapter because of less frequent clinical use.

Opioids

Opioid peptide receptors (OPR), in all their sub-
types, are ubiquitous in the CVS and especially in
the heart per se [13, 14]. These receptors modulate
vascular tone, alter excitation-contraction coupling,

and may even be involved in cardiogenesis [15].
There are data showing these receptors’ ability to
protect the myocardial muscle from ischemia-reper-
fusion injury [16, 17], to participate in protective
conditioning responses [18], to reduce cardiac
hypertrophy and fibrosis [19], and to trigger positive
cardiac adaptation to exercise [20, 21]. Large quan-
tities of endogenous opioid peptide precursors have
been found in both ventricular and atrial myocytes
[22]. This is responsible for myocardial synthesis of
the major opioid endogenous peptides, e.g.,
dynorphin. Endogenous opioid production can be
elevated under both physiological and pathological
conditions, e.g., aging [23], physical exercise [24],
ischemia [25], and protective conditioning stimuli
[26]. Even though both opioid receptors and endog-
enous peptides are present in themyocardial muscle,
their effects and roles on cardiovascular physiology
are still not completely understood.

A clear interaction between endogenous
enkephalins and catecholamines has been demon-
strated [27]. Enkephalins decrease systemic vas-
cular resistance, ventricular contractility, and
heart rate [27]. Acute myocardial ischemia and/
or infarction is responsible for a marked increase
in cardiac enkephalins [28]. This seems helpful in
reducing sympathetic input, improving vagal
activity, and improving myocardial energy bal-
ance [23, 28–31].

Vagal effects. Endogenous and exogenous opi-
oids have a crucial role in parasympathetic activity
and modulation, resulting in a finely tuned role in
adjustment of heart rate and cardiac performance;
such effects are also neuromodulated by endoge-
nous enkephalins [32]. Vagal stimulation is respon-
sible for reduced heart rate and blood pressure; this
effect is reversed by enkephalins and restored by
their antagonists [33]. The vagolytic action of
enkephalins mitigates the intensity of bradycardia,
thus reducing the impact of sympathetic control of
atrial excitability [34]. Remifentanil is definitely
responsible for bradycardia in hypnotic and non-
hypnotic patients [35].

Inotropic activity. OPRs’ activity is also
involved in the inotropic myocardial activity. For
instance, alfentanil is responsible for dose-depen-
dent reductions in contractile force in human right
atrial trabeculae [36]. This effect has been
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demonstrated also for other opioids [37]. How-
ever, the results cannot be considered definitive,
because other authors have reported positive ino-
tropic actions of the opioids [38].

Chronotropic effects of opioids are debated.
However, direct influence of some enkephalins
on the SA node has been demonstrated, together
with its reversal by naloxone [39].

QT prolongation. Much better knowledge
exists on the effects of some opioids on QT pro-
longation. Methadone (but not morphine or other
commonly used opioids) rapidly induces concen-
tration-dependent QT prolongation [40, 41],
which can lead to torsade de pointes [42]. This
has also been demonstrated in young patients
[43]. Meperidine is responsible for QT prolonga-
tion, and this is correlated with the drug itself and
its metabolites [44].

Electrophysiology and arrhythmias. The anti-
or pro-arrhythmic properties of opioids depend
upon the metabolic state and activity of the
heart. Morphine has a very strong effect on vagal
activation and enhance the ventricular fibrillation
threshold [45]. Also, fentanyl that is selective for
the μ-receptors augments the threshold for ven-
tricular fibrillation, partially increasing vagal
efferent activity and partially reducing the sympa-
thetic outflow [46, 47]. Loperamide abuse has
been associated with cardiac dysrhythmias [48,
49] and death [50]. Buprenorphine has a dose
limitation in the United States of America
(USA), because it was believed to increase the
risk of arrhythmias; such risk has not been dem-
onstrated in “real-world” use [51]. However, there
is equivocal data suggesting that buprenorphine
may have effects on the QTc [52]. This topic
becomes very important when related to the
effects of opioids on myocardial ischemia and
infarction. Nevertheless, the existing data on the
effects of opioids and OPRs on electrophysiology
and arrhythmias are conflicting, and the topic
would deserve further research, both experimen-
tally and clinically.

Vasculareffects. Hypotension is the better-known
effect of opioids on the CVS. This is certainly the
most frequently observed non-analgesic effect of
this class of drugs [53]. There are still controversies
on its pathophysiology and on which subgroup of

OPRs is responsible. OPR-mediated vasodilatation/
OPR-mediated vasodepression depends upon OPR
subtypes targeted and the relative levels of agonisms
applied [54]. The provoked hypotensionmay also be
refractory to treatment and be associated with
arrhythmias in cases of overdose [53].

Myocardial protection. Myocardial survival is
very plastic and depends upon many factors. For
instance, it is reduced by age and some specific
diseases and enhanced by preconditioning, caloric
restriction, and exercise. The protective actions may
all involve the OPRs, and this is particularly well
known for the effects of morphine in acute coronary
syndrome [55]. Preconditioning responses are the
most studied cardioprotective modalities [56].
Ischemic preconditioning triggers local G protein-
coupled receptors (GPCR), including OPRs, which
can be selectively targeted to replicate the benefits
during future ischemic episodes [57, 58]. All the
data on conditioning responses of myocardial mus-
cle to ischemia demonstrate important roles for opi-
oids and OPRs [56, 59]. Recent studies demonstrate
that κ- and δ-OPRs (but not μ-receptors) [60] or κ-
OPRs alone [61] mediate the protection of ischemic
postconditioning. In early reperfusion, drug
agonism of δ- and κ-OPRs provides a significant
cardiac protection [62, 63]. Myocardial infarction
may also be reduced by remote control mediated via
opioid receptors [56, 64], and data suggest that
OPRs can enhance cardiac stress resistance
interacting with other receptors [65, 66]. This mech-
anism seems very promising from a clinical point of
view [67].

Effects of age, diseases, and activity. Age and
chronic diseases seem to have a detrimental effect
on the CVS, whereas exercise has a positive effect
and involves the intrinsic OPRs’ signaling. Phys-
ical activity increases serum level of endogenous
opioids [24] and myocardial expression of opioid-
related genes and improves cardiac ischemic tol-
erance [20]. These effects are opposed by OPRs’
antagonism [21].

Opioid system and cardiac pathologies. The
opioid system is influenced by heart acute and
chronic pathologies and may contribute to the
cardiovascular manifestation of disease [68]. For
instance, cardiomyopathy and heart failure
enhance negative inotropic and lusitropic

652 G. Varrassi et al.



responses to κ- and δ-OPRs’ stimulation [69].
Proenkephalin has different actions in heart fail-
ure [70]. Cardiac μ-opioid receptor stimulation
has a cardioprotective effect in chronic heart fail-
ure [71]. Intrathecal fentanyl influences the _VO2

kinetics during moderate-intensity exercise in
heart failure [72]. Endorphins may alter inotropic
and chronotropic activities in other pathological
conditions [73]. For example, obstructive chole-
stasis seems associated with naltrexone-sensitive
bradycardia [74]. Enhanced OPR-mediated
chronotropy is significantly associated with
hypertension [75]. K-opioid receptor stimulation
has a protective effect in hypoxic pulmonary
hypertension [76]. Thus, different disease states
are linked to either enhanced or repressed OPR-
dependent control of cardiac activities [77].

Conclusion. Ongoing research is focusing on
non-analgesic effects of opioids, especially on the
CVS [68]. Opioid receptors and their effects medi-
ate a wide range of potentially useful cardiovascu-
lar responses, including clear cardioprotection in
the case of myocardial infarction. Indeed, data
supports opioid receptor involvement in intrinsic
ischemic tolerance and “conditioning” responses.
Existing data on opioid receptor cardioprotection
are even more reinforced by the last data on post-
ischemic efficacy of their effects. Ongoing investi-
gation of the physiological roles of opioid receptors
in the heart and vascular system and their changes
with age and diseases may open the way to new
opioidergic therapies. Certainly, from the data we
have at the moment, a correct use of normal phar-
macological doses of opioids does not seem to be
responsible for cardiovascular damages.

NSAIDs

The nonsteroidal anti-inflammatory drugs
(NSAIDs) are a chemically heterogeneous group
of compounds very frequently used in the clinical
practice, including in cancer patients [78], mainly
as analgesics. Recently, there are suggestions that
the use of NSAID prodrugs may provide analgesia
with a better side effect profile [79]. NSAIDs’
efficacy has been extensively demonstrated not
only in pain treatment [80] but also as powerful

anti-inflammatory and antipyretics [81]. The first
representative, of this group, was salicylic acid, a
natural product, converted to acetylsalicylic acid
at the end of the nineteenth century and soon after
followed by many other synthetic versions [82].
Chemically, they are very different, and this struc-
tural difference is responsible for their relatively
different action and side effects. Actually, the
older drugs were classified based on their origin
or chemical structure; the newer ones are in gen-
eral classified for their modality of action, e.g., the
“selective COX-2 inhibitors” or “coxibs” (Table 1).
The acronym “coxib” is used to identify COX-2

Table 1 Classification of NSAIDs and their COX-1/
COX-2 selectivity

Chemical
class

COX-1 selective
and nonselective COX-2 selective

Salicylates Aspirin,
diflunisal

Sulfonanilides Nimesulide,
flosulide

Anthranilic
acid
derivatives
(fenamates)

Mefenamic acid,
meclofenamic
acid, flufenamic
acid, tolfenamic
acid

Esters and
amides of
meclofenamate

Acetic acid
derivatives

Aceclofenac,
diclofenac,
ketorolac,
indomethacin,
nabumetone,
sulindac,
tolmetin

Etodolac,
lumiracoxib

Enolic acid
(oxicam)
derivatives

Droxicam,
isoxicam,
lornoxicam,
phenylbutazone,
piroxicam,
tenoxicam

Meloxicam

Propionic acid
derivatives

Dexketoprofen,
dexibuprofen,
fenoprofen,
flurbiprofen,
ibuprofen,
ketoprofen,
loxoprofen,
naproxen,
oxaproxin

Selective
COX-2
inhibitors
(Coxibs)

Celecoxib,
rofecoxib,
valdecoxib,
parecoxib,
etoricoxib
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inhibitors, thus defining a subclass of NSAIDs
that are different both from the chemical and
pharmacological point of view. For instance,
meloxicam has a COX-2 selectivity very similar
to that shown by celecoxib, even if they are chem-
ically different; lumiracoxib is chemically similar
to diclofenac; it however has a very different
chemical profile when compared with other
coxibs, e.g., celecoxib and rofecoxib [83]. Coxibs
are an integral part of the NSAID group, produc-
ing the inhibition of the COX (Fig. 1), and should
be better defined as “COX-1-savers,” instead of
COX-2 selective inhibitors or coxibs [85].

Although the NSAIDs have been in use for
more than a century, their mechanism of action
was only recently clarified. Vane and his group
were able to demonstrate their ability to inhibit the
transformation of arachidonic acid into prosta-
glandin by blocking the enzyme COX [86–88].
The mechanism was made even more clear a few
years later, when the genes for COX expression
were identified and their role in the prostaglandin
pathway demonstrated [89]. Subsequent research
demonstrated much of the actions of the COX
pathways [90–93]. In the early 1990s, the exis-
tence of different COX isoforms was suggested
[94–96]. In the late 1990s, the isoenzymes cyclo-
oxygenase-1 and -2 (COX-1, COX-2) were iden-
tified and well defined, COX-1 being a
constitutive enzyme while COX-2 was mostly
inducible by inflammatory processes [97].
Research and synthesis of new molecules able to
selectively block the COX-2 enzyme were then
developed [98–102]. In the future it seems likely

that we will see other therapeutic developments
involving the COX pathways [103].

The action of the COX on lipids, including
those involving arachidonic acid, gives origin to
a variety of products. Most of them derive from
the catabolism of prostaglandin F2 (PGF2)
(Fig. 2). The final products derived from COX-1
activity (thromboxane and prostanoids) have their
own actions, especially on the gastrointestinal and
CVS. They also contribute to the development of
fever, inflammation, and pain [87, 97]. Hence,
blocking the action of COX-1 and COX-2 will
result in the reduction of fever, inflammation, and
pain. COX-1 however also reduces the physiolog-
ical protective effect of the prostanoids on the
gastric mucosa.

Despite the clear therapeutic efficacy of the
NSAIDs, their clinical use is frequently affected
by the incidence of side effects, most frequently
gastrointestinal [104, 105]. Moreover, the COX
plays an important role within the CVS. Throm-
boxane A2, mostly derived from the COX-1 activ-
ity at the platelet level, is responsible for platelet
aggregation, vasoconstriction, and smooth muscle
proliferation [106]. On the contrary, prostacyclin
(PGI2) synthesis, mainly mediated by COX-2
activity inmacrovascular endothelial cells, opposes
these effects resulting in inhibition of platelet
aggregation, vasodilation, and antiproliferative
effects [107].

The blockage of the COX system has a further
consequence, the increase of arachidonic acid
catabolized by the lipoxygenase with resultant
potential consequences for the CVS (Fig. 3).

Fig. 1 Mechanism of
action of NSAIDs.
(Redrawn fromHoward and
Delafontaine [84])
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COX and CVS
Per years, there was the general knowledge that
the vascular system was only able to express
COX-1, except when an inflammatory process
was present, e.g., atherosclerosis [108, 109]. In

fact, COX-2 is rapidly expressed in the place of a
lesion and/or infection [110, 111]. At the
moment, this phenomenon is still under investi-
gation, even if there are data showing that the
shear stress of the vascular endothelium is

Fig. 3 Site of action of
NSAIDs and increased
metabolism of the
arachidonic acid by the
lipoxygenase (LOX)

CH3

Fig. 2 Synthesis of prostanoids. PGD2 = Prostaglandin D2; PGE2 = Prostaglandin E2; PGF2 = Prostaglandin F2;
PGG2 = Prostaglandin G2; PGH2 = Prostaglandin H2; PGI2 = Prostacyclin; TxA2 = Thromboxane A2
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responsible for the expression of COX-2 as
well [112].

The studies on the relations between COX and
CVS go back to the 1970s. In 1975, for the first
time, it was shown that platelets were able to
produce thromboxane A2 [113]. Prostacyclin
was discovered 1 year later, when Moncada et al.
[114] demonstrated that an enzyme isolated from
arteries transforms prostaglandin endoperoxides,
formed by COX, to an instable substance that
inhibits platelet aggregation. Now we know that
the vascular endothelial cells express in enormous
quantity prostacyclin synthetase and platelets
have thromboxane synthetase. The first has
vasodilating effect, inhibits adhesion and aggre-
gation of platelets, opposes the modifications of
smooth muscles, and reduces cholesterol metabo-
lism. On the contrary, thromboxane A2 is a vaso-
constrictor and increases the metabolism of
cholesterol and proliferation of vascular smooth
muscle [85, 97, 99] (Table 2). The topic has been
highlighted in a recent review connecting the role
of prostaglandin H with all the potential cardio-
vascular damages caused by the COX inhibition
[115].

The physiological balancing between prostacy-
clin and thromboxane A2 is crucial for the cardio-
vascular system. There are data on this, mainly
deriving from the studies on the pharmacological
and clinical effects of aspirin. This drug is an irre-
versible inhibitor of the COX. At low dosages
(30–150 mg/day), it produces a selective inhibition
of the platelet COX, but not of COX of the endo-
thelial cells [106, 116, 117]. This is because platelets

do not have nuclei and cannot produce new COX to
replace the inhibited portion. On the contrary, endo-
thelial cells reproduce COX, thanks to their nuclei.
Moreover, platelets are exposed to high concentra-
tions of aspirin prior to its degradation in the liver
[118]. This means that low and repeated doses of
aspirin are responsible for a complete block of
COX-1 in platelet and less of an effect on endothe-
lial COX. In other terms, low-dose aspirin reduces
platelet thromboxane A2, with scarce effect on
endothelial prostacyclin, with the consequence of a
strong antithrombotic effect. This is possible just
with aspirin, which is the only NSAID producing
an irreversible block of COX.

Inhibition of COX and Cardiovascular
Risk
The beginning of this century has seen the syn-
thesis and market introduction of new molecules
able to selectively block COX-2 [99–101]. The
selective block of the “inducible COX” was
immediately seen as a potential in reducing the
side effects of the less-selective NSAIDs, espe-
cially gastroenteric side effects [119–121]. At the
moment, other possible mechanisms for the
blockade of COX-2 have been suggested, espe-
cially based on its “inducibility” [122]. However,
previously, these drugs were not studied for
potential side effects involving other organs and/
or systems. The Vioxx Gastrointestinal Outcomes
Research (VIGOR) study, a clinical trial compar-
ing rofecoxib with naproxen in a large population,
showed a significant higher incidence of myocar-
dial infarction in the group treated with rofecoxib,
compared to the one receiving naproxen [123].
These unexpected cardiovascular side effects of
the study opened a “Pandora’s box” [124]. The
VIGOR study did not give a clear explanation for
this unforeseen phenomenon and assumed that it
could have been the consequence of low-dose
aspirin in at-risk patients. In fact, in patients who
did not have an indication for secondary preven-
tion, the incidence of myocardial infarction was
similar in the two studied groups. Another expla-
nation could have been the protective effect of
naproxen, a powerful antiplatelet aggregating
drug. Moreover, it is of importance to note that
the studied population was represented by

Table 2 Effects induced by prostacyclin and thrombox-
ane A2

Prostacyclin (IP
receptors)

Thromboxane A2 (TP
receptors)

Platelet anti-aggregating
effect

Platelet aggregating effect

Platelet anti-adhesive
effect

Platelet adhesive effect

Vasodilation Vasoconstriction

Reduced myo-vascular
remodeling

Increased myo-vascular
remodeling

Reduced cholesterol
uptake

Increased cholesterol
metabolism
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rheumatoid arthritis patients, patients that would
have an increased risk of myocardial infarction
[125]. Different results were obtained in a study
comparing celecoxib with ibuprofen or diclofenac
where the difference in cardiovascular side effects
was not statistically different [126]. On the con-
trary, a different study, comparing placebo vs
celecoxib 400 or 800 mg/day, also demonstrated
a significant increase of cardiovascular events in
the two active groups [127]. A further RCT, Ade-
nomatous Polyp Prevention on Vioxx (APPROVe)
comparing two groups treated with placebo or
rofecoxib, has demonstrated an increased risk of
thrombotic events after 18 months of treatment
[128]. In addition, in the treated group, there
were other cardiovascular side effect, e.g., heart
failure, pulmonary edema, and precocious hyper-
tension; prevention of recurrent colorectal adeno-
mas is still under discussion [129], hopefully not
with the same AEs.

This topic was not new [84], but since 2004
other data have been published related to potential
cardiovascular side effects of both the NSAIDs
and the coxibs. They are focused on different
aspects of cardiovascular activity. In the following
we will summarize the results of the best
published studies.

Ischemic cardiovascular risk. Previous studies
suggesting a potential protective effect of
naproxen for acute myocardial infarction, when
compared to rofecoxib, seem debatable. In a dou-
ble-blind, randomized, multicenter study, compar-
ing celecoxib to naproxen (Alzheimer’s Disease
Anti-Inflammatory Prevention Trial, ADAPT) the
cardiovascular risk was increased in the naproxen
group, and not in the celecoxib group [130]. This
is proposing again the old concept of the relation-
ship between the traditional NSAIDs and the car-
diovascular risk [120]. In a 4-year case-control
study [131], over 9000 patients with acute myo-
cardial infarction have been examined. All of
them were chronically using either NSAIDs
(diclofenac, ibuprofen, naproxen) or COXIBs
(celecoxib, rofecoxib). With some limitations,
the general analysis of the data has demonstrated
that all the drugs used are associated with acute
myocardial infarction. The univariate analysis of
the data and the correction of the OR for

influencing factors have demonstrated that the
chronic use of diclofenac, ibuprofen, and
rofecoxib increases the risk of myocardial infarc-
tion by 24–25%; the influence of naproxen is less
significant [131]. The limitation of this study is
the low number of patients over 65 years of age,
which is an important factor studying such side
effects [132]. Similar results were obtained in a
nested large case-control study [133]. A meta-
analysis, evaluating over 100 trials for about
150,000 patients, has demonstrated that the high
doses of ibuprofen and diclofenac are associated
with a higher risk of cardiovascular events. Fur-
ther the risk increased after 1-year treatment
[134]. Such risk cannot even be prevented by the
simultaneous use of low-dose aspirin [135, 136].
Another systematic review on the risk of myocar-
dial infarction in patients treated with NSAIDs
and coxibs has demonstrated a 10% increase in
MI risk with the use of NSAIDs, with differences
between the drugs; diclofenac showed an
increased risk of 44% and rofecoxib an increased
risk of 30% [137]. Systematic reviews on the
clinical use of dexketoprofen suggest that this
drug does not interfere with the CVS [138, 139].
Similar results have been obtained with the use of
a fixed-dose combination of dexketoprofen and
tramadol [140]. The MEDAL study, comparing
etoricoxib and diclofenac, did not show any dif-
ference in the incidence of cardiovascular effects
in the two studied groups [141]. In a very exten-
sive systematic review, diclofenac was the
NSAID associated to the highest risk of cardio-
vascular complications; naproxen does not reduce
the risk; rofecoxib has a dose-dependent risk,
appearing as early as 30 days of treatment; and
celecoxib at lower doses does not increase the risk
of unexpected cardiovascular events [142]. These
data are reinforced by a more recent expert con-
sensus, specifically designed to address benefits
and gastrointestinal and cardiovascular risks with
the use of NSAIDs [143].

All the previous studies are focused on patients
selected as part of RCTs. The data coming from
“real-life” therapy suggests different results. In
studying the use of both NSAIDs and Coxibs in
the population of the United Kingdom (UK) and
the USA, it seems clear that the use of such
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analgesics is for short periods of time and at low
dosages [144]. This could partially explain the
existing differences in results coming from RCTs
and observational studies. The situation is similar
in Finland, where a different observational study on
the first episode of myocardial infarction has dem-
onstrated its modest correlation with the use of
traditional NSAIDs or coxibs [145]. A recent
Bayesian meta-analysis, including about half-mil-
lion patients using celecoxib, diclofenac, ibupro-
fen, naproxen, or rofecoxib, has reported a
significant increase in the risk ofmyocardial infarc-
tion in the studied populations, especially when
using high dosages of NSAIDs (i.e., ibuprofen
and naproxen) [146]. The risk is dose, duration,
and recency of exposure dependent. Recent results
revealed that at moderate doses, “celecoxib was
found to be noninferior to ibuprofen or naproxen
with regard to cardiovascular safety” [147].

All these studies describe the epidemiology of
the cardiovascular events as complications of the
use of NSAIDs and coxibs. The only study
designed in 2009 to specifically investigate the
cardiovascular side effects with the use of long-
term NSAIDs or coxibs’ treatment was the PRE-
CISION trial [148]. Its results are not final, yet.

NSAIDs and heart failure. There are several
studies focused on this topic, demonstrating a
relationship between the use of NSAIDs and
heart failure. Till now, none of them has been
able to connect the risk with the dose-response
of any individual NSAID. This topic has been
included as one of the outcomes of the Safety of
Non-Steroidal Anti-Inflammatory Project funded
by the European Commission inside of the sev-
enth Framework Programme. The recently
published results demonstrate that there is a con-
nection between the individual studied NSAIDs
and the duration of the therapy [149].

Coxibs and stroke. Data on the possible rela-
tionship between COX-2 inhibition and stroke is
debated. The initial data connecting rofecoxib and
etoricoxib (but not celecoxib) to an increased risk
of stroke [150] is contradicted by an extensive
meta-analysis of randomized, double blind, con-
trolled only studies. This meta-analysis was not
able to show any significant difference in the
incidence of stroke, comparing patients using

either coxibs, other drugs (including NSAIDs),
or placebo [151]. Similar results were obtained
in a recent randomized trial where patients on
non-specific NSAID therapy were either left on
their initial therapy or shifted to celecoxib use
[152]. A retrospective cohort study on over
160,000 Australian patients using NSAIDs
found an association with an increased risk of
hospitalization for stroke, either ischemic or hem-
orrhagic, and recommended a careful evaluation
and monitoring of the patients at risk, when pre-
scribing either NSAIDs or coxibs [153]. Similar
results are reported by a recent review article,
which also explain the pathophysiology of the
vascular damages caused by NSAIDs but espe-
cially by coxibs [154]. There are reasons to
believe that such effects may be prevented either
by picroside II which affects the expression of the
COX-2 [155] or the combined therapy with 20-
HETE inhibitors, a lipid mediator causing protec-
tive effects in cerebral circulation [156]. More
information on this topic have been recently
published in an extensive review article [157].

COX, renal function, and arterial hyperten-
sion. Reduced synthesis of prostaglandins and
the action on the renin-angiotensin system caused
by NSAIDs and coxibs are responsible for
increases in arterial pressure and peripheral
edemas [158–160]. Moreover, it has been demon-
strated that the nonselective NSAIDs reduce the
pharmacological responses of some antihyperten-
sive drugs [161, 162]. Both COX isoforms are
present in the kidney and are involved, together
with their metabolites, in the hydro-electrolytic
balance and arterial pressure maintenance [83]
and the subsequent consequences [163]. In nor-
mal subjects, COX-2 inhibition does not have any
consequence on blood pressure and renal function
([164, 163]). On the contrary, in elderly and
chronic pain patients, coxibs may increase the
blood pressure [165, 166], as may be the case
with both coxibs and NSAIDs [167]. Rofecoxib
has been shown to cause major increases in blood
pressure [168], while celecoxib has been shown
not to significantly increased blood pressure
[169–171]. Unfortunately, there are no specific
studies designed to investigate whether NSAIDs
or coxibs are directly responsible for an increase
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in arterial blood pressure. In general, this is
reported as side effect of the administration of
those drugs, in retrospective analyses. More
clear data would be useful, especially considering
the high prevalence of chronic hypertension in
elderly people, frequently affected by musculo-
skeletal pain, and necessitating the use of effica-
cious analgesia, including NSAIDs and coxibs.

Open questions and conclusions. On the inter-
action between NSAIDs and CVS, there are still
many questions to be answered [172–174]. For
instance, the pro-thrombotic mechanisms of
NSAIDs are not completely understood. Which
isoform of COX is responsible for the production
of circulating prostacyclin is still unclear. Further,
the existing data does not establish the effects of
long lasting non-specific NSAID administration
risk on CVS.Moreover, we still do not know if the
difference between non-specific NSAIDs and
coxibs is only the saving effect on the COX-1 or
there are other important physiologic differences.
Lastly, we should be able to explain the unusual
finding of why the sudden interruption of a long-
lasting administration of NSAIDs is associated
with an increased risk of acute myocardial infarc-
tion [175].

On the clinical use of coxibs, there is still a
need for further research, data, and understanding.
For instance, in relation to the side effects on the
CVS, we have hypothesized a “class effect,”
mainly based on studies testing high dosages of
coxibs [123, 127]. However, the differences
between the various coxibs are enormous. Unfor-
tunately, we do not have data on direct head-to-
head comparisons between them all. Moreover,
the use of coxibs is not recommended in patients
at high cardiovascular risk, but we do not know if
this also applies to young patients at low cardio-
vascular risk due to a complete absence of data.
Secondary cardiovascular risk prevention with
low-dose aspirin is recommended, when prescrib-
ing coxibs at high cardiovascular risk patients.
However, this is not the case with the nonselective
NSAIDs. In fact, ibuprofen reduces the anti-
aggregating effect of low-dose aspirin, via a
well-defined receptor effect. Such interference
seems preventable administering aspirin at least
2 h prior to the administration of the NSAID [143,

176]. Non-specific NSAIDs should be preferred
in patients at high risk for cardiovascular prob-
lems. In case they also have a high risk for
gastroenteric bleeding, they should be prescribed
with NSAIDs and proton pump inhibitors (PPIs).
As already said, the data on cardiovascular risk
following the use of coxibs is consequent to the
use of high dosages of those drugs, but we do not
have any idea on what would happen using the
same high dosages of nonselective NSAIDs;
maybe they would have exactly the same toxicity
on the CVS.

In conclusion, there is no “safe” NSAID for
patients in pain from a CVS perspective. The best
advice would be to avoid NSAIDs, especially in
those with cardiovascular problems. If necessary
and the benefits outweigh the risks, they should
use such drugs at the lowest possible doses and for
the shortest time period possible. If NSAIDs are
going to be used in a given patient, those with low
risk of gastroenteric bleeding can receive a non-
specific NSAIDs, possibly starting with the drugs
with the lowest risk for gastrointestinal and car-
diovascular lesions [177–179]. If the pain is not
relieved, a careful evaluation of the risk/benefit
ratio of other drugs, including the coxibs, should
be made. In case patients would be at high risk for
cardiovascular events, low-dose aspirin and PPI
should be added to the therapy. NSAID therapy
should always be the least amount of time and the
lowest effective dosage, with a careful evaluation
of any sign and symptom of cardiovascular com-
plication (e.g., hypertension, peripheral edema,
renal insufficiency).

Paracetamol (Acetaminophen)

Paracetamol has been used as an analgesic for many
decades. It has been used either alone or in combi-
nation with other drugs, e.g., with an opioid. Its
analgesic mechanism of action is still a topic of
debate. However, its hepatotoxicity is now com-
monly accepted [180]. This potential adverse event
seems to be reduced by molecular hybridization
between celecoxib and paracetamol [181].

Toxicity of paracetamol is well known, espe-
cially in the UK where it represents one of the
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most frequent causes of intoxication [182].
Effects on the CVS are rare [183]. However,
some biomarkers recently identified seem to sug-
gest that paracetamol intoxication may cause kid-
ney injury [184]. This could be responsible for
elevated blood pressure and other CVS AEs. The
chronic administration of paracetamol and other
OTC analgesics has resulted in an increase in
blood pressure, which was also found in younger
chronic pain patients [185–187]. In any case, low
incidence of probable nonfatal myocardial infarc-
tion, nonfatal stroke, fatal coronary heart disease,
or fatal stroke is always reported as a dose-
response consequence [185, 188–190].

Adjuvant Drugs

Because pain is multifactorial and involves mul-
tiple neurotransmitters and pathways, treatment is
frequently complex. Single agents usually do not
give significant relief for those patients with
chronic pain. In such a setting, the use of NSAIDs
long term is problematic, as it is paracetamol for
the reasons discussed above. Therefore, even
powerful analgesics (opioids and NSAIDs) may
necessitate of simultaneous administration of
drugs that are not primarily considered “analge-
sics.” These are the so-called “adjuvants.” In pain
medicine they are widely used and are a very
diverse set of agents. Some of them are very
useful for pain management, but as with any
other drugs, they have side effects. Sometimes
those drugs may affect the CVS.

Antidepressants. This class of drugs is one of
the most commonly used as adjuvants, especially
in chronic pain patients. They are frequently used
in the setting of neuropathic pain. In general, they
have different effects on CVS functionality, espe-
cially affecting intraventricular conduction (pro-
longed PR, QRS, and QTc intervals) [191–199],
and their action may also be increased by
the simultaneous administration of NSAIDs
[200]. They can frequently be responsible for
orthostatic hypotension [201, 202]. Tricyclic anti-
depressants (TCA) have a long history and expe-
rience of use. They have effects on the CVS,
especially arrhythmias [203]. Further, they have

significant anticholinergic and cardiovascular side
effects, e.g., QRS prolongation, atrial fibrillation,
atrioventricular block, and ventricular tachycar-
dia, but reduce heart rate variability and myocar-
dial infarction [197, 204–206]. Similar effects on
the CVS are reported with many other antidepres-
sant drugs [207]. When this class of drugs is used
as adjuvants, health-care professionals should be
careful and evaluate for potential cardiovascular
side effects. These should be included in the risk/
benefit evaluation.

Gabapentinoids, e.g., gabapentin and pre-
gabalin, have a similar mechanism of action:
they modulate the α-2-δ subunits of voltage-sen-
sitive calcium channels in the presynaptic afferent
neurons [208, 209]. Nevertheless, they have dif-
ferences in pharmacokinetics and pharmacody-
namics, which explain their diversities in the
efficacy and adverse event profiles. Their side
effects are mainly on the central nervous system,
and not on the CVS. Data on the side effects of
gabapentin are reported in an extensive Cochrane
review, where the only interesting CVS side effect
is peripheral edema [RR = 3.4 (95% CI 2.1–5.3,
NNH 19)] [210]. Pregabalin has a similar side
effect profile [211].

Glucocorticoids: The short-term administration
of glucocorticoids (GCCs) has not been shown
responsible for major CVS AEs. In an RCT on
about 4500 patients, comparing the administration
of dexamethasone with placebo, the administration
of the active drug did not cause important AEs;
both myocardial infarction and stroke were not
increased [212]. Similar results were reported in a
meta-analysis of 54 RCTs, comparing the admin-
istration of GCCs with placebo or no treatment
[213]. This meta-analysis showed that there was
no increase of mortality and myocardial or pulmo-
nary complications. A further meta-analysis of 51
RCTs, studying the differences between patients
either treated with methylprednisolone or placebo
or no treatment, did not demonstrate any difference
between the three groups related to major AEs
[214]. Therefore, the short-term use of glucocorti-
coids can be effective in reducing inflammation
and treating painful conditions. However, long-
term use is fraught with complications, including
CVS issues. Long-term use of glucocorticoids

660 G. Varrassi et al.



should be avoided unless the benefit clearly out-
weighs the risks [215].

Use of adjuvant medications in the treatment of
pain is a common and accepted therapeutic
approach. There are multiple medications used as
“adjuvants,” only a few of which are discussed
above. Other medications such as ketamine, canna-
binoids, other anti-epileptic agents, NMDA
blockers and modulators, and other drugs have
been used as adjuvants. Each of these classes of
drugs needs to be thoroughly understood before
they are introduced into a patient regimen. All
have side effects, many on the CVS. Consistent
evaluation and re-evaluation of patients, the efficacy
of therapeutic regimens, and potential CVS adverse
events should always be part of a patient treatment
plan.

Conclusions

Acute and chronic pain are significant public health
issues and affect patients around the world. Pain
has profound consequences for patients in almost
every aspect of patient’s lives as well as significant
and long-lasting physiologic effects [216]. The
treatment of chronic pain is never straightforward
and is always complicated [217]. This complexity
requires the application of a number of therapeutic
approaches, both pharmacologic and non-
pharmacologic, to help relieve patient’s suffering.
The appropriate use of analgesics is in line with this
approach as well as with one of the major goals of
medicine, i.e., the relief of suffering [218]. The
goal of the cardiologist and the pain physician is
similar in this regard, to relieve suffering through
their individual expertise and focus. Because of the
complexities involved in the treatment of chronic
pain, a successful clinical approach will rarely
involve a single modality or agent. Treatment,
involving both pharmacologic and non-
pharmacologic modalities, should be established
for a coordinated approach to analgesia. As with
any therapy, either pharmacologic or non-
pharmacologic, there are side effects that need to
be understood and considered.

Pain patients will be frequently seen by cardi-
ologists or other specialists who may not have

prescribed the analgesics in question but will
still need to understand their impact on the cardio-
vascular health of the patient. The cardiologist and
the other specialists should work in tandem with
the pain physician (and vice versa) to make sure a
given analgesic regimen provides good analgesia
and at the same time has the lowest risk possible.
Opioids, NSAIDS, paracetamol, and adjuvants all
have their place in treating pain. However, each,
as we have outlined, has its own set of CVS side
effects that can affect a cardiologists’ treatment
plan and an individual patients’ CVS health.
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Abstract

Though it is well defined how acute pain
affects heart function, this relationship is less
understood and defined with chronic pain.

Chronic pain is not only an acute pain that
lasts for several months, but it is a disease by
itself with important societal and clinical bur-
den. Chronic pain is really common (up to 20%
of adult population) and it affects all people at
every age even though there is a slight increase
of incidence in older ones. Interestingly not
only these epidemiologic data are quite similar
to those of cardiovascular diseases but it is well

demonstrated that there is an increased co-
occurrence of chronic pain and cardiovascular
disease. Finally, new studies have found that
chronic pain shares common genetic
variant with depression and cardiovascular
diseases.

Hence, it is important to better understand
both if chronic pain affects heart function and if
there are shared mechanisms between these
two diseases. There is growing observational
evidence suggesting some correlation between
chronic pain and cardiovascular disease.

The most important common pathogenetic
factor is the endothelium disfunction and its
inflammatory response. For example, some
interesting data showed that endothelial dis-
function is present in several patients with
fibromyalgia, a common chronic pain
syndrome.

Sympathetic Nervous System is another
important pathophysiological mechanism
shared by chronic pain and cardiovascular dis-
eases. Even though this relationship is more
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understood in acute pain, also in chronic pain
there are some interesting relationships, such
as in complex regional pain syndrome.

Next, there are several experimental animal
and clinical data that suggest not only a corre-
lation between chronic pain and hypertension,
but also chronic pain and heart rate variability
suggesting new interesting insights that better
explain the co-occurrence between these two
disabilitating diseases. These correlations are
also to be better investigated to understand
how chronic pain can worsen the outcome in
patients with cardiovascular disease, evaluat-
ing if the better control of pain can improve the
outcome.

Keywords

Chronic pain · Heart function · Quality of life ·
Hypertension · Cardiovascular disease

Introduction

In order to define the relationship between chronic
pain and cardiovascular diseases, it is important to
well understand the difference between acute and
chronic pain that have completely different path-
ophysiological mechanisms.

Usually, when we think to pain, we think to the
common symptom that we feel when we hurt
ourselves or after surgery or related to other dis-
eases. Hence, pain is often considered “only” a
symptom of other ongoing diseases. This pain is
defined acute pain. Hence, acute pain is an “alarm
message” that there is something is perturbing
homeostasis and that has to be solved by the
organism.

In this clinical setting, acute pain is a signal of a
problem and it is accompanied by other several
related clinical cardiovascular symptoms, such as
tachycardia, hypertension, and activation of
orthosympathetic system. During acute pain,
there is also a psychological response as the per-
son, who is reporting acute pain, is hyperactivated
seeking to “fight” the problem cause of the pain.
Hence, people with acute pain are anxious, agi-
tated with a further activation of orthosympathetic

system, which continues to being activated until
when the problem has been resolved.

Acute pain treatment is addressed to find its
cause and resolve the disease. If inflammation is
the cause, we have to stop it with steroids or
nonsteroidal antinflammatory drugs (NSAIDs);
if there is a mass of tumor, we have to remove it.
Hence, physician will look for a “causative” treat-
ment using also analgesic to control pain as long
as the problem has not identified and treated. It has
been demonstrated that opioids are effective drugs
to be used to control acute pain, meanwhile we are
treating the cause of pain.

As it is a symptom we can measure it with a
subjective “thermometer,” a scale from 0 (no pain)
to 10 (the worst pain possible) called Numeric
Rate Scale (NRS). Obviously the evaluation is
merely subjective, but it is widely accepted that
a pain greater than three has to be always treated
also to reduce orthosympathetic activation. World
Health Organization has proposed several years
ago a “scale” to treat acute pain accordingly its
intensity: nonantinflammatory drugs if there is
acute inflammation and pain is mild (step I),
weak opioids if pain is moderate (step II) and
strong opioids if pain is severe (step III).

It is evident that acute pain affects negatively
cardiovascular system, but the relationship will
end as soon as the pain disappears. As acute pain
is an alarm, it is normal that cardiovascular system
is being activated, but, in the meantime, the treat-
ment has not to be addressed (unless there are
severe cardiovascular symptoms) to cardiovascu-
lar symptoms but to the cause of pain, in order to
stop it as soon as possible.

Chronic pain has a completely different patho-
physiology. Chronic pain is not a symptom, but a
disease by itself. Pain is not a sign of other disease
and/or it has become independent of the former
stimuli, which has generated it. As it is not any-
more an “alarm signal” and it is lasting from sev-
eral months/years, the relationship between
chronic pain and cardiovascular system is different
and better described below. Furthermore, from psy-
chological point of view, chronic pain decreases
patient’s nervous system activity and mood with
depression and catastrophizing symptoms, which
are not related with activation of orthosympathetic
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system, as acute pain does, but with a complex
modulation and response of nervous system. Fre-
quently, also peripheral nervous system is affected
with peripheral neuropathic pain.

Chronic pain therapy is not anymore
addressed to the cause of pain (as it does not
exist anymore or it is not treatable), but to modu-
late the disease in order to obtain a good quality of
life with the least impairment possible. Steroids or
nonantinflammatory drugs (NSAIDs) are not indi-
cated as there is not an acute inflammation to be
controlled. Opioids could be used in nociceptive
chronic pain, but they have several side effects
when used for a prolonged period. Antidepres-
sants and anticonvulsant drugs could be really
effective, almost if there is a neuropathic compo-
nent, even though they have several side effects
also on the cardiovascular system. Other options
are mini-invasive techniques, such as radio-
frequency nerve lesions and/or spinal cord
stimulation.

As it is a disease and not a symptom, it is
important not to monitor only how severe the
pain is, but it is needed to use different multi-
dimensional scales in order to evaluate both
the different components of pain (nociceptive vs.
neuropathic, at rest vs. at movement, etc.) and
how much pain affects all daily activities, such
as working and social ability, mood, cognitive
function.

Chronic pain, as cardiovascular diseases, is
extremely frequent in adult population; in fact,
between 15% and 25% of adult people suffer
from some type of chronic pain syndromes.
Furthermore, as cardiovascular diseases, it affects
older people more than younger ones, even
though is more common than cardiovascular dis-
ease in younger people.

Furthermore, chronic pain, as cardiovascular
diseases, is the cause of huge societal impact not
only for its direct costs but also (and mainly) for
its indirect cost and societal impact, such as absen-
teeism, lost of productivity, higher risk to develop
other diseases, socio-psychological issues. A
recent article [1] has calculated that in 2010 in
USA almost 100 millions of people were affected
by chronic pain. It has been evaluated that it
was the disease with the highest societal cost

in USA (range between 560 and 635 billion of
dollars in 2010), followed by cardiovascular dis-
eases (309 billions of dollars). Interestingly the
same analysis has also pointed out that pain has
societal costs higher than those from cardiovascu-
lar disease, diabetes, and cancer together.

As both the prevalence of chronic pain and of
cardiovascular disease are high, it has also to be
considered the possibility that people may have
both diseases with even bigger increases of the
costs.

Finally, it is important to underline that Van
Hecke et al. [2] demonstrated, in two different
large cohorts (named Generation Scotland and
TwinsUK), an increased co-occurrence of chronic
pain, depression, and cardiovascular disease. The
authors found that genetics more than environ-
mental factors correlate these three important clin-
ical problems (among the most important in
causing disability and frailty).

In conclusion, it becomes important to under-
stand and deepen if and which pathophysiological
relationships and biological mechanisms are
shared by these two diseases, evaluating their
correlations. A better knowledge of these correla-
tions will help physician not only to better treat
patients with these two concomitant diseases, but
also to find new insights to better understand how
to prevent incidence of chronic pain and cardio-
vascular disease. In fact prevention will be the
future not only for cardiovascular problems but
also for pain.

Relationship Between Chronic Pain
and Cardiovascular Diseases

There is a growing observational evidence
suggesting some correlation between chronic
pain and cardiovascular disease. Unfortunately,
the clinical pathophysiology is still unclear as
the majority of studies are mainly animal studies
that indicate possible correlations.

Theoretically, chronic pain syndromes and
cardiovascular diseases share common patho-
physiological mechanism, such as endothelium
dysfunction, sympathetic and central nervous sys-
tem, psychosocial and genetic variables [2, 3].
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Endothelium dysfunction could be a shared
pathogenetic factor between chronic pain and
inflammatory cardiovascular disease. In fact, we
know that vascular endothelium is important in
regulating not only vascular homeostasis, through
several aspects of coagulation cascade and vascu-
lar tone [3], but also inflammation determining the
onset of chronic inflammatory diseases, such as
bladder pain syndrome [4]. Endothelial dysfunc-
tion is associated with enhanced local expression
of matrix metalloproteinases, causing both
inflammation and development and atheroscle-
rotic plaques instability with increased risk of
cardiovascular disease. An endothelial nitric
oxide synthase mutation was found to be associ-
ated with coronary spasms and cardiac morbidity
[3, 5]. Furthermore, chronic pain, as important
and long lasting stress factor, enhances catechol-
amine release, possibly leading to a catechol-
amine-induced multifactorial endothelial damage
(persistent activation of calcium channels, mem-
brane damage, and microvascular spasms) [6].
Microvascular endothelial dysfunction can, then,
sensitize the coronary circulation to the vasocon-
strictor effects of catecholamines [7]. In Fibromy-
algia an endothelial dysfunction was detected as
reflected by an impaired brachial artery flow-
mediated dilatation (FMD) response [6]. In fact,
in these patients both endothelial-dependent and
endothelial-independent vasodilatation are
impaired. FMD is endothelium-dependent and
it is mainly controlled by the release of endothelial
nitric oxide (NO) [6, 8]. Hence, the impairment of
endothelium-dependent FMD suggests a
decreased endothelial NO activity that directly
regulates artery stiffness in vivo. Considering
this common pathogenetic link, there are interest-
ing clinical correlations among some chronic pain
syndromes and cardiovascular disease [6, 9]. High
brachial artery pulse wave velocity was signifi-
cantly higher in Fibromyalgia patients with a clear
direct correlation not only with age, but also with
specific determinants of chronic pain, such as pain
intensity (measured by Visual Analogue), FIQ
(Fibromyalgia impact questionnaire) score,
depression, anxiety, and fatigue [6]. The correla-
tion between increased arterial stiffness/vascular
endothelial dysfunction has been found also in

men with chronic prostatitis/chronic pelvic pain.
Ho-Mei Chen et al. [9], in a retrospective
matched-cohort study, found an epidemiological
association between Bladder Pain Syndrome/
Interstitial Cystitis and a subsequent Coronary
Heart Disease diagnosis [3].

Obviously, all these clinical studies provide
only preliminary data with important methodo-
logical bias. This possible association needs to
be studied in larger prospective clinical trials.

Sympathetic Nervous System is another
important physiopathological mechanism shared
by chronic pain and cardiovascular diseases.
For long time, it has been thought that abnormal
activity of the Sympathetic Nervous System
may be involved in the pathogenesis of chronic
pain syndromes, such as complex regional pain
syndrome [10, 11]. Pain is often correlated with
signs of autonomic dysfunction and in some
cases, blocking efferent sympathetic supply to
the affected region relieves pain [12]. A common
dysfunction of sympathetic nervous system can
be found also through the clinical observation
of correlation between chronic pain and hyper-
tension [13]. Nevertheless this correlation is
not mediated only by Sympathetic Nervous
System [14].

The correlation between acute pain, sympa-
thetic nervous system, and blood pressure is
more clear. In fact, perception of acute pain
plays an adaptive role creating a homeostasis dis-
turbance, trying to prevent the tissue damage. The
consequence of ascending nociception is the
recruitment of segmental spinal reflexes through
the physiological neuronal connections. In pro-
portion to the magnitude and duration of the
stimulus, these spinal reflexes can activate sym-
pathetic nervous system activation, increasing
peripheral resistances, heart rate, and stroke vol-
ume. The response also involves the neuroendo-
crine system, with hormones release (e.g., ACTH,
beta-endorphin, prolactin) from the anterior pitu-
itary, glucocorticoids from the adrenal cortex, epi-
nephrine from the adrenal medulla, and
norepinephrine from the sympathetic nerves.
Pain increases also norepinephrine and corticotro-
pin release through activation of locus coeruleus
[15]. Then, with the reduction of painful stimuli’s

674 G. Goldaniga and M. Allegri



arousal levels, there is a progressive reduction in
sensitivity to acute pain and in autonomic activa-
tion, with a consensual tendency to restore of
blood pressure. On the other hand, in chronic
pain syndrome, in which the “alarm meaning” of
pain is lost, the relationship between pain and
blood pressure is not linear as in acute pain. In
fact, chronic pain can induce hypertension, but in
some case patient is completely anergic, due to the
stress related to chronic pain, and also the cardio-
vascular system does not succeed in replying to
pain with hypertension. Hence, the response is
really patient dependent.

Interestingly, there are also some experimental
animal models that suggest a Hypertension-Asso-
ciated Hypoalgesia [16, 17]. Pinho et al. [16] used
different rat models (spontaneously hypertensive
rats, induced by infusion of angiotensin II or 1,3-
dipropyl-8-sulfophenylxanthine, and renal artery
ligatio) to demonstrate that hypertensive rats
developed lesser hyperalgesia and allodynia com-
pared to controls when monoarthritis is caused.
Ghione et al. [17] compared spinal nociceptive
transmission in two different animals: Wistar-
Kyoto normotensive rats and spontaneous hyper-
tensive rats. They showed a different response to
noxious heating of the hind foot of varying inten-
sity (temperature) at dorsal horn neurons in two
types of cells involved in nociceptive transmis-
sion: the wide-dynamic-range neurons, which
respond both to nociceptive and non-nociceptive
stimuli, and the high-threshold (HT) neurons,
which respond only to nociceptive stimuli. The
responses of both types of neurons have been
demonstrated more delayed and less intense in
hypertensive rats than normotensive rats.

The question remains if the hypoalgesia is sec-
ondary to hypertension or does it contribute to
hypertension [18]. In some experiments, hypo-
algesia in hypertensive rats is present even before
they develop hypertension, but hypoalgesia is not
observed in all rats that have been clipped the
renal artery; furthermore, the administration of
antihypertensive drugs has never demonstrated a
reduction of hypoalgesia [19].

Evaluating results from human experiments,
Bruehl [20] demonstrated in healthy volunteer
that opioids are not able to reduce hypertension

induced by an acute nociceptive stimulus. In the
meantime he also found that chronic pain patients
have lower pain threshold compared to healthy
volunteers, suggesting a dysfunction in pain reg-
ulatory system in patients with chronic pain.

It is well demonstrated that reduced perception
of peripheral nociceptive with the central increase
in pain threshold is mediated by increased activity
in the inhibitory descending pathways mediated
by norepinephrine and serotonin, related also with
increased vascular activity. Hence, this central
activity could then be associated with the devel-
opment of arterial hypertension [18]. This mech-
anism can be one of the causes of the increased
risk of hypertension in patients with chronic pain
[21]. In fact, a retrospective review, conducted on
randomly selected records of 300 patients with
chronic pain, showed that cardiovascular/pain
regulatory system interactions appear altered: ele-
vated blood pressure is associated with increased
acute and chronic pain responsiveness [21]. The
Tromsø Study [13] is a prospective epidemiologic
study that confirmed the hypothesis that increased
hypertension risk in the chronic pain population
might be linked to chronic pain-related dysfunc-
tion in interacting cardiovascular-pain modula-
tory systems. Furthermore, recently it has been
demonstrated also an altered vagal activity in
patients with chronic pain and descending inhib-
itory pathways disfunction [22].

Several clinical trials confirmed that pain reg-
ulatory system pathways are altered in chronic
pain conditions [23]. In patients with chronic
low back or orofacial pain, elevate blood pressure
levels at rest were associated with an increased
sensitivity to acute pain and a higher intensity of
chronic pain [23]. This dysfunction may be
related to decreased sensitivity of baroreceptors
in chronic pain and to an impairment of the
descending inhibitory pain pathways normally
activated by an increase in the stimulation of
baroreceptors. In fact, Maixner et al. [23] com-
pared patients affected by temporo-mandibular
disorders (TMDs), more sensitive to noxious
stimuli, compared to those without TMD pain.
They found a both peripheral and central sensiti-
zation sustained by sensitization of peripheral
nociceptors and baroreceptor and by impairment
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of descending pathways with concomitant
increase of arterial blood pression. These results
have been confirmed also in a cohort of chronic
low back pain patients where a positive relation-
ship between higher resting blood pressure and
increased chronic pain intensity pain has been
found [20].

Chronic pain could also be the cause of revers-
ible secondary hypertension determined by stim-
ulation of sympathetic nerve fibers in
pathologically degenerative cervical disc with
consequent cervical vertigo and hypertension.
Recently, Peng [24] publishes two cases of
patients with cervical spondylosis with also ver-
tigo and hypertension who recovered completely
after anterior cervical discectomy and fusion.
Hence, they postulated that a treatment of the
cause of pain could reduce also the cardiovascular
risk in patients with cervical osteoarthritis or
spondylosis.

Also the noradrenergic system of the locus
coeruleus is involved in central cardiovascular
control and pain regulating processes [25–28],
but actually there are not any clear pathophysio-
logical correlations or clinical evidence between
pain and cardiovascular disease at this level.

As discussed above, also vagus nerve influ-
ences the modulation of pain. Jin et al. [29] inves-
tigated daily change in cardiovascular parameters
and plasma norepinephrine in free moving rats
after chronic constriction injury (CCI) of the sci-
atic nerve. Authors have found three different
stages after this lesion. Firstly, there is an increase
of blood pressure and heart rate that can be
maintained up to 3 days but not associated with
an increase of norepinephrine. Then animals have
showed hyperalgesia with increased cardiovascu-
lar activity for 2 weeks after CCI. Finally, there is
a predominance of parasympathetic tone mea-
sured by increased high-frequency (0.8–3.0 Hz)
power in pulse interval variability.

In effect, heart rate variability (HRV) is a proxy
measure for vagal activity reflecting also dysfunc-
tion of the descendent inhibitory pathway, associ-
ated with chronic pain [29, 30]. Koenig et al. [30]
investigated the association between HRV and
pain in individuals with and without chronic
pain revealing a negative correlation between

these two variables only in individuals without
chronic pain. On the other hand analgesic intake
has been proven to mediate the association
between HRVand pain [31]: an effective analgesic
treatment leads to a restoration in HRV [31].

Also psychosocial variables have common
pathophysiological mechanisms shared by both
chronic pain states and cardiovascular disease.

A history of cardiovascular disease is reported
more often in those with severe pain than would
be expected by chance, even when adjusting for
shared risk factors [32]. Furthermore, psychoso-
cial variables associated with the pain experience
may have an impact on cardiovascular health [33].
In individuals with chronic pain, the risk was
found to vary accordingly to factors common
also for cardiovascular disease, such as healthy
behavior, exercise, lower levels of cholesterol,
and smoking. The risk factors were more preva-
lent in individuals with chronic pain, and even
more common with the increasing of pain severity
[34]. A recent study has also demonstrated that
older people with chronic pain (spinal pain) has an
increased risk to die for cardiovascular-specific
mortality [35]. This study is important as it dem-
onstrates that chronic pain is not only a disease by
itself associated with poor health and quality of
life. In fact, the correlations between chronic pain
and heart can explain also why chronic pain
patients have an increased risk of mortality.
Hence, these data suggest that treating chronic
pain has the endpoint to modulate the disease
and to improve patients’ outcome.

Finally, it is interesting to underline that there
are also some genetic correlation between chronic
pain, cardiovascular disease, and depression, as
demonstrated in a twins’ study [2].

Pain and cardiovascular system have some
common genetic determined biological pathways,
such as endocannabinoid system, hypothalamic-
pituitary-adrenal axis, and inflammation.
Endocannabinoid system genetic variations can
lead to an age-related ventricular dysfunction
[36], while genetic variants in cannabinoid and/
or adrenergic pathway components have been
implicated in chronic pain conditions [37].

Another important common mediator is gua-
nosine triphosphate cyclohydrolase 1 (GCH1),
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which is the first enzyme in the tetra-
hydrobiopterin (BH4) biosynthesis, an impor-
tant co-factor for the formation of nitric oxide,
biogenic amines, and serotonin [38]. Its expres-
sion and/or activity are upregulated during
inflammation, following ischemic stroke or
peripheral nerve injury, increasing BH4 produc-
tion. Excess BH4 in peripheral sensory neurons
contributes to the onset of neuropathic. On the
other hand the inhibition of GCH1 activity or
reduced GCH1 upregulation reduces pain in
various animal models. This enzyme is impor-
tant also in cardiovascular disease as in blood
vessels BH4 is required to produce nitric oxide
by endothelial NOS (eNOS). Relative BH4 defi-
ciency leads to an increased production of reac-
tive oxygen species, instead of nitric oxide,
contributing to endothelial dysfunction. Clini-
cal significant GCH1 have been recognized in
several coding and noncoding regions of the
gene leading to an increased risk of cardiovas-
cular disease [39, 40] and reduce risk to develop
chronic pain [39].

Another interesting target is the P2X receptor,
a gateway of communication among the nervous,
immune, and cardiovascular systems [41–43].
P2X receptors are ATP-gated cation channels
that mediate fast excitatory transmission in
several regions of the brain and spinal cord.
Furthermore, P2X mediates the influx of cations
and the release of proinflammatory cytokines
affecting neuronal cell death through regulation
of interleukin-1-beta, a key mediator in
neurodegeneration, chronic inflammation, and
chronic pain. P2X receptor-deficient mice have
substantially attenuated inflammatory responses,
including models of neuropathic and chronic
inflammatory pain [43, 44].

Finally, there also some epigenetic evidence,
especially studies on micro-RNA, of some com-
mon markers shared by cardiovascular and
chronic pain diseases. Unfortunately, at this time
there is no evidence that could suggest their use in
clinical practice but in the future they could be
promising not only in finding valuable biomarkers
but also in giving new insights of the common
pathophysiology between chronic pain and car-
diovascular disease [45, 46].

Conclusion

Chronic pain and cardiovascular diseases share
several common pathophysiological mechanisms
that have to be better investigated. Chronic pain
could be a trigger of hypertension and other car-
diovascular diseases. Finally, several drugs com-
monly used in acute and chronic pain could have a
severe impact on cardiovascular system and we
have to consider it before choosing them.

Hence, it is really important to better manage
these two problems as possible interconnected in
order to improve the patients’ quality of life and
life expectancy.
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Abstract

Increasing age, obesity, smoking, and depres-
sion have been common overlapped risk fac-
tors between cardiovascular diseases (CVD)
and chronic musculoskeletal pain (CMP) con-
ditions, in the last decade. CMP prevalence is
estimated from 19% to 30%. Percentage
increases with increasing age after >65 years
old. It is associated with the development of
CVD.

Literature shows an association between
CMP and the increased risk of mortality. This
is secondary to cardiovascular (CV) damages.

Osteopathic manipulative treatment (OMT)
is an approach focused on the management of
CMP which emphasizes the role of musculo-
skeletal system (MSs) both in health and sick-
ness. OMT improves quality of life and
functional status in patients suffering from
chronic pain but also suffering from physiolog-
ical parameters as heart rate variability or respi-
ratory volumes.

This chapter aims at illustrating the osteo-
pathic management of pain with specific focus
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on implications of CVD on mechanism of pain
and how it can be helpful as a multidisciplinary
approach in CVD patients.

Keywords

Osteopathic treatment · Osteopathic
management · Chronic pain · Cardiovascular
disease · Pain management

Abbreviations

ACC Anterior cingulate cortex
Ang-II Angiotensin-II
CABG Coronary artery bypass graft
CMP Chronic musculoskeletal pain
CNS Central nervous system
CP Chronic pain
CV Cardiovascular
CVD Cardiovascular disease
DH Dorsal horn
DRG Dorsal root ganglion
ECM Extracellular matrix
EMG Electromyography
FNE Free nerve ending
GC Glucocorticoids
HRV Heart rate variability
IC Insular cortex
LBP Low back pain
MS Musculoskeletal
MSNA Muscle sympathetic nervous activity
MSs Musculoskeletal system
NHS National health systems
NMDA N-methyl-D-aspartate
NTS Nucleus tractus solitarius
OMT Osteopathic manipulative treatment
PAG Periaqueductal gray matter
PFC Prefrontal cortex
PGE Prostaglandine
PM Pain matrix
QoL Quality of life
SBP Sub-acute pain
SD Somatic dysfunction
SMA Supplementary motor area
SNS Sympathetic nervous system
SP Substantia P
TH Thalamus
TRL Toll-like receptor

Introduction

Cardiovascular diseases (CVD) are one of the
leading conditions which influence the National
Health Systems (NHS) in terms of risk assess-
ment, prevention, and social costs.

In the last decade, CVD prevalence has
increased due to ageing and population growth
from high- to lower-income countries. One-third
of all deaths, all over the world, are related to
CVD. Moreover, short- and long-duration CVD
sequelae boost 15% and 25%, respectively, need-
ing the development of new prevention and reha-
bilitation policy [1–7].

Increasing age, obesity, smoking, and depres-
sion are the common overlapped risk factors
between CVD and the broad-spectrum of chronic
pain (CP) conditions. CP represents another lead-
ing expenditure for disability and social costs in
the NHS, related to various diseases such as can-
cer, osteoarthritis, fibromyalgia, and neuropathy.

Chronic musculoskeletal pain (CMP) preva-
lence is ranged from 19% to 30% in adult popu-
lation, increasing with age >65 years old with a
progressive impairment in quality of life (QoL)
and physical function [8–13].

Some interesting studies have found out an
association between CP and CVD in terms of
morbidity and mortality. In Swedish adult popu-
lation, the relationship between chronic pain and
all the potential causes of mortality showed an
increased risk associated with CP, firstly related
to CVD and secondly to cancer conditions.

Furthermore, the extension of pain and the
number of locations contributed to increase the
risk [14]. Similar findings were obtained by Ryan
et al. [15] in a secondary analysis on 5054 middle-
aged and elderly adults in the Health Survey for
England (2008). The prevalence and risk factors
of CVD were associated with CMP population.
Additionally, the reduction of physical activity or
increased sedentary lifestyle contributed to car-
diovascular (CV) conditions risks. A similar
trend, not so significant, was observed in mid-
dle-aged adults.

Finally, a recent systematic review of 25 stud-
ies has statistically demonstrated a significant
association between CP and CVD mortality and
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cardiac and cerebrovascular diseases (OR ranged
1.21–1.81). The analysis showed a larger effect
size between chronic pain phenotypes and cardio-
vascular outcomes, supporting the model in which
chronic pain predisposes CVD through chronic
stress model [16].

Management of CP involves a wide range of
approaches, including drugs, acupunctures, exer-
cises, manual therapies, and others.

Literature supports the model of multi-
disciplinary approach to prevent, reduce, and sup-
port patients with chronic pain, requiring an
improvement of basic culture in the populations’
lifestyle. It is also helpful to decrease CV risky
factors [17].

As far as manual therapies are concerned, the
osteopathic manipulative treatment (OMT) is an
approach focused on the management of CMP,
which emphasizes the role of musculoskeletal
system (MSs) in health and sickness. Osteopathic
treatment improves the function of tissues and the
related body system, throughout a palpatory
assessment of movements and postures and
using a variety of manual techniques [18].

The OMT showed relevant effects in reducing
pain and improving functional status (i.e., chronic
low back pain, neck pain, tension-type headache)
and also in balancing functional measures such as
heart rate variability, respiratory parameters, and
pro-inflammatory cytokines [19].

This chapter aims at illustrating the osteopathic
management of pain with particular focus on the
implications of CVD on pain mechanism and
health status. Exploring the benefits of osteopathic
treatment assures CVD patients of multi-
disciplinary approaches.

Osteopathic Principles and Pain
Analysis

According to the International Association for the
Study of Pain (IASP), the definition of pain con-
siders two important aspects: unpleasant sensation
and perception as an emotional experience [20].

Literature offers a wide discussion on pain def-
inition; however, it has to be complained at least
once in a lifetime, and it is related to many body

conditions such as illnesses and injuries or to non-
specific disorders and emotional circumstances
[21]. Regardless of the damage, pain is character-
ized by complex pathways in the central nervous
system (CNS), involving processes of memory by
means of sensitization and neuroplasticity. These
mechanisms support the awareness of experiencing
danger, and they involve CNS at all levels, emo-
tional and cognitive areas included [22].

The experience of pain results unique for each
patient, and it is considered as a nonstop challenge
for all health-care providers.

Clinical classification of pain is based on its
pathophysiologic mechanisms, its characteristics,
and its developments in time. As far as mecha-
nisms are concerned, pain depends on the inter-
ested injured tissues, classifying neuropathic pain
(nerve’s injury) versus inflammatory pain. Both
pains are triggered by spontaneous exacerbation
due to an inflammatory process in tissues, while
the neuropathic pain is detected as a paroxysmal
sensation due to the neuronal conduction injury.
Non-specific (or aspecific) pain, as well known as
transient pain, is elicited by the presence of
nociception in the absence of injured tissues [23].

Clinic characteristics are a miscellaneous field
associated with type of injury diseases and/or
mood. Hyperalgesia and allodynia are a mis-
matched response to non- and less-painful stimuli.
Intensity is recognized to be mild (�4/10), mod-
erate (5/10 or 6/10), and severe (�7/10) [24].
6 weeks is the recovery time for an acute pain
state, and 3 months or more are necessary in case
of chronic pain state [23].

Neurophysiology of Pain

The central nervous system has the leading role in
experiencing pain as a signal of danger and injury.
Repeated physical and chemical stimuli are able
to excite C and Aδ fibers transducing the sensa-
tion of tissue injury. Therefore, pain is processed
by CNS, and it is modulated as perception [22].

Considering chronic pain as dominant condi-
tion, peripheral and central sensitization processes
are taken into consideration for analyzing the
pain.
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According to Woolf, sensitization is an activ-
ity-dependent synaptic plasticity related to inflam-
matory communication among tissues, afferent
fibers, and spinal interneurons [25].

Several studies in tissue injury found out an
increasing number of open receptor sites on
synaptic membranes of free nerve ending
(FNE) receptors due to the interaction of inflam-
matory cytokines such as prostaglandin (PGE),
substantia P (SP), nitric oxide, histamine, necrosis
factors, and interleukins [26].

Current investigations have also linked this
synaptic adjustment to the mechanotransduction
of altered physical force from tissues to receptors
by integrins [27]. Zhang et al. [28] investigated
the integrin-dependent pathway sustained pain
after mechanical stretch, showing of an
upregulation of subunit β1 after 7 days, which
contributed SP-mediated nociception.

In order to define the characteristic and the
intensity of noxious stimuli, peripheral sensitiza-
tion decreases the discharge threshold of fibers
and sustains a continuous transmission of
nociception. The effect of increased excitability
in afferent fibers induces a transcriptional activity
in dorsal root ganglion (DRG), which corresponds
to a production, to an allocation of receptor sites,
and to neurotransmitter vesicles in both neural
endings.

This transcriptional activity modifies the spinal
cord dorsal horn communication [29]. Reihnold
et al. [30] discriminated the reaction among DRG
cells directly involved in detecting gene expres-
sion changes linked to neuropathic pain in all
neurons.

Based on the spinal gate control theory by
Melzack and Wall, in 1965, the central sensitiza-
tion involves interneuron plasticity changes and
the inhibitory control on nociception.

Two aspects were principally investigated: the
inflammatory communication among dorsal horn
(DH) neurons (decreasing threshold excitability)
and the roles of N-methyl-D-aspartate (NMDA)
receptors which sustain the phenomena [25].

Several authors studied the variation in excit-
atory interneurons. This message was reinforced
by releasing inflammatory co-transmitters, such
as PGE, to react nociceptive transduction from

afferent fibers. As observed on FNE receptors,
this change is due to modified transcriptional cell
functions involving receptor site structures, too
[31].

Recent researches focused their attention on
facilitated receptor membranes, not only in neural
cells but also in DH’s glial cells, emphasizing the
role of the immune system in central sensitization
[32]. Konig et al. [33] demonstrated TNF-α as a
pain molecule, and this is considered the key of
communication between microglia and DH
neurons.

Chronicization mechanism recognizes the role
of NMDA receptors in the memory process linked
to long-term DH neurons potential as in the supra-
thalamic nucleus and in cortex. Woolf’s studies
proved the upregulation of these receptors from
persistent pain conditions allowing a transmission
of ascending nociceptive signals [25].

Actually, scientific knowledge updates NMDA
receptor roles related to chronic stress molecules
(i.e., catecholamines and glucocorticoids)
accountable for DH neuroplasticity interplaying
with glial interleukins [34]. Basso et al. explored
the role of granulocytes on the development of
sensitization to visceral pain, showing how spinal
microglia increased the excitability and triggered
the hypersensitivity pain due to CRH interaction
[35].

Indeed, the role of chronic stress theory, in CP
conditions, has been recognized as a retaining
ascending signal, promoting adaptive memory in
both limbic nucleus and influencing the inhibitory
descending pathway.

Growing evidence underlined the role of the
increased activity of ON-cells in periaqueductal
gray matter (PAG) to retain the hyperalgesia con-
dition, supporting by stress-induced
neuroplasticity of descending regulators [36].

Mapping the activity of brain structure with
functional magnetic resonance in response to
painful stimuli or chronic pain, it became clear
that most of the activated areas of what has been
called pain matrix were not specific for pain, but
were involved in physiological control of the
body and emotional response (i.e., insular cortex
(IC), anterior cingulate cortex (ACC), and pre-
frontal cortex (PFC)) [37].
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Human brain imaging studies showed that IC
known as interoceptive cortex, processed vis-
ceral and somatic nociception, as well as all
other sensorial information, and elicited emotion
sensation of pain, playing a pivotal role in pro-
cessing and learning pain experience. Its connec-
tivity interested ACC, generating motivational
components of pain. These areas are interested
by mnemonic processes due to an increase of IC
and ACC long-term potential in neuropathic pain
studies [38].

PFC has a crucial role in executive function. Its
wide connection with the neocortex, hippocam-
pus, PAG, amygdala, thalamus, and basal nuclei is
related to one another. Several authors investi-
gated the connectivity changes in CP, showing a
different modulation in PAG activation, an
increase of connectivity in dopamine pathways
as emotional response (i.e., ventral tegmental
area) and motor response (i.e., basal ganglia).
Finally, PFC influenced the autonomic response
of cardiovascular system and the respiratory sys-
tem throughout amygdala connectivity [39].

Cortico-limbic areas are also influenced by
chronic stress response, specifically involving
the neuroplasticity of hippocampal neurons in
CP conditions due to cortico-releasing hormones
[40]. A critical aspect of pain, before being per-
ceived, is the signal of danger, and it requests
an adaptive strategy to preserve the life of the
tissue. The organization of PM involves sub-
limbic effector nucleus driving CNS output to
tissue [41].

First of all, the neurogenic inflammation is a
FNE response to tissue injury, and it is sustained
by peripheral sensitization. Antidromic stimulus
allows the release of inflammatory mediators in
FNE [42]. Inflammatory molecules drive the sig-
nals to repair injuries of the tissue, which engage
vascular endothelial cells, myofibroblast cells,
and fibroblast cells for supporting extracellular
matrix (ECM) remodeling [43]. Simultaneously,
CNS integration pathways create a multilevel and
modal adaptive response involving autonomic
outflow and neuroendocrine axis in order to com-
ply the physiologic variables in a pain status (i.e.,
cardiac and respiratory frequency, thermal regula-
tion, and energy expenditures) [44].

Osteopathic Pain Management

The osteopathic manipulative treatment is based
on “a concept of health care supported by
expanding scientific knowledge which embraces
the concept of unity of living organism’s structure
(anatomy) and function (physiology). Osteopathic
philosophy emphasizes the following principles:
the human being is a dynamic unit function. The
body possesses self-regulatory mechanisms
which are self-healing in nature. Structures and
functions are interrelated at all levels” [18].

During an osteopathic visit and during a treat-
ment, the philosophy previously mentioned is
applied to investigate pain conditions, to identify
related somatic dysfunctions (SD) [45], and to
arrange the rational and the sequence of osteo-
pathic techniques.

Non-specific CMP conditions are the major
targets for osteopathic intervention. While the
history of pain is being investigated, the osteopath
has to take into consideration (see Table 1):

• Homeostatic issue, such as peripheral sensiti-
zation and tissue remodeling

• The previous history, involving adaptive rela-
tions between structure and function

• Perception of well-being, as a link between
intensity and disability [46–48]

Concerning homeostatic issue, the analysis of
pain should answer two main fields, what exacer-
bates pain and what evocates pain?

Both questions are related to sensitization
mechanism established in the tissue and spinal
cord. Hyperalgesia is a spontaneous phenomenon,
and it can be linked to the local and global move-
ment of a stressed painful tissue. Miyagi et al. [49]
found several numbers of afferent fibers and
inflammatory cytokine expressions in
degenerating intervertebral disk compared to the
healthy ones. The results agreed with other studies
to support the influence of inflammation and of
FNE sensitizations to tissue remodeling.
Mechanosensitivity changes seem to sustain the
exacerbation of pain during physical stress, as
demonstrated by Zhang in joint capsules [28].
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An interesting review, focused on immune-tis-
sue communication, linked the regulation of toll-
like receptor (TLR) family to all involved cells
(tissue, immune, and neuronal cells) from inflam-
matory stages to healing stages. Unbalancing in
TLR functions contributes to the chronicization of
inflammatory responses, and it moves the tissues
over fibrosis [50]. This has been found in osteo-
arthritic joints, whose disability was often
described, by patients, as a pain in the early stages
of this pathology [51].

The biomechanical investigation of current
pain begins from a localized point in the whole
body. Central sensitization mechanism supports
the expansion and the projection of pain in adja-
cent regions or nonadjacent ones, involving sev-
eral spinal cord levels, convergent areas in DH,
the thalamus, and the cortex [25].

Indeed, it is necessary to recognize a previous
influence on the pain pathways. Past history of the
patient permits to investigate events (i.e., injuries
and surgeries), diseases, or functional disorders
(dyspepsia, dysmenorrhea, irritable bowel syn-
drome, etc.) which facilitate central sensitization
and stress response. Awide literature explored the
concept of allostasis and allostatic load as physi-
ological regulatory processes required for well-
being and survival [52]. CNS networks coordinate
patterns of processing (cognition, awareness,
memory, etc.), movement, and emotional state
(with autonomic outflow), regulating the whole
physiology. These networks were influenced by
chronic stress mediators and were associated with
pain and pathological states [53]. Recent studies

have shown stress hormone hypersecretion (alone
or associated with distinct disorders) such as anx-
iety, obesity, autoimmune disorders, type 2 diabe-
tes mellitus, and polycystic ovary syndrome. It
has been associated with psychological and
somatic manifestations, increased fat mass,
osteosarcopenia/frailty, cellular dehydration, and
chronic systemic inflammation [54].

The analysis of perception is an important step
in the management of pain, and it must be done
considering “human being as a dynamic unit”
body-mind function [46].

As far as the investigation of pain perception is
concerned, an interesting study of Hashmi et al.
[55] sustained the shift of brain activity toward a
predominantly emotional involvement in CP
states. The perception of back pain was observed
to engage different brain activations across differ-
ent groups of back pain. Recovering subacute pain
(SBP) group, no prior back pain history and expe-
rienced less than 2 months, showed an activity in
IC, ACC, and thalamus (TH) regions which
decrease at the remission of the pain state. These
areas were active, and they involved PFC and the
amygdala in persistent SBP (pain lasted at least
3 months) and CP group (at least 6 months) and
PFC. These areas had a predominant activity in
chronic conditions. The nonoverlapping regions
(involved in CP) supported the concept of emo-
tional-related circuits as prior adaptive network
characterizing the chronicization of pain.

PFC is involved in sensorial (i.e., smell), phys-
iological (i.e., thirst), or hedonistic (i.e., money)
pleasures throughout dopaminergic signals. It also

Table 1 Osteopathic management of pain

Osteopathic principles

Taking history

Homeostatic Previous Perception

Issue History Well-being

Who? Sensitization Illness Social relationship

Chronic pain Process Mood disorder

Tissue remodeling Surgery Functional disability

Functional disorder

How? Neurophysiology Pathophysiology (inflammation and repair
processes)

Pain matrix

Knowledge Functional
anatomy

Chronic stress
model

What? Exacerbate Arrange Contribute

Happen to pain Evoke Sustain
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elaborates the control of cardiorespiratory vari-
ables related to pleasure perceptions. Therefore,
PFC and dopamine are recognized as an emo-
tional state leading to reach pleasure across dopa-
minergic reward system, as showed in studies on
drug addiction [56].

Quality of life is related to the ability to have a
good life, and it is influenced by economical,
cultural, and spiritual factors, physiological sta-
tus included. Symptoms are sensations. Physical
symptoms are “a perception, a feeling or a belief
about the state of one’s own body,” and emo-
tional involvements such as worry, frustration,
and fear must be considered. The functional sta-
tus depends on symptoms, personalities, and
motivations in terms of socio physical function
[57]. In general, the well-being in adults with
physical disabilities is associated with social
relationships. Negative social interactions, lack
of social support, and family functioning were
found out to be associated with anxiety and
depressive indexes [58].

Concerning CP, there are evidences of a signif-
icant relationship between an increased pain
intensity and a decreased quality of life, in adults
over 40 years old, with different pain conditions
associated with osteoarthritis, rheumatoid arthri-
tis, and neuropathy [59].

Furthermore, pain intensity, disability, infor-
mation, and employment are associated with
the development of mood disorder in CMP
[60]. Finally, as demonstrated by Coppierters
et al. [61], CP patients showed a low QoL, and
their cognitive impairment was inversely

correlated with QoL supporting the link among
chronic conditions, perceptions, and cognitive
performances.

Restoring pain conditions is one of the main
goals of therapists, and it remains a challenge, too.
In fact, health-care providers could differently
perceive the patient’s QoL, as showed in a study
on assessment of QoL in multiple sclerosis. Inves-
tigation based on a comparison between domains
of a 36 questionnaire format was considered
important by both patients and neurologists. The
results showed two different points of view, in
which patients evaluate vitality, general health,
and body pain as a relevant aspect (in consider
by neurologists); instead, doctors focused their
attentions on physical functions and physical
role of limitations [62].

Indeed, collecting a center-patient history is
essential in determining the impact of pain on
physical, mental, and emotional functions. It is
necessary to take into consideration the patient’s
priority [46].

The second step in the osteopathic manage-
ment of pain is the palpatory assessment. Its goal
is the recognization of the functional demands of
adaptive responses.

Osteopathic objective examination is focused
on (see Table 2):

• Identifying the somatic dysfunctions (SDs) and
their relationships with complained conditions

• Analyzing SDs relations throughout the body
and their perturbations on functional systems
[18, 46]

Table 2 Osteopathic management of pain assessment

Osteopathic principles

Body exam

Homeostatic Previous Perception

Issue History Well-being

Who? Somatic dysfunction Illness Social relationship

Chronic pain Tenderness Mood disorder

Range of motion Surgery Functional disability

Texture remodeling Functional disorder

How? Tissue changes Movement adjustment Emotional behaviors

Palpatory skill Tissue memory Postural adaptation Motor behaviors

Experience

What? Exacerbate Arrange Contribute

Happen to pain Evoke Sustain
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Somatic dysfunction is defined as a perturba-
tion in movement capability and a positional
adjustment expressed by vertebral column joints
[18]. The concept could be extended to all joints
including any tissue plan sliding. SD is supposed
to be related to a remodeling connective tissue,
mediated by peripheral sensitization and to stress
mediators, locally and globally [63]. Palpatory
findings of SD are postulated to be tissue tender-
ness of involved joint, asymmetry in the range of
movements, and different tissue texture (recog-
nized as “restricted barrier”) in comparison to
other joints [18]. Even if the reliability of
detecting SD has been questioned, its concept of
tissue and body movements are the basic knowl-
edge in a palpatory ability [64].

The very first characteristic of SD is tender-
ness, inducing pain by palpation in superficial and
deeper musculoskeletal (MS) tissues. Provoked
pain is related to a nociceptive peripheral and
central sensitization mechanism, and the measure
of pain pressure has been demonstrated to be
lower in many CMP conditions [65–67].

In 1940, Korr and Denslow’s facilitated seg-
ment theory ascribed the establishment of somatic
dysfunction as a lowering mechanoceptors by
stressful movements: an altered transmission
involving nociception, sustaining tenderness,
having adaptive changes of muscular tone and
vasomotion in MS tissues. Actually, this view
integrates concepts as well as tissue movements.
These are detected from receptors as interoception
[68].

During palpatory SD tests, osteopath induces
movement in tissue with forces and directions,
stressing the physiological limits of movement.
In response to these stimuli, FNE could transduce
movements in tissue as danger stressor, provoking
a pain sensation. In capsular inflamed joints, this
event is characterized by DRG transcription activ-
ity, sustaining transmission and neurogenic
inflammation [28]. Furthermore, several studies
demonstrated fibroblast as a different based on
type response, consisting in different directions
and in frequent physical movements. In particular,
repeated nonrhythmic strains caused a production
of inflammatory cytokines, supporting the noci-
ceptive message in tissue [69].

Pain history analysis and related factors permit
the osteopath to recognize the main body regions
involved in the presentation, and he/she can
examine them to detect the somatic dysfunctions
by tenderness. While examining hyperalgesia and
tenderness, it is possible to relate SD to pain
status, confirmed by relief to application of inhi-
bition test on tissue.

Inducted movements in osteopathic palpation
(from pressure to multi-direction forces), allow
the osteopath to detail density, elastic response,
and spontaneously adaptation of the tissues which
characterizes the texture definition. This decision-
making process is supported by neuroplasticity.
The process depends on each operator [64].

The connective tissue remodels itself in
response to the inflammatory state as soon as it
is recognized, and it has been investigated in
connection with the influence of physical force
[71].

Fibrosis, as consequence of inflammation, was
mediated by macrophages’ polarization in pro-
and anti-inflammatory type [72]. Macrophage
polarization was related to muscle repair process
[73], fascia [74], and peritoneal fibrosis [75]. An
interesting study of Lagrota-Candido et al. [76]
showed the relationship among inflammation, MS
remodeling, and genetic backgrounds, supporting
the concept that each body is unique in self-
healing.

Reorientation of fibrillary components in the
ECM (in persistent and repetitive stress) was stud-
ied in different conditions, like hypertrophic scar
and tendon remodeling.

In vitro studies showed an organization of
fibrillary matrix, parallel to strain, and share a
mediated stress by fibroblast orientation (upright
to stress) [77]. In physiological length, range of
tendons and different elongations were related to
several levels of matrix genes. The activation of
growth factors increased the mechanical strain
[78]. Legerlotz et al. [79] investigated the link
between fatigue loading and collagen expression
in tendons (sustained by expression of IL-6),
which had different degrees of fatigue injury.
Finally, conversion of skin fibroblasts into hyper-
trophic scar fibroblasts was related to the magni-
tude of applied stretching, and it produced an
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increased synthesis of collagen types I and III
(supporting the influence of mechanical stress on
fiber density in connective tissue) [80].

In vivo investigation of fascia, ECM showed
complex pathways in distribution of movement
whose fibrillary architecture distributes intrinsic
and extrinsic forces among tissues (i.e., blood
vessel, tendon, epithelium) [81].

In musculoskeletal connective tissue
remodeling, inflammatory and mechanical inter-
actions agree with the osteopathic concept of
“restricted barrier” in SD; density and elastic
response identify changes in tissues limiting
expression of movement.

In addition, MS fascia has been considered as a
sensory organ thanks to the high presence of FNE
and mechanoceptors, which map the myotome
and dermatome distribution. MS fascia has been
recognized as involved in nociception and as a
mechanism of sensitization [68].

Osteopathic palpation methods propose an
assessment aimed at identifying the intrinsic
movements expressed by tissue along fascial con-
nections with and without imposed movements.
Assessment without applied forces – indirect
method – is based on the development of
palpatory skills which are able to perceive intrin-
sic tissue movements [18].

It has been supposed that intrinsic movements
are due to fascial properties of contractility, vis-
coelasticity, and fluidic dynamics, which orga-
nized the fascial system as a “semiconductive
system exhibiting coherent vibration throughout
the organism” [68].

Biomechanical models of osteopathic exami-
nation support the identification of SD relation
across the whole body. Observation and assess-
ment of postural adjustments are helpful to recog-
nize primary and secondary influences among
SDs, distinguishing posture and movements in
affected patients’ CP [70].

Functional imaging in CP has demonstrated
changes in connectivity of the motor cortex, cer-
ebellum, and basal ganglia (BG) characterizing
the structure of PM [82]. Supplementary motor
areas (SMA) were involved in motor control and
pain processing. In particular, an increased activ-
ity was detected in the middle cingulate cortex and

SMA as motor process, and pain occurred simul-
taneously [83]. Oertel et al. [84] showed how IC
involved SMA in processing the relationship
between intensity and perception of noxious
stimuli.

Planning and execution of movements are
properties of cerebellum pathways, which were
discovered to be implicated in processing pain
by means of increased connectivity with SMA
[85]. Finally, emotional procedure memory in
BG was associated with pain status; the caudate
nucleus and the putamen were engaged in
response to acute sensation, while nucleus
accumbens changed its connectivity in CP [86].

Therefore, postural adjustment and movement
patterns in CP could be related to changes in
behavioral motor pathways arranged to support
pain status by CNS. These also mediate changes
in tissues throughout amygdala homeostatic con-
trol and brainstem nucleus. Hashimi et al. [55]
showed an increased connectivity between the
amygdala and pain cortex (IC, ACC, PFC)
directly associated to chronicization. Cortico-
releasing factor neurons of these regions were
found related to impaired descending control in
CP, as another contributing factor to
chronicization [87]. In addition, the amygdala
has a crucial role in controlling inflammatory
response to stress, as showed by Muscatell et al
[88].

The motor cortex, ACC, and hypothalamus
connectivity were related to muscle sympathetic
nervous activity (MSNA) in response to pain
stimuli with different pathways. Increased
MSNA group and decreased MSNA group con-
nectivity diverged in control of brainstem nuclei,
suggesting the emotional pathways of pain related
to increased sympathetic activity to muscle [89].

CNS response to pain supports the concept of
adaptations of tissue texture not only organized by
local inflammatory factors but also by neuronal
activity, coordinating hormonal and autonomic
homeostasis in relation to motor control patterns.
Texture changes throughout fascial systems sus-
tain a bodily and subjective (depending on his-
tory) ability restructuring to coordinate loading on
MSs. The aim is preserving as much as possible
the ability of the movement to conduct social
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interactions. Analyzing these organized changes,
osteopaths should be able to collect rational bases
to plan OMTs.

Osteopathic Management in Cardiac
and Cardiovascular Diseases

The high prevalence of cardiovascular diseases is
documented in osteopathic practice.

Cross-sectional survey studies, conducted in
the United Kingdom and in Australia, showed
some patients’ profiles – including complained
subacute and chronic musculoskeletal pain –
both genders between 30 and 50 years old and
other patients’ profiles aged over 65 years old.
Thirty-seven percent of patients had
comorbidities, and a first diagnosis was related
to the presence of CVD (10–17%) [90, 91].

Osteopath must consider two main aspects as
far as the management of overlapped CV condi-
tions in CMP is concerned (see Table 3):

• Disease involvement in pain chronicization
• Bodily involvement MS adjustments in sus-

taining CV system dysregulation [18]

Cardiac Pain Management
Pain pathways are involved in cardiac diseases.
Angina pectoris represents the main symptom
associated with imbalance in myocardial oxygen
supply, and it refers to upper regions of the body,

including the chest, left shoulder, upper limb, and
neck. The upper thoracic spinal cord levels
involve cardiac pains; they are characterized by
the convergent on DH of afferents, from muscu-
loskeletal and gastroenteric chest structures. This
map explains the distribution of cardiac pain [92].

The presence of previous episodes of angina
pectoris and/or coronary artery disease should be
evaluated as a contribution of sensitization mech-
anisms in the neck, shoulder, and chest CMP, or
headache. Biomechanics of thorax should be
taken into consideration during cardiac pain.
These biomechanics coordinate the breathing
and support the cardiac oxygen demand
influenced by anxiety perception. PM organiza-
tion and the influences of stressing factors on
memory processes could sustain this breathing
strategy. It involves overload in lumbar pelvic
muscle and contributes to sustain CMP in lower
body regions.

By mapping the spinal cord, primary afferent
fibers and cardiac neurons in DRG showed a wide
distribution area which involves middle and lower
thorax levels (from ventricular chambers and
ascending axon projections to cervical DRG
from eighth to fifth level) [93]. Myocardial affer-
ent neurons conduct nociception in response to
ischemic stimulus [94] and have a related
increased activity in transcription of TNF α,
supporting sensitization changes during heart
infraction [95].

Cardiac pain modulation was also found to be
related to the activation of reflex circuits in ventral
lamina of thoracic DH, and it is supposed to

Table 3 Osteopathic management of cardiovascular disease

Osteopathic principles

Osteopathic treatment

Homeostatic Previous Perception

Issue History Well-being

Who? Cardiac pain sensitization Movement adjustment Fear

Social relationship

Chronic pain Breathing biomechanics Postural adaptation Functional disability

Muscle oxygenation

How? Heart rate variability Allostatic overload Emotional behaviors

Body involvement Blood pressure Motor behaviors

Tissue drainage

What? Exacerbate Arrange Contribute

Happen to pain Evoke Sustain
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sustain the secondary hyperalgesia complained
after a cardiac ischemia [96]. An ischemic model
of reflex response by Liu et al. [97] explained the
spinal involvement in visceral somatic cardiac
reflexes. Reflex activities were reflected by an
increased paraspinal electromyography (EMG)
subsequent to hypossic and inflammatory stimuli
in myocardial tissue. EMG detected a higher
activity in response to ischemic signals rather
than irritant chemicals. A concomitant divergent
response in blood pressure (increased in ischemia
and decreased in inflammation), suggesting a
brainstem modulation – as another mechanism
related to secondary muscle hyperalgesia – was
detected, too.

Brainstem region is known as a pain modulator
thanks to the dichotomous activity of PAG. In this
context, the role of vagus nerve and its sensory
nucleus (nucleus tractus solitarius (NTS)) have
been demonstrated to be implicated in both inhib-
itory and excitatory influences on the modulation
of the pain across its projections to cervical DH
[92]. Furthermore, NTS showed an excitatory
activity on paraspinal EMG when cardiac-evoked
nociception induce an increasing glutaminergic-
NMDA receptor activity. The involvement of
NMDA receptors in sensitization mechanism sup-
ports the hypothesis of brainstem region involve-
ment in secondary hyperalgesia [98].

These findings support the investigation of
somatic dysfunctions in cervical and thoracic
regions related to the pain status referred by
patients (extended to all trunk regions). In fact,
diaphragmatic and lumbar pelvic muscles are
involved in respiratory biomechanics as an active
participation and tonic control of movement. The
diaphragm muscle is responsible for the respira-
tory movements of lower rib cage. An interesting
study of Bastir et al. [99] showed wider move-
ments and a strong positive correlation between
the shape and the lower rib cage diameters –
compared to upper rib cage when diaphragmatic
respiration is involved. A contribution to the
change in lower thorax is carried out by abdomi-
nal muscles, lumbar spine muscles in the posterior
wall included. In bronchopneumopathy, a defor-
mation of the thorax has been recognized as a
consequence of the alterations in breathing

[100], which corresponded to a reduction in rib
cage volumes and abdominal volume increasing
[101]. In addition, an interesting study of
Hirjakova et al. [102] showed the relationship
between breathing and balance, during visual
tasks, which was found as associated with the
recruitment strategy for stability and for emo-
tional response, supporting the involvement of
lower regions of the body as a contribution to
dissipation of respiratory forces.

An emotional environment should be consid-
ered in breathing biomechanics in patients
experiencing cardiac pain.

The prevalence of mood disorder, after myo-
cardial infraction, has been assessed in 13% for
general anxiety and 19% for depression [103,
104]. Mood disorder has been investigated by
CNS functional imaging studies, showing an
altered connectivity among ACC, PFC, and the
amygdala related to the acquisition and the extinc-
tion of both emotional stimuli and fear [105]. As
described in the previous section, the same areas
are involved in PM organization and are impli-
cated in emotional and motor experienced pain.

In syndrome X, the experience of angina
pectoris was found to be associated with increased
connectivity among IC, PFC, and the cerebellum
[106]. The same areas are involved in several
interoceptive and nociceptive processes, such as
the interoceptive perception of heartbeat. In
healthy subjects, Pollatos et al. detected the inter-
oceptive awareness of heartbeat to be related to
increased connectivity on the insular cortex –with
the putamen and thalamus in attention tasks and
with the parietal lobe and thalamus in physical
tasks [107].

Connectivity among IC, the cerebellum, and
brainstem was also found to be increased in
breathing in chemoceptive stressor stimuli, as an
adaptive physiological strategy in hypercapnia
[108, 109]. In addition, von Leupoldt et al. studies
[110] investigated the affective dimension of dys-
pneic condition, finding an involvement of IC and
amygdala connectivity along with an unpleasant
sensation in resistive load inducing dyspnea.

Finally, PFC connectivity with the amygdala
was positively correlated with heart rate in emo-
tional tasks [111], associated with PAG activity to
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control heart rate in negative and positive emo-
tions [112]. PFC role has been linked to the
rewarding memory circuits in both unpleasant
and pleasant affections [56].

The implication of negative affection and
rewarding memory circuits in many unpleasant
conditions – which covered cardiac symptoms,
signs, and their relationship with motor control
area – supports the necessity to check respiratory
biomechanics and its role in maintaining postural
and motor behaviors altered in cardiac diseases.

Reflections in Cardiovascular
Dysfunctions
Cardiovascular diseases are a widespread range of
pathologies in which altered functions involve the
CV system in all levels. Pathophysiology deals
with intrinsic regulation (neuronal and paracrine),
autonomic control, and hormonal environments,
which dysregulate heart frequency, blood pres-
sure, and drainage circles.

Osteopathic management of CVD analyzes
how the body adaptive adjustments contribute to
the CV system dysfunction and if the OMT has
the wherewithal to influence it positively [18].

Respiratory biomechanics in cardiac pain
should be analyzed for several reasons, such as
pain sensitization, cardiac reflexes, and functional
relation of the heart and lung. Breathing move-
ment strategies supply oxygenation tissue
throughout different ways: blood gas exchanges
and drainage mechanisms. While breathing, mus-
cular work modifies the volume of the trunk,
supports venous circulation, and supports cardiac
load [113].

An interesting study of Miller et al. [114]
revealed a breathing modulation of femoral
venous pressure depending on abdominal pres-
sure (dynamic at rest) and decreasing during mus-
cle recruitment. Venous pressure does not respond
to different strategies of breathing, but it supports
the ability to coherently dissipate the breath across
abdominal volume plasticity, mediated by MSs.

In CVD, heart failure (HF) is the main condi-
tion involving respiratory system and breathing
biomechanics as shown in a study by Balzan
comparing stroke volume and cardiac output in

healthy and HF subjects. In this chapter, HF
patients did not show a variation in stroke volume
and cardiac output at rest as in healthy subjects,
while during light exercise, increased findings
were detected. It was supposed to be related to a
lack of ability to involve abdominal pump in
respiratory strategy to support cardiac load in
supine position. The recruitment of limb muscle
pump during standing position and exercise
allows them to improve the support to the heart
[115].

The osteopathic approach investigates the rela-
tionship among muscle chains (in terms of fascial
sliding plan remodeling), and it studies joint
expressions of movements and related changes
in tissue texture. The osteopathic approach aims
at helping the expression of moments and its
influence on homeostatic system. OMT could
influence the recruitment strategy in breathing
and muscle pump supporting venous blood flow,
cardiac load, and tissue oxygenation. O-Yurvati
et al. [116] found significant changes in cardiac
function and blood perfusion due to OMT in
patients recovering after coronary artery bypass
graft surgery. OMT was applied on rib cage dys-
function to improve respiratory function. Results
indicate a positive short-term influence on cardio-
vascular functions at least.

Twomain fields should be considered as linked
to the functional status expression in CVD: the
increased sympathetic nervous system (SNS)
activity and the chronic stress. These expressions
are recognized to be as a contribution to generate
and sustain disease conditions.

The increase of the sympathetic outflow (to
peripheral arteriolar resistance) and myocardium
is related to autonomic dysregulation in CVD.
Blood pressure and inotropic cardiac function are
both influenced. Cardiac neuraxis concerns plastic
capabilities in a responsive attempt to maintain an
adequate inotropic function. Functional and struc-
tural neuroplasticity have been shown at all levels
of neural hierarchy, from intrinsic organization to
cortical-limbic regions [117].

The sensory and sympathetic fiber remodeling
were related to an upregulation of inflam-
matory signals and to a dysregulation of
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mechanotransduction signals in both arrhythmic
[118] and ischemic cardiac diseases [119].

Changes in heart network are supported by
inflammatory and chronic stress-mediating sensi-
tization in brainstem CV nuclei, which sustain
bodily blood pressure (increasing SNS activity)
and involving neurohumoral pathway of the
hypothalamus. In blood hypertensive conditions,
CV nuclei in the brainstem have been related to be
sensitivity mechanisms – involving Angiotensin-
II (Ang II) pathways – from the hypothalamus.
This contributes to dysregulate baroreflex activity
(on long-term blood pressure control) [120], hor-
monal control (of adrenal axis) [121], and blood
pressure (in heart failure) [122].

Blood pressure control also involves the
mechanoreflexes (from peripheral resistances),
specifically from muscular vessels, and supports
the blood demand associated with physical activ-
ity. FNE muscular receptors, which are a firm
responsiveness to mechanical and chemical stim-
uli of muscle load, are linked to excitability of
SNS and are involved in blood hypertension sus-
tenance by sensitization of nitric oxide central
pathway in rostral-ventral-lateral medulla and
NTS [123].

The SNS is also involved in musculoskeletal
tissue remodeling as well as in CVD. Sympathetic
sprouting has been found as part of wound healing
[124] and in fracture callus [125] as mediator in
the beginning phases of repairing process. It has
been associated with inflammatory process in
tendinopathy [126], rheumatoid arthritis [127],
and osteoarthritis in early stages [128].

SNS has been recognized to participate in
defense response of the organism, influenced by
fight-flight CNS reaction and adrenal axis activa-
tion for regulating inflammation, blood supply,
and immune cells [129]. Furthermore, the
response to pain stimulus involved an increased
SNS activity in muscles sustaining the develop-
ment of CMP conditions [130].

Osteopathic management placates pain condi-
tions and improves movements and health status,
too. Sympathetic activity increase, in CVD
patients, could influence musculoskeletal
remodeling in supporting postural and movement

strategies, worsening CMP conditions. Perturba-
tion in movement involves tissue remodeling of
MMs and sustains a possible dysregulation of the
CV system. CMP and its adaptive MS strategies
could contribute to maintain mechanoreflex sen-
sitivity in CVD and to overload blood pressure
control.

Zegarra-Parodi et al. [131] detected a signifi-
cant and persistent skin vasodilatation in bilateral
superior limb (after spinal mobilization of
cervico-dorsal region) proposing a pressure-
dependent involvement of spinal somatic
mechanoceptors. In a sit-to-stand test,
mechanoreflex regulation of blood pressure was
studied in healthy patients as related to postural
muscle requirements. EMG activity of inferior
limb muscles was found as associated with varia-
tion in blood pressure and in balance. Results
indicated how inferior limb muscles were directly
involved in supporting blood pressure (in a chang-
ing position), while its strategy of balance main-
tenance was linked to blood pressure (in a
standing position) [132]. After similar conditions
(i.e., tilt test), OMT on cervical region showed
significant changes in heart rate variability
(HRV) confirming the influence on blood pressure
control [133]. Another contribution to tissue
remodeling and CVD derives from central and
peripheral interactions with chronic stress media-
tors. In association with SNS activities, glucocor-
ticoids (GC) have been found to be as a
fundamental feature in pathophysiology of CVD
supporting endothelial dysfunctions, sensitization
Ang II circuits of blood pressure control, and
memory adaptive processes in cortico-limbic cir-
cuits to CV regulation [134].

It should be considered that patients refer
chronic stress conditions during his/her osteo-
pathic visit. She/he sustains pain and
comorbidities and differently reacts to pain.
Some studies suggest a bidirectional communica-
tion between pain and stress hormones,
establishing chronicization mechanisms, behav-
ioral strategy [135], and mood disorder [136]
while facing an inflammatory state [137].

Several stress mediators (i.e., GC and Ang II)
on localized vessels showed an association with
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an increased expression of integrins and ECM
proteins, supporting connective tissue remodeling
in blood hypertension [134, 138]. GC-induced
neuroplasticity was found to be associated with
chronic unpredictable mild stress in the amygdala
[139]. In a CVD population, Tawakol et al. [140]
demonstrated a positive correlation between
amygdala connectivity and inflammatory index
related to atherosclerosis. Chronic stress was
sustained as a CV risk factor. Inflammatory envi-
ronments are the main mediators of EMC
remodeling, which have influenced endothelial
function, lymphatic drainage [141], fascial com-
position, and elasticity expression (i.e., stiffness)
[142], in CVand MS systems, respectively.

In addition, chronic stress has been investi-
gated as involved in body mass composition,
expenditure of energies, and related health status.
Humoral and inflammatory stress mediator con-
tributes to water controlling, fat composition,
muscle mass, and bone mass, supplying healthy
or unhealthy status and its own perception [54].

The effect of OMT suggests a possible benefi-
cial interaction on reducing inflammatory media-
tors both in vivo [143] and in vitro [144] studies.
Beneficial interaction in enhancing lymphatic sys-
tem is probably due to the improvement of the
ability to control postural/movement demands
[145] as a reduction of chronic stress condition.

A last consideration should be done on the
prevalence of CVD in elderly people. Frailty is
the characteristic of ageing population, defined as
“cumulative decline that erodes homeostatic
reserve until relatively minor stressor events trig-
ger disproportionate changes in health status, typ-
ically a fall or delirium” [146].

In this context, osteopathic management
should respect both the energetic availability and
the functional ability expressed by tissue ageing.
Awide range of manual techniques in osteopathic
treatment allow to plan a tailored approach to
improve balance rather than amplitude in move-
ments [18].

Some studies showed as OMT can be useful to
decrease postural ways [147] and increase quality
of life in adults [148], supporting a positive influ-
ence on perception and balance control in osteo-
pathic management.

Osteopathic Treatment and Health
Status

Supporting the efficacy on middle-term osteo-
pathic manipulative treatment (on several pain
and functional conditions) is recognized as a
main difficulty [63].

In CMP field, some osteopathic trials are
present in literature. The OSTEOPATHIC trial
included 455 chronic low back pain (LBP) sub-
jects and showed a significant improvement in
pain and disability scales after OMT, with a
large effect size in patients with high severity
of LBP [149]. In the trial, somatic dysfunctions
and inflammatory indexes were detected to sup-
port results. SD presence, in lumbar spine, was
positively correlated with LBP severity and
back-specific disability and inversely associ-
ated with quality of life [150]. Furthermore,
high number of SD were recorded as depressed
[151]. As far as inflammatory indexes are
concerned, measures of IL-1β and IL-6, corre-
lated with SD and the OMT, are associated with
a decrease in TNF-α [144]. The results support
the concept that the osteopathic assessment
could be useful to evaluate CMP. OMT is help-
ful to improve clinical status and reducing pain
signals.

Interesting reviews showed how musculoskel-
etal disorder OMT had a moderate-quality evi-
dence to relieve pain and improve functional
status (i.e., LBP, LBP in pregnancy, headache)
[152–155]. In pediatric field, OMTwas associated
with a reduction of length of stay – in pre-terms
infant [156] – and it showed controversy evidence
in other pediatric disorders, such as otitis media,
respiratory conditions, and scoliosis [157].
Concerning functional disorder (i.e., enteric and
urinary), few studies investigate the efficacy of
OMT and suggest a benefit from the osteopathic
management, presenting a favorable result on
symptoms and QoL [158, 159].

Several hypotheses have been proposed, in the
last 20 years of osteopathic researches, to support
clinical trial results.

The “interoceptive paradigm” proposed by
D’Alessandro et al. [63] induces a reflection on
how OMT influences health status:
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• Improvement of the movement expressed by
joints and fascial sliding plan represents a new
organization of the MS behaviors due to inter-
oceptive information generated by OMT.

• Tissue mechanotransduction transforms
the induced forces of OMT in a new tissue
communication in which functional
remodeling of ECM supports the new strategic
demand of movements.

• The new strategy acquired by means of OMT
improves perception and descending body reg-
ulations, balancing SNS firing and inflamma-
tory status related to chronic stress conditions.

Interoception, defined by Craig as “the sense of
the physiological condition of entire body,” is
mapped and integrated by the insular cortex,
which collects information from all tissues and
from the sensorial system. It processes them in
emotional and cognitive integration. Posterior IC
has been recognized to collect and process vis-
ceral sensitivity and interoception from somatic
structures (i.e., MS tissue and the skin) which also
covered proprioception sensitivity. IC processes
interoception with other sensorial information and
collaborates with the cingulate cortex and PFC to
elaborate emotional and cognitive adaptive
responses, supporting internal physiology and its
allostasis.

The anterior IC plays a crucial role in coordi-
nating amygdala homeostatic nuclei, involving
hormonal and autonomic regulations [160].

The role of IC and its connectivity in pain
and in CV condition has been described in the
previous section. The influence of OMT as
“interoceptive reintegration” is supported by
changes in IC connectivity depending on the
type of touch, as showed by Cerritelli et al
[161]. Furthermore, it can be hypothesized that
the effect of OMT is associated with this inter-
oceptive rehabilitation.

Heart rate variability is considered an index
which expresses a physiological control of the
autonomic nervous system onto the heart. CVD
and CMP have been associated with an impairment
of HRV; in particular these conditions demonstrate
an increased SNS activity on the heart supporting
its pathophysiologic involvement [162].

Osteopathic treatment was found having influ-
ence on HRV in different conditions as investi-
gated by Heley et al. A recent study confirms
previous results showing an increased parasym-
pathetic and decreased sympathetic activities to
modulate cardiac rhythms after OMT [163]. Func-
tional magnetic resonance study showed a corre-
lation among IC, ACC, and PFC connectivity and
the response of HRV to painful stimuli,
supporting the involvement of descending cortical
control in heart frequency and in blood pressure
[164]. The osteopathic treatment could induce a
balance in cardiac indexes informing cortical
pathways across interoceptive stimuli.

O-Yurvati’s findings, [116] after coronary
artery bypass graft (CABG) surgery, in which a
single manual treatment mediated the improve-
ment of oxygenation and cardiac indexes, were
supported by another study which investigated the
effect of daily osteopathic treatment on bowel
function during recovery from CABG surgery.

Visceral function was improved as well as
functional assessment score, resulting as a reduc-
tion of length of staying in OMT group [165]. If
the visceral function is regulated on the base of
interoception, it is reasonable to conceive that
osteopathic techniques, applied after a rational
and palpatory analysis of patients, supporting an
interoceptive integration and influencing CV
homeostasis.

Supporting this hypothesis, another osteo-
pathic trials’ contribution on balance disorders
was carried out. OMT showed short- and mid-
dle-terms efficacy on dizziness conditions [166,
167]. Disability index of imbalance improved,
and it was correlated to the reduction of postural
way, in particular, in physical and functional
scale, after OMT in vestibular benign disorder
[168]. The IC is involved in dizziness integration
as demonstrated by Riccelli et al. [169] sustaining
the possible interaction of OMT stimuli in intero-
ceptive and proprioceptive integration.

The osteopathic techniques influence the
interoception. Another challenge in osteopathic
research is finding out how osteopathic spinal
manipulation of lumbar region and OMT demon-
strated an influence on cortical motor excitability
[170] and corticospinal descending motor
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pathways [171]. These results could denote the
CNS response tissue-inducted forces transduced
by MS interoceptors.

The influence of osteopathic techniques on
tissues is unclear; in vitro experiment, a model
of osteopathic-induced forces suggests a response
in fibroblast cells. The reduction of IL-6 produc-
tion from 24-h repeated strained fibroblast to 24-h
indirect OMT supports the hypothesis of a direct
interaction with tissue (communication) [145],
implicating possible effect on ECM production
and remodeling, rather than on cytokine secretion
[172].

The biological effects in OMT are the key to
understand how CNS integrates a treatment.
CNS connectivity reorganization should be con-
sidered as an influence at different levels. It
should be considered as an affective touch
related to care-ness as an interoceptive sensitiv-
ity associated with a tissue change and as a pro-
prioceptive integration linked to postural
movement strategies.

Conclusion

The prevalence of cardiovascular disease and
chronic musculoskeletal pain is increasing in gen-
eral population over 50 years old. Prevention and
emergency policy in NHS improve the rating of
mortality in CVD, although disability grew
requiring an improvement policy for rehabilita-
tion and support services [3]. The comorbidity
between CMP and CVD is sustained by mutual
mechanisms such as sensitization, neuroplasticity,
and chronic stress [16].

Osteopathic manipulative treatment could be
helpful in multidisciplinary approaches to CVD
patients, improving musculoskeletal tissues and
functions, autonomic balance, and oxygenation
supply. OMT reduces pain conditions and
improves quality of life.

In 2016, it has been proposed a clinical trial
asking for osteopathic intervention. It has been
done to permit osteopaths to cooperate with car-
diac rehabilitation in CABG surgery, whose aim
will be evaluating OMT usefulness in supporting
rehabilitation programs [173].

The OMT sustain joints capability and fascial
properties. Muscle load expression could be help-
ful to support functionality of CV system through-
out the improvement of mechanoreflex
modulation and lymphatic circulation in hyper-
tension and heart failure conditions.

Considering the involvement in some CVD of
nociception and coexistent status of sensitization
to pain, osteopathic management has the potential
to improve perception, evocation, and related
functional disability of pain. This is possible due
to interoceptive influences rather than nociceptive
influences on PM. Furthermore, the improvement
in postural stability and in perception of balance
could be useful in supporting the rehabilitation of
physical sequelae in CVD.
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Abstract

The cardiovascular adverse effects that
may occur during treatment with the different
categories of psychotropic drugs and the dif-
ferences between single drugs within each

category are reviewed. The main adverse
reactions reported during psychotropic drug
treatments are, in order of prevalence, (1)
arrhythmias, since antidepressants and neuro-
leptics affect several ion channels involved in
the control of cardiac action potentials and thus
exert a proarrhythmic activity; (2) changes in
blood pressure; (3) impairment of ventricular
function; and (4) thromboembolism. Benign
arrhythmias and orthostatic hypotension are
the most common and most manageable
adverse effects. Arrhythmias, including
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torsades de pointes, and impairment of ventric-
ular function may lead to sudden death whose
odds ratio for the antipsychotics ranges between
1.72 for quetiapine and 3.67 for clozapine. The
risk of cardiovascular adverse effects is higher
for the typical antipsychotics than for the atypi-
cal. Among the latter, clozapine prescription
requires particular attention. Tricyclic antide-
pressants and lithium are frequently accompa-
nied by dysrhythmias, including QT interval
prolongation, but sudden death is a rare event.
A marginal risk of myocardial infarction
during antidepressant therapy exists, but the
risk of cardiovascular adverse effects with
non-tricyclic antidepressants is remarkably
low and practically nonexistent for the mood
modifiers, except lithium and anxiolytics.

Keywords

Antidepressants · Antipsychotics ·
Anxiolytics · Lithium · Dysrhythmias ·
Orthostatic hypotension · Torsade des pointes ·
QT interval · Sudden cardiac death ·
Ventricular dysfunction

Abbreviations

ANS Autonomic nervous system
CI Confidence interval
CL Confidence limits
CVD Cardiovascular disease
ECG Electrocardiography
EEG Electroencephalography
HDL High-density lipoprotein
LDL Low-density lipoproteins
NASSA Noradrenergic and specific seroto-

nergic antidepressant
OR Odds ratio
QTc QT interval corrected for heart rate

according to Bazzett procedure
SD Standard deviations
SE Standard error
SMD Severe mental disorders
SNRI Selective noradrenaline reuptake

inhibitors
SSRI Selective serotonin reuptake inhibitors
TCA Tricyclic antidepressants
TdP Torsades de pointes

Introduction

The aim of this chapter is to review the possible
adverse cardiovascular effects of psychoactive
medications, their features, incidence, and the
risk that they may represent for the users. Psycho-
active medications are among the most widely
used drugs. In Italy, they represent the sixth
therapeutic category with the highest public
expenditure, about 1.8 billion euros per year
(AIFA – National Report on Medicines use in
Italy 2016 [1]). Historically, chlorpromazine, a
phenothiazine derivative, is considered the first
true psychotropic drug. It was introduced in the
early 1950s of the twentieth century for the treat-
ment of schizophrenia first in France and within
a few years throughout the world [2]. Few years
after the introduction, sudden deaths during treat-
ment with chlorpromazine and its analogues were
reported [3, 4] suggesting that antipsychotic
drugs may exert a direct cardiac toxicity in addi-
tion to other unwanted effects, namely, obesity,
dyslipidemia, and type 2 diabetes, that in turn
increase the cardiovascular risk of the patients
with severe mental disorders (SMD). SMD are
by themselves a risk factor for cardiovascular
disease (CVD). Schizophrenic patients are more
likely to have a first diagnosis of CVD at younger
age. Nearly half of men with schizophrenia had a
CVDdiagnosed under the age of 55 [5].Moreover,
patients with SMD die, on average, 15–20 years
earlier than people without SMD [6]. Their mor-
tality rate is more than two times higher than in the
general population [7], and CVD is the principal
cause of death accounting for up to 50% cases of
early mortality in schizophrenia. Since most
patients with SMD are treated with psychotropic
drugs, the question arises to which extent psycho-
tropic drugs contribute to the increase of CVD
risk. The issue is not fully defined [8], but adverse
drug effects may contribute to the early and fre-
quent development of cardiovascular disease in
this population, together with the genetic vulner-
ability [9] and the poor physical health [10] that
characterize SMD patients.

Much information on the cardiovascular
effects of psychotropic drugs, including sudden
death, can be found in a few reviews [11–14].
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The main cardiovascular adverse reactions that
may occur during psychotropic drug treatments
are, in order of prevalence, (1) arrhythmias, since
antidepressants and neuroleptics can affect sev-
eral ion channels involved in the control of cardiac
action potentials and thus exert a proarrhythmic
activity; (2) changes in blood pressure; (3) impair-
ment of ventricular function; and (4) thrombo-
embolism. Arrhythmias and impairment of
ventricular function may lead to sudden death.
Psychotropic drugs may also increase CVD risk
by causing the already mentioned dysmetabolic
alterations such as obesity and type 2 diabetes.
For instance, it is recognized that antipsychotics
increase total and low-density lipoproteins (LDL),
cholesterol, and triglycerides, while they decrease
high-density lipoprotein (HDL) cholesterol [15].
Moreover, patients affected by CVD may develop
psychiatric pathologies and need a treatment with
psychotropic drugs. These patients require a care-
ful selection of the therapy and a deep knowledge
of its possible adverse effects.

In the following pages, the cardiovascular
adverse effects that may occur during treatments
with different categories of psychotropic drugs
and the differences among single drugs within
each category will be reviewed.

Antipsychotic Drugs

The antipsychotic drugs, also called neuroleptics,
are usually classified in typical and atypical or first
generation and second generation. The two clas-
sifications usually overlap. Minor cardiovascular
adverse effects from antipsychotic drugs are
extremely common. They include postural hypo-
tension and tachycardia [16]. The severe adverse
effects are described below.

Sudden Deaths

Unexpected or sudden deaths are the most dra-
matic adverse effect related to antipsychotic ther-
apy. Their risk has been investigated by Salvo
et al. [17] in a large population of psychiatric
patients treated with different antipsychotic

drugs. The odds ratio (OR) ranges from 1.72
(95% CI: 1.33–2.23) for quetiapine to 3.67 for
clozapine (CI: 1.94–6.94). The risk was roughly
in the same range according to a cohort study
conducted between 2005 and 2011, using the
German Pharmacoepidemiological Research
database [18], in which haloperidol was associ-
ated with an increased risk of death (adjusted
OR 1.45; 95% CI: 1.35–1.55). An overrepresen-
tation of phenothiazines, in particular thiorida-
zine, in cases of sudden death was reported in a
Finnish study [19]. A high adjusted OR (5.3; 95%
CL: 1.7–16.2, P = 0.004) for thioridazine was
also found by Reilly et al. [20], and the statistical
analysis demonstrated that thioridazine only was
associated with sudden unexplained deaths, the
most likely mechanism being drug-induced
arrhythmia. Actually, two main causes underlie
the increased risk of death related to antipsy-
chotics: (1) heart muscle disorders, including
myocarditis and cardiomyopathy, and (2) dys-
rhythmias, with large differences in the incidence
between the different drugs.

Heart Muscle Disorders

A search [21] of the WHO international database
on adverse drug reactions revealed that myocar-
ditis and cardiomyopathy are rarely reported
as suspected adverse drug reactions, accounting
for less than 0.1% (2121) of almost 2.5 million
reports. However, they may be responsible of fatal
outcomes. Clozapine is the antipsychotic for
which the largest number of heart muscle disor-
ders was registered with a total of 231 cases,
followed by risperidone with 16, chlorpromazine
14, and haloperidol 11. The numbers decrease
progressively for the other antipsychotics. The
high prevalence of clozapine-related cardiac
unwanted effects prompted a number of studies
on this drug [11, 22–24]. In a study [22] on 8000
patients, treated with therapeutic doses of cloza-
pine, 23 cases of myocarditis and cardiomyopathy
(absolute risk 0.29%), with 6 deaths, were
described. In a recent extensive review [23],
an incidence of up to 3% of myocarditis in
clozapine-treated patients was reported. It is
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believed that sudden deaths occurring during clo-
zapine use may be caused by an unrecognized,
fulminant myocarditis [25]. The onset of cloza-
pine myocarditis is dose-independent and tends to
occur early, days, and weeks, after the beginning
of therapy. The clinical picture may be variable
and begins with flu-like symptoms followed by
cardiovascular symptoms including tachycardia,
chest pain, syncope, arrhythmias, and hypoten-
sion [23]. High blood levels of troponin I are
always present, and their measure can be used
as a diagnostic marker [25] and for monitoring
patients taking clozapine [26]. When it was
possible to perform necropsy, an acute myocardi-
tis with an eosinophilic infiltrate was found.
Peripheral-blood eosinophilia was also detected,
and the overall picture is consistent with an acute
drug reaction [22]. Clozapine-associated pericar-
ditis was also reported [26, 27]. Dilated cardio-
myopathy is a rare, severe adverse effect of
clozapine with an incidence of 0.02–0.1% and a
mortality rate of up to 17% [28]. It has been the
object of a systematic review [29]. Like myocar-
ditis, it is dose-independent, but its onset is
delayed, and the symptoms tend to develop one
or more years after clozapine initiation. The clin-
ical picture is consistent with heart failure and
includes a persistent tachycardia at rest, dyspnea,
and palpitations, and the echocardiography exam-
ination shows heart dilatation [22, 23, 29]. Both
myocarditis [30] and dilated cardiomyopathy [31]
are reversible upon clozapine discontinuation, and
a switch to a different antipsychotic drug, such as
olanzapine, is possible [32]. However, it must be
mentioned that, in spite of the severe adverse
effects, including agranulocytosis and embolism,
a study including over 67,000 users in the years
1993–1997 demonstrates that clozapine reduces
overall mortality in severe schizophrenic, mostly
by decreasing suicide rates [33].

According to an extensive epidemiological
study carried out by Coulter et al. [21] on the
WHO database, the entire group of antipsychotic
drugs is significantly associated with myocarditis
and cardiomyopathy together, but the association
is much weaker for the other drugs than for clo-
zapine. There are differences between drugs:
chlorpromazine is significantly associated with
myocarditis and cardiomyopathy, separately;

fluphenazine and risperidone are significantly
associated with cardiomyopathy but not myocar-
ditis. Haloperidol is associated with myocarditis
but not cardiomyopathy. The clinical pictures
do not differ from those described for clozapine
[29]. Direct depression of heart contractility asso-
ciated with rare cases of sudden death was
reported with almost all typical and atypical anti-
psychotics [11]. Animal experiments confirm that
antipsychotic drugs have a cardiac toxicity.
Necrotic lesions and endocardial fibrosis lesions
were observed in rabbits after 3-month treatment
with haloperidol, amisulpride, olanzapine, and
levomepromazine [34].

Dysrhythmias

The search for the etiology of sudden death in
patients treated with antipsychotic drugs pro-
mpted extensive investigations on the electro-
cardiographic changes caused by these drugs. As
reviewed by Feinstein [11], tachycardia occurs
frequently during treatment with clotiapine,
olanzapine, and haloperidol, and alteration of the
cardiac rhythm has been occasionally reported
with all antipsychotic drugs. An increased preva-
lence of dose-dependent prolonged QTc (QT
interval corrected for heart rate according to the
Bazzett procedure) was found in a group of
111 schizophrenic patients receiving antipsy-
chotic drugs [35]. The relationship between QTc
lengthening and increasing doses of antipsy-
chotics was confirmed by a logistic regression
analysis of a group of 495 psychiatric patients.
This large number also allowed the comparison
among individual antipsychotic drugs [36]. It was
shown that droperidol and thioridazine treatments
were strong predictors of QTc lengthening,
whereas the risk associated with other antipsy-
chotic drugs, including clozapine, was much
lower. In a study in which blood concentrations
of different antipsychotic drugs upon hospital
admission were correlated with QT prolongation,
it was shown that therapeutic or toxic blood con-
centrations of phenothiazine antipsychotic drugs
are independent risk factors for QTc prolongation
[37]. It should be mentioned, however, that the
development of EEG abnormality does not
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impose the interruption of the therapy. In a study
on 53 psychiatric patients without baseline ECG
abnormalities, 13 developed abnormalities after
using clozapine but in most of them ECGs nor-
malized during treatment continuation [38].

QT prolongation, especially in patients with
medical illnesses, can predispose to torsades
de pointes (TdP) [39], a polymorphic ventricular
tachycardia that may lead to sudden death. A large
Italian study based on 2366 patients demonstrated
that, in general, typical antipsychotics prolong
QTc by a direct effect [40]. Atypical antipsychotic
drugs, at therapeutic doses, may also increase the
QTc interval, but prolongation does not result
in TdP [41]. According to a meta-analyses study
of randomized controlled trial, aripiprazole,
brexpiprazole, and olanzapine do not increase
QT interval, whereas risperidone and quetiapine
are associated with QT prolongation that, in cases
of drug overdose, may lead to TdP [42]. Similar
results were obtained in a large study [43] that
demonstrated that haloperidol and chlorproma-
zine had a less favorable cardiac profile than
olanzapine. Statistical analysis [44] carried out
over a group of 2411 patients exposed to antipsy-
chotic and antidepressant drugs demonstrated that
the prevalence of QTc prolongation ranged from
14.7% in men to 18.6% in females for the cutoff
of 450 ms, dropping to 1.26% and 1.01%, respec-
tively, for a cutoff of 500 ms. Many factors
significantly concur to QTc prolongation includ-
ing female sex, age, heart rate, alcohol, drug
overdose, and particularly antipsychotic poly-
pharmacy. Taken together, these findings demon-
strate the relatively low number of patients
presenting a QTc prolongation and support the
current guidelines that recommend avoiding the
concurrent use of two or more antipsychotic
drugs. They confirm a previous study [45] on
456 patients in which abnormal QTc values were
found in 2% of the subjects. Finally, the overall
cardiac risk of antipsychotics drugs was calcu-
lated by Leonard et al. [43] in 35.1 ventricular
arrhythmia and 3.4 sudden deaths per 1000 per-
son-years.

Dysrhythmias and their most serious conse-
quence, sudden death, are most likely to be caused
primarily by blockade of cardiac potassium chan-
nels such as hERG [16]. Thioridazine has been

shown to be one of the most potent hERG potas-
sium channel binding at a high affinity site in the
hERG channel pore [46].

Effect of Antipsychotic Drugs
on the Autonomic Nervous System,
Orthostatic Hypotension

An alteration of the autonomic function is fre-
quently present in schizophrenic patients [47],
resulting in a lower heart rate variability and
indicating a dysregulation of the sympathetic-
parasympathetic regulation [48]. In acute psycho-
sis, the treatment with antipsychotics may correct
the dysregulation [49]. Conversely, in general,
antipsychotic treatment is followed by various
autonomic nervous system (ANS) alterations. A
decrease in the low frequency and high frequency
components of heart rate variability was observed
in a group of 211 schizophrenic patients under
treatment with different antipsychotics [50].
Long-term treatment with antipsychotic drugs is
usually associated with a shift toward increased
sympathetic and decreased vagal tone, affecting
heart rate. When we come to individual drugs,
clozapine induces a higher pulse rate variability
than olanzapine, presumably due to a higher affin-
ity of clozapine for alpha-1 adrenergic receptors
[51]. The rate variability results in a benign,
sustained tachycardia in up to 25% of clozapine-
treated patients [24]. Conversely, a dose-
dependent bradycardia was observed in patients
treated with amisulpride [52]. In a study
comparing the effect of risperidone, olanzapine,
aripiprazole, and quetiapine monotherapy in
241 schizophrenic patients on ANS activity,
quetiapine decreased sympathetic and parasympa-
thetic activity more than the other drugs [53].
The dysregulation of ANS activity is responsible
of the most frequent vascular adverse effect of
antipsychotic drugs, the transient orthostatic
hypotension, following change in posture, that
may affect from 10% to up 75% of the subjects
treated [12, 54]. Orthostatic hypotension is partic-
ularly dangerous in elderly patients since it leads
to falls and bone fractures. Orthostatic hypoten-
sion is attributed mainly to the antagonism toward
alpha-1 adrenergic receptors that is a feature of
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both typical and atypical antipsychotics, with dif-
ferent degrees of potency as shown by the Schild
analysis of the effects of antipsychotic drugs on
norepinephrine, epinephrine, and phenylephrine
concentration-response curves in isolated vascu-
lar tissues. Chlorpromazine and sertindole show
a very high affinity for alpha1 receptors [55]. “In
vivo” studies in the rat demonstrated that chlor-
promazine, thioridazine, haloperidol, and cloza-
pine inhibit the pressor responses induced by
alpha-1 receptor agonists [56, 57]. These are the
antipsychotics more likely to cause significant
hypotension [12]. Dizziness may accompany
hypotension, but subjective reports of dizziness
do not correlate well with orthostatic blood pres-
sure changes. In a small number of cases, namely,
in elderly and in patients with pre-existing cardiac
diseases, orthostatic hypotension may lead to
neurogenic syncope due to a failure of the vaso-
constrictor mechanisms. The incidence of syn-
cope varies from around 0.2% in olanzapine and
risperidone-treated patients [58, 59], 1% in
patients treated with quetiapine [60], to 6% fol-
lowing exposure to clozapine [61].

Finally, it must be mentioned that all five dopa-
mine receptor subtypes (i.e., D1, D2, D3, D4, and
D5), which are targets of the antipsychotic drugs,
regulate sodium excretion and blood pressure.
The D1, D3, and D4 receptors interact with the
renin-angiotensin-aldosterone system, whereas
D2 and D5 receptors directly interact with the
sympathetic nervous system to regulate blood
pressure [62]. For this reason, an increase in
blood pressure may also occur during treatment
with antipsychotics, particularly with clozapine
[63, 64]. An increased risk of essential hyperten-
sion in a large population of subject treated with
atypical antipsychotics was indeed reported by
Correll et al. [65].

Vascular Adverse Effects
of Antipsychotic Drugs

Patients treated with antipsychotic drugs have
an increased risk of developing deep venous pul-
monary thromboembolism [65–68] and stroke
[69–70]. According to a meta-analysis of several

case-control studies [66], the increased risk of
venous thromboembolism in antipsychotics
user versus nonusers raises from 1.5- (95%
CL: 1.28–2.37) to 2.4-fold (95% CL: 1.7–3.4)
with no clear indication whether the risk is higher
with typical than atypical antipsychotics.
However, according to a previous meta-analysis
[67], a higher risk of venous thromboembolism
was observed in patients taking clozapine,
olanzapine, and low-potency atypical antipsy-
chotics. According to a large case-control study
carried out in Taiwan [68], the adjusted OR for
venous thromboembolism was modest but not
significant among continuous users of anti-
psychotics; however, OR was 3.26 (95% CL:
2.06–5.17) among new antipsychotic drug users.

In a nationwide New Zealand case-control
study, a 13.3-fold increase in fatal pulmonary
embolism was observed in antipsychotics users
in comparison of nonusers. The risk was higher
among the users of low-potency first-generation
antipsychotic. Conversely, no difference in occur-
rence rate of venous thromboembolism between
high- and low-potency antipsychotics was found
by Letmaier et al. [69] in a continuous drug sur-
veillance program in Germany involving 264,422
patients receiving antipsychotics between 1993
and 2011. The overall occurrence rate in the latter
study was 43 cases for 10,000 person-years.
Haloperidol and analogues were responsible for
the highest occurrence rate. A modest but statisti-
cally significant 1.2-fold increase risk of pulmo-
nary embolism was detected in a US cohort study
[70] involving 450,000 users of antipsychotic
compared to nonusers. The risk was the same
with the use of typical and atypical antipsychotics.

An increased risk of stroke has been observed
in schizophrenic patients treated with anti-
psychotics, but the occurrence rate and the type
of antipsychotic drug involved varies according
to the age and conditions of the drug users. In
a study of 3853 elderly community-dwelling
subjects with cerebrovascular events, a duration-
dependent association was found only with typi-
cal antipsychotics with an odd risk of 2.4 (95%
CI: 1.08–5.5). Interestingly, the patients receiving
simultaneously antipsychotics and a cholinester-
ase inhibitor had a lower risk of cardiovascular
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events [71]. Similar results were obtained through
the meta-analysis of 10 studies carried out
between 1970 and 2016. It was found that first-
generation antipsychotics significantly increase
the risk of cerebrovascular accidents, but the
risk is lower when the antipsychotics are used in
patients with dementia [72] who, presumably, are
treated with cholinesterase inhibitors. In a study of
802 new-onset cases of stroke over a population
of 31,976 schizophrenic patients, it was found that
the use of the atypical, second-generation antipsy-
chotics was associated with an increased risk of
ischemic stroke but not of hemorrhagic stroke
(adjusted risk ratio 1.45, P = 0.0009). The risk
was higher when the binding profile of the pre-
scribed antipsychotic shows a high affinity for the
histamine H1 receptor [73]. However, using the
Taiwan National Health Insurance Research data-
base, an association emerged between stroke risk
and the affinity for M1 muscarinic and alpha
2 adrenergic receptors of the antipsychotics pre-
scribed [74]. Using the same large database, it was
found that the overall use of psychotropic drugs
by patients with bipolar disorders was associated
with an increased risk of stroke (adjusted odds
ratio 1.82; 95% CI: 1.56–2.13). The adjusted
odds ratio rose to 1.98 (95% CI: 1.53–2.56)
when patients treated with antipsychotics only
were considered [75].

Many pathogenetic factors seem to predispose
to thromboembolic adverse effects in psychiatric
patients treated with antipsychotics, as reviewed
by Oglodek et al. [76] and Jonsson et al. [66].
Clozapine increases platelet aggregation; ris-
peridone and ziprasidone interact with platelet
membrane phospholipids. Moreover, increased
levels of antiphospholipid antibodies, hyper-
homocysteinaemia, C-reactive protein, and other
prothrombotic factors have been invoked.

Antidepressant Drugs

The antidepressants are a large group of drugs
roughly classified, according to their chemical
structure or the putative mechanism of action, in
TCA (tricyclic antidepressants), SSRI (selective
serotonin reuptake inhibitors), SNRI (selective

noradrenaline reuptake inhibitors), NASSA
(noradrenergic and specific serotonergic anti-
depressant), plus a group called “others” antide-
pressants because they don’t fit in the previous
groups. Reports of cardiovascular complications
appeared shortly after the introduction of TCA.
However, all antidepressant types may exert car-
diovascular adverse effects with different inci-
dence and severity [14]. On the other hand,
depression is a risk factor for cardiovascular dis-
eases, and patients with cardiovascular diseases
frequently tend to develop depression [11, 77].
For this reason, there is a bidirectional relation-
ship between antidepressant drugs and cardiovas-
cular diseases since by improving depression,
they may reduce the risk of cardiovascular dis-
eases [78]. Conversely, they may exert cardiac
toxicity at therapeutic doses and even more in
cases of overdose.

Sudden Deaths

Thirteen sudden, unexpected deaths occurring in
a group of 684 patients receiving conventional
doses of the tricyclic amitriptyline with an inci-
dence rate of 1.5% were reported by Moir et al.
[79]. However, a much lower incidence of
0.0029% resulted from a “Drug Surveillance
Report of German-Speaking Countries Between
1993 and 2010” involving 169,278 psychiatric
inpatients treated with all types of antidepressants
drugs [80]. Sudden death may result by the
unmasking of a Brugada syndrome by TCA
[81, 82] and rarely by SSRI. The Brugada
syndrome is an inherited genetic disorder of
the cardiac electrical activity with characteristic
electrocardiographic patterns and a prevalence
ranging between 1 in 5000 and 1 in 2000 [83].
Concerning the molecular mechanism underlining
the syndrome, it has been shown [84] that
amitriptyline-induced inhibition of sodium
channel current I(Na) unmasks the Brugada
ECG phenotype and facilitates development of
an arrhythmogenic substrate, in the setting of a
genetic predisposition, by creating repolarization
heterogeneities and alterations of ventricular con-
duction. In five sudden deaths of patients treated
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with SSRI described by forensic doctors [85],
various degrees of interstitial and perivascular
fibrosis were detected in their myocardium indi-
cating an inflammatory pathogenesis.

Myocardial Infarction

The possibility that the use of antidepressants may
increase the risk of myocardial infarction has been
a matter of debate [86]. In a large study of a cohort
of 2247 subjects treated with antidepressants
compared with a 52,750 controls, it was found
that the relative risk of myocardial infarction
was 2.2 (95% CI: 1.2–3.8) in TCA users and 0.8
(95% CI: 0.2–3.5) in SSRI users, as compared
with subjects who did not use antidepressants
[87]. This finding confirms an excess risk of myo-
cardial infarction in patients treated with TCA.
With regard to SSRI, instead, epidemiological
studies [78, 88] indicate that their use by
depressed patients is associated with a decreased
risk of hospitalization for myocardial infarction
attributable to improvement of the depression
and attenuation of serotonin-mediated platelet
activation.

Dysrhythmias

Dysrhythmias in patients receiving antide-
pressants are frequent. The Arizona Center for
Education and Research on Therapeutics (the
Critical Path Institute, Tucson, Arizona, and
Rockville, MD, USA) presented a list including
all TCAs, many SSRI, and some of the other
antidepressants, which in some studies were
weakly associated with QT interval prolongation
and/or TdP [13]. In a report, involving 169,278
psychiatric inpatients [80], the incidence rate
of arrhythmias imputed to antidepressants, pre-
scribed as monotherapy, was 0.02%. Treatment
with TCAs was connected with a higher risk
for arrhythmia (0.08%, all cases, p = 0.02).
Especially, maprotiline (0.1%, p = 0.024,
imputed alone) had the highest risk for arrhyth-
mias among all TCAs. The OR of developing an
abnormal QTc, defined as more than 456 ms, in
patients treated with TCA was 4.4 (95%

CL: 1.6–12.1) according to Reilly et al. [20]. A
similar OR was reported [37] investigating the
effect of TCA toxic concentrations on
QTc interval abnormalities. In a study involving
38,397 subjects, a dose-response association with
QTc prolongation was identified for citalopram,
escitalopram, and amitriptyline but not for the
other antidepressants examined, including fluox-
etine, paroxetine, and venlafaxine [89]. According
to a ECG investigation on a population of 8,222
patients of both sexes, TCAs seem to prolong the
QTc interval as a class effect [90]. A recent,
extensive review [91] emphasizes that cardiovas-
cular adverse effects during treatment with SSRI
are usually mild. Arrhythmia occurs in about 4%
of the patients treated with SSRI; therefore ECG
monitoring is recommended. Arrhythmias, pro-
longed QTc interval, and orthostatic hypotension
usually only occur at higher than recommended
dosages. Most cases of SSRI-induced QTc inter-
val prolongation were observed in patients
over 60 years of age, with low blood potassium
levels or taking high doses of citalopram and
escitalopram. In patients with pre-existing con-
duction delay, there is a risk of heart block
[92]. However, the risk of cardiovascular adverse
effects with the latter drug is quite low, as con-
firmed by the lack of difference in the incidence of
cardiovascular adverse effects of escitalopram
versus placebo in a group of patients affected by
recent acute coronary syndrome, followed over a
period of 1 year [93]. Trazodone at therapeutic
doses has less effect on cardiac function than
amitriptyline [94], and significant QT prolonga-
tion without arrhythmia or other adverse conse-
quences was only observed after a trazodone
overdose [95].

The mechanism of the proarrhythmic action
of antidepressants depends on the direct,
concentration-dependent, blockade of hERG
potassium channels, as shown for fluoxetine by
voltage clamp analyses [96].

Other Cardiovascular Adverse Effects

Orthostatic hypotension is a common adverse
effect of antidepressant drugs. According to the
extensive review of Manolis et al. [14], all types
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of antidepressants may cause orthostatic hypo-
tension, but the risk is higher with TCA adminis-
tration, presumably because of their antagonism for
the α-adrenergic receptors. The risk is lower with
some SSRI such as fluoxetine or escitalopram.
Patients treated with TCA are also at risk of syn-
copal events [97]. According to Briggs et al. [98],
the overall prevalence of orthostatic hypertension
among antidepressant users of more than 50 years
of age is 31%; the figure doubles in the older
patients. Patients with congestive heart failure
receiving cardiac medications are at greatly
increased risk for orthostatic hypotension [92].

Lithium and Other Mood-Stabilizing
Drugs

Lithium is the drug of choice for the treatment
of the bipolar disturbances, but it is known to
cause cardiac adverse effects including conduc-
tion disturbance, bradycardia, and repolarization
abnormalities which increase with age and the
unmasking of a Brugada syndrome, particularly
over 60 years [99]. According to Manolis et al.
[14], lithium at therapeutic doses causes ECG
alterations, characterized by T-wave flattening
or inversion and rarely sinus node dysfunction
without other important cardiovascular effects.
The ECG alterations are usually benign and
do not require the interruption of the therapy.
Long-term therapy, with lithium levels within
therapeutic range, is associated with atrial and
ventricular electrical instability [100]. Rare cases
of sudden death in patients treated with thera-
peutic doses of lithium have been reported
[101, 102]. Lithium at toxic levels can cause
severe ECG abnormality including sinoatrial
block, intraventricular and atrioventricular con-
duction delay, and QT prolongation leading to
cardiac arrhythmias and sudden death [99].

Carbamazepine, valproic acid, and lamo-
trigine, the most commonly used alternatives to
lithium as mood stabilizers, have limited or
no cardiac adverse effects at therapeutic doses.
Carbamazepine only may rarely cause a complete
atrioventricular block and severe brady-
arrhythmias, as observed in single cases, usually
in elderly subjects [103, 104]. Carbamazepine

overdoses may induce sinus tachycardia and
various ECG abnormalities [105]. Lamotrigine
causes cardiac adverse effects, including QTc
interval and QRS complex prolongation, albeit
only when an overdose was assumed [106].

In a large study on bipolar patients who devel-
oped a stroke, it was found that the use of carba-
mazepine and valproic acid was associated with
an increased risk of stroke, while the use of lith-
ium and lamotrigine was not. The adjusted OR
was 1.52 (SD 1.24–1.88) for valproic acid and
2.29 (1.49–3.51) for carbamazepine [75].

Anxiolytics

Anxiolytics are largely used psychotropic drugs,
and among them the benzodiazepines lorazepam,
alprazolam, and lormetazepam are the most
commonly prescribed compounds in Italy (the
Medicine Utilization 2018). Anxiolytics may be
used as hypnotics, but some benzodiazepines and
benzodiazepine analogues, such as triazolam and
zolpidem, exert a pronounced hypnotic effect.

At variance with the psychotropic drugs
described in the previous paragraphs, benzodiaz-
epines and their analogues cause no cardiovascu-
lar adverse effects and are mentioned here for
completeness. Diazepam only may induce
arrhythmias occurring when it was used as a
sedative in cardioversion [107]. A 4-week admin-
istration of a therapeutic dose of diazepam to
healthy young subject caused a modest increase
in heart rate and a slight blood pressure decrease
in the morning hours [108]. Conversely, in elderly
subjects the assumption of diazepam as hypnotic
agent for 4 weeks produced an increase in blood
pressure, in particular systolic blood pressure,
during nighttime and in heart rate during night-
time and morning hours [109].

Conclusions

As described in the previous pages, psychotropic
drug administration, even at therapeutic doses,
may be accompanied by cardiovascular adverse
effects, summarized in Table 1, that may hamper
a successful therapy.
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However, also for the psychotropic drugs,
considering their extensive usage, we may quote
the well-known paper “Drugs – Remarkably non-
toxic” [110]. The fear of cardiovascular adverse
effects should not prevent the prescription of a
psychotropic drug but compel the doctor to be
cautious.

Orthostatic hypotension and benign arrhyth-
mias can be easily tolerated by the patients if
they are informed and instructed, their mental
conditions permitting. The risk of most serious
cardiovascular adverse effects can be reduced by
following some rules, namely, to collect an accu-
rate anamnesis, to perform regular ECG and

clinical controls, to keep the number of drugs as
low as possible and their dosage within the thera-
peutic range, and by an accurate and a well-
informed choice of the drugs.
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Abstract

During the last decades, the diagnosis of men-
tal illness has dramatically grown especially in
the pediatric population, and, in parallel, there
has been an increasing widespread use of psy-
chotropic drugs, mainly antipsychotics and
especially those of second generation (SGA).
SGAs are used effectively for several condi-
tions, such as schizophrenia, irritability and
aggression in autism spectrum disorder or
intellectual disability, tics or Tourette’s disor-
der, bipolar, conduct, and eating disorders, but
only few of them have regulatory approval in

youths. Although effective, these drugs could
potentially determine several adverse effects,
which are of particular concern especially
among pediatric population; here we focus on
cardiac, cardiovascular, and metabolic side
effects.
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Introduction

Antipsychotic drugs are the cornerstone of phar-
macological treatment for several psychiatric dis-
orders, and in the last years, there has been
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an increasing use of them, especially those of
second generation. Although they effectively con-
trol symptoms and behavior associated with psy-
chiatric disorders, accumulating evidences
suggest that antipsychotics exposure could lead
to an increased risk of cardiac and also metabolic
side effects. These adverse events seem to bemore
frequent in vulnerable populations, such as
patients with a first episode of schizophrenia,
those who are drug-naive, children, and adoles-
cents [1–3].

Electrocardiographic Adverse Events

Antipsychotic drugs are associated with a variety
of electrocardiographic abnormalities, including
minor and frequent complications, such as sinus
tachycardia, and more serious arrhythmias, such
as the polymorphic ventricular tachycardia tor-
sades de pointes, which may cause sudden cardiac
death [4]. The World Health Organization defined
sudden cardiac death as an unexpected death
occurring within 1 h of symptom onset if
witnessed and, if unwitnessed, within 24 h after
the person has last been observed alive and
symptoms-free [5]. Antipsychotics have shown
the ability of blocking the delayed rectifier potas-
sium current (IKr), by interacting with the alpha
subunit Kv11.1 of the channel, which is coded by
the hERG gene (also called KCNH2). This block-
ade is dose-dependent and able to prolong cardiac
repolarization, seen as corrected QT (QTc) pro-
longation on the electrocardiogram (ECG).
In clinical settings, concern arises on QTc prolon-
gation as it may progress to torsades de pointes in
rare cases. If not immediately managed, torsades
de pointes can evolve into ventricular fibrillation
and cause sudden cardiac death [5]. Among anti-
psychotics, first-generation ones like thioridazine,
droperidol, mesoridazine, and pimozide have
shown a marked QTc prolongation leading to an
FDAwarning and for some of them to the market
withdrawal [6]. In addition, a similar QTc effect
was observed with chlorpromazine [7]. Haloperi-
dol also has carried an FDA warning for the
increased risk of QTc prolongation and torsades
de pointes, recommending a regular ECG

monitoring when intravenous (IV) haloperidol is
administered [8]. Moreover, in Italy, the Italian
Medicines Agency has also published a warning
(GU Serie Generale n.144 del 23-06-2010) in
which it has specified that, in order to reduce the
risk of QTc prolongation, the vial formulation
should only be used for intramuscular administra-
tion and not for IV injection. However, evidence
has also suggested that in case of a dose of IV
haloperidol lower than 2 mg, this drug can be
administered without ECGmonitoring, in patients
with no cardiovascular risk factors [9]. Among
second-generation antipsychotics, those associ-
ated with FDA warnings for the risk of QTc pro-
longation are asenapine, clozapine iloperidone,
paliperidone, quetiapine, sertindole, and
ziprasidone. The greater risk of QTc prolongation
was found with ziprasidone compared with other
second-generation antipsychotics, but this does
not imply that ziprasidone is more associated
with torsades de pointes and sudden cardiac
death [10]. In fact, only rare cases of torsades de
pointes have been reported in patients treated with
ziprasidone as well as with other second-genera-
tion antipsychotics [11]. Olanzapine, quetiapine,
and risperidone showed a modest QTc prolonga-
tion when used in therapeutic doses [11]. Interest-
ingly, aripiprazole has shown a QTc-shortening
effect compared with placebo and active controls
[12]. Evidence on amisulpride is too limited to
categorize its effect on QTc prolongation
[11]. Finally, special attention deserves clozapine
that has been associated with substantial heart rate
increases, which may complicate QTc measure-
ment. Therefore, whether clozapine actually cause
QTc prolongation is still an unresolved
question [13].

Recently, weighted recommendations on com-
monly used antipsychotics have been made using
pharmacovigilance data [14]. In this regard,
aripiprazole, perphenazine, olanzapine, and
zuclopenthixol were categorized as drugs with
no risk of QTc prolongation or torsades de
pointes. Chlorprothixene, levomepromazine,
flupentixol, paliperidone, clozapine, quetiapine,
amisulpride, sulpiride, and risperidone were cate-
gorized as drugs with propensity of QTc prolon-
gation. Finally, sertindole, pimozide, haloperidol,
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and ziprasidone were categorized as drugs with
a pronounced effect on QTc prolongation,
documented cases of torsades de pointes, or
other types of serious arrhythmias. The risk of
developing torsades de pointes increases in pres-
ence of genetic risk factors like mutations of
hERG gene encoding for the subunit of the potas-
sium channel protein Kv11.1 or poor metabolizers
of the cytochrome P450 (CYP) 2D6 [5, 15]. Clin-
ical risk factors include bradycardia, conduction
disturbances, coronary artery disease, structural
myocardial disease, including post-MI and
cardiomyopathy, and electrolyte imbalance (espe-
cially hypokalemia). Finally, female sex and
age� 65 years represent risk factors for the devel-
opment of torsades de pointes. Other risk factors
include polypharmacy, overdose of antipsy-
chotics, or exposure to drug abuse of central
nervous system stimulants [5].

Antipsychotics are also able to block the fast
sodium current (INa) reducing peak sodium influx
and causing altered voltage gradients such
as those seen in Brugada syndrome, a genetic
ion channel disease that can also cause sudden
cardiac death [16]. However, the evidence of the
association between antipsychotics and Brugada
syndrome is scarce [17].

Most antipsychotics can cause sinus tachycar-
dia, defined as heart rate � 100 beats/min. The
underlying mechanism involves a combination of
both anticholinergic and antiadrenergic effects, as
well as indirect effects via baroreceptor reflexes.
Antipsychotics are able to block M2 cardiac
receptors, reduce the parasympathetic tone, and
increase heart rate. Moreover, antipsychotics
through the block of adrenergic α1 receptors
can cause vasodilation and reflex tachycardia
[18]. As a proof of this concept, an increased
risk of sinus tachycardia has been observed with
antipsychotics at high affinity for M2 receptors
like clozapine, quetiapine, risperidone, and chlor-
promazine. A lower risk is observed instead
with olanzapine and ziprasidone [6, 19] and with
aripiprazole due to the scarce anticholinergic and
antiadrenergic effect [20].

Antipsychotics may also cause other less
common electrocardiographic adverse events
that potentially could contribute to increase the

risk of sudden cardiac death. In this regard,
second-generation antipsychotics like risperi-
done, ziprasidone, clozapine, olanzapine, and
quetiapine have been associated with a risk
of bradycardia, atrial fibrillation, ST-segment
depression and elevation, QRS prolongation,
T-wave inversion, bundle branch block, and first-
degree atrioventricular block [19].

Vascular Adverse Events

Antipsychotics have been associated with a risk
of developing orthostatic hypotension through
the blockade of adrenergic α1 receptors
[20]. Low- and mid-potency first-generation anti-
psychotics like chlorpromazine and perphenazine
have been associated with a higher risk of
orthostatic hypotension than high-potency first-
generation antipsychotics (haloperidol and flu-
phenazine) and second-generation antipsychotics.
Among second-generation drugs, clozapine and
quetiapine were found to have the highest risk
followed by ziprasidone, olanzapine, risperidone,
and aripiprazole. Among the more recently intro-
duced second-generation antipsychotic drugs,
the highest risk was observed with iloperidone
followed by asenapine and lurasidone [21].

Evidence of the hypertensive effect
associated with antipsychotics is limited and con-
tradictory [22, 23]. An increased risk of hyperten-
sion was observed with mid-potency first-
generation agents (like perphenazine) and the
second-generation clozapine, olanzapine, and
ziprasidone, whereas a lower risk was found
with risperidone and quetiapine [19, 24].

Cardiac Adverse Events

Despite electrocardiographic abnormalities repre-
sent the most important clinical concern related to
the antipsychotic treatment, other direct cardiac
adverse events have been found, including myo-
cardial infarction, myocarditis, and cardiomyopa-
thy, for which the underlying mechanisms are less
clear. The risk of myocardial infarction associated
with the use of antipsychotic is less clear
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[25]. Amisulpride, clozapine, and risperidone
seem associated with an increased risk [19].

Myocarditis associated with antipsychotics
is identified as a type I hypersensitivity reaction
that is typically characterized by the accumulation
of eosinophils and the release of toxins
that could induce apoptosis and necrosis of
cardiomyocytes [18]. Among antipsychotics, clo-
zapine is most associated with myocarditis [26].
Other antipsychotics associated with this adverse
event are fluphenazine, chlorpromazine, haloper-
idol, olanzapine, quetiapine, and risperidone [18,
27]. Myocarditis can lead to myocardial fibrosis,
arrhythmias, and eventually sudden cardiac death.
It can occur within the first months of treatment,
and patients may present symptoms like fever,
fatigue, and dyspnea. In case of myocarditis, anti-
psychotic treatment should be discontinued, and,
if indicated, patients should start a therapy with
corticosteroids [17, 20].

A less common cardiovascular adverse event
of antipsychotics is cardiomyopathy, defined as a
deterioration of the function of the myocardium,
often caused by untreated myocarditis or other
factors. Usually, its onset is slower than myocar-
ditis [18]. Among antipsychotics, clozapine is
most commonly associated with the development
of cardiomyopathy [26]. Other antipsychotics
associated with this risk include amisulpride and
quetiapine [18]. Common symptoms are fatigue,
tachypnea, and dyspnea. In case of diagnosis of
cardiomyopathy, antipsychotic should be with-
drawal, and patients should receive an appropriate
heart failure treatment [20].

Metabolic Adverse Events

Beyond the potential direct cardiac and/or vascu-
lar effects, there is a growing body of evidence
about cardio-metabolic side effects due to antipsy-
chotics exposure. This is of concern especially for
pediatric population since weight gain,
dyslipidemia, or insulin resistance are known to
predispose to cardiac and vascular disease in
adulthood. Metabolic adverse events associated
with antipsychotics are weight gain, especially
abdominal obesity, impaired glucose metabolism,

and dyslipidemia. Several studies and meta-
analyses have shown a different degree of weight
gain associated with individual antipsychotics
[28–34]. Among first-generation drugs, those
with low potency, such as chlorpromazine and
thioridazine, are associated with a higher risk of
weight gain than mid- (molindone and perphena-
zine) or high-potency antipsychotics (fluphen-
azine, haloperidol, and pimozide). Among
second-generation antipsychotics, a high risk
of weight gain was observed with clozapine and
olanzapine; an intermediate risk with iloperidone,
quetiapine, risperidone, paliperidone, sertindole,
and zotepine; and a smaller risk with
amisulpride, aripiprazole, asenapine, lurasidone,
and ziprasidone [35]. Despite this different risk’s
magnitude, we can consider all antipsychotics
associated with weight gain, with a risk even
higher in those patients who have taken them for
the first time [32, 36, 37]. In fact, in a 12-month
trial conducted on patients with a first episode of
schizophrenia, antipsychotics at low risk such as
amisulpride, ziprasidone, and low doses of halo-
peridol were associated with a significant weight
gain [32]. The period at major risk for gaining
weight in drug-naive patients with schizophrenia
is the first few months of therapy. In this regard, a
meta-analysis has shown a mean gain in BMI and
weight within the first 12 weeks of antipsychotic
treatment in previously drug-naive patients older
than 15 years [36]. Predictors of antipsychotic-
induced weight gain are shown in Table 1.

In children and adolescents, second-generation
antipsychotics such as aripiprazole, olanzapine,
quetiapine, and risperidone are used for the treat-
ment of bipolar mania, schizophrenia, irritability,
and aggression associated with autistic disorder.
Evidence has shown a greater orexigenic effect in
this subpopulation than in adults [32]. In fact,
young patients treated with antipsychotics
have an increased risk of being obese or over-
weight [1, 29, 31]. However, long-term data on
this metabolic risk during antipsychotic treatment
are limited. In a systematic review of
randomized, placebo-controlled trials of patients
aged <18 years treated with second-generation
antipsychotic drugs, a similar hierarchy was
found in the risk of weight gain than that observed

724 A. Mascolo et al.



in adult patients [1], whereby clozapine and
olanzapine were associated with the great weight
gain, followed by risperidone, quetiapine,
aripiprazole, and ziprasidone. Finally, it is impor-
tant to consider that despite the differential risk of
weight gain associated with the antipsychotics
seems consistent across adults, adolescents, and
children, the high inter-individual variability in
weight gain among patients treated with a specific
drug suggests that other factors like personal,
familial, or genetic factors can come into play
influencing the degree of weight gain [3, 31,
36]. In fact, allelic variants of CYP-2D6 and
-3A4 were found to alter the metabolic pathways
of antipsychotics [38, 39]. Similarly, allelic vari-
ants of ABCB1 and ABCG2 genes, codifying for
transport proteins belonging to the ATP-binding
cassette superfamily, were found to influence

the plasma concentrations of antipsychotics
[40–42]. In this regard, a pharmacogenetic study
has investigated the impact of allelic variants of
CYP3A, CYP2D6, ABCB1, and ABCG2 genes
on second-generation antipsychotics plasma
concentrations and their association with
the occurrence of adverse drug reactions, finding
no association for the investigated allelic variants
of CYP3A (CYP3A4�22 C> T C_59013445_10,
CYP3A5�3A > G C_26201809_30) and
CYP2D6 (�3 del A C_32407232_50, �6 del T
C_32407243_20, �4 G > A C_27102431_D0,
and assay ID Hs00010001_cn gene duplication),
while the ABCB1 haplotype (G2677 T/A-
C3435T) and the ABCG2 (c.421 C>A) allelic
variants were associated with lower plasma con-
centrations of aripiprazole and risperidone.
Moreover, the ABCG2 c.421 CA/AA functional
variant was found associated with a higher
risk of developing metabolism and nutrition dis-
orders [43]. These results, if confirmed in larger
studies, underline the importance of combining
therapeutic drug monitoring, pharmacogenetic,
and pharmacovigilance methods to tailor the treat-
ment with these drugs in the pediatric population.

The underlying mechanisms involved in
antipsychotic-induced weight gain include
different functional pathways and neurotransmis-
sions [3]. Among them, the histaminergic trans-
mission seems to recover an important role as
histamine H1 receptors are involved in the energy
homeostasis. In fact, the extent of H1 receptor
antagonism of antipsychotic drugs has been iden-
tified as predictor of the magnitude of the weight
gain in clinical studies [44, 45]. Moreover, sero-
tonin 5-HT2a and 5-HT2c receptors can also play
a role in the control of food intake and body
weight. Accordingly, most second-generation
antipsychotics such as clozapine and olanzapine
are potent 5-HT2c antagonists. On the contrary,
although aripiprazole and ziprasidone have a
high affinity for 5-HT2c receptors, they have
shown only a weak association with metabolic
dysregulation. This could be explained by the
influence of other receptors that can potentially
counterbalance the inhibition of 5HT2c receptors
like the partial agonist effect of aripiprazole on
5-HT1a receptors [46]. Another potential

Table 1 Predictors of antipsychotic-induced weight gain

Predictors
Predictors
related to

Family history of obesity Familial
factorsParental BMI

Cannabis use Patients

Young age (children and adolescents)

Sex (mixed evidence)

High levels of negative symptoms
(such as alogia, affective flattening,
avolition)

Lack of cognitive restraint in the
presence of increased appetite

Low BMI (<25 kg/m2)

Non-smoking status

Nonwhite ethnicity

Improved symptom reduction (limited
or inconclusive data)

Psychiatric
illness

First-episode status of psychiatric
illness

Lack of prior antipsychotic treatment

Early weight gain (within the first
2–4 weeks of antipsychotic treatment)

Treatment

Good treatment adherence

High antipsychotic dose

Polypharmacy (limited or inconclusive
data)

Long-term treatment

Specific medications (such as clozapine
and olanzapine, which have a high risk
of metabolic dysregulation)
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mechanism involved in antipsychotic drug-
induced weight gain is the block of dopamine
D2 and D3 receptors as this blockade has been
associated with a strong effect on feeding behav-
ior [3]. This can also explain the effect on weight
observed with antipsychotic agents that interact
exclusively with dopaminergic receptors, such as
amisulpride [32]. Polymorphism of the promoter
region of the 5-HT2C receptor gene has been
associated with antipsychotic-induced weight
gain [47], and polymorphisms of the MTHFR
gene [48] and the D2 receptor gene [49] have
been associated with an increased risk of meta-
bolic syndrome in patients receiving second-gen-
eration antipsychotics. Evidence of the role of
adrenergic α1 and α2 receptors blockade in induc-
ing weight gain or metabolic dysregulation is
instead lacking [31]. Finally, genetic data suggest
a role for G-protein signalling, promelanin-
concentrating hormone signalling, leptin signal-
ling and leptin receptor activity, and cannabinoid
receptor activity in antipsychotic drug-induced
weight gain [3, 50].

Another adverse event associated with antipsy-
chotic drugs is the potential to cause or exacerbate
the metabolic syndrome, which appears with
central obesity, hypertension, dyslipidemia, and
glucose intolerance or insulin resistance.
In general, the risk of developing the metabolic
syndrome is high with clozapine, olanzapine, and
chlorpromazine, moderate with quetiapine,
mild with risperidone, paliperidone, amisulpride,
and sertindole, and low with aripiprazole and
ziprasidone [29, 35, 37, 51, 52]. Among second-
generation antipsychotics, olanzapine and cloza-
pine have been associated with the highest risk of
dyslipidemia whereas risperidone and quetiapine
with an intermediate risk and aripiprazole and
ziprasidone with a low risk of this metabolic
abnormality. Moreover, the risk of dyslipidemia
with olanzapine, clozapine, and quetiapine
was found independent of BMI or in addition
to weight-related effects [3, 53]. In fact,
dyslipidemia should be considered as a separate
and direct adverse event of antipsychotic drugs
other than a consequence of weight gain.
The dyslipidemic adverse effects of clozapine,
olanzapine, and quetiapine display as abnormal

elevations in serum triglyceride levels and as an
increase in total cholesterol, low-density lipopro-
tein (LDL), and non-high-density lipoprotein
(non-HDL) cholesterol levels. The lowest risk
of serum lipid abnormalities has been found
with risperidone [31], although a significant ele-
vation of serum triglyceride levels was observed
in young, antipsychotic-drug-naive patients
[53]. Finally, a neutral effect on lipid levels was
observed with aripiprazole and ziprasidone [3,
53]. The receptors involved in the antipsychotic-
drug-associated dyslipidemia are not completely
understood; however, transcriptional regulators of
lipid and carbohydrate metabolism, peroxisome
proliferator-activated receptors, and the inhibition
of AMP-activated protein kinase activity may
play a relevant role [54, 55].

Clozapine and olanzapine treatment has been
also associated with the dysregulation of glucose
homeostasis (hyperglycemia and insulin resis-
tance), independent of weight gain and adiposity
[33]. Quetiapine has been associated with a mod-
erate risk of hyperglycemia, lower than that asso-
ciated with clozapine or olanzapine but higher
than risperidone. As with dyslipidemia, the
lowest risk of hyperglycemia was observed with
aripiprazole and ziprasidone [35]. Antipsychotics
have also been associated with the risk of devel-
oping type 2 diabetes mellitus [56], with a higher
risk found in patients treated with second-genera-
tion antipsychotics than in those treated with first-
generation drugs [57]. Furthermore, the risk of
diabetes mellitus differs for individual drugs.
In this regard, olanzapine and clozapine, followed
by quetiapine and risperidone, are associated with
a significant increase in the risk of diabetes
mellitus [58–60]. Patients aged 0–24 years seem
to have the highest risk of diabetes mellitus asso-
ciated with antipsychotic drugs [61], although the
incidence rates of diabetes mellitus generally
increase with age. This contradiction seems to be
related to the low risk for diabetes mellitus at a
younger age, which makes the effect of antipsy-
chotic drugs on the glycemic control more notice-
able, whereas at an older age, the effect of other
risk factors can become more pronounced than
that related to the antipsychotic treatment. In
inducing impaired glucose metabolism, a role
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seems to be played by muscarinic M2 and M3
receptors that are expressed on the surface of
pancreatic cells. The affinity of second-generation
antipsychotic agents for these receptors is relevant
as M3 receptors can control insulin release [31,
62, 63]. In fact, some antipsychotics with a high
affinity for the M3 receptor (such as clozapine and
olanzapine) might unbalance both cholinergic-
dependent and glucose-dependent insulin secre-
tion from pancreatic cells promoting glucose
dysregulation and type 2 diabetes mellitus [31].

Finally, all these metabolic abnormalities seen
above have shown a dose-dependent relationship
with the serum concentrations of the second-
generation antipsychotics [46, 64].

Conclusion

Antipsychotic medications have been implicated
in the development of cardiovascular disorders
via direct and indirect effects. These agents are
frequently cited as causing electrocardiographic
adverse events especially QTc prolongation that
rarely may progress in torsades de pointes. In this
regard both FDA and the Italian Medicines
Agency published a warning on the parenteral
use of haloperidol. These agents have also been
directly linked to vascular effects such as
increased or reduced blood pressure. Less clear
is their association with the risk of myocarditis,
myocardial infarction, and cardiomyopathy,
although some evidences have shown this associ-
ation for both first and second generation of anti-
psychotics. On the contrary, several findings
suggest the correlation between antipsychotic
use, both first- (chlorpromazine and thioridazine)
and second-generation (clozapine, olanzapine,
risperidone) antipsychotics, and metabolic side
effects, such as weight gain, impaired glucose
metabolism, and dyslipidemia. The underlying
mechanisms involved in antipsychotic-induced
metabolic effects are strongly related to their
effects on serotoninergic, histaminergic, and
dopaminergic receptors. It’s important to high-
light that this risk can be higher in children and
adolescents. In fact, young patients treated with
antipsychotics have an increased risk of being

obese or overweight. However, long-term data
on this metabolic risk during antipsychotic treat-
ment are limited. Finally, it is important to con-
sider that also genetic factors can influence the
risk and severity of metabolic side effects.

Cross-References
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Abstract

This chapter deals with the psychiatric effects
of cardiovascular drugs. It is a rather intriguing
topic with two distinct aspects. A psychiatric
effect of a cardiovascular treatment may

represent an unwanted side effect, for example,
depression associated with an antihypertensive
drug, which can be predicted and avoided by
using the appropriate agent. These effects are
more frequent with molecules acting on the
adrenergic transmission. However this aspect
does not reflect the whole picture of the psy-
chiatric effects of cardiovascular treatments.
Psychiatric and cardiovascular illnesses are
frequently strictly intermingled, and some psy-
chiatric symptoms due to cardiovascular
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events (e.g., anxiety associated with atrial
fibrillation) may be corrected by the combined
use of the appropriate cardiovascular and, upon
careful assessment, psychiatric drugs. Finally,
there are some psychiatric conditions that may
take advantage of cardiovascular drugs pur-
posely targeted, in this case, to the psychiatric
symptoms (e.g., beta-blockers in post-
traumatic stress disorder).

These actions are not surprising since many
of the cardiovascular drugs do recognize tar-
gets present both at the level of the cardiovas-
cular apparatus and in the brain. Moreover,
several cardiovascular drugs may cross the
blood-brain barrier and reach central nervous
system (CNS) targets. Finally, it should be
underscored that several cardiovascular thera-
pies are lifelong standing, thus increasing the
importance of well understanding the full spec-
trum of the pharmacological activities of the
drugs prescribed and also acknowledging that
as the patient ages, his/her sensibility to the
CNS effects of the decided therapy may
change. The chapter refers to a well-
established literature for general concepts and
to current papers for applied examples.

Keywords

Anxiety · Adrenergic blockers · Clonidine ·
Dementia · Depression · Drug repurposing ·
Psychiatric side effects · PTSD · Reserpine ·
Statins

Introduction

It should be stressed that it is not easy to collect
literature data on the psychiatric adverse effects of
cardiovascular drugs since papers are rather
focused on the cardiovascular effects of psychiat-
ric drugs and of substances of abuse.

Indeed, the literature is dominated by the con-
cerns on the cardiovascular side effects of psycho-
tropic drugs, in particular on the QT effects of
several widely used compounds [1], which are
undoubtedly important, but not necessarily the
most clinically relevant cardiovascular risk

associated with CNS-active drugs. Simply, QT
effects are easy to predict, to prevent, and to
detect. Less frequent are the concerns on the
reverse situations, that is, the psychiatric side
effects of cardiovascular drugs which may be
more subtle and difficult to detect.

It is worth to make some general consider-
ations. In particular, a brief overview on the psy-
chiatric side effect of cardiovascular drugs should
(a) acknowledge the various mechanisms by
which a cardiovascular drug (and illness) may
affect psychic conditions; (b) take into account
also the reverse condition, that is, to appreciate
the mechanisms by which a psychotropic drug
may affect cardiovascular function; (c) to be
very careful to the potential interactions between
cardiovascular and psychotropic drugs, at the
level of both pharmacokinetics and pharmacody-
namics, not forgetting pharmacogenetics; (d) try
to understand whether the side effect profile of
cardiovascular drugs has the same characteristics
in psychiatric or neurologic patients as in other-
wise “normal” patients; and (e) to recognize the
importance of assessing the potential psychiatric
consequences of cardiovascular illnesses them-
selves and of their treatments. Several of these
items are discussed also in other chapters of this
publication. The present chapter will be mainly
focused on the potential adverse or favorable psy-
chiatric effects of established cardiovascular
drugs.

The complex relationship between cardiovas-
cular disease, treatment, and mental status is well
represented by a case described in The New
England Journal of Medicine [2] concerning a
62-year-old man with atrial fibrillation evaluated
in a psychiatric clinic because of depression and
anxiety. It is a complex case. The patient had a
history (15 years before the described episode) of
depression and anxiety treated for some 13 years,
and then treatments were discontinued. The
patient after a relatively brief (1 year) period of
remission presented intermittently cardiac and
psychiatric symptoms for a year and half includ-
ing anxiety, accelerated heart, palpitations, rest-
lessness, and fatigue. These symptoms do not
allow to discriminate between a cardiac or psychi-
atric diagnosis. After a thorough medical
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screening, the final diagnosis was symptomatic
atrial fibrillation with associated anxiety. Accurate
choices were made in order to select the drugs to
be used to treat the cardiovascular component not
unfavorably affecting the psychiatric profile. The
physicians followed the principle that the border
between medical and psychiatric causes is
increasingly eroded when the reciprocal brain-
heart interactions are considered and when the
possibility that drugs affecting one compartment
may also act upon the other one and interact. As
an example, patients in which atrial fibrillation
and anxiety coexist may benefit more from a
treatment based on beta-blockers rather than cal-
cium antagonists because the antiadrenergic
effects of beta-blockers may limit anxiety.

From a general point of view, it should be
mentioned that most cardiovascular drugs
(as well as, on the other hand, most of the
CNS-active drugs) are prescribed for long
periods, sometimes for a lifelong therapy. This is
true, for example, for beta-blockers, antihyperten-
sive associations, statins, and antiplatelet agents.
Accordingly, the risk for psychiatric side effects
should be analyzed with great attention since, due
to the very long times of treatment, the onset of
psychiatric symptoms may well be a comorbidity
rather than an adverse effect of the treatment.

An important paper published in a journal
focused on medical informatics and decision-
making [3] has studied the pharmacological risk
factors associated with hospital readmission rates
of a cohort of 1275 psychiatric patients. Using this
powerful new approach to gain information on
real-world drug use and to make research also on
new biological hypotheses, the authors have stud-
ied the pharmacological factors influencing
readmission following an index psychiatric
admission. The data were based on the analysis
of prescriptions from electronic medical records
from the Mount Sinai Data Warehouse (NY,
USA). In addition to the pharmacological data,
also comorbidities and shared genetic architecture
were examined. Pharmacotherapy data on both
primary side effects and secondary side effects
(drug-drug interaction induced) associated with
readmission risk were studied. The authors iden-
tified 28 drugs associated with the readmission

risk among which, somewhat surprisingly, prava-
statin had the highest risk (OR = 13.1); the
readmitted patients also presented an enrichment
of side effects both primary and secondary.
Another observation stemming out of the analysis
is that psychiatric conditions and cardiovascular
disease are comorbid and present shared genes
(e.g., cardiomyopathy and anxiety disorder).

In several cases, readmission was due to the fact
that several psychiatric drugs have known cardio-
vascular and metabolic effects, among which
prominent are antipsychotics, but also the reverse
is true, i.e., drugs used in cardiovascular therapy
may have direct effects on brain function if they
cross the blood-brain barrier (BBB). Obvious
examples are the depressive effects and suicidal
intention associated with several antihypertensive
drugs, but also the less obvious actions of some
antithrombotic such as clopidogrel on neuronal
plasticity (see below). Psychiatric patients may
be more susceptible to such actions of cardiovas-
cular drugs. The data strongly support the concept
that medicaments have pleiotropic effects hitting
several biological targets which may participate
both in their therapeutic action and in their side
effect profile. As an example, 5-HT receptors are a
common target of laxatives, psycholeptics, anti-
emetics, and beta-blockers suggesting the possi-
bility of superimposed side effects while used for
their principal purpose.

Mechanisms Through Which
Cardiovascular Drugs May Affect
Psychic Functions

Upon a request of a general and broadly inclusive
classification, a pharmacologist will categorize
most of the presently available cardiovascular
drugs as agents characterized by multiple and
coexisting activities on receptors, enzymes, mem-
branes, and ionic channels. Many of them will
reach not only peripheral targets but also central
synapses. Many of them may not have sufficient
selectivity for peripheral versus CNS molecular
targets at therapeutically active concentrations.
Therefore, the possibility of affecting psychiatric
functions is plausible.
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Also, the reverse is true. In fact, psychotropic
drugs are characterized by multiple and coexisting
activities on receptors, neurotransmitter trans-
porters, and ionic channels and by a large volume
of distribution being, in general, small lipophilic
molecules. As such it is obvious to predict that
many of them will reach not only the brain but
also peripheral synapses and cells acting upon
molecular targets that in most cases may not pre-
sent a sufficient brain-periphery selectivity or for
which the compound has not sufficient selectivity.
Just two examples are α2-adrenergic receptors and
nicotine. The α2-adrenergic receptors in the brain
and in the periphery are indistinguishable, and
drugs such as clonidine may act on both central
and peripheral targets as receptor agonists simul-
taneously decreasing the sympathetic output
(a CNS-mediated action decreasing blood pres-
sure as intended) and interfering with other CNS
noradrenergic synapses increasing the risk of
depression. In the periphery the α2-agonist effect
of clonidine will rather produce temporarily an
arteriolar smooth muscle direct contraction,
followed by relaxation when the presynaptic
action at both peripheral and central noradrenergic
terminals prevails.

Nicotinic cholinergic receptors do present
tissue-specific differences, but nicotine may act
on all of them producing both psychic symptoms
(stimulation and alertness) and cardiovascular and
muscle effects acting, respectively, on cholinergic
ganglion cells and at the level of the neuromuscu-
lar junction.

The picture of the psychiatric side effects of
cardiovascular drugs needs some additional “a
priori” reasoning based on the mode of action of
the most diffuse cardiovascular therapeutic
agents, used in millions of people and for long-
term, sometimes lifelong, treatments. Historically,
the main physiological targets of cardiovascular
drugs since the 1960s are relatively few: the con-
trol of blood pressure, the control of heart rate and,
later on, the control of cholesterol. Let us forget
for the moment the more recent advances in car-
diovascular pharmacology, since the vast majority
of the patients are treated with well-known, fre-
quently over 40 years old, drugs acting on the
abovementioned targets. In the case of hyperten-
sion, the control is exerted using drugs active on

(a) adrenergic transmission (both alpha and beta
receptor blockers or, in the past, amine-depleting
compounds (such as reserpine); (b) plasma vol-
ume (diuretics); (c) vascular smooth muscle relax-
ants such as calcium channel blockers; and
(d) agents acting upon the renin-angiotensin sys-
tem, either diminishing the production of angio-
tensin II or blocking its receptors. The control of
heart rate is exerted with compounds active on
sodium, potassium, and calcium ion channels
and on beta-adrenergic stimulus. Cholesterol con-
trol has several players, among which the most
prominent drugs are statins. From a general phar-
macological point of view, effects at brain level
are expected in the case of agents active on adren-
ergic transmission and on ion channels. On the
other hand, also the other drugs may have com-
plex pharmacological profiles that may include
actions on the nervous system. For example,
both statins and angiotensin receptor blockers
may have actions upon inflammatory processes
involving the production of cytokines which
may act as signal molecules for the brain (see
below). Finally, as further detailed, activities at
brain level of cardiovascular drugs are not neces-
sarily negative, some may be beneficial for the
patient and even considered for a development
of independent indications.

Antihypertensive Drugs Acting upon
Aminergic Transmission: The Cases
of Reserpine, Clonidine, Alpha
Methyldopa, and Adrenergic
Receptor Blockers

The negative psychiatric effects of cardiovascular
drugs are dominated by the adrenergic blockers
that may induce depression in the treated patients.
The historical and emblematic example is pro-
vided by reserpine. This drug, which is now obso-
lete, has been used both in psychiatry in manic
patients and as an antihypertensive treatment,
associated with a diuretic. The main mode of
action of reserpine (for a reappraisal review, see
[4]) is to inhibit the vesicular transport that
recovers the reuptaken neurotransmitter (nor-
adrenaline, dopamine, or serotonin) into the syn-
aptic vesicles protecting it from cytoplasmic

734 S. Govoni



degradation, mainly by monoamine oxidase
(MAO). When the transport mechanism is
blocked by reserpine as long as the nerve terminal
fires, the transmitter is released, recovered in the
terminal, and degraded until aminergic terminals
are depleted. This occurs both in the periphery and
within the CNS blunting noradrenergic, dopami-
nergic, and serotoninergic transmission. Both in
the periphery and within the CNS, the impairment
of noradrenergic transmission contributes to the
antihypertensive action of reserpine being some-
what equivalent to a sympathetic denervation. At
brain level, the aminergic impairment mimics the
proposed neurotransmitter defects associated with
depression, i.e., noradrenergic and serotoninergic
dysfunction. The effects on dopamine in addition
of being related to anhedonia may also produce
parkinsonian side effects. Notably, reserpine treat-
ment has been used to produce animal models
(both in rodents and in primates) of depressive
illness. Accordingly, the clinical use of reserpine
in cardiovascular patients has been associated
with depression as side effect [5], although the
depressive symptoms associated with use of reser-
pine have been questioned because they may not
meet formal criteria for major depression chal-
lenging the more common theory [5, 6].

Also, other antihypertensive drugs affecting
adrenergic transmission do present the risk of
depression. Among them clonidine and alpha
methyldopa share the mechanism of being ago-
nists at alpha 2-adrenergic receptors [5]. Alpha
2 receptors are present both in the brain and in
the periphery at both presynaptic and postsynaptic
level. The agonism at presynaptic level exerts an
inhibition of noradrenaline (not exclusively)
release, therefore decreasing synaptic terminal
activity. Applied to the cardiovascular effects, it
is proposed that the central action of both drugs
prevail decreasing the sympathetic outflow;
indeed both drugs have been classified as
central-acting antihypertensives. The blunting of
noradrenergic nerve terminal activity within the
CNS has been associated with depressive-like
symptoms. Notably mianserin, an alpha 2 receptor
antagonist, is used as an antidepressant drug [7].

Recently, Nayak and Nachane [8] have shown
that the use of alpha methyldopa to treat hyper-
tension in pregnancy is associated with

postpartum depression. It is a small study (only
100 consecutive women attending the immuniza-
tion outpatient department were recruited) that
needs repetition working on large numbers (per-
haps using registry data). However, the data are
intriguing; near 78% of the women treated with
alpha methyldopa developed postpartum depres-
sion, with an OR for the increased risk of depres-
sion over six times that observed in women not
treated with this drug. Fortunately, the increased
depression risk was not associated with increased
suicidal risk. Again, the study is too small to draw
firm conclusions (only 9 out of the 100 recruited
women were treated with alpha methyldopa, 7 of
which developed postpartum depression; more-
over, the authors do not specify the treatments
received by the whole group and misinterpret the
mechanism of action of alpha methyldopa).

As far as depression outcome in depressed
patients with coronary artery disease (CAD),
Vitinius et al. [9] described in 570 patients with
CAD and a score at the Hospital Anxiety and
Depression Scale indicating the presence of
depression a variety of factors affecting either
favorably or negatively the depression outcome.
Among the conditions associated with an adverse
effect on the depression outcome, there was the
use of various classes of drugs among which are
beta-blockers. Indeed, the study, while contribut-
ing to the identification of various somatic and
sociodemographic predictors of depression in
patients with CAD, identified several drug treat-
ments, including cardiovascular drugs, worsening
depression. The exact causal relationships and
mechanisms involved have to be further explored.
In the case of beta-blockers, the increased risk of
depression compared to other cardiovascular
drugs is consistent with literature data published
since the late 1970s (see also [5, 10]).

Adrenergic Cardiovascular Agents
Potentially Useful in Psychiatry

The effects of some cardiovascular drugs, in par-
ticular the alpha 1 receptor blocker prazosin, and
various beta (beta-1) blockers have been studied
for potential beneficial effects in post-traumatic
stress disorder (PTSD) and in panic disorders.
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Traumatic memories are taught to be linked to a
strong adrenergic response due to the trauma
experienced by the subject. Accordingly, beta-
blockers have been studied as potential treatments
for PTSD (with questionable results, see [11–13]).
In a controlled randomized trial, Brunet et al. [14]
assessed the efficacy of trauma memory
reactivation while treating the patients with pro-
pranolol. In brief, the patients with a long-
standing PTSD were treated with propranolol
one and a half hour before a session of memory
reactivation, once a week for 6 weeks. The treat-
ment with propranolol was efficacious in reducing
the symptoms of BPSD as evaluated both by the
clinician and by the patient. The size of the study
is small, but the results are consistent with the
reconsolidation theory and suggest the impor-
tance of further exploring various trauma
populations and long-term effects.

Interestingly enough, Meli et al. [15] have
studied the association of administration of a
beta-blocker during the evaluation for an acute
coronary syndrome in the emergency room and
the symptoms of PTSD 1 month later. The beta-
blocker was administered for cardiologic reasons.
The effect was small but significant in reducing
PTSD symptoms suggesting that beta-blockade
during a period relevant for fear consolidation
may have later on beneficial effects on the psy-
chological health of the patient.

One beta-blocker has been studied also in rela-
tion to panic disorders; in particular Bernik et al.
[16] evaluated the effect of a single dose of
pindolol on acute anxiety caused by the experi-
mental administration of flumazenil, the benzodi-
azepine receptor antagonist, in panic disorder
patients. It should be underscored that
(a) pindolol had no significant effect and
(b) pindolol has a complex mode of action and
in addition of being a beta-blocker is a high-
affinity 5-HT1A receptor blocker and exactly for
this reason it was used by the authors. Indeed, drugs
acutely enhancing serotoninergic transmissionmay
decrease panic attacks and positively cooperate
with SSRI (selective serotonin reuptake inhibitors)
antidepressants. In turn somatodendritic 5-HT1A
receptors inhibit the firing of serotoninergic neu-
rons; hence their blockadewill favor serotoninergic

activity. In spite of the failure of the reported study,
potential central serotoninergic activity of pindolol
when used as a cardiovascular drug may be taken
into consideration as possible source of psychiatric
effects.

Furthermore, the alpha blocker prazosin has
been studied in relation to PTSD as reported by
Raskind et al. [17]. The rationale behind the use of
the adrenergic alpha 1 receptor blocker is similar
to the one considered for beta antagonist, i.e., that
PTSD is based on the coincidence of a strong
adrenergic activation and emotional activation
by a stressor producing traumatic memories
which are based on a catecholaminergic trace
and altered responsiveness to noradrenergic sig-
naling [18]. In addition, there are literature data
showing that prazosin may be effective in attenu-
ating nightmares associated with PTSD [19]. The
study published by Raskind et al. [17] recruited
some 300 participants from 13 departments of
veteran’s affair medical centers. The recruited
patients were equally assigned to placebo or
prazosin for 26 weeks. Prazosin was administered
in escalating divided doses up to a maximum of
12 and 20 mg/day, respectively, for women and
men. However, the results did not support an
effect of the treatment in attenuating the symp-
toms; indeed prazosin did not alleviate distressing
dreams or improve sleep quality. The reasons for
the failure can be several and induce caution in the
interpretation of the available literature when
based on sporadic nonconfirmed observations in
few patients dealing with advantageous psychiat-
ric effects of a cardiovascular therapy. On the
other hand, further studies including a more
refined characterization of autonomic nervous
system activity are needed to determine whether
there might be subgroups of patients with PTSD
who can benefit from prazosin. At the doses used,
prazosin daily administration had an effect on
blood pressure that was actually considered a
side effect in these patients, which, however,
was small.

Prazosin has been investigated also in relation
to alcohol use disorder [20], which is an interest-
ing application since preclinical data suggest the
involvement of the noradrenergic transmission in
alcohol reinforcement, although the noradrenergic
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pathways have not been yet targeted in alcohol
abuse disorders. The quoted authors treated
92 subjects with alcohol use disorder without
PTSD which were randomly assigned to receive
placebo or prazosin. The treatment was titrated to
a target dosing schedule of 16 mg/day in divided
doses (morning, afternoon, bedtime). The daily
alcohol consumption was registered. The number
of drinks per day, the number of heavy drinking
days, and the probability of heavy drinking were
reduced in the prazosin-treated group which
reported more drowsiness and edema compared
to the placebo group. Due to the very limited
number of efficacious pharmacological treatments
available for this disorder, this observation
deserves further investigation.

Nitro Derivatives and Schizophrenia

There is a puzzling relationship between some
vasodilator compounds acting through the nitric
oxide (NO) production and schizophrenia. In par-
ticular the prodrug sodium nitroprusside, which
has been used in clinical practice as an arterial and
venous vasodilator for 40 years in acute hemody-
namic applications, has been administered in a
small study [21] to 20 schizophrenic patients ran-
domly assigned to receive either sodium
nitroprusside or placebo. At the doses used (infu-
sion of 0.5 μg/kg/min for 4 h), sodium
nitroprusside did not alter systolic blood pressure,
diastolic blood pressure, blood oxygen saturation
level, and heart rate. These observations are in line
with the fact that the dose used was the minimum
one required to lower blood pressure in hyperten-
sive patients, while normotensive individuals
require higher doses to respond to the drug. The
authors [21] observed a safe, rapid, and long-
lasting improvement of positive, negative, anxi-
ety, and depressive symptoms in patients with
schizophrenia after a single intravenous injection
of sodium nitroprusside. The results are in line
with preclinical data from the same group and
may be explained by the observation that defects
in the glutamate-nitric oxide-cyclic guanosine
monophosphate (cGMP) network have been
described in individuals with schizophrenia.

Even if the results have not been confirmed by
others [22], possibly because of methodological
differences in the experimental settings, they are
intriguing in delineating a possible mechanism
through which a category of cardiovascular drug
may exert CNS actions.

Revisiting and Repurposing Calcium
Antagonists

A peculiar aspect is represented by calcium antag-
onists. This is a class of cardiovascular drugs
including several molecules belonging to at least
three different chemical reference structures, i.e.,
dihydropyridines (prototype nifedipine), phenyl-
alkyl amines (prototype verapamil), and
benzothiazepines (prototype diltiazem). The vari-
ous agents have individually both common and
specific uses. All of them are antihypertensive,
some of them (e.g., verapamil) are also used as
class IV antiarrhythmics, and others can be pre-
scribed as coronary-dilating agents in angina
(nifedipine and verapamil). Interestingly enough,
when they were first introduced in cardiovascular
pharmacology, some potential activities at the
level of the CNS were also proposed, mainly as
neuroprotectants; in particular a dihydropyridine,
nimodipine, was developed for vascular dementia
and cerebral vasospasm. However, their use in
neurological/psychiatric conditions was never
fully developed. Moreover, one of them,
flunarizine, originally prescribed for ameliorating
cerebral circulation exhibited problems of depres-
sion and parkinsonism [23], which was due to a
peculiar pharmacological profile of this com-
pound, being also an antagonist of dopamine D2
receptors [24], a property not shared by other
calcium antagonists. Indeed, iatrogenic depres-
sion was also described in elderly patients pre-
senting hypertension and coronary disease treated
with atenolol but not in those receiving verapamil-
sustained-release treatment [25]. In particular, the
authors propose that given a choice between these
equally effective high blood pressure treatment
strategies, it may be prudent to use a verapamil-
based strategy if there is the risk of the occurrence
of a mood-related side effect of the beta-blocker.
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Recently the studies on the potential usefulness
of calcium antagonist as CNS-active drugs have
been revitalized [26] in appreciation of the fact
that voltage-dependent calcium channels of vari-
ous types, including the L channels targeted by
calcium antagonists, are present in the brain. In
particular, data are reported showing potential
uses of isradipine for Parkinson’s disease and
dependency, nimodipine for febrile seizures, and
cilnidipine for pain and tremor, all the three hav-
ing as main indication hypertension. Besides the
mentioned molecules, the knowledge has
increased about the activity of several other mol-
ecules (including some antiepileptics) on the var-
ious calcium channel subtypes. Therefore, to be
more precise, the repurposing of already marketed
drugs able to interact with the various calcium
channels concerns molecules including, but not
being limited to, calcium antagonists used in car-
diovascular diseases. Within this context also the
use of calcium antagonists in dementias proposed
more than 20 years ago has been re-evaluated in a
trial on nilvadipine on 511 patients affected by
mild-moderate Alzheimer’s disease [27]. How-
ever, as in the past, the treatment didn’t produce
benefits in the patients. The attention to the
repurposing of calcium antagonists is underscored
by an ongoing trial on the use of nicardipine in
young adults with mood instability. Notably the
study also considers the effect of the CACNA1C
polymorphism related to the gene encoding the
alpha 1C subunit of the L-type voltage-gated cal-
cium channel [28].

Cardiovascular Drugs Secondarily
Acting on the Neuroinflammatory
Component: The Case of Statins

As already stated, and shown, not always the
potential psychiatric effects of cardiovascular
drugs are considered negative. In several occa-
sions their use has been associated with potential
advantages for the patient. From a general point of
view, beyond specific mechanisms, it should be
reminded that alterations in cerebral blood flow
may participate in the expression of brain pathol-
ogies and that a preserved good cerebrovascular

function is important. Within this context all the
measures that contribute to sustain vascular func-
tions (including both drugs and lifestyle) may
exert beneficial effects on brain functions (demen-
tias are a particularly relevant topic). On the other
hand, more specific mechanisms have been also
considered in specific cases in the process of drug
repurposing, so far with no particular success.
Within this context statins have been studied in
relation to depression and dementias. The treat-
ments with statins, when lifestyle corrections are
insufficient to control effectively cholesterol
levels, or when the cardiovascular risk is high,
are usually very long. On the other hand, it has
been convincingly shown that long-term statin
treatment may reduce cardiovascular mortality in
at-risk patients. Statins are potent drugs that, in
addition to inhibit cholesterol synthesis, have
other not yet fully described mechanisms of action
among which a potent anti-inflammatory activity,
not forgetting about the inflammatory hypothesis
of atherosclerosis [29]. Interestingly enough,
inflammatory processes have been claimed to be
at the basis of several neuropsychiatric diseases,
including, but not limited to, Alzheimer’s disease,
Parkinson’s disease, and depression (see,
e.g. [30],). In particular, in the case of depression,
it has been proposed that the combined treatment
of a statin with an SSRI antidepressant is superior
to the antidepressant alone. On the other hand,
small trials and observational studies provided
contrasting results with both decreased and
increased risk for depression in statin users.
Recently, a Danish group [31] has explored the
relationship between statin and depression by
examining in a large study the data on almost
388,000 patients equally divided between statin
users and statin nonusers over a period of more
than 15 years, using a nationwide register-based
cohort study. The study is based on a sophisticated
statistical analysis and the propensity score,
correcting and considering the possible con-
founders. The results indicate that statins reduced,
as expected, cardiovascular mortality and mortal-
ity for all the causes and that statin users and
nonusers are equally likely to develop depression.
No additive beneficial effects on depression of
statins and antidepressants were described.
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Statins have also been studied for their poten-
tial beneficial effects in patients affected by
Alzheimer’s disease (AD), based on the relation-
ship between cholesterol metabolism and beta-
amyloid accumulation in the brain of AD patients.
However, in the case of their use in dementia, the
final conclusions are negative [32].

Another example related to the use of a cardio-
vascular drug against dementia based on its activ-
ity on neuroinflammation is represented by
losartan. From a mechanistic point of view, sys-
temic inflammation launches through several
route signals to the brain that may trigger cytokine
derangement at brain level. Angiotensin II partic-
ipates in the inflammation process by actions on
angiotensin 1 receptors. Salmani et al. [33] in a
preclinical study have shown that the pretreatment
and treatment with losartan for 24 days prevented
in the rat the behavioral and brain effects of
neuroinflammation induced by a peripheral injec-
tion of lipopolysaccharide. The study has obvious
limitations and still documents additional mecha-
nisms that may contribute to the multifarious
effects of angiotensin II receptor blockers.

Based on a similar reasoning about the role of
neuroinflammation in depression and also consid-
ering the involvement of phosphodiesterase
(PDE) activity, El-Haggar et al. [34] have
conducted a small proof-of-concept randomized
double-blind placebo-controlled trial on the effect
of pentoxifylline (PTX; 400 mg b.i.d. for
3 months) in addition to escitalopram (20 mg/
day) administered to patients affected by major
depressive disorder (MDD). PTX is usually pre-
scribed for peripheral arterial disease. The authors
observed a greater improvement in Hamilton Rat-
ing Scale for Depression in PTX-treated patients
compared to the control group. As a biological
correlate, the serum levels of inflammation
markers (TNF-α, IL-6, IL-10, 8-OHdG) showed
a statistically significant reduction, while the
neurotrophin BDNF (brain-derived neurotrophic
factor) displayed a significant increase. The
authors conclude that this drug may represent a
promising adjunct to the antidepressants. The
published study is small (totaling 80 patients
divided into two groups of treatment) and needs
independent confirmation; on the other hand, it

underscores the potential favorable psychiatric
effects of this cardiovascular drug, again stressing
the importance of the drug-repurposing studies.

Antiplatelet Agents

The antithrombotic clopidogrel deserves a com-
ment even if the data are based so far almost
exclusively on preclinical studies. In particular,
Sipe et al. [35] in an elegant study on ocular
dominance plasticity have demonstrated the
importance of P2Y12 purinergic receptors which
are selectively expressed in non-activated micro-
glia and participate in modulating microglial
activity during early injury responses. The disrup-
tion of this receptor activity, as it occurs during the
treatment with clopidogrel, abrogates visual cor-
tex plasticity responses to closure of one eye dur-
ing development. Moreover, it should be noted
that P2Y12 receptor has a myriad of subtypes
with pharmacologic effects involving adenosine
and uridine nucleotides.

By extension it can be proposed that
clopidogrel may affect brain’s plastic response,
an effect to which psychiatric patients may be
more sensitive. Indeed, in the previous quoted
study by Shameer et al. [3], clopidogrel was one
of the 28 drugs associated with rehospitalization.
Moreover, a case report [36] in line with post-
marketing reports describes a case of
clopidogrel-induced auditory and visual halluci-
nations in an 83-year-old white woman. The dose
of clopidogrel was 75 mg daily, and the patient
exhibited auditory and visual hallucinations 5 h
after starting the medication. Hallucinosis
resolved with discontinuation of the drug.

In these cases, alternative antiplatelet drugs not
crossing the BBB may be chosen.

Further exploring the field of antiplatelet ther-
apies, the use of low doses of acetylsalicylic acid
(ASA, 75–160 mg daily) should be commented.
Few years ago, Kern et al. [37] examined the
effect of ASA on cognitive function and dementia.
It should be mentioned that several studies have
investigated the relationship between the use of
nonsteroidal anti-inflammatory drugs (NSAIDs)
and dementia with contrasting results based on
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the tenuous rationale of a NSAID-sensitive
neuroinflammatory process participating in the
pathogenesis of dementia. In contrast, no study
examined the effect of ASA on cognitive function
in persons at high cardiovascular risk in spite of
the fact that ASA is the most widely prescribed
drug to prevent cardiovascular disease. The sam-
ple of patients studied by the quoted authors was
derived from the Prospective Population Study of
Women and from the H70 Birth Cohort Study in
Gothenburg, Sweden, and included near
790 women aged 72–90 years. Subjects demented
or using warfarin, clopidogrel, or heparin at the
baseline were excluded. Over 95% of the partici-
pants had a high cardiovascular risk. The primary
and secondary outcomes of the study were cogni-
tive decline and dementia incidence in relation to
the use of low-dose ASA and cardiovascular risk
factors. The results show that low-dose ASA
assumption in women with high cardiovascular
risk was associated with less cognitive decline at
follow-up. The authors comment on a potential
neuroprotective effect of the treatment. From my
point of view, even considering the multiple mode
of action of ASA, and its activity in controlling
expression factors involved in neurodegenerative
processes, I suggest that the vascular effects of the
drug may prevail in assuring a better cerebral
circulation in the treated population, rather than
claiming direct neuroprotective mechanisms.
However, this point can and should be explored
by means of further studies.

Dementing Diseases

The following notes are an adjunct to the para-
graphs that in the case of calcium antagonists,
statins and acetylsalicylic acid have anticipated
experiences in demented patients.

The view that sustaining optimal cardiovascu-
lar competence may have protective effects
against dementia has been intensively explored
in the case of antihypertensive treatments. The
SPRINT (Systolic Blood Pressure Intervention
Trial) MIND investigators published a trial [38]
on 9361 hypertensive adults randomized to a sys-
tolic blood pressure target of less than 120 mmHg

compared with less than 140 mmHg. The primary
outcome of the study, i.e., a reduction in the
occurrence of dementia, was not reached. How-
ever, the results of the trial showed that reducing
the blood pressure below 150 mmHg was not
associated with increased risk of cerebral hypo-
perfusion resulting in negative effects on brain
function. Indeed, intensive blood pressure control
did not result in impaired cognition following a
period of treatment over 3 years and a follow-up
of over 5 years. In addition, the published results
do show that the intensive blood pressure control
may have some benefits as indicated by the
reduced occurrence of mild cognitive impairment
(MCI) even if the progression of MCI to dementia
is not certain and reversion and stability of the
defect are possible. The question on how much to
lower blood pressure in the elderly is still on the
table, but the concept that controlling it will
reduce the risk of cognitive impairment is consis-
tent across the various studies.

A Note on Cardiovascular
Supplements and Integrators

A comment on the use of supplementation in
cardiovascular pharmacology and their psychiat-
ric aspects is timely. It is a growing field both
commercially and scientifically. More and more
patients do use integrators either prescribed or
self-prescribed. The basic attitude is that integra-
tors do not harm and may be beneficial, which is
incorrect. New researches in the last few years do
document precise mechanism of action of active
compounds present in several integrators. Some
of these modes of action do involve recognized
multiple molecular targets including epigenetic
modifications [39]. The number of involved sub-
stances is enormous and there are no systematic
data. As a general comment, I would suggest that
if there is a proven beneficial cardiovascular
effect, cardiovascular protection may positively
reverberate on cerebrovascular competence and
be usefully framed within therapeutic interven-
tions in the aged patient aimed also at preserving
CNS functions through the improvement of cere-
bral circulation. Also, in the case of these
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molecules, it will be important to have a full
knowledge of the map of their targets and to be
informed on their ability to cross the BBB and to
reach the CNS at active concentrations. Indeed,
preclinical data, frequently in vitro, which are
insufficient to make a decision, do document the
potential for CNS activities. Most of these prepa-
rations are simply introduced on the market with-
out a clinical investigation making really difficult
to provide a sound scientifically grounded clinical
advice beyond the cautionary: further studies are
needed.

Take-Home Messages

What are the practical consequences and the take-
home messages stemming out from the present
chapter and after reading Table 1 which summa-
rizes the adverse and the favorable psychiatric
effects of several cardiovascular drugs as detailed
in the text? To be conservative it can be affirmed
that:

(a) Convincingly several cardiovascular drugs
have mechanisms of action that may hit tar-
gets in the brain as well as at cardiovascular
levels (e.g., aminergic receptors, ion chan-
nels), provided the crossing of the blood-
brain barrier.

(b) Some of these actions are at the basis of
adverse psychiatric effects (e.g., depression).

(c) The full pharmacological profile of the chosen
cardiovascular drugs should be carefully eval-
uated and the possibility of psychiatric side
effects considered.

(d) In psychiatric and elderly patients, the suscep-
tibility to psychiatric adverse effects may be
greater; in particular a comorbid psychiatric
condition may require a careful choice of the
cardiovascular drug avoiding molecules that
can aggravate the psychiatric status.

(e) Favorable psychiatric effects of cardiovascu-
lar drugs can be explored and fruitfully
exploited, but ad hoc well-designed random-
ized placebo-controlled trials are needed.

(f) The field may benefit of the new approaches
based on the analysis of prescription data from
electronic medical records of a large number
of patients.
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Abstract

The prominent role of norepinephrine in the
regulation of cognitive functions is suggested
by the distribution of noradrenergic circuits in
specific regions of the central nervous system.
Adrenergic receptors play a role in the regula-
tion of the noradrenergic system in the central
nervous system, both at pre- and postsynaptic
levels, and their modulation permits a dynamic
system to respond and adapt to stimuli. Evi-
dence suggests that norepinephrine system

dysregulation is a mechanism involved in the
occurrence of pathological anxiety and depres-
sion. The stimulated adrenergic activity in the
central nervous system provides a rationale for
the use of antiadrenergic medications. Studies
support antagonism of the postsynaptic α1-
adrenergic receptor as a target for post-trau-
matic stress disorder treatment.

Pharmacological action of epinephrine/nor-
epinephrine on the heart and vessels is a basis
of backbone medical therapies of cardiovascu-
lar diseases. A link between depression and the
use of β-blockers has been postulated for a long
time, but the association between their use and
depression remains debated with conflicting
results reported.

Future research will help to clarify the role
of adrenergic system in mood and anxiety
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disorders in order to develop new treatments
that not only alleviate symptoms but also
affect underlying pathophysiology of these
maladies.

Keywords

Adrenergic receptors · Norepinephrine
neurotransmission · α- and β-blockers · Post-
traumatic stress disorder · Depression

Introduction

Norepinephrine is an essential neurotransmitter,
distributed throughout the central nervous
system (CNS) with multiple effects. The norad-
renergic system modulates several cognitive
functions, such as learning/memory and stress
response, and its dysregulation, by means
of prolonged stressor stimuli, is associated
with a variety of behavioral pathologies, such
as drug abuse and cognitive deficits, leading
to stress- and/or anxiety-related disorders
[i.e., post-traumatic stress disorder (PTSD) and
depression] [1, 2]. The largest cluster of norad-
renergic neurons is represented by the locus
coeruleus, implicated in a wide array of physio-
logical and behavioral functions. Stressful stim-
uli activate locus coeruleus neurons, alter
their electrophysiological activity, and induce a
massive norepinephrine release [3].

In the light of the contribution of noradrenergic
system to the etiology of several neuropsychiatric
conditions, deciphering its role and the involve-
ment of regulatory mechanisms may reveal new
therapeutic targets for tailoring pharmacotherapy
but also understand the background for CNS-
related adverse reactions.

Distribution of Adrenergic Receptors

Adrenergic receptors (adrenoceptors) are mem-
brane-bound receptors that belong to the super-
family of G protein-coupled receptors. They are
found in almost all peripheral tissues and in many
districts within the CNS where they mediate the
physiological response to endogenous ligands,

norepinephrine and epinephrine, and to a lesser
extent dopamine [4]. Adrenergic receptors are
classified into two major types, α and β, on the
base of their affinity for specific agonists. The
current classification has been defined by studies
of molecular cloning identifying nine distinct
genes encoding three α1 (α1A, α1B, α1D), three α2
(α2A, α2B, α2C), and three β (β1, β2, β3) subtypes [5].
The α1-adrenergic receptors are located in the
peripheral and CNS at postsynaptic level, where
they exert excitatory functions by stimulating Ca2+

channels as well as protein kinase C and phospho-
lipase A2 and promoting cyclic AMP production.
In the CNS, they are found in hippocampus and
cortex, whereas in periphery they are expressed in
vascular and nonvascular smooth muscle cells and
mediate vasoconstriction [6, 7]. On the other hand,
the α2-adrenergic receptors mediate an inhibitory
action, by inhibiting adenylate cyclase and forma-
tion of cyclic AMP in the peripheral and CNS, at
both pre- and postsynaptic level. In the CNS, their
activation is associated with a reduced release of
neurotransmitters on noradrenergic (autoreceptors)
and non-noradrenergic (heteroreceptors) nerve ter-
minals. The functional role of the diverse adrener-
gic receptor family members, α1-adrenergic
receptor subtypes among others, is still poorly
understood, and because most currently available
drugs are not selective enough to differentiate
between the α1 subtypes, it is difficult to determine
how each subtype is able to modulate cognitive
functions. Peripheral functions include inhibition
of lipolysis in fat cells and insulin release from the
pancreas [8–10]. The β-adrenergic receptors are
positively coupled to adenylate cyclase through
activation of a stimulatory G protein, resulting in
increased cyclic AMP and cyclic AMP-dependent
protein kinase. Moreover, their activation regulates
the function of voltage-gated Ca2+ channels in
muscle fibers. They are distributed on several
organs, mainly the heart (β1) but also in the lung,
kidney, liver, vasculature, and adipose tissue [5,
11]. Therefore, adrenergic neurotransmission
plays key role in the modulation of CNS activity,
and the adrenergic part of autonomic nervous sys-
tem is vital for the organism, since it regulates a
variety of physiological processes and the response
to stress. Pharmacological action of epinephrine/
norepinephrine on the heart and vessels is one of
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the bases of backbonemedical therapies for cardio-
vascular diseases.

Noradrenergic System in Cognitive
Processes and Behavior

Most of the noradrenergic neuronal network arises
from the locus coeruleus and projects to different
cortical and subcortical areas (hippocampus,
amygdala, hypothalamus, etc.). The locus
coeruleus provides the unique source of norepi-
nephrine to hippocampus and neocortex, which
are essential for cognitive and affective functions.
Norepinephrine increases the organism’s ability to
process salient stimuli while suppressing
responses to irrelevant information [12, 13].
Changes in norepinephrine activity can influence
a wide range of psychobiologic functions. These
include executive capabilities involved in deci-
sion-making mediated by the prefrontal cortex
(PFC), hippocampal memory encoding, stress
response mediated by the hypothalamus, and
fear learning processed by the amygdala [14, 15].

Several adrenergic receptors have a role in the
modulation of the noradrenergic system in the
CNS, both pre- and postsynaptically, and func-
tional interactions among different subtypes per-
mit a dynamic system to respond and adapt to
continuous stimuli [16]. Indeed, mRNA localiza-
tion studies have revealed differential distribu-
tions of α and β receptors throughout the brain,
suggesting that different adrenergic receptor sub-
types mediate distinctive actions based on their
differential localization across neuronal subpopu-
lations and/or neuronal compartments [10, 17].
Moreover, evidence that adrenergic receptors are
expressed by glial cells points to the influence of
the locus coeruleus-noradrenergic system on glial
function and, consequently, on neighboring neu-
rons [18].

The Involvement of Norepinephrine in
Depression

Depression is associated with potential morbidity
and mortality contributing to suicide, medical
illness, and disruption of interpersonal

relationships and often leading to substance
abuse. In spite of new mechanistic insights under-
lying pathophysiology of depression, the mono-
amine hypothesis, which postulates a deficiency
of serotonin and/or norepinephrine neurotrans-
mission in the brain, remains the most popular
theory compatible with the clinical activity of
most antidepressant medications. Although sero-
tonin has been the most studied neurotransmitter
in depression, a considerable proportion of
patients fail to respond to selective serotonin reup-
take inhibitors (SSRIs).

Noradrenergic Antidepressants

Accumulating evidence has indicated that norepi-
nephrine is of major importance in the pathophys-
iology and treatment of depressive disorder.
Clinical analysis has suggested that a specific set
of symptoms poorly respond to serotonergic anti-
depressants and that antidepressants that enhance
norepinephrine offer a therapeutic advantage in
the treatment of symptoms [2]. Imaging studies
have shown that major depression is associated
with abnormal metabolism in limbic structures of
the PFC and that metabolism normalization
occurs in patients with a persistent antidepressant
response [19]. Moreover, the mutual interactions
between the serotonergic and the noradrenergic
neurotransmission in the brainstem affect cellular
plasticity and strengthen the functional cross talk
between these systems, leading to development of
emotion-related behaviors. In particular, elevation
of norepinephrine in the serotoninergic neurons of
the raphe is likely to activate the α2 autoreceptor
on noradrenergic neurotransmission and the α2
heteroreceptor on the raphe serotoninergic neu-
rons. Treatment with dual-action antidepressants
(serotonin-norepinephrine reuptake inhibitors) in
anxious depression may restore norepinephrine
system through normalizing the upregulated α2-
adrenergic receptors and increasing raphe seroto-
ninergic neurons [15]. Thus, the role of noradren-
ergic neurotransmission is being increasingly
recognized and appears to be a key mechanism
involved in the occurrence of pathological depres-
sion. The use of pharmacological interventions
that facilitate norepinephrine release may promote
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cell plasticity and adaptations that restore the reg-
ulatory control of norepinephrine and can
strengthen regulation of behavior in patients.

The Noradrenergic Antagonism in Post-
Traumatic Stress Disorder

Substantial evidence has indicated an excessive
reactivity of noradrenergic system in stress-
related disorders, evidencing a causal relationship
between norepinephrine responsiveness and
PTSD. An elevated norepinephrine release has
been evidenced, with a raised firing of the locus
coeruleus. PTSD is a debilitating mental health
condition that can occur when a person has expe-
rienced or witnessed an extremely distressing and
life-threatening event. In the USA, 5–10% popu-
lation is affected, and the percentage is even
higher in special populations that have been
exposed to severe trauma, such as veterans and
active-duty soldiers. The symptoms include
hyperarousal, the avoidance of trauma reminders,
the re-experiencing of traumatic events, as well as
alteration of cognition and mood, commonly
associated with aggressive behavior and suicide.
Among the most characteristic symptoms of
PTSD is sleep disruption, which is due in part to
nightmares related to the traumatic events and to
nighttime arousal [20]. Imaging and postmortem
studies have provided consistent evidence of dys-
function at the PFC level in patients with PTSD.
Difficulties in memory retrieval, lower perfor-
mance in task depending on the PFC, impaired
inhibition of the fear response, and altered pattern
in the PFC activity suggest functional alterations
in PTSD patients [21, 22].

The stimulated adrenergic activity in the CNS
and its continuation during sleep provide a ratio-
nale for the use of antiadrenergic medications to
ameliorate these symptoms. Animal models sup-
port antagonism of the postsynaptic α1-adrenergic
receptor in the CNS as a target for PTSD treat-
ment. Of the clinically available α1-adrenergic
antagonists, prazosin that crosses the blood-brain
barrier has demonstrated efficacy in antagonizing
central α1-adrenergic receptors when adminis-
tered peripherally [23].

Treatment of Post-Traumatic Stress
Disorder: Clinical Studies

During the last decade, six randomized placebo-
controlled clinical trials have been conducted on
combat soldiers and civilians. These studies,
recruiting a number of participants ranged from
10 to 100, have shown moderate to large effects of
prazosin in alleviating sleep disturbance and
improving global clinical status. In these early
trials, prazosin treatment has been effective and
well tolerated, showing clinical benefits on total
PTSD symptoms with improvements in trauma
nightmares, sleep quality, and daytime symptoms,
in both military veterans and civilians. These
effects have been observed in some, but not in
other, measurements of sleep quality and total
PTSD symptoms [24–29]. However, as major
limitation, these positive trials had a short dura-
tion (less than 15 weeks) and were of moderate
size.

The ability of prazosin to sustain efficacy for
chronic PTSD symptoms over longer periods
(26 weeks) has been tested in a recent trial in
which 304 participants were randomized in 1:1
ratio to receive either prazosin or placebo. The
study has recruited US combat veterans who had
chronic PTSD and reported frequent nightmares.
In contrast with previous smaller randomized tri-
als of prazosin, this trial has failed to show a
benefit of prazosin over placebo in reducing the
frequency and intensity of trauma nightmares
[30]. A possible explanation for these negative
results may stand from recruitment of patients
who had clinically stable conditions. Acute or
unstable medical illness and psychosocial insta-
bility were the criteria of exclusion in this trial, not
taken into consideration in the other studies.
Therefore, the clinical characteristics of patients
recruited in this trial may well explain why PTSD
symptoms were less likely to be ameliorated with
antiadrenergic treatment.

PTSD is a complex syndrome with several
subtypes and variations that can manifest with
different combinations of symptoms. Despite the
understanding of neurobiological pathways
underlying PTSD, the different variants with dif-
ferent biologic phenotypes explain the failure in
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the identification of one distinctive treatment that
fits all. This extreme variability forces a more
complete definition of the PTSD based on bio-
logic markers that may call for a specific targeted
pharmacotherapy and psychotherapy. Future trials
should demonstrate the biologic basis that
enlarges our current understanding of this disorder
so that each subgroup of the millions of patients
with PTSD may respond to proper pharmacolog-
ical approach.

Since norepinephrine hyperactivity has been
established as a critical signaling of the stress
response implicated in anxiety-related behavior,
the search for novel agents to treat PTSD and
other anxiety disorders has shown alternative
pharmacological approaches to disrupt the cate-
cholamine activity. Nepicastat, a selective dopa-
mine β-hydroxylase inhibitor, is being tested for
the treatment of PTSD in veterans who have pre-
viously served in combat zone (NCT00659230,
NCT00641511). The scientific rationale is
based on the reduction of noradrenergic synaptic
signaling by the inhibition of β-hydroxylase, the
enzyme that converts dopamine to
norepinephrine.

Neuropsychiatric Effects of
Cardiovascular Adrenergic
Antagonists

Chronic medical condition and associated medi-
cation have been linked with development of
depressive symptoms. However, the shortage of
systemic investigations and the relatively high
percentage of depression in chronically treated
patients may also indicate a coincidence rather
than a drug effect. Although it has been postulated
that cardiovascular medications may have impact
on neuropsychiatric symptoms, it is problematic
to associate a specific neuropsychiatric symptom
to the particular cardiovascular drug. This is par-
tially because anxiety and major depressive disor-
der are relatively common in patients with acute
and chronic cardiovascular diseases [31–33]. Still,
a link between depression and the use of
β-blockers (BBs) has been postulated for a long
time. In general, the presumed increase in rates of

neuropsychiatric effects has been thought to
depend on the chemical properties of BBs, as
lipophilic molecules (propranolol andmetoprolol)
can penetrate through blood-brain barrier easier
than non-lipophilic drugs (atenolol). Yet, meta-
analysis of 15 trials with more than 35,000
patients has showed that the risk of adverse effects
(depressive symptoms, fatigue, or sexual dysfunc-
tion) did not differ significantly following the use
of lipophilic and non-lipophilic drugs [34]. Over-
all, the association between the use of BBs and
depression remains debated with conflicting
results reported. Observational studies and case
reports have related the use of propranolol with
depression, and the analysis of the drug prescrip-
tion pattern has found that this BB was associated
with increased prescription of an antidepressant.
High rates of new prescriptions for antidepres-
sants were more frequently seen in patients having
prescribed propranolol, as compared with
diuretics [35–38]. Also, the quality of life analy-
sis, by assessing psychological functioning, has
shown lower scores in patients taking propranolol
when compared to captopril, enalapril, and aten-
olol [39]. In more extended studies, however, the
link of BBs and depressive symptoms is weaker
than initially thought. Large meta-analysis of 15
trials has not revealed such association, and the
following reviews have confirmed this notion [34,
40]. On the other end, the more recent 5-year
follow-up study in patients with monotherapy of
hypertension has shown the association of treat-
ment with BBs with the higher risk of hospitali-
zation for mood disorders. While this study is
consistent with the possibility of depression as a
rare side effect of BBs, the necessity of hospital
admission reflects the severity of mood disorder
and does not consider bipolar and depressive dis-
orders treated within the community [41]. The
evidence has also shown that both lipophilic and
non-lipophilic BBs can be accompanied with
adverse neuropsychiatric effects other than depres-
sion, such as fatigue and sedation [42, 43]. Fatigue,
anxiety, and sleep disturbance can also occur in
patients assuming α1 antagonists as antihyperten-
sive agents and to treat symptoms of benign pros-
tatic hypertrophy (prazosin, doxazosin, and
alfuzosin). This class of drugs was not consistently
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linked to depression with only rare cases being
reported for prazosin [44–46].

Aside from adverse effects, BBs find therapeutic
application in the field of neuropsychiatry. They are
considered as medication of choice for short-term
relief of social and performance anxiety and, as
doping, are prohibited in particular sports as archery
and shooting. It has been reported that the risk of
PTSD may be reduced by the immediate, post-
trauma, administration of propranolol [47]. BBs
are used to treat aggression following a traumatic
brain injury and in aggressive patients affected by
schizophrenia and other neuropsychiatric conditions
[48, 49]. Finally, BBs can be utilized in patients with
alcohol or benzodiazepine withdrawal-related
symptoms and suffering from restlessness related
to the use of antagonists of dopamine signaling
(e.g., antipsychotic drugs) [50, 51].

Pindolol and Antidepressive Therapy

Pindolol, used for the treatment of hypertension
and angina, is a moderately lipophilic, non-
selective β-receptor antagonist with intrinsic sym-
pathomimetic activity. It is also an antagonist of
serotonin 5-HT1A receptor. The inhibition of reup-
take of serotonin that is common to various anti-
depressant drugs occurs within hours of
administration of reuptake inhibitor, but the clin-
ical effect is not clearly apparent before
2–3 weeks. When serotonin transporter at synap-
tic endings is blocked by the reuptake inhibitor,
the extracellular rise of serotonin triggers inhibi-
tory 5-HT1A autoreceptors that, in turn, inhibit the
firing of serotonergic neurons [52]. The feedback
can be responsible for the abovementioned clini-
cal delay and may last until the receptor is
desensitized. In efforts to develop strategies that
might shorten that undesirable delay, the attention
has been directed to pindolol, because of its
effects on 5-HT1A autoreceptors. The studies of
pindolol as a potential augmenting agent for
patients with depression have yielded mixed
results. Meta-analysis of clinical trials has found
that pindolol speeds up the response to SSRIs
although it does not improve overall response
rate [53]. Interestingly, experimental data and
human PET studies have shown an increase in

serotonin synthesis in PFC when pindolol is com-
bined with a reuptake inhibitor [54, 55]. It has also
been shown that response acceleration and steadi-
ness are higher in patients with a first depressive
episode but not in recurrent patients, indicating
that the augmentation with pindolol may depend
on previous exposure to antidepressants [56]. In
patients with reuptake inhibitor-resistant depres-
sion, systematic review of clinical data has not
found evidence for efficacy of add-on pindolol
and SSRI therapy, which is consistent with previ-
ous studies [57]. Further investigation is needed to
clarify this issue. The use of pindolol is currently
considered as a third-line augmentation strategy
for patients with obsessive-compulsive disorder.

In summary, BBs as a class are not evidently
linked with depression, and the evidence regard-
ing the use of propranolol is not definitive. On the
other hand, intensification of fatigue and sedation
are more consistently reported. It seems that in a
daily clinical practice, the importance of mental
well-being of hypertensive and cardiomyopathic
patients may be underestimated, and clinicians
need to keep in mind the possible link between
neuropsychiatric symptoms and cardiovascular
drug therapy.

Conclusion

More research is needed to understand the role of
adrenergic system in mood and anxiety disorders
to develop new treatments that not only alleviate
symptoms but also affect underlying pathophysi-
ology of these maladies. The links between adren-
ergic antagonists and mental health together with
ongoing real-life observations can allow not only
developing more personalized prescribing attitude
but also stimulating the research on the pathobi-
ology of neuropsychiatric diseases.
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Abstract

Despite enormous medical and economic
efforts in treating psychiatric and neurologic
disorders, more than 1/3 of patients do not
benefit from the pharmacological therapy. In
particular, since patients respond differently to
the same dose of the same drug, the variability
of pharmacological effectiveness among dif-
ferent patients is often difficult to explain and/
or predict. Among the many factors relevant
for the success of the pharmacologic treat-
ments, the pharmacokinetic characteristics of
individuals can be responsible for the lack of
therapeutic response. In fact, interindividual

pharmacokinetic differences, uncertain drug
adherence, or drug-drug interactions are key
issues to be seriously taken into consideration.
Therefore, ongoing research, besides develop-
ing safe and effective drugs, also focuses on
proper use of currently available ones.

For all these issues, therapeutic drug moni-
toring (TDM) is an effective tool to improve
current therapies applied in daily clinical prac-
tice, further in the direction of a “personalized
medicine” to identify each individual patient’s
best therapeutic concentration. However, in
order to achieve maximum benefits, TDM
should be adequately integrated in the clinical
practice to help the specialist in making the
right and timely decisions.

In this chapter, we examine the benefits of
TDM in clinical practice for antidepressants,
mood stabilizers, and antipsychotics widely
used in treating brain disorders.
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Introduction

The success of the pharmacologic treatment,
including neuropsychiatric medications, is
influenced by several factors, mostly related to
the pharmacodynamic and pharmacokinetic char-
acteristics of the patient (Fig. 1). In particular,
since patients respond differently to the same
dose of the same drug, the variability of pharma-
cological effectiveness among different patients is
often difficult to explain and/or predict. However,
some of these variables can be easily controlled
and their monitoring can strongly improve the
therapeutic success. In fact, suboptimal drug
plasma concentration or patient non-adherence
can be relevant factors responsible for the lack of
a pharmacological response.

In this perspective, therapeutic drug monitor-
ing (TDM) is an important tool that helps to opti-
mize current therapies utilized in daily clinical
practice. TDM measures the drug’s (and/or its
metabolite’s) concentration in the blood or
serum, and it proposes an optimal therapeutic
range reference for the best probability of phar-
macological response combined with reduced risk
of adverse drug reactions/toxicity [1]. Histori-
cally, in neuropsychiatric disorders, TDM was
introduced to avoid the toxicity of drugs, for e.
g., lithium, which have a narrow therapeutic
index, i.e., a drug with a toxic concentration
close to its therapeutic effective concentration
[2]. Nowadays, TDM can also be employed for
the so-called “personalized medicine” to identify
each individual patient’s best therapeutic
concentration.

Most importantly, besides the quantification of
plasma drug concentration (Cp), TDM should
interpret this value with respect to the dose in
order to improve the pharmacological treatments
considering non-response at therapeutic doses,

Fig. 1 From prescribed dose to pharmacological response: pharmacokinetic and pharmacodynamic factors responsible
for interindividual variability. (Adapted from [1])
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uncertain drug compliance, and polytherapy with
potential drug-drug interactions.

The pharmacokinetic variability among indi-
viduals is influenced by many factors such as age,
sex, comorbidity, enzymatic genetic polymor-
phisms, polytherapy, etc. At the same dose of
some drugs (e.g., tricyclic antidepressants), a 10-
to 20-fold difference can be found at steady state
as patients mostly differ in their ability to absorb,
metabolize (cytochrome p450 polymorphism),
distribute, and excrete [3–7].

Special categories that may particularly ben-
efit from TDM are children, adolescents, preg-
nant women, elderly patients, and patients with
substance abuse disorders, considering their
peculiar characteristics that make them more
vulnerable to toxicity and side effects. The Cp
should be constantly monitored in elderly
patients [8], considering the progressive impair-
ments of some of their organs, such as the kid-
ney and liver, whose function may decrease
significantly [4, 9].

In particular, in neuropsychiatric disorders, we
can estimate that about 1/3 of patients do not benefit
from the therapy, and about 20–60% of them sus-
pend drug usage during chronic treatment. In addi-
tion, about half of the medications used for treating
chronic diseases are not taken as prescribed [10].
For example, for antiepileptic drugs, subtherapeutic
levels were found in most patients attending hospi-
tals due to seizures [11]. Therefore, besides devel-
oping new effective drugs, current research has put
many efforts in order to improve the proper use of
available ones [12–15].

Indeed, a good practice with TDM delivers
important advantages in terms of cost-benefits,
mainly through reduced length of hospital stay
and thus healthcare costs.

According to AGNP (Arbeitsgemeinschaft
für Neuropsychopharmakologie und Pharma-
kopsychiatrie) guidelines, TDM is mandatory
for lithium and carbamazepine, where lithium
monitoring has become the gold standard of
TDM due to its narrow therapeutic window
[16–18]. For many other drugs, TDM is strongly
recommended, especially for patients with poly-
therapy, for patients with uncertain adherence to

medication, and for “non-responders.” Evidence
of a relationship between clinical outcome and
Cps has been found for anticonvulsant drugs
[19], tricyclic antidepressants (TCAs) [20], anti-
psychotics (APs) [21], and mood stabilizers
[22].

TDM is strongly recommended for TCAs for
their risk of toxicity [23–26], and use of TDM has
indeed reduced this risk [24, 27, 28]. The typical
(first-generation) APs such as haloperidol and the
atypical (second-generation) APs such as
amisulpride, clozapine, and olanzapine are also
suitable candidates for TDM, since their over-
dosing may lead to extrapyramidal syndrome or
other side effects. In the case of clozapine, there is
a strong correlation between clozapine concentra-
tion in blood and incidence of seizures.

Another indication for TDM is to reduce the risk
of relapse by controlling patient’s compliance to the
medication. Furthermore, for some drugs, such as
clozapine, Cp fluctuations can be deleterious for
relapses, and hence controlling its Cp may help to
limit rehospitalization of patients [29, 30].

Unfortunately, TDM is often misused in neu-
ropsychiatric disorders [31–35], and its improper
application might lead to misleading results and
wrong clinical decisions. For example, typical
errors can be measuring plasma concentrations
not at steady-state conditions or transcription
errors on the request form. Studies for antidepres-
sant and mood-stabilizing drugs have revealed the
imperfect use of TDM [36, 37], and around half of
the requests were found to be incorrect in case of
antiepileptic drugs [32].

Indeed, an optimal use of TDM is far from
trivial, revealing that the gap between clinicians
and pharmacologists is still relevant. In fact, often,
on one side, the pharmacologists have limited
knowledge of the clinical conditions of the
patients, while on the other side, the physicians
are not familiar with the pharmacokinetic prob-
lematics [38, 39]. Therefore, it is essential to
improve the interactions between laboratory
activity, pharmacologists and clinical experts in
the direction of a real interdisciplinary approach,
where patients would strongly benefit from such a
multidisciplinary process.
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TDM for Mood Stabilizers

The class of mood stabilizers is the most impor-
tant category of drugs used for treating severe and
complex mental illnesses, such as bipolar disorder
(BD), which can be characterized by psychotic
features. BD is a psychiatric disorder distin-
guished by depressive and manic or hypomanic
episodes, which alternate with euthymic phases.
BD patients are prone to cause self-harm, and in
severe cases, they may try to commit suicide.

The gold standard treatment for BD is lithium;
however, other categories of drugs such as anti-
convulsants, APs and antidepressants are also
used, mostly in association. Lithium and anticon-
vulsant drugs (e.g., valproic acid/valproate) are
used for the long-term treatment, especially to
prevent the relapse, while APs and antidepres-
sants are generally used for shorter periods for
their specific action on psychotic and depressive
episodes, respectively [40–43]. The association of
lithium with valproic acid seems to be safe, well
tolerated, and the most effective [44], particularly
for patients who do not benefit from lithium
monotherapy [45] or those with residual symp-
toms [46]. There are some predictive factors of
poor response to lithium, such as mixed states,
comorbidities with substance abuse, or states of
anxiety. The Balance study showed that lithium
monotherapy and the association of lithium and
valproate were more likely to prevent relapse than
valproate monotherapy [47]. However, there is no
clear evidence that lithium and valproate is better
than lithium alone in preventing recurrence of
episodes or reducing hospitalization [48]. The
concomitant use of lithium and valproate provides
a valid alternative for the treatment of rapid
cycling disorders, with a particular improvement
in depression within 24–48 h of the start of com-
bined use [49].

In clinical practice, the lithium therapeutic
window is 0.50–1.20 mmol/l in the acute phase,
but it decreases to 0.50–0.80 mmol/l during the
chronic treatment in order to avoid the deleterious
side effects as much as possible, particularly refer-
ring to nephrotoxicity (Fig. 2). On this aspect,
several studies have been carried out regarding
the long-term treatment, and most of them pointed

out that lithium treatment should be considered a
risk factor for kidney functional impairment [50].
The value above 1.20 mmol/l is considered as
alert level, where the physician, and eventually
the patient, should be informed. Although TDM is
often used to avoid high concentration and toxic-
ity of lithium, attention should be paid not only to
the upper threshold, but also to the lower thresh-
old, below which the efficacy of lithium is ques-
tionable. In our experience of TDM, lithium is
often used in dosages that determine serum levels
of 0.40 mmol/l or below, even if there is little
evidence of lithium efficacy at this Cp. A study
proposed that 0.40 mmol/l could be the minimum
Cp to achieve clinical efficacy in patients affected
by BD, with the possibility of maintaining a lower
concentration in euthymic patients. However, the
same study also pointed out that 0.60–0.75 mmol/l
is the optimal Cp to benefit from the therapy, and
Cp levels beyond this though may give additional
control of manic episodes but offer no

Fig. 2 Relationship between lithium Cp and its efficacy
and relevant side effects among patients. (Adapted from
[56])
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improvements for depressive symptoms [51]. In
contrast, a randomized double-blind study
conducted in 94 patients with BD showed that the
range 0.40–0.50 mmol/l is associated with greater
probability of recurrence and variability of psychi-
atric symptoms in weekly evaluations [52, 53].
Another study conducted by the University of
Pisa on patients undergoing lithium therapy
showed that patients with lithium concentration
0.50 mmol/l or above displayed a significantly
higher clinical improvement than the rest [54]. In
addition, it was proposed that when lithium was
associated with valproate in 75 bipolar patients, the
lithium concentration between 0.40 and
0.60 mmol/l seemed enough to be effective [55],
suggesting that the association between these two
drugs might reduce the risk of lithium toxicity.

Historically, early studies by Amdisen [56]
clearly indicated that lithium efficacy increases
with its Cp; however, this also correlates for side
effects such as nephrotoxicity. Therefore, the thera-
peutic range is a rational compromise between these
two aspects, i.e., the best probability of clinical effi-
cacy combined with reduced risk of toxicity.

Regarding other mood stabilizers like valproate
and carbamazepine, their therapeutic ranges and
toxic levels are well-defined [1]. TDM is strongly
recommended for valproate, considering the linear
relationship between itsCp and clinical efficacy. The
therapeutic window of valproate is 50–100 μg/ml,
with an alert threshold of 120 μg/ml. According
to one study in acute mania, the target blood level
of valproate for the best response was more than
94 μg/ml [57]. Other studies have confirmed this
therapeutic range in the chronic treatments with
valproate [58].

TDM for Antipsychotics

Antipsychotics (APs) are usually prescribed for
treating schizophrenia, BD, and other brain diseases
characterized by delusional thoughts. Generally,
these drugs are divided into typical antipsychotics
(TAPs) or first-generation antipsychotics and atypi-
cal antipsychotics (AAPs) or second-generation
antipsychotics, based on the concept that AAPs
have lesser side effects such as parkinsonism and

tardive dyskinesia [59] and eventually a better pro-
file in terms of social and cognitive improvement.

In clinical practice, haloperidol and chlorprom-
azine are the two most widely prescribed TAPs
that act as dopamine D2 receptor antagonists. On
the other side, AAPs, such as clozapine,
olanzapine, quetiapine, and risperidone, have a
mechanism of action that goes beyond the D2
receptor blockade and involves serotonin, musca-
rinic, adrenergic, and glutamatergic receptors.
Recently our group has revisited the mechanism
of action of AAPs and based on the different
clinical characteristics among these compounds
belonging to the same category grouped them
into three different levels of “atypia,” where,
besides D2 and 5-HT2A/2C receptor antagonism,
other mechanisms such as 5-HT1 partial agonism,
D3 antagonism, H1 antagonism, α2 antagonism,
moderate muscarinic antagonism, M1-positive
allosterism, BDNF production, and GlyT
blocking have received particular attention [60].

Regarding the use of APs in clinical practice,
TDM represents a rational approach for optimiz-
ing their effectiveness, where the Cp can be a
relevant parameter for drug efficacy and tolerabil-
ity. Indeed, some APs have shown a good corre-
lation between their Cp and the highest
probability of clinical response with minimized
risk of adverse drug reactions. In particular,
TDM of APs is useful for identifying a non-
response at therapeutic doses, uncertain drug
adherence, pharmacokinetic drug-drug interac-
tions, and for reducing side effects. It is worth
noting that Cp is a good predictor for drug cere-
bral concentration, especially for lipophilic drugs
where the blood-brain barrier efflux transporters
are poorly involved.

Neuroimaging studies have demonstrated that
motor side effects, such as extrapyramidal syn-
drome, may occur when more than 80% of D2
receptors in the striatum are blocked. Conversely,
receptor occupancy between 65 to 80% seems to be
the best condition for AP effectiveness with lower
probability of inducing extrapyramidal side effects
[61]. Importantly, a correlation was found between
the D2 receptor occupancy and the Cp of someAPs,
whereas such a relationship with dosage was less
clear. This correlation was recently confirmed by
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Grundmann et al. [62]. Studies have also found that
the relationship between Cp and D2 receptor occu-
pancy is fit by a hyperbolic saturation curve, where
risperidone and olanzapine, at higher concentration,
may exceed 80% of receptor occupancy [63]. These
curves show a good correlation between predicted
and observed receptor occupancy in relation to the
drug Cp. The prediction of D2 receptor occupancy
in relation to Cp is particularly valid for olanzapine,
less for risperidone, and not significant for cloza-
pine. For risperidone, the blood-brain barrier efflux
transporters such as P-glycoprotein (P-gp) may be
responsible for lowering its concentration in the
brain, which reduces the abovementioned correla-
tion [64].

Recently, some in vivo studies have analyzed
the possible relationship between Cp and receptor
occupancy for other targets such as the 5-HT2A
receptor in the cortex and GlyT1 transporters; how-
ever, the information is still too preliminary [65].

Many studies related to the variability between
AAP dose and Cp have been carried out with clo-
zapine, which nowadays is frequently monitored,
because of its relevant side effects. The Cp of clo-
zapine is difficult to predict due to its large
interindividual variability factors such as sex, age,
weight, smoking, and concomitant use of other
medications that influence CYP450 activity (e.g.,
CYP1A2) [66]. In particular, a fixed dose of cloza-
pine of 400 mg/day showed a very large Cp vari-
ability among patients [67]. Moreover, smoking
lowers the Cp of clozapine by inducing CYP1A2
[68]. While on one hand CYP inhibitors, such as
fluvoxamine, were shown to increase the Cp of
clozapine up to ten times, on the other hand, co-
administration with carbamazepine (a CYP3A4-
and CYP1A2-inducing drug) resulted in a substan-
tial decrease in the Cp of clozapine [69]. Similar
interactions were found with other AAPs like
olanzapine and risperidone when they were co-
administered either with carbamazepine or selective
serotonin reuptake inhibitors (SSRIs) fluoxetine and
paroxetine, which are mostly CYP2D6- and
CYP2C19-inhibiting drugs [70].

Regarding drug efficacy, several studies have
found a good correlation between AP response and
its Cp, especially for clozapine and olanzapine. In
fact, TDM of these two drugs is strongly

recommended as indicated in AGNP consensus
guidelines (Level I recommendation) [1]. Perry
et al. [71] for the first time showed in treatment-
resistant schizophrenic patients that a Cp of cloza-
pine greater than 350 ng/ml resulted in a 64% clin-
ical response, while below this level the response
was only 22%. Other studies have also confirmed a
cutoff for clozapine efficacy at 350 ng/ml [72] or
420 ng/ml [73]. In addition, a correlation was found
between Cp of clozapine and increased risk of epi-
leptic seizures and hence the proposed therapeutic
range with an alert value of 1000 ng/ml [1, 73].
Moreover, a fluctuation of clozapine Cp can predict
relapses and rehospitalization in schizophrenic
patients, where TDM may help reduce such risks
and provide cost-effective advantages [1].

Taken together, these data clearly show the
importance of routine TDM in patients undergo-
ing AP treatment.

TDM for Antidepressants

Antidepressants are the most common drugs in psy-
chopharmacology, primarily for treating depression
and anxiety disorders; besides, they have recently
been recommended for treating chronic pain and
insomnia [74, 75]. Regarding the mechanism of
action, these medications rapidly increase release
of serotonin and norepinephrine in the synaptic
cleft; however their clinical effects are not immedi-
ate and require few weeks, i.e., lag of clinical
response. Hence, other mechanisms have been indi-
cated for antidepressants’ action, and among them,
the increase of adult hippocampal neurogenesis and
synaptogenesis seem to correlate with the clinical
improvement [76].

Both the first-generation (e.g., TCA) and the
second-generation (e.g., SSRI and serotonin-nor-
epinephrine reuptake inhibitor aka SNRI) antide-
pressants are used in clinical practice, with a
particular preference for the second category due
to their reduced side effects and better tolerability.

Indeed, severe side effects of TCAs are still a
concern for physicians compelling a constant
monitoring of patients’ conditions [25], mainly
due to a substantial variability in therapeutic
drug response among patients, where only 1/3
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have a complete remission from their illness [10],
evidently making clear about the benefits the
TDM could provide for TCAs. In fact, for
TCAs, a 10- to 20-fold difference can be found
in their steady-state Cp for patients taking the
same dose as a consequence of interindividual
metabolic variability caused by CYP2D6 poly-
morphism [77]. Furthermore, TDM is strongly
recommended for most TCAs to reduce the risk
of toxicity [28]. Therefore, taking into consider-
ation the high variability on CYP2D6 activity
among patients, prior genotyping should be con-
sidered. For example, the anticholinergic activity
of nortriptyline increases with increasing blood
concentrations, and this activity might occur
even at therapeutic concentrations [78]. Animal
studies have shown that steady-state Cps of TCAs
correlate well with concentrations in brain but less
with dosages [79]. In fact, a concentration-clinical
effectiveness relationship has been demonstrated
for many TCAs [80].

For SSRIs, a weak (but significant) dose-depen-
dent clinical improvement was reported with toler-
ability decreased at high doses [81]. Though
acceptance of TDM is actually limited in clinical
practice, evidence for its usefulness is growing.
Magnetic resonance spectroscopy has shown that
brain concentrations of fluoxetine and norfluoxetine
correlate with concentrations in blood in some
patients [82]. In addition, positron-emission tomog-
raphy neuroimaging studies using a serotonin trans-
porter (SERT) radioligand showed that the Cps of
SSRIs correlate quite well with SERT occupancy,
where at least 70% occupancy must be attained for
optimal clinical outcome [83, 84]. For citalopram,
TDM was shown to be advantageous in the early
phase of treatment, in 1 week after start of the
medical treatment [85]. In fact, knowing the lag of
efficacy by few weeks for antidepressants, TDM
could be used initially in order to optimize Cp
without waiting for the clinical response, which
may either be achieved or not. A study on
citalopram has shown good cost-benefit advantage
in terms of decreased duration of hospitalization for
the patients. In fact, citalopramnowhas themaximal
recommendation level for the application of TDM
[86]. The same study group also found that
citalopramCp below 50 ng/ml on day 7 of treatment

was predictive for treatment failure later on [87]. For
paroxetine, a positive correlation was found
between the drug concentration in blood and sero-
tonin syndrome symptoms [88].

Besides above, evidence for a statistically sig-
nificant relationship between drug concentration
and therapeutic outcome is still lacking for TCA
mianserin, antidepressants mirtazapine and trazo-
done, norepinephrine reuptake inhibitor (NRI)
reboxetine, and monoamine oxidase inhibitors
(MAOs) moclobemide and tranylcypromine.
Interestingly, some animal studies have shown
that P-gp efflux transporter can also influence
drug availability in the brain for TCA nortripty-
line and SSRI citalopram [89–91].

Conclusion

The success of the pharmacologic treatments in
neuropsychiatric disorders is influenced by sev-
eral factors, and among those, the pharmacoki-
netic differences between individuals should be
seriously taken into consideration. In fact, sub-
optimal Cp or higher than expected concentra-
tions, even if the drug dosage is correct, can be
responsible for the lack of therapeutic response
or the manifestation of relevant side effects,
respectively. In addition, patient nonadherence
and incorrect drug use can be relevant factors
responsible for the lack of the pharmacological
response.

For all these issues, TDM should be a rela-
tively easy tool to improve current therapies
applied in daily clinical practice, further in the
direction of a “personalized medicine” to identify
each individual patient’s best therapeutic
concentration.

Most importantly, besides the quantification of
Cp, TDM should interpret this value (especially
for patients in polytherapy) to help the specialist
make correct and timely decision(s) related to
either the dosage or change of the drug in case
the current regime is not effective.

In situations where the drug and/or its metab-
olite(s) concentrations are found different than
expected, pharmacogenetic tests on the most rel-
evant polymorphisms of CYP450 (e.g., CYP2D6)
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would help to understand each patient’s metabolic
characteristics.

All these strategies are far from trivial, espe-
cially if we notice that many patients do not ben-
efit from the standard therapy, or they might
suspend/discontinue the therapy during chronic
treatment or might use them not as prescribed.

In summary, though the utility of TDM in
clinical practice is clear, there is still a wide win-
dow for improvement. In fact, besides helping the
specialist in making the right decisions, TDM also
seems to offer some cost-benefit advantages,
including reduced length of hospital stay for
patients; however, more studies are required to
seal such claims.

Cross-References
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Abstract

Breast cancer is one of the most malignant
diseases, associated with high rate mortality.
In this chapter a particular attention is paid on
cardiovascular and central nervous system tox-
icity induced by chemotherapeutic agents used

for both primary and metastatic treatment of
this life-threatening pathology. With respect to
traditional drugs, including anthracyclines,
taxanes, fluoropyrimidines, and endocrine
therapy, the more recent targeted therapies,
such as human epidermal growth factor recep-
tor 2 (HER2) and vascular endothelial growth
factor (VEGF), aimed to ameliorate anticancer
activity and to reduce toxic effects by affecting
more specific molecular sites. However,
despite the improvement in breast cancer treat-
ment, these novel drugs were also found to be
associated, even if at a lesser extent, with
important side effects, such as cardiotoxicity,
with consequent heart failure. For this reason,
the cardiovascular and neuropsychiatric safety
profiles of all anticancer drugs and protocols
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remain important items to be carefully evalu-
ated in breast cancer patients.

Keywords

Alkylating agents · Anthracyclines · Brain
toxicity · Cardioprotection · Cardiotoxicity ·
Endocrine therapy · ERB2 inhibitors ·
Fluoropyrimidines · Taxanes · VEGF
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Introduction

During the last decades, the prognosis of tumor
malignancies has been highly improved by the
progress in cancer prevention and diagnosis, as
well as in therapeutic protocol design. In this
respect, several diseases can now be efficiently
treated or maintained in remission for a long
time, allowing cancer patients to live for many
years after diagnosis.

Considering the severity and the high mortality
rate of breast cancer, prevention tests remain an
important tool to protect potential patients from
the disease. Apart from age and hormonal, die-
tetic, and metabolic factors, genetic mutations
also represent an important high risk factor for
developing breast cancer [1]. Screening of general
population, including self-palpation and mam-
mography, also promotes incidence and mortality
reduction [2]. In particular, the American Institute
of Ultrasound in Medicine [3] released a Practice
Guideline for the Performance of a Breast Ultra-
sound Examination in order to improve the safe
and effective use of ultrasound in medicine
through professional and public education and
research. More in depth, assistance is provided
to medical practitioners when performing sono-
graphic examinations of the breast for palpable
masses and implant detection, as well as interven-
tional procedures [4].

Once breast cancer is diagnosed, surgery,
radiotherapy, and chemotherapy are the main
tools to treat primary and metastatic tumor and
to manage the possible occurrence of cancer
relapse. However efficacious, innovative, and
improved it is, anticancer therapy still includes

the onset of mild to severe side effects that involve
several organs in survivor patients. In particular,
the present chapter focuses its attention on cardio-
vascular and central nervous system (CNS) toxic-
ity induced by chemotherapeutic agents used for
primary and metastatic cancer breast treatment
(Fig. 1). With respect to the traditional drugs
(e.g., anthracyclines, taxanes, and fluoropyr-
imidines), which merely act on DNA biochemis-
try, the more recent targeted therapies aimed to
improve anticancer activity and to reduce toxic
effects by affecting more specific molecular
sites, such as the human epidermal growth factor
receptor 2 (HER2) and the vascular endothelial
growth factor (VEGF). Unfortunately, in spite of
the progress in breast cancer treatment, in the past
decades, these novel drugs were also found to be
associated, even if at a lesser extent, with impor-
tant side effects such as life-threatening
cardiotoxicity, with consequent heart failure, and
cognitive impairment. For this reason, the cardio-
and CNS-safety profiles of all anticancer drugs
and protocols remain important items to be care-
fully evaluated in cancer breast patients. Finally,
although this is not the aim of the present chapter,
it should be remembered that chest radiation in
breast cancer treatment is cardiotoxic as well, with
pericarditis, premature coronary artery disease,
valvular heart disease, arrhythmias, and restric-
tive/constrictive cardiomyopathy, until heart fail-
ure [5–8].

Anticancer Drug-Induced
Cardiotoxicity

Anticancer drug-induced cardiotoxicity can
include both acute (transient) and chronic injury.
In this respect, the latter is more severe and can be
classified into type I (early onset) and type II (late
onset). Type I is associated with irreversible car-
diac cell damage, including vacuole formation,
myocyte loss, and necrosis, with permanent and
cumulative cell death, and it is typically induced
by traditional chemotherapeutic agents, whereas
type II is mainly caused by novel targeted drugs
and is associated with dose-independent, non-
cumulative, and reversible myocardial
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dysfunction, with absence of ultrastructural alter-
ations (Fig. 1). This difference depends on dissim-
ilar mechanisms. Then, although recent
therapeutic strategies appear endowed with less
severe cardiovascular toxic effects, attention must
be paid in their application. Oncologists should
consider the potential of the anticancer therapy
addressed to the patient, informing her on reason-
able expectations of benefits and side effects. In
younger patients with high risk of cancer relapse,
the possible occurrence of cardiotoxicity should
be accepted in comparison with improvements in
survival. A major attention is needed in patients
with specific risk factors. In particular, genetic
assessment of clinical risk factors and molecular
and imaging techniques are necessary to recog-
nize those patients at high risk of developing
chemotherapy-related cardiovascular toxicity. At

the same time, cardiac monitoring, in terms of
biomarker assessment as well as functional and
myocardial strain indices, plays a pivotal role in
preventing heart failure. Innovative and improved
combination chemotherapeutic regimens, as well
as cardioprotective agents, also need to be appro-
priately developed in order to mitigate or limit
unwanted effects [6, 9–13].

Chemotherapy-Induced Cardiotoxicity
in Breast Cancer

Traditional drugs, such as anthracyclines, taxanes,
and fluoropyrimidines, are very effective pharma-
cological agents endowed with a widely used
antineoplastic spectrum in the treatment of breast
cancer. However, in spite of their potent
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ERB2 inhibitors

VEGF inhibitors

Type I cardiotoxicity
(irreversible)

Oxidative stress-induced
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Fig. 1 Main cardiovascular and central nervous system toxicity of antineoplastic drugs currently administered in breast
cancer patients
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anticancer activity, these agents induce severe
side effects, including life-threatening cardiotoxic
disorders. Even if new agents have been success-
fully introduced in anticancer therapy, these old
drugs still represent important reference tools in
chemotherapeutic protocols when treating cancer
patients. Although the novel tyrosine kinase
inhibitors revealed remarkably effective as anti-
cancer drugs with less severe side effects,
cardiotoxicity remains the main concern, espe-
cially in combination therapies, where unexpected
reactions can occur [14].

Traditional Anticancer Drugs

Anthracyclines
Anthracyclines represent an old group of antican-
cer drugs, mainly including doxorubicin and
epirubicin. They are natural compounds which
were derived in the 1950s from rhodomycin B
and isolated from the actinomyces Streptomyces
peucetius, showing also antibacterial activity. At
present, thanks to their efficacy on survival in
lymphomas and different solid cancers, in particu-
lar breast cancer, they are still a major component
of antitumor drug regimens. Indeed, anthracycline-
based antitumor protocols significantly decrease
breast cancer mortality. However, this class of
drugs, apart from severe cardiotoxicity, can also
cause alopecia and leukemia [15]. Menopause
and hypertension represent risk factors for
anthracycline-induced cardiac impairment.
Accordingly, in experimental studies, spontane-
ously hypertensive or ovariectomized rats were
shown to exhibit an increased incidence and sever-
ity of doxorubicin-induced cardiotoxicity [16].

The antitumor activity of anthracyclines is due
to different mechanisms which can be, at least in
part, responsible for cardiotoxicity, as well as inter-
action with the DNA gyrase and topoisomerase II
(alpha and beta), allowing anthracyclines to inter-
calate DNA, with consequent double-stranded
chromosomal DNA breaks which inhibit transcrip-
tion and replication, with cell cycle arrest; modula-
tion of signal transduction pathways involved in
cell growth inhibition; production of both reactive
oxygen species (ROS) and reactive nitrogen spe-
cies (RNS); oxidative stress-induced apoptosis;

intracellular calcium dysregulation; increased
expression of endothelin-1 and its receptor, with
vasoconstrictive effects; extracellular matrix
remodeling, with increased production of matrix
metalloproteinases-2 and metalloproteinases-9;
and ceramide accumulation. At the same time,
doxorubicin is able to induce cyclooxygenase-2
(COX-2) activity, with cardioprotective effects.
Then, co-administration of COX-2 inhibitors
aggravates doxorubicin-induced myocardial apo-
ptosis [13, 15, 17, 18].

Since the 1960s dose-dependent anthracycline-
induced severe cardiotoxicity is well-known. In par-
ticular, cumulative doses exceeding 550 mg/m2 for
doxorubicin and 950 mg/m2 for epirubicin have
been associated with an enhanced incidence of
heart failure [13, 19, 20].

Anthracyclines are just regarded as the repre-
sentative member of drugs able to induce early
onset type I cardiotoxicity, with dose-dependent
severe and irreversible cardiomyopathy, leading
to heart failure. Recent observations indicate that
some complications can occur independently on
the dose regimen, suggesting that there is not a
safe dose [6].

Apart from a reversible inflammation, with
pericarditis and myocarditis, cardiomyopathy
remains the principal severe toxic effect induced
by anthracyclines. This specific cardiomyopathy
seems to depend on the interaction with both types
of topoisomerase II. While the alpha form is
observed in rapidly dividing cells, as it occurs in
tumor cells, and accounts for the anticancer activ-
ity of anthracyclines, the interaction with the beta
form present in cardiomyocytes triggers the acti-
vation of DNA repair. In particular, the induction
of protein p53 can also lead to suppression of
genes involved in organelle biogenesis, with con-
sequent abnormal mitochondria. At the same
time, the process of autophagy deputed to removal
of altered organelles is also impaired. Taken
together, these events lead to an increased number
of dysfunctional mitochondria in cardiomyocytes.
In addition to this, thanks to their high affinity for
the mitochondrial phospholipid cardiolipin,
anthracyclines accumulate in myocardial cell
mitochondria, where they reduce oxidative phos-
phorylation, with ROS generation, leading to
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endomyocardial interstitial fibrosis and vacuola-
tion. Additional mechanisms include direct toxic
effects on cardiac progenitor cells with reduced
repair potential after injury; degradation of
ultrastructural proteins including titin and dys-
trophin; oxidative stress through the chelation
of free intracellular iron and formation of
anthracycline-iron complexes; and alteration of
cellular and mitochondrial calcium homeostasis
[5, 13, 15, 21].

Besides the heart, doxorubicin is able to accu-
mulate also in the spleen, kidney, and large intes-
tine. However, experimental studies in rats
showed that the pretreatment with reserpine or
the calcium antagonist nicardipine is able to
reduce the accumulation of doxorubicin in these
organs, but not in the heart, where the typical red-
orange fluorescence of the drug is high in both
atrium and ventricle. This finding might be attrib-
utable to the formation of the main metabolite
adriamycinol which is more hydrophilic than
doxorubicin and cannot easily cross membranes
in cardiomyocytes, where it exerts its selective
toxicity [22, 23].

Additional mechanisms include the loss of iron
homeostasis and the calcium overload. The latter
would be responsible for increased calpain pro-
teolytic activity, with cellular changes and sarco-
mere disruption, leading to sarcopenia,
impairment of cardiomyocyte energy, and redox
balance. Anthracyclines may also affect mitogen-
activated protein kinase (MAPK) pathway via
ROS- and calcium-dependent mechanisms and
cardiac progenitor cells, these effects deserving
to be well characterized [13].

Anthracycline cardiotoxicity mainly consists
of dilated myocardiopathy with progressive heart
dysfunction, pericarditis, arrhythmias, and
reduced left ventricle ejection fraction, until
heart failure and death. A rare complication in
adult patients is represented by mitral regurgita-
tion, as recently reported in a 62-year-old woman
affected by breast cancer and treated with six
cycles of adjuvant chemotherapy with doxorubi-
cin, cyclophosphamide, and docetaxel, followed
by adjuvant anastrozole. This severe dysfunction
may be due to an initial local effect of the drug on
papillary muscles [24].

Taxanes
The antitumor efficacy of taxanes is due to their
ability to act as anti-microtubule agents, then pro-
moting polymerization of tubulin. Accordingly,
these agents cause microtubule dysfunction and
impair cell division. Members of this class of
anticancer drugs mainly include docetaxel and
paclitaxel, used in non-small cell lung, ovarian,
as well as breast malignancies. Taxane-induced
cardiotoxicity is not so frequent and is principally
represented by arrhythmias, with mild alterations,
such as sinus bradycardia and conduction blocks.
Ventricular arrhythmias (tachycardia and fibrilla-
tion) and ischemia are very uncommon side
effects. The deleterious effects of taxanes can be
ascribed to histamine release and cardiac H1 and
H2 receptor stimulation. In particular, H2 recep-
tors are involved in reentry depolarization, with
consequent ventricular ectopy [13, 25].

Therapeutic protocols containing docetaxel
showed to provide excellent results in terms of
benefits and survival in breast cancer patients. The
addition of bevacizumab to three standard
docetaxel-containing adjuvant regimens (doxoru-
bicin plus cyclophosphamide, doxorubicin plus
cyclophosphamide, and carboplatin plus
trastuzumab) led to a low rate of cardiotoxic
events [26]. Similar results were obtained in a
phase II, open-label, multicenter pilot study of
two docetaxel-based regimens plus bevacizumab
for the adjuvant treatment of patients with node-
positive or high-risk node-negative breast cancer
[27].

Fluoropyrimidines
Fluoropyrimidines are an important class of anti-
metabolite anticancer agents used for the treat-
ment of several solid tumors, including breast
cancer. These drugs were designed as fluorinated
uracil-based nucleic acid analogs which irrevers-
ibly inhibit thymidylate synthase, a key enzyme in
the synthesis of DNA, then inhibiting nucleic acid
synthesis and function. The most important rep-
resentative of this class of fluorinated chemother-
apeutic agents is the synthetic 5-fluorouracil
(5-FU) which is administered intravenously to
be converted into three main active metabolites.
The more recent prodrug oral capecitabine
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undergoes a sequential enzymatic reaction to be
transformed into 5-FU, after a rapid and almost
complete gastrointestinal absorption [28].

Cardiotoxicity is an important side effect of
cytostatic fluoropyrimidines, with angina
pectoris, arrhythmias, palpitation, hypotension,
hypertension, malaise, and dyspnea, until life-
threatening damages, including myocardial
infarction and sudden cardiac death. Electrocar-
diographic findings show transmural myocardial
ischemia, with ST segment elevation [29–32].
Different mechanisms are involved in 5-FU car-
diovascular toxicity: vascular endothelial damage
followed by coagulation and thrombosis; ische-
mia secondary to coronary artery spasm; direct
toxicity on the myocardium; and thrombosis due
to altered rheological factors [33].

Fluoropyrimidines induce irreversible disrup-
tion of the endothelial sheet, sometimes leading to
thrombus formation [34], extensive cytolysis, and
cell detachment, with denudation of the underly-
ing internal elastic lamina, platelet aggregation,
fibrin formation, and areas of contracted vessel
walls with contracted endothelial cells [33], as
well as coronary spasm or microspasm with
pain, but no or little changes in functional tests
[35, 36]. In animal models several changes were
observed, including hemorrhagic infarction, inter-
stitial fibrosis, and inflammatory reaction in the
myocardium, including perivascular involvement,
pericarditis, and valvulitis, these effects being due
to induction of apoptosis, increased oxidative
stress, lipid peroxidation with altered antioxidant
defense, depletion of high-energy phosphate com-
pounds and accumulation of citrate in the myo-
cardium, and increased oxygen consumption [33,
37]. In a 23-year-old patient, the endomyocardial
biopsy evidenced the proliferation of the sarco-
plasmic reticulum with marked vacuolization
[38], similar to what found with doxorubicin
cardiotoxicity [23].

The effects of 5-FU were examined in in vitro
primary cell cultures of human cardiomyocytes
and human umbilical vein endothelial cells, show-
ing the occurrence of rupture of mitochondrial
cristae and dilatation of the cisternae of the endo-
plasmic reticulum, leading to reduced growth and
survival and autophagy activation, as confirmed

by the presence of several autophagic vacuoles
[39].

Some cardiovascular side effects have been
interpreted as allergic reactions, because of the
hapten-like properties due to the low molecular
weight of fluoropyrimidines. These unwanted
events, including allergic angina and myocardial
infarction, deal with all kinds of hypersensitivity
reactions and were named Kounis syndrome, that
is, the concurrence of acute coronary syndromes
with the release of inflammatory mediators, such
as histamine, arachidonic acid products, platelet-
activating factor, and a variety of cytokines and
chemokines. Accordingly, the term “cardiovascu-
lar toxicity,” referred to dose-dependent side
effects, should be more correctly replaced by “car-
diovascular hypersensitivity,” referred to dose-
independent side effects [40].

Targeted Therapies
Tyrosine kinases are enzymes that catalyze the
transfer of a phosphate residue from ATP to
tyrosine residues in other proteins, with conse-
quent modification of their activity. Their acti-
vation seems to participate in cancer initiation
and progression. For this reason, tyrosine
kinases represent the target of novel anticancer
therapies. In particular, two classes of inhibitors
of these enzymes have been developed: mono-
clonal antibodies against receptor tyrosine
kinases or their ligands and small-molecule
inhibitors, targeting both receptor and non-
receptor tyrosine kinases [8].

The more recent and innovative targeted ther-
apies acting at more specific molecular sites, such
as the human epidermal growth factor receptor 2
(HER2) and the vascular endothelial growth fac-
tor (VEGF), have been regarded as safe adjuvant
treatments when administered with concomitant
traditional chemo- or radiotherapy, especially
with the aim to minimize cardiotoxicity [5, 13].

ERB2 Inhibitors
A new class of anticancer drugs introduced for the
treatment of breast cancer is represented by ERB2
inhibitors. The human epidermal growth factor
(EGF) receptor family includes ERB1-4 mem-
bers. These transmembrane receptors, endowed
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with tyrosine kinase activity, homodimerize or
heterodimerize; then they are trans-phosphory-
lated to finally trigger intracellular responses. In
particular, ERB2 is able to interact spontaneously
with other ERB members, independently from
specific ligand stimulation, thus leading to the
activation of signaling pathways that stimulate
tumor growth and survival. This glycoproteic
receptor appears overexpressed in about 15–30%
of breast cancer cases. For this reason, patients
with HERB2-positive tumor have a more aggres-
sive disease, with increased cell growth, differen-
tiation, migration, neo-angiogenesis, and worse
prognosis, if not properly treated [5, 13].

Then, ERB2 appeared a promising target to
design new therapeutic strategies and a new
class of humanized monoclonal antibodies that
binds the extracellular domain of HER2 has been
developed as adjuvant agents. The first compound
to be investigated and approved for its use in 1998
was trastuzumab, which binds the extracellular
domain IV of ERB2 and is the most frequently
employed in therapy. Other available HERB2
inhibitors include pertuzumab, trastuzumab
emtansine (T-DMI), and lapatinib [13, 41].

Trastuzumab alone ameliorates the prognosis
of breast cancer and decreases the rate of tumor
recurrence. The combination of two HERB2
inhibitors, such as trastuzumab and pertuzumab,
also led to impressive improvement in overall
survival [42]. However, in 0.6–4.5% of cases, it
can also induce early and mild reversible
cardiotoxicity. When associated with
anthracyclines, the incidence of cardiac events
reaches 34%, with severe side effects, until heart
failure [42–44]. Trastuzumab-induced reversible
cardiotoxicity, pertinent to type II cardiac dys-
function, is dose-independent and is characterized
by cardiomyocyte alterations rather than necrosis
[13]. The administration of trastuzumab can pro-
voke a decrease in left ventricular ejection frac-
tion, without any clinical symptoms. Indeed, this
effect can fluctuate over time during treatment,
with a partial recovery [45]. On a few number of
patients, trastuzumab was shown to be a safe
adjuvant treatment when administered with con-
comitant radiotherapy, reporting a limited
cardiotoxicity [46].

In a case report, a 49-year-old woman affected
by metastatic breast cancer developed a cardio-
genic shock due to pump failure after 3 months of
treatment with trastuzumab which was
interrupted. After intensive cardiac care, the
patient recovered the left ventricular ejection frac-
tion, and trastuzumab therapy was resumed under
accurate cardiac monitoring [47].

In a meta-analysis of clinical trials and cohort
studies, the frequency of cardiotoxic effects fol-
lowing trastuzumab administration was evaluated
in early and metastatic breast cancer patients up to
3 years after drug initiation, with an occurrence of
severe cardiac events of 3% of overall patients.
Cardiotoxicity varied according to age, increasing
from 2.31% in patients <50 years, to 3.46% in
those 50–59 years, to 4.91% in those>60 years of
age. Its occurrence was higher in smokers (5.3%),
dyslipidemic patients (3.9%), and persons with
body mass index >25 (6.5%), diabetes (6.2%),
hypertension (5.5%), or positive history of cardiac
disease (19.1%). A significant difference was
found between the estimated risk factors provided
in clinical trials compared with cohort studies,
with the frequency of cardiotoxicity being about
half in experimental studies with respect to that
calculated in observational studies [12]. A more
recent retrospective study confirmed that the pre-
existence of cardiac pathologies increases toxic
effects in cancer patients administered with
trastuzumab, leading to drug discontinuation.
Again, these data underlined the importance of
monitoring cardiac risk factors [48].

In some trials, a median follow-up of 12–28
months confirmed that the addition of trastuzumab
to standard chemotherapy is associated with an
approximate 50%decrease in the risk of breast cancer
relapse and an approximate 33% decrease in the
risk of death from this tumor. Even though the adju-
vant trastuzumab provided beneficial effects, a con-
tinued cardiac follow-up is strongly recommended.
This is important, also considering that an asymp-
tomatic decrease in cardiac efficiency occurs in
patients treated with this anticancer agent, thus
underestimating its cardiotoxicity [49]. Indeed,
when including both symptomatic and asymptomatic
cardiac side effects, the incidence of trastuzumab-
induced cardiotoxicity can reach 21.3% [50].
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A fixed 600 mg dose of trastuzumab added
with a recombinant hyaluronidase, aiming to
favor absorption by transiently hydrolyzing the
subcutaneous matrix, was also proposed as sub-
cutaneous formulation, showing similar beneficial
anticancer effects. This route of administration,
alternative to intravenous injection, reduces treat-
ment duration, eliminates the need for an intrave-
nous access, is safe, appears time- and cost-
saving, and limits hospital visits [51].

Trastuzumab-induced cardiotoxicity is attrib-
utable to the role of the erbB2 gene which is
known to play a pivotal role in the developing
embryonic heart. Again, in the adult heart, this
gene is essential in regulating the cardiac activity
and seems to participate in modifying the myo-
cardial response to stress. Then, HERB2 inhibi-
tors make the heart more susceptible to cardiac
stressors, including anthracyclines, with over-
production of reactive oxygen species, this effect
being reversible [49, 50].

Furthermore, neuregulin-1 exerts its cardiac pro-
tection by acting on HERB2. Then, disruption of
neuregulin-1-mediated signaling cascade by
trastuzumab would make cardiomyocytes more
prone to develop alterations in the presence of
stressful stimuli, such as anthracyclines [8, 13].
Indeed, the association of doxorubicin with
trastuzumab or paclitaxel in breast cancer patients
is deleterious, since the cardiotoxicity of the
anthracycline agent is significantly increased
through two different mechanisms. More in depth,
since trastuzumab downregulates HER2 receptor, it
competes for signaling of neuregulin-1 which is an
important adaptive response to the cardiac stress
induced by several noxious stimuli, including
anthracyclines. On the other hand, the taxane agent
increases the formation of toxic doxorubicin metab-
olites, in particular doxorubicinol [52, 53].

Pertuzumab is a humanized monoclonal anti-
body that targets HERB2. It acts at a different
epitope than trastuzumab and prevents the forma-
tion of ligand-induced ErbB2 heterodimers.
Thanks to the synergistic activity, the association
of trastuzumab and pertuzumab with neoadjuvant
chemotherapy led to improved anticancer efficacy
with complete remission in breast cancer patients,
with good tolerability [13, 54, 55].

VEGF Inhibitors
Vascular endothelial growth factor (VEGF) is an
important agent that influences the development of
blood vessels and acts as a modulator of myocardial
function and growth, including the integrity and
expansion of coronary vessels. Bevacizumab is a
recombinant humanized monoclonal antibody
addressed against VEGF receptor, showing benefits
in the treatment of many types of tumors, including
breast cancer. Not surprisingly, cardiotoxic effects
of this agentmainly consist in hypertension, with an
incidence ranging from 16% to 47%. However,
cardiac ischemia and arterial thromboembolic
events were also reported. The activity induced by
bevacizumab can be attributed to functional disrup-
tion of endothelial cells, which from one hand pro-
motes inhibition of angiogenesis (anticancer
activity) and from the other hand impairs nitric
oxide production and platelet-endothelial cells
interaction (cardiovascular side effects) [8].

The heart is very sensitive to the adverse effects
of anti-angiogenic agents, and several mechanisms
have been advocated to explain such unwanted
events: inhibition of cKit and platelet-derived
growth factor receptor (PDGFR); alteration ofmito-
chondrial function; and induction of arterial hyper-
tension. The last side effect, as previously
underlined, represents one of the main concerns
when using bevacizumab. Arterial hypertension is
attributed to inactivation of endothelial nitric oxide
synthase, production of vasoconstrictors such as
endothelin-1, and capillary rarefaction, leading to
vasoconstriction and increased peripheral vascular
resistance. In particular, capillary rarefaction
depends on the loss of pericytes, due to PDGFR
inhibition as well as anti-angiogenenic effect. The
bevacizumab-induced hypertension is not reversed
by drug discontinuation and appears proportional to
the anticancer effect of this agent. Bevacizumab is
also responsible for arterial and venous thrombosis,
due to the reduction of nitric oxide synthesis and
endothelial dysfunction. This effect is more fre-
quent when this drug is associated to other antican-
cer agents [13].

Small-Molecule Tyrosine Kinase Inhibitors
Lapatinib is an orally active anticancer drug that
inhibits tyrosine kinase of epidermal growth
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factor receptor. It showed to be effective, with a
0.2% rate of symptomatic congestive heart failure
and a 1.4% rate of asymptomatic cardiac events.
This safer profile is due to its mechanism of
action. Unlike monoclonal antibodies, such as
trastuzumab, this small molecule does not induce
antibody- and complement-mediated cytotoxicity.
Furthermore, lapatinib promotes the
cytoprotective AMP-activated protein kinase that
induces the ATP production and preserves the
function of cardiomyocytes [8].

The multi-kinase inhibitors sorafenib,
sunitinib, regorafenib, pazopanib, axitinib, and
the most recent vatalanib and nintedanib are non-
specific small molecules able to inhibit several
tyrosine kinases, leading more frequently to
cardiotoxic effects. However, these novel drugs
are not used for breast cancer treatment [8, 13].

Endocrine Therapy
Endocrine therapy (ET) represents the treatment
reference in estrogen receptor (ER)-positive
breast cancer, in both pre- and postmenopausal
women. ET includes mainly the selective estrogen
receptor modulators (SERMs), aromatase inhibi-
tors (AIs; i.e., anastrozole), and the ovarian func-
tion suppression [56].

As a SERM, tamoxifen represents the most
used drug in the adjuvant setting, because of its
effects on overall survival: the risk of death is
reduced annually by 31%, and it is still significant
15 years after diagnosis [57]. From a pharmaco-
dynamic point of view, tamoxifen mainly acts as
an antiestrogen molecule on mammary epithelium
but as an estrogen-like agonist on the uterus, bone,
and cardiovascular system [58].

Tamoxifen and other selective estrogen recep-
tor compounds were shown to reduce plasma
levels of cholesterol, homocystine, C-protein,
and fibrinogen but to increase serum triglyceride
levels. For these actions, it has been believed to
possess favorable cardiovascular effects, but this
profile is debated, since tamoxifen was also asso-
ciated with higher rates of venous thromboem-
bolic disease and stroke with respect to the
placebo [59].

AIs are an effective endocrine therapy for
patients with hormone receptor-positive breast

cancer, in early stage as well as in metastatic
disease. Unfortunately, the decrease in serum
levels of estrogens leads to reduced protective
effects of estrogens on the cardiovascular system.
Indeed, in comparison with tamoxifen, patients
treated with AIs more often develop hyperlipid-
emia, hypercholesterolemia, and hypertension,
which are regarded as risk factors for cardiovas-
cular disease [60, 61].

Chemotherapy Combinations
In general, different chemotherapy combinations
have shown superior efficacy in patients affected
by primary and metastatic breast cancer. How-
ever, cardiotoxicity remains a major unwanted
side effect that deserves a particular attention.

Multidrug anticancer regimens containing
anthracyclines (such as doxorubicin and cyclo-
phosphamide; cyclophosphamide, doxorubicin,
and 5-fluorouracil; 5-fluorouracil, epirubicin, and
cyclophosphamide) proved to be highly active in
breast cancer patients, in either the adjuvant or
neoadjuvant settings, with reduced risk of recur-
rence and death in comparison with non-
anthracycline-containing protocols, the
cardiotoxicity being the main concern [62].

In this respect, in order to reduce
anthracycline-induced cardiotoxicity, alternative
combination therapies without this class of drugs
have been evaluated.

In a phase I study, a combined weekly pacli-
taxel plus cyclophosphamide therapy adminis-
tered to patients with advanced or recurrent
breast cancer showed to be safe and well tolerated
[63].

In a phase II study, HERB2-positive metastatic
breast cancer patients were administered with
weekly paclitaxel (80 mg/m2) plus trastuzumab
(8 mg/kg loading dose followed by 6 mg/kg) and
pertuzumab (840 mg loading dose followed by
420 mg) every 3 weeks. This dual anti-HERB2
regimen with trastuzumab and pertuzumab com-
bined with a taxane-based chemotherapy demon-
strated an improved overall survival [64]. In line
with this, in the CLEOPATRA phase III study, a
combination regimen including pertuzumab and
trastuzumab with the taxane docetaxel in HERB2-
positive metastatic breast cancer patients also
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showed improvement in progression-free survival
and overall survival [65].

The pioneering adjuvant CMF (oral cyclo-
phosphamide with intravenous methotrexate and
5-FU) regimen, introduced in 1976, has been
recently revalued as well-tolerated metronomi-
cally delivered adjuvant protocol for early-stage
breast cancer [66]. The same conclusion was
obtained in a multicenter retrospective analysis
that evaluated palliative CMF regimen in meta-
static breast cancer patients [67]. A large variety
of CMF regimens have been developed in the last
decades, in terms of doses, route of administra-
tion, and interval time. In the retrospective non-
randomized study by Salek et al. [68], the two
most common intravenous regimens have been
compared: cyclophosphamide 600 mg/m2, meth-
otrexate 40 mg/m2, and 5-FU 600 mg/m2 admin-
istered intravenously on days 1 and 8 every
28 days for six cycles and the same drugs and
doses administered on day 1 and repeated at 21-
day intervals for six cycles. The first schedule was
shown to be more effective, because of improved
dose density of treatment.

Themeta-analysis study by Ghanbari et al. [69]
showed that the anthracycline-based regimens
proved to be more effective on tumor-free survival
and overall survival curves with respect to CMF
regimen, reducing the chance of recurrence and
death in breast cancer patients. Again, in a retro-
spective study, postneoadjuvant CMF did not
improve poor outcomes in patients with residual
invasive breast cancer after neoadjuvant
epirubicin/docetaxel chemotherapy [70].

When combined to trastuzumab in HER2-pos-
itive metastatic breast cancer patients, CMF was
effective, with an acceptable cardiotoxicity pro-
file, as reported in the EORTC 10995 phase II
study [71].

Cardiotoxicity Detection and
Management

An accurate consideration of risk factors for
developing cardiotoxicity in breast cancer patients
is of pivotal importance. Metabolic syndrome
already represents a great risk for cardiovascular

diseases in non-cancer patients, and then it
deserves a particular attention when administering
potentially cardiotoxic anticancer drugs. Being
overweight and obesity are well-recognized fac-
tors influencing the onset of heart failure in gen-
eral population, and Guenancia et al. [72] showed
that they make breast cancer patients more sensi-
tive to the cardiotoxic effects of anthracyclines
alone or with trastuzumab. An increased number
of breast cancer survivors and an increased aging
population lead to important clinical debates, in
terms of comorbid illnesses, with particular atten-
tion to cardiovascular diseases [8].

Cardiac monitoring is essential when adminis-
tering antitumor drugs to patients affected by pri-
mary and metastatic breast cancer. In particular,
the left ventricular systolic function deserves an
accurate evaluation before and during anticancer
therapy in order to assess a possible decline in
cardiac activity.

There is no consensus in the definition of
cardiotoxicity, and different parameters have
been proposed in the course of time. However,
the European Society of Cardiology has recently
published a position paper on cancer treatments
and cardiovascular toxicity, suggesting the diag-
nosis of cardiotoxicity with an ejection fraction
reduction >10% for values below normality
(53%) [73].

The left ventricular ejection fraction has been
assessed by means of equilibrium radionuclide
angiocardiography, this technique being indepen-
dent on left ventricular geometric assumptions or
endocardial detection. Its limitations include radi-
ation exposure, difficulty with optimal image
acquisition angles, and lack of ability to report
on pericardial and valvular disease. This method
was replaced by the safer and less expensive two-
dimensional echocardiography (ECHO). This
imaging approach allows serial monitoring of
left ventricular systolic and diastolic function,
ventricular wall mechanics, and pericardial and
valvular disease. However it lacks the sensitivity
to detect early and mild subclinical changes, then
underestimating cardiac damage. More in depth,
functional parameters examined include diastolic
function, evaluated by use of mitral flow with
anterograde values of E wave and Awave, tissue
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Doppler imaging of septal and lateral mitral annu-
lus, measures of S0 wave (systolic velocity of the
mitral ring) and E/E0 ratio, S wave of the
right ventricle (cm/s), indexed left atrial volume
(mL/m2), tricuspid annular plane systolic excur-
sion, and pulmonary artery systolic pressure. Con-
trast-enhanced two-dimensional ECHO improves
the assessment of left ventricular volume, left
ventricular ejection fraction, thrombus detection,
and Doppler measurements. Three-dimensional
ECHO adds reliability and reproducibility of vol-
umetric assessment. Coronary disease is evalu-
ated by means of stress ECHO, under exercise or
dobutamine administration, as well as computed
tomography angiography. Radionuclide ventricu-
lography techniques, such as the multiple-gated
acquisition scan, have been also employed to
monitor cardiac functions in patients receiving
potentially cardiotoxic anticancer agents [6, 8, 9,
49, 64, 74, 75].

However, cardiac deformity changes would
precede ventricular dysfunction, then appearing
more important for the prevention of
cardiotoxicity. For this reason, myocardial strain
indices, measured as global longitudinal strain
(GLS), have been introduced in the early detection
of contractile function changes. They usually
include three clips with images of the left ventricle
on three apical views, so that all myocardial seg-
ments could be well visualized. Indeed, three
strain components are generally used to describe
left ventricular deformation: longitudinal, circum-
ferential, and radial strain. These myocardial strain
indices can be evaluated with speckle-tracking
ECHO and acquired by use of automated func-
tional imaging, providing a more sensitive and
quantitative assessment of left ventricular systolic
function than ejection fraction. These techniques,
together with cardiac biomarkers, are useful tools
for the cardiac monitoring of patients treated with
dual anti-HERB2 therapy [9, 64, 74, 76].

Then, the ejection fraction is not considered a
good predictor of cardiotoxicity, because it does
not unmask early changes of myocardial contrac-
tile function, whereas cardiac deformity evaluated
as GLS anticipates the functional changes occur-
ring in patients undergoing anticancer treatment.
Nevertheless, the specific cutoff point of that

variable which should be used as a predictor of
cardiotoxicity is still a matter of debate [9].

Electrocardiography can be useful to
evidence conduction alterations, but these data are
not specific. Significant prolongation of electrocar-
diographic-corrected QT interval and an elevation in
serum troponin levels were observed in patients with
nonmetastatic breast cancer treated with doxorubi-
cin, cyclophosphamide, and paclitaxel infusion [77].

Novel imaging approaches provide early
detection of cardiac impairment. These include
SPECT and PET techniques and the more recent
SPECT-CT and PET-CT which require a molecu-
lar probe (radiolabeled substrates) that provides
an analytical signal, leading to molecular and
metabolic imaging. Magnetic resonance and
dynamic magnetic resonance allow high-resolu-
tion anatomical images without the risk of radia-
tion [8, 74].

Although rarely used for being considered a
high-risk procedure, the endomyocardial biopsy
of the right ventricle is regarded as the gold stan-
dard to investigate acute anthracycline-induced
cardiotoxicity, thanks to its high sensitivity and
specificity. Endomyocardial tissue shows typical
histopathological changes, including
vacuolization of the cytoplasm. Under electron
microscopy the common ultrastructural alter-
ations include loss of myofibrils and distention
of the sarcoplasmic reticulum and T-tubules [17].

Cardiac serum biomarkers include the evalua-
tion of cardiac-specific isoenzymes of troponins T
and I, N-terminal pro-brain natriuretic peptide
(NT-proBNP), soluble ST2 (a protein receptor
belonging to the toll-like/interleukin-1 superfam-
ily), microRNAs, and adrenomedullin. Troponin
release was measured either in cohort studies or in
controlled clinical trials. It is due to
cardiomyocyte lysis, then depending on severe
cardiac damage. However, its half-life is short
and multiple blood sample collections are neces-
sary. NT-proBNP is released by left ventricular
cardiomyocytes in response to wall stress, and
its increase reflects the decline in ejection fraction.
Soluble ST2 is a recent biomarker shown to be a
good predictor of cardiac death. MicroRNAs (in
particular, miR-126-3p, miR-199a-3p, miR-34a-
5p, and miR-423-5p) are short nucleotide
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sequences involved in proliferation, differentia-
tion, and apoptosis and are released into periph-
eral blood under normal and pathological
conditions, including cellular toxicity. An
increase in miR-34a plasma levels has been
described after anthracycline chemotherapy [6,
8, 19, 64, 74, 78, 79].

When using drugs that induce the production
of ROS and RNS, such as anthracyclines, the
evaluation of markers of oxidative and nitrosative
stress (myeloperoxidase and nitrotyrosine) and of
systemic inflammation (tumor necrosis factor
alpha and interleukin-6) may be particularly use-
ful [8].

Cytometric evaluation of circulating endothe-
lial progenitor cells is also recommended. A low
number of these cells predict an increased risk for
cardiovascular diseases. On the contrary, a high
number is counted in the early phase of myocar-
dial infarction [8].

The assessment of genetic polymorphisms of
tyrosine kinase activities appears important when
exploring the cardiovascular risk in patients
administered with targeted therapies. For exam-
ple, the I655V variant was significantly associated
with ErbB2 overexpression in tumor biopsy sam-
ples, indicating a higher risk of cardiotoxicity. The
examination of mitochondrial DNA is useful
under anthracycline therapy, since these drugs
induce mitochondrial damage, with consequent
impairment of oxidative phosphorylation. Other
potential biomarkers are represented by micro-
RNAs whose overexpression was associated
with cardiomyocyte hypertrophic growth [8].

Sun et al. [80] elaborated phenotyping algo-
rithms for cardiotoxicity induced by five first-line
breast cancer chemotherapy agents: ado-
trastuzumab emtansine, trastuzumab, doxorubi-
cin, epirubicin, and pertuzumab. While it is pos-
sible to observe that the patient has received
chemotherapy and that she developed heart fail-
ure, it is not possible to determine whether the
heart disease is a direct consequence of the che-
motherapy. So, causal inference has been used to
ascertain the degree to which chemotherapy con-
tributed to the heart failure. Since the patient may
have suffered from heart disease even if she had
not received chemotherapy, it is not possible to

establish a causal relationship between these two
elements. For this reason, the authors distin-
guished associative phenotypes from causal phe-
notypes. In particular, three different predictive
models have been developed: (1) causal
phenotyping algorithm to predict the patient risk
of cardiotoxicity as the difference between the
heart disease risks with exposure and non-expo-
sure to the drugs; (2) regular predictive model to
directly estimate the patient risk of cardiotoxicity
based on the available physiological data; and (3)
combined predictive model of the previous two
models to incorporate the estimated causal effects.
Causal phenotyping model is more sensitive in
predicting long-term cardiotoxicity, while the reg-
ular model built on baseline physiological data is
more sensitive toward short-term cardiotoxicity.
The combined model successfully utilizes the
physiological data to predict short-term
cardiotoxicity and the causal effect toward pre-
dicting long-term cardiotoxicity.

Cardioprotection in Anticancer
Therapy

In an attempt to ameliorate the compliance of the
anticancer therapy, two main approaches can be
considered: modification of anticancer treatment
regimens and cardioprotective strategies. They
can be largely implemented to mitigate
cardiotoxic effects in breast cancer patients.

Anticancer drug reduction, interruption, and
discontinuation or changes in administration
schedules represent the immediate and easy way
to limit severe adverse effects. Undoubtedly,
together with nutritional supplementation and
appropriate exercise training, this approach can
reduce cardiotoxicity when the damage is revers-
ible, but the efficacy of chemotherapy can be
compromised. In this respect, the search for alter-
native protocols and combination regimens, as pre-
viously discussed, appears necessary to improve
both efficacy and safety of anticancer regimens
[5, 7]. Toxicity of taxanes can be reduced by ther-
apy discontinuation, while corticosteroids and anti-
histamines may be useful to reduce the occurrence
of clinically significant arrhythmias [13].
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Changes in doses and time intervals have been
also proposed to optimize chemotherapy combina-
tions in metastatic breast cancer (increased dose
intensity). In particular, higher dose of chemother-
apy per cycle (dose escalation) or interval shortening
between cycles (dose-dense) has been compared by
Lalisang et al. [81] in a phase II study evaluating two
different approaches, epirubicin 110 mg/m2 com-
bined with paclitaxel 200 mg/m2 every 21 days
and epirubicin 75 mg/m2 combined with paclitaxel
175 mg/m2 every 10 days, both supported with
granulocyte colony-stimulating factor (G-CSF).
The two approaches appeared quite effective, but
the dose-dense protocol showed fewer side
effects.

The encapsulation of doxorubicin in liposomes
(pegylated liposomal doxorubicin) was shown to
alter the pharmacokinetic properties of the anti-
cancer drug with reduced cardiotoxicity. Thanks
to this formulation, active doxorubicin is directly
delivered to the tumor site, and a lesser amount of
the drug would reach cardiomyocytes. Further-
more, the slow release of the drug, due to its
longer half-life (50–80 h), avoids high peak
plasma concentrations [5, 8, 82, 83].

According to the multiple-hit hypothesis
(Knudson’s hypothesis), based on the idea that
cancer is due to accumulated mutations, there
would be a late onset of cardiotoxicity induced
by pharmacological and non-pharmacological
chronic injury. Therefore, all strategies favoring
cardiac adaptation to different stressors would be
beneficial during anticancer drug therapy [13].

Several ways have been followed to reduce
cardiovascular toxicity induced by anticancer
drugs. A particular attention has been focused on
the approaches proposed to limit anthracycline
side effects. Doxorubicin-induced cardiac toxicity
can be ameliorated to some extent by the concom-
itant use of antioxidant drugs, such as the iron-
chelating agents. The most promising agent is
represented by the prodrug dexrazoxane, which
turns into its active form in cardiomyocytes,
where it also modifies the Top2beta configuration.
This effect seems to be determinant for
cardioprotection, since dexrazoxane derivatives
lacking the capability to affect topoisomerase
2beta configuration showed to be less effective

in preventing anthracycline cardiotoxicity [5, 6,
13, 17, 84].

Antagonists of beta-adrenergic receptors are
also useful cardioprotective agents. With respect
to traditional drugs, such as propranolol and aten-
olol, merely endowed with beta-blocker activity,
more recent and selective molecules, including
carvedilol and nebivolol, showing also antioxi-
dant properties, appeared effective in mitigating
anthracycline-induced side effects. Furthermore,
they reduce myocardial calcium overload and pre-
serve epidermal growth factor signaling [6, 13,
17]. In particular, the selective beta-1-adrenergic
receptor antagonist nebivolol showed antioxidant,
antiapoptotic, and vasodilator properties mediated
by nitric oxide release and proved to prevent
anthracycline-induced myocardiopathy [85].

Drugs acting on renin-angiotensin-aldosterone
system, including inhibitors of the angiotensin-
converting enzyme (ACE) (enalapril and capto-
pril) and antagonists of angiotensin II receptors
(candesartan, valsartan, and telmisartan), also
revealed effective in reducing the progression of
cardiac dysfunction. ACE inhibitors are able to
neutralize oxidative damage, reduce interstitial
fibrosis, prevent intracellular calcium overload,
and ameliorate mitochondrial respiration and
cardiomyocyte metabolism. In particular,
telmisartan modulates peroxisome proliferator-
activated receptor-gamma and inhibits inflamma-
tory molecules. A combination of ACE inhibitors
and beta-blockers is beneficial in reducing
anthracycline-induced cardiotoxicity [13, 17].

Another promising cardioprotective agent is
represented by the flavonoid monoHER. As
shown in in vitro and in vivo studies, as well as
in patients and animal models, this agent protects
against doxorubicin-induced cardiotoxicity, with-
out affecting the anticancer activity of the drug.
Also phosphodiesterase 5 inhibitors, including
sildenafil, revealed potential NOS-dependent
cardioprotective agents. These inhibitors can
attenuate cardiomyocyte apoptosis, preserve
mitochondrial membrane potential, maintain
myofibrillar integrity, and prevent ST-interval
prolongation and left ventricular dysfunction, as
shown in experimental models. Pretreatment with
sildenafil would maintain mitochondrial integrity
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by augmenting cellular mechanisms mediated by
NO/cyclic GMP, and a combination between sil-
denafil and doxorubicin would increase the anti-
cancer effect of doxorubicin with an improved
cardiac function [17].

Brain Toxicity by Antineoplastic Drugs

Chemotherapy-related neurotoxicity may have
harmful effects on either the central or peripheral
nervous system, resulting in a wide range of clin-
ical syndromes [86]. In this part of the chapter, we
will focus our attention on a peculiar and
neglected aspect concerning the rare – but some-
times severe – adverse drug events involving the
CNS (Fig. 1). Indeed, neurotoxicity can even lead
to the development of a post-chemotherapy clini-
cal syndrome characterized by the subjective
experience of cognitive deficits especially in the
elderly patients, this condition having being
named “chemobrain” [87]. The concept of
“chemobrain” has evolved over the past decade
and remains a controversial topic in the literature
[88], and it is defined as cognitive impairment in
the absence of direct involvement of the CNS by
systemic tumor, in the context of long-term che-
motherapy treatment [89]. The neuronal injury
caused by the chemotherapeutic drugs with con-
sequent inadequate repair, abnormal brain
remodeling, and changes in the neuroendocrine-
immunological axis may be at the basis of the
development of cognitive deterioration [90].
Among the proposed hypotheses, it has been
suggested that the impairment in the cytokine
microenvironment induces persistent epigenetic
modulation, which in turn leads to changes in
gene expression, alterations in metabolic activity,
and neuronal transmission, finally responsible for
the cognitive dysfunction [91, 92]. As shown in
particular in breast cancer patients, chemother-
apy-induced neurotoxic brain injury is mainly
associated with an altered global brain network
organization in frontal, striatal, and temporal areas
[93, 94].

Cognitive changes in breast cancer survivors
administered with chemotherapy have been
described [95]. Indeed, clinical findings are now

supported by a growing number of animal model
[96, 97] and neuroimaging [98] studies. The cog-
nitive impairments associated with chemotherapy
have been observed up to 2 years after therapy in
prospective longitudinal studies [99] and as long
as 21 years after treatment in cross-sectional stud-
ies [100]. Deficits in both immediate and delayed
memory recall, working memory, attention, and
processing speed have been reported [101] but
with a large intraindividual variability [102–104].

However, many of the studies on this topic
have noted subtle but significant cognitive impair-
ment in patients, in comparison with control sub-
jects. Moreover, the level of cognitive dysfunction
did not seem to correlate with other psychiatric
disease or disorders such anxiety, depression,
fatigue, or menopausal symptoms [105, 106].
Patients were more likely to be impaired if they
received high-dose regimens in comparison with
those treated with standard- or low-dose regimens
[107]. In general, there are some important limi-
tations of the performed studies on this subject
such as relatively small sample sizes, the presence
or absence of concomitant hormonal therapy, var-
iability in the cognitive tests used and the inter-
pretation applied to the data, and, above all, the
differences among the chemotherapy regimens
[108]. Thus, large, multicenter, prospective stud-
ies are needed to clarify this question and deter-
mine the contribution of systemic chemotherapy
to the cognitive impairment noted in breast cancer
patients [109].

Fluoropyrimidines

Neurotoxicity is an uncommon but severe adverse
drug reaction of fluoropyrimidine therapy [28]. Its
incidence seems to be higher in patients with DPD
deficiency [110, 111]. The direct effects on the
nervous tissue are probably due to the active
metabolites of fluoropyrimidines that can pass
through the blood-brain barrier [112]. The most
common form of neurotoxicity associated with 5-
FU is an acute or subacute pancerebellar syn-
drome, with an estimated incidence of 2–4%
[29]. Indeed, rare cases of cerebellar alterations
with ataxia have been described, as well as the
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presence of multifocal cerebral leukoence-
phalopathy, with an outfit of symptoms including
dizziness, memory deficits, gait disturbances, and
confusion. These ailments are usually reversible
upon drug discontinuation and supportive therapy
administration [29].

Subacute multifocal leukoencephalopathy has
been reported in patients treated with 5-FU in
combination with levamisole [112] and in patients
treated with capecitabine [113]. From a histopath-
ological point of view, the damages consisted of
demyelination of cerebral white matter, similar to
those seen in acute multiple sclerosis, with an
inflammatory infiltrate of macrophages, reversed
by corticosteroid therapy [112].

Systemic administration of 5-FU in mice can
cause progressive degenerative impairment of
myelin, reflecting combined effects of oligoden-
drocyte death and a deficit of different progenitor
cell populations required for replacement. In fact,
5-FU treatment can cause the loss of myelin basic
protein in oligodendrocytes of the corpus
callosum, as shown by electron microscopy, with
scattered foci of demyelinated axons. The partial
or complete loss of myelin sheaths and the pres-
ence of myelin vacuolization with degenerating
axons (i.e., multi-laminated structures and col-
lapsed centers, altered axonal cytoskeleton and
organelles) are possible findings in association
with an inflammation and apoptosis of microvas-
culature endothelial cells [114].

Among the numerous case reports published in
the literature of a toxic effect of fluoropyrimidines
on CNS, the majority is referred to colorectal
cancer female patients [28], showing toxic
encephalopathies with seizures, ataxia, mental
confusion, alteration of consciousness, and pro-
gressive deterioration of neurocognitive function
leading to coma. However, in a 56-year-old
woman with metastatic breast cancer treated
with capecitabine, a marked truncal ataxia was
observed, without evidence of cerebellar abnor-
malities [115]. Moreover, in another 45-year-old
woman with metastatic breast cancer, an acute
toxic leukoencephalopathy was diagnosed after
treatment with capecitabine when presented nau-
sea, headaches, muscle cramps, dysarthria, and
swallowing disorders [116].

Optic nerve neuropathy and extrapyramidal
syndromes have been described in patients with
normal clearance of 5-FU, and acute or subacute
cerebellar dysfunction, including visual distur-
bances and seizures, has been reported in patients
receiving a combination therapy of 5-FU with allo-
purinol [117]. Recently, Winocur and colleagues
demonstrated that the combination of 5-FU and
methotrexate caused cognitive deficits in mice
with significant changes in brain volume, including
the hippocampus and frontal lobes [118].

Taxanes

Chemotherapy-induced peripheral neuropathy
(CIPN) is a common and disabling side effect of
taxanes (i.e., paclitaxel and docetaxel) in breast
cancer patients. Indeed, CIPN can interfere with
daily function and quality of life, and there are no
known preventive approaches [119, 120]. On the
contrary, because taxanes cross the blood-brain
barrier (BBB) very poorly, and have undetectable
cerebrospinal fluid levels after IV injection, the
central neurotoxicity has been very uncommon,
affecting mainly the visual system [117]. Reports
have included transient scintillating scotomas and
occasional visual loss. Indeed, a sensation of light
flashing across the visual field has been reported by
some patients during paclitaxel infusion [117].
Interestingly, in some of those patients, visual
evoked potentials resulted abnormal, whereas
electroretinograms were intact, suggesting that the
optic nerve was the region of injury. However, the
visual symptoms resolved in most patients after
discontinuation of the taxanes [121].

Generalized seizures and encephalopathy have
also been reported in rare cases after paclitaxel
administration. Ziske and colleagues observed
three patients who presented with acute encepha-
lopathy within 6 h after infusion of paclitaxel at
normal doses [122], whereas Muallaoglu and col-
laborators reported the clinical case of a patient
with advanced stage breast carcinoma who devel-
oped acute and spontaneous resolving encephalop-
athy after weekly dose of paclitaxel [123]. In
another case of two women with breast cancer
treated with paclitaxel, the encephalopathy was
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characterized by confusion, word-finding diffi-
culty, behavioral changes, headache, and ataxia.
These clinical states resolved spontaneously [124].

Docetaxel is less neurotoxic than paclitaxel
and only rarely causes CNS toxicity, such as sei-
zures or encephalopathy [125].

Anthracyclines

During IV infusion, doxorubicin and daunorubi-
cin are not able to penetrate the BBB to any
significant degree; central neurotoxicity has not
been reported [117]. However, when administered
intra-arterially to patients with brain tumors,
doxorubicin has caused cerebral infarcts and hem-
orrhagic necrosis [126]. Accidental intrathecal
injection of anthracyclines in pediatric patients
can lead to acute and fatal myelopathy and
encephalopathy [127].

Recently, new findings seem to suggest a key
role of anthracyclines, in particular doxorubicin,
in the onset and development of cognitive impair-
ment in chemotherapy-treated breast cancer
patients. In particular, anthracyclines may have
greater negative effects than non-anthracycline
schedules on particular cognitive domains and
brain network connections. Kesler and Blyney
retrospectively examined, in an observational
study, cognitive and resting state functional MRI
data acquired from breast cancer survivors. The
anthracycline-treated patients demonstrated sig-
nificantly lower verbal memory performance as
well as lower left precuneus connectivity [128].
Indeed, previous preclinical studies on doxorubi-
cin-treated rats showed a significantly disrupted
hippocampal-based memory function and a sig-
nificant decline in neurogenesis (a decrease of
80–90%) [129]. Moreover, doxorubicin induced
cognitive dysfunction through the activation of
ERK and AKT signaling pathways in hippocam-
pal neurons, decreasing significantly the locomo-
tor activity and impairing working and spatial
memory in female rats [130]. Furthermore, doxo-
rubicin produced a significant inhibition of dopa-
mine system activity in the hippocampus of rats
that could lead to the disturbances of the cognitive
functions, whereas the same drug did not

significantly affect other monoaminergic trans-
mitters such as noradrenaline and serotonin
[131]. Recently, Liao and co-workers found that
the administration of doxorubicin caused a
dysregulation of neuregulin-1/ErbB signaling in
the hippocampus of rats, indicating the potential
involvement of the NRG1/ErbB pathway in the
doxorubicin-induced nervous system dysfunction
[132]. Of note, the observed decreased cognitive
function in rats after doxorubicin treatment, along
with deficits in levels of neurogenesis in the hip-
pocampus, associated with an increase in apopto-
sis, was attenuated by low-intensity exercise that
could assist in preventing cognitive dysfunction
during or after chemotherapy in breast cancer
patients [89]. Moreover, the neuroprotective
potential of catechin, a tea polyphenol, has been
recently proposed in order to reduce the oxidative
stress, acetylcholine esterase activity, and the
neuroinflammation in the hippocampus and cere-
bral cortex in doxorubicin-induced toxicity in
vivo models [133].

Alkylating Agents

Cyclophosphamide is an antineoplastic drug that
belongs to the alkylating agents class and requires
activation in the liver to its metabolites 4-OH-
cyclophosphamide and phosphoramide mustard.
These metabolites form DNA cross-links both
between and within DNA strands at guanine N-7
positions, causing the cancer cell apoptosis [134].
Central neurotoxicity is very uncommon, but dur-
ing high-dose IV infusions, the patients could
suffer a mild, reversible encephalopathy with diz-
ziness, blurred vision, and confusion [117].

Similar to doxorubicin, also cyclophospha-
mide has been recently involved in clinical
research about the cognitive dysfunctions in che-
motherapy-treated breast cancer patients. Indeed,
Ramalho and collaborators showed that there was
a significantly increased risk of incident cognitive
impairment among patients with schemes includ-
ing doxorubicin and cyclophosphamide [135].
Moreover, combination regiments, including
cyclophosphamide, epirubicin, and 5-FU, had a
negative effect on cognition [136].
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A clinically relevant preclinical mouse model
showed that high doses of cyclophosphamide che-
motherapy caused a decline in delayed spatial
memories [137]. Cyclophosphamide, as well as
doxorubicin, affected cognitive function and
impacted synaptic plasticity/aging molecules in
the hippocampus of female rats [130], impairing
cognitive ability and disrupting hippocampal
neurogenesis [129]. In female rats, other data
clearly showed learning and memory impairment
following the classic combination of cyclophos-
phamide, methotrexate, and 5-FU (CMF) admin-
istration with a decreased hippocampal cell
proliferation, suggesting negative consequences
of chemotherapy on the self-renewal potential of
neural progenitor cells in the hippocampus [90].
Interestingly, also 26 breast cancer patients treated
with adjuvant CMF chemotherapy revealed, at the
EEG registration, longer reaction times (although
not significantly different) than the control group
[138]. Finally, Schagen and colleagues found that
in 39 breast carcinoma patients treated with adju-
vant CMF chemotherapy, there was a significant
higher risk of late cognitive impairment than
breast carcinoma patients not treated with chemo-
therapy [139].

Ifosfamide is an alkylating agent structurally
similar to cyclophosphamide that is used for treat-
ment of many solid and hematopoietic tumors
[140], known to frequently cause CNS toxicity
[125]. Central neurotoxicity occurs in 20–40%
of all patients who receive high-dose IV
ifosfamide treatment, including symptoms such
as delirium, mutism, visual hallucinations, sei-
zures, and aphasia [117, 125]. Treatment with
benzodiazepines or methylene blue, either before
or after the onset of symptoms, could control this
reversible encephalopathy [125].

Endocrine Therapy

A recent meta-analysis reviewed the neuropsy-
chological scores of 1,822 breast cancer patients
receiving endocrine therapy (ET), i.e., tamoxifen
and aromatase inhibitors (AIs), versus a control
group (i.e., either non-cancer controls or breast
cancer controls not treated with ET) in the first

6 months to 3 years of initiation. The authors
found a significative worse performance of ET
patients in verbal learning/memory tests, but
they did not identify a direct link with ET dura-
tion, and neither did they find diversities between
tamoxifen and AIs [141]. However, there are
numerous small-sized studies that seem to suggest
that tamoxifen could cause cognitive impairments
in breast cancer patients. Indeed, Chen and co-
workers [142] were able to detect impairment of
the attention network and deficit in executive
function performance in 43 premenopausal
women with breast cancer exposed to 20 mg/day
tamoxifen, whereas Boele and collaborators [143]
found lower scores in verbal memory among 20
tamoxifen postmenopausal users.

Moreover, Palmer and colleagues showed that
20 premenopausal women taking tamoxifen have
lower neuropsychological scores, compared to
age-matched healthy controls. In particular, the
immediate and delayed visual memory, verbal
fluency, immediate verbal memory, visuospatial
ability, and processing speed were affected [144].
A different set of neuropsychological domains
were affected in a study by Lejbak and collabora-
tors [145]. The authors compared 28 women
administered with ET (with no difference between
tamoxifen and AIs users) with healthy postmeno-
pausal women. Their analysis demonstrated sig-
nificant differences on measures of complex
visuomotor attention, letter fluency, and speeded
manual dexterity in treated patients. Finally,
Eberling and co-workers [146] used positron
emission tomography to evaluate metabolic activ-
ity in different brain regions in ten chemotherapy-
naïve breast cancer patients taking tamoxifen,
comparing them with matched controls. Interest-
ingly, they reported lower frontal lobe glucose
metabolism and smaller hippocampal volumes in
tamoxifen users, as well as lower scores in seman-
tic memory tests. Notwithstanding the low num-
ber of patients enrolled, Collins and colleagues
[147] found that tamoxifen and anastrozole both
had an impact on cognitive decline after 6 months
of initiation but the latter having a more pro-
nounced effect.

On the other hand, there are numerous studies
that did not find any relationship between ET (in
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particular tamoxifen) and cognitive impairments
of breast cancer patients. A cohort study by Sun
and colleagues [148] investigated data extracted
from a national registry of 24,197 women diag-
nosed with breast cancer. These authors found that
patients who used tamoxifen had a 17% lower risk
of being diagnosed with dementia compared to
controls and that this risk was further decreased
after a therapy longer than 5 years. Another cohort
study by Ording and collaborators [149] including
16,419 patients with breast cancer did not retrieve
any association between ET and neither dementia
nor cognitive impairment. Moreover, Jenkins and
co-workers [150] found a null association
between anastrozole and cognitive impairment
compared to placebo at baseline, 6 months and
24 months of follow-up.

There are evidences that the effect of tamoxi-
fen may act as an agonist on CNS, showing
neuroprotective properties [151] and improving
memory performance on estrogen-deprived ani-
mal models. There are also other preclinical stud-
ies that suggested a protective effect by tamoxifen
on frontal and hippocampal brain regions, as well
as spatial and contextual memory [152], and on
the neurological damages induced by cerebral
ischemia [153].

Conclusion

The cardiovascular and neuropsychiatric toxic-
ities remain important severe adverse drug reac-
tions in the therapeutic management of breast
cancer patients. Although recent therapeutic strat-
egies appear endowed with less severe cardiovas-
cular toxic effects, attention must be paid in their
use. Oncologists should focus their efforts to the
potential cardiovascular risks of all the anticancer
therapies, informing patients on reasonable
expectations of benefits and side effects. For
these reasons, it is particularly important to
develop cardioprotective strategies, improving
the quality of life of patients. To date, among the
central neurotoxicities described by antineoplastic
drugs in breast cancer patients, the cognitive
impairment is the most investigated. The link
between chemotherapy and cognitive dysfunction

has been proven whereas for ET is still controver-
sial. New data are emerging from clinical trials,
observational studies, andmeta-analysis, but there
are numerous difficulties to retrieve the proper
clinical research methods to deeply investigate
this particular clinical issue. Indeed, numerous
factors such as the administration of combined
different chemotherapeutic drugs, the menopausal
status, and the use of different neuropsychological
tests frustrate our ability to determine the exact
contribution of single drugs to cognitive impair-
ment. A strong effort by the scientific community
will be needed in order to overcome these draw-
backs of the research dealing with cognitive dete-
rioration. Future studies on available and
upcoming drugs will need to include proper cog-
nitive evaluation scales and an adequate number
of participants.

References

1. Melchor L, Benitez J. The complex genetic landscape
of familial breast cancer. Hum Genet.
2013;132:845–63.

2. Hackshaw AK, Paul EA. Breast self-examination and
death from breast cancer: a meta-analysis. Br J Can-
cer. 2003;88:1047–53.

3. American Institute of Ultrasound in Medicine. AIUM
practice guideline for the performance of a breast
ultrasound examination. J Ultrasound Med.
2009;28:105–9.

4. Hellquist BN, Duffy SW, Abdsaleh S, Björneld L,
Bordás P, Tabár L, Viták B, Zackrisson S, Nyström
L, Jonsson H. Effectiveness of population-based ser-
vice screening with mammography for women ages
40 to 49 years: evaluation of the Swedish Mammog-
raphy Screening in Young Women (SCRY) cohort.
Cancer. 2011;117(4):714–22.

5. Caron J, Nohria A. Cardiac toxicity from breast can-
cer treatment: can we avoid this? Curr Oncol Rep.
2018;20(8):61.

6. Dong J, Chen H. Cardiotoxicity of anticancer thera-
peutics. Front Cardiovasc Med. 2018;5:9.

7. Gavila J, Seguí MÁ, Calvo L, López T, Alonso JJ,
Farto M, Sánchez-de la Rosa R. Evaluation and man-
agement of chemotherapy-induced cardiotoxicity in
breast cancer: a Delphi study. Clin Transl Oncol.
2017;19(1):91–104.

8. Zambelli A, Della Porta MG, Eleuteri E, De Giuli L,
Catalano O, Tondini C, Riccardi A. Predicting and
preventing cardiotoxicity in the era of breast cancer
targeted therapies. Novel molecular tools for clinical
issues. Breast. 2011;20(2):176–83.

782 G. Natale and G. Bocci



9. Gripp EA, Oliveira GE, Feijó LA, Garcia MI, Xavier
SS, Sousa AS. Global longitudinal strain accuracy for
cardiotoxicity prediction in a cohort of breast cancer
patients during anthracycline and/or trastuzumab
treatment. Arq Bras Cardiol. 2018;110(2):140–50.

10. Hawkes EA, Okines AF, Plummer C, CunninghamD.
Cardiotoxicity in patients treated with bevacizumab is
potentially reversible. J Clin Oncol. 2011;29(18):
e560–2.

11. Jain D, Russell RR, Schwartz RG, Panjrath GS,
Aronow W. Cardiac complications of cancer therapy:
pathophysiology, identification, prevention, treatment,
and future directions. Curr Cardiol Rep. 2017;19:36.

12. Mantarro S, Rossi M, Bonifazi M, D’Amico R,
Blandizzi C, La Vecchia C, Negri E, Moja L. Risk
of severe cardiotoxicity following treatment with
trastuzumab: a meta-analysis of randomized and
cohort studies of 29,000 women with breast cancer.
Intern Emerg Med. 2016;11(1):123–40.

13. Tocchetti CG, Cadeddu C, Di Lisi D, Femminò S,
Madonna R, Mele D, Monte I, Novo G, Penna C,
Pepe A, Spallarossa P, Varricchi G, Zito C, Pagliaro
P, Mercuro G. Frommolecular mechanisms to clinical
management of antineoplastic drug-induced cardio-
vascular toxicity: a translational overview. Antioxid
Redox Signal. 2019;30(18):2110–53.

14. Martel S, Maurer C, Lambertini M, Pondé N, De
Azambuja E. Breast cancer treatment-induced
cardiotoxicity. Expert Opin Drug Saf. 2017;16
(9):1021–38.

15. Jasra S, Anampa J. Anthracycline use for early stage
breast cancer in the modern era: a review. Curr Treat
Options in Oncol. 2018;19(6):30.

16. Pokrzywinski KL, Biel TG, Rosen ET, Bonanno JL,
Aryal B, Mascia F, Moshkelani D, Mog S, Rao VA.
Doxorubicin-induced cardiotoxicity is suppressed by
estrous-staged treatment and exogenous 17β-estradiol
in female tumor-bearing spontaneously hypertensive
rats. Biol Sex Differ. 2018;9(1):25.

17. Octavia Y, Tocchetti CG, Gabrielson KL, Janssens S,
Crijns HJ, Moens AL. Doxorubicin-induced cardio-
myopathy: frommolecular mechanisms to therapeutic
strategies. J Mol Cell Cardiol. 2012;52(6):1213–25.

18. Singal PK, Deally CM, Weinberg LE. Subcellular
effects of adriamycin in the heart: a concise review.
J Mol Cell Cardiol. 1987;19(8):817–28.

19. de Vries Schultink AHM, Boekhout AH, Gietema JA,
Burylo AM, Dorlo TPC, van Hasselt JGC, Schellens
JHM, Huitema ADR. Pharmacodynamic modeling of
cardiac biomarkers in breast cancer patients treated
with anthracycline and trastuzumab regimens. J
Pharmacokinet Pharmacodyn. 2018;45(3):431–42.

20. Ryberg M, Nielsen D, Cortese G, Nielsen G,
Skovsgaard T, Andersen PK. New insight into
epirubicin cardiac toxicity: competing risks analysis
of 1097 breast cancer patients. J Natl Cancer Inst.
2008;100(15):1058–67.

21. Geisberg CA, Sawyer DB. Mechanisms of
anthracycline cardiotoxicity and strategies to decrease

cardiac damage. Curr Hypertens Rep. 2010;12
(6):404–10.

22. Pellegrini A, Soldani P, Breschi MC, Paparelli A.
Effects of reserpine and calcium antagonists pre-treat-
ment on doxorubucin storage in various organs of
young and senescent rats. In Vivo. 1991;5(2):171–4.

23. Soldani P, Pellegrini A, Breschi MC, Natale G,
Paparelli A. Doxorubicin storage in myocardial tissue
of reserpine- and nicardipine-pretreated rats. Antican-
cer Res. 1991;11:2123–4.

24. Liu X, Zhu Y, Lin X, Fang L, Yan X. Mitral regurgi-
tation after anthracycline-based chemotherapy in an
adult patient with breast cancer: a case report. Medi-
cine (Baltimore). 2017;96(49):e9004.

25. Rowinsky EK, Eisenhauer EA, Chaudhry V, Arbuck
SG, Donehower RC. Clinical toxicities encountered
with paclitaxel (Taxol). Semin Oncol. 1993;20:1–15.

26. Yardley DA, Hart L, Waterhouse D, Whorf R,
Drosick DR, Murphy P, Badarinath S, Daniel BR,
Childs BH, Burris H. Addition of bevacizumab to
three docetaxel regimens as adjuvant therapy for
early stage breast cancer. Breast Cancer Res Treat.
2013;142(3):655–65.

27. Hurvitz SA, Bosserman LD, Chan D, Hagenstad CT,
Kass FC, Smith FP, Rodriguez GI, Childs BH, Slamon
DJ. Cardiac safety results from a phase II, open-label,
multicenter, pilot study of two docetaxel-based regi-
mens plus bevacizumab for the adjuvant treatment of
subjects with node-positive or high-risk node-negative
breast cancer. Springerplus. 2014;3:244.

28. Natale G, Di Paolo A, Bocci G. Dermatological,
cardiovascular and neurological morphohisto-
pathological effects of fluoropyrimidine-based che-
motherapy in humans. Clin Cancer Drugs.
2017;4:104–11.

29. Endo A, Yoshida Y, Nakashima R, Takahashi N,
Tanabe K. Capecitabine induces both cardiomyopa-
thy and multifocal cerebral leukoencephalopathy. Int
Heart J. 2013;54(6):417–20.

30. Karakulak UN, Aladağ E, Maharjan N, Övünç K.
Capecitabine-induced coronary artery vasospasm in
a patient who previously experienced a similar epi-
sode with fluorouracil therapy. Turk Kardiyol Dern
Ars. 2016;44(1):71–4.

31. Molteni LP, Rampinelli I, Cergnul M, Scaglietti U,
Paino AM, Noonan DM, Bucci EO, Gottardi O,
Albini A. Capecitabine in breast cancer: the issue of
cardiotoxicity during fluoropyrimidine treatment.
Breast J. 2010;16(Suppl 1):S45–8.

32. Shah NR, Shah A, Rather A. Ventricular fibrillation as
a likely consequence of capecitabine-induced coro-
nary vasospasm. J Oncol Pharm Pract. 2011;18
(1):132–5.

33. Polk A, Vistisen K, Vaage-Nilsen M, Nielsen DL. A
systematic review of the pathophysiology of 5-fluo-
rouracil-induced cardiotoxicity. BMC Pharmacol
Toxicol. 2014;15:47.

34. Cwikiel M, Zhang B, Eskilsson J, Wieslander JB,
Albertsson M. The influence of 5-fluorouracil on the

48 Cardiovascular and Central Nervous System Toxicity by Anticancer Drugs in Breast Cancer Patients 783



endothelium in small arteries. An electron microscopic
study in rabbits. ScanningMicrosc. 1995;9(2):561–76.

35. Henry D, Rudzik F, Butts A, Mathew A.
Capecitabine-induced coronary vasospasm. Case
Rep Oncol. 2016;9(3):629–32.

36. Kosmas C, Kallistratos MS, Kopterides P, Syrios J,
Skopelitis H, Mylonakis N, Karabelis A, Tsavaris N.
Cardiotoxicity of fluoropyrimidines in different
schedules of administration: a prospective study.
J Cancer Res Clin Oncol. 2008;134(1):75–82.

37. Layoun ME, Wickramasinghe CD, Peralta MV, Yang
EH. Fluoropyrimidine-induced cardiotoxicity: mani-
festations, mechanisms, andmanagement. Curr Oncol
Rep. 2016;18(6):35.

38. Kuropkat C, Griem K, Clark J, Rodriguez ER, Hutch-
inson J, Taylor SG. Severe cardiotoxicity during 5-
fluorouracil chemotherapy: a case and literature
report. Am J Clin Oncol. 1999;22(5):466–70.

39. Focaccetti C, Bruno A, Magnani E, Bartolini D, Prin-
cipi E, Dallaglio K, Bucci EO, Finzi G, Sessa F,
Noonan DM, Albini A. Effects of 5-fluorouracil on
morphology, cell cycle, proliferation, apoptosis, auto-
phagy and ROS production in endothelial cells and
cardiomyocytes. PLoS One. 2015;10(2):e0115686.

40. Kounis NG, Tsigkas GG, Almpanis G, Mazarakis A.
Kounis syndrome is likely culprit of coronary vaso-
spasm induced by capecitabine. J Oncol Pharm Pract.
2012;18(2):316–8.

41. Constantinidou A, Smith I. Is there a case for anti-
HER2 therapy without chemotherapy in early breast
cancer? Breast. 2011;20(Suppl 3):S158–61.

42. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton
V, Bajamonde A, Fleming T, Eiermann W, Wolter J,
PegramM, Baselga J, Norton L. Use of chemotherapy
plus a monoclonal antibody against HER2 for meta-
static breast cancer that overexpresses HER2. N Engl
J Med. 2001;344(11):783–92.

43. Martín M, Esteva FJ, Alba E, Khandheria B, Pérez-
Isla L, García-Sáenz JA, Márquez A, Sengupta P,
Zamorano J. Minimizing cardiotoxicity while opti-
mizing treatment efficacy with trastuzumab: review
and expert recommendations. Oncologist. 2009;14
(1):1–11.

44. Perez EA, Rodeheffer R. Clinical cardiac tolerability
of trastuzumab. J Clin Oncol. 2004;22(2):322–9.

45. Jacquinot Q, Paget-Bailly S, Fumoleau P, Romieu G,
Pierga JY, Espié M, Lortholary A, Nabholtz JM,
Mercier CF, Pauporté I, Henriques J, Pivot X. Fluctu-
ation of the left ventricular ejection fraction in patients
with HER2-positive early breast cancer treated by
12months of adjuvant trastuzumab. Breast. 2018;
41:1–7.

46. Bonzano E, GuenziM,CorvòR. Cardiotoxicity assess-
ment after different adjuvant hypofractionated radio-
therapy concurrently associated with trastuzumab in
early breast cancer. In Vivo. 2018;32(4):879–82.

47. Minichillo S, Gallelli I, Barbieri E, Cubelli M, Rubino
D, Quercia S, Dall’Olio M, Rapezzi C, Zamagni C.
Trastuzumab resumption after extremely severe

cardiotoxicity in metastatic breast cancer patient: a
case report. BMC Cancer. 2017;17(1):722.

48. Moilanen T, Jokimäki A, Tenhunen O, Koivunen JP.
Trastuzumab-induced cardiotoxicity and its risk fac-
tors in real-world setting of breast cancer patients. J
Cancer Res Clin Oncol. 2018;144(8):1613–21.

49. Telli ML, Hunt SA, Carlson RW, Guardino AE.
Trastuzumab-related cardiotoxicity: calling into ques-
tion the concept of reversibility. J Clin Oncol.
2007;25(23):3525–33.

50. Tang GH, Acuna SA, Sevick L, Yan AT, Brezden-
Masley C. Incidence and identification of risk factors
for trastuzumab-induced cardiotoxicity in breast can-
cer patients: an audit of a single “real-world” setting.
Med Oncol. 2017;34(9):154.

51. Pinto AC, Ades F, de Azambuja E, Piccart-Gebhart
M. Trastuzumab for patients with HER2 positive
breast cancer: delivery, duration and combination
therapies. Breast. 2013;22(Suppl 2):S152–5.

52. An J, Sheikh MS. Toxicology of trastuzumab: an
insight into mechanisms of cardiotoxicity. Curr Can-
cer Drug Targets. 2019;19(5):400–7.

53. Gianni L, Salvatorelli E, Minotti G. Anthracycline
cardiotoxicity in breast cancer patients: synergism
with trastuzumab and taxanes. Cardiovasc Toxicol.
2007;7(2):67–71.

54. Fasching PA, Hartkopf AD, Gass P, Häberle L,
Akpolat-Basci L, Hein A, Volz B, Taran FA, Nabieva
N, Pott B, Overkamp F, Einarson H, Hadji P, Tesch H,
Ettl J, Lüftner D, Wallwiener M, Müller V, Janni W,
Fehm TN, Schneeweiss A, Untch M, Pott D, Lux MP,
Geyer T, Liedtke C, Seeger H, Wetzig S, Hartmann A,
Schulz-Wendtland R, Belleville E, Wallwiener D,
Beckmann MW, Brucker SY, Kolberg HC. Efficacy of
neoadjuvant pertuzumab in addition to chemotherapy
and trastuzumab in routine clinical treatment of patients
with primary breast cancer: a multicentric analysis.
Breast Cancer Res Treat. 2018;173:319–28, in press

55. Spring L, Niemierko A, Haddad S, YuenM, Comander
A, Reynolds K, Shin J, Bahn A, Brachtel E, Specht M,
Smith BL, Taghian A, Jimenez R, Peppercorn J,
Isakoff SJ, Moy B, Bardia A. Effectiveness and toler-
ability of neoadjuvant pertuzumab-containing regi-
mens for HER2-positive localized breast cancer.
Breast Cancer Res Treat. 2018;172:733–40, in press

56. Senkus E, Kyriakides S, Ohno S, Penault-Llorca F,
Poortmans P, Rutgers E, Zackrisson S, Cardoso F,
Committee EG. Primary breast cancer: ESMO Clini-
cal Practice Guidelines for diagnosis, treatment and
follow-up. Ann Oncol. 2015;26(Suppl 5):v8–30.

57. Lumachi F, Luisetto G, Basso SM, Basso U, Brunello
A, Camozzi V. Endocrine therapy of breast cancer.
Curr Med Chem. 2011;18(4):513–22.

58. Shagufta, Ahmad I. Tamoxifen a pioneering drug: an
update on the therapeutic potential of tamoxifen
derivatives. Eur J Med Chem. 2018;143:515–31.

59. Bird BR, Swain SM. Cardiac toxicity in breast cancer
survivors: review of potential cardiac problems. Clin
Cancer Res. 2008;14(1):14–24.

784 G. Natale and G. Bocci



60. Foglietta J, Inno A, de Iuliis F, Sini V, Duranti S,
Turazza M, Tarantini L, Gori S. Cardiotoxicity of
aromatase inhibitors in breast cancer patients. Clin
Breast Cancer. 2017;17(1):11–7.

61. Khosrow-Khavar F, Filion KB, Al-Qurashi S, Torabi
N, Bouganim N, Suissa S, Azoulay L. Cardiotoxicity
of aromatase inhibitors and tamoxifen in postmeno-
pausal women with breast cancer: a systematic review
and meta-analysis of randomized controlled trials.
Ann Oncol. 2017;28(3):487–96.

62. Early Breast Cancer Trialists’ Collaborative Group.
Polychemotherapy for early breast cancer: an over-
view of the randomized trials. Lancet.
1998;352:930–42.

63. Masuda N, Nakayama T, Yamamura J, Kamigaki S,
Taguchi T, Hatta M, Sakamoto J. Phase I study of
combination therapy with weekly paclitaxel and cyclo-
phosphamide for advanced or recurrent breast cancer.
Cancer Chemother Pharmacol. 2010;66(1):89–94.

64. Yu AF,Manrique C, Pun S, Liu JE, Mara E, FleisherM,
Patil S, Jones LW, Steingart RM, Hudis CA, Dang CT.
Cardiac safety of paclitaxel plus trastuzumab and
pertuzumab in patients with HER2-positive metastatic
breast cancer. Oncologist. 2016;21(4):418–24.

65. Swain SM, Ewer MS, Cortés J, Amadori D, Miles D,
Knott A, Clark E, Benyunes MC, Ross G, Baselga J.
Cardiac tolerability of pertuzumab plus trastuzumab
plus docetaxel in patients with HER2-positive meta-
static breast cancer in CLEOPATRA: a randomized,
double-blind, placebo-controlled phase III study.
Oncologist. 2013;18(3):257–64.

66. Cho E, Schwemm AK, Rubinstein LM, Stevenson
PA, Gooley TA, Ellis GK, Specht JM, Livingston
RB, Linden HM, Gadi VK. Adjuvant metronomic
CMF in a contemporary breast cancer cohort: what’s
old is new. Clin Breast Cancer. 2015;15(5):e277–85.

67. Park JH, Im SA, Byun JM, KimKH, Kim JS, Choi IS,
Kim HJ, Lee KH, Kim TY, Han SW, Oh DY, Kim TY.
Cyclophosphamide, methotrexate, and 5-fluorouracil
as palliative treatment for heavily pretreated patients
with metastatic breast cancer: a multicenter retrospec-
tive analysis. J Breast Cancer. 2017;20(4):347–55.

68. Salek R, Bayatmokhtari N, Homaei Shandiz F,
ShahidSales S. The results of chemotherapy with
two variants of intravenous CMF in patients with
early stage breast carcinoma; Does dose density mat-
ter? Breast J. 2016;22(6):623–9.

69. Ghanbari S, Ayatollahi SM, Zare N. Comparing role
of two chemotherapy regimens, CMF and
anthracycline-based, on Breast Cancer Survival in
the Eastern Mediterranean Region and Asia by mul-
tivariate mixed effects models: a meta-analysis. Asian
Pac J Cancer Prev. 2015;16(14):5655–61.

70. Promberger R, Dubsky P, Mittlböck M, Ott J, Singer
C, Seemann R, Exner R, Panhofer P, Steger G, Bergen
E, Gnant M, Jakesz R, Bago-Horvath Z, Rudas M,
Bartsch R. Postoperative CMF does not ameliorate
poor outcomes in women with residual invasive
breast cancer after neoadjuvant epirubicin/docetaxel

chemotherapy. Clin Breast Cancer. 2015;15
(6):505–11.

71. Tryfonidis K, Marreaud S, Khaled H, De Valk B,
Vermorken J, Welnicka-Jaskiewicz M, Aalders K,
Bartlett JMS, Biganzoli L, Bogaerts J, Cameron D,
EORTC- Breast Cancer Group. Cardiac safety, effi-
cacy, and correlation of serial serum HER2-extracel-
lular domain shed antigen measurement with the
outcome of the combined trastuzumab plus CMF in
women with HER2-positive metastatic breast cancer:
results from the EORTC 10995 phase II study. Breast
Cancer Res Treat. 2017;163(3):507–15.

72. Guenancia C, Lefebvre A, Cardinale D, Yu AF,
Ladoire S, Ghiringhelli F, Zeller M, Rochette L,
Cottin Y, Vergely C. Obesity as a risk factor for
anthracyclines and trastuzumab cardiotoxicity in
breast cancer: a systematic review and meta-analysis.
J Clin Oncol. 2016;34(26):3157–65.

73. Zamorano JL, Lancellotti P, Rodriguez Muñoz D,
Aboyans V, Asteggiano R, Galderisi M, Habib G,
Lenihan DJ, Lip GYH, Lyon AR, Lopez Fernandez
T, Mohty D, Piepoli MF, Tamargo J, Torbicki A, Suter
TM, ESC Scientific Document Group. 2016 ESC
Position Paper on cancer treatments and cardiovascu-
lar toxicity developed under the auspices of the ESC
Committee for Practice Guidelines: the task force for
cancer treatments and cardiovascular toxicity of the
European Society of Cardiology (ESC). Eur Heart J.
2016;37(36):2768–801.

74. Garg V, Vorobiof G. Echocardiography and alterna-
tive cardiac imaging strategies for long-term
cardiotoxicity surveillance of cancer survivors treated
with chemotherapy and/or radiation exposure. Curr
Oncol Rep. 2016;18(8):52.

75. Gulati G, Zhang KW, Scherrer-Crosbie M, Ky B.
Cancer and cardiovascular disease: the use of novel
echocardiography measures to predict subsequent
cardiotoxicity in breast cancer treated with
anthracyclines and trastuzumab. Curr Heart Fail
Rep. 2014;11(4):366–73.

76. Nicolazzi MA, Carnicelli A, Fuorlo M, Scaldaferri A,
Masetti R, Landolfi R, Favuzzi AMR. Anthracycline
and trastuzumab-induced cardiotoxicity in breast can-
cer. Eur RevMed Pharmacol Sci. 2018;22(7):2175–85.

77. Veronese P, Hachul DT, Scanavacca MI, Hajjar LA,
Wu TC, Sacilotto L, Veronese C, Darrieux FCDC.
Effects of anthracycline, cyclophosphamide and
taxane chemotherapy on QTc measurements in
patients with breast cancer. PLoS One. 2018;13(5):
e0196763.

78. Cardinale D, Ciceri F, Latini R, Franzosi MG, Sandri
MT, Civelli M, Cucchi G, Menatti E, Mangiavacchi
M, Cavina R, Barbieri E, Gori S, Colombo A,
Curigliano G, Salvatici M, Rizzo A, Ghisoni F,
Bianchi A, Falci C, Aquilina M, Rocca A, Monopoli
A, Milandri C, Rossetti G, Bregni M, Sicuro M,
Malossi A, Nassiacos D, Verusio C, Giordano M,
Staszewsky L, Barlera S, Nicolis EB, Magnoli M,
Masson S, Cipolla CM, ICOS-ONE Study

48 Cardiovascular and Central Nervous System Toxicity by Anticancer Drugs in Breast Cancer Patients 785



Investigators. Anthracycline-induced cardiotoxicity:
a multicenter randomised trial comparing two strate-
gies for guiding prevention with enalapril: the Inter-
national CardioOncology Society-one trial. Eur J
Cancer. 2018;94:126–37.

79. Frères P, Bouznad N, Servais L, Josse C, Wenric S,
Poncin A, Thiry J, Moonen M, Oury C, Lancellotti P,
Bours V, Jerusalem G. Variations of circulating car-
diac biomarkers during and after anthracycline-
containing chemotherapy in breast cancer patients.
BMC Cancer. 2018;18(1):102.

80. Sun D, Simon GJ, Skube S, Blaes AH, Melton GB,
Zhang R. Causal phenotyping for susceptibility to
cardiotoxicity from antineoplastic breast cancer medi-
cations. AMIA Ann Symp Proc. 2018;2017:1655–64.

81. Lalisang RI, Erdkamp FL, Rodenburg CJ, Knibbeler-
van Rossum CT, Nortier JW, van Bochove A, Slee
PH, Voest EE, Wils JA, Wals J, Loosveld OJ, Smals
AE, Blijham GH, Tjan-Heijnen VC, Schouten HC.
Epirubicin and paclitaxel with G-CSF support in first
line metastatic breast cancer: a randomized phase II
study of dose-dense and dose-escalated chemother-
apy. Breast Cancer Res Treat. 2011;128(2):437–45.

82. Gil-Gil MJ, Bellet M, Morales S, Ojeda B, Manso L,
Mesia C, Garcia-Martínez E, Martinez-Jáñez N, Melé
M, Llombart A, Pernas S, Villagrasa P, Blasco C,
Baselga J. Pegylated liposomal doxorubicin plus
cyclophosphamide followed by paclitaxel as primary
chemotherapy in elderly or cardiotoxicity-prone
patients with high-risk breast cancer: results of the
phase II CAPRICE study. Breast Cancer Res Treat.
2015;151(3):597–606.

83. Leonardi V, Palmisano V, Pepe A, Usset A,
Manuguerra G, Savio G, DE Bella MT, Laudani A,
Alù M, Cusimano MP, Scianna C, Giresi A, Agostara
B. Weekly pegylated liposomal doxorubicin and pac-
litaxel in patients with metastatic breast carcinoma: a
phase II study. Oncol Lett. 2010;1(4):749–53.

84. Venturini M, Michelotti A, Del Mastro L, Gallo L,
Carnino F, Garrone O, Tibaldi C, Molea N, Bellina
RC, Pronzato P, et al. Multicenter randomized con-
trolled clinical trial to evaluate cardioprotection of
dexrazoxane versus no cardioprotection in women
receiving epirubicin chemotherapy for advanced
breast cancer. J Clin Oncol. 1996;14(12):3112–20.

85. Cochera F, Dinca D, Bordejevic DA, Citu IM, Mavrea
AM, Andor M, Trofenciuc M, TomescuMC. Nebivolol
effect on doxorubicin-induced cardiotoxicity in breast
cancer. Cancer Manag Res. 2018;10:2071–81.

86. Taillibert S. Is systemic anti-cancer therapy neuro-
toxic? Does chemo brain exist? And should we
rename it? Adv Exp Med Biol. 2010;678:86–95.

87. Lange M, Rigal O, Clarisse B, Giffard B, Sevin E,
Barillet M, Eustache F, Joly F. Cognitive dysfunctions
in elderly cancer patients: a new challenge for oncol-
ogists. Cancer Treat Rev. 2014;40(6):810–7.

88. Lange M, Joly F. How to identify and manage cogni-
tive dysfunction after breast cancer treatment. J Oncol
Pract. 2017;13(12):784–90.

89. Park HS, Kim CJ, Kwak HB, No MH, Heo JW, Kim
TW. Physical exercise prevents cognitive impairment
by enhancing hippocampal neuroplasticity and mito-
chondrial function in doxorubicin-induced
chemobrain. Neuropharmacology. 2018;133:451–61.

90. Briones TL, Woods J. Chemotherapy-induced cogni-
tive impairment is associated with decreases in cell
proliferation and histone modifications. BMC
Neurosci. 2011;12:124.

91. Wang XM, Walitt B, Saligan L, Tiwari AF, Cheung
CW, Zhang ZJ. Chemobrain: a critical review and
causal hypothesis of link between cytokines and epi-
genetic reprogramming associated with chemother-
apy. Cytokine. 2015;72(1):86–96.

92. Henneghan AM, Palesh O, Harrison M, Kesler SR.
Identifying cytokine predictors of cognitive
functioning in breast cancer survivors up to 10years
post chemotherapy using machine learning.
J Neuroimmunol. 2018;320:38–47.

93. Bruno J, Hosseini SM, Kesler S. Altered resting state
functional brain network topology in chemotherapy-
treated breast cancer survivors. Neurobiol Dis.
2012;48(3):329–38.

94. Kesler SR. Default mode network as a potential bio-
marker of chemotherapy-related brain injury.
Neurobiol Aging. 2014;35(Suppl 2):S11–9.

95. Ahles TA, Saykin AJ. Breast cancer chemotherapy-
related cognitive dysfunction. Clin Breast Cancer.
2002;3(Suppl 3):S84–90.

96. Seigers R, Schagen SB, Beerling W, Boogerd W, van
Tellingen O, van Dam FS, Koolhaas JM, Buwalda B.
Long-lasting suppression of hippocampal cell prolifera-
tion and impaired cognitive performance by methotrex-
ate in the rat. Behav Brain Res. 2008;186(2):168–75.

97. Seigers R, Schagen SB, Coppens CM, van der Most
PJ, van Dam FS, Koolhaas JM, Buwalda B. Metho-
trexate decreases hippocampal cell proliferation and
induces memory deficits in rats. Behav Brain Res.
2009;201(2):279–84.

98. Pomykala KL, de Ruiter MB, Deprez S, McDonald
BC, Silverman DH. Integrating imaging findings in
evaluating the post-chemotherapy brain. Brain Imag-
ing Behav. 2013;7(4):436–52.

99. Fan HG, Houede-Tchen N, Yi QL, Chemerynsky I,
Downie FP, Sabate K, Tannock IF. Fatigue, meno-
pausal symptoms, and cognitive function in women
after adjuvant chemotherapy for breast cancer: 1- and
2-year follow-up of a prospective controlled study.
J Clin Oncol. 2005;23(31):8025–32.

100. Koppelmans V, Breteler MM, Boogerd W, Seynaeve
C, Schagen SB. Late effects of adjuvant chemother-
apy for adult onset non-CNS cancer; cognitive
impairment, brain structure and risk of dementia.
Crit Rev Oncol Hematol. 2013;88(1):87–101.

101. Edelstein K, Bernstein LJ. Cognitive dysfunction
after chemotherapy for breast cancer. J Int
Neuropsychol Soc. 2014;20(4):351–6.

102. Bernstein LJ, McCreath GA, Komeylian Z, Rich JB.
Cognitive impairment in breast cancer survivors

786 G. Natale and G. Bocci



treated with chemotherapy depends on control group
type and cognitive domains assessed: a multilevel
meta-analysis. Neurosci Biobehav Rev. 2017;83:
417–28.

103. Yao C, Bernstein LJ, Rich JB. Executive functioning
impairment in women treated with chemotherapy for
breast cancer: a systematic review. Breast Cancer Res
Treat. 2017;166(1):15–28.

104. Yao C, Rich JB, Tannock IF, Seruga B, Tirona K,
Bernstein LJ. Pretreatment differences in
intraindividual variability in reaction time between
women diagnosed with breast cancer and healthy
controls. J Int Neuropsychol Soc. 2016;22(5):530–9.

105. Klemp JR,Myers JS, Fabian CJ, Kimler BF, Khan QJ,
Sereika SM, Stanton AL. Cognitive functioning and
quality of life following chemotherapy in pre- and
peri-menopausal women with breast cancer. Support
Care Cancer. 2018;26(2):575–83.

106. Vega JN, Dumas J, Newhouse PA. Self-reported che-
motherapy-related cognitive impairment compared
with cognitive complaints following menopause.
Psychooncology. 2018;27(9):2198–205.

107. Lange M, Heutte N, Noal S, Rigal O, Kurtz JE, Levy
C, Allouache D, Rieux C, Lefel J, Clarisse B, Leconte
A, Veyret C, Barthelemy P, Longato N, Tron L, Castel
H, Eustache F, Giffard B, Joly F. Cognitive changes
after adjuvant treatment in older adults with early-
stage breast cancer. Oncologist. 2018;24:62–8, in
press

108. Joly F, Giffard B, Rigal O, De Ruiter MB, Small BJ,
Dubois M, LeFel J, Schagen SB, Ahles TA, Wefel JS,
Vardy JL, Pancre V, Lange M, Castel H. Impact of
cancer and its treatments on cognitive function:
advances in Research From the Paris International
Cognition and Cancer Task Force Symposium and
Update since 2012. J Pain Symptom Manag.
2015;50(6):830–41.

109. Hurria A, Lachs M. Is cognitive dysfunction a com-
plication of adjuvant chemotherapy in the older
patient with breast cancer? Breast Cancer Res Treat.
2007;103(3):259–68.

110. Dean L. Capecitabine therapy and DPYD genotype.
In: Pratt V, McLeod H, Rubinstein W, Dean L,
Malheiro A, editors. Medical genetics summaries.
Bethesda: National Center for Biotechnology Infor-
mation; 2012.

111. Shehata N, Pater A, Tang SC. Prolonged severe 5-
fluorouracil-associated neurotoxicity in a patient with
dihydropyrimidine dehydrogenase deficiency. Cancer
Investig. 1999;17(3):201–5.

112. Formica V, Leary A, Cunningham D, Chua YJ. 5-
fluorouracil can cross brain-blood barrier and cause
encephalopathy: should we expect the same from
capecitabine? A case report on capecitabine-induced
central neurotoxicity progressing to coma. Cancer
Chemother Pharmacol. 2006;58(2):276–8.

113. Videnovic A, Semenov I, Chua-Adajar R, Baddi L,
Blumenthal DT, Beck AC, Simuni T, Futterer S,
Gradishar W, Tellez C, Raizer JJ. Capecitabine-

induced multifocal leukoencephalopathy: a report of
five cases. Neurology. 2005;65(11):1792–4; discus-
sion 1685

114. Han R, Yang YM, Dietrich J, Luebke A, Mayer-Pro-
schel M, Noble M. Systemic 5-fluorouracil treatment
causes a syndrome of delayed myelin destruction in the
central nervous system. J Biol. 2008;7(4):12.

115. Mukesh M, Murray P. Cerebellar toxicity with
capecitabine in a patient with metastatic breast cancer.
Clin Oncol (R Coll Radiol). 2008;20(5):382–3.

116. Obadia M, Leclercq D, Wasserman J, Galanaud D,
Dormont D, Sahli-Amor M, Psimaras D,
Pyatigorskaya N, Law-Ye B. Capecitabine-induced
acute toxic leukoencephalopathy. Neurotoxicology.
2017;62:1–5.

117. Verstappen CC, Heimans JJ, Hoekman K, Postma TJ.
Neurotoxic complications of chemotherapy in
patients with cancer: clinical signs and optimal man-
agement. Drugs. 2003;63(15):1549–63.

118. Winocur G, Berman H, Nguyen M, Binns MA,
Henkelman M, van Eede M, Piquette-Miller M,
Sekeres MJ, Wojtowicz JM, Yu J, Zhang H, Tannock
IF. Neurobiological mechanisms of chemotherapy-
induced cognitive impairment in a transgenic model
of breast cancer. Neuroscience. 2018;369:51–65.

119. Hershman DL, Unger JM, Crew KD, Till C, Greenlee
H, Minasian LM, Moinpour CM, Lew DL,
Fehrenbacher L, Wade JL 3rd, Wong SF, Fisch MJ,
LynnHenry N, Albain KS. Two-year trends of taxane-
induced neuropathy in women enrolled in a random-
ized trial of Acetyl-L-Carnitine (SWOG S0715).
J Natl Cancer Inst. 2018;110(6):669–76.

120. Zirpoli GR, McCann SE, Sucheston-Campbell LE,
Hershman DL, Ciupak G, Davis W, Unger JM,
Moore HCF, Stewart JA, Isaacs C, Hobday TJ,
Salim M, Hortobagyi GN, Gralow JR, Budd GT,
Albain KS, Ambrosone CB. Supplement use and
chemotherapy-induced peripheral neuropathy in a
cooperative group trial (S0221): the DELCaP study.
J Natl Cancer Inst. 2017;109(12):djx098.

121. Capri G, Munzone E, Tarenzi E, Fulfaro F, Gianni L,
Caraceni A, Martini C, Scaioli V. Optic nerve distur-
bances: a new form of paclitaxel neurotoxicity. J Natl
Cancer Inst. 1994;86(14):1099–101.

122. Ziske CG, Schottker B, Gorschluter M, Mey U,
Kleinschmidt R, Schlegel U, Sauerbruch T,
Schmidt-Wolf IG. Acute transient encephalopathy
after paclitaxel infusion: report of three cases. Ann
Oncol. 2002;13(4):629–31.

123. Muallaoglu S, Kocer M, Guler N. Acute transient
encephalopathy after weekly paclitaxel infusion.
Med Oncol. 2012;29(2):1297–9.

124. Perry JR, Warner E. Transient encephalopathy after
paclitaxel (Taxol) infusion. Neurology. 1996;46(6):
1596–9.

125. Soffietti R, Trevisan E, Ruda R. Neurologic compli-
cations of chemotherapy and other newer and exper-
imental approaches. Handb Clin Neurol.
2014;121:1199–218.

48 Cardiovascular and Central Nervous System Toxicity by Anticancer Drugs in Breast Cancer Patients 787



126. Doolittle ND, Peereboom DM, Christoforidis GA, Hall
WA, Palmieri D, Brock PR, Campbell KC, Dickey DT,
Muldoon LL, O’Neill BP, Peterson DR, Pollock B,
Soussain C, SmithQ, TysonRM,Neuwelt EA.Delivery
of chemotherapy and antibodies across the blood-brain
barrier and the role of chemoprotection, in primary and
metastatic brain tumors: report of the Eleventh Annual
Blood-Brain Barrier Consortium meeting. J Neuro-
Oncol. 2007;81(1):81–91.

127. Mortensen ME, Cecalupo AJ, Lo WD, Egorin MJ,
Batley R. Inadvertent intrathecal injection of dauno-
rubicin with fatal outcome. Med Pediatr Oncol.
1992;20(3):249–53.

128. Kesler SR, Blayney DW. Neurotoxic effects of
anthracycline- vs nonanthracycline-based chemother-
apy on cognition in breast cancer survivors. JAMA
Oncol. 2016;2(2):185–92.

129. Christie LA, Acharya MM, Parihar VK, Nguyen A,
Martirosian V, Limoli CL. Impaired cognitive func-
tion and hippocampal neurogenesis following cancer
chemotherapy. Clin Cancer Res. 2012;18
(7):1954–65.

130. Salas-Ramirez KY, Bagnall C, Frias L, Abdali SA,
Ahles TA, Hubbard K. Doxorubicin and cyclophos-
phamide induce cognitive dysfunction and activate
the ERK and AKT signaling pathways. Behav Brain
Res. 2015;292:133–41.

131. Antkiewicz-Michaluk L, Krzemieniecki K, Romanska
I, Michaluk J, Krygowska-Wajs A. Acute treatment
with doxorubicin induced neurochemical impairment
of the function of dopamine system in rat brain struc-
tures. Pharmacol Rep. 2016;68(3):627–30.

132. Liao D, Guo Y, Xiang D, Dang R, Xu P, Cai H, Cao L,
Jiang P. Dysregulation of Neuregulin-1/ErbB signal-
ing in the hippocampus of rats after administration of
doxorubicin. Drug Des Devel Ther. 2018;12:231–9.

133. Cheruku SP, Ramalingayya GV, Chamallamudi MR,
Biswas S, Nandakumar K, Nampoothiri M,
Gourishetti K, Kumar N. Catechin ameliorates doxo-
rubicin-induced neuronal cytotoxicity in in vitro and
episodic memory deficit in in vivo in Wistar rats.
Cytotechnology. 2018;70(1):245–59.

134. Ejlertsen B. Adjuvant chemotherapy in early breast
cancer. Dan Med J. 2016;63(5):pii:B5222.

135. Ramalho M, Fontes F, Ruano L, Pereira S, Lunet N.
Cognitive impairment in the first year after breast
cancer diagnosis: a prospective cohort study. Breast.
2017;32:173–8.

136. Cerulla N, Arcusa A, Navarro JB, Garolera M, Enero
C, Chico G, Fernandez-Morales L. Role of taxanes in
chemotherapy-related cognitive impairment: a pro-
spective longitudinal study. Breast Cancer Res Treat.
2017;164(1):179–87.

137. Janelsins MC, Heckler CE, Thompson BD, Gross
RA, Opanashuk LA, Cory-Slechta DA. A clinically
relevant dose of cyclophosphamide chemotherapy
impairs memory performance on the delayed spatial
alternation task that is sustained over time as mice
age. Neurotoxicology. 2016;56:287–93.

138. Kreukels BP, Schagen SB, Ridderinkhof KR, Boogerd
W, Hamburger HL, van Dam FS. Electrophysiological
correlates of information processing in breast-cancer
patients treated with adjuvant chemotherapy. Breast
Cancer Res Treat. 2005;94(1):53–61.

139. Schagen SB, van Dam FS, Muller MJ, Boogerd W,
Lindeboom J, Bruning PF. Cognitive deficits after
postoperative adjuvant chemotherapy for breast car-
cinoma. Cancer. 1999;85(3):640–50.

140. Dechant KL, Brogden RN, Pilkington T, Faulds D.
Ifosfamide/mesna. A review of its antineoplastic
activity, pharmacokinetic properties and therapeutic
efficacy in cancer. Drugs. 1991;42(3):428–67.

141. Underwood EA, Rochon PA, Moineddin R, Lee PE,
WuW, Pritchard KI, Tierney MC. Cognitive sequelae
of endocrine therapy in women treated for breast
cancer: a meta-analysis. Breast Cancer Res Treat.
2018;168(2):299–310.

142. Chen X, Li J, Zhang J, He X, Zhu C, Zhang L, Hu X,
Wang K. Impairment of the executive attention net-
work in premenopausal women with hormone recep-
tor-positive breast cancer treated with tamoxifen.
Psychoneuroendocrinology. 2017;75:116–23.

143. Boele FW, Schilder CM, de Roode ML, Deijen JB,
Schagen SB. Cognitive functioning during long-
term tamoxifen treatment in postmenopausal
women with breast cancer. Menopause. 2015;22(1):
17–25.

144. Palmer JL, Trotter T, Joy AA, Carlson LE. Cognitive
effects of Tamoxifen in pre-menopausal women with
breast cancer compared to healthy controls. J Cancer
Surviv Res Pract. 2008;2(4):275–82.

145. Lejbak L, Vrbancic M, Crossley M. Endocrine ther-
apy is associated with low performance on some
estrogen-sensitive cognitive tasks in postmenopausal
women with breast cancer. J Clin Exp Neuropsychol.
2010;32(8):836–46.

146. Eberling JL, Wu C, Tong-Turnbeaugh R, Jagust WJ.
Estrogen- and tamoxifen-associated effects on brain
structure and function. NeuroImage. 2004;21(1):
364–71.

147. Collins B, Mackenzie J, Stewart A, Bielajew C,
Verma S. Cognitive effects of hormonal therapy in
early stage breast cancer patients: a prospective study.
Psycho-Oncology. 2009;18(8):811–21.

148. Sun LM, Chen HJ, Liang JA, Kao CH. Long-term use
of tamoxifen reduces the risk of dementia: a nationwide
population-based cohort study. QJM. 2016;109(2):
103–9.

149. Ording AG, Jensen AB, Cronin-Fenton D, Pedersen
L, Sorensen HT, Lash TL. Null association between
tamoxifen use and dementia in Danish breast cancer
patients. Cancer Epidemiol Biomark Prev. 2013;22
(5):993–6.

150. Jenkins VA, Ambroisine LM, Atkins L, Cuzick J,
Howell A, Fallowfield LJ. Effects of anastrozole on
cognitive performance in postmenopausal women: a
randomised, double-blind chemoprevention trial
(IBIS II). Lancet Oncol. 2008;9(10):953–61.

788 G. Natale and G. Bocci



151. Moreira PI, Custodio JB, Oliveira CR, Santos MS.
Brain mitochondrial injury induced by oxidative
stress-related events is prevented by tamoxifen. Neu-
ropharmacology. 2005;48(3):435–47.

152. Pandey D, Banerjee S, Basu M, Mishra N. Memory
enhancement by Tamoxifen on amyloidosis mouse
model. Horm Behav. 2016;79:70–3.

153. Wakade C, Khan MM, De Sevilla LM, Zhang QG,
Mahesh VB, Brann DW. Tamoxifen neuroprotection
in cerebral ischemia involves attenuation of kinase
activation and superoxide production and potentiation
of mitochondrial superoxide dismutase. Endocrinol-
ogy. 2008;149(1):367–79.

48 Cardiovascular and Central Nervous System Toxicity by Anticancer Drugs in Breast Cancer Patients 789



Part IX

Drugs of Abuse and Cardiovascular
Function



Alcohol and Cardiovascular Function 49
Maria Margherita Rando, Luisa Sestito, Antonio Mirijello,
and Giovanni Addolorato

Contents
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 794

Alcohol, Atherosclerosis, and Cardiovascular Risk Factors . . . . . . . . . . . . . . . . . . . . . . . . 795
Alcohol and Coronary Heart Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 796
Alcohol and Peripheral Artery Disease . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797
Alcohol and Stroke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

Alcohol and Heart: Cardiac Arrhythmias . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

Alcohol and Heart: Alcoholic Cardiomyopathy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798

Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 799

Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 799

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 800

Abstract

The effects of alcohol consumption vary consid-
erably and depend on the concentration and dose,
together with various other factors, such as nutri-
tional status, gender, and ethnicity. The present
chapter analyzes the main medical consequences
related to alcohol consumption on cardiovascular
system. Low-to-moderate ethanol consumption

has been linked to a reduced cardiovascular risk,
with a J-shaped or U-shaped dose-response
curve. However, alcohol intake has been associ-
atedwith several cardiovascular diseases, such as
hypertension, cardiomyopathy, coronary artery
disease, and stroke. In particular, chronic alcohol
consumption induces several alterations in the
cardiovascular system, including low-grade sys-
temic inflammation, hyperuricemia, dyslipidemia,
hyperhomocysteinemia, increased oxidative stress
with enhanced lipid peroxidation, impaired glu-
cose tolerance with insulin resistance, endothelial
dysfunction, arterial hypertension, and alcoholic
cardiomyopathy. From a clinical point of view, all
the mentioned mechanisms are able to modify
the pathophysiology of atherosclerosis. In
sum, although several studies have described
a J-shaped or U-shaped curve to describe the
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relationship between alcohol intake and total
and cardiovascular mortality, these studies
have been observational and epidemiological
in nature. Promoting alcohol for those who do
not drink and/or the use of alcohol as a
cardioprotective strategy is not recommended.

Keywords

Alcohol · Ethanol · Cardiovascular disease ·
Atherosclerosis · Alcoholic cardiomyopathy ·
Coronary heart disease · Peripheral artery
disease · Stroke

Introduction

Alcohol is contained in different beverages con-
sumed since ancient times in most countries
around the world. In the past, it has been reported
that the consumption of low dose of alcohol (1–2
drinks/day in men and 1 drink/day in women) is
associated with decreased cardiovascular risk
with a J-shaped dose-response curve. In the
1990s, Renaud et al. showed that in France, wine
consumption protected from coronary heart dis-
ease, despite a high intake of saturated fat, the so-
called French paradox [1].

The moderate consumption of alcoholic bever-
ages seems to have a protective effect on arterial

stiffness due to different alcohol-related mecha-
nisms, such as increase in high-density lipoprotein
cholesterol (HDL-C), decrease in platelet adhesivity
to the endothelium, and changes in fibrinogen and
fibrinolytic system [2, 3]. However, despite these
findings, the consumption of alcohol for therapeutic
purposes on cardiovascular risk should not be
encouraged due to the potential risk of damage on
several organs and apparatus and development of
alcohol use disorders (alcohol abuse and alcohol
dependence).

Both acute and chronic alcohol consumption
may induce toxic effects on different organs, in
particular on liver, digestive, nervous, and cardio-
vascular systems [4]. Alcohol plays a pivotal role on
several cardiovascular disorders, such as alcoholic
cardiomyopathy, coronary heart disease (CHD), car-
diac arrhythmias, peripheral artery disease (PAD),
and ischemic and hemorrhagic stroke [1, 5]. More-
over, ethanol promotes the development of arterial
hypertension, and it negatively affects lipid profile,
glucose metabolism, and systemic inflammation
(with a pro-inflammatory effect at high doses), pro-
moting atherosclerosis [2].

In the present chapter, the effects of alcohol on
the cardiovascular system will be analyzed, and
the most frequent diseases related to alcohol use
and abuse will be discussed according to the most
recent scientific data (Fig. 1).
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Alcohol, Atherosclerosis, and
Cardiovascular Risk Factors

Several studies have shown that low-to-moderate
alcohol consumption reduces the cardiovascular
risk [6–9]. Renaud et al. in 1992 described the
“French paradox,” which consisted in a reduced
incidence of CHD among French population
despite a high intake of saturated fat. The expla-
nation of this phenomenon was ascribed to the
consumption of wine, as well as to the consump-
tion of similar amount of ethanol consumed in the
form of beer and spirits [1]. Despite evidences of
the role of alcohol in reducing HDL-C (responsi-
ble for transporting cholesterol from arteries to the
liver, decreasing accumulation of cholesterol in
arterial wall and thus the formation of atheroscle-
rotic plaque), Renaud et al. proposed that a mod-
erate intake of alcohol could inhibit platelet
aggregation, thus preventing myocardial
infarction.

Subsequently, different studies have shown
that the consumption of moderate amount of alco-
holic beverages, wine in particular, was associated
with cardiovascular benefits. The attention was
particularly focused on the role of polyphenols,
especially resveratrol (a polyphenol contained in
red wine), and their antioxidant and anti-inflam-
matory effects [10]. However, a prospective
cohort study by Semba et al. showed that resver-
atrol does not associate with inflammatory
markers of cardiovascular disease and it does not
seem to significantly influence health status and
mortality risk [11]. Further studies are needed to
verify the impact of resveratrol on cardiovascular
risk.

Despite these weak evidences, it should be
underlined that chronic alcohol consumption has
a negative impact on cardiovascular risk factors
(progression of atherosclerosis, arterial damage,
and increased cardiovascular mortality) [2]. A
prospective cohort study by O’Neill et al. showed
that heavy alcohol consumption in men increased
arterial stiffness, with consequent reduced respon-
siveness to pressure variations, thus indicative of
both functional and structural vascular adverse
changes [12]. Moreover, regular ethanol con-
sumption influences blood pressure in a dose-

dependent manner. At low doses (less than 10
gram/day), alcohol has a vasorelaxant effect [2],
but at higher doses, alcohol increases blood pres-
sure [11]. Chronic heavy drinking represents one
of the most common reversible causes of hyper-
tension [13], and its effect on the development of
arterial hypertension is independent of age,
smoking, obesity, salt intake, education level,
and type of alcoholic beverage [14].

Pathophysiological mechanisms of arterial
hypertension due to alcohol abuse are different.
The pivotal role seems to be played by oxidative
stress and endothelial injury, in addition to vascu-
lar responsiveness. It seems that alcohol sensitizes
vascular reactivity to α-adrenoceptor agonists in
aorta and in segments of superior mesenteric
artery. Furthermore, ethanol reduces endothelial
nitric oxide (NO) formation. A further mechanism
involved is the activation of the renin-angioten-
sin-aldosterone (RAA) system and the increased
central adrenergic activity. Moreover, long-term
exposure to alcohol affects baroreflex activity
through the control of heart rate [15]. Recently,
genetic polymorphisms of aldehyde dehydroge-
nase 2 (ALDH2) have been related to alcoholic
hypertension. ALDH2 is an enzyme involved in
ethanol metabolism, turning acetaldehyde into
acetate; the presence of a mutant or inactive
ALDH2*2 gene increased the risk of hypertension
through accumulation of acetaldehyde [16].
Finally, it should be underlined that blood pres-
sure control usually improves with abstinence
from alcoholic beverages [2].

Ethanol is also involved in glucose metabo-
lism. Low-to-moderate drinking inhibits gluco-
neogenesis and glycogenolysis, and it improves
insulin sensitivity, while heavy drinking elimi-
nates these effects. With this regard, ethanol con-
sumption induces β-cell dysfunction mediated by
oxidative stress, and it is responsible of increased
insulin resistance [17, 18]. Furthermore, ethanol
acts by regulating appetite peptides such as
ghrelin and leptin [18]. Ghrelin is an orexigenic
peptide that has a proliferative and protective role
on β-cells; it stimulates insulin secretion in
response of high circulating glucose levels. This
peptide is also able to reduce endogenous glucose
production [18]. Leptin is an anorexigenic peptide
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able to suppress the production of ghrelin increas-
ing insulin secretion and glucose utilization; lep-
tin has a role in diabetogenic imbalance, leading
to beta-cell dysfunction, insulin resistance, obe-
sity, and impairment of liver function in glucose
metabolism [18, 19]. Chronic alcohol abuse
deregulates ghrelin and leptin systems, in favor
this latter, and it leads to impaired insulin secre-
tion, increased endogenous glucose production,
and increased insulin resistance.

An additional mechanism involved in impaired
glucose metabolism is the effect of alcohol on
brain-derived neurotrophic factor (BDNF).
BDNF is a neurotrophin expressed especially in
the nervous system. It has a role in regulating
neuronal survival, differentiation, synaptic plas-
ticity, cognitive function, and memory [18]. Peo-
ple with type 2 diabetes have low levels of BDNF
that seems to correlate with severity of insulin
resistance [18]. Nakagawa et al. demonstrated
that BDNF plays a role in regulating glucose
metabolism, reducing food intake, and lowering
blood glucose in the obese diabetic mice [20].
They also studied the effect of BDNF on
normoglycemic mice with impaired glucose tol-
erance, demonstrating that BDNF administration
improves insulin resistance [20]. Chronic alcohol
exposure decreases BDNF levels leading to
impaired glucose metabolism. However, the
exact mechanism of BDNF in the pathophysiol-
ogy of type 2 diabetes after ethanol intake needs to
be further investigated.

Alcohol plays also a role in visceral obesity. A
review by Bendsen et al. shows an association
between beer consumption and abdominal adipos-
ity in men [21].

Moreover, ethanol affects systemic inflamma-
tion. At low doses, alcohol has an anti-inflamma-
tory effect. At high doses, it has a pro-
inflammatory role, affecting levels of
inflammasomes, interleukins, cytokines, tumor
necrosis factor, C-reactive protein, NADPH acti-
vation, and lipid peroxidation, with increased oxi-
dative stress, glutathione and superoxide
dismutase (SOD) depletion, endothelial dysfunc-
tion, increase of endothelial nitric oxide synthase
expression, and monocyte adhesion to the endo-
thelium [2, 22, 23]. As known, inflammation has a
fundamental role in the pathogenesis of

atherosclerosis, mediating all stages of this dis-
ease from initiation through progression and
thrombotic complications [21].

All these factors contribute to increase cardio-
vascular risk in chronic alcohol abuse.

Alcohol and Coronary Heart Disease

Several studies have shown that moderate alcohol
intake reduces the risk of new-onset coronary
heart disease (CHD), angina, myocardial infarc-
tion, and cardiovascular mortality [5, 24–27]. The
role of different alcoholic beverages on CHD risk
has been examined, but the benefits of compo-
nents other than ethanol, such as antioxidants,
have not been proved [2, 10, 11].

A meta-analysis by Costanzo et al. described a
J-shaped association between wine consumption
and vascular risk and between beer consumption
and vascular risk [28]. Moreover Rebecca et al.
recently showed that the type of alcoholic bever-
ages (beer, wine, or liquor) did not influence CHD
risk. Therefore, the benefits of alcoholic bever-
ages on vascular risk may derive from ethanol
and not from other components, such as polyphe-
nols found in red wine [29].

As previously mentioned, the mechanisms
involved in the decrease of CHD risk by low-to-
moderate ethanol consumption are multiple, in
particular increase in HDL-C and apolipoprotein
A-I, decrease in LDL cholesterol, increased
adiponectin, reduced gluconeogenesis, decrease
in platelet agreeability, changes in fibrinogen and
fibrinolysis system, and a decrease in inflamma-
tory system responses [30–32].

Recently, Xu et al. showed that Chinese stable
CHD patients with ALDH 2 mutated genotype
were vulnerable to coronary artery lesions and
had lower levels of HDL-C with respect to
ALDH 2 wild genotype [3]. Moreover, low-to-
moderate alcohol intake was protective for
multi-vessel coronary artery lesion in ALDH2
wild genotype group [3].

The beneficial effect of alcohol on coronary
risk disappears at higher doses [28, 33, 34].
Besides quantity of ethanol consumed (low to
moderate vs. high), also drinking patterns seem
to impact on CHD. Rehm et al. showed that
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irregular heavy drinking increases the risk of cor-
onary artery disease via unfavorable impacts on
blood lipids and effects on clotting, increasing the
risk of thrombosis [35].

Alcohol and Peripheral Artery Disease

Peripheral artery disease (PAD) is the manifesta-
tion of atherosclerosis on lower extremities,
mainly caused by the interaction of cited cardio-
vascular risk factors (aging, smoking, diabetes
mellitus, dyslipidemia, hypertension, obesity,
etc.) on arteries. PAD typically produces intermit-
tent claudication with pain while walking or at
rest.

The “PREDIMED Study” [36] demonstrated
that a healthy lifestyle is associated with a sub-
stantially reduced risk of PAD. Thus, adherence to
a Mediterranean diet (MedDiet), including mod-
erate alcohol intake other than to a regular phys-
ical activity, normal weight (BMI< 25), and non-
smoking must be encouraged. However, although
some studies showed that low-to-moderate alco-
hol consumption is associated to a reduced risk of
PAD [37], data on the effects of chronic intake of
large amount of alcohol on PAD are lacking. A
retrospective population-based cohort study com-
paring patients with alcohol intoxication, age, and
gender matched with patients without alcohol
intoxication investigated the relation between
high level of alcohol and atherosclerosis in lower
extremities. Patients with alcohol intoxication had
a significantly higher cumulative incidence rate of
PAD than those without alcohol intoxication.
Increased risk has been shown in both men and
women [37]. Thus, alcohol intoxication, besides
complications of alcohol abuse, should be also
considered a major risk factor of PAD. Further
studies are needed to evaluate the quantitative
effect of alcohol use on PAD.

Alcohol and Stroke

A recent meta-analysis by Zhan and co-workers
summarized evidences regarding alcohol con-
sumption and risk of stroke [38]. According to
these results, a low alcohol intake is associated

with a reduced risk of stroke morbidity and mor-
tality, while heavy alcohol intake is associated
with an increased risk of total stroke [38].

A recent study by Costa and co-workers ana-
lyzed the relationship between alcohol intake and
the risk of intracerebral hemorrhage (ICH). Par-
ticipants were stratified into excessive drinkers
(>45 g of alcohol), light-to-moderate drinkers,
or nondrinkers: among white people aged
55 years and older, high alcohol intake was
found to exert a causal effect on this cerebrovas-
cular event, with a prominent role in the vascular
pathologies underlying deep ICH [39].

Alcohol and Heart: Cardiac
Arrhythmias

The toxic effect of alcohol on the heart is influenced
by genetic, ethnic, and behavioral factors. Toxicity
mostly targets myocytes, highly sensitive to etha-
nol. The damage is dose dependent, and it can be
reversible with abstinence. In some cases, irrevers-
ible structural damage develops with cell death by
apoptosis and development of fibrosis [2].

The most frequent acute toxic effect of ethanol
on the heart is represented by arrhythmias. A posi-
tive association between episodic binge drinking
(consumption >5 drinks per occasion) and onset
of atrial fibrillation has been described in literature
[12]. On this connection, heavy alcohol consump-
tion is associated with atrial extrasystoles and atrial
fibrillation, common manifestations of the so-called
holiday heart syndrome. Even ventricular extrasys-
toles and ventricular tachycardia (that may result in
sudden death) can be associated with alcohol abuse
[40].

The arrhythmogenic effect of ethanol seems to
be due to alterations in calcium homeostasis, in
mitochondrial functions, and in contractile pro-
teins leading to impaired myocardial function.
Other mechanisms involved are prolongation of
conduction times, of QT interval, and of myocyte
refractory periods in the setting of increased sym-
pathetic activity during alcohol withdrawal syn-
drome and of electrolytic imbalance (such as
hypokalemia and hypomagnesaemia) that often
accompanies heavy drinking. These conditions
act altering transmembrane potentials [41].
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Moreover, alcohol use disorder (AUD) is often
associated with other substance use disorders or
psychiatric comorbidities; these conditions
expose patients to QT-prolonging therapies such
as tricyclic antidepressants, selective serotonin
reuptake inhibitors (SSRIs), and antipsychotic
drugs, leading to a major risk of sudden cardiac
death [40].

However, it should be underlined that acute
arrhythmogenic effect of ethanol is infrequent in
individuals with normal heart function and it is
often associated with a structural myocardial dam-
age, representing a clinical manifestation of alco-
holic dilated cardiomyopathy [2, 40].

Alcohol and Heart: Alcoholic
Cardiomyopathy

Chronic exposure of the heart to high doses of
alcohol can result in alcoholic cardiomyopathy
(AC), a disease characterized by dilation and
impaired contraction of one or both myocardial
ventricles in the presence of normal or reduced
ventricular wall thickness [4].

According to epidemiological data, alcoholic
cardiomyopathy is one of the main causes of
non-ischemic dilated cardiomyopathy in West-
ern countries [41]; an excessive alcohol intake
is evidenced in almost half of cases of this car-
diac disease [42]. Although several studies have
tried to estimate the exact prevalence of AC,
available data are not conclusive [2]. The
reported prevalence of alcoholic cardiomyopa-
thy in patients treated in alcohol addiction unit
is between 21% and 32% [43, 44]. The diagnosis
of AC can be performed in the presence of a
history of chronic alcohol abuse after the exclu-
sion of other causes of dilated non-ischemic car-
diomyopathies [4, 12].

The effect of ethanol on ventricular function is
dose dependent, even if the exact quantity and
duration of alcohol consumption to induce cardiac
damage are still unknown. There is no agreement
on the quantity and duration of alcohol abuse to
produce AC. However, according to the majority
of the literature, 80 grams/day for at least 5 years
represents a reliable cut-off [1].

However, because of different genetic, ethnic,
and behavioral factors, not all the heavy drinkers
will develop AC. HLA-B8, alleles of the alcohol
dehydrogenase, and nongenetic factors, such as
thiamine deficiency and exposure to other
cardiotoxic substances (e.g., cocaine, previously
utilized beer additives like cobalt and arsenic), are
involved [45]. There is no difference in the prev-
alence of AC in males and females [46].

Evidences of alcohol-induced toxicity to myo-
cardial cell have been reported [47] both in binge
drinkers and in chronic alcohol abuse. In acute
consumption, alcohol has been shown to promote
myocardial inflammation, detectable by the rais-
ing in serum troponin concentration [48]. In
chronic consumption, alcohol seems to produce
alterations in myocytes as hypertrophy, apoptosis
and necrosis, and intracellular structure dysfunc-
tion, modification of contractile proteins and cal-
cium homeostasis, mitochondrial degeneration,
and fibrosis [49]. Moreover, alcohol metabolites
(acetaldehyde and ethyl esters) promote oxidative
damage and lipid peroxidation causing the alter-
ation of excitation-contraction sequence [29, 47,
50]. Thus, alcohol leads to the reduction of myo-
fibrillar proteins and the expression of different
isoforms of myosin that results in depressed car-
diac contraction [51]. As a consequence, the
decrease in cardiac output and the dilatation of
the left ventricle ensue from the long-term activa-
tion of compensatory mechanisms (hyper-
activation of sympathetic nervous system, RAA
system, cytokines, and natriuretic peptide),
resulting in increased preload and the hypertrophy
of normal myocytes [52].

The natural history of AC is not completely
understood for the scarcity of evidences and
because of the few studies available [4, 42].
There are also uncertainties regarding the clinical
progression of the disease and the prognosis. It is
known that end-stage AC is characterized by left
ventricle dilatation and systolic dysfunction but, if
ventricular dilatation and ejection fraction impair-
ment are preceded or not by hypertrophy and
diastolic dysfunction, has not been completely
clarified [4]. Diastolic dysfunction has been pro-
posed as an early manifestation of AC [2]. Even
systolic dysfunction (reduction in left ventricular
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ejection) can be found in a subclinical stage, and it
seems to involve about 13% of heavy alcohol
drinkers [2]. Clinical manifestations of AC appear
at end stage when the damage is advanced. Signs
and symptoms are those of congestive heart fail-
ure, and they are correlated to reduced cardiac
output: dyspnea, orthopnea, bilateral peripheral
edema, fatigue, oliguria, and nycturia. At physical
examination, jugular vein distension, tachyar-
rhythmia, and third and/or fourth tone can be
present. Moreover, it should be underlined that
AC can be accompanied by alcoholic liver disease
(ALD) and neurological disorders typical of AUD
patients.

Regarding the diagnosis of AC, no specific
clinical, instrumental, or histological features
have been identified. AC remains a diagnosis of
exclusion in the presence of a positive patient
history of alcohol intake/abuse. Heavy drinking
should be accurately evaluated and confirmed by
biomarkers of alcohol abuse (gamma-glutamyl-
transpeptidase, mean corpuscular volume, carbo-
hydrate-deficient transferrin, and ethyl
glucuronide) and by the consultation of an alcohol
addiction specialist [53]. ECG is not specific; it
can show ST segment and/or T-wave alterations
and any arrhythmias secondary to cardiac dilata-
tion. Chest X-ray can document cardiomegaly,
pulmonary congestion, and pleural effusion.
Echocardiography can help to identify hypertro-
phy, dilatation, and systolic and diastolic dysfunc-
tion at early stage, and it can exclude other causes
of heart failure, such as other diagnostic tools like
magnetic resonance (MR) and biopsy.

The cornerstone of the treatment of AC is total
alcohol abstinence or, at least, a significant reduc-
tion of alcohol consumption [2, 54]. Thus, the
correct identification and treatment of AUD in
the context of an alcohol addiction unit are of
primary importance, even for the possibility to
manage pharmacotherapies (i.e., anti-craving
drugs) [55, 56]. Moreover, as recommended by
the ESC Guidelines, patients have to receive a
specific treatment for heart failure (i.e., beta-
blockers, ace inhibitors, angiotensin receptor
antagonists, diuretics, angiotensin receptor-
neprilysin inhibitor (ARNI)) [57]. In case of per-
sistent severe ventricular dysfunction, even with a

maximally optimized therapy, an ICD implant and
heart transplantation could be considered [57].

Currently, new strategies are being evaluated for
the treatment of AC. In course of study, there are
inhibitors of pathways involved in myocyte hyper-
trophy and cell loss (myostatin, sirtuins, caspase,
etc.), drugs for the control of cardiac fibrosis
(miRNAs, TGF-β, relaxin, etc.), drugs for the control
of oxidative damage (cardiomyokines, leptin,
ghrelin, etc.), and treatments direct tomyocyte regen-
eration and repair (telocytes and stem cells [4, 58]).

Prognosis of AC has not been completely
defined because of lack of evidences. Generally,
AC patients show a better prognosis and a longer
transplantation-free survival than patients affected
by idiopathic dilated cardiomyopathy [42]. The
presence of atrial fibrillation, QRS duration
>120 ms, and lack of beta-blocker therapy seem
to represent independent predictors of mortality
[42]. Moreover, the long-term prognosis seems to
be influenced also by the course of AUD; in fact
worsening of systolic function is directly related
to the amount and to the duration of alcohol con-
sumption [4]. However, although total alcohol
abstinence represents the gold standard in the
treatment of AC, data of a correlation between
reduction of alcohol intake and cardiac improve-
ment are still lacking [4].

Conclusion

Data on the potential benefits of low-to-moderate
alcohol intake on cardiovascular risk are at present
still debated and controversial. At present, pro-
moting alcohol consumption for those not drink-
ing or the use of alcohol as a cardioprotective
strategy is not recommended for the risk of
organ damage and of alcohol misuse.
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Abstract

Nicotine is a natural alkaloid of tobacco leaves
that specifically interacts with a acetiylcho-
linergic receptor (AChR) population which is
therefore pharmacologically identified as nico-
tinic (nAChR). By virtue of that, nicotine is
able to affect the function of those tissues
expressing nAChR, particularly the brain,
where it develops substance dependence, and
the heart. Effects on the heart depend on mul-
tiple mechanisms of action involving regula-
tory centers in the brainstem that control the

sympathetic outflow, although most of the
effects on heart rate and blood pressure depend
upon the direct ganglionic stimulation leading
to the release of catecholamines in blood by
adrenal glands. Nonetheless, nicotine is able to
interact directly with ion channels of
cardiomyocytes involved in the development
of the action potential, as well as with inflam-
matory cells involved in cardiac fibrosis and
remodeling. Understanding its multiple inti-
mate relationships with human physiology is
necessary in order to develop effective phar-
macological strategies based on the use of par-
tial agonists aimed at contrasting addiction,
thereby preventing nicotine toxicity.
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Introduction

Nicotine is an addictive alkaloid with highly toxic
effects on the cardiovascular system that are
independent from the hazardous by-products of
tobacco smoking. In this chapter it will be intro-
duced the epidemiology of nicotine spreading and
abuse and its relationship with cigarette smoking.
Afterward it will be presented the essential phar-
macology of the substance, giving relevance to
molecular aspects of metabolism and biological
variability that are responsible for both addictive
and toxicological effects. Then, to highlight the
way nicotine interact in the heart-brain connec-
tion, it will be reviewed the central mechanism
of action whereby nicotine directly affects blood
pressure and heart rate. Besides, it will be
discussed the direct cardiac toxicity of nicotine
and its importance concerning the use of elec-
tronic cigarettes, finally introducing the nicotinic
partial agonists and reviewing their cardiovascu-
lar safety in smoking cessation pharmacotherapy.

Epidemiology of Nicotine and the Role
in Tobacco Dependence

Nicotine is among the most used substances of
abuse in the world, able to induce addiction and
responsible for disturbance in homeostasis and
cell integrity of many tissues [1]. In its spreading
among populations, nicotine is tightly related with
tobacco consumption mostly in the form of ciga-
rette smoking, with estimated 1.1 billion smokers
worldwide [2]. Indeed, if we consider that 6.5
trillion cigarettes are yearly sold and that there
are about 10 mg of nicotine per cigarette on aver-
age, by a simple calculation, we can find that
65,000 tons of substance at least is sold on the
market [2, 3].

Because of the close connection existing
between the addictive power of nicotine and
tobacco smoking, it is almost impossible, if not
scarcely practical, to keep separated scholastically
the real hazard of nicotine exposure [4]. In many
western countries, smoking remains a highly
prevailing habit with steady incidence regardless
of smoking-cessation sensitizing campaigns and
smoking ban policies [2]. Therefore, although
cigarette smoking is the recognized leading
cause of preventable death in developed countries,
and the gain in life expectancy and quality owing
to quitting has been widely demonstrated, preva-
lence of smoking has just reduced by 23.5–20.7%
worldwide [2, 5].

Nicotine addiction is considered a “chronic
relapsing disease” according to the 5th edition of
the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) [6]. Actually, because it is a
natural repellent for leaf-eating insects, nicotine is
naturally selected as active compound on neuro-
nal cells where it specifically interacts with the
nicotine-sensitive subpopulation of the acetylcho-
line receptor (nAChR) [3]. Binding of the nicotine
to the nAChR causes the opening of its penta-
meric structure that acts as ligand-gated ion chan-
nel, with the generation of an inward ionic current
of cations, sodium, and calcium depending on the
specific subtype that depolarizes the cell [7].
Afterward, the opening of voltage-dependent cal-
cium channels leads to a local increase in calcium
level at the presynaptic active zone which triggers
neurotransmitters release stored in the synaptic
vesicles via the activation of the synaptotagmins
[8]. Nicotinic stimulation leads to release of a
variety of neurotransmitters, of which dopamine
is the major agent responsible for the neurobio-
logical mechanism underlying addiction [1, 9].
The mechanism involves the mesolimbic area,
the corpus striatum, and the frontal cortex, but
dopaminergic neurons in the ventral tegmental
area of the midbrain and in the shell of the nucleus
accumbens are those critical to promote self-
administration (reinforcing effect) [1].

Psycho-affective effects induced by nicotine
include pleasure, reduction of stress and anxiety,
as well as enhanced concentration and reaction
time [1, 10]. As a consequence, smoking cessation
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produces a typical withdrawal syndrome that
comprises somatic and cognitive components
[9]. Since the inhalation way is a highly efficient
and a fast route of substance delivery to the brain,
smoking allows a fine titration of the substance
which facilitates the building up of conditioned
behavior in the so-called tobacco addiction cycle
[1].

Because of the highly addictive power of nic-
otine and easiness in its environmental pollution,
vulnerability to this substance of abuse turns out
to be insidious and therefore should raise aware-
ness [11]. In fact, inhalation of airborne nicotine
(so-called secondhand smoke, SHS) is a passive
exposure way with the potential to evoke the same
neurobiological activation as direct smoking [12].
Hence, SHS can promote nicotine addiction espe-
cially in adolescents, conditioning their future
habits and health in adulthood, and the education
system indeed should be the mainstay in pre-
venting the nicotine addiction avoiding physical
as well as cultural contact with tobacco and
smoking [13–15]. Nonetheless universities,
which are a place of culture but also of greater
exposure to SHS, should take their part in
incepting the anti-smoking and nicotine-free
habit especially in those who committed to
a medical career and have a factual impact in
the promotion of personal and public health
[16–18]. Besides environment, biological vari-
ability plays a pivotal role in the individual vul-
nerability to nicotine addiction, so that genetics
of nAChR and hepatic cytochromes harboring
nicotine biotransformation has shown the impor-
tance of inherited receptor sensitivity toward nic-
otine and disposition efficiency of the substance
[1, 19]. These very same loci are also involved in
susceptibility toward tobacco smoking-associated
diseases which are linked with nicotine addiction,
for instance, lung cancer, chronic obstructive
pulmonary disease, and periphery artery disease
[20, 21]. Nonetheless, the actual risk related to
nicotine addiction also goes beyond the indirect
immediate exposure, as the tobacco combustion
produces persistent chemical compounds that
contaminate the environment, household surfaces,
and fabrics, thus leading to the so-called thirdhand
smoke (THS) exposure [22]. What we have seen

so far shows that the interaction between individ-
uals and nicotine is indeed far more complex
phenomenon than it may be though regardless of
the personal involvement with this substance.
Thus, in order to face such complexity, it is likely
that it will prevail in the future the approach where
biological systems rather than single genes func-
tion and polymorphisms will provide the means to
explain the way nicotine can affect individual
physiology time by time (Fig. 1) [23, 24].

By a toxicological and medical perspective,
nicotine is a remarkable actor in the interplay
between the heart (withal circulation) and brain,
for it can interact with both of them either directly
(pharmacologically) or indirectly (biochemically
as well as metabolically) [4]. Therefore, cardio-
vascular safety of this substance is a major
concern in healthcare, as well as that of nAChR
partial agonists (varenicline, cytisine, and
dianicline) that have selective interaction in

Fig. 1 The “clockwork” of system toxicology of nicotine.
In this schematic representation, it is outlined how nicotine
is at the center of a complex system of multiple interactions
like the coiled spring triggering the cogwheel that drives
the clockwork mechanism; N, nicotine; OCT, organic
cation transporter; CYP450, cytochrome P450; UGT, uri-
dine-diphosphate glucuronosyl transferase; FMO3, flavin-
containing monooxygenase 3; POR, cytochrome P450
oxidoreductase; AKR1D1, aldo-keto reductase 1D1;
(α7)5/(α3)2(β4)3/(α4)1(β2)2�, nicotinic acetylcholine
receptor subtypes; PKC-α/δ, protein kinase C alpha and
delta
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this connection (mostly with brain and psycho-
affective features) and are mainstays for breaking
nicotine addiction [25].

Essential Chemistry and
Pharmacology of Nicotine

Nicotine is the major alkaloid in tobacco leaves for
it accounts up to 95% of the total alkaloids content
[26]. Chemically, it is a tertiary amine with stereo-
isomers (S)-nicotine (or L-nicotine) and (R)-nico-
tine (or D-nicotine), of which the former is the
pharmacologically more active and abundant in
green leaves [3]. It is a weak dibasic base (pKa
8.0), and thus its ionization state is dependent upon
the pH of the physiological milieu. Three major
routes are commonly encountered in nicotine
administration: (a) inhalation, the most frequent
one due to the prevalence of tobacco smoking
habit, (b) oral, and (c) trans-dermic.

In the inhalation way, the ionized nicotine in
the acidic cigarette smoke (pH 5.5–6.0) is
passively absorbed after it has turned in the non-
ionized form at the level of alveoli and smaller
airways. That depends upon the combined action
of the neutral air-surface alveolar liquid (pH
6.8–7.1), the deposition of alkaline particulate
matter (tar droplets), and the huge diffusion sur-
face [3]. In the oral way, absorption happens
mostly at the level of the small intestine where
pH is alkaline, allowing 20–40% bioavailable
substance compared to inhalation route [27]. By
contrast, topic administration is an effective route
that is widely exploited in nicotinic replacement
therapy allowing steady but complete absorption
and comfortable self-management of substance
administration [3]. Notably, although massive
absorption via the buccal mucosa or the gastro-
intestinal tract is possible only with alkaline-buff-
ered formulations, the broad availability
of commercial-concentrated nicotine solutions
intended for the use with electronic cigarette (e-
cigarette) devices has made of it a concern espe-
cially in the pediatric setting [28, 29].

In plasma, most of the nicotine in a dose is
ionized (�70%) and minimally bound to proteins
(<5%) so that the apparent volume of distribution

(Vd) is as large as 2.6 L/kg body weight [3]. After
bolus injection or smoking, nicotine is distributed
to the brain within 2 min and to other tissues
within 15 min, whereas up to 95% of the dose is
eliminated within 2.5 h [30]. The brain (owing to
nAChR density), heart, liver, and kidney represent
the major binding sites of nicotine during the
distribution phase, whereas the body fat and skel-
etal muscle are the major storage tissues at steady
state [3]. Notably, as it rapidly passes through
biological barriers like the blood-brain barrier
(i.e., reaching the brain in 10–20 s after a single
cigarette puff), it also easily crosses the placenta
reaching the amniotic fluid and the umbilical cord
blood where it can directly interact with the fetal
tissues [3]. Moreover, being actively excreted into
biological fluids like saliva and the gastric juice, it
can be found into the breast milk thus representing
a remarkable hazard for newborns as well [3].

Nicotine biotransformation (Fig. 2) involves by
almost 80% the hepatic metabolism via two-step
conversion to cotinine that is mediated by micro-
somal cytochrome CYP2A6 and cytoplasmic alde-
hyde oxidase (AO) [3]. Other minor routes of
biotransformation concern the production of
desmethyl-nicotine or nornicotine (<1%), nicotine
10-N-oxide (4–7%), and nicotine N-glucuronide
(3–5%) that is formed via the uridine-diphosphate
glucuronosyl transferase (UGT) UGT2B10 (high
affinity) and UGT1A4 (low affinity) [3, 31, 32].
Notably, cotinine itself is a substrate of CYP2A6
with a pharmacokinetic elimination half-life (t1/2)
of about 15 h, so just 15% of absorbed nicotine is
excreted as unchanged cotinine in urines, otherwise
being converted into norcotinine and trans-30-
hydroxycotinine and then conjugated with
glucuronic acid via UGT2B17 or cotinine 10-N-
oxide [3].

Owing to the pivotal role played by the hepatic
cytochrome CYP2A6 in nicotine metabolism,
attention must be paid to interaction with drugs
and food constituents, as well as the inter-individ-
ual-, racial-, and gender-related differences [3].
With respect to interactions, the grapefruit juice
is known to inhibit CYP2A6 activity, and as such
it can increase nicotine t1/2 [3]. Methoxsalen,
a drug that is used in photochemotherapy of
vitiligo, psoriasis, and cutaneous lymphoma, is
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another cytochrome inhibitor [31]. Moreover,
minor tobacco alkaloids may play a role as either
enzyme inhibitors or gene downregulators,
although this is not yet fully characterized [3].
On the contrary, typical inducers are represented
by drugs as rifampicin and dexamethasone, some
anticonvulsants (e.g., barbiturates), and oral con-
traceptives [3]. Particularly, the effect of oral con-
traceptives also explains the gender-related
difference due to which higher level of estrogens
and progesterone induces CYP2A6 activity, so
that women have faster metabolism than men
that is even higher in same female individuals
during estroprogestinic therapy [3]. Genetic

polymorphism at CYP2A6 locus is a major deter-
minant of the inter-individual differences because
it can account up to 80% of the variation in
enzyme activity [33]. Alongside it is possible to
find other kind of variants that affect the enzyme
expression and in turn the abundancy in the liver
tissue, like duplications or deletions of the whole
gene, as well as noncoding mutations that alter the
gene transcript stability [33]. However, it is
known that just few from the very large number
of variants documented so far actually determine
the biochemical phenotype and thus are of clinical
and pharmacological relevance [33, 34].
According to the individual genotype, it is

Fig. 2 Nicotine biotransformation. The major metabolic
pathway of nicotine (a) involves sequential action
of cytochrome CYP2A6 and cytosolic aldehyde oxidase
(AO) with the production of major metabolite cotinine (b)
that is further converted by same isoenzyme into trans-30-
hydroxycotinine (c). Alternatively, nicotine can
be converted to a very minor extent into nicotine 10-N-

oxide by the enzyme flavin-containing monooxygenase 3
(FMO3) (d). Finally, while nicotine and cotinine undergo
the conjugation via uridine-diphosphate glucuronosyl trans-
ferase (UGT) UGT2B10 isoenzyme with formation of nic-
otine-N-glucuronide (e) and cotinine-N-glucuronide (f), the
trans-30-hydroxycotinine is conjugated via UGT2B17 with
formation of trans-30-hydroxycotinine-O-glucuronide (g)
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possible to predict the phenotype of the allele
carriers and distinguish them in ultrarapid
(>100%), regular (�100%), intermediate
(�75%), and slow (�50%) metabolizers
according to the trans-30-hydroxycotinine/cotin-
ine ratio they, respectively, show [35]. Notably,
for it greatly affects the level of nicotine exposure,
the CYP2A6 polymorphism and in turn the bio-
chemical phenotype are acknowledge to play a
role in conditioning the smoking behavior as
well as the responsiveness to smoking cessation
pharmacotherapy [33, 36]. As a remark, the con-
tribution to variability in biochemical phenotype
of those genes directly involved into nicotine
metabolism, like UGT, AO, and flavin-containing
monooxygenase 3 (FMO3), is ascertained but of
unclear relevance in nicotine-related diseases [31,
37–40]. By contrast, there is evidence that other
genes like the cytochrome P450 oxidoreductase
(POR) and the aldo-keto reductase 1D1
(AKR1D1), which are indirectly involved with
CYP2A6, can be of much more interest [33]. For
instance, subjects carrying a certain allele of the
POR gene have been shown to metabolize nico-
tine faster regardless of a CYP2A6 genotype pre-
dicting regular enzymatic activity [33].

Urinary disposition of nicotine involves both
glomerular filtration and tubular secretion, but
the net clearance depends on the surrounding
pH for it causes the molecule to stay in the
ionization state that allows low or high passive
resorption via back-diffusion through tubules
[3]. Indeed, also in this case, genetic factors are
thought to play a role in determining the clear-
ance phenotype of nicotine through the active
transporters located at tubular cells, and indeed
the organic cation transporter (OCT) family,
especially the OCT2 member, seems to be a
promising subject of investigation in pharmaco-
therapy [41, 42].

The Nicotine Stimulatory Effects on
the Heart via the Cardiovascular
Regulatory Center in the Brain

The nicotine can exert its stimulating activity on
heart rate and arterial blood pressure via three
potential mechanisms: (a) non-ganglionic on the

central regulatory nuclei, (b) ganglionic on the
sympathetic transmission, and (c) ganglionic on
both the sympathetic terminations and the adrenal
glands [43]. To this concern, physiological evi-
dence has shown that cigarette smoking produces
a sudden increase in heart rate and arterial blood
pressure that is equivalent to the effect provoked
by a single nicotine bolus [44]. As far as it has
been shown to happen in conjunction with acute
rising in plasma catecholamines level, the post-
ganglionic mechanism of action (mechanism “c”)
is considered to be the prevailing way whereby
nicotine exerts its effect on the cardiovascular
system [45]. Notwithstanding, for it is mostly in
deprotonated form at plasma pH, nicotine can
easily permeate the blood-brain barrier reaching
the nAChR within the central nervous [3]. As a
consequence, the central mechanism of action,
that is also responsible for nicotine addiction
and smoking behavior, is, of course, a matter of
interest for the regulation of the cardiovascular
dynamics.

In neurons located within the central nervous
system of humans, the pentameric nAChR is
mainly present in three subtypes, namely,
(α3)2(β4)3, (α7)5, and (α4)1(β2)2�, where “�”
stands for either (α4)2 or (α4)2(β2)1 or (α6)1(β3)1
[7]. It is remarkable that the nAChR plays a piv-
otal role as postsynaptic as well as presynaptic
receptor, the latter enabling modulation of other
neurotransmitters release and the development of
excitatory patterns involved in neuronal plasticity
[46, 47]. Hence, whereas the (α4)1(β2)2� subtype
is known to mediate the psychoactive effects
of nicotine, the (α3)2(β4)3 as well as the (α7)5 is
thought to mediate the autonomous effects [48].
To this regard, the homomeric receptor (α7)5
is deemed responsible for the sympathetic down-
stream following the central stimulation, whereas
the heteromeric nAChR plays a role in integrating
the regulation of sympathetic and parasympa-
thetic activities and exerting ganglionic stimula-
tion [49, 50].

In the brainstem, the medulla contains two
bilateral columns of neurons organized rostro-
caudally that harbor the resting and reflexive
activity in sympathetic control of vasomotor tone
and heart contractility (Fig. 3) [51]. Within this
region, the pre-sympathetic barosensitive neurons
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located in the rostral ventrolateral medulla
(RVLM) are responsible for tonic discharge
activity projecting to preganglionic neurons
in the thoracolumbar spinal cord and in turn
to sympathetic neurons in the prevertebral and
paravertebral sympathetic ganglia and adrenal
medulla [51]. The RVLM is stimulated by
multiple projections from both center (e.g., the
paraventricular nucleus of hypothalamus) and
periphery (e.g., baroreceptors via nucleus tractus
solitarius), while it is depressed by neurons
located in the caudal ventrolateral medulla

(CVLM) [51]. Besides, the caudal pressor area
(CPA) is another area of relevance that is located
further caudally in the brainstem and which is
deemed to play a fundamental role in regulating
the RVLM tonic activity in response to the
chemoreflex [51].

Experimental evidences obtained by animal
experiments (rats) have shown that nicotine
administration via intrathecal injection at the
level of the thoracic spinal cord can elicit a stim-
ulatory effect on blood pressure and heart rate [52,
53]. Similar results have been obtained via

Fig. 3 Central effects of nicotine on cardiovascular
system and regulatory mechanisms. The rostral ventrolat-
eral medulla (RVLM) located in the brainstem and the
intermediolateral nucleus (IML) within the thoracic spinal
cord elicit purely sympathetic effects (hypertension and
tachycardia) when directly exposed to nicotine (repre-
sented by the bolt in the picture); by contrast, the caudal
ventrolateral medulla (CVLM) within the brainstem causes
bradycardia repressing the RVLM when exposed to nico-
tine; in living subjects, the net sympathetic effect which is
observed after nicotine bolus injection or cigarette

smoking depends on the intervention of baroreceptors
(Ba) that are stimulated by the nicotine-hypertensive
cure, which act via the nucleus tractus solitarius (NTS) to
activate the CVLM and the nucleus ambiguus (NA) to
deliver the parasympathetic drive to the heart; in chronic
smokers loss of responsiveness by Ba blunts the parasym-
pathetic activation; to this concern, both the chemorecep-
tors (Ch) acting via the caudal pressor area (CPA) and the
periventricular nucleus (PVN) which receives input from
the osmoreceptors (Os) may play a role in regulating the
tonic RVLM activity
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nicotine microinjection into the RVLM with
blockade of muscarinic receptors [54]. By con-
trast, nicotine directly microinjected into the
CVLM is able to induce hypotension and brady-
cardia [48]. Noteworthy, parenteral administration
of nicotine via intravenous injection or inhalation
of cigarette smoke can produce sudden hyperten-
sive response accompanied by a prolonged
tachycardia that has however a delayed onset
[55]. In humans, where purely central effect on
the cardiovascular system regulation cannot be
achieved via direct stimulation of brainstem
areas, the effect of nicotine can be only observed
as an integrated physiological response.
Notwithstanding, central stimulation can be
evaluated by measuring the heart rate variability
(HRV) for it delivers the balancing dynamics
between sympathetic and parasympathetic
branches [56]. Actually, acute exposure to nicotine
via bolus injection causes transient reduction in
HRV of healthy young non-smokers who puta-
tively neither have autonomic compensatory nor
receptor adaptive mechanisms [56]. Likewise,
same effect can be elicited by acute cigarette
smoking in same kind of individuals within 5 min
after exposure, with a recovery to basal condition
as long as 30 min [57]. However, whether the
exposure may cause the parasympathetic response,
it is depending on the integrity of baroreflex sensi-
tivity to the hypertensive cue, so that when
compromised after chronic cigarette smoking, a
dull counteracting bradycardia is observed [56].
Moreover, the loss of sensitivity shown by chemo-
receptors after prolonged nicotine stimulation due
to the development of tolerance may contribute via
the brainstem interconnections, as it shows when
smokers and non-smokers are acutely exposed to
the substance [58]. Therefore, the prevailing sym-
pathetic effect observed after the nicotine exposure
is likely to dependmostly on the lack of integrity of
the baroreflex (and chemoreflex as well) and only
to a minor extent on the accessibility to central
nAChRs determined by the route of administra-
tion. Actually, this turns out to be especially true
when nicotine is inhaled via cigarette smoking
because of the sympathetic stimulatory activity
elicited by the cigarette tar through the lung C-
fibers [56, 59].

The Direct Effect of Nicotine on the
Heart via Ion Channel Interaction,
Immune System, and Cell Metabolism

Although direct effects of nicotine on the heart
have been ascribed to the catecholamines release
via the ganglionic stimulation, there is evidence
that the substance can directly interact with A-
type ligand-gated ion channels in the cardio-
myocytes to modify the cell activity [60]. In par-
ticular, nicotine inhibits multiple types of K+

currents and mostly the transient outward currents
(Ito) that control the initial repolarization of the
myocardium [60]. Indeed, the exposure to the
substance induces prolongation in the initial repo-
larization and subsequent plateau phase, thereby
influencing the participation of other currents and
membrane transport processes that are elicited by
the voltage-time profile of the membrane potential
[60]. Nicotine is also effective on the inward rec-
tifier K+ currents (Kirs) that play a role in stabi-
lizing the resting membrane potential and thereby
have been implicated in a number of cardiovascu-
lar diseases like arrhythmias and fibrillation [60,
61 ]. In this regard nicotine exposure can induce
electrocardiographic changes and arrhythmias
regardless of tobacco exposure by way of possible
direct disturbance of cardiac electric activity [62].
Notwithstanding, it is not possible to quantify the
actual purely pro-arrhythmic potential of this sub-
stance in a real clinical setting because of the
overwhelming effect of catecholamines on heart
function as well as the tobacco constituents
that act alongside nicotine in smoking exposure
[63, 64].

Besides, nicotine is involved in a broader
mechanism that depends upon the direct heart
remodeling effect as well as the hemodynamic
stress due to degradation of systemic vasculature
which reflects on cardiac function [4]. With
respect to heart remodeling, nicotine is able to
induce atrial fibrosis by way of an immune-medi-
ated mechanism via the protein kinase C alpha
(PKC-α) and delta (PKC-δ) downstream the acti-
vation of isoform (α7)5 nAChR located on cardiac
fibroblasts [65, 66]. Moreover, nicotine acts per se
as chemotactic stimulus to neutrophils, thereby
promoting the release of inflammatory cytokines

810 C. Ialongo et al.



like the transforming growth factor-β1 (TGF-β1)
and the production of reactive oxygen species
(ROS) that cause damage to the cell membrane
and activate the apoptosis [65]. Hence, nicotine
has the capability to induce cardiac remodeling
regardless of tobacco exposure as formerly shown
by the exposure of atrial tissue slices from non-
smokers that showed fibrotic-like profile when
cultured in the presence of nicotine base [67].
With respect to the hemodynamic stress to the
heart, nicotine is involved in endothelial damage
via several mechanisms of action, most of which
involve reduced viability and resistance to shear
stress [4]. On the one hand, nicotine causes dis-
turbance in the production of nitric oxide (NO)
either directly downregulating the endothelial
nitric oxide synthase (eNOS) or via the production
of ROS that scavenge NO [4, 68]. Thereby, NO-
depleted endothelium becomes prone to reduced
vasodilation and shows pro-aggregating lumen
surface that favors thrombosis despite nicotine is
not a platelet-activating factor per se [69, 70]. On
the other hand, nicotine that is indeed active on the
immune system as we discussed earlier partici-
pates to deterioration of the endothelial function
promoting the extravasation of neutrophils into
the subendothelium and enhancing the leuko-
cyte-endothelial adhesion capacity [4]. Therefore,
although the direct effect of nicotine alone must
be considered small in the impairment of cardiac
function compared to catecholamines and tobacco
toxic constituents, it may act a pivotal role in
starting up the inflammatory behavior in healthy
smokers or triggering smokers with former car-
diovascular disease [71].

As far as nicotine is a cardiotoxic substance by
way of multiple mechanisms of actions (i.e., on
pressor regulatory centers, cardiac ion channel
activity, catecholamine release, myocardial
remodeling), e-cig can be a deceitful cause of
nicotine cardiotoxicity. In fact, regardless of their
not superiority in smoking cessation or reduced
delivery of harmful products due to heating of
liquid filler additives, use of e-cigarettes is
steadily increasing worldwide for it is considered
a safer way of smoking [72, 73]. However, vaping
does not change significantly the pharmacokinet-
ics of the substance compared to a regular

cigarette smoking, which means that the acute
blood peak of nicotine is not avoided [74, 75].
Indeed healthy non-smoker individuals exposed
to e-cigarettes vaping do show acute sympathetic
effects which are attributable to nicotine and not to
other toxics within the inhaled vapor [59, 76].
Hence, there is evidence to speculate that vaping
can deliver as much nicotine as it is necessary to
elicit the whole spectrum of effects of which the
substance is capable, namely, hypertensive and
arrhythmogenic [4, 62]. Of course, this should
be a concern not only in adults and elders where
there may be a former cardiovascular disorder but
also in young smokers, where it could cause a
Brugada-like syndrome, and pregnant women,
for it could bring systemic and uterine hemody-
namic changes resulting in fetal ischemia, respec-
tively [62, 77].

nAChR Partial Agonists in the
Heart-Brain Connection

Because of the pivotal role played by the
(α4)1(β2)2� in the nicotine addiction through the
control of dopamine release, the nAChR partial
agonists cytisine, varenicline, and dianicline are
attracting the interest for their role in the pharma-
cotherapy of smoking cessation [25]. The odds of
tobacco quitting and smoking relapse represent
major endpoint for evaluating the efficacy of
these medications, and to this concern, while
cytisine and varenicline have shown favorable
outcomes, the newer dianicline has not reached
the clinical stage [25]. Of course, since the phar-
macotherapy can represent a means to manage
and reduce the cardiovascular disease risk factors,
the cardiovascular safety of the nAChR partial
agonists is of concern especially in those with
acute or unstable cardiovascular diseases [78].
Hence, it will be briefly reviewed these substances
in light of their participation in the heart-brain
connection during pharmacotherapy.

The oldest smoking cessation-aid substance
cytisine (Fig. 4) is a natural alkaloid contained in
the leaves of European endemicCytisus laburnum
Linnaeus (golden rain tree), which was discovered
and characterized in the nineteenth century and
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later on commercialized since 1964 under the
brand name “Tabex®” [79]. It is a weak hydro-
philic basis (pKa 7.85) that is rapidly absorbed
after oral administration (bioavailability nearly
30% in animals) with blood peak (Tmax) after 2 h
and t1/2 4.8 h [79]. The drug is rapidly distributed
to noncentral compartment, and this is deemed to
depend on either active or para-cellular transport,
but distribution to the brain is <30% of blood
level [79]. Remarkably, both high-affinity binding
and potency to central nAChRs of the subtype
(α4)1(β2)2� may explain the efficacy of the drug
despite low brain permeation, although the full
agonist activity at periphery (α3)2(β4)3 subtype
may participate in preventing physical abstinence
via the stimulation of ganglia [79, 80]. Cytisine,
although is a natural alkaloid, undergoes negligi-
ble hepatic metabolism, and up to 95% of the
substance can be found unchanged in urines,
so that potential interactions may arise due to
concomitant administration of other substances
undergoing extensive renal active excretion/reup-
take [79]. Cytisine clinical efficacy has been
found to be comparable, if not superior under
certain conditions, to varenicline and more cost-
effective [81, 82]. By a pharmacodynamic per-
spective, cytisine is expected to replicate in part
the central effect of nicotine, to which was found
to be equal in potency when administered via
intrathecal injection in rats; notwithstanding,
when given parentally, it elicited a faint bradycar-
dia before heart rate increases unlikely to nicotinic
agonists [55]. In humans, acute administration at
high dosage, twice the therapeutic, of the

substance does not seem to affect unfavorably
blood pressure, heart rate, and respiratory rate in
healthy smokers [79]. This is in agreement with
the poor permeation to the brain and the interac-
tion with ganglia, and similarly no cardiovascular
unfavorable effects have been found so far in
long-term exposure or at least when cytisine was
compared with varenicline [25]. Therefore, no
cardiovascular significant concern seems arising
with the use of this substance.

Varenicline is a cytisine synthetic derivative
developed by Pfizer in 1997 that the US Food
and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA) both approved
for medical use as tartrate salt since 2006 in the
USA (Chantix®) and Europe (Champix®) [83,
84]. Varenicline retains most of the pharmacolog-
ical properties of its natural precursor although it
is much more basic molecule (pKa 9.73) and is
distributed to tissues and the brain to a higher
degree, so that varenicline Vd is about fourfold
of cytisine (415 vs. 115 L, respectively) [79, 85].
Hence, unlikely the precursor, the elimination
kinetics is biphasic similarly to nicotine, with t1/2
approximating 24 h and 28 h after single and
multiple dosing, respectively [85]. In this case as
well, the renal function is the major determinant in
varenicline disposition since hepatic metabolism
is negligible (<5% of the oral dose), and despite
the hypothesized participation of active organic
cations transporters (OCT) to renal excretion, no
remarkable interaction has been shown so far [85].
Pharmacodynamics of this substance shows high
selectivity toward the central (α4)1(β2)2� subtype

Fig. 4 Nicotine and the nicotinic receptor partial agonists compared. (a) The full agonist nicotine; (b) the natural partial
agonists cytisine; (c) the synthetic partial agonists varenicline
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of the nAChR with partial agonist activity and
potency that seem fairly comparable to cytisine
[55, 85]. Besides, it is a low-affinity full agonist at
the (α7)5 subtype and almost twice as potent as
cytisine, whereas at (α3)2(β4)3� it shows low-
affinity and low-potency full agonist profile [86].
Thereby, owing to the large penetration into the
brain and strong interaction with central nAChRs,
varenicline is deemed to blunt the dopamine over-
flow responsible for the reinforcing mechanism
much more than cytisine does [25]. On the other
hand, this makes varenicline more likely to inter-
act with cardiovascular regulatory centers within
the brainstem, and experimental evidence in rats
shows that its parental administration produces
circulatory and cardiac stimulation as strong as
nicotine [55]. Notwithstanding, clinical studies
and meta-analyses have given no evidence about
pro-hypertensive effect in healthy and non-
healthy smokers, suggesting that risk of cardio-
vascular death and cardiovascular events is
unlikely to exceed 0.7% and 5%, respectively
[25]. Nevertheless, in 2011 the FDA issued a
Drug Safety Communications (updated in 2012)
concerning the increased risk of cardiovascular
events associated with varenicline pharmacother-
apy, so that the cardiovascular safety of this drug
remains formally uncertain even if it is likely to
be real [87, 88].

Conclusion

Nicotine is an addicting substance with intimate
andmultiple relationships with human physiology
that should be carefully considered and treated
regardless of the tobacco exposure. As such nico-
tine should deserve per se the same public atten-
tion as it is usually given to other substances of
abuse even though newer and deceitful means of
its delivery are distracting the focus from this
concern. Of course the deep and complete under-
standing of its multiple mechanisms of action is
necessary to develop and enhance those pharma-
cological tools by means of which contrasting
addiction and reducing the nicotine harmful expo-
sure among people.
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Abstract

Opium and morphine have been used for cen-
turies to reduce pain in different clinical con-
ditions including acute heart failure with
pulmonary edema or hearth ischemia with
infarct. It was soon observed that repeated
morphine administration gradually leads to
a decrease of the analgesic potency (tolerance)
and that, after repeated doses, patients may
have difficulties in abandoning morphine or
opium use (dependence and withdrawal).
Other established morphine side effects such
as vomiting, hypotension, respiratory depres-
sion, and somnolence suggest careful attention
in drug use.

In the last few years, most of the literature
outline that morphine should not be used in
cases of pulmonary edema because of the risk

of increased mortality. In patients with infarct,
however, morphine is still considered the anal-
gesic of choice, especially when the ischemic
pain is not sensitive to nitrates. It has also
been suggested that morphine may activate
the ischemic tolerance process, thus reducing
the ischemic reperfusion damage.

Another opioid with significant analgesic
action is methadone. In 1965, it was clearly
demonstrated that methadone was useful in
reducing the problems associated with mor-
phine or heroin misuse. A significant number
of patients are now chronically treated with the
drug in the methadone treatment programs.
In the last 20 years, it has been observed that
methadone may cause an increase of the QT
interval of the ECG and possibly an increased
risk of sudden death. Since methadone is a
mixture of two stereoisomers (R and S) and
since R-methadone has high affinity for opioid
receptors while S-methadone is possibly
the main responsible for QT elongation, it
has been proposed that the racemic form
of the drug should be abandoned and
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substituted with the stereoselective active
R-methadone form.
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Introduction

Morphine is the main active ingredient found in
poppy, a flowering plant (papaver somniferum)
of the Papaveroideae subfamily (see Fig. 1).
A number of archeological data suggest that the
Sumerians started the use of “poppy” for the treat-
ment of painful medical disorders (including heart
pain) approximately 3000 years B.C. and that
from Sumerian (the actual Iraq) this use spread
to most of the other regions of the Old Word.
Ancient Egyptian doctors would have their
patients eat poppy seeds not only to relieve pain
but also for the treatment of diarrhea. The Ebers
Papyrus (ca. 1500 B.C.) includes the description
of a procedure involving opium (from “opos”
the Greek word for juice; opium is indeed the
exsiccated juice obtained from poppy flowers)
to prevent “excessive crying of children” and to
reduce intense pain associated with traumatic
or other tissue injuries. Theophrastus, a named
Greek physician, described opium use for the
relief of chest pain at the beginning of the third
century BC. Opium extracts were appreciated not
only for medical use but also for religious
procedures, possibly because adequate amount
of these preparations was able to quietly lead to
a “peaceful” death [1, 2]. It was soon observed
that repeated administrations of opium cause
tolerance (decrease of the expected pharmacolog-
ical effects), but details of opium abuse and
dependence were firstly reported only in the six-
teen century by Acosta, a Portuguese physician.
In the nineteenth century, Sertürner, a German
pharmacist, isolated the main active ingredient
present in opium and named it morphine after

Morpheus, the god of dreams. Pure morphine,
a weak base, became then available as soluble
salts (sulfate or hydrochloride) in large quantity,
and its medical use rapidly exploded. Codeine,
another active ingredient present in opium,
was isolated a few years later (see Fig. 1).
Unfortunately, repeated morphine administrations
caused tolerance, and when the administrations
were discontinued, a syndrome characterized
by anxiety, pain, sweeting, agitation, and diarrhea
emerged (withdrawal syndrome). Both tolerance
and withdrawal syndrome were very similar
to those obtained with repeated opium use.
Excessive morphine doses induced respiratory
and cardiovascular depression very similar to
those obtained with large opium amount. With
the aim of obtaining safer, more efficacious,
nonaddicting analgesic agents, numerous scien-
tists attempted to modify morphine structure.
In 1898, heroin was synthesized for this purpose
and was commercialized by stating that the new
compound was more potent than morphine and
free from abuse liability (sic!). This was the
first of several such claims for novel opioids.
Unfortunately, the goal has not been reached. In
1939, meperidine, the first opioid with a structure
completely different from that of morphine, was
commercialized in Europe. In the same year,
methadone, another analgesic agent structurally
unrelated to morphine, was synthesized (Fig. 2).
In 1942, nalorphine (N-allylnormorphine), the
first opiate antagonist, was synthesized and care-
fully characterized. This compound had signifi-
cant analgesic actions but could also reverse the
respiratory depression produced by morphine,
and, when administered to morphine-dependent
animals chronically, it caused sign and symptoms
typical of the withdrawal syndrome (as could be
expected by hypothesizing that the molecule
had antagonist properties). It is now accepted
that nalorphine is an agonist/antagonist of mor-
phine receptors. More selective antagonists
were synthesized in the second half of the last
century (naloxone and naltrexone) after simple
structure-activity studies. Figure 1 shows that
both nalorphine and naloxone have an “allyl”
group (instead of a methyl as in morphine) linked
to the nitrogen.
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Fig. 1 In the upper left a picture of the poppy flower
(Papaver somniferum). In the upper right the molecular
structure of morphine, codeine, and heroin (potent receptor
agonists). In the lower portion of the figure, the first opioid

agonist identified, Nalorphine, obtained by substituting the
methyl linked to the N with a slightly bigger group (allyl).
The presence of the allyl group linked to the nitrogen is
present also in Naloxone

N CH3

CH2C O
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CH3

Pethidine
(Meperidine)
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Methadone

CH2C

O

CH3

H3C

O O

NMe2 Me2N

Ph Ph Ph PhH HMe

(R)-Methadone
(twice as potent as morphine)

(S )-Methadone
(inactive)
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Fig. 2 Molecular structure
of pethidine, the first opioid
agent with a molecular
structure completely
unrelated to that of
morphine. The molecular
structure of the two
methadone stereoisomers
is also reported
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It is probably worth to outline that all the mol-
ecules contained in opium may be defined opiates;
all the other compounds with actions similar to
those of opium are usually named opioids. By the
mid-1960s, it was becoming clear that the differ-
ence in the actions of the numerous opioids then
available and used could best be explained assum-
ing the existence of multiple opiate receptors. A
conclusive evidence for this concept was provided
byMartin [3]. The results of these and other exper-
iments led to the proposal of the existence of at
least three receptor types named after the drug used
for their characterization: μ (from morphine,
MOR), κ (from ketocyclazocine, KOR), and δ
(from D-Ala-D-Leu-encephalin, but also because it
was abundant in the rat deferens, DOR).

Most (but not all) of the effects of opioid admin-
istration in the cardiovascular system are mediated
by activation of these receptors. They are Gi/o
protein-coupled receptors able to inhibit adenylate
cyclase thus reducing cyclic AMP (cAMP) forma-
tion, the activation of inwardly rectifying potassium
channels and the opening of voltage-dependent cal-
cium channels [4, 5]. The demonstration of the
natural existence of different receptors for opioids
which were expressed in most mammalian tissues
suggested experienced scientists to search for
endogenous compounds able to activate them.

In 1975, Kosterlitz and Waterfield observed
that brain extracts contained two pentapeptides
(Met-encephalin and Leu-encephalin) able to
inhibit acetylcholine release from nerves innervat-
ing guinea pig ileum [6, 7]. It soon became obvi-
ous that the Met-encephalin sequence was also
present on the N terminus of another peptide,
β-endorphin, a fragment of β-lipotropin that had
been isolated several years earlier from pituitary
extracts [8, 9]. Like the encephalins, β-endorphin
proved to have a high affinity for brain
opioid receptors [9–11]. Other peptides, such as
dynorphin, a κ-opioid receptor agonist, were
subsequently isolated and characterized [12].

Endorphin, encephalin, and dynorphin repre-
sent the major endogenous opioid peptides
involved in physiology and pathology and
are supposed to activate with some selectivity
MOR, DOR, and KOR, respectively [13].
The opioid system has multiple actions and may

modulate multiple system function by acting both
in the brain and periphery, including the myenteric
plexus. Focusing on the regulation of the cardio-
vascular system, we should consider that ORs are
localized in different brain areas such as the respi-
ratory and cardiovascular centers of the hypothal-
amus and brainstem [14, 15] and peripherally in
the adrenal medulla and other ganglia of both
the sympathetic and parasympathetic branches of
the autonomic nervous system [16, 17]. Opioid
receptors are also expressed in cardiomyocytes,
and the microvasculature [18] and their activation
may modulate systemic vascular tone, alter
cardiac excitation-contraction coupling, and be
involved in the genesis of new cardiomyocytes
(Fig. 3) [19, 20].

Exogenous Opioid Administration
in Heart Diseases

Therapeutic doses of morphine or other opioids
administered to a supine patient have no
major effects on blood pressure or cardiac
rate and rhythm. However, it is well demon-
strated that these agents may cause peripheral
vasodilatation, reduce vascular resistance,
and attenuate baroreceptor-mediated reflexes
[21, 22]. Therefore, when the patient assumes
a standing position, orthostatic hypotension and
fainting may occur. The arteriolar and venous
dilatation induced by morphine may be ascribed
to central and peripheral activation of the opioid
receptors localized in the autonomic nervous sys-
tem with reduction of transmitter release. It has
also been shown that morphine may increase
histamine release thus causing hypotension, flush-
ing, nausea, and vomitus [23]. In spite of these
side effects, morphine has been largely used in the
past 50 years to reduce pain in patients suffering
of at least two common acute clinical situations
involving heart function:

1. Pulmonary edema
2. Myocardial infarction

While recent evidence cast doubts on the ben-
efits associated with the administration of
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morphine and other opioids in cases of pulmonary
edema, evidence-based medicine confirmed the
importance of defeating pain in cases of heart
ischemia. Concerning acute hearth failure and
pulmonary edema, it is interesting to note that
the 13th Edition (1994) of the Harrison’s Principle
of Internal Medicine (p. 1008) stated that “the first
measure of the treatment of pulmonary edema is
the i.v. administration of 2–5 mg of morphine
sulfate because the drug reduces anxiety, reduces
adrenergic vasoconstrictor stimuli to the arteriolar
and venous beds and thereby helps to reduce
a vicious cycle leading to pulmonary dysfunc-
tion.” A few years later, the guidelines of the
American College of Cardiology Foundation/
American Heart Association do not mention
morphine or other opioids in the treatment of
pulmonary edema, and a recent review states that
the positive effects of morphine in pulmonary
edema are not sufficiently documented, while the
risks that morphine administration may increase
the mortality is real, and therefore the drug should
not be used in pulmonary edema patients [24].

Contrary to pulmonary edema, a large body of
scientific literature support the importance
of using morphine or other opioids to reduce
pain in angina pectoris and acute myocardial
infarction patients [1, 25]. Relief of pain is usually
considered of paramount importance not only for
humane reasons but also because pain may lead
to sympathetic activation that causes vasocon-
striction and increases heart workload helping to
further deteriorate myocardial ischemic tissue.
Thus, despite the lack of rigorous studies designed
to assess the effect of morphine administration
in patients with acute myocardial ischemia,
clinical practice guidelines for managing
patients with ST-segment elevation myocardial
infarction (STEMI) strongly recommend
morphine administration as a routine procedure
to reduce pain [26, 27].

These concepts, however, were challenged in
2005, when an observational study performed
in a large cohort of patients with non-ST elevation
(NSTEMI) myocardial infarction reported that
morphine-treated patients had a worse clinical

Fig. 3 The multiple sites of morphine actions and the possibility of causing side effects when morphine is administered
after an infarct together with the antiplatelet agent clopidogrel. (From Ref. [20])
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outcome than controls (patients without morphine
administration) [28]. It was also reported, using
MRI, that morphine was associated with sub-
optimal reperfusion after myocardial infarction
and primary coronary intervention [29]. A poten-
tial explanation of morphine’s negative impact
on clinical outcome in patients with infarct and
coronary intervention may be ascribed to the dose
of morphine administered and the subsequent
respiratory depression with associated vomitus
and possibly vasodilatation. It is also possible
that morphine interacts with other drugs
required for optimal outcome of these patients.
For instance, morphine inhibits gastric emptying,
thus reducing the rate of absorption and resulting
in decreased peak plasma levels of orally admin-
istered antiplatelet drugs. It has been indeed
documented that morphine delays clopidogrel
(a pro-drug able to inhibit platelet aggregation)
absorption and decreases plasma levels of
clopidogrel active metabolite [30]. Suboptimal
platelet inhibition early after primary stent
implantation is associated with thrombotic
complications, including stent thrombosis.
It has been suggested that intravenous
antiplatelet agents such as glycoprotein IIb/IIIa
receptor inhibitors should be considered when
i.v. morphine is administered to patients with
acute infarct and coronary stenting [31]. Even
if morphine remains the mainstay analgesic for
severe chest pain in acute myocardial infarction,
some clinicians now suggest to use morphine only
when patient’s pain is resistant to nitrates and
beta-blockers [32].

An interesting process whereby morphine may
reduce hearth damage in patients with an
infarct seems to be its ability of mimicking the
widely studied phenomenon of “ischemic pre-
conditioning” (or ischemic tolerance), a process
attracting the attention of basic scientists involved
in studies of both cardio- and neuroprotection.

Opioids and Ischemic Pre- or Post-
conditioning

Although acute myocardial infarction is a leading
cause of morbidity and mortality, the possibility to
significantly limit myocardial damage

(cardioprotection) during the ischemic and the
reperfusion phases of the syndrome remains
a largely unrealized therapeutic goal. In order to
reduce this damage and to save at least a part
of the contractile function after an ischemic
event, it is necessary to restore, as soon as possi-
ble, the coronary flow (reperfusion). However,
in the reperfusion phase, an additional damage
of cardiac tissue with a mechanism known as
reperfusion injury has been observed in numerous
experimental setting. In the clinical settings,
the reperfusion damage may limit the potential
benefits of coronary flow restoration obtained
with coronary bypass surgery, with percutaneous
coronary intervention (angioplasty) or with sys-
temic recombinant tissue plasminogen activator
(rTPA) administration. It is now well demon-
strated that sequences of brief ischemia periods
applied before (preconditioning) or after (post-
conditioning) the occlusion of a coronary vessel
may trigger protective tissue mechanisms that
significantly reduce the reperfusion injury.
Myocardial preconditioning events are a series
of local and systemic processes triggered by
transient non-injurious ischemia periods and
able to drastically reduce tissue damage caused
by I–R injury. Ischemic post-conditioning, on
the other hand, describes a similarly potent
protection process arising from transient ischemic
episodes during the initial minutes of reperfusion
following a severe insult. It is now clear that
both forms of protection can be induced directly
or remotely (i.e., via transient I–R in the heart
or an extra-cardiac organ/tissue) and involve
common mediators and pro-survival signaling
such as protein kinase C (PKC), extracellular sig-
nal-regulated kinase (ERK1/2) and Akt/phospha-
tidylinositol 3-kinase (PI3K), the so-called
reperfusion injury salvage kinase (RISK), key
mitochondrial targets including the mitochondrial
permeability transition pore (mPTP), ATP
sensitive potassium channels, and changes in
formation or scavenging of reactive oxygen
species (ROS). The overall process which is not
completely clarified may be defined: ischemic
tolerance. Since a brief intermittent ischemia
applied either before or immediately after the
occlusion of a vessel in a remote organ or tissue
induces a protective phenotype in a target organ

822 F. Moroni



(e.g., heart and brain) mechanisms implicated
have been studied in deep. In fact, while the clin-
ical utility of preconditioning is primarily limited
to a planned surgical ischemia, post-conditioning
is highly relevant for the treatment of acute myo-
cardial ischemia, as this efficacious response can
be initiated before reperfusion attempts. Unfortu-
nately, while the pre- and post-conditioning phe-
nomena have proven effective in experimental
models in various species including humans, clin-
ical trial outcomes remain inconclusive, with
some studies reporting no change or worsened
outcomes [33]. It is important to outline that ische-
mic tolerance may also be induced by administer-
ing opioids and that opioid receptor antagonists
(especially those acting on δ or κ receptors) prevent
the development of ischemic tolerance induced by
pre- or post-conditioning [34]. These observations
suggest that intrinsic opioid receptor activity is
indispensable in triggering and maintaining the
protected state. It has also been suggested that
opioid receptor activation may beneficially
impact on all major determinants of the I–R dam-
age mechanisms by reducing cell death,
arrhythmogenesis, contractile dysfunction, and
inflammation [25]. Interestingly, there is evidence
that systemic administration of opioid receptor
agonists can augment the cardioprotective
effects of ischemic conditioning interventions
[35]. While there have been relatively few clinical
trials of cardioprotection using opioid receptor ago-
nists, the observation of a summative effects of
ischemic conditioning stimuli and opioid receptor
agonists supports the potential to obtain a robust
protection by combining opioid receptor agonists
with intrinsic activation of the process using short
ischemic stimuli in a remote organ [25].

Methadone and Cardiac Adverse
Effects

Methadone was firstly synthetized during World
War II in the Hoechst laboratories in Frankfurt,
Germany. The research project leading to its dis-
covery was heavily supported by the German
government because during the war, it was diffi-
cult to import sufficient amount of opium needed
for the production of morphine. Methadone has

a molecular structure similar to that of pethidine
(Dolantin; see Fig. 2), another effective opioid
analgesic not related to morphine, prepared in
the same laboratory through a relatively simple
synthetic procedure not requiring imported
chemicals. Methadone’s first code name was
“amidon,” and soon after its synthesis and
a brief period of animal testing, it was given
to Wehrmacht military doctors for human use.
However, probably because of unpleasant side
effects due to inadequate dose administration
during the first period of human testing, the drug
was never used during World War II. After the
war, all the German patents with the accompany-
ing experimental observations were requisitioned
and brought to the USA, and in 1947 the Council
on Pharmacy and Chemistry of the American
Medical Association gave to former amidon the
generic name of methadone and authorized its
medical use. In the same year, Eli Lilly started
the commercialization of the compound under the
trade name of Dolophine, derived from the Latin
dolor (pain) and finis (end). Other pharmaceutical
companies also acquired (for one dollar) the rights
for methadone production and use for painful
conditions. Twenty years later, the use of metha-
done therapy was proposed for the treatment of
heroin addiction [36]. Dole, a psychiatry working
in New York, strongly supported the diffusion
of this therapeutic strategy because: “ . . ..it (meth-
adone), but not any of the other narcotics we
tested, had a normalizing rather than narcotic
effects on long term administration at a constant
dose. . .. A patient who is stabilised on an ade-
quate constant daily dose of methadone is alert,
healthy and respond normally to stimuli” [37].

From a pharmacological point of view, metha-
done can be defined a synthetic μ-opioid receptor
agonist. Its pharmacokinetic properties include
an elevated oral bioavailability and an average
elimination rate that exceed 24 h so that oral
once-a-day administration prevents opioid absti-
nence signs and symptoms in most patients.
A significant number of controlled clinical trials
have indeed shown that continuous daily metha-
done use in heroin-addicted patients reduces illicit
drug consumption, limits the diffusion of HIVand
HCV infections, and reduces mortality rate and
criminal activity.
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However, it is now widely accepted that meth-
adone maintenance treatments are associated with
an increased risk of mortality caused by either
acute methadone overdose or sudden unexplained
death. It is now well demonstrated that methadone
increases the QT interval of the electrocardiogram
and possibly the occurrence of polymorphic ven-
tricular tachycardia, or torsades de pointes (TdP)
(Fig. 4). This adverse event of common drug use
was firstly described in 1990, when Monahan

et al. reported that terfenadine (Seldane), a widely
used nonsedating antihistamine, was able of
prolonging QT interval and causing life-
threatening ventricular arrhythmias [38]. Similarly
to terfenadine, methadone is able to increase the
QT interval of the electrocardiogram and the risk
of TdP [39, 40]. The mechanism of this increase
has been ascribed to the effects of racemic meth-
adone on myocytes, which represent the vast mass
of cardiac tissue, and perform the mechanical

Fig. 4 Ventricular action
potentials and related ECG
signals: prolonged QT
interval is a risk factor for
torsades de pointes. (a)
Normal and prolonged
ventricular action potential
due to (b) reduction of
hERG1 currents in LQTS
are reflected (c) on the ECG
recording with lengthening
of the QT interval. (d)
Schematized ECG
recording presenting the
onset of torsades de pointes
in a patient with long QT
syndrome. (From Ref. [48])
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work of the heart. During the cardiac cycle, an
individual myocyte exhibits a nearly100 mV
change in electrical voltage from negative to
positive during systole “depolarization” and then
positive to negative during diastole “repolariza-
tion.” The time course of this voltage change
describes a characteristic shape represented
by the ventricular “action potential” (Fig. 4a).
Collectively, the aggregate action potentials
produce the characteristic tracings of the surface
electrocardiogram, and the total duration of ven-
tricular depolarization and repolarization is
represented by the QT interval (Fig. 4c). Racemic
methadone (10 μM) does modify the conductance
of the delayed rectifier potassium channel [41].
This conductance is referred to as IKr, and the
protein associated is the human ether-a-go-go
(HERG)-related gene channel. Potassium flow
through this channel is critical for returning the
voltage of the myocyte to its diastolic potential
during “repolarization.” While other channels
also participate in the repolarization process, the
hERG-related channel is the most important for
determining the action potential duration and
hence the QT interval. Unfortunately, the structure
of the channel is such that many drugs are capable
of entering in and binding to its central pore, thus
obstructing K+ flow. This causes a prolongation of
the action potentials and consequently of the
QT interval [42, 43]. As previously mentioned,
a prolonged repolarization revealed by measuring
the QT interval in the electrocardiogram is
the basis for a type of polymorphic ventricular
tachycardia known as torsades de pointes (TdP,
Fig. 4d) [43]. It is now recognized that many
structurally unrelated drugs, designed to act on
non-cardiac targets, unintentionally block the
repolarizing current IKr and increase the QT inter-
vals and the risk of TdP.

The incidence of TdP is fortunately quite rare
and not readily observed during clinical trials or
postmarketing surveillance. Therefore, in order to
reduce the risk of this potentially fatal arrhythmia,
it is now accepted to consider QT intervals
acceptable surrogate endpoints in order to identify
potentially toxic compounds and to reduce the
size of clinical trials investigating drug cardiovas-
cular toxicity. In methadone maintenance patients,

the administration of relatively large methadone
doses significantly increase QT intervals [44].

Methadone is a chiral drug and is commonly
administered as a racemic mixture of (R)- and (S)-
stereoisomers (see Fig. 2). The (R)-form accounts
for most if not all the opioid effects. This has
been shown both in vitro with competitive
binding experiments (versus labeled naloxone in
rat brain homogenates) and in vivo in human
analgesia testing. On the contrary, whole-cell
patch-clamp experiments using HEK293 cells
expressing hERG1 showed that (S)-methadone
blocks IhERG1 3.5-fold more potently than
(R)-methadone (IC50s at 37 �C: 2 and 7 μM,
respectively) [41, 45].

Methadone is extensively metabolized by
cytochrome P450 isoenzymes; in particular,
CYP3A4 and CYP2B6 are the major
isoforms involved. CYP2B6 preferentially metab-
olizes (S)-methadone, and CYP2B6 slow
metabolizers have high-plasma concentrations
of (S)-methadone and higher frequencies of
prolonged QT intervals than controls [41].
Since the proportion of CYP2B6 slow meta-
bolizers in Caucasian and African populations is
non-negligible (�6%), carriers of such polymor-
phism are at a potentially higher risk for severe
cardiac arrhythmias and sudden death while
receiving racemic methadone treatment. Since
the (S)-enantiomer is thought to be the cardiotoxic
form and (R)-methadone is the enantiomer
accounting for the desired effects, it has been
suggested that the administration of the (R)-form
could reduce cardiotoxicity without affecting
the therapeutic value of the drug. Availability
of (R)-methadone would greatly diminish the
clinical concern of methadone administration
to CYP2B6 slow metabolizer. A reduction of the
overall methadone dose could also reduce the
effects the drug may have in patients with long
QT syndrome (LQTS), a latent genetic predispo-
sition to have this type of potentially fatal
drug side effect [46]. Patients treated with (R)-
methadone have indeed a significant reduction of
the QT interval values when compared with
patients treated with therapeutically equivalent
doses of the racemic mixture [47]. It seems there-
fore obvious that by substituting the racemic drug
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with the active stereoisomer, the effects on
myocyte repolarization and possibly the incidence
of sudden death associated with methadone use
will be reduced [48].
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Abstract

Psychostimulants include a range of sub-
stances that encompass cocaine and phenyleth-
ylamines, which include amphetamines, some
novel amphetamine derivatives, and cannabi-
noids. This chapter documents the present state

of knowledge on the effects of cocaine and
cocaethylene, amphetamines, and cannabi-
noids on heart and brain functions. Cocaine in
comparison with the other substances has
a particular heart and brain toxicity, exhibiting
a variety of prothrombotic effects,
hypertension, myocardial infarction, severe
arrhythmias, delirium, seizures, intracranial
hemorrhage, and serotonin syndrome.
Amphetamines and its derivative methamphet-
amine (METH) are powerful stimulants, while
methylenedioxymethamphetamine (MDMA),
popularly known as “ecstasy,” is a typical
entactogenic substance with a pharmacological
profile, interpolated between those of typical
stimulants, such as amphetamines and halluci-
nogens. Cannabis is the most abused illicit
substance with a high incidence of usage in
adolescents. The cardiotoxic and neurotoxic
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effects of Cannabis depend on the preparation
used. Synthetic cannabinoids (SC), developed
to investigate the endogenous cannabinoid sys-
tem or as potential therapies, have intense psy-
choactive and toxic effects.

Keywords

Cocaine · Amphetamine · MDMA ·
Cannabinoids · Cardiac toxicity · Stroke ·
Seizures · Excited delirium · Cognitive
impairment

Introduction

The use of psychostimulants is a worldwide
problem with significant regional variation; the
number of psychostimulant consumers increased
in the last decades, becoming an important public
health problem everywhere. Cocaine and amphet-
amines are the two major psychostimulants
used for recreational purposes globally. In 2012,
data from the United Nations Office on Drugs and
Crime reported 34 million amphetamine users
(range 14–53 million) and 17 million cocaine
users (range 14–21 million) worldwide. The num-
ber of amphetamine users remained stable
during the following 6 years, while the cocaine
users increased in the same time period by 7% [1].
There is pronounced regional variation in the use
of various psychostimulants, with high prevalence
rates for amphetamines in North America and
Oceania, MDMA in Central Europe, and cocaine
in North and South America followed by Central
Europe [1]. Psychostimulants are often used in
combination with other drugs such as opioids
and alcohol, having a substantial toxicological
impact on public health. Cocaine is seen as the
major public health problem; however two thirds
of the burden of stimulant dependence globally
is attributed to amphetamines rather than cocaine
use. Although cocaine and amphetamine depen-
dence share many features, the two drug
classes have important toxicological differences.
Cannabis is the most commonly used illicit
substance in the world. Though it was long con-
sidered to be a “soft drug,” studies have proven

the harmful psychiatric and addictive effects asso-
ciated with its use. Synthetic cannabinoids
(SC) were created for therapeutic and research
purposes; however, despite legal efforts to limit
their availability, synthetic cannabinoids have
become an increasingly common drug of abuse,
sold under various street names [2].

This chapter is focused on the effect of cocaine,
amphetamines, METH, MDMA, and cannabi-
noids on heart and brain functions.

Cocaine

Cocaine is a naturally occurring substance found
in the leaves of Erythroxylum coca plant. This
plant is native to northwestern South America.
The use of coca has a long tradition in that area,
linked to religious and ceremonial purposes.
The use of leaves of Erythroxylum coca by
chewing to overcome fatigue and hunger was
first described by Amerigo Vespucci in 1499.
In far more recent times, cocaine found a place
in therapy as a painkiller and local anesthetic drug
and, from the beginning of twentieth century, as a
stimulant, psychoactive agent, and recreational
drug of abuse. It is commonly available in hydro-
chloride form, a white, water-soluble powder.
It can be used orally or intravenously or by nasal
inhalation (snorting). Relatively pure formula-
tions that lack a hydrochloride moiety are pre-
sented in crystalline form, freebase, or crack
cocaine which is used mostly by smoking.
Pharmaceutical cocaine preparations are available
in some countries and used as a local anesthetic
agent blocking voltage-gated sodium channels in
the neuronal membranes, inhibiting depolariza-
tion, initiation, and conduction of nerve impulses.
Cocaine retains an important vasoconstrictive
action by inhibiting the local reuptake of
norepinephrine [3].

Cocaine, compared to other illicit drugs, poses
a particular risk for the cardiovascular and the
nervous systems. It may cause hypertension, trou-
bles of rhythm from tachycardia to ventricular
arrhythmias, myocardial infarction, stroke, exci-
tation, and delirium resulting in severe functional
impairment or sudden death. Causal users, for
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environmental and biological risk factors, may
progress from recreational consumers to develop-
ing a cocaine use disorder, characterized by cog-
nitive impairment with an attention deficit,
learning disorder, and memory loss.

Cocaine Blood Concentrations
and Pharmacological Actions

Blood cocaine concentrations are responsible for
its effects, which are determined by many factors
such as the dose and the route of administration,
the binding to plasma proteins, and the rate of
metabolism. Studies in volunteers who received
a known dose of the substance provide precise
information of dose and route on blood or serum
concentrations, but this does not reflect what
occurs in cocaine-abusing patients. Information
obtained from blood analysis in patients pre-
senting to the Emergency Departments offers
a better picture, but, also, in this case, there are
several limitations because the dose assumed is
unknown and cocaine is rapidly metabolized.
Postmortem studies are susceptible to the same
limitations; serum cocaine concentrations

exceeding 1 mM have been reported in acute
fatal overdoses, although 1 series of 26 cases
reported a lower value with a mean concentration
of 21 μM in deaths where cocaine was the only
drug detected [4].

Cocaine stimulates the sympathetic nervous
system by inhibiting the reuptake of norepineph-
rine, dopamine, and serotonin by interacting
with each transporter (NET, DAT, and SERT),
which have similar Ki for cocaine, leading
to exaggerated, prolonged sympathetic nervous
system activity (Fig. 1).

Cocaine also blocks sodium/potassium
channels, which induces abnormal, depressed car-
diovascular profiles; more over it binds in rat
cerebellum with two different neurotransmitter
receptors: muscarinic acetylcholine, with a μM
Ki, and sigma receptors [5].

In addition to interacting with transporters for
neurotransmitters and receptors, cocaine binds to
several voltage-gated ion channels in nervous and
cardiac tissues; the local anesthetic effect of
cocaine doesn’t contribute to the effects on the
brain, while it is responsible for cocaine’s hearth
toxicity. In isolated cardiomyocytes, cocaine
binds to inactivated state of sodium channels, an

DA

Post-synaptic membrane

DA receptor

DAT

Cocaine

Monoamine
metabolites

Post-synaptic membrane

MAOMitochondrion
MAO

DA receptor

Fig. 1 Pharmacological actions of cocaine on neurotransmission. DA dopamine, DAT dopamine transporter, MAO
monoaminoxidase
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effect highly dependent on extracellular pH, and
increases when the pH decreases under physio-
logical levels, suggesting that changes in plasma
pH may modulate cocaine’s effect on cardiac
conduction [6]. Cocaine also binds and inhibits
cardiac potassium rectifier channels prolonging
the duration of L-type calcium channels [7].

Two additional cocaine-protein interactions are
relevant for its toxicity. Cocaine binds to α1-acid
glycoprotein (A1AG) and to albumin; A1AG
has a high affinity for cocaine, while albumin
has a much lower affinity. A1AG is present in
low concentration, and when cocaine’s plasma
levels exceed its binding capacity, free cocaine
plasma concentration increases and, conse-
quently, increases the toxic effects of cocaine [8].

Effects of Cocaine on the Brain

Cocaine binds directly to few receptors and trans-
porters, but the interaction among these different
pathways triggers a cascade of activities which
potentiate cocaine toxicity (Table 1).

The inhibition of dopamine transporter (DAT)
is responsible for the psychostimulant effects
and the recreational use of cocaine. Several
studies in monkeys showed that the potency of
DAT inhibition, rather than the inhibition of
norepinephrine (NET) or serotonin transporter
(SERT), is correlated with the behavioral effect
of cocaine, supporting the hypothesis that the
pharmacological actions of cocaine in the central

nervous system (CNS) are mostly due to DAT
inhibition [9].

Monoamines and particularly dopamine
are responsible for the rewarding and psycho-
stimulant properties of cocaine [9], and monoam-
inergic system has been postulated to be
involved in cocaine-induced regulation of adult
neurogenesis [10]. Cocaine use can modify sev-
eral neurotrophic factors that likely regulate learn-
ing and memory mechanisms in the brain [11].

Central nervous system symptoms include
euphoria, increased self-confidence, and alertness
at low doses and aggressiveness, disorientation,
and hallucination at high doses (Table 1); cocaine
toxicity is enhanced by antidepressants [12].

Long-term use of cocaine can induce a pro-
found dysfunction of monoamine system in
the brain causing a condition called excited delir-
ium (ED), also known as agitated delirium,
a condition that presents psychomotor agitation,
delirium, and sweating. It may include attempts at
violence, unexpected strength, and very high
body temperature. Complications include rhabdo-
myolysis and a high blood potassium concentra-
tion that can lead to cardiac arrest [13].

The cellular and neurochemical modifications
induced by cocaine abuse during the ED are not
completely defined and have been the subject
of scientific debate. Abnormalities in D1, D2, and
D3 dopamine receptors have been identified, and
this hypothesis lies in the fact that hypothalamic
dopamine receptors are responsible for thermo-
regulation. In fact, in case of cocaine-induced
ED, alteration of dopamine mesolimbic pathway
in the brain is present, resulting in hyperactivity
and hyperthermia [14]. Repetitive use of cocaine
induces a depletion of dopamine stores, a situation
referred as washout syndrome, characterized by
lethargy, anhedonia, and difficulty in locomotor
activity [15].

Cocaine interacts also with non-opioid
sigma receptors, which are of two subtypes:
sigma-1 and sigma-2. Sigma-1 bind
neurosteroids, and conflicting evidences report
that sigma receptor ligands decrease the epilepto-
genic effect of cocaine [15]. Cholinergic M1

receptors are present in striatal and cortical areas,
and, although with a low grade of evidence,

Table 1 Effects of cocaine correlated with the different
neurotransmitters

Neurotransmitter Symptom

Dopamine Positive
Anorexia
Hyperactivity
Sexual arousal

Serotonin Hallucinations
Vasospasm
Hyperthermia

Noradrenaline Tachycardia
Hypertension
Vasoconstriction
Mydriasis
Tremors
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pirenzepine, a M1 cholinergic receptor antagonist,
decreases the lethality of cocaine in the mouse [5].

The toxicity of cocaine can be modified by
pharmacological manipulations of several other
neurotransmitters, such as GABA and NMDA
glutamate systems. GABA is the major inhibitory
neurotransmitter in the CNS, and its activity mod-
ulates the biochemical and behavioral effects
of cocaine. GABAA agonists decrease the neuro-
toxicity of cocaine in animal models; benzodiaz-
epines and phenobarbital are widely used in
the treatment of cocaine toxicity [16].

Another neurotransmitter implicated in the
toxicity of cocaine is glutamate, the major excit-
atory neurotransmitter in the CNS. Glutamate
receptors are the NMDA and the AMPA recep-
tors, and while AMPA receptors contribute little
to cocaine toxicity, NMDA receptors are clearly
implicated, and NMDA antagonists decrease
seizures and lethality induced by cocaine [16].

Cortical excitability, assessed by transcranial
magnetic stimulation (TMS) [17], is significantly
increased in cocaine-dependent patients than
in controls [18], and several studies showed
a lower motor cortex excitability in abstinent
cocaine-dependent subjects than nondrug-using
controls [19], suggesting an adaptation mecha-
nism, which may include changes in the brain
GABA and glutamate systems mediated by
GABAergic neurotransmission [17].

Some recent studies, realized by means of
imaging techniques and morphometric analysis,
demonstrated that the striatum, thalamus, and
subcortical structures are intimately involved in
addiction. These structures present morphological
and microstructural changes in patients using
crack cocaine together with a contraction and
gliosis of nucleus accumbens (NAc), indicating
that cocaine induces a significant remodeling of
neurological structure [20], with dysregulation
of specific brain circuit involved in learning and
memory [21]. The recent emphasis on the impair-
ment of learning process induced by cocaine
addiction impacting hippocampal neurogenesis
has directed the interest toward the hippocampus,
the main brain region involved in associative
memory [20]. Cocaine use stimulates hippocam-
pal learning systems to form strong memories of

cocaine-stimuli associations, evidenced by the
facilitation of hippocampal long-term potentiation
(LTP) and of glutamatergic transmission by
enhancing dopamine signaling [10].

Cardiovascular Toxicity of Cocaine

Cocaine induces several effects on the heart and
coronary vasculature including vasospasms,
ischemia, myocardial infarction, arrhythmias,
and ventricular fibrillation [22]. These actions
can be attributed to two prominent effects of
cocaine: an increase in sympathetic stimulation
to the heart and coronary vasculature and a direct
inhibition of cardiac ion channels. The mecha-
nisms that underlie the cardiotoxic effects of
cocaine are not well understood and are probably
related to a combination of both the sympathomi-
metic and local anesthetic properties of this drug.
Sodium channels play a key role in the electrical
excitability of the myocardium and are responsi-
ble for the rapid upstroke of the cardiac action
potential [23]. Cocaine has long been known
to reduce the cardiac Na+ conductance by promot-
ing the voltage-dependent inactivation of
sodium channels [23]. Within the range of con-
centrations known to cause acute toxicity in
humans (1–70 μM) [24], cocaine produces a char-
acteristic voltage- and frequency-dependent inhi-
bition of cardiac Na+ current in the sinoatrial node
in the myocardium, stabilizing the channels in an
inactivated state and leading to reduced contrac-
tility and prolongation of QT interval and QRS
complex [25]. These actions induce severe rhythm
troubles from ventricular tachycardia to ventricu-
lar fibrillation.

Cocaine’s effect upon the heart doesn’t stop
with arrhythmias. Research suggests that cocaine
can induce spasms of the coronary arteries that
can cause angina pain, even in healthy individ-
uals; cocaine can induce myocardial ischemia and
infarction without pathological changes of coro-
nary artery and other risk factors [26]. Cocaine has
indirect toxic effects on the heart, through the
action of norepinephrine (NE) blocking the reup-
take of catecholamine and by binding dopamine
and norepinephrine transporters (DAT and NET).
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The increased levels of NE at the sympathetic
terminals cause an activation of adrenergic recep-
tors with a consequent β1-receptor activation
in the sinoatrial node, increasing heart rate and
contractility, and α1-activation of smooth vascular
muscle cells, leading to vasoconstriction and
increased blood pressure [26]. Consequently,
cocaine users can develop a condition called silent
myocardial ischemia that may lead to valuable
heart muscle cell dying because of oxygen short-
age and oxidative stress [27]. Cocaine induces
hypertension as both acute spikes in systemic
blood pressure as long-term development of per-
sistent hypertension. Acute hypertensive spikes
are primarily the result of vasoconstriction medi-
ated by α1-adrenoceptor stimulation, while persis-
tent hypertension consequent to a chronic use of
cocaine is more complex, with direct effects on
peripheral vasculature and also on renal
blood flow [26]. The most frequent cardiovascular
events induced by cocaine use are angina, myo-
cardial infarction, cardiomyopathy, and sudden
death. The pathogenesis of myocardial ischemia
and infarction is multifactorial and includes
increased oxygen demand, vasoconstriction
of the coronary arteries, enhanced platelet aggre-
gation, leukocyte migration, and thrombus forma-
tion [29]. Coronary vasoconstriction is mostly
the result of α-adrenergic receptor stimulation,
an effect which is exacerbated by β-blockers;
moreover, cocaine induces endothelial production
of endothelin and decreased nitric oxide
(NO) release, all of which promotes vasoconstric-
tion [28, 29]. Aside from vasoconstriction,
cocaine induces the formation of thrombi via
enhanced platelet aggregation and activation of
plasminogen activator inhibitor [30]. Postmortem
studies of chronic cocaine users have shown
a progression of atherosclerosis in comparison
with the age of the subject due to alteration
of endothelial cell barrier with a marked increased
expression of adhesion molecules and of perme-
ability of the low-density lipoproteins [29].

Chest pain is certainly the most frequent
cocaine-related symptom and accounts for a
great number of cocaine-related visits at the
Emergency Department. The pain is similar to
that experienced in angina especially if it is due

to a coronary artery thrombosis and may evolve
in a frank myocardial infarction [31]. This symp-
tom is caused by several factors, and it can
be dependent on the route of drug use. Cocaine
inhalation can induce pneumothorax, while intra-
venous use causes lung embolism with chest pain
and other cardiopulmonary symptoms. Chest pain
occurs also several hours after cocaine use when
cocaine blood concentrations are very low or
undetectable; this is due to cocaine metabolites
benzoylecgonine and ecgonine methyl ester [31].
It has shown, in animal models of cocainism,
a significant increase in α-natriuretic factor levels
and changes in gene expression from α- to
β-myosin heavy chains, both factors playing
a role in cardiac remodeling [32]. Dilated cardio-
myopathy has emerged as a significant long-term
problem in cocaine users and accounts for 7%
incidence of ventricular dysfunction in long-term
cocaine users; however detailed epidemiological
studies on cocaine-induced cardiomyopathy
are lacking. The clinical presentation of cocaine-
induced cardiomyopathy is not distinguished
from other forms of cardiomyopathy, and it is
a consequence of the persistent and profound
hypertension and an increased leukocyte adhe-
sion [29]. Moreover, persistent hypertension is a
potent predisposing factor for stroke. Pulmonary
hypertension has been described in cocaine users,
an effect consequent to pulmonary arterial smooth
muscle cell proliferation [32].

When cocaine is assumed with ethanol,
cocaethylene, the ethyl ester of benzoylecgonine,
is formed in the liver [31] (Fig. 2). Normally,
cocaine is metabolized by carboxylesterase to
benzoylecgonine and ecgonine, but if ethanol is
present during the metabolism of cocaine, part
of this substance undergoes transesterification
with ethanol rather than undergoing hydrolysis
with water, which results in the production
of cocaethylene. This metabolite is largely con-
sidered a recreational drug with stimulant and
euphoriant effects and with a longer duration of
action than cocaine. Cocaethylene increases
monoaminergic neurotransmission in the brain,
inhibiting DAT and NET, and it is more
cardiotoxic than cocaine and increases the risk
of a cardiac event [31].
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Amphetamines

Amphetamines were discovered over 100 years
ago. Since then, it has transformed from a drug
that was freely available without prescription as
a panacea for a broad range of disorders into
a highly restricted therapeutic application to atten-
tion deficit hyperactivity disorder (ADHD) and
narcolepsy.

As a molecule with a single chiral center,
amphetamine exists in two optically active
forms, i.e., the dextro- (or d-) and levo- (or l-)
isomers or enantiomers (Fig. 3), but only the d-
isomer, the more potent, was commercialized
under the trade name of Dexedrine® [33].

The cognitive-enhancing properties of amphet-
amines were quickly recognized, with reports of
Benzedrine producing improvements in intelli-
gence tests leading to its widespread use to
improve concentration and intellectual perfor-
mance by academics, students, and medical

professionals and the widespread use of “energy
pills” by the allied forces in World War II [33].

Amphetamine and its derivative methamphet-
amine (METH) (Fig. 4), a powerful central
nervous system stimulant, exert their pharmaco-
logical effects through alterations in the brain’s
dopaminergic reward circuitry [34].

Amphetamines, including METH, enter
dopaminergic presynaptic terminals by acting
as substrates for the plasmalemma dopamine
transporter (DAT) [35] and elicit the release of
vesicular dopamine (DA) stores into the cytosol
through an interaction with vesicular monoamine
transporter-2 (VMAT2) protein [36] promoting
DA release, increasing cytosolic DA concentra-
tions, and inhibiting DA uptake from the cytosol
by VMAT2 [37]. As amphetamines inhibit
also the activity of the mitochondrial enzyme
monoamine oxidase (MAO), elevated concentra-
tions of cytosolic DA are not subjected to metab-
olism [38]. Enhanced DA release and increased

Fig. 2 Cocaine and ethanol lead to the formation of a metabolite known as cocaethylene by esterase (hCE-1/2)
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stimulation of postsynaptic DA receptors lead
to rewarding effects and high degree of abuse
liability.

Amphetamine and its derivative methamphet-
amine (METH), which are abused for decades,
are typically sold under the street name
“speed,” while the 3,4-methylenedioxy derivative
(MDMA) is associated with the name “ecstasy.”

The pharmacological actions of MDMA are
significantly distinct from those of other com-
pounds. Stimulation of the CNS producing
euphoria is commonly described as the subjective
effect of amphetamine consumption [39], while
MDMA is an entactogenic substance. Both
amphetamine and MDMA act on monoamine

reuptake transporters, blocking 5-HT, DA, and
NE transporters, inhibiting the reuptake of the
respective neurotransmitters, and increasing
neurotransmitter concentrations in the synaptic
cleft and transporter-mediated release of neuro-
transmitters [40]. Since these neurotransmitters
are differentially involved in modulating behavior
and subjective effects, a distinct pharmacological
profile of these drugs of abuse is linked to specific
psychotropic effects and intoxication.

Amphetamine blocks with preference DA
transporter, while MDMA preferentially acts at
human SERT and NET. Amphetamine and
amphetamine-like substances induce psychosti-
mulation, euphoria, and increased arousal. Other

Fig. 3 Isomers of amphetamine

Fig. 4 Amphetamines’ derivatives methamphetamine (METH) and 3,4-methylenedioxymethamphetamine (MDMA)
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clinical features of toxicity include hypertension,
tachycardia and tachyarrhythmia, and increased
body temperature [39]. Regular consumption
bears a considerable risk for abuse and depen-
dence. Drug-induced increase of DA levels
activates the reward system and causes euphoria,
but also psychotic states and aggressive
behavior [41]. Life-threatening excited delirium
syndrome has been associated with acute dopami-
nergic toxicity [42].

Trace amine-associated receptor 1 (TAAR1) is
also a target of amphetamine and of many amphet-
amine derivatives; this receptor is involved in
the regulation of DA activity, and activation
of TAAR1, which reduces the abuse liability of
psychostimulants. Amphetamine and MDMA
induce more pronounced effects in animals not
expressing TAAR1; however, species differences
between the rodent and human TAAR1 are fre-
quent [43]. MDMA is an entactogenic drug that
retains some psychostimulant effects. It increases
empathy, sociability, closeness to others, but also
happiness and self-esteem. The effects on the
cardiovascular system include increased blood
pressure, heart rate, and hyperthermia.

In the literature [44], the classic histopatholog-
ical alterations of fatal cardiotoxicity from
MDMA manifest as contraction band and
coagulative necrosis, myocyte hypereosinophilia,
and inflammatory neutrophil infiltration.
The increased muscle tension may cause
bruxism which is frequently experienced.
Moreover MDMA is a partial agonist of the
5-HT2A receptors, and hallucinogen effects have
been reported [45].

The binding affinity of MDMA for adrenergic
receptors is low, but since MDMA increases NE
levels via transporter-mediated NE release and
NE uptake inhibition, the adrenergic system is
deeply involved in the mechanism of toxicity
induced by the substances. Beta-adrenoceptors
are involved in MDMA-induced increase of
heart rate and together with α1-adrenoceptor stim-
ulation implicated in hyperthermia and vasocon-
striction [40]. MDMA-induced serotoninergic
toxicity is due to an increase of serotonin level
at synaptic cleft. This syndrome presents
neuromuscular hyperactivity, clonus, autonomous

hyperactivity, including hyperthermia, sweating,
agitation, and confusion. Moreover, an inadequate
diuretic hormone production can be present
resulting in hyponatremia [46]. Hyperthermia,
followed by life-threatening complications such
as rhabdomyolysis, intravascular coagulation, and
organ failure, is commonly involved in fatal intox-
ications with psychostimulants, especially with
MDMA. Cardiovascular toxicity is typically asso-
ciated with amphetamine but also occurs with
MDMA use, via NE release and stimulation
of α- and ß-adrenoceptors. ß3-Adrenoceptor acti-
vation causes mitochondrial uncoupling, which
can induce heat generation [47].

Aminoindan derivatives of MDMA, originally
developed as potential therapeutic bronchodila-
tors, have emerged as new psychostimulant com-
pounds among recreational drug users, with
a relatively low prevalence. Some aminoindans
were developed as potential non-neurotoxic alter-
natives for MDMA because they don’t cause
5-HT stimulation; however, recent animal
studies indicate that these molecules can induce
potentially life-threatening serotonin syndrome
toxicity [48]; however few fatal intoxications
have been described.

The pharmacology and toxicology of
benzofuran derivatives are relatively poorly
explored to date, but fatal, analytically confirmed
intoxication with the benzofuran-5 has been
reported. Benzofurans are described as substances
inducing entactogenic and stimulant effects,
with sympathomimetic toxicity, including
hyperthermia.

Cannabinoids

Cannabinoids are a group of compounds that
act on cannabinoid receptors. They include
plant-derived phyto-cannabinoids, synthetic
cannabinoids, and endogenously derived endo-
cannabinoids. The primary source of cannabinoid
toxicity is from plant-derived cannabinoids
and synthetic cannabinoids. These agents act as
cannabinoid receptor agonists. More than 60 -
naturally occurring cannabinoids are found in
Cannabis sativa and indica, and delta-9
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tetrahydrocannabinol (THC) is the main psycho-
active compound. Other naturally occurring can-
nabinoids include cannabidiol (CBD) and
cannabinol. Marijuana, hashish, and crushed,
dried leaves, flowers, and resin of the Cannabis
plant are the most common abused substances.

Internationally, Cannabis is the most com-
monly abused illicit substance with a high inci-
dence of usage in adolescents. Over 140 million
people use Cannabis worldwide. Synthetic can-
nabinoids are the most abused synthetic drug and
the second most abused drug among adolescents.
Reports of abuse and toxicity are steadily grow-
ing, as the number of synthetic cannabinoids
produced increases [49]. Increasing varieties of
synthetic cannabinoids have been synthesized
over the last ten years for therapeutic and research
purpose and to avoid classification as illegal
agents by making chemical modifications to com-
pounds. They became drug of abuse, sold under
various street names such as K2, Spice, and
Black Mamba, and are associated with much
more morbidity and mortality than the phyto-
cannabinoids [49].

The cannabinoid system is very complex, and
research is still ongoing. Endogenous and exoge-
nous cannabinoids act on specific cannabinoid
binding receptors (CB1 and CB2). CB1 receptors
are primarily centrally located, but they are also
present in the periphery, while the opposite
is true for CB2, which were identified primarily
peripherally, but they are present also centrally

(Fig. 5). Cannabinoid receptors are G protein-
coupled receptors (Gi or Go) with seven
transmembrane segments with an extracellular
amino-terminal domain (NH2) and one intracellu-
lar carboxy-terminal (COOH) implicated in signal
transduction.

CB1 receptors are mainly involved in the
central effects of cannabinoids, which include
consequences on learning, memory cognition,
emotion, movement, sensory perception, and
nausea, as well as the psychoactive properties
associated with cannabinoids. CB2 receptors are
located peripherally and are thought to affect
inflammation and immune system regulation.
Cannabinoid receptors are G protein-linked
receptors that inhibit adenylyl cyclase and
thereby cyclic AMP, which affects Ca2+ channels
and K+ channels, leading to a decrease in
intracellular calcium and extracellular potassium
concentrations. This, subsequently, leads to
decreased neurotransmission. However, depending
on the specific location of the CB and specific
G-protein involved, stimulation of CB1 results
in the inhibition or stimulation of various
neurotransmitters, including acetylcholine,
L-glutamate, γ-aminobutyric acid, dopamine,
norepinephrine, and 5-hydroxytryptamine. This
neurotransmitter modulation may contribute to
the central and peripheral effects of cannabinoids

The pharmacokinetics of cannabinoids and the
effects observed depend on the formulation and
route of administration. The administered dose of

Fig. 5 Structure of cannabinoid receptors (CB1/CB2)
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therapeutic Cannabis should be tailored to indi-
vidual patient requirements. Both THC and CBD
are metabolized in liver. There is a risk of potential
drug interactions via inhibition or induction of
enzymes or transporters. Pharmacodynamic inter-
actions may occur if Cannabis is administered
with other central nervous system depressant
drugs, and cardiac toxicity may occur via additive
hypertension and tachycardia with sympathomi-
metic agents [50].

The cardiotoxic and neurotoxic effects of
Cannabis can bemore severe in special preparation
called “dabs” obtained by the inhalation of heated
extracted oil [51]. Dabs are cannabis extracts,
being consumed via a new inhalation method
called “dabbing.” The act of consuming one dose
is colloquially referred to as “doing a dab.” Dabs
can contain up to 75% of tetrahydrocannabinol
(THC) and this molecule has been increasingly
associated with agitation and cardiotoxicity
[52]. Acute myocardial infarction (AMI) has been
described in numerous case reports [53] and the
trend of Emergency Department admission and
severe morbidity due to AMI in cannabis users is
also increasing [54]. THC may cause agitation and
end-organ damage through sympathomimetic and
serotonergic pathways, but the cardiac mechanism
of toxicity is not yet fully understood [50]. THC
binds to CB1 receptors on glutamatergic and
GABAergic neurons disrupting normal, endo-
cannabinoid retrograde signaling from dopaminer-
gic neurons. Acute THC use increases dopamine
release and neuron activity, while chronic exposure
to THC causes the blunting of the dopaminergic
system. THC exposure during adolescence may
be very detrimental for brain developmental pro-
cesses as the endogenous cannabinoids play an
important role in brain development. THC pro-
duces complex alterations in the dopamine system
in a very important time for brain development.
Adolescent cannabinoid exposure has conse-
quences in adulthood [55]. Heavy Cannabis users
are more likely to have impaired educational and
occupational outcomes, and this may be linked to
working memory impairments and amotivation.
These functions are susceptible to mesocortical
dopaminergic manipulation in prefrontal D1 recep-
tor blockade [56].

Cannabis is known to be associated with
neuropsychiatric problems, but less is known
about complications affecting the cardiovascular
system like myocardial infarction and ischemic
stroke

Conclusions

The effects of psychostimulants on the central
nervous and cardiovascular systems are well
described and yet, at the same time, lacking of
basic understanding in many areas. Detailed
knowledge related to amphetamines’ toxicity,
especially in relation to the newer novel psycho-
active substances flooding recently in the illicit
market, are lacking. Cannabinoids are widely
investigated also for their therapeutic effects, but
further studies on the aspects of cannabinoids
toxicity should be ruled out, and the knowledge
of the highly dangerous toxic effects of a drug that
the common sense considers as safe should be
disseminated.
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Abstract

Over the past decade, several new chemical com-
pounds (the so-called NPS, new or novel psy-
choactive substances) have been synthesized and

placed on the abuse market. About a thousand
agents are known and monitored by suprana-
tional and national agencies because they cause
new intoxication, prolonged health adverse
effects, and addiction. Synthetic cannabinoids,
cathinones, ketamines, new phenethylamines,
and other molecules are today readily available
at low cost. The high potency of these com-
pounds, the important effects on the cardiovas-
cular and central nervous systems, the still little
knowledge about the prolonged health conse-
quences, together with the hope to identify con-
trastablemechanisms of toxicity, have conquered
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the scene of the scientific research on substances
of abuse in the recent years. Clinically, the
cardiotoxicity appears to be similar for themajor-
ity of NPS, with the prevalence of sympathomi-
metic and excitatory cardiovascular signs and
symptoms. The mortality in the acute phase of
intoxication, however, seems to be related not
only to cardiac accidents, but in several cases,
also to impairment of several organs/systems
(multiorgan failure). The long-term conse-
quences for the cardiovascular system, in addi-
tion, are not yet known. More in-depth
mechanistic studies, still scarcely available
today, will contribute in the future to a better
therapeutic approach in the emergency setting.

Keywords
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Introduction

Recreational drug use is common worldwide, and
the wide range of newer illicit drugs is today a
challenge to physicians. Over the last decades,
there has been a frenetic rush to the synthesis and
marketing of new chemical agents that can be used
as substitutes of the old/classic psychoactive drugs
of abuse (e.g., cocaine, marijuana, heroin, amphet-
amines). These designer drugs are developed to
provide rewarding effects similar to the old and
illicit drugs of abuse, while circumventing existing
legislative classification and penalty [1, 2]. These
compounds are generally called “novel” or “new”
or “newer” psychoactive substances (NPS) and
sometimes referred to as “legal highs”. The NPS
are defined as “substances of abuse that are not
controlled by the 1961 Single Convention on Nar-
cotic Drugs or the 1971 Convention on Psychotro-
pic Substances, but whichmay pose a public health
threat” [3]. The term “new” does not necessarily
refer to new inventions – several NPS were first

synthesized decades ago for research or medicinal
purposes in academia or in the pharmaceutical
industry – but to substances that have recently
become available on the web market, repurposed
as drugs of abuse. The facts that the number of NPS
has more than quintupled over the last 10 years is a
critical challenge to governments, the scientific
community, and civil society [4].

The NPS include both medicine substitutes
that can be bought without a medical prescription,
and recreational drugs that are sold freely, without
any administrative or criminal consequences. The
global trade in these compounds, often synthe-
sized in hidden laboratories in a single country,
is possible worldwide through Internet providers.
Searching the Internet for these “designer drugs,”
“legal highs,” “bath salts,” “spice,” “incense,” and
“research chemicals” today allows to easily buy
hundreds of different agents at low cost, very
powerful, with a good degree of purity and low
contaminants [5, 6].

Together with the central nervous system (CNS)
and other organs, all the potent NPS can affect the
cardiovascular system [7, 8]. Both the short- and
long-term effects of the NPS on the cardiovascular
system can be expected to be the result of increased
levels of neurotransmitters such as dopamine, sero-
tonin, adrenaline, noradrenaline, histamine, and
possibly other molecules, such as glutamate and
endogenous opioids. Similarly to the psychotropic
medications, the consequent and predominant clin-
ical effects on the cardiovascular system are tachy-
cardia, hypertension, myocardial ischemia, QT-
interval prolongation, serious arrhythmias, and
sudden death. Added effects of amphetamines-
like NPS on the heart probably relate to disorders
in cellular calcium signaling, with resultant
dysregulation of myocyte function. Moreover, in
vitro studies on human cardiomyocytes indicate
that tachycardia in patients exposed to recreational
drugs (comprehending MDMA, 4-fluoroam-
phetamine, α-PVP and MDPV) is likely due to
indirect drug effects, while prolonged repolariza-
tion periods (prolonged QT-interval) could (partly)
result from direct drug effects on cardiomyocyte
function [9]. QT prolongation was also demon-
strated in rats for the synthetic cannabinoid JWH-
030 [10].
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A general hazard for NPS users is the lack of
awareness of consumption: in some cases, they
consume a very different substance or a different
“dose” from those they intended to take. As a
result, the clinical effects can vary widely
between patients, even if they report using the
same NPS, and the risks of accidental overdoses
and cardiotoxic effects are significantly
increased. The polydrug abuse is also extremely
common: alcohol, tobacco, and marijuana are
frequently taken together with one or more
NPS, with interactions that can be complex,
unpredictable and that can increase the risk of
cardiotoxicity.

This chapter attempts to summarize the car-
diovascular complications associated with the
major recreational drugs in use today, consider-
ing the relationships between the main families
of NPS and the reported cardiotoxicity in medi-
cal literature. The reported cardiotoxic effects are
based chiefly on the clinical evidences: some
results from in vivo and in vitro studies related
to the mechanistic aspects of neuro- and
cardiotoxicity are however reported, even if
experimental and preclinical studies are still
scarce and not yet conclusive. An up-to-date
guidance on aspects of current management is
also reported.

Epidemiology

NPS have become a global phenomenon, with 119
countries and territories from all regions of the
world having reported one or more NPS. Up to
December 2018, 888 substances have been
reported to the UNODC Early Warning Advisory
(EWA) on NPS by Governments, laboratories,
and partner organizations [3]. At the beginning
of 2020, the number of NPS available on the
online market and surveyed by UNODC,
EMCDDA, and NIDA organizations accounts
approximately 1.050 highly potent and toxic com-
pounds belonging to different chemical families.

NPS can be classified based on their chemical
structure (synthetic cannabinoids, synthetic
cathinones, ketamines, new phenethylamines,
piperazines, tryptamines, synthetic opioids, etc.),
mechanism of action and effects (stimulants, hal-
lucinogenic, anesthetic, dissociative, depressant,
entactogen, etc.) (Table 1). Considering the number
of the seized NPS, the EMCDDA attributes to the
synthetic cannabinoid receptor agonists (SCs)
approximately the 15–51% of the availability on
themarket, the 24–33% to the synthetic cathinones,
and the 17% to the new phenethylamines [11].
Moreover, looking at the clinical effects that have
been reported until December 2019 for NPS, the

Table 1 Summary of the toxic effects of the treated groups of New Psychoactive Substances (NPS)

Chemical class Principal mechanism of toxicity Major toxic effects

Synthetic
cannabinoids

CB1 and CB2 receptors agonists displaying
higher affinity, efficacy and potency
compared to 19-THC

Euphoria, anxiolytic, and antidepressant-like
effects, paranoia, tachycardia, panic,
convulsions, psychosis, visual/auditory
hallucinations, vomiting, and seizures

Synthetic cathinones Sympathomimetic drugs that act on
serotonin, dopamine, and noradreline
pathways

Agitation, restlessness, vertigo, abdominal
pain, paranoia, rhabdomyolysis,
convulsions, and death

Arylcyclohexylamines Dissociative anesthetics that act as 5HT2A
agonist and NMDA receptor antagonist and
show high affinity for opioid receptors

Distort perceptions of sight and sound,
dissociation from the environment and self
without hallucinations

Phenethylamines Serotoninergic receptor agonists that cause
psychedelic effects and inhibit monoamine
reuptake

Hypertension, vomiting, hyperthermia,
convulsions, dissociation, hallucinations,
respiratory deficits, liver and kidney failure,
and death in case of overdose

Piperazines Stimulants that promote the release of
dopamine and noradrenaline and inhibit the
uptake of monoamines

Hyperthermia, convulsions, and kidney
failure; hallucinations and death have been
reported at high doses

Tryptamines 5HT2A receptor agonists and serotonin
reuptake inhibitors

Visual hallucinations, alterations in sensory
perception, depersonalization
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majority are due to stimulants (36%), followed by
synthetic cannabinoid receptor agonists (30%),
hallucinogens (15%), opioids (7%), sedative/hyp-
notics (3%), dissociatives (3%) [11].

The case series relating to NPS intoxications
provide data that are not always easily compara-
ble. With respect to age, for example, the case
series are generally little and homogeneous when
referred to single substance users or to patients
recruited in a single emergency department (ED).
Larger case series, such as that of the NPS intox-
ications collected by the Pavia Poison Center in
Italy in a 10-year period (2010–2019) (Fig. 1),
show that young patients aged between 14 and
24 represent about half of the cases, whereas the
other half concern patients between 25 and
60 years old; only a small percentage is
represented by preteens and teenagers between
10 and 13 years old. Although most of these
patients were discharged after few hours from
the ED, approximately the 25% needed hospital
admission, intensive care monitoring, and treat-
ment; similar percentage is reported in USA [12].

The number of NPS-related severe poisoning
reported has grown parallel to the increasing
number of new synthetized agents. Several out-
breaks verified in USA and EU [13, 14], with

approximately 15% of cases admitted to intensive
care units and some fatal cases.

The challenge to find out a pattern of intoxica-
tion and a compound-related risk, as well as spe-
cific treatment, it is a difficult task due to the
different diffusion across EU/USA, and the highly
dynamic market. Moreover, only few people are
aware of the specific substance that they have
taken, and even rarer is the awareness of the
potential side effects. Moreover, NPS intoxica-
tions are also often associated with the intake of
the “oldest” drugs of abuse (such as THC, alcohol,
cocaine, methamphetamine, MDMA). NPS are
often supplied in a mixture of several agents, and
frequently it is impossible to say which one on the
market is the most powerful and most cardiotoxic.

From a medical point of view, the challenge is
to detect specific or usual pattern of clinical pre-
sentation that may be related to NPS use and treat
the symptoms taking into account the increased
risk of particular feature and of potentially dan-
gerous medicines. Moreover, clinicians should
take part to the early warning activities, reporting
the event and performing laboratory test aiming to
detect the NPS-related intoxications.

This chapter mainly focuses on the cardio-
toxicity aspects of NPS groups representing

0.0%
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10.0%

15.0%

20.0%

25.0%

30.0%

< 10 yo 10-13 yo 14-18 yo 19-24 yo 25-34 yo 35-44 yo >44 yo

Fig. 1 Age distribution of 1.601 cases of NPS intoxications admitted to Italian Hospitals in a 10-year period (2010–2019)
and reported to the Italian National Early Warning System for Drugs of Abuse
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major clinical problems in the emergency setting,
trying to highlight their clinical features, and, if
elucidated, the toxicodynamic correlates. The
groups of NPS treated in this chapter are the
synthetic cannabinoids (Table 2), synthetic
cathinones (Table 3), arylcyclohexylamines
(Table 4), new psychostimulants (comprehending
the subgroups of phenethylamines/amphet-
amines, piperazines, aminoindanes, benzofurans,
piperidines/pyrrolidines) (Table 5), new predomi-
nant hallucinogens phenethylamines (Table 6),
and synthetic tryptamines (Table 7). Other NPS
(not included in this chapter as not “new” or not
expressively cardiotoxic) are the new synthetic
opioids (fentanils and others), plant-based sub-
stances (e.g., Mitragyna speciosa, Salvia
divinorum, Catha edulis), and other substances
(e.g., 1,3-dimethylamylamine, DMAA) [11].
Greater attention is given to cardiovascular dam-
age due to synthetic cannabinoids, because for
this group of compounds the cardiovascular dam-
age is less easily known and understood compared
to that of other groups of NPS. The most common
management and therapeutic approaches are also
reported.

Synthetic Cannabinoids/Synthetic
Cannabinoids Receptor Agonists/CB1r
“Super Agonists”

Synthetic cannabinoids (SCs) or synthetic canna-
binoids receptor agonists (SCRA) began to appear
as drugs of abuse in Europe around the mid-
2000s, initially as products commonly called
“spice.” It was not until 2008 that researchers
discovered that the smoked plant material was
laced with SCs, such as JWH-018 and HU-210
[15]. Since that time, their market has grown
continuously [16], and SCs represent today the
largest group (45%) of NPS monitored by the
European Monitoring Centre for Drugs and Drug
Addiction (Table 2) [11].

SCs containing products are typically sold as
smoking herbal mixtures in metal-foil sachets.
Chemicals are mixed with or after dissolving in
acetone, ethanol, or methanol sprayed onto phar-
macologically inactive vegetable herbs such as

Mellissa, Mentha, Thymus, and Damiana. The
herbal material is then dried, packaged, and sold
in smart shops or on the Internet in various forms,
with fancy and catchy names. Less commonly, they
are sold as bulk powders of high purity, or as liquid
formulations for vaporization in electronic ciga-
rettes [17]. The ingredients listed on the package
are generally incomplete or false and, moreover,
constituents of these products change rapidly in
response to legislative controls, with little consis-
tency between products [18]. Most products con-
tain several SCs in a single preparation, thereby
increasing a risk of overdose and acute intoxica-
tion. Further ingredients include β2-mimetic sub-
stances, which may be responsible for the
sympathomimetic manifestations of “spice” intox-
ication (tachycardia, hypokalemia), and large
amounts of tocopherol (vitamin E), possibly
added in order to prevent detection [17]. The SCs
that have become available in recent years (e.g.,
MDMB-CHMICA that appeared on the EU drug
market in September 2014) are more powerful and
more toxic than those initially placed on the market
as synthetic cannabinoid. Outbreaks due to SCs are
relatively frequent: 721 cases (11 deaths) were, for
example, reported statewide [19].

Consumers of SCs often erroneously consider
taking natural products similar to cannabis, as
they certainly mimic in part the effects of Δ9-
tetrahydrocannabinol (delta-9-THC, Δ9-THC,
THC), a partial CB1 receptor (CB1r) agonist that
is the main psychoactive constituent of cannabis
[20]. However, these synthetic compounds are
very powerful and toxic, with effects that are
different, greater from those of cannabis, and
more prolonged. SCs belong to at least 14 chem-
ically diverse families that have structures
unrelated to THC and different metabolic path-
ways with biotransformation to active metabolites
able to interact with different type of receptors
[16, 21–23]. In fact, in vitro studies have clearly
demonstrated that SCs compounds are CB1r full
agonists with higher potency as compared to THC
[24]. Moreover, the affinity of JWH-018 for the
CB1 receptor is five times as high as that of THC,
while that of AM-694 is 500 times as high [17].

SCs exert a clinical THC-like effect, with alter-
ations of mood, perception, sleep and
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Table 2 Common and chemical name of representative compounds of NPS of the chemical group of SCs (nonexhaustive
list)

Chemical group Common name Chemical name

Naphtoylindoles JWH-018 Naphthalen-1-yl-(1-pentylindol-3-yl)methanone

JWH-073 (1-butyl-1H-indol-3-yl)(naphthalen-1-yl)methanone

JWH-022 1-naphthyl-(1-pent-4-enylindol-3-yl)methanone

JWH-081 (4-methoxy-1-naphthyl)-(1-pentylindol-3-yl)methanone

JWH-200 [1- [2- (4- morpholinyl) ethyl] – 1H- indol-3- yl] – 1- naphthalenyl-
methanone

JWH-122 (4-methyl-1-naphthyl)-(1-pentylindol-3-yl)methanone

JWH-210 (4-ethyl-1-naphthyl)-(1-pentylindol-3-yl)methanone

WIN-55212-2 [(3R) – 2, 3- dihydro- 5- methyl- 3- (4-morpholinylmethyl) pyrrolo[1,
2, 3- de] -1, 4- benzoxazin- 6- yl] – 1- naphthalenylmethanone

AM-2201 [1-(5-fluoropentyl)-1H-indol-3-yl](naphthalen-1-yl)methanone

MAM-2201 [1-(5-fluoropentyl)indol-3-yl]-(4-methyl-1-naphthyl)methanone

UR-144 (1-pentylindol-3-yl)-(2,2,3,3-tetramethylcyclopropyl)methanone

Phenylacethylindoles JWH-250 2-(2-methoxyphenyl)-1-(1-pentyl-1Hindol-3-yl)ethanone

JWH-251 2-(o-tolyl)-1-(1-pentylindol-3-yl)ethanone

JWH-203 2-(2-chlorophenyl)-1-(1-pentyl-1Hindol-3-yl)ethanone

Benzoylindoles WIN-48,098

AM-694 [1-(5-fluoropentyl)-1H-indol-3-yl](2-iodophenyl)methanone

Cyclohexylphenols CP 47497 5-(1,1-Dimethylheptyl)-2-[(1R,3S)-3-hydroxycyclohexyl]-phenol

HU-210 (6aR,10aR)-3-(1,1-dimethylheptyl)-9-(hydroxymethyl)-6,6-
dimethyl-6a,7,10,10atetrahydrobenzo[c]chromen-1-ol

Indole and indazole AB-PINACA N-(1-amino-3-methyl-1-oxobutan-2-yl)-1-pentyl-1H-indazole-3-
carboxamide

ADB-PINACA N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-pentyl-1H-indazole-3-
carboxamide

5F-AB-PINACA N-(1-carbamoyl-2-methyl-propyl)-1-(5-fluoropentyl)indazole-3-
carboxamide

5F-ADB-PINACA N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(5-fluoropentyl)-1H-
indazole-3-carboxamide

AB-FUBINACA N-(1-amino-3-methyl-1-oxobutan-2-yl)-1-(4-fluorobenzyl)-1H-
indazole-3-carboxamide

ADB-FUBINACA N-(1-carbamoyl-2,2-dimethylpropyl)-1-[(4-
fluorophenyl)methyl]indazole-3-carboxamide

ADBICA N-(1-amino-3,3-dimethyl-1-oxobutan-
2-yl)-1-pentyl-1H-indole-3-
carboxamide

5F-ADBICA N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-(5-fluoropentyl)-1H-
indole-3-carboxamide

BB-22 8-Quinolinyl 1-(cyclohexylmethyl)-1Hindole-3-carboxylate

5F-PB-22 (AM-
2201 carboxylate
analogue quinolinyl
derivative)

1- (5- fluoropentyl) – 1H- indole- 3-carboxylic acid 8- quinolinyl ester

AB-CHMINACA N-(1-amino-3-methyl-1-oxobutan-2-yl)-1-(cyclohexylmethyl)-1H-
indazole-3-carboxamide

AMB-CHMICA Methyl 2-[[1-(cyclohexylmethyl)indole-3-carbonyl]amino]-3-methyl-
butanoate

848 C. A. Locatelli et al.



Table 3 Common and chemical name of representative compounds of psychostimulant NPS of the chemical group of
synthetic cathinones (nonexhaustive list)

Chemical group Common name Chemical name

Synthetic cathinones/β-keto (βk)
amphetamines

4-MMC (RS)-1-(4-methylphenyl)-2-
methylaminopropan-1-one

4-EMC 1-(4-ethylphenyl)-2-(methylamino)
propan-1-one

3,4-DMMC 1-(3,4-dimethylphenyl)-2-(methylamino)
propan-1-one

Pentedrone 2-(methylamino)-1-phenylpentan-1-one

Mephedrone 2-(methylamino)-1-phenylpentan-1-one

Methylone (bk-MDMA) 1-(1,3-benzodioxol-5-yl)-2-
(methylamino)propan-1-one

MDPV 3,4-
Methylenedioxypyrovalerone

1-(1,3-benzodioxol-5-yl)-2-pyrrolidin-1-
ylpentan-1-one

α-PVP 1-phenyl-2-pyrrolidin-1-ylpentan-1-one

bk-PMMA 1-(4-methoxyphenyl)-2-(methylamino)
propan-1-one

α-PHiP 4-methyl-1-phenyl-2-pyrrolidin-1-yl-
pentan-1-one

3-MEC 2-(ethylamino)-1-(3-methylphenyl)
propan-1-one

Ephylone 1-(1,3-benzodioxol-5-yl)-2-(ethylamino)
pentan-1-one

N-Ethylheptedrone 2-(ethylamino)-1-phenylheptan-1-one

4-Fluoropentedrone 1-(4-fluorophenyl)-2-(methylamino)
pentan-1-one

N-Butylpentylone 1-(1,3-benzodioxol-5-yl)-2-(butylamino)
pentan-1-one

2-MEC 2-(ethylamino)-1-(2-methylphenyl)
propan-1-one

2-Fluoromethcathinone (2-
FMC)

1-(2-fluorophenyl)-2-(methylamino)
propan-1-one

bk-2C-B 2-amino-1-(4-bromo-2,5-
dimethoxyphenyl)ethanone

2,4-DMEC 1-(2,4-dimethylphenyl)-2-(ethylamino)
propan-1-one

Naphyrone 1-(2-Naphthalenyl)-2-(1-pyrrolidinyl)-1-
pentanone

Pentylone 1-(1,3-benzodioxol-5-yl)-2-
(methylamino)pentan-1-one

MDPHP 1-(1,3-benzodioxol-5-yl)-2-(pyrrolidin-1-
yl)hexan-1-one

3-Methylmethcathinone (3-
MMC)

2-(methylamino)-1-(3-methylphenyl)
propan-1-one

4-MeO-alpha-PVP 1-(4-methoxyphenyl)-2-(pyrrolidin-1-yl)
pentan-1-one

Mexedrone 3-methoxy-2-(methylamino)-1-(4-
methylphenyl)propan-1-one

4-Fluorocathinone 2-amino-1-(4-fluorophenyl)propan-1-one

4F-Buphedrone 1-(4-fluorophenyl)-2-(methylamino)
butan-1-one

(continued)
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wakefulness, body temperature, and cardiovascu-
lar function. Their unwanted side effects, such as
insomnia, memory impairment, headaches, dizzi-
ness, delusions, are more varied and more severe
than those of THC.

The acute toxicity of SCs is not yet well
defined, and clinical experiences confirm that
acute toxic effects mimic sometimes those of
cocaine more than those of cannabis, including
neuro-excitatory manifestations up to convulsions
and serious cardiotoxic effects [25, 26]. CNS and
cardiovascular toxic signs and symptoms are pre-
sent in approximately the 40–45% and 30–35% of
cases, respectively. Clinical effects are frequently
unpredictable due to the variety of SC, inconsis-
tent dosing, and variable potency of individual
compound.

The EDs presentation of SCs-intoxicated
patients may include nausea, vomiting,

hyperemesis, excessive sweating, anxiety, agita-
tion, irritability, paranoia, hallucinations, delirium
and toxic psychosis, aggressive and violent
behavior, cognitive deficits, memory loss, catato-
nia, seizures, coma or central nervous system
depression, central respiratory depression, hyper-
thermia, rhabdomyolysis liver toxicity, and/or
acute kidney failure [27–30]. SCs are usually
undetectable on conventional toxicology testing
in the hospital’s emergency settings.

Signs and symptoms of cardiovascular toxicity
include arrhythmias (bradycardia or tachycardia),
hypotension or hypertension, atrial fibrillation,
prolonged QT-interval, Mobitz type II atrioven-
tricular block, ventricular fibrillation, cardiogenic
shock, myocardial infarction, and/or cardiac
arrest, subarachnoid hemorrhage, ischemic stroke
[31–33]. Tachycardia was reported in 76% of 33
SCs-intoxicated patients in Italy [34]. In a case

Table 3 (continued)

Chemical group Common name Chemical name

Flephedrone (4-FMC) 1-(4-fluorophenyl)-2-(methylamino)
propan-1-one

Butylone (bk-MBDB) 1-(1,3-benzodioxol-5-yl)-2-
(methylamino)butan-1-one

Buphedrone 2-(methylamino)-1-phenylbutan-1-one

3F-α-PVP 1-(3-fluorophenyl)-2-(pyrrolidin-1-yl)
pentan-1-one

4F-α-PHiP 1-(4-fluorophenyl)-4-methyl-2-
pyrrolidin-1-yl-pentan-1-one

4-Fluoroethcathinone (4-FEC) 2-(ethylamino)-1-(4-fluorophenyl)
propan-1-one

4-Ethylethcathinone (4-EEC) 2-(ethylamino)-1-(4-ethylphenyl)propan-
1-one

Table 4 Common and chemical name of representative compounds of dissociative NPS of the chemical group of
arylcyclohexylamines (nonexhaustive list)

Chemical group Common name Chemical name

ketamine keta 2-(2-chlorophenyl)-2-(methylamino)cyclohexanone

MXE, Methoxetamine 2-(ethylamino)-2-(3-methoxyphenyl)cyclohexanone

Deschloroketamine 2-(methylamino)-2-phenylcyclohexanone

Methoxpropamine 2-(3-methoxyphenyl)-2-(propylamino)cyclohexan-1-one

Deschloroketamine 2-(methylamino)-2-phenylcyclohexanone

3-MeO-PCP 1-[1-(3-methoxyphenyl)cyclohexyl]piperidine

4-MeO-PCP 1-[1-(4-methoxyphenyl)cyclohexyl]piperidine

3-MeO-PCE N-ethyl-1-(3-methoxyphenyl)cyclohexanamine

2-fluorodeschloroketamine 2-(2-fluorophenyl)-2-methylamino-cyclohexanone
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Table 5 Representative compounds of NPS with predom-
inant psychostimulants effects belonging the chemical
groups of the new phenethylamines/amphetamines,

piperazines, aminoindanes, bonzofurans, and piperidine/
pyrrolidines (nonexhaustive list)

Chemical group Common name Chemical name

New amphetamine derivatives PMMA 1-(4-methoxyphenyl)-N-methylpropan-2-amine

PMA 1-(4-methoxyphenyl)propan-2-amine

4-FMA 1-(4-fluorophenyl)-N-methylpropan-2-amine

4-CA 1-(4-chlorophenyl)propan-2-amine

2-FA 1-(2-fluorophenyl)propan-2-amine

2-FMA 1-(2-fluorophenyl)-N-methylpropan-2-amine

2-PEA 2-phenylethanamine

DMMA 2-(3,4-dimethoxyphenyl)-Nmethylpropan-2-amine

DMA N,N-dimethyl-1-phenylpropan-2-amine

beta-Me-PEA2 2-phenylpropan-1-amine

phenpromethamine N-methyl-2-phenylpropan-1-amine

piperazines BZP 1-benzylpiperazine

DBZP 1,4-dibenzylpiperazine

pCPP 1-(4-chlorophenyl)-piperazine

mCPP 1-(3-chlorophenyl)-piperazine

2C-B-BZP 1-[(4-bromo-2,5-dimethoxyphenyl)methyl]
piperazine

TFMPP 1-(3-trifluoromethylphenyl)-piperazine

pMeOPP 1-(4-methoxyphenyl)piperazine

pFPP 1-(4-fluorophenyl)piperazine

Aminoindanes 1-Aminoindan 2,3-dihydro-1H-inden-1-amine

2-Aminoindan 2,3-dihydro-1H-inden-2-amine

5-IAI 5-iodo-2,3-dihydro-1H-inden-2-amine

MDAI 6,7-dihydro-5H-indeno[5,6-d][1,3]dioxol-6-amine

MMDAI 5,6-Methylenedioxy-N-methyl-2-aminoindane

MDAT 6,7- Methylenedioxy-2-aminotetralin

N-methyl-2AI N-methyl-2,3-dihydro-1H-inden-2-amine

Benzofurans and benzodifurans or
arylalkylamines

5-APB 5-(2-aminopropyl)benzofuran

5-APDB 1-(2,3-dihydro-1-benzofuran-5-yl)propan-2-amine

5-MAPB 1-(benzofuran-5-yl)-N-methylpropan-2-amine

6-APB 6-(2-aminopropyl)benzofuran

6-APDB 1-(2,3-dihydro-1-benzofuran-6-yl)propan-2-amine

Bromo-Dragonfly 1-(4-bromofuro[2,3-f]benzofuran-8-yl)propan-2-
amine

2C-B-Fly 2-(8-bromo-2,3,6,7-tetrahydrofuro[2,3-f][1]
benzofuran-4-yl)ethanamine

Piperidines/pyrrolidines 2-DPMP 2-(Diphenylmethyl)piperidine

Desoxy-D2PM 2-(Diphenylmethyl)pirrolidine

Ethylphenidate Ethyl phenyl(piperidin-2-yl)acetate

Isopropylphenidate Propan-2-yl phenyl(piperidin-2-yl)acetate

4-F-Methylpenidate
(4F-MPH)

Methyl (4-fluorophenyl)(piperidin-2-yl)acetate
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series of “Bonzai” intoxication in adolescents,
hypotension and bradycardia were reported in
50% and 31.3% of the patients, respectively:
25% of patients needed intensive care admission
[35]. In a case series of 322 SCs-intoxicated
patients, severe vital sign abnormalities were pre-
sent in 28.1%: 12.5% had tachycardia (heart rates
above 140 beats per minute), 5.7% bradycardia
(heart rates of less than 50 beats per minute), 4.2%
patients had hypotension, 1.4% had both severe
tachycardia and severe hypotension, 1.1% had
severe tachycardia and severe hyperthermia, and

0.9% progressed from severe hypertension to
severe hypotension [12, 36]. In another case series
of 119, 2% died and 10% was admitted to ICU:
hypertension (33%) and tachycardia (42%) were
common [19].

SCs severe and fatal poisonings in young peo-
ple are also frequent [29]: the number of deaths
reported in the medical literature appears to be
increasing and mostly related to the use of the
most recent and powerful SCs, such as 5F-ADB/
FUB-AMB, 5F-PB-22, and AB-CHMINACA
[19, 37, 38].

Table 6 Representative compounds of predominant hallucinogen NPS belonging the agents-substituted
phenethylamines subgroups (nonexhaustive list)

Chemical group
Common
name Chemical name

2C agents-substituted 2C-T-2 2-[4-(ethylsulfanyl)-2,5-dimethoxyphenyl]ethanamine

2C-P 2,5-dimethoxy-4-propyl-benzeneethanamine

2C-I 2-(4-iodo-2,5-dimethoxyphenyl)ethanamine

4C-D 1-(2,5-dimethoxy-4-methylphenyl)butan-2-amine

2C-D 2-(2,5-dimethoxy-4-methylphenyl)ethanamine

2C-H 2,5-Dimethoxyphenethylamine

2C-B 4-Bromo-2,5-dimethoxyphenethylamine

2C-E 2,5-Dimethoxy-4-ethylphenethylamine

2C-N 2,5-Dimethoxy-4-nitrophenethylamine

2C-G 2-(2,5-Dimethoxy-3,4-dimethylphenyl)ethanamine

2D agents-substituted DOI 1-(4-iodo-2,5-dimethoxyphenyl)-propan-2-amine

DOC 1-(4-chloro-2,5-dimethoxyphenyl)-propan-2-amine

DOB 1-(4-bromo-2,5-dimethoxyphenyl)propan-2-amine

DOM 2,5-Dimethoxy-4-methylamphetamine

DOF 4-fluoro-2,5-dimethoxy-α-methyl-benzeneethanamine

NBOMe agents-
substituted

25H-
NBOMe

1-(2,5-dimethoxyphenyl)-N-[(2- methoxyphenyl)methyl]ethanamine

25I-NBOMe 4-Iodo-2,5-dimethoxy-N-(2- methoxybenzyl)phenethylamine

25B-
NBOMe

2-(4-bromo-2,5-dimethoxyphenyl)-N-[(2- methoxyphenyl)methyl]
ethanamine

25E-
NBOMe

2-(2,5-dimethoxy-4-ethylphenyl)-N-(2- methoxybenzyl)ethanamine

25N-
NBOMe

2-(2,5-Dimethoxy-4-nitrophenyl)-N-(2- methoxybenzyl)ethanamine

25G-
NBOMe

2-(2,5-Dimethoxy-3,4-dimethylphenyl)-N-(2-methoxybenzyl)
ethanamine

25D-
NBOMe

2-(2,5-dimethoxy-4-methylphenyl)-N-(2-methoxybenzyl)ethanamine

25C-
NBOMe

2-(4-chloro-2,5-dimethoxyphenyl)-N-(2-methoxybenzyl)ethanamine

25I-
NB4OMe

2-(4-iodo-2,5-dimethoxyphenyl)-N-(4-methoxybenzyl)ethanamine

30C-
NBOMe

4-Chloro-2,5-dimethoxy-N-[(3,4,5-trimethoxyphenyl)methyl]-
benzeneethanamine
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Cardiotoxic effects are reported also in experi-
mental studies. Administration of high doses of the
SCs AKB48 ([APINACA, N-(1-adamantyl)-1-pen-
tyl-1H-indazole-3-carboxamide]) in rats, for exam-
ple, induces bradycardia, mild bradypnea and SpO2

reduction [39]. Hypothermia and bradycardia
induced in rats by the third generation SCs AB-
FUBINACA and AB-PINACA can be reversed by
pretreatment with a CB1 antagonist [40].

SCs compounds originate from different
molecular families with different receptor affinity
and toxicological potency. It is therefore possible,
for example, that SCs with adamantane moieties
have higher potency at target receptors causing
myocardial infarction and cardiac arrest more fre-
quently than other SCs group [41].

Myocardial ischemia/infarction (MI) has been
reported both in adult [42] and in young healthy
patients associated with SCs that have higher bind-
ing affinity for CB1r (e.g., JWH-018, JWH-073,
PB-22, AMBFUBINACA) [43]. Three teenagers
presented separately to an ED complaining chest

pain within days after the smoking a SC namedK2,
together with ST-elevation electrocardiogram
changes, elevated troponin levels, and normal cor-
onary angiography [44]. Similar acute effects were
reported in a 17-year-old adolescent boy after
smoking the SC named K9, with analytical confir-
mation of the two causing synthetic cannabinoids
(JWH-018 and JWH-073) [45]. Even if MI is
exceedingly rare in the pediatric population; how-
ever, drugs of abuse such as marijuana have led to
MI, ventricular tachycardia and fibrillation, and
sudden death in adolescents and adult who had
normal coronary arteries [46–50]. The risk of MI
is postulated to increase 4.8 times in the first hour
after marijuana use. On the other hand, it is well
known that marijuana (as THC) at low or moderate
doses has pathophysiological effects on the cardio-
vascular system mediated both by stimulation of
the sympathetic nervous system through release of
norepinephrine and by parasympathetic blockade
[51]. This result is an increase of cardiac output by
as much as 30% [52] and a rapid dose-dependent

Table 7 Representative compounds of hallucinogen NPS belonging the chemical groups of synthetic tryptamines
(nonexhaustive list)

Chemical group Common name Chemical name

Synthetic
tryptamines

AMT 1-(1H-indol-3-yl)propan-2-amine

5-IT, 5-API 1-(1H-indol-5-yl)propan-2-amine

5-APDI 1-(2,3-Dihydro-1H-inden-5-yl)-2-propanamine

4-AcO-DPT 4-Acetoxy-N,N-dipropyltryptamine

5-MeO-DPT 5-Methoxy-N,N-dipropyltryptamine

4-AcO-DMT 4-Acetoxy-N,N-dimethyltryptamine

4-AcO-DALT 4-Acetoxy-N,N-diallyltryptamine

5-MeO-AMT 5-Methoxy-a-methyltryptamine

5-MeO-DMT 5-Metossi-N,N-dimethyltryptamine

4-AcO-DET 3-[2-(diethylamino)ethyl]-1H-indol-4-yl] acetate

4-HO-MET 3-[2-[ethyl(methyl)amino]ethyl]-1H-indol-4-ol

4-AcO-MET 3-{2-[ethyl(methyl)amino]ethyl}-1H-indol-4-yl acetate

4-AcO-MPT 3-(2-[methyl(propyl)amino]ethyl)-1H-indol-4-yl acetate

MIPT N-[2-(1H-indol-3-yl)ethyl]-N-methylpropan-2-amine

DMT 2-(1H-indol-3-yl)-N,N-dimethylethanamine

5-MeO-
tryptamine

2-(5-methoxy-1H-indol-3-yl)ethanamine

DALT N-[2-(1H-indol-3-yl)ethyl]-N-(prop-2-en-1-yl)prop-2-en-1-amine

4-AcO-DALT 3-{2-[di(prop-2-en-1-yl)amino]ethyl}-1H-indol-4-yl acetate

5-Meo-DALT N-[2-(5-methoxy-1H-indol-3-yl)ethyl]-N-(prop-2-en-1-yl)prop-2-en-1-
amine

DPT N-[2-(1H-indol-3-yl)ethyl]-N-propylpropan-1-amine
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increase of the heart rate (and related oxygen
demands) from 20% to 100% lasting up to 3 h
[46, 49, 50, 53, 54]. At higher doses, THC can
result in increased parasympathetic activity, lead-
ing to hypotension and bradycardia that can lead to
decreased coronary perfusion pressure, possibly
further contributing to myocardial ischemia [55].
Cardiac tamponade was also reported [56].

Likewise to the cardiotoxic effects, the CB1r
stimulating substances (marijuana and SCs) are
responsible of other vascular effect due to vaso-
constriction such as in cases of transient ischemic
events and strokes [57–60], even in young popu-
lation (range 15–63). A recent review [61] reports
98 patients described in the literature as having a
cannabinoids-related stroke (85 after cannabis use
and 13 after SCs). The type of stroke was ischemic
stroke and/or a transient ischemic attack, hemor-
rhagic stroke, or undetermined type of stroke in
85, 9, and 4 patients, respectively. Even if the
prognosis was globally favorable (no or few
sequelae) in 46% of cases, 5 patients died after
the neurovascular event. The reversible cerebral
vasoconstriction triggered by cannabinoids use
may be a convincing mechanism of stroke in
27% of cases, even if a cellular effect of cannabis
on brain mitochondria, the generation of reactive
oxygen species leading to an oxidative stress, and
a genetic predisposition to their neurovascular
toxicity can be involved too. The author suggests
obtaining a noninvasive intracranial arterial inves-
tigation (i.e., CT-angiography or cerebral MRA)
in order to search for cerebral vasoconstriction.

An additional important effect associated to the
SCs use, and possibly related also to acute coro-
nary syndrome and stroke, is represented by the
thromboembolic events involving both venous
and arterial vessels, suggesting activation of coag-
ulation or inflammatory pathways [62].

Prospective studies of cannabis users demon-
strated increased risks of psychosis or psychotic
symptoms [63] with odds ratios ranging from 1.77
to 10.9. SCs have a great potential for inducing
psychosis, and users (both frequent or even short
or occasional user) can manifest delirium and
persistent psychotic effects up to more than 40%
of cases [12, 60]. These effects may be related to
(i) the lack of cannabidiol normally present in

cannabis (for which evidence suggests provides
antipsychotic properties) [64, 65], and (ii) the
potent agonist actions of SCs at CB1r that can
de-regulate the function of DA, 5-HT, and Glu
systems implicated in schizophrenia and psycho-
sis. Furthermore, some SCBs might exhibit phar-
macologically relevant affinity for psychosis-
associated receptors, including D2, 5-HT2A, or
NMDA [66]. The recent emerging class of “ultra-
potent” SCs, such as AMB-FUBINACA (also
known as MMB-FUBINACA or FUB-AMB),
caused strong depressant effects that account for
the “zombielike” behavior reported in mass intox-
ication [67]. In another case series of 39 patients,
the third generation SCs AB-CHMINACA and
MDMB-CHMICA resulted are associated with
severe neuropsychiatric symptoms such as CNS-
depression (61%), disorientation (45%), general-
ized seizures (27%), combativeness (18%), and
extreme agitation (16%) [68].

Symptomatic (i.e., benzodiazepines, antipsy-
chotics, anticonvulsant) and/or intensive (i.e., neu-
romuscular blockers, mechanical ventilation,
vasopressors) andmechanical ventilation treatments
for the wide range of SCs toxic effects are needed in
approximately 60% of patients presenting in EDs
[42]. A 24–48 h ECG and cardiac enzymes moni-
toring is mandatory if patients present to EDs after
use of SCs with cardiac signs/symptoms.

Synthetic Cathinones (b-keto
Amphetamines)

Synthetic cathinones (SCath) are, by number of
compounds under EMCDDA control, the second
largest group of NPS abused in the EU (25–33%).
They became widespread in early 2009, leading to
legislative classification throughout Europe in 2010
and the United States in 2011. The SCath differs
from other amphetamines in that they have a ketone
functional group [5]. All the synthetic cathinones
are derivatives of cathinone, a naturally occurring
stimulant found in the leaves of khat plant (Catha
edulis), the leaves of which are chewed in certain
communities for their stimulant effects.

Available in tablets, capsules, powder/crystal
that are insufflated (snorted), ingested, or injected
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by users seeking psychostimulant effects similar
to cocaine, ecstasy (MDMA), or other amphet-
amines [69]. They are generally falsely sold on
the web market as “bath salts” or “plant fertil-
izers” [1], even if they can be co-component of
ecstasy or other psychostimulant NPS [70]. More
than 150 synthetic cathinones are available on the
web market: the most representatives (such as
MDPV, mephedrone, methylone, butylone, and
a-PVP) are reported in Table 3.

In vivo and in vitro studies have demonstrated
that the pharmacodynamic profile of cathinones is
similar to that of other psychomotor stimulants
[71]. All the SChat show high blood-brain barrier
permeability in in vitro models, with mephedrone
and MDPV that have particularly high permeabil-
ity. The synthetic cathinones exert their action by
increasing extracellular levels of norepinephrine
(NE), dopamine (DA), and serotonin (5-HT) [72,
73]. All the synthetic cathinones are potent NE
reuptake inhibitors, but they can differ in their DA
and 5-HT transporter inhibition profiles and
monoamine release effects. Some of them (e.g.,
mephedrone, methylone, ethylone, butylone, and
naphyrone) act as nonselective monoamine reup-
take inhibitors, like cocaine, and induce the
release of 5-HT like ecstasy (MDMA) and other
entactogens. Some other (e.g., methcathinone and
flephedrone) are preferential DA and NE uptake
inhibitors and induce the release of DA like
amphetamine and methamphetamine. Moreover,
pyrovalerone and MDPV are highly potent and
selective DA and NE transporter inhibitors but,
unlike amphetamines, did not cause release of
monoamines. In cases of acute intoxication, how-
ever, it is difficult to distinguish these differences.
Moreover, the relevant action of all cathinones on
the DA transporter can be probably associated
with a considerable risk of addiction.

The users report euphoria, increased energy,
loquacity, a subjective need to move and act,
lightening of mood, empathy, openness, sexual
stimulation, and increased libido.

The toxic effects of synthetic cathinones are
cardiovascular, neurological, and psychiatric and
are frequently indistinguishable from the acute
effects of MDMA or cocaine [74–76]. The psy-
chotic manifestations of SCath use often consist

of paranoia with auditory and visual hallucina-
tions, which can persist for up to 4 weeks and
take a more severe course than with other
amphetamines. Several cases of SCath intoxica-
tion with psychotic symptoms are related to
MDPV [77].

Intoxication is clinically characterized by sym-
pathomimetic effects, delirium, and serotonin
syndrome. Clinical features included anxiety,
impaired concentration and memory, confusion,
agitation, restlessness, paranoia, associated to
nausea, vertigo, abdominal pain, irritation of the
nasal mucosa, headache, convulsions, hyperther-
mia (up to 41.5 �C), metabolic acidosis, elevated
creatine kinase (CK) level and muscle damage,
rhabdomyolysis, palpitations, tachycardia, hyper-
tension, chest pain, ST-segment changes, breath-
lessness, peripheral vasoconstriction, mydriasis,
reduced level of consciousness, syncope, myocar-
ditis, cardiac arrest [17]. Symptoms may persist
for 24–48 h in 45% of cases, and neurological and
cardiovascular symptoms can be long-lasting.
There have been several reports of serious toxicity
associated with synthetic cathinones, including
many fatalities in EU, USA, and Japan: cardiac
ischemia and heart failure can be the most plausi-
ble cause of death [5, 78–80]. Cardiac toxicity and
death have been reported also to be related to the
triggering effect of synthetic cathinones on tor-
sade de pointes due to QT prolongation [81].
Severe reversible cardiomyopathy has been
reported following use of a “bath salt” compound
containing mephedrone and MDPV [82–84].

Synthetic cathinones can be detected in serum
for 15–48 h after use [85]: no specific antidotes are
available for the treatment of these intoxications.

Ketamine and Ketamine Derivatives
(Arycyclohexylamines)

The dissociative narcotic and anesthetic drug
ketamine (KET), frequently used as NPS, is struc-
turally and toxicologically similar to the new NPS
compound methoxetamine (MXE) and to phency-
clidine (PCP). Several other arycyclohexylamines
are available for abuse on the web market
(Table 4).
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The users develop multimodal hallucinations,
floating sensations, paranoia, dissociation, night-
mares, reduction or loss of motor activity, changes
in sexual and musical perceptions. Tolerance,
dependence, flashbacks, and withdrawal symp-
toms are commonly reported.

The pharmacology of KET and derivatives is
not completely understood. CNS effects are the
result of complex dose- and time-dependent inter-
actions on many types of receptors on which these
substances exert agonist (glutamate, acetylcho-
line) or antagonist (NMDA) effects, direct or indi-
rect (e.g., dis-inhibition of glutamatergic activity,
activation of dopamine transmission, 5-HT
release), which can also be different in different
brain areas. Several toxic effects are reported also
on bladder, kidney, adrenal gland, pancreas, and
intestinal tract. On the other hand, ketamine is
relatively safe on the hearth of children and in
elderly, both of whom are more vulnerable to
cardiovascular effects. Ketamine is used for
short-term surgery in humans and animals; car-
diac alterations and increase in hearth rate and
blood pressure have been documented following
administration of KET during anesthesia proce-
dures [86, 87]. In acute ketamine recreational use,
the heart risk is considered minimal if ketamine is
not taken together with sympathomimetic agents.
Animal studies, however, would show that 10% of
mice chronically treated with ketamine undergo
dilatation of the heart with cell hypertrophy and
lytic and coagulative necrosis, as well as ischemic
damage with depression of the ST tract to the
ECG and increase in troponin I blood levels
[88]. Similarly, a significant increase in basal sys-
tolic and diastolic blood pressure by ketamine and
methoxetamine was recently reported in mice,
with the longer-lasting effects for MXE [89].

MXE acts through blockade of the NMDA
receptor and dopamine reuptake: other mechanisms
not fully elucidated are the agonist effect on D2

dopaminergic receptors and the interaction with
serotonergic 5-HT2 receptors, opioids (μ, ĸ) recep-
tors, σ receptors, and muscarinic cholinergic recep-
tors [90].

KET and MXE recreational use causes eupho-
ria, increased empathy, intensified sensory expe-
riences, distortion of the sense of reality and of

time, vivid and persistent visual hallucinations,
paranoia, and anxiety. These are associated with
effects (sometimes called “not sought”) such as
sensory deprivation, derealization, and dissocia-
tion (generally described as “near-death experi-
ence”) [91].

KET and MXE are the most frequent NPS
involved in severe intoxication in several coun-
tries [92]. They have relevant psychotropic effects
and their use cause severe psychiatric diseases.
Intoxication is characterized by hallucinations,
agitation, violent behavior, severe psychomotor
agitation, paranoia, catatonia, respiratory depres-
sion and tachycardia, hypertension, palpitations,
and chest pain [92–99]. Other signs and symp-
toms are mydriasis, nausea, vomiting, diarrhea,
serious mental confusion, dizziness, aphasia, syn-
esthesia [100].

Cardiac alterations have been long
documented also after use of MXE, PCP, and
other NMDA receptor antagonists, such as the
methoxylated-PCP analogs 3-MeO-PCP and 4-
MeO-PCP [101]. The MXE-related more power-
ful and long-lasting alterations in cardiorespira-
tory functions have important clinical
implications while managing intoxication cases
presenting at emergency departments.

Isolated reports describe also withdrawal-like
symptoms such as insomnia, deflection of mood,
and postintake depressive states. The treatment in
EDs is based on rapid benzodiazepine administra-
tion and all the specified symptomatic treatments.

NPS Psychostimulants

All the NPS psychostimulant inhibit, even if in
different degree related to the specific compound,
the monoamine reuptake increasing the quantity
of noradrenaline, dopamine, and serotonin in the
synaptic cleft leading to sympathomimetic effects
that are responsible for most of the cardiotoxic
effects. The NPS with dominant psychostimulant
effects, also called “entactogens,” are generally
sold on the market as “party pills” that enhance
feelings of empathy, and emotional closeness to
others. Most of them are the novel substitutes of
the old drug of abuse ecstasy (MDMA).
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Adverse reaction may vary between each class
ad each compound: agitation and euphoria are
common feature after use of all these substances.
The cardiovascular effects include tachycardia,
hypertension, vasoconstriction of coronary arter-
ies, chest pain caused by an increase in oxygen
demand, and thrombosis due to platelet activation.
This could lead to increased risk of myocardial
infarction, stroke, and upon prolonged abuse,
dilated cardiomyopathy. The effect on serotonin
neurotransmission can also be substantial and
hyperthermia and dehydration are observed.
Acute coronary syndrome from abuse has been
described in case reports, and fatal outcomes have
been described [102].

Phenethylamines-derived compounds compre-
hend a vast number of NPS (new amphetamine
derivatives, piperazines, tryptamines, pipradrols/
piperidines, aminoindanes, benzofurans, and
others) that have dominant psychostimulant and/
or hallucinogenic effects, in part predictable based
on their chemical structure (Table 5). However, if
from the chemical point of view it is quite simple
to classify these molecules, from the clinical point
of view it is very difficult to identify the involved
compound based only on the signs and symptoms,
both for the different individual response to each
agent, and for the modification of the effects with
the increase of the taken dose. Moreover, most
compounds have a combination of such effects.

The treatment also is similar to that of amphet-
amines or cocaine overdose. In cases of acute
myocardial infarction, the initial treatment should
be with benzodiazepines eventually associated
with nitrates. On the other hand, β-blockers
should be avoided, because β-blockade will
potentially leave α1-receptors unopposed
resulting in more severe coronary spasm, or arte-
rial blood pressure increase. Concerning the
sodium channel blockage, in case of QRS widen-
ing and consequent risk of dysrhythmias, sodium
bicarbonate, or hypertonic saline should be used
as the first-line treatment [103].

Serotonin toxicity (CNS activation, autonomic
dysregulation, and neuromuscular impairment)
could also be present as a lot of compounds
share serotoninergic properties. A syndrome of
inappropriate antidiuretic hormone secretion

(SIADH) resulting in hyponatremia has been
also described [104, 105]. Extensive cooling is
needed in case of hyperthermia, whereas first
line treatment of serotoninergic symptoms is ben-
zodiazepines, followed by cyproheptadine, a first-
generation antihistamine with antiserotoninergic
properties.

Synthetic Amphetamine Derivatives

This first group of phenethylamines (such as
PMMA, PMA, 4-FMA, 4-CA, 4-FA, 2-FA, 2-
FMA, DMA, DMMA, 2-PEA) show clinical
effects almost completely superimposable to
those of the classic amphetamines [106]. The
intoxicated patients presenting to the ED with
toxicity from this group of compound present
agitation, severe tachycardia and hypertension,
elevated heart and respiratory rate, mydriasis,
hallucinations, severe limb ischemia, seizures,
liver and renal failure have been reported, with
toxicity seemingly dose related. PMA, PMMA,
and 4-MTA (paramethoxyamphetamine, para-
methoxymethamphetamine, and 4-methyltrioam-
phetamine, respectively) intoxicated patients
present frequently convulsions, sudden collapse,
severe hyperthermia, and death due to cardiac
arrest and/or multiple organ failure [106–109]. In
a series of 22 PMA intoxicated patients, tachycar-
dia was reported in 64%, hyperthermia in 36%,
and seizures in 34% of the patients: QT prolonga-
tions were also reported [110]. A high number of
fatalities are reported in PMA and PMMA users.

Potential mechanisms of acute cardiac syn-
drome following amphetamine analogues and
derivative use are multifactorial, and include
epicardial and microvascular coronary artery vaso-
spasm, catecholamine-mediated platelet aggrega-
tion and thrombus formation, accelerated
atherosclerotic plaque formation and rupture,
increased myocardial oxygen demand, and direct
myocardial toxicity. Coronary artery disease and
coronary thrombosis can be present in some
patients with acute coronary syndrome following
use of amphetamine derivatives. Dilated cardiomy-
opathy, reverse (or inverted) Takotsubo cardiomy-
opathy, direct myocardial damage, myonecrosis,
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mitochondrial derangement, enlargement of sarco-
plasmic reticulum, apoptosis, oxidative stress from
accumulation of reactive oxygen and nitrogen spe-
cies, cardiac remodeling with subsequent hypertro-
phy and fibrosis have been well-documented in
prolonged amphetamine, methamphetamine, and
analogues derivatives abuse [111].

A case series of 33 intoxicated patients with 4-
FA (4-fluoroamphetamine) showed that eight had
important complications, including two deaths,
four cerebral hemorrhages, two instances of
Takotsubo’s cardiomyopathy, one myocardial
infarction, and one acute heart failure [112].

Piperazines

Piperazines (1-benzylpiperazines and 1-
phenylpiperazines) are synthetic compound
developed as antihelminthic agents and later eval-
uated as antidepressant. Due to amphetamine-like
effects, they have not been further developed:
there are, however, nonstimulant piperazine com-
poundswith legitimatemedicinal uses, for example,
cyclizine (1-diphenyl-methyl-4-methylpiperazine)
and precursors of trazodone.

The lead compoundN-benzylpiperazine (BZP)
enhances the release of dopamine and norepi-
nephrine and inhibits the uptake of dopamine,
norepinephrine, and serotonin, increasing activa-
tion of both central and peripheral α- and β-adren-
ergic postsynaptic receptors. Although
structurally similar to amphetamine, it is reported
to have only one-tenth the potency [113]: a mix of
different piperazine is often sold as “ecstasy”
[114]. BZP has primarily dopaminergic and nor-
adrenergic action, while TFMPP (tri-
fluoromethylphenylpiperazine) has a more direct
serotonin agonist activity.

High doses of BZP are usually associated with a
sympathomimetic toxidrome and paranoid psycho-
sis: palpitations, tachycardia, agitation, anxiety, con-
fusion, dizziness, headache, tremor, mydriasis,
insomnia, urine retention, and vomiting. Seizures
are induced in some patients even at low doses.
Severe multiorgan failure, QT prolongation, hallu-
cinations, and metabolic acidosis have been
reported, though fatalities from the confirmed sole

use of 1-BZP have not been reported, although the
combination ofMDMA and BZP has been linked to
fatalities in Sweden and Switzerland [5, 115]. A case
series of 178 patients admitted to EDs had long-
lasting (more than 24 h) effects, comprehending
extreme hyperthermia (> 40 �C) and multiorgan
failure, palpitations, tachycardia, seizures, metabolic
acidosis, and hyponatremia [116].

Benzofurans and Benzodifurans
(Fly Drugs)

Benzofurans (APB, APDB) are structurally consid-
ered analogues of phenethylamines, and they can be
defined as deoxygenated derivatives of MDA
(methylenedioxyamphetamine) (Table 5). 6-APB
(street name “benzofury”) appeared on the web
market from 2010, sold as synthesized research
chemical in form of pressed plant material (“pel-
lets”), gel, or powder. “Benzofury” product taken
more frequently by ingestion or sniffing resulted
contains also 2-DPMP, 5-APB, and caffeine.

Some APB derivatives (e.g., 6-APB and 4-
APB) were described in a 2006 patent relating to
a series of compounds with agonist action on 5-
HT2C receptors, potentially usable in treatment of
disorders related to the decrease in the serotonin
neurotransmission [117]. However, the pharma-
codynamic properties are not well studied, espe-
cially for the benzodifurans bromo-dragonfly and
2C-B-Fly: they are likely to act as catecholamine
releasing or re-uptake inhibiting agents. In animal
studies, bromo-dragonfly and 2C-B-Fly are potent
5HT2A agonists, but they are also both 5HT2B and
5HT2C agonists. Bromo-dragonfly have more
potent hallucinogenic properties [118].

According to users, the effects of using 6-APB
are similar to, but much more intense, than those
resulting from taking MDMA and arise quickly
after oral intake (within 30 min) reaching the
maximum of intensity in about 2–3 h. In some
case hallucinogenic effects last 2–3 days, and the
come down phase lasts from 4 h up to 72 h.

Acute intoxication manifest with severe psy-
chomotor agitation, violent attitude, prolonged
sympathomimetic effect on the heart (severe
tachycardia, hypertension), hyperthermia,
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rhabdomyolysis, pronounced mydriasis, gastroin-
testinal symptoms (nausea and vomiting), audi-
tory/visual hallucinations, and sensory
disturbances and convulsions [119]. Several
death and severe peripheral vasoconstriction are
described in patients with bromo-dragonfly intox-
ication in US and EU [120–122]. Deaths appar-
ently result from severe and prolonged arteriolar
vasoconstriction mediated by very potent
agonism at 5-HT2 and α-adreno-receptors, which
may persist for days. It has been suggested that
cases of sudden death may be due to coronary
arterial vasoconstriction.

Large doses of benzodiazepines, nitrates,
nitroprusside, calcium-channel blocker have
been used to counteract neuropsychiatric and car-
diovascular sign and symptoms: vasodilators are
needed to control the severe vasospasm.

New Hallucinogen Phenethylamine-
Derived Drugs (Agents-Substituted
Phenethylamines Subgroups)

The phenethylamines are a large family of mono-
amine alkaloids that includes also the old drugs of
abuse amphetamine, methamphetamine and
MDMA. Most phenethylamines have stimulant
properties, although “designer” substitutions have
created substances with additional or alternative
psychoactive properties such as double potency
and prolonged effects (e.g., D-series ring
substituted) due to the resistance to the breakdown
enzymes. Depending on the modification, such as
extension of either the side chain or amino group
substitutions or aromatic ring substitution, stimu-
lant or hallucinogenic properties are conferred to
the new compounds. The principal substituted
phenethylamines subgroups are the 2C agents, the
2D agents, and the NBOMe agents (Table 6). In
Europe, the EMCDDA has reported an increase in
the consumption of phenethylamines associated
with serious health risks, including cases of death
and severe acute poisoning.

2C Agents
Phenethylamines of the 2C-series are a large
group of chemicals characterized by methoxy

groups at positions 2 and 5 of the benzene ring.
The 2C-serie agents have affinity for 5-HT2 recep-
tors and alpha-adrenergic receptors [123]. They
have a prevalent effect of inhibition of mono-
amine reuptake (mainly serotonin and noradrena-
line) and can exert also important postsynaptic
direct effects [124]. These compounds can carry
out agonist or antagonist activity in relation to the
specific receptor subtypes involved [123, 125, 126].

Compounds with different substituents in posi-
tion 4 of the benzene ring are part of the 2C series:
ethyl group for 2C-E, bromine for 2C-B (2,5-
dimethoxy-4-bromophenethylamine), iodine for
2C-I.

Clinically the 2C series are primarily stimulant
at lower doses (e.g., 10 mg for 2C-B), but doses of
more than 10 mg tend to be psychoactive with
hallucinogenic and entactogenic effects, while
doses of 30 mg or more may cause intense hallu-
cinations or psychosis. Deaths have been associ-
ated with the 2C-series agents.

The psychedelic phenylethylamine derivative
2C-B was used in the 1990s also in psychothera-
peutic field; it is currently being sold as a substi-
tute for substances similar to MDMA. 2C-B is a
partial agonist on the serotonin receptor subtypes
5-HT2A, 5-HT2B, and 5-HT2C. It has been
reported that 2C-B induces mild psychedelic
effects, although its acute pharmacological effects
and pharmacokinetics have not yet been fully
studied in humans. Acute administration of 2C-B
in 16 healthy, experienced drug users (oral dose of
10, 15, or 20 mg) increased blood pressure and
heart rate and induced a constellation of psyche-
delic/psychostimulant-like effects like those asso-
ciated with serotonin-acting drugs [127]. Acute
intoxications are characterized by vomiting, sei-
zures, coma, mydriasis, tachypnea, hypertension,
tachycardia, metabolic acidosis.

2C-E agents are sold as “mescaline” for their
predominant hallucinatory effects. The 2C-E
agents are synthetic phenethylamines, which
exhibits characteristics similar to other 2C-series
phenethylamines, such as 2C-B. Intoxicated
patients present with delirium, hallucinations,
psychomotor agitation, euphoria, paranoid delu-
sions, persistent acute psychosis, violent attitude,
hyperactivity (sometimes defined as “excited
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delirium syndrome”) [128–130], hyperthermia,
potentiation and distortion of sensations (tactile,
auditory and olfactory), nausea, vomiting, tachy-
cardia, hypertension, hypoxia, tachypnea, and
convulsions. A lethal toxic leukoencephalopathy
related to assumption of 2C-E compounds has
also been described in a psychiatric patient
[131]. 2-CE fatalities have been reported [132].

Similarly, 2C-I acute intoxication is character-
ized by tachycardia, severe systolic hypertension
(greater than 220–235 mmHg), hyperthermia,
severe psychomotor agitation, seizures, spontane-
ous clone, hypertonia, muscle stiffness, delirium,
coma, and reduction of oxygen saturation [133].
Some symptoms are compatible with severe sero-
tonin syndrome, and in these cases benzodiaze-
pines, fentanyl, phenobarbital, cyproheptadine,
propofol Intubation, and assisted ventilation can
be needed [134]. Some cases of intoxication have
had lethal outcome.

2D Agents
The 2D-series or D-series (e.g., DOI, DOC, DOB,
DOM, DOF) are dimethoxy amphetamine charac-
terized by methoxy ring substitution at the 2 and 5
position of the aromatic ring with varying addi-
tional substitution of hydrophobic moieties at the
4 position.

The 2D-serie agents are potent 5-HT2 receptors
agonists, and full agonist at 5-HT2A and 5-HT2C

subtypes, producing potent hallucinogenic
effects, prolonged vasoconstriction and dopami-
nergic agonism [135, 136].

Potent hallucinogenic effects, extreme dyspho-
ria, sensation of limb and generalized body pain,
agitation, vomiting are the user’s reported effects.
In cases of intoxication, the potent hallucinogenic
effect can last more than 24 h, accompanied by
vasospasm in upper and lower extremities, hyper-
tension, convulsion, tachycardia, mydriasis, and
coma [137, 138]. The treatment requires phentol-
amine and/or nitroprusside administration: fatali-
ties are reported.

NBOMe Agents
25-NBOMe series (firstly synthesized in 2003 as
activators of the 5-HT2A serotonin receptors) have
been available since at least 2012 in the abuse
market, where they are sold as “blotter,” “trip,”

“smiles,” “N-bomb,” “LSD,” “new LSD,” “syn-
thetic LSD,” “synthetic speed,” “25 L,” “25B,”
“25C” or with other slang terms.

Tens of NBOMe are reported today in the
EMCDDA database. They are very powerful
compounds, at least as much as LSD: the effects
(reported by users) last from 3 to 13 h, and about
100–250 μg (with reference to 2C-NBOMe: dif-
ferent data are possible for the other NBOMe) are
sufficient to cause significative effects.

Acute NBOMe intoxications are characterized
by important and prolonged hallucinations, vio-
lent agitation, mental confusion, a state of great
concern with anxiety, and self-injurious gestures:
accompanying symptoms are mydriasis, tachycar-
dia, hypertension, hyperthermia, sweating, hyper-
reflexia, muscle hypertonicity, convulsions,
rhabdomyolysis, and kidney damage (partly
attributable to powerful serotonergic stimulation).

The initial therapeutic approach of these cases
of intoxication is in fact precisely aimed at the
important and rapid sedation of the patient to
prevent other damage from being caused; in fact,
often these patients come to the observation of
emergency medical services following (uncon-
scious) gestures of self-harm.

Several dozens of cases of severe and lethal
intoxication are reported to date in the medical
literature: the lethality turns out to be 15% of the
reported cases, and the need of ICU admission
40% of the cases [139]. The presence of halluci-
nations, self-injurious gestures, state of severe
agitation is the most evident clinical feature of
NBOMe intoxications. On the other hand, most
cases of serious injury and death in NBOMe-
series intoxicated patients are due to self-injurious
acts and/or reckless gestures (e.g., throwing them-
selves thinking of flying) in people who lose con-
trol of themselves: the cardiovascular lethal
accidents are not sufficiently demonstrated.

Synthetic Tryptamines
Serotonin (5-hydroxytryptamine,5-HT) and mel-
atonin are naturally occurring tryptamines in
humans. The natural occurring tryptamines and
ergolines have been used for centuries as psycho-
active substance from ayahuasca (DMT, dimeth-
yltryptamine), mushrooms (psylocibin, psilocin),
plants (e.g., ergine, mytragynine), whereas LSD
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(lysergic acid diethylamide) is perhaps the best
know synthetic tryptamine and one of the most
potent hallucinogens. The new synthetic trypt-
amines (e.g., 5-MeO-AMT, 5-MeO-DMT)
(Table 7) are a group of monoamine alkaloids
that have emerged as recreational psychoactive
substances in the last decades on the online drug
market. They act both as 5-HT2A and 5-HT1A

receptor agonists and serotonin reuptake inhibi-
tors [140–143] provoking visual hallucinations,
alterations in sensory perception, and depersonal-
ization [144, 145]. Tryptamines exhibit less selec-
tivity and affinity for 5-HT2A receptor subtype
compared to hallucinogenic phenyethylamines,
but the effects vary from compound to compound
in relation to molecular changes and substitutions:
some tryptamines (e.g., AMT) are also serotonin
reuptake inhibitors and releaser of serotonin, nor-
adrenaline, and dopamine [5].

The experimental in vivo and in vitro evalua-
tion of 4-AcO-DET and 4-HO-MET showed that
the two synthetic tryptamines exert toxic effect
increasing the QT intervals (as determined using
ECG) in rats and inhibit potassium channels using
the human ether-a-go-go-related gene (hERG)
assay in Chinese hamster ovary cells [146].

The predominant clinical effect of synthetic
tryptamines is hallucinations related to the
agonism at 5-HT1A and 5-HT2A receptors. How-
ever, even cardiovascular toxic effects are possi-
ble. DMT administration in man (controlled
studies) causes a modest increase in systolic and
diastolic blood pressure and heart rate [147].
Intoxicated patients present to Eds with hallucina-
tion, paranoia, agitation, mydriasis, severe tachy-
cardia, arrhythmias, hypertension, hyperthermia,
and diaphoresis: metabolic acidosis, rhabdomyol-
ysis, and renal impairment can be present. Deaths
are reported, but they do not typically appear
related to cardiovascular toxic effects.

Treatment of the Cardiotoxic
Effect of NPS

No specific antidotal treatments are available for
the management of both the intoxications and the
cardiotoxic effects due to NPS (apart for that for
the opioid’s family and few other compounds). In

several cases, moreover, the treating physicians
cannot understand which NPS may be the cause
of the clinical presentation and of the cardiac
effects. So, treatment options are usually symp-
tomatic and supportive, at least in the first phase of
the care.

The initial treatment of severe hypertension
should include nitrates and benzodiazepines
(BDZ) if a heightened central and peripheral sym-
pathetic tone is present: a second choice can also
be represented by α-adrenergic antagonists such
as prazosin and phentolamine. β-blockers admin-
istration should be approached with caution,
because they can potentially cause paradoxical
hypertension (as reported for cocaine), even if
recent recommendations stated that β-blockers
may be beneficial if the patient has been pre-
treated with vasodilators.

The treatment of acute coronary syndromes
related to NPS is based on whether the cause of
chest pain is vasospasm (without myocardial
ischemia), or coronary artery occlusion with myo-
cardial infarction. Initial treatment for vasospasm
should include nitrates or Ca++-channel blockers,
together with a prudent antiplatelet treatment (e.
g., acetylsalicylates) and serial troponin measure-
ment and ECG monitoring. There is no evidence
to support routine coronary angiography in
patients without ST-segment or T-wave changes.
The application of defibrillators and pacing
devices follows the normal good clinical practice
and procedures.

Rapid and consensual treatment of agitation is
a priority. This can be, at least in part, also useful
for the treatment of cardiovascular toxic effects
even if some patients may continue to have tachy-
cardia, hypertension, and hyperthermia for several
hours after the agitation is controlled. Benzodiaz-
epines (e.g., lorazepam, diazepam, midazolam)
are the first line treatment for generalized agitation
in NPS-related in the ED, as they enhance the
inhibitory effects of γ-aminobutyric acid
(GABA), neurotransmitter that is not involved in
the toxic mechanisms of NPS reported in this
chapter. The second option, often effective when
BDZ have failed to control symptoms on their
own, is barbiturates: they can act on the same
GABA-receptor through a different receptor and
are frequently effective in cases resistant to BDZ.
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Propofol is an efficient sedative acting selec-
tively as GABA-receptor agonist at GABAA

receptors that contain α2 and α3 subunits. Used
via continuous infusion, it decreases the systolic
and diastolic blood pressure by approximately
20–30% with minimal change in heart rate. The
cardiovascular and respiratory effects of propofol,
however, should not cause major concern in oth-
erwise healthy patients.

Antipsychotics (the CNS dopaminergic recep-
tor antagonists such as haloperidol, ziprasidone,
olanzapine) are useful to block the increased CNS
dopamine levels resulting from several NPS tox-
icity, but they have to be used only if the BDZ and
barbiturate treatment is unsuccessful, or in a sec-
ond phase, jointly to a continuous monitoring to
avoid the risk of increase in QT interval
prolongation.

The NMDA-receptor antagonist ketamine, fre-
quently used in EDs for control of generalized
agitation, is a contraindicated drug because it pro-
duces dissociation, a trance-like cataleptic state,
and catecholamine surge (decreased catechol-
amine uptake and stimulation of CNS sympathetic
outflow) leading to a potentially detrimental acute
rise in blood pressure, heart rate, and cerebral
blood flow. In fact, NPS patients often have hyper-
tension and tachycardia.

Dexmedetomidine, a highly selective α2-
adrenoceptor agonist leading to inhibitory effects
on CNS sympathetic outflow (that counteract the
cardiovascular and CNS overstimulation from
NPS), produces sedation, analgesia, and no respi-
ratory depression. Its use can be advantageous in
case of high sympathetic stimulation due to sev-
eral NSP.

The hyperthermia caused by NPS may be due
to excessive sympathetic stimulation with skeletal
muscle thermogenesis, to the serotonin syndrome,
or to other mechanism [148]. The rapid reduction
of body temperature can be accomplished in EDs
by several means (e.g., cool mist application, fan,
ice packs and/or cooling blanket, gel packs,
administration of cold IV crystalloid). When
related to MDMA-like NPS and synthetic
cathinones (such as MDPV), the hyperthermia
can be due to a form of serotonin syndrome. In
this case, cyproheptadine, a first-generation

antihistamine with antiserotoninergic and anti-
cholinergic properties, can be the solution to
choose. The skeletal muscle relaxant dantrolene,
a depressor of the excitation-contraction coupling,
has been used successfully for severe MDMA-
induced hyperpyrexia with improved survival
and reduced complications [149]. Carvedilol, a
mixed β/α1-adrenoceptor antagonist, is able to
modulate peripheral vasoconstriction and heat
dissipation attenuating MDMA-induced hyper-
thermia in humans and in animal models [150,
151].

The treatment of persistent tachycardia and
hypertension due to NPS may be necessary to
prevent secondary cardiovascular, renal, and cere-
bral injury. Some β-blockers (e.g., labetalol,
carvedilol, atenolol), α1-adrenoceptor antago-
nists, nitric oxide-mediated vasodilators, and Ca-
channel blockers (diltiazem) have been used to
antagonize the hyperadrenergic state that may
persist even after adequate sedation has been
achieved. Labetalol probably represents the better
choice among β-blockers [103, 111, 152], even if
the theoretical risk of “unopposed α-stimulation”
after β-blocker use in hyperadrenergic states has
not yet been fully elucidated. Ca++-channel
blockers, phentolamine, nitroprusside, and nitro-
glycerin mitigate hypertension, but not uniformly
tachycardia: results of these studies have been
inconsistent [111].

Conclusions

Cardiac morbidity and mortality associated with
NPS use is mostly associated with overdose. All
the NPS demonstrate multiple interactions and a
large range of effects on the CNS and other
organs, comprehending the cardiovascular sys-
tem, on which the majority of NPS exerts a variety
of sympathomimetic effects that mimic those of
the amphetamines. The life-threatening effects by
NPS largely involve the heart, either directly or
indirectly, and can present clinically acutely as
hypertension, chest pain, acute coronary syn-
dromes, myocardial infarction, major vessel dis-
section, strokes [153]. It is also possible that, like
for cocaine and amphetamines, patient will
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develop, after a prolonged NPS use, chronic car-
diac disease such as, for example, hypertensive or
ischemic heart disease, cardiomyopathy, infective
endocarditis, cardiac tamponade [56].

The large number of NPS that are cause of
acute intoxication with serious cardiovascular
effects, the frequent simultaneous mixing of sev-
eral NPS, the different analytical techniques used
to highlight the individual NPS, and the different
sampling times in every patient does not allow
today to define which can be the toxic and/or
lethal blood concentration for each agent. It is
therefore not possible today to identify with cer-
tainty what serum concentration of each NPS can
be related to cardiotoxic manifestations. Although
some of these data are beginning to be available,
we are still far from having a scientifically proven
dose-effect correlation for each NPS.

In assessing the cardiotoxicity of NPS, it should
be considered that, for most of these compounds,
(i) the kinetics in humans and animals are not yet
known, (ii) all the effects on the various targets
have not yet been elucidated, and (iii) the available
information derives from a few instances, often not
comparable in terms of doses and method applied.
On the other hand, it is also evident that the toxicity
of these new compounds, which appear on the
abuse market in the number of 50–100 every
year, could not have been studied in advance.
Many research groups around the world are now
chasing NPS and trying to elucidate their
toxicokinetic and toxicodynamic, but this research
will take a long time as for any new compoundwith
which the man comes into contact.
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Abstract

Cardiovascular diseases (CVDs) are a leading
cause of death in the world. When combined,
ischemic heart disease and all forms of CVDs
were the attributed causes of death for an esti-
mated 17.6 million people globally in 2016, or
1 in 4 deaths worldwide. Multiple risk factors
are attributed to causing CVDs. Some of the
most significant CVD risk factors are age, sex,
family history, tobacco smoking, obesity,
blood pressure, and diabetes. A sedentary life-
style, characterized by low rates of physical
activity, is also currently recognized as a lead-
ing contributor to poor cardiovascular health.

A more active lifestyle, therefore, reduces the
risk of CVDs, with potential implications in a
number of noncardiovascular chronic diseases,
such as type 2 diabetes, hypertension, osteopo-
rosis, and breast and colon cancer. Herein we
describe the role of a comprehensive exercise
program that includes aerobic exercise and
weight training as an effective and important
strategy for the prevention and management of
CVDs.
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Introduction

Cardiovascular diseases (CVDs) are a leading
cause of death in the world. When combined,
ischemic heart disease and all forms of CVDs
were the attributed causes of death for an esti-
mated 17.6 million people globally in 2016, or 1
in 4 deaths worldwide [1]. In the United States, for
example, CVDs were responsible for 840,768
deaths in 2016. Of note, 306,638, or 36.5% of
deaths attributed to CVDs, occurred before the
age of 75 years, which is below the average US
life expectancy of 78.6 years. However, from
2006 to 2016, the US death rate from CVDs
decreased by 18.6% [2]. Similar declines have
been observed in nearly all regions of the world,
particularly in high-income countries including
North America, Japan, Australia, New Zealand,
and Western Europe [3]. The reasons for the
remarkable decline in death rates from CVDs
among high-income countries are still unclear
but may be related to improvements in health
care and, more recently, population-level changes
in risk factors [4].

Multiple risk factors are attributed to causing
CVDs. Some of the most significant risk factors
are age, sex, family history, tobacco smoking,
obesity, blood pressure, and diabetes [4, 5].
These risk factors can be split into two categories:
nonmodifiable and modifiable risk factors. Non-
modifiable risk factors consist of those conditions
that a person cannot alter, whereas modifiable risk
factors are conditions that can be altered by mak-
ing certain lifestyle changes [6]. Among the many
modifiable risk factors that predispose to develop-
ment and progression of CVDs, a sedentary life-
style, characterized by low rates of physical
activity, is currently recognized as a leading con-
tributor to poor cardiovascular health. A more
active lifestyle, on the other hand, reduces the
risk of CVDs, with a magnitude of risk reduction
comparable to that of not smoking [7, 8]. Accord-
ingly, more active individuals tend to develop less
CVDs than their sedentary counterparts. If CVDs
develop in active individuals, they tend to occur at
a later age and be less severe [9]. Retrospective
and follow-up studies have also documented the
protective effects of physical activity for a number

of noncardiovascular chronic diseases, such as
type 2 diabetes, hypertension, osteoporosis, and
breast and colon cancer [10, 11]. Consistent with
this notion, organizations such as the Centers for
Disease Control and Prevention (CDC), the
American Heart Association (AHA), and the
American College of Sports Medicine (ACSM)
have reinforced the importance of regular physical
activity to cardiovascular and noncardiovascular
health [12, 13].

Within the past few decades, cardiorespiratory
fitness (CRF) has emerged as an important risk
factor for CVDs, independent of traditional risk
factors [4, 5]. CRF is a health-related component
of physical fitness, defined as the ability of the
respiratory, circulatory, and muscular systems to
supply oxygen during sustained physical activity
[14]. CRF is mostly influenced by nonmodifiable,
intrinsic factors (e.g., genetics, environment) [15].
Prior evidence has shown that in individuals with
the same CRF, being physically active does not
lower mortality risk, suggesting that intrinsic fac-
tors drive the association between CRF and risk
[16]. However, these findings also reinforce the
notion that those individuals who adopted physi-
cal activity achieved the same risk reduction as
those with an intrinsically high CRF [17], thus
highlighting the role of physical activity as a pri-
mary modifiable determinant of CRF. In fact,
higher rates of cardiovascular events and higher
death rates are reported in insufficiently active
individuals with low levels of CRF [18, 19]. Addi-
tionally, even during midlife, increases in physical
activity and CRF, through changes in occupa-
tional or recreational activities, are associated
with decreases in all-cause and CVD mortality
[18, 19]. These findings, along with others [20–
22], underscore the fact that fitness and daily
activity levels have a strong influence on the
occurrence of CVDs and overall mortality.

Benefits of Physical Activity on
Cardiovascular Risk Factors

Sixty years ago, the first empirical investigation of
what was subsequently termed the exercise
hypothesis – physical activity reduces the
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incidence of coronary heart disease – was under-
taken by Professor JeremyN.Morris. In a series of
studies [23–25], Morris and his associates used
quantitative analysis to demonstrate that physical
activity protects against coronary heart disease.
Specifically, they found that deaths from coronary
heart disease might be less common among men
engaged in physically active work than in those in
sedentary jobs. Although this series of research
was pioneering, it was not without its shortcom-
ings. Early statistical methods were limited in
their capacity for controlling for intervening vari-
ables or demonstrating causality. However, the
observations of Morris and colleagues were later
confirmed by several other investigators [26]. In
fact, physical activity is currently reported to be
cardioprotective, an effect that is maintained after
controlling for a range of covariates [10].

The pathways underlying the protective effect
of physical activity against CVDs are not yet fully
understood. For example, some evidence has
suggested that regular physical activity may
improve coronary endothelial function and may
be associated with potentially beneficial changes
in hemostatic and inflammatory variables [27,
28]. These pathways warrant further research.
Evidence from many scientific studies, however,
has shown that reducing the modifiable risk fac-
tors for CVDs decreases the chances of having a
heart attack or experiencing another form of car-
diac event, such as a stroke [9]. Regular physical
activity can promote favorable effects on many of
the traditional risk factors for CVDs. For example,
regular engagement in physical activity may
lower CVD risk by affecting the levels of circu-
lating lipoproteins [29]. Previous studies have
found that physical activity in terms of structured
aerobic exercise is associated with elevated levels
of circulating high-density lipoprotein (HDL)
and, to a lesser extent, a reduction in triglyceride
levels [30, 31]. However, in a more recent study,
Kraus et al. [32] found a dose-dependent effect of
aerobic exercise not only on circulating HDL and
triglyceride levels but also on plasma levels of
low-density lipoprotein (LDL) and large particle,
very low-density lipoprotein (VLDL). Physical
activity can also promote favorable changes in
blood pressure (BP) at rest [29]. In fact, a meta-

analysis of randomized controlled intervention
studies found that regular moderate to vigorous
exercise performed 3–5 times per week decreases
BP by an average of 3.4/2.4 mmHg [33], which is
likely to be related to a reduction in systemic
vascular resistance, to which the sympathetic ner-
vous system and the renin-angiotensin system
appear to be related [34]. These findings are of
paramount importance because even a 1 mmHg
population-wide systolic BP reduction is associ-
ated with 20.3 and 13.3 fewer heart failure events
per 100,000 person-years [35]. Finally, in diabetic
patients, regular engagement in physical activity
favorably affects the body’s ability to use insulin
to control glucose levels in the blood [29]. Prior
reports have shown that individuals with insulin-
dependent and non-insulin-dependent diabetes
mellitus present improved sensitivity to insulin
and improved glycemic control after acute [36]
and chronic exercise [37]. These results are also of
interest, since the association between blood
lipids and cardiovascular health is heavily
influenced by systemic insulin sensitivity [38].

Overweight (i.e., body mass index, BMI, 25 to
29.9 kg.m�2) and obesity (i.e., BMI, 30 kg.m�2 or
greater) are other well-established risk factors for
most CVDs [39]. Overweight and obese individ-
uals tend to present a greater prevalence of CVDs
in comparison with their leaner counterparts [40].
Data from the Framingham Health Study also
demonstrated, after adjustment for other
covariates, that approximately 23% of CVDs in
men and 15% of CVDs in women were attribut-
able to excess adiposity [39]. Additionally, every
1 kg.m�2 increment in BMI was found to elevate
the risk of heart failure by 5% in men and 7% in
women [41]. These findings are of concern
because the prevalence rates of overweight and
obesity are rising alarmingly among adults in
many industrialized and developing countries
[42]. Interestingly, despite the strong relationship
between excess adiposity and the development of
CVDs, a growing body of evidence supports an
“obesity paradox” in patients with CVD. This
phenomenon is characterized by a better progno-
sis in overweight patients with CVD, compared to
their leaner counterparts [43]. In addition, the
worst outcomes are reported in underweight
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CVD patients, followed by those with normal
weight or overweight [44]. The exact mechanisms
for the “obesity paradox” in CVDs are incom-
pletely understood; however, prior evidence sug-
gests that both CRF and muscle strength are the
major determinants of the prognostic implications
of overweight and obesity in CVD [45]. Hence,
regular physical activity and structured exercise
training, with potential implications in CRF and
muscle strength, constitute a fundamental aspect
of non-pharmacological management of patients
with or at risk for CVDs, regardless of their BMI.

Dietary patterns are associated with mortality
from all-causes and CVDs [46]. There is a large
body of evidence to support that diets rich in
fruits, vegetables, whole grain breads, high fibre
cereals, fish, and low-fat dairy products, as well as
diets low in saturated fats and sodium, can reduce
the risk of developing CVDs [6]. However,
whether regular physical activity and structured
exercise training affect dietary patterns is contro-
versial. Limited studies are available, and results
are inconsistent [47, 48]. For example, in a recent
study, Shaw et al. [49] found that 16 weeks of
either aerobic training or combined aerobic plus
weight training significantly reduced the amount
of total kilocalories, carbohydrates, proteins, and
fats consumed. No changes were found in self-
reported dietary intake in the weight training or
non-exercising control groups [50]. In contrast, a
previous study by Willis et al. [51] found that
32 weeks of aerobic training, weight training, or
their combination did not modify the self-reported
energy intake in a group of previously sedentary,
overweight, or obese adults. Inconsistencies
between physical activity, exercise, and other
modifiable risk factors for CVDs, such as tobacco
smoking and alcohol use, have also been noted in
the literature [52–54]. It is noteworthy, however,
that although the effect of a structured exercise
program on any single CVD risk factor may gen-
erally be small, the effect of continued, long-term
exercise training on cardiovascular health, when
combined with multiple lifestyle modifications,
can be dramatic.

Although it is well known that regular physical
activity protects against CVDs and related com-
plications [9], unfortunately, most adults do not

meet the minimum recommended levels of exer-
cise participation [55]. In fact, physical inactivity
continues to be a major public health problem in
many industrialized and developing countries.
According to the World Health Organization
[56], approximately 1.9 million people worldwide
die each year from diseases related to physical
inactivity. Additionally, approximately 19 million
disability-adjusted life years are lost annually
because of physical inactivity. Although several
public health strategies have been adopted to
reduce the prevalence of physical inactivity, the
proportion of people meeting the current recom-
mendation of accumulating �30 min of moderate
physical activity at least five times a week
or �20 min of vigorous physical activity at least
three times a week has remained essentially
unchanged over the last decades [55]. In addition,
approximately 50% of individuals who initiate an
exercise program drop out within the first few
months of participation [57]. Identification of
potential factors that contribute to physical inac-
tivity has been one of the greatest challenges in
exercise research in recent years.

How Much Physical Activity for
Cardiovascular Health?

Aerobic Training

Physical activity in terms of structured exercise
for the prevention and management of CVDs
should focus on aerobic (or endurance/cardiovas-
cular) modes of exercise. Aerobic exercise uses
large muscle groups in a rhythmic and continuous
fashion and is associated with a myriad of health
benefits in patients with or at risk for CVDs,
including improved lipid profile and blood glu-
cose control, reduced blood pressure at rest, and
increased overall well-being [29]. In overweight
and obese patients, for example, aerobic exercise
may lead to expenditure of a considerable amount
of energy in a given period of time, which in turn
may be useful for achieving the recommended
target of 2000 kcal.wk.�1 [58]. Traditionally, aer-
obic exercise has been categorized as either
weight bearing or non-weight bearing. Walking
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is a typical example of a weight-bearing activity
that is currently considered one of the best forms
of exercise for several reasons, including safety
and all individuals having experience with the
activity; it is also available to most individuals
and does not require special facilities [59]. How-
ever, some patients with or at risk for CVDs have
preexisting clinical conditions that could prevent
certain modes of activities, such as walking (for
more details, see [60]). In this scenario, activities
such as stationary cycling, recumbent cycling, or
water activities should be selected. It is therefore
recommended that physicians include aerobic
training as an important part of exercise programs
for patients with or at risk for CVDs.

To achieve the benefits associated with aerobic
training, individuals need to participate in ade-
quate levels of physical activity. Thus, in 1996,
the US Surgeon General’s Report on Physical
Activity and Health provided a springboard for
the largest government effort to date to promote
physical activity and exercise among Americans
[61]. This historic turning point redefined physical
activity and exercise as key elements of health
promotion and disease prevention. The US Sur-
geon General’s Report stated that the favorable
effects of physical activity will generally occur
by engaging in a minimum of 30 min/day of
moderate aerobic activity. These moderate activi-
ties should ideally last at least 10 min and be
spread throughout the week [61]. However,
although this traditional recommendation for the
amount of physical activity is useful for the major-
ity of sedentary adults [58], research has
suggested that greater amounts may be needed
for patients with excess body weight [62].
Accordingly, in 2008, the Physical Activity
Guidelines for Americans [63] recommended a
target range that should be achieved of not only
150 to 300 min/week of moderate-intensity phys-
ical activity but also 75 to 150 min/week of vig-
orous physical activity, or an equivalent volume
from a combination of moderate and vigorous
physical activity. Although the associations of
non-structured physical activity with favorable
health outcomes begin when adopting very mod-
est amounts, meeting the 2008 Physical Activity
Guidelines for Americans reduces mortality and

CVD risk to about 75% of the maximal benefit
[64]. Interestingly, although additional physical
activity continues to reduce the risk even more,
greater amounts of physical activity are required
to obtain small health benefits [64].

When prescribing an exercise program, it is
helpful for physicians to understand some basic
concepts of exercise. For example, intensity and
duration components must be manipulated so that
the intensity is low (or high) enough to allow a
suitable duration to promote health benefits [65].
Health benefits of physical activity can be pro-
moted when performing aerobic exercise with low
intensity and long duration or exercise with mod-
erate to high intensity and short duration. Less
intense, shorter bouts (<10 min), with more rest
periods, should be prescribed for most cardiac,
frail, and older patients [63]. Similarly, for many
overweight adults who are engaging in an exercise
program, the intensity must not be high enough to
cause improvements in CRF, because the initial
focus should be on weight maintenance and loss
and therefore energy expenditure [58]. As the
exercise program progresses and the individual
is able to better tolerate the exercise session, mod-
erate intensities between 40 and 59% of heart rate
reserve (HRR; maximum heart rate minus resting
heart rate), corresponding to a rating of perceived
exertion (RPE) of 11–13 on a 6–20 scale [66],
should be encouraged [63]. Moderate activities
are any activity that is similar in intensity to
brisk walking and can include other forms of
occupational or recreational tasks that are
dynamic in nature and of similar intensity, such
as bicycling, swimming, vacuuming, and garden-
ing [9]. Higher-intensity exercise bouts above
60%HRR could also be prescribed under the
supervision of a health professional [67, 68].
There is growing and robust evidence that exer-
cise protocols alternating between periods of vig-
orous activities and periods of rest or recovery,
termed as “high-intensity interval training”
(HIIT), show similar or greater efficacy compared
with traditional, low- to moderate-intensity con-
tinuous aerobic exercise training across a range of
cardiovascular and metabolic outcomes, in both
healthy and diseased patients [69]. Hence,
patients with or at risk for CVDs who have been
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participating in regular exercise may consider
raising the intensity to elicit higher levels of phys-
ical exertion. However, the prescription of vigor-
ous-intensity activities is likely to be a
contributing factor to nonadherence to exercise
programs. Considerable evidence exists that peo-
ple are more likely to adhere to low-intensity
activities than high-intensity activities [70, 71];
thus, physicians are not always encouraged to
“push” their patients in order to avoid premature
exercise dropout.

Resistance Training

Until 1990, weight (or resistance) training was not
a component of the recommended guidelines for
exercise training from either the AHA or the
ACSM. However, in 1990, the ACSM first recog-
nized weight training as an important part of a
comprehensive exercise program for healthy
adults of all ages [72]. Currently, weight training
is established as a safe and effective method of
exercise for healthy and diseased adults [73, 74].
When appropriately prescribed and monitored,
weight training has favorable effects on muscle
mass, which may in turn increase 24-h energy
expenditure [75]. These beneficial effects on mus-
cle structure and function may also be advanta-
geous for improving the ability to perform
activities of daily living in the majority of cardiac,
frail, and older patients, who benefit substantially
in terms of quality of life [76]. Additionally,
weight training can be beneficial in the prevention
and management of noncardiovascular chronic
diseases, including but not limited to obesity,
type 2 diabetes, hypertension, osteoporosis, and
certain types of cancer [74]. The addition of
weight training to a comprehensive exercise pro-
gram, therefore, may promote benefits for reasons
other than the impact of this form of exercise on
muscular development. On 2–3 days/week, adults
are encouraged to perform a single set of eight to
ten different exercises that train the major muscle
groups, although greater frequencies of training
and more sets are associated with small but sig-
nificant gains [77]. A repetition range of 8 to 12 is
recommended for healthy, young adults, while 10

to 15 repetitions at a low relative weight are
encouraged for older and diseased adults [74].
Finally, neuromotor exercise involving balance,
agility, and coordination is also recommended in
most circumstances [73].

Is Physical Activity Safe?

The risk of having a cardiac-related complication
(e.g., a heart attack or serious heart rhythm disor-
der) during physical activity is extremely small.
For adults without existing heart disease, for
example, the risk of a major or fatal cardiovascu-
lar event is estimated to be 1 in 400,000–
800,000 h of exercise. For patients with existing
heart disease, an event can occur an average of
once in 62,000 h of exercise [78]. Of note, the risk
of having a cardiac-related complication is still
significantly lower among regular exercisers
[13]. Thus, the benefits of physical activity for
cardiovascular and noncardiovascular health
clearly far outweigh the risks. Although the safety
of physical activity in terms of structured exercise
in apparently healthy adults is well established,
proper preliminary screening, appropriate pre-
scriptive guidelines, and careful supervision are
important. Patients with existing heart disease,
however, should proceed with exercise training
with caution and closely monitor warning signs
and symptoms that may indicate a problem [9].

Conclusions

Multiple risk factors are attributed to causing
CVDs. A sedentary lifestyle, characterized by
low rates of physical activity, is currently recog-
nized as a leading contributor to poor cardiovas-
cular health. A more active lifestyle, therefore,
reduces the risk of CVDs, with potential implica-
tions in a number of noncardiovascular chronic
diseases, such as type 2 diabetes, hypertension,
osteoporosis, and breast and colon cancer. Mild-
to-moderate aerobic training is of paramount
importance for the prevention and management
of CVDs. The addition of weight training to a
comprehensive exercise program, however, may
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increase some of the exercise-related health ben-
efits in patients with or at risk for CVDs, including
improved lipid profile and blood glucose control,
reduced blood pressure at rest, and increased over-
all well-being. As both healthy and diseased
adults are often predisposed to drop out of an
exercise program within the first few months of
participation, exercise interventions that may lead
them to feel better should be taken into consider-
ation by health professionals.
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Abstract

Cardiovascular diseases (CVDs) are a leading
cause of mortality internationally, accounting
for approximately one third of all deaths. Mul-
tiple risk factors are attributed to causing
CVDs. An unhealthy dietary pattern, charac-
terized by regular choices of potentially harm-
ful foods and beverages, is currently
recognized as a leading contributor to poor
cardiovascular health. Poor diet was the attrib-
uted cause of CVD death for approximately 10

million people worldwide in 2017, in part as a
result of its effects on other major risk factors.
Healthy dietary practices, therefore, reduce the
risk of CVDs, with potential implications in
all-cause and CVD mortality. Herein we sum-
marize the evidence of associations between
different dietary patterns and CVD risk and
discuss some of the most challenging issues
about diet-disease relationship that could be
considered for further research.

Keywords

Nutrition · Food · Mediterranean diet · Dash
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Introduction

Cardiovascular diseases (CVDs) are a leading
cause of mortality internationally, accounting for
approximately one third of all deaths [1]. When
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combined, ischemic heart disease and all forms of
CVDs were the attributed causes of death for an
estimated 17.7 million people globally in 2017
[1]. The current epidemic of CVDs is largely
explained by multiple nonmodifiable and modifi-
able risk factors. Nonmodifiable risk factors con-
sist of those conditions that a person cannot alter,
such as age, sex, ethnicity, and family history.
Modifiable risk factors, in turn, are conditions
that can be altered by making certain lifestyle
changes, including sedentarism and physical inac-
tivity, tobacco smoking, excessive alcohol con-
sumption, obesity, hypercholesterolemia, high
blood pressure, and diabetes [2]. Although the
effect of an individual lifestyle change on any
single CVD risk factor may generally be modest,
the effect of combined healthy lifestyle choices on
cardiovascular health can be dramatic [3, 4]. A
recent meta-analysis revealed that adherence to
multiple healthy lifestyle behaviors simulta-
neously, such as eating a prudent diet, exercising
regularly, managing weight, and not smoking,
was associated with a 66% reduced CVD risk
compared with adopting none or only one behav-
ior. Importantly, a clear dose-response effect for
adherence to an increasing number of healthy
lifestyle behaviors and CVD risk was observed
[5]. Hence, although traditional pharmacological
agents, including lipid-lowering and antihyper-
tensive medications, successfully reduce cardio-
vascular events, the overall reduction in risk is
relatively modest and could be greatly improved
by the addition of lifestyle modifications.

Among the many modifiable risk factors that
predispose to CVDs development and progres-
sion, an unhealthy dietary pattern, characterized
by regular choices of potentially harmful foods
and beverages, is currently recognized as a lead-
ing contributor to poor cardiovascular health [6].
In fact, poor diet was the attributed cause of CVD
death for approximately 10 million people world-
wide in 2017 [7], in part as a result of its effects on
other major risk factors. Poor dietary habits are
therefore responsible for more deaths than any
other CVD risk factor, including tobacco
smoking. However, unlike many other risk fac-
tors, unhealthy dietary patterns affected people
regardless of age, sex, and sociodemographic

development of their place of residence [7].
These findings, along with others [8, 9], under-
score the need for improving diet at the global,
regional, and national level. While there have
been modest improvements in diet quality over
the past few years [9], addressing poor dietary
habits is still a priority to reduce the global burden
of CVDs. The aim of this chapter is therefore to
summarize the evidence of associations between
different dietary patterns and CVD risk and to
discuss some of the most challenging issues
about diet-disease relationship that could be con-
sidered for further research.

Dietary Patterns and Nutrients and Its
Association with CVDs

The cardiovascular impact of unhealthy dietary
patterns has been extensively debated over the
past few decades [6]. This concept of relating
poor dietary habits to CVDs, however, began as
early as 1950s with some of the prospective stud-
ies at that time. Professor JohnW. Gofman and his
colleagues at the University of California began to
entertain the notion that certain classes of lipopro-
teins were related to atherosclerotic heart disease
and implicated dietary fat as a factor in this rela-
tionship [10]. At about the same time, Professor
Ancel Keys at the University of Minnesota found
a significant association between fat and saturated
fat intake and heart disease mortality [11, 12].
Keys and his associates noted that the poor popu-
lation of small towns of southern Italy was,
against all predictions, much healthier than the
wealthy citizens of New York and relatives who
had emigrated to the United States in earlier
decades. Specifically, they noted that the inhabi-
tants from the southern Italy had very low levels
of blood cholesterol and low incidence of heart
disease [12], which may be due primarily to their
dietary habits [13]. The observations of John W.
Gofman and Ancel Keys were later confirmed by
several other investigators [14]. However,
although this series of research was pioneering,
it was not without its shortcomings. Early research
initiatives focused on the cardiovascular impact of
dietary components in isolation, which can result
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in erroneous conclusions. CVDs, for instance, do
not arise simply from excessive saturated fat in the
diet but rather from a complex interaction of mul-
tiple nutritional factors directly linked to the
excessive consumption of potentially harmful
foods, such as dairy products, refined cereals,
refined sugars, refined vegetable oils, fatty
meats, salt, and combinations of these foods
[15]. Unfortunately, this reductionist approach is
still evident in many dietary guidelines [16–18],
where recommendations are made for saturated
fat, added sugar, sodium, and dietary cholesterol,
because these are overconsumed by many people
and are associated with increased risk for CVDs. It
is noteworthy, however, that most researchers are
currently returning to a more holistic view of
nutrition by, for example, considering dietary pat-
terns rather than dietary components in isolation
[19]. Future dietary guidelines should therefore
emphasize dietary pattern-based approaches that
are imperative for successful CVD prevention [20].

Emerging research supports the notion that the
potential gain accrued by dietary interventions to
reduce CVD risk is unique to each individual.
Consequently, future dietary guidelines should
also incorporate more individualized advice [20].
However, current scientific evidence confirms that
dietary habits are a function of multiple determi-
nants [21]. In fact, the influences on food choices
are complex and not completely understood. At
the individual level, dietary habits are determined
not simply by personal preferences but also by
familial norms, nutritional and cooking knowl-
edge and skills, and health status [22]. Related
psychological attributes, such as attitudes toward
food and health, incentives, motivation, and
values, also influence individuals’ dietary habits
[21]. Similarly, other lifestyle characteristics, such
as sedentarism and physical inactivity [23], exces-
sive alcohol consumption [24], and poor sleep
[25], have been positively associated with unfa-
vorable dietary patterns. Dietary habits are also
determined by both sociocultural and environ-
mental factors. The sociocultural factors most
cited in the literature include education, cultural
norms, social pressures, social class, social net-
works, and race/ethnicity [22]. The environment
attributes, in turn, mainly include accessibility

(e.g., food availability, cost, convenience), indus-
try advertising and marketing, and the local (e.g.,
residential, school, workplace) food environment.
Each of these individual, sociocultural, and envi-
ronmental determinants represent a potential bar-
rier, but also a promising opportunity for
encouraging healthy dietary practices [26]. Food
choices, therefore, must not only be supported by
clinical behavior change efforts but must also be
reinforced by health systems reforms, novel tech-
nologies, and robust policy strategies targeting
economic incentives, schools and workplaces,
neighborhood environments, and the entire food
system [27].

Popular Dietary Patterns and
Cardiovascular Health

Over the past few decades, the impact of CVDs on
a population has been drastic and remains a major
health concern even today. Poor lifestyle behav-
iors, including suboptimal diet, largely contribute
to the enormous burden of CVDs worldwide [3].
Retrospective and follow-up studies have con-
firmed that suboptimal diet is a leading contribu-
tor to poor cardiovascular health [6], in part as a
result of its effects on other major CVD risk fac-
tors, such as excess weight, high blood pressure,
diabetes, and dyslipidemia [2]. The identification
of nutrients, foods, and dietary patterns that can
improve cardiovascular health is therefore a pri-
ority. In fact, researchers and health professionals
are currently focused on identifying diets with the
highest level of scientific evidence to guide clin-
ical decision making. Some diets have been rigor-
ously studied and shown to be effective in
promoting cardiovascular health, while other
diets, although marketed as providing cardiovas-
cular benefits, lack conclusive scientific evidence
on their effectiveness. Awell-established example
is the now popular and world-famous Mediterra-
nean diet, which is based upon the eating habits of
people living around the Mediterranean Sea. The
Mediterranean diet, characterized by moderate
energy intake, high consumption of olive oil,
fish, legumes, nuts, whole grains, fruits, and veg-
etables, fewer red meats and processed meats, and
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a regular but moderate consumption of red wine,
is associated with decreases in all-cause and CVD
mortality [28, 29]. The cardiovascular impact of
the Mediterranean diet, along with other less pop-
ular dietary interventions, will therefore be the
focus of this section. The Western diet, character-
ized by a high intake of red meats, fat dairy prod-
ucts, refined grains and sugars, and commonly
associated with poor cardiovascular outcomes,
will not be discussed because it is not a topic of
significant controversy (see Ref. [16] for more
details).

Low-Carbohydrate, Low-Fat, and
High-Protein Diets

Amultitude of studies have been published on the
relationship between CVD risk and dietary inter-
vention [30]. Some of these diets can demand the
modulation of macronutrients (e.g., low- carbohy-
drate, high-protein, and low-fat diets), while
others are mainly focused on dietary patterns (e.
g., Mediterranean, DASH, Nordic, vegetarian,
and portfolio dietary models) [31]. For example,
dietary interventions that have demonstrated car-
diovascular benefits in people with or at risk for
CVDs present a carbohydrate content lower than
50% of daily energy content [32]. It is noteworthy,
however, that carbohydrate supplies about 55% of
the energy in the typical Western diet, ranging
from 200 to 300 g.day�1 in relation to a person’s
overall caloric intake. Low-carbohydrate diets
typically restrict carbohydrate intake to 50–130 g
daily, or up to 45% of total calories [34], and thus
are growing in interest and popularity among
researchers and health professionals [33]. Low-
carbohydrate diets were often associated with
favorable effects on body weight and other
major CVD risk factors, such as high blood pres-
sure, diabetes, and dyslipidemia [35, 36]. How-
ever, a recent umbrella review summarizing
evidence from 80 studies on popular dietary inter-
ventions, including low-carbohydrate diets, found
contrasting evidence, leaving the debate still
open. Compared with low-fat diets and other tra-
ditional dietary regimens, low-carbohydrate diets
elicited greater changes in body weight,

particularly in response to short-term interven-
tions (<6 months) and very low-carbohydrate
ketogenic diets. When the follow-up period or
the amount of carbohydrates increased, however,
the favorable effect was mitigated. Limited or no
evidence was also for the effectiveness of low-
carbohydrate diets on other outcomes of interest,
such as glycemic profile, blood pressure, and lipid
profile, with potentially negative effects on both
total and LDL serum cholesterol [31]. The detri-
mental effects of low-carbohydrate diets on cer-
tain lipid fractions may be attributed, at least in
part, to the fact that people on low-carbohydrate
diets are predisposed to eat less vegetable and
fruits rich in micronutrients and fiber, and more
animal-derived food [31]. This hypothesis is of
interest, since prolonged consumption of diets
low in carbohydrates and high in animal fat and
protein is associated with an increase in all-cause
and CVD mortality [37]. Therefore, there is cur-
rently insufficient evidence to recommend the use
of low-carbohydrate diets to improve cardiovas-
cular health; however, in individuals who choose
to follow a low-carbohydrate diet, high leafy
green vegetable and increased plant-based protein
consumption should be strongly encouraged [38].

In recent years, there has been considerable
interest in the utility of very low-calorie ketogenic
diet (VLCKD) as a potential dietary intervention
to improve cardiovascular health. Basically,
VLCKD are known for being very low in carbo-
hydrates, usually less than 50 g.day�1, associated
with extreme calorie restriction (i.e., 700–
800 kcal) [39]. In humans, VLCKD has been
suggested to be more effective than very low-
calorie non-ketogenic diet to induce weight loss
due to dietary ketosis. The combination of caloric
restriction and very low carbohydrate intake may
maintain a mild level of ketosis, and particularly
influence appetite signal [40]. A recent systematic
review and meta-analysis summarized the best
available evidence from 12 studies on the efficacy
and safety of VLCKD in overweight and obesity
management. VLCKD proved to be a reliable
option to achieve a significant weight loss in
those patients. Results were obtained early during
the ketogenic phase and were stable over a follow-
up of up to 2 years. In addition, VLCKD was
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associated with significant improvements in tradi-
tional risk CVD factors, including hypertension,
dyslipidemia, diabetes mellitus type 2, and non-
alcoholic fatty liver disease [41]. The safety pro-
file is generally reassuring, but, given the restric-
tion in calories and micronutrients, it should be
only considered in properly selected patients,
under strict medical supervision and as a part of
a multicomponent strategy, as well as any very-
low-calorie not ketogenic diet [42]. Hence, further
studies evaluating long-term cardiovascular out-
comes are warranted before a VLCKD can be
endorsed.

A lower consumption of dietary fat is often
recommended in the context of weight manage-
ment because of its harmful impacts on energy
balance [6]. Low-fat dietary regimens typically
restrict fat intake from 10% to 30% of total energy
[31], which can be achieved by choosing low-fat
meats, vegetables, low-fat dairy products, and
lowering food containing trans fatty acids [43].
Low-fat diets are also well accepted in clinical
guidelines on CVD prevention and management
[14]. More recently, however, low-fat diets have
not been advocated to lower the risk for CVDs
[44–46]. In fact, a previous study in 148 obese
adults (range BMI 30–45 kg.m�2) aged 22–
75 years found that participants using a low-fat
diet with a fat intake restricted to less than 30%
lost less weight than those using a low-carbohy-
drate diet (mean difference in change, �3.5 kg).
The low-fat diet was also less effective for CVD
risk factor reduction, such as increased HDL
serum cholesterol and reduced serum triglyceride,
than the low-carbohydrate diet [46]. Additionally,
a recent study in 48,835 postmenopausal women
aged 50–79 years found that participants using a
very low-fat dietary regimen with a fat intake
restricted to less than 20% reported similar risk
of ischemic heart disease and other forms of
CVDs in comparison with those using a conven-
tional diet [45]. Some of these results have been
confirmed by systematic reviews using meta-ana-
lyses [31, 47, 48]. Finally, an alternative macro-
nutrient alteration is increased protein intake.
High-protein diets are commonly defined as pro-
tein content greater than 20–35% of total energy
[49, 50]. A typical high-protein diet increases the

protein intake, and controversy exists about the
amount and type of protein consumed [51]. How-
ever, although high-protein dietary regimens are
popular for weight loss, their cardiovascular
effects have not been well-studied. Some studies
[52, 53], but not all [54, 55], have confirmed that
high-protein diets enhance weight loss compared
with lower-protein diets in the short term (within
6 months). For example, a previous study in 13
obese adults (mean BMI 31 kg.m�2) with hyper-
insulinemia found that participants using a high-
protein diet (45% protein) lost more weight than
those using a low-protein diet (12% protein;
�8.3 � 0.7 kg vs. �6.0 � 0.6 kg) [52]. Possible
mechanisms include an increased satiety,
decreased subsequent energy intake, and carbo-
hydrate displacement with higher-protein diets
[56]. However, high-protein dietary regimens,
used on a regular basis and without consideration
of the source of proteins, are associated with
increased risk of CVD [57]. High-protein diets,
therefore, do not align with the low-protein rec-
ommendations endorsed by researchers and
health professionals.

Mediterranean Diet, DASH Diet, and
Other Dietary Regimens

The relationship between nutrients, foods, dietary
patterns, and cardiovascular health has been of
scientific and clinical interest for decades. The
study of the overall quality of the whole dietary
pattern, however, represents the current state of
the art in the investigation of the nutritional deter-
minants of cardiovascular health [30]. A well-
established example of dietary patterns is the
Mediterranean diet, which is based upon the eat-
ing habits of people living around the Mediterra-
nean Sea. The Mediterranean diet has been
rigorously studied, especially during the last few
decades, and was shown to be effective in pro-
moting cardiovascular benefits [28]. The main
characteristics of the Mediterranean diet are a
low consumption of red meats and processed
meats, with an abundant consumption of olive
oil, legumes, nuts, whole grains, fruits, and vege-
tables. Fish and shellfish are important sources of
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protein, while red wine is the main source of
alcohol among persons in the traditional Mediter-
ranean diet. The moderate consumption of red
wine during meals, along with the abundant use
of extra-virgin olive oil, through salads,
vegetables, and legumes, makes this diet highly
nutritious and palatable [58]. Both red wine and
extra-virgin olive oil are concentrated sources of
bioactive polyphenols with postulated
cardioprotective effects [59, 60]. More impor-
tantly, the Mediterranean diet has often been asso-
ciated with lower risk for mortality from CVD and
all-causes [30]. In a landmark observational study,
Trichopoulou et al. [28] found that a higher adher-
ence to the traditional Mediterranean diet was
associated with a reduction in total mortality,
with an inverse association between death from
CVD causes and adherence to the diet. These
results have been well described by multiple
observational studies and confirmed by several
systematic reviews [31, 61–63]. The Mediterra-
nean diet, therefore, appears to be an effective and
important nutritional strategy for the prevention
and management of CVDs.

There is also a growing body of evidence to
support the cardiovascular benefits of the popular
and world-famous DASH diet. The Dietary
Approach to Stop Hypertension (DASH) diet is
typically characterized by an abundant consump-
tion of fruits, vegetables, legumes, nuts, whole
grains, low-fat dairy products, fish, and poultry.
This diet also comprises a reduced intake of red
meat and processed meat, refined grains and
sugars, saturated fat, cholesterol, and sodium
[64]. Traditionally, the DASH diet is
recommended to lower blood pressure, a well-
established CVD risk factor [3]. In a pioneer
study conducted from 1994 to 1996 of 459 adults
not taking antihypertensives, Appel et al. [65]
found a significant decrease in both systolic and
diastolic blood pressures (�5.5 and �3.0 mmHg,
respectively) after 8 weeks feeding a “combina-
tion” diet (hereafter referred to as the DASH diet).
In hypertensive participants (n ¼ 133), however,
the effects of the “combination” diet were even
more pronounced (�11.4 and �5.5 mmHg,
respectively, for systolic and diastolic blood pres-
sures) [65]. Adding sodium restriction to the

DASH diet further reduced the blood pressure
[66]. Whether the DASH diet would affect other
major CVD risk factors is still uncertain. A recent
umbrella review summarizing evidence from 80
studies found contrasting evidence, with weak
evidence of an effect on cardiovascular outcomes.
The DASH diet reported suggestive evidence of a
beneficial effect on weight and blood pressure,
and weak evidence for BMI and total cholesterol
[31]. More importantly, however, higher adher-
ence rates to the DASH diet were associated
with decreases in all-cause and CVD mortality
[67–69]. Together, these data provide support for
the concept that the original DASH diet may be
appropriate for patients with or at risk for CVDs.

While both Mediterranean and DASH diets
have been promoted for more than 20 years to
reduce CVD risk, recently there has been a prolif-
eration of new dietary regimens that promise suc-
cessfully reduction cardiovascular events. The
marketing strategies of diet promoters have led
researchers, health professionals, and consumers
to consider the benefits and risks of these diets for
cardiovascular health [6]. An example is the Nor-
dic diet, which has been studied in epidemiolog-
ical investigations and randomized trials,
especially during the last decade [70]. The Nordic
diet, characterized by a moderate consumption of
oily fish (salmon and mackerel), vegetables, roots,
legumes, fruits, berries, whole grains, and cereals
(oat, rye, and barley), was shown to be effective in
promoting cardiovascular benefits [71]. In a pio-
neer study, Adamson et al. [72] found a significant
decrease in body weight (�3.0 � 1.8 kg), total
cholesterol (�0.9 � 0.7 mmol.L�1), serum LDL
(�0.8 � 0.6 mmol.L�1), and systolic blood pres-
sure (�6.5� 13.1 mmHg) after 6 weeks feeding a
Nordic diet. More importantly, adherence to the
Nordic diet, assessed with food frequency ques-
tionnaire, was associated with lower risk of all-
cause and CVD mortality in two large cohort
studies [73, 74]. However, a recent cohort study
with 2019 adults with mean age of 61 years did
not found a significant association between adher-
ence to the Nordic diet and a reduction of risk of
coronary heart disease [75]. The reasons for these
contrasting results are not immediately clear and
are likely a fertile area for further research. The
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cardiovascular impact of other dietary regimens,
such as the vegetarian diet, has also been debated
over the past few years [70]. The vegetarian diet
typically substitutes meat, seafood, and poultry
with the consumption of soy products, legumes,
nuts, and whole grains. Vegetarian diets were asso-
ciated with a myriad of health benefits, including
reduced body weight, serum LDL, and systolic
blood pressure in addition to reduced risk for
CVD [76]. Additionally, vegetarian diets reduced
significantly the risk of incidence and mortality
from CVDs [77]. However, other large, single cen-
ter studies have failed to corroborate these results
[78, 79]. Further studies are warranted to confirm
or refute the present findings.

Conclusion

The treatment of multidimensional diseases such
as CVD requires well-established evidence- based
approaches. Healthy dietary approaches are advo-
cated to reduce the risk of CVDs, with potential
implications in all-cause and CVD mortality.
Among all the dietary regimens evaluated, Medi-
terranean diet had the strongest and most consis-
tent evidence, with no related adverse effects.
Suggestive evidence of an improvement in body
weight and CVD risk was also reported for DASH
diet. Low-carbohydrate, low-fat, and high-pro-
tein, on the other hand, appear not to promote
cardiovascular benefits. The current findings
underscore the strengths and limitations of most
popular and world-famous dietary interventions,
suggesting that the best results, in terms of cardio-
vascular health, are obtained with favorable die-
tary patterns such as Mediterranean diet.
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Abstract

Music represents a form of nonverbal language
that does not encounter any limit across time,
space, and cultures. Since antiquity the healing
power of music on the human soul and
body has been investigated and exploited by
philosophers, scientists, magicians, and priest-
esses. Music can act both at a psychological

level, evoking specific emotional states, and at
a corporeal level, inducing physiological
changes in different systems of the human
body.

The first part of the present chapter has been
focused on the emotions evoked by music and
provides an analysis of the modifications
induced by the musical experience in the
neural, endocrinological, and autonomic ner-
vous systems. In the second section, we have
attempted to explain why, even in modern
times, music can be considered a real therapeu-
tic tool for several neuropsychiatric disorders
and cardiovascular diseases. A detailed sum-
mary of the most recent literature on the topic
has been presented.
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Introduction

The nonverbal language of music is a creative
form of art existing across all cultures around the
world [1]. People have been making music for at
least 35,000 years [2], and no human culture has
yet been identified that does not practice some
recognizably musical activity.

The notion of music as therapy is based on
ancient cross-cultural beliefs that music can have
a “healing” effect on mind and body. In the antiq-
uity, the relationship between music, mind, and
body was mainly related to the field of magic.
Since illnesses were thought to be caused by
divine interference as curses or punishment, or
by diabolical forces, healing could only come
from the divine realm, and music represented the
means to access that realm. One can think, for
example, of King Saul, who was tormented by
an evil spirit, and relief came to him when David
played the lyre (Sam 16, 14–23). According to
intellectuals from Ancient Greece, such as
Pythagoras, Asclepiades, Aristoteles, and Plato,
music could be used to reflect and project the
harmony of the cosmos onto the mind to create
or reestablish the inner harmony. This process was
not only considered valuable as therapy but also
for educational purposes to strengthen character
and virtue [3–5].

In contemporary society, little has changed:
music continues to be used to promote health
and well-being in clinical settings, such as for
pain management, relaxation, psychotherapy,
and personal growth. The present chapter is
aimed at analyzing the effects of music on mental
and cardiovascular functioning. In the first
part, we will present the concept of music-evoked
emotions and the modifications induced in the
central and peripheral nervous system and conse-
quently in the cardiovascular and endocrinologi-
cal activity. Secondly, we will present the growing
body of literature addressing evidence-based
music interventions through peer-reviewed

scientific experiments, focusing in particular on
its clinical use in neuropsychiatric and cardiovas-
cular diseases.

Music and Emotions

Emotions: Definition and Theories

The term emotion is used to refer to a quite
brief but intense affective reaction that usually
involves several sub-components which can
be more or less “synchronized” (e.g. subjective
feeling, physiological arousal, expression, action
tendency, and regulation). Emotions are focused
on specific objects and usually last minutes or
hours [6]. Notably, emotions differ from mood,
which is intended as an affective state with lower
intensity, without a clear “object,” and lasting
longer than emotions. The subjective experience
of emotions or mood is what we call a feeling [6].

Although the occurrence of emotions in animals
was recognized since the time of Ancient Greeks, it
was Charles Darwin who firstly provided the theo-
retical framework for biological studies of emo-
tions. Darwin presented his views on emotions in
The Expression of the Emotions in Man and Ani-
mals (1872) [7] inwhich he collected all his anthro-
pological works, clinical observations, and
experimental research on humans and animals [8].
Nowadays, many scholars still agree that humans
share an innate set of basic emotions which are
recognizable regardless of cultures and species.
These basic emotions are described as discrete
because they are believed to be distinguishable
simply observing an individual’s facial expression,
and could be identified as anger, disgust, fear,
happiness, sadness, and surprise [9]. In contrast
with the discrete model of emotions, the dimen-
sional models affirm that emotions cannot be con-
sidered as clear separated “blocks”; contrariwise,
affective states could be further dissociated in sev-
eral continuous dimensions, such as valence,
arousal, or intensity. One of the first dimensional
models of emotion was theorized by Wilhelm
Wundt (1905) and was centered around the three
dimensions of pleasure (positive vs. negative), inhi-
bition (calm vs. excited), and tension (relaxed vs.
tense) [10]. The most recent two-dimensional
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model – often referred to as “circumplex” model –
encompasses the orthogonal dimensions of valence
and arousal [11] and is however most commonly
employed in music research.

Somatic theories of emotion claim that bodily
responses, rather than cognitive interpretations,
are essential to emotions. For instance, William
James and Carl Lange argued that emotional
experiences perceived in the brain were secondary
to stimuli trigger activity in the autonomic ner-
vous system. As James wrote, “the perception
of bodily changes, as they occur, is the emotion”;
the author further claimed that “we feel sad
because we cry, angry because we strike, afraid
because we tremble, and either we cry, strike, or
tremble because we are sorry, angry, or fearful,
as the case may be” [12]. Cannon and Bard
agreed with their predecessors that physiological
responses played a crucial role in emotions, but
did not believe that they could explain the subjec-
tive emotional experiences alone. Their work
instead suggests that emotions could be experi-
enced even when the body does not reveal a
physiological reaction; in other cases, physiolog-
ical reactions to different emotions can be
extremely similar. Therefore, the emotion and
the physical response occur simultaneously and
independently [13, 14].

The two-factor theory, elaborated by Schachter
(1962), draws on elements of both James-Lange
theory and Cannon-Bard theory, proposing that
physiological arousal occurs in first place, but
that the physical reaction might be similar for
different emotions. The two-factor model was
based on the earlier work of Gregorio Marañón,
a Spanish physician who, after injecting patients
with adrenaline, found that most of them felt
something even in absence of an actual emotion-
evoking stimulus: in fact, the patients were unable
to interpret their physiological arousal as an expe-
rienced emotion [15]. The two-factor theory sug-
gests that physiological reactions contributed to
the emotional experience by facilitating a focused
cognitive judgment of a given physiologically
arousing event and that this appraisal was what
defined the subjective emotional experience.
Emotions were thus a result of two-stage process:
general physiological arousal and experience of
emotion [16].

In more recent years, a growing number
of neuroscientists have attempted to investigate
the biological bases of emotions [17–20]. For
example, Joseph E. LeDoux has proposed a
model which attempted to explain how harmful
stimuli are processed in the brain to produce
defense reactions [17]. In his research, LeDoux
uses a fear conditioning, i.e., an experimental
paradigm in which a neutral stimulus is paired
with a harmful event. As a result of fear condi-
tioning procedure, a previously neutral stimulus
acquires the ability to trigger inherent behavioral,
autonomic, and endocrine responses that are
expressed automatically in the presence
of danger. LeDoux and other authors have
shown that the key structure for threat condition-
ing is the amygdala. The activation of the amyg-
dala neurons by threat signaling stimuli excites
the pathways controlling threat responses. If the
flow of information through the amygdala is
disrupted, threat signaling stimuli do not trigger
defense responses anymore. Sensory information
about fear is transmitted to the amygdala through
two independent pathways: a thalamic pathway,
which provides the amygdala with a rapid but
imprecise representation of the sensory input,
and a cortical path, which conveys a
more complex representation based on cortical
computations. Since conscious processes are
associated with cortical areas, this model explains
how environmental stimuli trigger automatic
threat responses before we are aware of the actual
danger [17, 21].

More recently, Stefan Koelsch [22] presented
a neurobiological theory of emotions that
includes emotions which are uniquely human
(such as complex moral emotions). This model
integrates psychological, neurobiological, socio-
logical, anthropological, and psycholinguistic
perspectives on emotions in an interdisciplinary
manner, aiming to advance the understanding
of human emotions and their neural correlates.
Koelsch proposes four classes of emotions, orig-
inated from as many neuroanatomically distinct
cerebral systems. These emotional core systems
constitute a “quartet” of affect systems: the
brainstem-, diencephalon-, hippocampus-, and
orbitofrontal-centered affect systems (Fig. 1).
The affect systems were increasingly
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differentiated during evolution, and each of these
systems generates a specific class of affects, such
as activation and deactivation, pain and pleasure,
attachment-related emotions, and moral emotions.
The activity of affect systems is coordinated by
limbic/paralimbic structures, such as amygdala,
basal ganglia, striatum, insula, and cingulate cor-
tex [23]. The affect systems interact with each
other, and activity of the affect systems has effects
on – and interacts with – biological systems
denoted as emotional effector systems. These
effector systems include peripheral physiological
arousal, motor systems (which produce actions,
action tendencies, and motoric expression of emo-
tion), as well as memory and attentional systems.
Activity of affect systems and effector systems is
synthesized into an emotion percept (preverbal
subjective feeling), which can be transformed
into language. Moreover, conscious cognitive
evaluation (involving rational thought, logic, and
language) can regulate, modulate, and partly ini-
tiate the activity of affect and effector systems
[22].

Music-Evoked Emotions: Classification
and Mechanisms

When talking about music and emotions, it is
important to distinguish between perceived and

felt emotions. Perceived emotions are related to
emotion recognition or perception, while felt
emotions are connected to the induction or evo-
cation of emotions by music. Perceived and felt
emotion do not necessarily move in the same
direction (e.g., one might feel sad or joyful in
response to sad-sounding music) [24], and even
opposite, but simultaneous, emotional valences
(happy vs. sad) can be experienced as pleasur-
able [25].

We will focus in this section on felt emotions,
which we will call “music-evoked emotions.”
As mentioned above, music-evoked emotions
can be widely varied. They may include joy, sad-
ness, fear, and peacefulness or tranquility. Music
can produce feelings of intense pleasure or eupho-
ria in the listener, sometimes experienced as
“thrills” or “chills down the spine.”Musical plea-
sure is closely related to the intensity of emotional
arousal, and listeners often report that the most
moving music evokes two or more emotions at
once [26].

According to Juslin [6], music-evoked emo-
tions can be classified into the following groups:

1. Everyday emotions: emotions similar to others
experienced in daily life, including discrete
emotions such as happiness, sadness, interest,
and surprise

2. Aesthetic emotions: emotion thought aroused
when perceiver is engaged with an artwork

3. Mixed emotions, in which positive and nega-
tive affects are experienced simultaneously (e.
g., pleasurable sadness)

The main difference between aesthetic and
everyday emotions consists in the fact that the
first category lacks an intentional object it is
directed to [24]. Finally, chills could be consid-
ered other examples of emotional response to
music, being a combination of subjective feel-
ing (e.g., sadness, happiness, grief, joy, or calm-
ness) and physiological arousal (e.g., tingling
sensations, feelings of warmth or coldness, shiv-
ering down the spine, and lump-in-the-throat
sensation) [24, 27].

But which are the psychological mechanisms
responsible for music-evoked emotions? In 2008,

Fig. 1 The “quartet” of affect systems. (With courtesy of
Prof. Stefan Koelsch)
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Juslin and Västfjäll [28] introduced the following
mechanisms:

1. Brain stem reflexes: loud or dissonant music
signals to the brain stem a potentially urgent
event that needs attention, leading to automatic
and quick emotional reactions such as changes
in arousal or feeling of surprise [29]

2. Evaluative conditioning: a regular pairing of
a piece of music and other positive or negative
stimuli leading to a conditioned association,
similar to how a funeral march can evoke sad-
ness even not in the context of a funeral [30]

3. Emotional contagion: an internal “mimicry”
of the perceived voice-like emotional expres-
sion of the music [31]

4. Visual imagery: music evokes images with
emotional qualities, which in turn trigger an
emotional response in the listener [32]

5. Episodic memory: an emotional response
occurs because the music evokes a memory
of a particular event in the listener’s life [33]

6. Musical expectancy: a reaction to the gradual
unfolding of the musical structure and its
expected or unexpected continuation [34]

Further mechanisms were added later on [6]
and include rhythmic entrainment (i.e., an internal
body rhythm, such as such as heart and/or respi-
ration rate, synchronizes with the rhythm of the
music [35]), and aesthetic judgment (i.e., a sub-
jective evaluation of the aesthetic value of the
music based on an individual set of weighted
criteria [6]) [24, 36].

As reported by Stefan Koelsch in 2014 [37],
other sources within the music itself could
trigger emotional reactions, conveying tension
and expectancy via the musical piece: (1) acoustic
factors (e.g., consonance/dissonance, loudness);
(2) structural stability (e.g., moving to and
from the tonal center); (3) the extent of structural
content in the music; and (4) structural breaches.
The first factor relates strongly to our responses to
sound in general, while the other three are associ-
ated with the way that composers play with the
structure within music as it progresses, creating an
alternation of tension and relaxation, that in the
right quantities provide the recipes for different

emotional reactions. Koelsch also mentions con-
tagion among the possible sources of emotional
induction: the idea that when an emotion is
triggered, we experience the physiological mani-
festations of that state (e.g., we might smile). That
smile then goes back into the system, reinforcing
the happy emotion that we feel [37].

Advances in neuroscience have attempted
to examine the neural, endocrinological, and psy-
chophysiological correlates of emotions induced
by music, which will be presented in the next
sections.

Neural Correlates of Music-Evoked
Emotions

The potential of music to evoke emotions makes
music a valuable tool for the investigation of
emotions and their neural correlates. An advan-
tage of music is that it enables researchers to study
a wide range of emotional states, some of which
are otherwise difficult to evoke in experimental
settings.

The first functional neuroimaging study on
music and emotion was a study by Anne Blood
and colleagues [38]. Using positron emission
tomography (PET), they investigated the emo-
tional dimension of pleasantness/unpleasantness
in ten volunteers listening to sequences of harmo-
nized melodies. The stimuli varied systematically
in the degree of dissonance and were perceived as
less or more unpleasant (stimuli with the highest
degree of continuous dissonance were rated as
the most unpleasant). Variations in pleasantness/
unpleasantness were shown to modulate activity
in the (posterior) subcallosal cingulate cortex, as
well as in several paralimbic structures.

A meta-analysis of functional neuroimaging
studies on music and emotion published in 2014
[37], confirmed by more recent findings, reported
activity changes in several brain regions involved
in emotion, such as hippocampus, amygdala,
auditory cortex, nucleus accumbens/ventral stria-
tum, dorsal striatum, medial and lateral
orbitofrontal cortex, and anterior cingulate cortex,
as well as in the anterior insula, anterior portion of
the supplementary motor area (pre-SMA), rostral
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cingulate zone, and mediodorsal thalamus.
In addition, brain stem structures of the auditory
pathway seem involved in music-evoked emo-
tions: for example, the very first auditory pro-
cessing stages in the brain stem, the cochlear and
vestibular nuclei, project into the reticular forma-
tion, contributing to the arousing or calming
effects of music [23].

Koelsch [37] mentions three main candidate
components of the core emotion brain network:
the amygdala, the nucleus accumbens (NA), and
the hippocampus.

The amygdala is a deep, central brain structure
that receives some of the first projections from
the lower brain centers. Music stimulates the
amygdala in a similar way to faces [39], smells,
and other sounds [40], most likely because
all these stimuli are perceived as having social
significance due to their communicative proper-
ties [41–43]. According to the author, the
amygdala is part of a larger network that regulates
approach-withdrawal behavior in response to
socio-affective cues, including those given by
music [44]. Finally, the amygdala likely has
a role in how we evaluate and learn about positive
or negative stimuli and therefore is involved in
how our behavior eventually becomes reinforced
toward or away from certain musical sounds [45,
46].

The nucleus accumbens (NA) is well-known
to be activated by peak emotional experiences,
known as “chills” or “frisson,” but it is also
activated as soon as music is experienced as plea-
surable [26, 47]. In general, the NA is sensitive
to primary rewards (food, sex) and secondary
rewards (money, power), so it has a hedonic
value for us and helps to initiate behaviors aimed
at obtaining more of these rewards for consump-
tion [48]. This finding suggests that music can
be a rewarding emotional stimulus, as music
lovers can confirm. The NA activation signals
the anticipation of the rewarding experience of
hearing pleasurable music, as well as the actual
experience of enjoying the music [49].

Finally, the hippocampus is connected to our
emotional reactions via its involvement in the
regulation of our brain’s chemical stress response,
which comprises the hypothalamus-pituitary-

adrenal axis (HPA axis) [50]. The hippocampus
is implicated in music-evoked positive emotions
which can reduce the release of stress hormones
like cortisol. Apparently, the hippocampus is quite
sensitive to chronic levels of stress hormones in
general, and long-term exposure, such as in some
cases of post-traumatic stress disorder (PTSD)
and depression, can damage the neurons in this
brain structure, thus impairing the ability to per-
ceive or react to emotion in music [51]. Another
emotional function of the hippocampus in humans
is the formation and maintenance of social attach-
ments. This is in accordance with the observation
that the hippocampus hosts oxytocin receptors
and that it is involved in the regulation of oxytocin
release into the bloodstream by the pituitary
gland [52]. The fact that the hippocampus reacts
to emotional music (including fear and joy) sug-
gests that it is responsive to the potential of music
to stimulate the release of brain chemicals which
affect its function.

More details regarding the interplay between
brain regions responsible for music-evoked emo-
tions and other systems (e.g., HPA axis, hormonal
levels, etc.) will be further explored in the next
paragraphs.

Neurochemistry and Psychophysiology
of Music

Music-evoked emotions are connected not only
with subjective emotional feelings but also with
changes in the major somatic components of emo-
tion, including physiological arousal, especially
on the autonomic and endocrine systems, with
the latter affecting the immune system in turn.
These findings have raised attention toward musi-
cal experience itself as a factor that can produce
changes in autonomic, hormonal, and immune
activity [53].

The investigation of how music influences
neurochemical changes in the brain and periphery
has led to the identification of several biochemical
mediators which may be involved in the pro-
cessing of music. This growing field of research
has often led to contrasting, disorganized obser-
vations that are difficult to interpret. Only a small
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minority of these studies have discussed their
results in the framework of precise physiological
pathways, and even fewer have attempted to draft
possible models to explain the mechanisms under-
lying the effects of music [54].

In the following paragraphs, neurochemically
mediated music-health interactions will be orga-
nized into three domains: reward, motivation, and
pleasure; stress and arousal; and social affiliation
and bonding. This classification is meant to
help in the approach to the wide variety of obser-
vations reported in the literature, but it does not
necessarily reflect a concrete distinction between
these systems, which are frequently overlapping
and interconnected in their functions, mediators,
and manifestations.

Reward, Motivation, and Pleasure
The ability to engage in motivated behaviors
toward activities that are crucial for survival or
well-being, such as acquisition and ingestion of
food, is an essential feature that allows individuals
to thrive [25]. The seeking of resources that ben-
efit one’s organism is rewarded with a feeling of
pleasure when the target resource is successfully
obtained, which motivates the individual to main-
tain that behavior.

The balance between behaviors that are
directed toward different resources and rewards
is achieved thanks to a cyclical pattern of phases
that guide survival-related decision-making [55].
First, the wanting phase is characterized
by motivation for reward, which generates goal-
directed behaviors. When the reward is accom-
plished, the liking phase takes place, which
constitutes the actual hedonic component of
reward. Finally, the learning phase allows for
associations to be formed from the experience,
which will enable the individual to make more
accurate predictions about future rewards.
Although all three phases of the cycle tend to
have a conscious component, they are rooted in
unconscious mechanisms mediated by neuro-
chemicals across specific brain regions.

The one molecule that has received the most
attentions in relation to the reward system is dopa-
mine. With its widespread network – which
connects the substantia nigra pars compacta

(SNc) and ventral tegmental area (VTA) with
the striatum, nucleus accumbens (NAc), and pre-
frontal cortex [56] – the dopaminergic system
altogether allows for the integration of cognitive
and affective signals to promote action toward
motivationally relevant goals [57].

Dopamine has at first been considered as
a key mediator for all three phases of the pleasure
cycle [55]. However, while this has been
demonstrated to hold for the wanting [47] and
learning [58] phases, the liking phase appears
to be mediated by endogenous opioids and endor-
phins [59]. Endogenous opioids are released in
“hedonic hotspots” in the NAc and have been
shown to modulate dopamine cell firing in the
VTA [60]. Nevertheless, dopamine maintains
a fundamental role. Dopamine release generates
selective reinforcement of associations between
rewards and reward-producing behaviors based
on past experiences, transforming otherwise neu-
tral stimuli into incentive motivational stimuli
[56].

Reward mechanisms are not limited to those
behaviors that are linked to survival, such as the
seeking of food and sex, and to those that display
addictive properties, such as drugs of abuse.
Perhaps surprisingly, the same system appears to
be activated for more “abstract” rewards, such as
with the case of music [60]. Music listening, in
fact, has been shown to activate not only the
perceptual pathway involving the auditory cortex
but also the network of reward [55]. A pioneer
study in this field has been conducted by Blood
and Zatorre [26], who investigated the neural cor-
relates of the pleasurable experience of musical
chills and identified a correlation with activity in
the reward circuitry at positron emission tomog-
raphy (PET). Various researchers have since been
using PET or functional magnetic resonance
imaging (fMRI) to study brain responses to pleas-
ant (or unpleasant) music (for a detailed account,
see [55]). This field of research led to consistent
findings in areas linked to the processing of
reward, including striatum, NAc, VTA, and pre-
frontal cortex, but also in substantia nigra and
hypothalamus, providing indirect evidence of the
involvement of dopamine. Salimpoor and col-
leagues [47] were the first to directly demonstrate
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the association between dopamine release and
musical pleasure, combining fMRI with PET
scanning and the dopamine-specific tracer [11C]
raclopride.

As reported by Mallik et al. [61], both positive
and negative emotions to music were attenu-
ated after administration of naltrexone (NTX),
a μ-opioid antagonist, suggesting that also
“endogenous opioids are critical to experiencing
both positive and negative emotions in music, and
that music uses the same reward pathways as
food, drugs and sexual pleasure” [61].

Several theories have thus been developed to
explain why music engages the human brain in
reward mechanisms. According to some
researchers [60], this occurs because music con-
tinuously generates and resolves expectations in
listeners, which leads to desire and anticipation of
predicted sound events as music unfolds in time.
The creation of expectation as a strategy to engage
listeners is actually well-known to the composers
of all times: suspension, delay, evaded cadences,
and applied dominants are only some of the
devices that exploit the predictions that listeners
implicitly develop – at least in Western, tonal
music, in which these phenomena have mostly
been studied.

Chord progression in particular has been the
object of studies on musical pleasure. A recent
study by Cheung and colleagues [57] has investi-
gated the association between predictability
of a specific chord in a succession and the pleas-
antness that listeners attributed to that chord.
According to the authors, pleasure from music
listening is generated in two different states: in
the phase of anticipation, when the chord
is expected with a degree of uncertainty that
depends on the tonal harmonic context, and in
the phase of surprise, in case the chord deviates
from expectations. It would appear that violation
of expectations is interpreted by the brain as
especially pleasant: subjects reported higher
pleasantness either when hearing a surprising
chord when they had confidently expected a dif-
ferent one or when a familiar chord would resolve
a harmonic context of high uncertainty. The two
pleasant states identified in this study seem to
reflect the dopamine-mediated phases of the

pleasure cycle, where dopamine release is associ-
ated with both the desire to receive an expected
stimulus and the assessment of an outcome that
deviates from predictions [60].

These findings seem to indicate that the plea-
sure we find in music listening is generated by the
subtle interplay between adherence and deviation
from conventions in musical structures, oscillat-
ing between the extremes of excessive adherence
– and the risk of boredom – and excessive devia-
tion, which could escalate to nonsense. Personal
taste in the appreciation of music may be
explained by the subjectivity of such thresholds,
which could be expected to derive from the inte-
gration of individualized cortical processes that
are continuously updated on the base of previous
experiences [60].

It is worth noting that both the tension gener-
ated by musical expectations and the surprise due
to their violation should be expected to involve
a rise in attention and arousal [55]. Such a state
of vigilant preparation could be manifested
through visceral responses mediated by the auto-
nomic nervous system, such as increased heart
rate and electrodermal activity [62]. This phenom-
enon should remind of a larger picture, where the
systems of prediction and reward and those of
attention, arousal, and stress response are inevita-
bly interconnected. Therefore, the investigation of
the relationship of music with either system can-
not prescind from the consideration of the other.

Interestingly, the involvement of the meso-
limbic dopaminergic system in musical reward
has been confirmed also by the discovery of the
so-called specific musical anhedonia [63], a con-
dition characterized by the absence of feelings
of pleasure in response to music, while pleasure
and reward experiences to other stimuli (e.g.,
food, sex, or exercise) are normal. This phenom-
enon is associated with reduced activity changes
in the NAc in response to music (and auditory-
NAc functional connectivity). Moreover, Keller
and colleagues (2013) reported that trait anhedo-
nia is associated with reduced reactivity and con-
nectivity of mesolimbic and paralimbic reward
pathways in response to music [64]. However,
evidence about brain lesions in people with musi-
cal anhedonia remain still inconsistent [23].
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Stress and Arousal
The stress response is a complex system of
physiological and behavioral responses that
allow individuals to react rapidly to cognitive,
emotional, neurosensory, and somatic stimuli
to maintain homeostasis [65]. The main
components of the stress system are the hypotha-
lamic-pituitary-adrenal (HPA) axis, producing
corticotropin-releasing hormone (CRH), adreno-
corticotropic hormone (ACTH), and cortisol,
respectively; the locus coeruleus-norepinephrine
system in the brainstem; and the autonomic ner-
vous system, comprising the sympathetic and
parasympathetic systems, which involve media-
tors such as epinephrine, norepinephrine (NE),
acetylcholine, nitric oxide (NO), and lipid media-
tors of inflammation.

Many studies have been carried out in search for
associations between music listening or
performance and changes in the levels of these
molecules, possibly reflecting an opportunity for
the use of music therapy in clinical conditions that
are worsened by stress. There is general consensus
that listening to relaxingmusic can indeed decrease
cortisol levels or buffer their increase in stressful
situations [66–70], while milder evidence has been
found for other markers such as ACTH [71], epi-
nephrine and NE [72], and beta-endorphin [73].
Moreover, some researchers have also investigated
the effects of stimulating music, which has been
reported to be associated with an increase in corti-
sol, ACTH, epinephrine, and growth hormone
[74]. There is also some evidence that music
could lead to the release of NO, possibly bringing
about reduction in blood pressure through its action
on vasomotor tone [75].

A parallel strategy of research has evaluated
changes in parameters that reflect the peripheral
activity of the autonomic nervous system, such
as heart rate (HR), heart rate variability (HRV),
blood pressure (BP), respiratory rate (RR),
and electrodermal skin response (ESR). The
autonomic nervous system, which is linked
bidirectionally with the central nervous system,
endocrine system, and immune system, is indeed
a promising target of research as a sensitive and
dynamic mechanism potentially mediating bene-
ficial effects of music on health [76].

According to systematic reviews [54], HR, BP,
and RR, which are the most frequently assessed
variables, are consistently found to decrease when
listening to relaxing music. However, some
researchers [76] have advocated deploying greater
attention to HRV, instead of HR, as a parameter
that could better reflect the complex interplay
between the sympathetic and parasympathetic
branches of the autonomic nervous system. High
HRV would account for high flexibility of auto-
nomic functions, making the individual more
adaptable to changes in the environment [77],
a feature that HR, being an average value, would
fail to represent. However, literature reporting
HRVas a dependent measure in musical interven-
tions is still limited, and further investigation is
needed for assessing its validity in laboratory and
clinical settings. Skin conductance response
(SCR), an easily measurable index of ESR, has
also been used to evaluate the effects of music on
emotions. As SCR varies with fluctuations in
sweat glands activity, it allows to identify patterns
in the sympathetic component alone, which is not
possible with the measurement of HR and HRV
[78].

In most studies, physiological parameters have
been considered secondary outcome measures,
while the primary target of research was usually
a reduction in anxiety [76], especially in the clin-
ical setting. For a complete account, a series of
Cochrane Collection reviews has collected
encouraging results for the role of music in reduc-
ing anxiety in various clinical populations, such as
in patients with cancer [79] and coronary artery
disease [80] and those undergoing surgery [81]
and mechanical ventilation [82].

While there is a significant amount of evidence
that music does have an impact on the stress
response, it is also evident that results vary widely.
Such variability is probably due to the lack of
homogeneity in the design of experimental studies
in this field, and several authors have advocated
for greater rigor. Among others, Fancourt and
colleagues [54] have proposed a model that
could offer some guidance. First, the authors high-
light how stressors should be distinguished
as physiological or psychological in nature, and
as acute or chronic in time course, since acute and
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chronic stress have significantly different effects
on individuals. Moreover, they suggest that musi-
cal stimuli should be characterized as for their
purely auditory component, including factors
such as tempo, tonality, and instrumentation;
the type and degree of physical involvement of
participants; social engagement, if present, such
as when music listening or performance is carried
out as a group; and personal responses to music,
including familiarity, appreciation or dislike, and
emotional responses.

Another possible confounder is whether music
is selected by the experimenter or by the partici-
pants, a factor that is known as locus of control.
Current evidence is controversial on this point,
with some studies considering that giving the
choice to patients could increase their sense of
control, thus increasing the efficacy of the inter-
vention [25], while others arguing that music
selected according to research criteria leads to
more consistent results [83]. However, there are
no objective criteria to classify a musical piece as
relaxing, although some attempts have been made
to identify which specific features of music might
account for any anxiolytic effects [84].

Social Affiliation and Bonding
Music fulfills social needs that are of vital impor-
tance for the individual. Therefore, the notion
that music evokes only aesthetic experiences
without goal relevance is doubtful [53]. Being
an activity that promotes synchronization and
connection, group music performance is one of
those human behaviors that have long been
known to foster interpersonal trust, bonding, and
cooperation [25, 85–87]. In fact, music automati-
cally engages social cognition [42] and co-pathy,
promoting emotion regulation and favoring
interindividual understanding and decreasing con-
flicts [88]. Finally, music making implicates the
coordination of movements, typically associated
with pleasure. Given the social valence of music,
some of the researchers interested in the biological
correlates of music and social bonding turned to
the investigation of oxytocin.

A neuropeptide produced in the para-
ventricular nucleus of the hypothalamus and
released from the posterior lobe of the pituitary,

oxytocin appears to play a fundamental role in the
organization of social behavior by modulating
anxiety, affiliative motivation, and the processing
of social clues [89–92]. The finding that the
exchange of vocal cues – and not only physical
contact, as previously understood – among
mother and child can lead to a significant rise in
oxytocin levels [93] hints at vocalizations as a
deeply rooted mechanism of social bonding in
humans. Some studies have been carried out that
identify an increase in oxytocin levels during
music listening [67] and especially during group
singing [71, 94, 95]; however, it is currently not
known whether peripheral levels of oxytocin can
be considered representative of oxytocin levels in
the brain [25, 92].

Oxytocin cannot be taken into account without
vasopressin, a genetically and structurally related
neuropeptide, as the two appear to produce recip-
rocal modulation in influencing social behavior
[96, 97]. However, the role of vasopressin and
its interaction with oxytocin in the mediation
of music processing is yet to be explored [25].

Interestingly, it has been shown that passively
listening to music increases interpersonal syn-
chronization of cardiovascular and respiratory
rhythms, which could further explain the role
of music in favoring social bonds [98]. These
preliminary results should encourage further
research, which could potentially lead to evidence
supporting the implementation of group music
making as a therapeutic intervention in appropri-
ate clinical populations, in concert with the prac-
tice already carried out by music therapists [71].

Music Therapy for the Brain and the
Heart

Music therapy (MT) is defined by the World
Federation of Music Therapy as “the professional
use of music and its elements as an intervention in
medical, educational, and everyday environments
with individuals, groups, families, or communi-
ties who seek to optimize their quality of life and
improve their physical, social, communicative,
emotional, intellectual, and spiritual health and
wellbeing.” According to its definition, “research,
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practice, education, and clinical training in
music therapy are based on professional standards
according to cultural, social, and political con-
texts” [99]. MT can be roughly classified in active
and receptive MT. Active MT employs an inter-
personal approach where participants sing or play
musical instruments under the supervision
of a music therapist or a trained healthcare pro-
vider. Receptive MT uses a relatively simple and
less interactive approach, where participants
stay and listen to music in a quiet place. It can be
self-administrated with minimal professional sup-
port [99].

The ability of music to regulate emotions and
to provoke psychophysiological and endocrino-
logical modifications, as well as functional and
plastic changes in this brain structures, has
given rise to the investigation of the effects of
music in people with different conditions, such
as neuropsychiatric disorders or cardiovascular
diseases. In the following paragraphs, we will
focus on the therapeutic effects of MTand, more
generally, of music-based interventions, which
can be defined as any protocols using music
[100].

Music Therapy for Neuropsychiatric
Disorders

Depression
Major depressive disorder affects at least 4.4%
of the global population, representing one of
the leading causes of disability [101]. Depression
is characterized by sadness, hopelessness, loss
of energy, feels of worthlessness and excessive
or inappropriate guilt, insomnia or hypersomnia,
significant weight loss, diminished ability to
concentrate, and recurrent thoughts of death
[102]. There is some indication that depression
affects the perception of emotions in music,
similarly to other nonverbal communication chan-
nels [103]; therefore, music-evoked emotions in
depressed subject might be different from healthy
controls [104–106].

A moderate amount of evidence has suggested
that MT can improve the mental health of people
with depression. Several mechanisms have been

proposed about the possible effectiveness of MT
for depressive symptoms. First, music is used to
modulate emotions and moods [107], also in
everyday life [108]. Since depression is often
accompanied by emotional dysregulation, music
could thus represent a good way to alleviate this
symptom [109]. Also, the act of playing musical
instruments requires purposeful physical move-
ment. The role of physical activity in averting
depression and alleviating its effects is well rec-
ognized. This is not simply a matter of getting
people moving, but also of enabling people to
experience themselves as physical beings [109].
Finally, music making is a social, pleasurable, and
meaningful activity; in fact, trials of music ther-
apy have shown high levels of engagement with
patient groups who are traditionally difficult to
engage [109]. Literature showed that MT and,
more broadly, music interventions may have ben-
eficial effects on depression and anxiety symp-
toms in patients suffering from major depression
disorder [110, 111]. The level of functioning in
depressed individuals – an important aspect to
take into account – also seemed to ameliorate,
but up to date, it has been evaluated only by one
study [112].

Anxiety, Obsessive-Compulsive Disorder
(OCD), and Post-Traumatic Stress
Disorder (PTSD)
Anxiety disorders are among the most prevalent
mental illnesses worldwide [113, 114]. Anxiety
has many negative impacts on health, daily life,
and well-being and impair several cognitive [115]
and emotional processes [116]. Currently, litera-
ture regarding the efficacy of music and MT on
people with diagnosed anxiety and anxiety-
related disorders have been barely explored.
In a pilot study, Gutiérrez et al. [117] showed
that MT was effective in reducing anxiety and
depression levels in patients affected by general-
ized anxiety disorder (GAD). Also, in a small
sample of children with chronic anxiety,
music lessons improved self-confidence, social
independence, creativity and emotional expres-
sion, and control over intrusive thoughts and
feelings [118]. Recently, a meta-analysis by
Panteleeva and colleagues [119] suggested that
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music may reduce self-reported anxiety in non-
clinical samples, despite such improvement is not
always related to changes in physiological param-
eters typically associated with anxiety (e.g.,
blood pressure, cortisol, heart rate, etc.). Several
meta-analyses have reported promising findings
for the role of music in reducing anxiety in various
clinical populations, such as in patients with
cancer [79] and coronary artery disease [80] and
those undergoing surgery [81] and mechanical
ventilation [82].

Obsessive-compulsive disorder (OCD) is char-
acterized by unwanted and disturbing thoughts,
images, or urges (obsessions) that intrude into
a person’s mind and cause a great deal of anxiety
or discomfort, which the patient then tries to
reduce by engaging in repetitive behaviors or
mental acts (compulsions) [102]. MT, as an
adjunct to standard care, seems to be effective in
reducing severity of obsessions and compulsions
[120], as well as comorbid anxiety and depressive
symptoms [121] in patients with OCD.

Post-traumatic stress disorder (PTSD) is
characterized by an inability to recover from
a reaction of stress following exposure to a trau-
matic event [102]. Symptoms can include
reexperiencing the event, intrusive memories
of the event, prolonged emotional distress and
physiological reactivity after exposure to
trauma-related stimuli, avoidance of trauma-
related thoughts and external reminders, nega-
tive alterations in mood and cognition, and alter-
ations in arousal and reactivity [102]. MT may
offer an accessible and not-stigmatizing thera-
peutic option for treating PTSD [122], since it
seems to improve post-traumatic symptoms,
such as avoidance, hyperarousal, and
reexperiencing [123, 124], as well as depressive
symptoms [125] among individuals with trauma
exposure and PTSD. Guided imagery music
(GIM) is a specific method based on the assump-
tion that it is indeed possible to select the most
appropriate music for the client, depending on
the therapist’s understanding of the client’s needs
[126]. GIM has shown some effectiveness on
different groups of individuals suffering from
PTSD, such as refugees [127], military veterans
[128] or abused women [129].

Schizophrenia and Other Psychotic
Disorders
Schizophrenia and the other psychotic disorders
are characterized by abnormalities in one or more
of the following five domains: delusions, halluci-
nations, disorganized thinking or speech, grossly
disorganized or abnormal motor behavior, and
negative symptoms [102]. Functional abnormali-
ties in the limbic system have been widely
reported in people with schizophrenia [130],
which in turn have been associated with cognitive
impairments, such as diminished affect discrimi-
nation and verbal memory deficit [131, 132].
Consistent with altered limbic activity, some
authors have reported that people with schizo-
phrenia have impaired musical abilities [133,
134]. A recent study [135] suggests that music-
evoked emotions in patients with schizophrenia
might be different from the healthy population
and also associated with symptoms severity.
Thus, the authors proposed music-evoked emo-
tions as a quick, noninvasive method to detect the
presence or severity of cognitive changes in
schizophrenia, and also for early diagnosis of the
disease, and as a biomarker for treatment response
[135].

As for other mental disorders, music-based
interventions may represent potential therapeutic
tools for schizophrenic patients. A recent meta-
analysis [136] suggested that MT in addition to
standard care may improve the global state, men-
tal state (including negative and general symp-
toms), social functioning, and quality of life
of people with schizophrenia or schizophrenia-
like disorders. However, effects depended on
the number of MT sessions as well as the
quality of the interventions provided. Other recent
studies showed that MT improved general psychi-
atric symptoms in patients with acute psychoses
[137, 138].

Dementia
Dementia, also known as “major neurocognitive
disorder,” represents a serious neuropsychiatric
condition currently affecting millions of older
adults worldwide [139]. The disorder is mainly
characterized by the progressive deterioration
of cognitive functions, which causes progressive
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impairments in autonomy and functioning [102].
Deficiencies in music perception are reported for
patients with cerebral degeneration. Recognition
of music expressing joy, sadness, anger, or fear is
impaired in patients with frontotemporal lobar
degeneration or damage of the amygdala [37].

Given the limited efficacy [140] and the side
effects often caused by medications [141], more
attention have been paid to the use of alternative
and complementary therapies for people with
dementia [142, 143]. Of note, brain areas under-
lying musical memory seem to be among the last
to show atrophy [144]. Indeed, it has been shown
that MT may enhance communication and emo-
tional well-being: through the nonverbal language
of music, it is possible to establish a contact also
when verbal language deteriorates [145].

According to a recent Cochrane review, music-
based therapeutic interventions for people
with dementia seemed to improve depressive
symptoms and emotional well-being including
quality of life [146]. Results regarding the efficacy
of MT behavioral and psychological symptoms
of dementia (BPSD), such as agitation, disruptive
behavior, and anxiety in older people with demen-
tia, are still inconsistent [147–149]. Cognitive
symptoms, which represent the core impairments
of dementia, have been barely investigated.
However, some authors suggested promising
effects of active MT [149, 150], in which the
combination of music and movement might pro-
mote beneficial effects on general cognition.

Autism Spectrum Disorder (ASD)
Autism spectrum disorder (ASD) is a group
of lifelong neurodevelopmental conditions, char-
acterized by deficits in socio-communication and
by the presence of restricted interests of repetitive
behaviors [102]. The prevalence of ASD has been
constantly increasing, and it is currently estimated
that around 1.5% of the general population might
belong to the autism spectrum [151]. Since
the first description of the condition, the strong
connection between music and ASD has been
described in terms of extraordinary skills in
numerous peculiar areas of interest, including
an exceptional musical interest [152, 153].
Interestingly, musical giftedness may be

positively exploited within rehabilitation pro-
grams in autism to promote social interactions,
communicative behavior, and emotional respon-
siveness [154]. Functional neuroimaging studies
show that individuals with ASD exhibit relatively
intact perception and processing of music-evoked
emotions [155], despite their deficit in the ability
to understand emotions in non-musical social
communication [102]. In fact, music may some-
times represent an alternative attempt of commu-
nication and emotional expression by nonverbal
subjects with ASD [156–159]. For this reason, it
has been hypothesized that MT can be used to
develop communication skills since music
involves communication capabilities of autistic
individuals [37]. Additionally, given the lack of
effective psychopharmacological treatment for
ASD core symptoms [160], the use of comple-
mentary and alternative therapies, such as music
and music-related therapy, among autistic sub-
jects has been constantly growing [161].

As reported by a recent systematic review, the
short- and medium-term effect of music therapy
interventions for children with ASD appears supe-
rior to placebo or standard care in several domains
of communication and social interaction, as well
as in secondary outcome areas, including social
adaptation and quality of parent-child relation-
ships [162]. Conversely, a large multicenter
study did not confirm the result, showing that
improvisational MT, compared with standard
care alone, resulted in no significant difference
in severity of ASD core symptoms [163, 164],
even if changes in socio-communication seemed
related to the quality of therapeutic relationship
[165]. Another recent study [166] provided evi-
dence that individual music intervention can
indeed improve not only social communication
but also functional brain connectivity, supporting
further investigations of neurobiologically
oriented models of music interventions in ASD.

Interestingly, a tool for the diagnosis of ASD in
adults with intellectual disability (ID) specifically
based on music – the Music-based Autism
Diagnostics (MUSAD) – has been recently vali-
dated [167, 168]. This instrument was developed
along the ICD-10 research criteria for autism,
taking into account the latest changes made in
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the DSM-5. It consist of ten predefined active
musical interactional situations used to create
a playful, naturalistic, and age-appropriate frame-
work, also engaging non-speakers in a diagnostic
assessment [167].

Substance Use Disorders
Substance use disorder (SUD) is a medical condi-
tion in which the use of one or more substances
leads to a clinically significant impairment or
distress. It is characterized by an array of mental,
physical, and behavioral symptoms that may
cause problems related to loss of control, strain
to one’s interpersonal life, dangerous use, toler-
ance, and withdrawal [102].

Literature showed that music-based interven-
tions may provide some beneficial effects for indi-
viduals with SUD [169], such as self-expression,
cooperative group activity, imagination, and syn-
chronized sensorimotor experience, compared
to commonly used verbal psychological therapies.
In addition, there is evidence of beneficial impact
of MT on other impaired aspects of SUD, such as
mood, stress, self-esteem, motivation, emotional
expression, social cohesion, global functioning,
and anxiety [169].

Sleep Disorders
Sleep disorders are distressing and disabling con-
ditions affecting a significant proportion of the
general population, with a prevalence estimated
around 10–48%. Insomnia is the most common
sleep disorder, with a prevalence in the past year
which has been estimated around 30% of the adult
population and chronic insomnia complained by
10% of adults [170]. Chronic insomnia is defined
by difficulties in falling asleep, maintaining sleep,
and early morning awakening and is coupled with
daytime consequences such as fatigue, attention
deficits, and mood instability [171]. Some authors
hypothesized that increased arousal levels in
the cognitive, emotional, and physiological
domains may represent both predisposing and
perpetuating factors for insomnia [171]. For this
reason, it could be hypothesized that music which,
as previously reported, has been shown to regulate
arousal and stress may act as a complementary

tool for the treatment of insomnia and, more
broadly, of sleep disorders. Such hypothesis
has been confirmed by some recent systematic
reviews and experimental studies, which have
reported that music interventions seem to offer
clear advantages for adults with insomnia or
sleep disorders, with large effects on overall
sleep quality, sleep-onset latency, and sleep effi-
ciency [172–175].

Music Therapy for Cardiovascular
Diseases

Hypertension
Hypertension represents a major risk factor for
cardiovascular morbidity and mortality. Its preva-
lence in developed countries is currently esti-
mated at 37 % [176]. The first-line treatment for
the management of hypertension consists in life-
style adjustment; however, if this approach fails,
pharmacological therapy is needed as the main
treatment modality in hypertension is pharmaco-
logical treatment, with high costs and various
adverse effects [177]. This has led to a growing
interest in non-pharmacological complementary
therapies, such as music interventions, in the treat-
ment of hypertension.

Nevertheless, findings regarding the effective-
ness of MT on hypertension are still contrasting.
Kühlmann and colleagues [178] recently
published a meta-analysis in which they evaluated
the effect of music interventions on blood pres-
sure in adults with hypertension, showing a trend
toward a decrease in mean systolic blood pressure
(SBP) and diastolic blood pressure (DBP).
Another systematic review, involving a smaller
number of studies [179], showed a significant
reduction in SBP in hypertensive patients receiv-
ing MT when compared with control subjects,
while no significant difference was found for the
DBP.

Zanini and colleagues evaluated the effect of
music therapy on blood pressure and quality
of life in patients with hypertension [180]. The
results of this study indicated that music therapy
had a beneficial effect on the quality of life and the
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control of blood pressure in individuals with
hypertension at first stage. The authors concluded
that music therapy approach may be suggested
as an adjuvant nonmedical treatment for hyper-
tensive people.

Coronary Heart Disease
Coronary heart disease (CHD), or ischemic heart
disease, is a condition in which a narrowing
or blockage of the coronary arteries may
cause a reduction of the blood flow to the myo-
cardium. Although the mortality for this condition
has gradually declined over the last decades in
Western countries, CHD remains still a major
cause of death and disability in developed coun-
tries [181]. A Cochrane systematic review [80]
evaluated the effect of music interventions on
patients with CHD. The review identified 26 tri-
als, with a total of 1369 participants. Results indi-
cated that music interventions have a small
beneficial effect on psychological distress in peo-
ple with CHD. Listening to music had a moderate
effect on anxiety in people with CHD, particularly
in people with myocardial infarction and in those
studies in which a patient-selected music was
used. Of note, listening to music reduced heart
rate, respiratory rate, and systolic blood pressure,
which represent somatic effects of anxiety.
Results also suggested a reduction in pain, partic-
ularly in those studies that included two or more
music sessions, and an improvement in patients’
quality of sleep following a cardiac procedure
or surgery. Bradt and colleagues [80] found no
strong evidence for heart rate variability and
depression. Only one study considered hormone
levels and quality of life as an outcome variable.
A small number of studies pointed to a possible
beneficial effect of music on opioid intake after
cardiac procedures or surgery.

Heart Surgery
Music has been used to reduce anxiety and pain
after open-heart procedures [182–184] and after
percutaneous coronary interventions in patients
undergoing a C-clamp procedure [185].
Other authors have suggested a significant
improvement in oxygen saturation [186], as well

as in other physiological parameters, such as heart
rate, systolic blood pressure, and mean arterial
pressure [187].

Conclusions

Music is a universal means of communication,
widespread since thousands of years, which, con-
trary to food or sex, does not show a clear survival
benefit, nor does it display the addictive properties
associated with drugs of abuse. Nonetheless, the
average person spends a considerable amount of
time listening to music, considering it as one of
the most enjoyable activities in a person’s life.
Many people cite emotional impact and regulation
among the main reasons why they listen to music;
others believe that music has special and mystical
properties [25]. As Oliver Sacks wrote, “the
power of music is a question that goes to the
heart of being human” [188].

Our chapter showed that emotions evoked by
music can be considered as “real” emotions,
with several underlying neural mechanisms,
which neuroscientists are attempting to elucidate.
Moreover, music regulates many of the systems
of human body, from HPA axis to ANS; the influ-
ence of music on these systems lays the ground
for using music as therapeutic tool in several
disorders of the brain and heart. Given the prom-
ising, but still scarce, evidence reported in litera-
ture, researchers should further evaluate the direct
interplay between mind, heart, and the whole
body, in the context of music-evoked emotions.
Additionally, there is the urgent need for the
implementation of experimental studies aimed at
evaluating the efficacy of music-based interven-
tions in people with mental or cardiovascular
disorders.

Cross-References
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▶Emotional Processing and Heart Activity
▶ Immune System and Mind-Body Medicine: An
Overview
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Abstract

Through the continuous scientific exploration
into the deep realms of consciousness,
researchers have discovered precious gems of
knowledge, commonly referred to as medita-
tion and yoga. Such “techniques” have been
used for millennia as a means by which to
optimize awareness, enhance compassion and
empathy, and bring joy to one’s life. In the
present chapter, the author briefly reviews
some of the most recent and compelling studies
addressing the psychological and cardiovascu-
lar effects of meditation and yoga. Special
emphasis is given to mindfulness-based inter-
ventions and the traditional Indian spiritual
practice of yoga. Overall, the results indicate
that meditation and yoga are efficient strategies

to downregulate psychophysiological arousal,
facilitate handling of undesired thoughts, opti-
mize one’s ability to deal with negative emo-
tions, and reduce cardiovascular risk.
Nevertheless, it is worth noting that the brain
mechanisms that underlie the effects of medi-
tation and yoga on psychological and cardio-
vascular responses are hitherto under-
researched. Future studies are still necessary
to further understanding of the long-term
effects of meditation and yoga on emotion
regulation, psychosocial skills, and cardiovas-
cular health (e.g., blood pressure reduction and
prevention of cardiovascular disease).
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Introduction

Tenzin Gyatso, the spiritual leader of the Gelug
school of Tibetan Buddhism and the fourteenth
and current Dalai Lama, once said that “calm
mind brings inner strength and self-confidence,
so that’s very important for good health.” Indeed,
a conspicuous relationship has been frequently
reported among one’s state of relaxation, psycho-
logical skills, and physical health [1–3]. Compel-
ling evidence indicates that a state of tranquility
can induce a series of psychological and physical
benefits, such as stress reduction, pain relief, and
even longevity [4, 5]. There is, however, a chain
of psychophysiological events that underpin the
benefits of calmness on physical reactions [6, 7].
In the present chapter, the author will explore the
effects of meditation and yoga as valuable tech-
niques to downregulate psychophysiological
arousal, facilitate handling of undesired thoughts,
optimize one’s ability to deal with negative emo-
tions, and reduce cardiovascular risk. The putative
brain mechanisms that underlie the effects of med-
itation and yoga on psychological and cardiovas-
cular responses will also be briefly discussed
herein.

Although meditation and yoga might differ
substantially in terms of applicability and meth-
odology, the primary purpose of these techniques
is to enhance awareness [8, 9]. In fact, meditation
and yoga are utterly entangled. For example,
breathing meditation techniques are commonly
used during the practice of yoga as a means by
which to enhance self-awareness and facilitate the
control of certain movement patterns. One of the
most impactful and immediate effects of medita-
tion and yoga is the downregulation of psycho-
physiological arousal [10, 11]. The state of
calmness induced during meditative practices nat-
urally facilitates the reappraisal of negative
thoughts and emotions, leading to a series of
physiological adjustments that are beneficial to
one’s health [12, 13].

The psychological mechanisms and reactions
associated with meditative practices are highly
complex in nature. Recent evidence suggests that
through the continuous reallocation of attention
toward the present moment, one’s ability to

interpret negative thoughts and emotions is opti-
mized [14, 15]. However, it is noteworthy that
meditative practices do not involve solely the
control of attention. For example, movements
and mantras are commonly used as a means to
facilitate the connection between brain and body,
ameliorate the detrimental effects of anxiety, and
improve one’s quality of life [16]. These tech-
niques serve primarily to partially inhibit pro-
cessing of task-unrelated thoughts. In some
cases, such disruptive thoughts are not exclu-
sively blocked, but instead, they are processed
with greater acceptance [17, 18]. This sequence
of interpretative mechanisms is key to inducing a
state of tranquility that may have residual effects
and pervade during other activities of daily life
[19, 20].

The effects of meditative practices, such as
mindfulness-based interventions and yoga, have
been extensively investigated by the scientific
community [21, 22]. Although numerous ran-
domized controlled trials have been conducted in
this field, the overall quality of most studies has
been deemed as “fair” (for details, see Goyal et al.
[21]). Therefore, readers are advised to be
extremely cautious while interpreting the findings
that are readily available in the literature. The
present author decided to report in this chapter
only a limited number of recent and compelling
studies in this field of scientific enquiry. These
studies were selected on the basis of relevance,
availability, and replicability. It is also important
to emphasize that various forms of meditation and
yoga differ considerably in terms of techniques
and principles. In the present chapter, the author
will not describe how exactly these methods differ
from one another (for a detailed description, see e.
g., [16, 23, 24]).

Effects of Meditative Practices on
Psychological Health

A recent randomized controlled trial conducted by
Galante and colleagues [25] investigated the
effects of an 8-week mindfulness course adapted
for university students on psychological distress
during the examination period. The results of the
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study mentioned above indicated that the medita-
tion program was sufficiently potent to reduce
distress scores, maintain well-being, and engender
resilience to the accumulation of stress. It is also
important to emphasize that this study was
designed specifically to recreate a real-life sce-
nario and assess the effectiveness of a mental
health support service. Accordingly, the program
of meditation assessed by Galante et al. [25] could
be easily implemented during the most stressful
periods of the academic year as a means to facil-
itate coping with extreme levels of stress and
protect students, to a certain extent, against mental
health complications that are recurrently reported.

May et al. [14] have also investigated the
effects of meditation on affective responses,
well-being, and the five facets of mindfulness
(i.e., observing, describing, nonjudging, non-
reacting, and acting with awareness) in first-year
psychology students and community members.
The authors designed a very elegant study using
one of the most effective strategies to improve
well-being and psychological functioning – holi-
days. An 8-week A-B-A-B experimental protocol
was used to verify whether meditation would be
equally efficient in alleviating stress and enhanc-
ing one’s affective state when compared to holi-
days. The results of this study indicated that the
practice of meditation was sufficient to improve
well-being, induce positive affective responses,
and made participants more mindful of their phys-
ical sensations, thoughts, and emotions. Interest-
ingly, holidays appear to elicit similar effects on
affective valence and the facets of mindfulness
when compared to days of meditation. The find-
ings reported by May and colleagues [14] are
particularly exciting, given the practical implica-
tions associated with this study. Whenever the
ideal scenario of holidays is not a possibility, a
15-min meditation routine should suffice.

Davis and Hayes have conducted a compre-
hensive review in 2011 [26], where the authors
explored the effects of mindfulness-based inter-
ventions on a myriad of psychological constructs
such as emotion regulation, response flexibility,
reactivity, stress, and anxiety. Mindfulness medi-
tation appears to be sufficiently potent to improve
voluntary control of several mental processes and,

consequently, elicit feelings of tranquility and
clarity. This chain of psychological processes
might ultimately reduce anxiety and optimize the
handling of negative thoughts and emotions.
Davis and Hayes [26] have also reported that
mindfulness-based therapies have the propensity
to reduce depressive symptoms and are inversely
associated with ruminative thinking. One of the
most important aspects to consider during the
practice of meditation is the element of non-
judgment. As humans, we are naturally designed
to provide quick judgments on every situation.
Although this is an extremely relevant psychoso-
cial skill, constant judgmental thoughts can lead
to ruminative thoughts and may compromise
one’s ability to accept any given situation. As a
result, individuals tend to overreact to certain
events – a psychological reaction that can have a
negative impact upon appreciation, gratitude, life
satisfaction, and compassion. Accordingly, medi-
tative practices that somehow involve elements of
nonjudgment are worthwhile strategies to pursue.

The ancient practice of yoga has also been
investigated widely by the scientific community
[7, 10]. It is worth noting that meditation and yoga
are entirely intertwined [9]. It can be considerably
challenging to dissociate these terms as both tech-
niques share a common objective [8]. For exam-
ple, breathing meditation techniques are
frequently used during yoga sessions as a means
to enhance awareness and facilitate the control of
complex movement patterns [27]. Some medita-
tion techniques are also employed in order to
ameliorate the detrimental effects of pain and
improve resilience [28–31]. Yoga-related move-
ments can also elicit some level of discomfort that
is used to direct attention toward the present
moment and create a scenario where external
influences remain outside focal awareness [32].
This can be considered as a feedback strategy that
allows individuals to focus on the movement that
is being executed, partially block task-irrelevant
thoughts, and improve voluntary control. On
some occasions, individuals can also be advised
to control their facial expressions given the fact
that negative physical reactions might hamper
their movements, facilitate the processing of
task-unrelated thoughts, and initiate a cascade of
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reactions that might ultimately increase one’s per-
ceived exertion and evoke negative emotional
responses [32, 33].

Yoga has been proposed as a complementary
form of therapy and treatment for patients with
depression. One of the most exciting findings
reported by Bridges and Sharma in 2017 [22]
indicates that the practice of yoga is not only
sufficient to reduce depression, but yoga can also
be used to prevent an increase in depressive symp-
toms. Moreover, it has been demonstrated that the
practice of yoga tends to lessen depressive symp-
toms and lower the levels of cortisol during early
pregnancy and postpartum [34]. More recently,
Maddux and colleagues [35] recruited 90 individ-
uals reporting moderate-to-high stress in order to
investigate the effects of yoga on psychological
health. They have assigned participants to two
different programs of yoga to explore the differ-
ences between 8- and 16-week interventions. The
findings reported by Maddux et al. [35] indicated
that a 16-week yoga intervention significantly
reduced stress, anxiety, depression, and improved
psychological health. Interestingly, an 8-week
intervention was also beneficial in terms of less-
ening perceived stress when compared to both the
control group and their baseline values. Addi-
tional 8 weeks of yoga intervention can certainly
induce more pronounced effects on mental health,
but the results of the aforementioned study indi-
cate that even short-term interventions are highly
positive in stressed individuals.

Effects of Meditative Practices on
Cardiovascular Health

Meditation and yoga have also been proposed as
efficient strategies to protect the organism against
cardiovascular complications. Meditative prac-
tices are considerably effective to downregulate
perceived activation, ameliorate anxiety, and
reduce blood pressure in healthy individuals and
clinical populations [36, 37]. The psychobiologi-
cal mechanisms underlying the effects of medita-
tion and yoga on cardiovascular health are largely
unknown. However, compelling evidence indi-
cates that meditative practices have the potential

to facilitate handling negative thoughts and emo-
tions, induce a state of calmness and presence, and
increase the activity of the vagal nerve [38, 39]. In
a recent laboratory experiment conducted by
Koerten and colleagues [12, 40], the authors
investigated the effects of mindfulness, with a
focus on nonjudgment, on recovery from stress
in perfectionists. In the aforementioned experi-
ment, the authors made use of heart rate variability
analysis to further understand the impact of brief
mindfulness meditation on cardiovascular
responses. The results indicated that a brief mind-
fulness meditation training session with a focus on
nonjudgment of experiences was sufficiently
potent to increase heart rate variability and facil-
itate heart rate recovery from failure in perfection-
ists. Accordingly, it appears that some forms of
meditation are sufficient to make individuals
interpret failure with greater acceptance and opti-
mize psychophysiological recovery.

It is logical to assume that some of the effects
of meditation and yoga on cardiovascular health
occur primarily through indirect pathways [32,
41]. For example, a state of calmness induced by
the practice of meditation has the propensity to
alleviate stress and, subsequently, decrease heart
rate [42]. It is also possible that the continuous
practice of meditation and yoga would have resid-
ual effects that may naturally make individuals
more efficient to handle stressful situations (i.e.,
individuals become less reactive and defensive)
[20, 43]. In such circumstances, meditative prac-
tices may function as shields to protect our bodies
against extreme patterns of emotional reactivity,
rumination, and anxiety-related thoughts. As a
consequence of such psychological and psycho-
social mechanisms, meditation and yoga may
influence cardiovascular health to a certain degree
[4, 5]. It is of supreme importance to emphasize
that short-term interventions are generally suffi-
cient to influence emotional and behavioral out-
comes [44]. Conversely, anatomical and
physiological changes usually require individuals
to engage in meditative practices for long periods
of time [45].

Gainey et al. [46] explored the effects of a
Buddhism-based walking meditation program on
glycemic control, arterial stiffness, stress
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hormone, and vascular function in patients with
type 2 diabetes mellitus. In the walking meditation
condition, participants were asked to repeat the
words “Budd” and “Dha” in their minds with each
step in an attempt to practice mindfulness and
switch attention toward the present moment. The
program consisted of a 30-min exercise session
performed at 50–70% of maximum heart rate,
with a frequency of 3 times/week for a period of
12 weeks. The authors hypothesized that this form
of meditation would facilitate attention allocation,
induce a state of calmness, and improve endothe-
lium-dependent vasodilation. The findings of this
study indicated that glycated hemoglobin was sig-
nificantly reduced in the group of participants who
engaged in the walking meditation program.
Moreover, a significant reduction in plasma corti-
sol was only identified in the walking meditation
group. The authors speculated that a significant
reduction in plasma cortisol could have influenced
inflammatory processes, tension in the vascular
wall, and sympathetic activity. Taken holistically,
the results of Gainey and colleagues [46] indicate
that simple instructions implemented during
walking-related tasks to guide attention toward
the present moment can lead to multifarious ben-
efits for physical and mental health in patients
with diabetes.

It is also relevant to note that the findings in this
particular topic vary considerably in terms of effi-
cacy and effectiveness. For instance, a recent ran-
domized controlled trial was conducted to
investigate the effects of a yoga intervention plus
usual care versus usual care alone following an
acute coronary event [47]. The yoga intervention
was designed and conducted by a certified yoga
teacher and delivered twice a week for a period of
12 weeks alongside the usual care (i.e., physical
activity, diet and weight management, and
smoking cessation). A wide range of variables
was measured, including exercise capacity, phys-
ical fitness, and vascular parameters. The authors
reported that the addition of a structured 3-month
yoga intervention to usual care was not sufficient
to influence cardiovascular and neuroendocrine
responses. However, it is important to emphasize
that only 25 participants in the yoga + usual care
group and 35 participants in the usual care group

completed the study. Therefore, the initially
planned statistical power was not achieved (i.e.,
33 participants in each group).

Effects of Meditation During Physical
Activity

Meditation-based interventions have also been
used during physical activity as a means by
which to enhance one’s affective state and facili-
tate the control of working muscles [28, 48]. This
combination of elements could potentially influ-
ence exercise behavior and alter interpretation of
internal sensory cues during execution of move-
ments. In a recent experiment conducted by
Bigliassi and colleagues in 2020 [44], the authors
investigated the effects of an audio-guided mind-
fulness single session on affective, perceptual, and
psychophysiological responses during self-paced
walking. Participants were asked to walk 200 m at
a pace of their choosing, and a portable electroen-
cephalography system was used to measure the
brain’s electrical activity during the walking task.
A second experimental condition (i.e., mindlessness
meditation) was used to facilitate identification of
extremely different patterns of attention allocation
during the exercise session. The results of this study
indicated that the mindfulness meditation interven-
tion was sufficient to down-modulate perceived
activation (i.e., participants felt more relaxed),
make participants more aware of their physical sen-
sations, thoughts, and emotions, and enhance their
affective states. The psychophysiological data
also indicated that the mindfulness intervention
was sufficient to enhance interhemispheric con-
nectivity between right frontal and left temporo-
parietal regions of the brain. The authors hypoth-
esized that this pattern of communication could be
indicative of enhanced awareness of affective and
cognitive mental states.

Researchers have also theorized that some of
the benefits of physical activity could be, to a
certain extent, maximized with meditation [3].
Bigliassi and Bertuzzi [3] proposed that medita-
tion-based interventions may have a facilitative
effect on exercise behavior. The authors suggested
the possibility of using meditation to promote
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well-being, improve psychological functioning,
and stimulate self-care and preservation. In such
circumstances, meditation could potentially facil-
itate implementation of healthy behaviors (e.g.,
physical activity), increase exercise adherence,
and counteract the detrimental effects of
sedentariness. They also provided a series of spe-
cific recommendations for researchers and health
professionals on how to use meditation prior to,
during, and immediately after exercise sessions.
For example, prior to commencing an exercise
session, meditation can be used to regulate one’s
arousal state before the warm-up phase. This
approach could be implemented as a means by
which to reduce ruminative thinking and muscle
tension. Accordingly, meditation-based interven-
tions could be used in physical activity programs
to maximize the exercise experience and optimize
the handling of undesired thoughts that are natu-
rally evoked during certain movement patterns.
Sedentary individuals might also want to try med-
itation as a means to recreate an emotional back-
drop against which healthy behaviors can be
forged.

In a recent study conducted in my laboratory, I
have also identified that meditation has the poten-
tial to ameliorate fatigue-related symptoms during
exercise tasks performed at moderate intensity
(study submitted for publication). The interven-
tion was specially designed by a group of
researchers to direct attention towards the present
moment and change the way participants process
internal sensory cues (example of instruction pro-
vided: “If you feel something, simply accept and
embrace it. You don’t have to control it but
remember that it is your decision how this feeling
will affect your performance”). Participants were
asked to exercise for a total of 8 min at ventilatory
threshold (i.e., an index of transition between
aerobic and anaerobic metabolism). Throughout
the exercise session, participants received instruc-
tions via earphones to focus on task-related fac-
tors. The experimental manipulation was
sufficient to assuage overall exertion and limb
discomfort to a greater degree than the other two
conditions (i.e., control and counterproof condi-
tions). The abovementioned study indicates that
meditation-based interventions can be used to

influence perception of afferent feedback and
interpretation of negative bodily sensations. Con-
sequently, exercise-related tasks might be per-
ceived as more enjoyable than under normal
conditions.

Conclusions

The results reported herein indicate that medita-
tive practices have the potential to make individ-
uals more conscious of their thoughts, emotions,
and physical sensations, ameliorate anxiety,
induce a state of calmness, facilitate handling of
undesired thoughts, and optimize one’s ability to
deal with negative emotions. Although the effects
of meditation and yoga on cardiovascular health
are not well established, there is tentative evi-
dence that such practices can be beneficial in
terms of reducing blood pressure and increasing
heart rate variability. The exact mechanisms
underlying the effects of meditation and yoga on
psychological and cardiovascular health are
uncharted territories that require further scientific
exploration. Researchers and health professionals
are encouraged to explore the use of meditation
and yoga as a means by which to downregulate
psychophysiological arousal and promote self-
control; especially, in clinical populations. For
example, meditative practices can be used as valu-
able tools to alleviate stress, increase hope, and
improve quality of life in mental health patients.
In a world of electronic gadgets and social dis-
tance, meditation could bring us closer to our-
selves and function as lens of positivity through
which we see the world around us.
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Abstract

During development individuals change enor-
mously, and so does the main structure devoted
to control their internal organ functioning, the

autonomic nervous system (ANS). The con-
nection between the brain and heart starts
with few cells from the neural crest exchanging
chemical signals with the dorsal aorta and pro-
gressively develops into a complex neural net-
work. This network receives afferent inputs
from structures such as the carotid sinus and
body; it is under the control of higher-order
regulatory neural structures and instantly
responds, adjusting the heart chronotropism
and inotropism and providing a progressively
more refined control during its maturation. The
acquired flexibility makes the organism capa-
ble to adapt to the different environmental con-
ditions that an individual experiences from
fetal life until adulthood, with the postnatal
development of reflexes and maturation of cen-
tral regulating areas proceeding until
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adolescence. One key moment of this matura-
tional process is the shift from sympathetic to
parasympathetic balance that occurs during
infancy, when the myelinated fibers subserving
vagal tone become strong enough to determine
the resting heart rate. This maturational process
is extremely important for the acquirement of
social skills but also leads to periods of devel-
opmental instability that could play a signifi-
cant role in the pathogenesis of either benign
conditions such as breath-holding spells or
extreme outcomes such as sudden infant
death syndrome (SIDS). Conversely, the pres-
ence of congenital heart disease may affect
deeply brain development, ultimately resulting
in a worse neurological outcome in adulthood.

Keywords

Autonomic nervous system · Development ·
Sympathovagal balance · Breath-holding
spells · Children · Social engagement system ·
Congenital heart disease

Introduction

Embryogenesis is a complex, peculiar process,
during which the prenatal organism progressively
develops in a genetically predetermined fashion
all the structures that will allow and facilitate its
extrauterine survival. It is well known that the
development of those structures, from an ontoge-
netic perspective, is function of the phylogenetic,
evolutionary-driven development [1, 2].

These axioms are extremely important in the
study of the development of the brain-heart axis,
since they offer a framework that facilitates the
comprehension of the rationale behind the orderly
maturation of reflexes and anatomical structures
that permit and optimize the interaction between
the most important organs in vertebrates.

The heart and brain are closely interconnected
from their very emergence, since they develop
simultaneously [3], share precursor cells deriving
from the neuronal crests and show similar gene
expression and analogous response to numerous
signaling pathways. The nature of their

connection, however, is not limited to the molec-
ular level as they also show a strong reciprocal
physiological influence. The brain is highly
dependent on the heart for oxygen and nutrient
delivery, and heart function is in turn greatly
influenced by the action of the central nervous
system (CNS) [4]. Despite its intrinsic character-
istics and pacemaker activity, the heart physiolog-
ical parameters are always the result of the
delicate balance of counter-opposing forces, and
the CNS itself is a key player in the regulation of
this balance.

The main structure through which the CNS
exercises its action on the heart is the vegetative
(Reil, 1857) or autonomic nervous system (ANS),
as defined by Langley and Dickinson in 1896. The
ANS, in addition to the somatic nervous system, is
one of the two main branches of the peripheral
nervous system and it regulates the function of
internal organs. It determines the activation state
of the organism since it can shift the balance
between a state of high responsiveness and acti-
vation, known as the “fight or flight” response,
and a state of reduced metabolic consumption and
increased visceral activity, sometimes called “rest
and digest.” Its action on the heart is of particular
importance since its sympathetic and parasympa-
thetic arms exert a cardioexcitatory and a
cardioinhibitory effect, respectively, whereby
increasing or decreasing their action can deter-
mine heart rate (HR) and contractile force [5].
The nervous regulation of the heart is extremely
relevant since it is responsible for all the rapid,
phasic adjustments that occur in the timespan of
mere seconds.

Despite being part of the peripheral nervous
system, the ANS output is controlled by the
CNS, and in particular by a network of bulbar
and pontine nuclei that generates a basal auto-
nomic tone. This network itself is regulated by
higher-level structures, such as the hypothalamus,
the amygdala, and portions of the cortex, but also
peripheral sensors, such as the carotid body and
the carotid sinus. These structures contain recep-
tors that provide a constant feedback on various
parameters of interest and allow for a fine regula-
tion. The action of the ANS is unconscious, but
since it can be synergic and overlapping with that
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of the somatic nervous system a certain degree of
voluntary control over its action is still possible.

During development, the elements at all levels
of this system change dramatically (Fig. 1), and so
does the overall output of the system. An individ-
ual and the environment it lives in go through
tremendous changes from fetal life to adulthood,
and the system that regulates its visceral function
needs to adapt to all these changes.

Fetal Life

The ANS originates from neuronal crest cells that
migrate along specific routes under the action of
both extra- and intracellular signals, such as bone
morphogenetic proteins (BMP), neurotrophic fac-
tors, and second messengers such as cAMP. All
regions of the neural crest can provide the entire
spectrum of the autonomic ganglion cells, but the
axial level of origin [5] limits the differentiation
possibilities of those neuron precursors due to
differences in the signals they receive [7]. Those

signals determine both the differentiation of a
neural precursor into an ANS cell and its neuro-
transmitter phenotype. During this process an
interchange of signals between the developing
heart and the ANS takes place. On one hand
BMPs originating from the dorsal aorta are in
fact responsible for upregulation of the proteins
necessary for the synthesis of catecholamines, a
necessary feature of sympathetic nerves [5, 8]. At
the same time, studies on tachyarrhythmias [6, 9]
show evidences of how the cardiac sympathetic
innervation shapes the electrophysiological phe-
notype of myocardium cells.

The development of the autonomic innervation
of the myocardium is a particularly complex pro-
cess involving maturation in both the neurons and
the target cells [6]. This process begins quite early
in gestation, with cardiac ganglia and nerves
being present since the 7th week, and lasts until
at least the 24th week, when the distribution
resembles that of the adult [10]. Neurons appear
initially in the atria, with a higher density in prox-
imity of sinoatrial and atrioventricular nodes, as

Fig. 1 Autonomi nervous sysgem balance during development
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well as the conduction system; then, progressing
along the coronary vasculature, they start to enter
the ventricular myocardium [11].

The maturation of the sympathetic and para-
sympathetic systems occurs during different
periods in pregnancy [12], with the development
of parasympathetic fibers occurring first. During
the third trimester of gestation, the ANS progres-
sively becomes organized enough to start exercis-
ing its action on the heart. In this period, in fact,
both the higher-order control centers and the affer-
ent structures become developed enough to pro-
vide coherent inputs [13]. The periods between
the 26th and the 28th and between the 30th and
32nd weeks are critical because of the rapid mat-
uration of the brain-heart axis. This period is
characterized by a decrease in fetal heart rate
accompanied by an increase in heart rate variabil-
ity [14]. During the same weeks, the fetus
becomes able to couple motor activity and phasic
heart rate acceleration [1] and since the 28th week
holds a cardiac activity coupled with its function
energetics. In this period, moreover, it becomes
possible to distinguish diverse functional states
(activity, rest, wakefulness, sleep), a sign that the
CNS has reached a significant maturational level.
An example of this maturation and its conse-
quences can be found analyzing the arterial baro-
receptor, a structure that plays a key role in the
regulation of sympathetic outflow [15]. In the
sheep, it has been demonstrated that the barore-
ceptor already exerts a control on the autonomic
output during fetal life and that during develop-
ment its operating point shifts to maintain its basal
output constant despite the changes in pressure of
the developing fetus [16].

Another important player in autonomic regula-
tion is the carotid body, the main peripheral che-
moreceptor. This structure develops early during
prenatal development from neural crest cells and
becomes an independent structure from the aorta
as early as in the 9th week, already showing a
structure very similar to the adult one during the
14th week. During the 23rd week, it is even pos-
sible to see synapses between the chemoreceptors
and the afferent neurons. Since its main role is to
monitor O2 levels, its role during fetal life is likely
of lesser importance [17].

Studies on animal models suggest that in this
period, the CNS is already able to deeply modu-
late the activity of the ANS, since variation in
electroencephalographic activity between a
REM-like state and a wakefulness-like state cor-
responds to a variation in the heart resting fre-
quency and thus in the sympathetic and
parasympathetic tone that determines it [18].

During the fetal life, the sympathetic basal tone
is predominant in determining heart rate, and only
near term the parasympathetic activity becomes
progressively more important [14, 19]. Compared
to the sympathetic arm, the maturation of the
parasympathetic arm, in fact, seems more com-
plex. For example, the differentiation of the lateral
zone of the hypothalamus, a region extremely
important in determining the parasympathetic
function, occurs only at the end of the second
trimester [20]. From a phylogenetic perspective,
it is possible to distinguish an evolutionarily older
unmyelinated vagus from a more recent myelin-
ated vagus that is more relevant in humans. The
myelinated vagus develops from the 24th week
through adolescence, and the highest develop-
mental speed occurs between the 30th week of
gestational age and the 6th month postpartum
[21].

Some studies on animal models support the
idea that the autonomic control of circulation dur-
ing gestation is not necessary to maintain homeo-
stasis. This hypothesis would endorse the idea that
during fetal life the organism is only training the
system to be as functional as possible after birth.
However, the increase in catecholamines at birth
[22] suggests that ANS activity, and sympathetic
activity in particular, is essential in the complex
changes associated with birth and with the start of
autonomous respiration [23].

Infancy

Children at birth are not independent and able to
survive without a caregiver and do not need to be
able to self-regulate completely from an evolu-
tionary prospective. Thus, likely, no evolutionary
pressure operates toward a mature autonomic ner-
vous system at this stage. Having only a structured
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backbone to control roughly the autonomic func-
tions necessary for survival and then tuning
reflexes more precisely based on external and
internal clues is much more effective than devel-
oping the same reflexes during intrauterine life.
There are evidences that the extrauterine environ-
ment provides the necessary stimuli for a correct
development of autonomic reflexes such as the
deep breath vasoconstriction, the reflex peripheral
vasoconstriction that occurs after a deep breath,
whose appearance is related to postnatal age and
not postconceptional age [24]. The same extra-
uterine stimuli could lead to maturation at the
central level. It is indeed possible to see differ-
ences in the central nervous system response to a
classical cardiovascular challenge, the head up
tilting test, between newborns and 2- to 4-month
old infants, a sign that the maturation process pro-
ceeds substantially after birth, and in some fashion
due to birth, at all levels of the heart-brain axis [25].
Another important example of how the extrauterine
environment determines the maturation of auto-
nomic reflexes concerns the carotid body. At birth
this structure shows a scarce response toward hyp-
oxia, and during the first few weeks of extrauterine
life, perhaps due to the fourfold increase in oxygen
tension, it undergoes a resetting of O2 sensitivity
thanks to various modifications at all the levels of
the transduction cascade initiaded byO2 variations.
All these changes lead to a substantial increase in
hypoxia perception and consequently to a
more elicited response [26].

In addition, at birth the innervation of the heart
is still undergoing a process of maturation. The
pattern of innervation of the conduction system is
different from that reached in the adult, and
its cells are not yet capable of synthetizing all
neurotransmitters [27]. In the newborn heart, the
parasympathetic innervation is scarce in the ven-
tricles and moderate in the atria, being prevalent at
the sinoatrial node level only. The sympathetic
fibers are less concentrated in the conduction sys-
tem but, differently from vagal fibers, innervate
uniformly the myocardium [28] and are almost the
only nerve population in the ventricles. The devel-
opment of sympathetic innervation seems corre-
lated with a progressive decrease in the sensibility
toward circulating epinephrine [29]. The immaturity

of the innervation is particularly evident for the
vagus nerve. This structure is probably still under-
developed, because it begins to mature only in the
last trimester [30]. Therefore, it would not be
surprising for preterm infants born between the
32nd and 37th weeks to show a significantly less
prominent maturation of the vagus nerve [31] and
a reduced high-frequency peak at the spectrum
analysis of heart rate variability, associated with
sinus respiratory arrhythmia, a well-known index
of vagal output.

The shift from sympathetic to parasympathetic
dominance [32–34] is extremely important for the
infant, because it allows for a more precise and
efficient control of heat rate. In a potentially dan-
gerous situation, in addition to an increased sympa-
thetic discharge, there will also be a faster and more
effective option: the removal of the basal inhibition
[35]. This phenomenon, called vagal brake
removal, leads to a rapid mobilization of the indi-
vidual [30]. Therefore, the immaturity of the vagus
nerve in the first months of life, when the myelin-
ated component is still incomplete, could cause
increased sensibility to adverse conditions such as
hypotensive states and lowered oxygen saturation
and would explain the exaggerated cardiac
responses observed in infants [36]. The cardiac
rate of the newborn can shift from an average of
120–140 beats per minute to 170 or higher during
stressing situations such as crying and falls to 70–90
or to bradycardic conditions during sleep [37].

The maturation of the brain-heart axis can be
appreciated looking at variations in physiological
cardiac parameters, the most exemplary being
heart rate (HR) (Table 1). Analyzing an electro-
cardiogram it is possible to deduce the activity of
the heart-brain axis. An aspect that is of utmost
importance is the frequency domain of beat-to-
beat variability, which is the end result of many
different interplaying factors. The high-frequency
domain (with a tight association with the respira-
tory rate as for its central frequency, 0.15–0.4 Hz
in adults) reflects rapid and constant beat-to-beat
adjustments on a very short time scale, while the
low-frequency domain (0.1 Hz) is mainly affected
by fluctuations associated with vasomotion.
The main factor determining high-frequency var-
iations is breathing. Heart rate is constantly
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synchronized with respiratory rate in order to
improve the efficiency of every breath, increasing
heart rate in inspiration and decreasing it during
expiration [4, 38]. This phenomenon can be quan-
tified by respiratory sinus arrhythmia (RSA), an
index which is highly dependent on the myelin-
ated vagus action and is considered one of the best
indicators of nucleus ambiguus activity. Many
classical studies considered an increase in HR or
variations in the spectral power of low frequencies
in blood pressure and heart rate variability (HRV),
as measured based of the R-R interval, a reliable
index of sympathetic activity [39]. However, this
parameter is affected by parasympathetic control
as well; thus recently the pre-ejection period (PEP,
defined as the time interval between ventricular
electrical depolarization and the beginning of ven-
tricular ejection) has become the main index for
evaluating sympathetic stimulation [40–42].

Considering the absence of an effective vagal
output, observing that the newborn heart rate is
rapid and subject to wide fluctuations is not sur-
prising [37]. The parameters describing heart activ-
ity change strongly with aging, with a progressive
decrease of HR [42–45], while the HRV increases
and loses the wide fluctuations characteristic of
newborn heart. The highest decrease of the HR
and increase in the HRV occurs between 4 and
9 months, when it reaches a phase of developmen-
tal instability [46]. Thereafter it slows down but
continues until at least 7 years of age [47] and
probably even further since the highest level of

HRV is observed in early adolescents [48, 49].
Most of those variations are explained by the mat-
uration of the parasympathetic arm [39] that shows
stability at the end of the first year under resting
conditions. The rapid maturation of parasympa-
thetic activity is in part related to the maturation
and integration of baroreflex response in the first
6 months of life [50]. Animal models also suggest
that changes in the orexin-mediated inhibitory cir-
cuits on the cardiac vagal neurons in the nucleus
ambiguus are fundamental in the maturation of the
parasympathetic cardiac control system [51].

Although there is general consensus on the
decline of the sympathetic influence on heart,
there is still controversy on the role played by the
sympathetic system during the first year of life.
Some authors suggest that in this early phase, the
role of sympathetic activation is more relevant than
parasympathetic withdrawal [45], while others [46]
believe that the variations attributed to sympathetic
activity may be due to the maturational increase in
activity of brainstem respiratory centers.

The infant spends most of the day sleeping;
therefore observing how the ANS exerts its func-
tion on the heart during sleep is important to
understand how its control mechanisms work
and evolve during life. Furthermore, this period
of rapid evolution carries the risk of sudden infant
death syndrome (SIDS), which often occurs dur-
ing sleep. It is possible to differentiate two sleep
phases in the fetus and the newborn, defined as
quiet and active sleep. During quiet sleep all the
parameters of parasympathetic function are
increased [52–54]. The modifications of sleep
patterns that characterize aging, with active sleep
progressively diminishing in favor of quiet sleep,
are accompanied by a change in cardiovascular
control, with a decrease in sympathetic vascular
modulation and an increase in parasympathetic
control [53], probably caused by the maturation
of the system as a whole [52].

Childhood

The maturation of the ANS proceeds from
infancy into adolescence through all childhood,
as it can be seen by changes in indexes of

Table 1 Heart rate variation from birth to adolescence

Years Mean HR (bpm)

Newborn 125

1 120

2 110

4 100

6 100

8 90

10 90

12 85–90

14 80–85

16 75–80

18 70–75

HR heart rate, bpm beats per minute
Data from: Bernstein [37]
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autonomic activation [39, 40]. The most impor-
tant variation is a progressive decrease in resting
HR that can be explained by an increase in both
resting RSA and resting PEP (Table 2) [44],
corresponding to an increase in parasympathetic
basal tone strength and a decrease in sympathetic
activation. This is in turn accompanied by an
increase in indexes of sympathetic reactivity, a
term describing the physiological response to an
external stressor or challenge. Those findings
show that a parasympathetic predominance dur-
ing resting conditions coupled with a strong sym-
pathetic response to stressors is characteristic of
late childhood. The resulting configuration is
much closer to the codominance typical of adult-
hood. For the adult individual, having a dynamic
balance of autonomic regulation is extremely
important since a static imbalance leads to vul-
nerability to pathologies [55]. This balance is
measurable observing the ratio between changes
in the low-frequency power spectrum peak of
HRV over changes in the high-frequency peak
[56].

Different elements underlie the increase in
sympathetic reactivity. One factor is the decrease
of arterial baroreflex sensitivity [57]. The arterial
baroreceptor is one of the strongest activators of
the parasympathetic system and thus, in addition
to being fundamental for rapid adjustments in
blood pressure and heart rate, is important in
reducing the sympathetic output by decreasing
the amplitude of a responsive activation. This
decrease in sensitivity from childhood to adoles-
cence is accompanied by a marked change in the
maturation trajectory around the 10-year age that
correlates with changes in gray matter volumes in
the region of interest for cardiocirculatory

regulation [56]. A hypothesis sustains that the
amplitude of the response is increased because
the sympathetic system is already predominant
in early childhood and therefore the response to
an external stimulus would not be as significant as
it could in a parasympathetic dominated heart.
This hypothesis can be translated in terms of
physiological parameters in the observation that
basal PEP is already close to its physiological
minimum in young children and thus decrements
are difficult [39].

Despite this increase and refinement of the
sympathetic response, the parasympathetic matu-
ration continues as well, as it can be seen in the
increase in cholinergic innervation of the human
heart from childhood to adulthood [36].

The maturational process that characterizes the
heart-brain axis culminates in a system in which
higher order cortical areas, such as the prefrontal
cortex, inhibit cardioactivatory subcortical cir-
cuits, and therefore impose on the heart a para-
sympathetic mediated tonic inhibitory control,
that leads to energy preservation. Losing this
tonic inhibition is considered to favor pathology.
After a cold pressor challenge, a stimulation used
to challenge the autonomic system and measure
its activation profile [58], healthy adolescents
demonstrate responses that involve both cortical
and subcortical structures. Brain areas are
recruited in a systematic and lateralized pattern
and cortical areas, as well as cerebellum, show an
important role in modulating subcortical
responses and thus control of the ANS [59].
Knowing the process of autonomic activation is
particularly important in adolescence since ANS
deficits are common in multiple diseases typical
of this age [59].

Table 2 Autonomic indexes variation during early life

Resting RSA RSA reactivity Resting PEP PEP reactivity

Mean
Population
size

Mean
difference

Population
size Mean

Population
size

Mean
difference

Population
size

6 months 3.32 158 0.01 157 66.26 149 0.31 147

1 year 3.74 154 0.10 152 66.69 146 0.54 142

3.5 years 6.44 136 �0.33 136 74.07 133 -0.03 133

5 years 6.80 294 �0.18 294 78.23 293 -0.23 295

RSA respiratory sinus arrhythmia, PEP pre-ejection period
Data from Alkon et al. [44]
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A Period of Vulnerability, Breath-
Holding Spells, and Sudden Infant
Death Syndrome

The development of a functionally efficient brain-
heart axis, as we have seen, is neither a homoge-
neous process nor a rapid one. Thus, when the
system is still immature or when its development
is passing through a critical stage, it is possible for
abnormal conditions to emerge, particularly if the
child has comorbidity such as the long QT syn-
drome [52, 60, 61].

An example of a condition strictly related to an
immature ANS can be found in breath-holding
spells, a benign [62], paroxysmal, non-epileptic
condition characterized by an intense response to
an emotional stimulus resulting in a brief, invol-
untary cessation of breathing. They affect about
4% of children in the preschool age and are espe-
cially frequent in the breast-feeding period [63,
64]. It is possible to classify them as either cya-
notic or pallid. There are evidences of parasym-
pathetic reflex, cardiorespiratory inhibition, and
autonomic dysregulation in both types of breath-
holding spells. Probably the parasympathetic sys-
tem plays a major role in both types of breath-
holding spells, and the role of the sympathetic
system is minor, if any.

In pallid breath-holding spells, the central
dysregulation of the ANS is probably exerted
directly on the cardiorespiratory system, while in
the cyanotic type, the consequences are more
prominent in peripheral vascular sites.

A predisposing factor for their insurgence is
iron deficiency, and a possible reason why iron
deficiency could be a contributory cause in the
insurgence could be the role that this element
plays in catecholamine synthesis and myelination
processes [65]. There are indeed evidences that
delayed myelination or synaptic maturation in the
brain stem [63], the anatomical site of nucleus
ambiguus and dorsal motor nucleus of the vagus
nerve, which respectively control the myelinated
and unmyelinated portions of vagus nerve, could
play a role in the pathogenesis of breath-holding
spells.

Cardiorespiratory control immaturity appears
to play a role also in the final event of SIDS. This

condition is defined as the death of an infant, aged
less than 1 year, unexplained after autopsy. The
incidence of this condition is highest between 2
and 4 months of age [65], and this period corre-
sponds to the nadir of blood pressure in the infant
[50] as well as to a period of immaturity of the
arterial baroreflex [48]. Moreover, this period is
usually characterized by prone sleep, the major
risk factor for this pathology. Pre-existing abnor-
malities in brainstem areas regulating autonomic
cardiorespiratory and blood pressure control [50],
together with the immaturity of the baroreflex,
suggest that the infant is unable to respond prop-
erly to a life-threatening hypotension [31]. Elec-
troencephalographic studies show how baroreflex
stimulation in an infant elicits a stronger response
compared to an adult subject.

Infants that succumb to SIDS show a higher
HR and a decreased HRV [66] as well as smaller
changes in HRV high-frequency power [67],
which, taken together, are typical signs of inade-
quate parasympathetic function. For these rea-
sons, it has been suggested that an impaired
parasympathetic function and/or sympathetic pre-
dominance occurs prior to death.

The Social Engagement System

From a behavioral prospective, the regulation of
the autonomic state, and thus the regulation of
heart rate and contractility, is a key process for
emotion control and social interaction [30, 39,
55]. Among the phylogenetically organized cir-
cuits that regulate the ANS, the most recently
developed, and most frequently used, is consid-
ered closely connected to language and commu-
nication [30]. The vagus plays a major role in
social interactions during early life, since it is
fundamental in rapid adjustments of the physio-
logical states, a condition extremely important in
establishing an interaction for an infant. More-
over, it also regulates ingestive behaviors, one of
the main interactions between the infant and the
mother or care provider.

The increase in the neural regulation of the
ANS is a key feature in the progressive achieve-
ment of independence and is indispensable in
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order to start and conduct social interactions.
Many evidences suggest that the ANS has an
even bigger impact in child development, since
it provides a physiological substrate to habituation
[68], a process that determines the decrement in
attention toward a constantly present stimulus and
one of the most important indexes of information
processing in children as well as a major index of
the learning process in infants. Infants with high
RSA, and thus also rapid habituation, require less
time to inspect a visual stimulus and exhibit
enhanced attention and abilities to deal with
novel situations [69]. Fox showed that infants
who had a more mature vagal tone at 40-week
conceptional age had a better intellectual outcome
compared to those exhibiting lower vagal activity
[43].

Considering that the measure of activation of
the nucleus ambiguus indicates the child’s ability
of self-regulation [43], it will not be surprising
that measures collected during the first months
of life can predict the child’s behavioral profile
[59, 70]. Children with a higher index of parasym-
pathetic activity are prone to better controlling
their responses and are thus friendlier and more
outgoing. On the other hand, children who lack
variability in the high frequencies spectrum but
show high variations in the low-frequency power
often appear to be much insecure and reserved
once grown up [45, 70, 71]. The role played by
the sympathetic system is not a minor one either,
as children with little or no PEP reactivity toward
an unfamiliar person show a poorer emotional
regulation [35] but at the same time a greater
sympathetic response to a cognitive challenge is
a typical feature of behaviorally inhibited children
[72]. The reason of these differences in tempera-
ment has been linked to variations in the limbic
sites, monitoring cardiac and motor responses,
first of all the amygdala [45]. Physiological regu-
lation, however, is a primitive way of self-regula-
tion [73], and as the child develops a larger
repertoire of self-regulation tools, the burden on
the sole ANS decreases [74].

However, the relationship between social inter-
actions and the ANS is not unidirectional: mental
stress [75] and deprivation of adequate social
interaction could cause variations in the

autonomic indexes. For example, orphans, who
usually have a socially poor and stressful infancy,
exhibit functional and structural brain variations
that impact and shape brain development [76, 77].
Other confirmations of the bidirectionality of this
process derive from observations suggesting that
children from low-income families who grow in a
harsh environment show worse cardiovascular
indexes [78] than controls that lived a less stress-
ful life and children with chronic pain conditions
exhibit lower parasympathetic indexes [79].

Although the behavioral and emotional regula-
tion process continues to develop long after the
achievement of a mature ANS, the role of auto-
nomic regulation would probably become less
prominent as the maturational process progresses.

When Something Goes Wrong,
Congenital Heart Disease and the
Brain

The relationship between the heart and brain, as
we said, is not unidirectional, and an alteration in
heart functioning negatively affects brain devel-
opment. This is particularly true for congenital
heart diseases (CHD), since in these conditions
the brain may receive an inadequate blood flow
during a period of high vulnerability, as demon-
strated by the high morbidity due to neurological
complications observed in patients with CHD
[80]. Most studies report adverse short- and
long-term outcomes, spanning from mild cogni-
tive impairment to more severe conditions.

Adverse neurological outcomes in patients that
underwent cardiac surgery have often been con-
sidered a consequence of surgery itself, but the
presence of similar outcomes in patients with no
surgical history and evidences of neurological
manifestations pre-dating surgery highlight how
CHD by itself can be responsible for all deficits
observed [81, 82]. The neurological implications
can appear even early during gestation, which is
not surprising if we consider that the brain is
highly demanding during the intrauterine life,
accounting for up to 50% of fetal oxygen con-
sumption [83]. This needful state, which is partic-
ularly enhanced in the third trimester, is largely
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dictated by the surge in synapsis formation [78]
and myelination [84] typical of this period.

Therefore, the brain is naturally highly priori-
tized [83] and receives up to 25% of the fetal
blood flow. Given the structure of the arteriove-
nous shunts, the blood directed to the brain is
much richer in both oxygen and nutrients, com-
pared to the rest of the circulatory system. Any
alteration leading to a dysfunctional shunt of oxy-
genated blood often has consequences on brain
development [85]. Most serious outcomes are
associated with single ventricle pathology, proba-
bly due to more serious modifications of the blood
flow toward the brain.

The deprivation of an adequate blood flow
leads to reduced brain volume [86] and metabo-
lism during the third intrauterine trimester [80], to
an abnormal cerebral microstructure [81] with
altered indexes of brain development, and to an
increased risk of brain injury (e.g., after heart
surgery) [82, 87]. Smaller postnatal brain volume
in CHD is associated with an abnormal
neurobehavioral status [88]. Injuries that are
more often associated with CHD are peri-
ventricular leukomalacia, reflecting an altered
structure of the white matter located in a vascular
watershed zone adjacent to the lateral ventricles
[87], and other focal or multifocal injuries of the
white matter.

In school age and later adolescence, young
people with CHD continue to show lower execu-
tive function indexes and a reduced IQ score. The
most striking consequences of CHD, however, are
a reduced attention span and impaired executive
functions. In the adult, there are evidences of a
shift from neurodevelopmental delays to cogni-
tive decline and a higher risk for dementia [89].
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Abstract

The brain-heart connection is characterized by
sex- and gender-related differences that tend to
modify over an individual’s lifetime, thus in
relation to age. However, since the need for a
gender-specific approach has had growing

attention only in the latest years, this issue
has not yet been fully elucidated. The knowl-
edge gap is especially marked for pathologies
that have historically been considered
pertaining mostly to men, e.g., cardiovascular
diseases, or to women, e.g., neuropsychiatric
conditions, and it is even more pronounced
with regard to the relationship that exists
between these dysfunctions. This chapter will
present an overview of the current evidence on
the sex- and gender-related aspects that could
influence the brain-heart connection and the
possible effect of aging on such features. Sex-
and gender-related aspects will, in particular,
be evaluated in regard to (1) individual
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vulnerability and the risk factor patterns asso-
ciated with the development and co-occurrence
of cardiovascular and neuropsychiatric pathol-
ogies; (2) the mechanisms by which the ner-
vous and cardiovascular systems interact with
one another; (3) the bidirectional connection
between neuropsychiatric disorders and car-
diovascular diseases; and (4) the disparities in
how cardiovascular and neuropsychiatric con-
ditions are recognized and treated that can
affect the course and the co-occurrence of
these diseases.

Keywords

Cardiovascular diseases · Neuropsychiatric
disorders · Gender · Sex · Aging

Introduction

A fascinating, growing chapter of biomedical
research concerns gender medicine, i.e., the sci-
ence that aims to study “the differences in the
normal physiology of men and women and the
ways that they experience disease” [1]. In clinical
practice in particular, gender medicine focuses on
how diseases differ in the male and female
populations in terms of prevention, pathology,
clinical presentation, treatment, and prognosis
[2]. In this context, two main concepts need, of
course, to be defined. Sex refers to the biological
differences between males/females such as their
anatomic reproductive systems and secondary sex
characteristics. Gender, which primarily refers to
personal, societal, and cultural perceptions of
being female or male, is defined by the World
Health Organization (WHO) as “the socially
constructed characteristics of women and men,
such as norms, roles, and relationships of and
between groups of women and men from the
social and cultural roles” [3].

Despite growing awareness of the importance
of a gender-specific approach in research and clin-
ical practice particularly with regard to some med-
ical specialties, a substantial knowledge gap still
exists, especially for pathologies that have histor-
ically been considered male diseases, such as

cardiovascular ones. The idea that individuals of
the female sex have per se a lower risk of cardio-
vascular diseases (CVDs) due to estrogen’s pro-
tective action has led investigators to
underestimate the occurrence of those diseases in
women and to exclude them from the first large
clinical trials [4]. The guidelines for the manage-
ment of CVDswere thus developed on the basis of
studies exclusively investigating men and, until
only recently, have rarely considered possible sex-
and gender-related features that need be taken into
consideration for a personalized medicine
approach.

Just as research on CVDs was thought to apply
exclusively to the male population, some neuro-
psychiatric conditions, such as depression, have
been studied mainly in women. These mis-/pre-
conceptions have led to the creation of a gender
gap in scientific knowledge and to the under-iden-
tification and undertreatment of some diseases in
clinical practice [5]. If this is true with regard to a
single medical specialty or disease, it is all the
more so for the sex or gender differences affecting
the interaction between these systems and the
relationship(s) between various dysfunctions.
This chapter will focus, in particular, on the sex-
and gender-related factors that may influence the
brain-heart connection and on the possible inter-
action of age on such issue.

Investigating the Brain-Heart
Dynamics from an Epidemiologic
Perspective: the Relevance of Age
and Gender Characteristics

Age- and gender-related features affecting the
brain-heart dynamics have been studied from epi-
demiological and pathophysiological points of
view. With regard to the age effect, the aging
process leads to a gradual impairment in the func-
tioning of multiple organ systems, often begin-
ning early in life and progressing over the course
of a lifetime [6]. The lengthening of life expec-
tancy especially in high-income countries has
given epidemiological research the opportunity
to explore the phenomenon of the accumulation
of deficits and diseases. As a result, the prevalence
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of individuals over 60 who have more than one
chronic condition is estimated to fall between
55% and 98% [7], and different comorbidity pat-
terns of types and severity of diseases have been
identified [8]. The growing knowledge about
underlying causal and non-causal pathways lead-
ing to specific dysfunction patterns may help
investigators and clinicians to identify interven-
tions that can prevent or delay the development
and progression of some chronic diseases. Among
these, recent studies have confirmed that cardio-
vascular and neuropsychiatric disorders, which
have marked effects on personal independence,
quality of life, and mortality, are very prevalent
conditions in older people [9]. Although these
disorders generally tend to present themselves indi-
vidually in younger individuals, the situation
seems to change in older people who have a higher
probability of being affected by a combination of
cardiovascular diseases (CVDs) and neuropsychi-
atric pathologies [10]. Disease patterns continue to
mutate over the course of a lifetime, e.g., CVDs
seem to cluster with depression in the youngest old,
but with dementia in the oldest old [8]. The co-
occurrence of these conditions could be explained
by the fact that they share pathophysiological path-
ways (i.e., stress or inflammation) or by an age-
related higher vulnerability that makes impairment
in one system more likely to trigger alterations in
other organs or tissues.

In addition to the effect of age, the brain-heart
dynamics are characterized by sex- and gender-
specific features that can mutate over the life
course and may influence the distribution of
CVDs and neuropsychiatric disorders in men
and women. Indeed, the prevalence of CVDs is
higher in adult men with respect to women, but
this gender difference gradually attenuates with
advancing age. Conversely, many cognitive and
mood disorders, such as Alzheimer’s dementia
and depression, are more frequent in women
with respect to men. In addition, although men
and women show similar patterns in the overall
accumulation of chronic diseases in older age
[11], some gender differences have been noted in
the co-occurrence of cardiovascular and neuro-
psychiatric conditions. These findings suggest
that even gender affects the brain-heart

connection, and this hypothesis could be
supported by several issues.

First, individual vulnerability and risk factor
patterns that favor the development or co-occur-
rence of impairments in the nervous and cardio-
vascular systems seem to present some important
sex- and gender-related features. Second, the
mechanisms through which the nervous and car-
diovascular systems interact with one another
could be different in men and women. Third,
irrespective of the underlying mechanism, the
impact that neuropsychiatric disorders have on
cardiovascular functions, and vice versa, might
differ in men and women. Finally, the relationship
between neuropsychiatric and cardiovascular con-
ditions could be influenced by sex- and gender-
related aspects linked to diagnosis and treatment
of such disorders.

The following sections will review current
findings that focused on the sex and gender dif-
ferences in connection to these points.

Sex and Gender Differences in the
Factors Influencing Neurologic and
Cardiovascular Systems

Differences in structural neurologic and cardio-
vascular features have been noted in men and
women even at the prenatal phase. Indeed, evi-
dence concerning the development of the auto-
nomic nervous system, which is strictly
correlated with cardiac functions, has emerged
from a number of animal studies. Those works,
for example, found a sex-related variability in the
distribution of neuropeptides in the brain as well
as in the number of ganglionic neurons and in the
enzymatic activity regulating the clearance of
neurotransmitters [12]. Although a more detailed
explanation of these mechanisms goes beyond the
scope of this chapter, they need to be taken into
consideration when sex differences in the brain-
heart connection are being examined.

With reference to sex-related features charac-
terizing some pathophysiological processes in
children, young adults, and in older adults,
gonadal hormones play a primary role due to
their systemic actions, which involve also the
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cardiovascular and nervous systems. As is well-
known, in addition to sex hormone patterns
distinguishing men and women, there are varia-
tions in hormonal levels in each sex over the
course of a lifetime. In particular, while the fall
in testosterone levels is gradual in middle-aged
and older men, women experience periodic fluc-
tuations in ovarian hormones in the pre-
menopausal age and a more drastic reduction in
hormonal levels after menopause [12]. As far as
the cardiovascular system is concerned, the con-
troversial effects of estrogen on hemodynamic
parameters and atheroma formation have been
amply investigated over the past 30 years.
Although several studies have produced findings
supporting the cardioprotective role of ovarian
hormones at the cellular and human levels [13],
the Women’s Health Initiative trial has reported
contrasting data [14, 15]. In fact, the study found a
higher risk of coronary heart diseases in healthy
postmenopausal women who used estrogen plus
progestin with respect to that in a placebo group
[14]. Instead, hysterectomized women treated
with conjugated equine estrogen alone showed
an increased incidence of stroke but not of ische-
mic heart diseases [15]. These results paved the
way for further investigations examining a timing
hypothesis: i.e., hormonal therapy could lower
cardiovascular risk if it is administered close to
menopause, but the effect may prove detrimental
at a more advanced age [16]. Just as for estrogen,
endogenous androgens could both directly and
indirectly affect the cardiovascular system in
both men and women. While the majority of stud-
ies uncovered an association between low levels
of circulating testosterone and higher cardiovas-
cular risk in males, the situation is not clear in
women as both reduced and increased androgen
concentrations have been shown to be related to
CVD [17].

In addition to their cardiovascular effects, sex
hormones seem to have an important influence on
the nervous system due to their impact on several
mechanisms linked to neural plasticity and their
interactions with the most common neurotrans-
mitters [18]. Estrogens’ neuroprotective effects,
which have been noted in animal models, have
been supported by observational and

experimental studies involving women who
underwent oophorectomy before menopause
[19]. But trials carried out on postmenopausal
women to test the effectiveness of estrogen ther-
apy uncovered nonsignificant or even worse cog-
nitive outcomes in the patients who had initiated
treatment with respect to the placebo group [20].
These apparent discordant results can probably be
explained by the time estrogen therapy was initi-
ated, and this suggests that timing may have an
effect also on the neurologic actions of sex hor-
mones [21]. Indeed, estrogen may play a
neuroprotective role when vascular or degenera-
tive lesions have not yet developed but seem to be
unable to reverse the process once lesions have
formed.

Another factor influencing differences in men
and women in the brain-heart connection and in
the way neuropsychiatric and cardiovascular con-
ditions co-occur may be linked to the frequency of
risky behaviors and diseases. Gender plays a vital
role in determining lifestyle characteristics, and
health-related behaviors are largely shaped by an
individual’s educational level and sociocultural
context, which are, in turn, linked to female and
male roles. It is well-known, for example, that
smoking, drinking, following an unhealthy diet,
and physical inactivity can negatively affect both
the neurologic and cardiovascular systems [22,
23]. At an individual level, these factors could
promote the onset of both neurologic and cardio-
vascular dysfunctions, or they could primarily
influence one of these systems, leading thus to
impairments in the other. The gender-specific dif-
ferences in the frequency of these behaviors can
therefore partially explain the distinctive patterns
of system dysfunction noted in men and women
and may affect several pathophysiological aspects
of the brain-heart connection. The higher preva-
lence of smoking and heavy alcohol consumption
noted in men, for example, makes them more
vulnerable to atherosclerosis, thus to ischemic or
non-ischemic heart failure, carotid artery diseases,
and specific forms of encephalopathy, psychosis,
and dementia [24]. Unhealthy diets and low levels
of physical activity can also contribute to the
development of obesity characterized by different
fat distribution patterns in men and women [25].
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A higher concentration of adipose tissue in the
abdominal compartment, for example, is particu-
larly common in middle-aged and older men [25].
These findings are particularly interesting not
only because abdominal obesity has been associ-
ated with a number of cardiovascular and meta-
bolic diseases and may affect brain health [26] but
also because fat distribution seems to modulate
sympathetic tone [12]. In fact, when considered
together with age, sex and body fat percent, the
waist-to-thigh ratio as a measure of abdominal
obesity appeared to be the only factor indepen-
dently associated with sympathetic tone [27].
The correlation between waist-to-thigh ratio and
muscle sympathetic activity was more marked in
men than in women, supporting the hypothesis that
fat distribution could at least partially explain the
higher sympathetic activity observed in the former
[37], a subject that will be discussed below.

The distribution of some comorbid clinical
conditions connected to the nervous and cardio-
vascular systems may also present differences
between male and female populations. Diseases
affecting the thyroid gland, for example, are more
prevalent in women [28], while men more fre-
quently present conditions such as hypertension
and type 2 diabetes [29]. These disorders may
increase the risk of arrhythmias, heart failure,
and ischemic heart diseases, and they can lead to
a reduction in blood supply or to the development
of cognitive deficits or peripheral neuropathy, all
affecting brain health [30, 31].

Sex Differences in the Mechanisms
Underlying the Brain-Heart Dynamics

One of the principal communication channels
between the brain and the heart is constituted by
the autonomic nervous system. By regulating the
sympathetic and parasympathetic responses, the
system can control vital cardiovascular parame-
ters such as blood pressure and heart rate. Inter-
estingly, although men and women have the same
adrenaline and noradrenaline plasma and urinary
concentrations in physiological conditions, most
studies have reported more marked resting sym-
pathetic activity to muscle in men, especially in

younger men, while women tend to show higher
parasympathetic activity [12]. Consistent with
this evidence, several studies have reported that
noradrenaline-induced vasoconstriction and
baroreflex sensitivity are lower in women with
respect to men and that these differences are
influenced by hormonal levels [32, 33]. Sex dis-
parities have also emerged in connection to expo-
sure to some stressors. Men have demonstrated
greater cardiovascular and catecholamine
responses with respect to women during exercise,
while women have shown increased lipolytic and
ketogenic responses [34]. Women, in particular
premenopausal ones, have a more pronounced
and prolonged sympathetic neural activity with
respect to men when they are directly exposed to
cooling [35]. The effect can probably explain why
there is a higher prevalence of Raynaud’s phe-
nomenon in the female population, a condition
which has been found to be due to an increase in
sympathetic tone and not to structural factors [12].
Similar sex-related differences have been uncov-
ered in individuals with hypertension and in
response to stimuli such as hypoglycemia or
hypo-/hyperoxia [12]. Although neuroendocrine
mechanisms have been shown to be activated in
response to similar reductions in glycaemia in
men and women, the former have demonstrated
greater sympathetic activity and adrenaline
plasma concentrations [36]. Women, instead,
show shorter latency in activating the sympathetic
system and in recovering in the event of isocapnic
hypoxia [37]. Overall, these sex-related features
may modulate the response to critical clinical
conditions such as ischemic heart diseases,
which activate both the sympathetic and parasym-
pathetic nervous systems. Indeed, women have a
vagal predominance that makes more likely that in
case of acute coronary syndrome they present
atypical symptoms, unexplained syncope, hypo-
tension or bradycardia, and they have an increased
risk of hemodynamic complications after acute
angioplasty [38]. Conversely, at the onset of myo-
cardial infarction, men often tend to show more
severe arrhythmias than women probably due to a
higher sympathetic tone that, as demonstrated in
animal models, increases the risk of ventricular
tachyarrhythmia [39].
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It is noteworthy that sex differences in the
interplay between autonomic nervous control
and the cardiovascular system seem to attenuate
with advancing age. In particular, the greater pre-
ponderance of sympathetic nervous activity and
responsiveness observed in the male sex com-
pared with the female one appears to decline
after 50, and no substantial sex differences are
observed after that age [33]. These findings may
be explained by the age-related sex hormone
changes in the two populations affecting the auto-
nomic nervous system at the central and periph-
eral levels. Indeed, genomic and non-genomic
pathways can mediate the effects of sex hormones
by increasing the expression and affinity of recep-
tors, e.g., the muscarinic ones induced by estro-
gens, and by regulating the clearance of
neurotransmitters [40]. While estrogens increase
acetylcholine content and uptake, testosterone
mainly affects catecholamine and neuropeptide
Y synthesis and clearance, enhancing sympathetic
activity [41]. Similar effects have been reported at
the peripheral level and have been shown to be
more marked in young and middle-aged adults but
are attenuated with the age-related reduction of
gonadal hormones [12]. An additional mechanism
that could be involved here is linked to estrogen’s
antiapoptotic role which could also concern the
nervous cells [42]. The higher exposition of
women to estrogen over the course of their life-
time could mitigate the loss of autonomic nervous
cells and explain the greater reduction in auto-
nomic activity that occurs in men with aging [12].

Another pathway by which the nervous and
cardiovascular systems can influence one another
is inflammation. Some CVDs, such as hyperten-
sion, acute myocardial infarction, heart failure,
and atrial fibrillation, are associated with local
and systemic inflammatory pathways, which can
affect the nervous system through detrimental
structural and functional effects [43]. Inflamma-
tion is also linked to hypercoagulability that can
trigger cerebrovascular ischemic events [44] and
increases the risk of long-term cognitive impair-
ment [30, 45]. Neurological diseases, such as
stroke, or psychological conditions, such as
depression, anxiety, or psychosocial stress, may
also be associated with a chronic inflammatory

status that can increase cardiovascular risk [46,
47]. In addition to the direct effect of inflamma-
tion on cardiovascular cells, even a mild inflam-
mation can affect the autonomic nervous system
[48], which modulates the immune response [49]
and cardiovascular parameters and may increase
the risk of ischemic heart diseases. As far as sex
differences in the inflammatory pathway are
concerned, it is well-known that each sex tends
to present distinctive patterns of immune response
and that such variability could in part be explained
by an interaction between the sex hormones and
immune cells [50]. In response to the same stim-
ulus, women have, in fact, higher antibody
responses by the B lymphocytes, making them
more vulnerable to autoimmune diseases, and a
predominant T helper 2 response [50]. Con-
versely, some studies have suggested that andro-
gens in men could enhance the T helper 1 cell
activity, but downregulate humoral and cell-medi-
ated immune responses [50]. Despite the greater
immune activation generally observed in the
female sex, gonadal hormones, especially estro-
gens, may have pro-inflammatory or anti-inflam-
matory actions depending on a multitude of
factors, including the type of immune-stimulus,
the target organ and microenvironment, the repro-
ductive period, and the estrogen concentrations
[51]. All of this means that their roles in the
context of local or systemic inflammations in sev-
eral cardiovascular and nervous conditions could
substantially vary in the two populations [52]. For
example, although there is a scarcity of studies on
this subject, psychosocial stress and sleep distur-
bances seem to induce higher inflammation in
women than in men [53]. However, as far as the
detrimental effects of inflammation on brain
health are concerned, the inverse association
between peripheral inflammatory markers and
total brain volume seems to be more marked in
men, especially in the oldest old [54]. This effect
could be due to the intrinsic neuroprotection that
women have due to their longer exposition to the
anti-apoptotic action of estrogens, but further
investigations are warranted to clarify this point.

A further mechanism by which heart diseases
may, in particular, affect neuronal health concerns
cerebral hypoperfusion. Indeed, CVD with an
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acute or chronic reduction in cerebral blood flow
can have important consequences for the nervous
system, determining structural and functional
neuronal loss. The detrimental effects of chronic
hypoperfusion might involve several brain
regions, including those that regulate autonomic
system, mood, and cognitive functions [55]. Sex
differences in the frequency of conditions such as
heart failure or some arrhythmias could contribute
to variability in the onset of neuropsychiatric dis-
eases. Heart failure, for example, can both
increase the risk of stroke and, in cases of reduced
ejection fraction, could lead to chronic brain
hypoperfusion [30]. This condition seems more
frequent in men as they present a twofold higher
prevalence of heart failure with reduced ejection
fraction with respect to women, although the dis-
parity tends to attenuate with aging [56]. Regard-
ing arrhythmias, the most common chronic
arrhythmia in adults and older people, namely,
atrial fibrillation, has been recently associated
with a higher risk of cognitive decline not only
due to thromboembolism and inflammation but
also to reduced cardiac output that, even intermit-
tently, can lead to cerebral hypoperfusion [57].
Although atrial fibrillation more frequently affects
men, women’s longer life expectancy and the fact
that this arrhythmia tends to present at an
advanced age imply that the absolute number of
patients with atrial fibrillation is similar or even
higher in women than in men [58]. However, a
recent study has shown that, although women
have a higher incidence of stroke and dementia
than men, the risk of dementia associated to atrial
fibrillation does not differ between the two
populations [59].

Sex and Gender Differences in the
Bidirectional Relationship Between
Cardiovascular Diseases and
Neuropsychiatric Conditions

One of the most interesting aspects regarding gen-
der differences in brain-heart dynamics is
represented by the bidirectional relationship
between CVD and psychological/psychosocial
stress, including conditions such as anxiety and

depression. Several investigations have recently
set out to examine the link between CVD and
depression. As it has been amply demonstrated,
CVD increases the risk of developing depressive
symptoms. At the same time, persons with depres-
sion have a higher risk and a worse prognosis of
CVD [60, 61]. The mechanisms by which depres-
sion as well as other stressful psychological con-
ditions can increase the risk of developing CVD
are linked to inflammation, the activation of the
sympathetic autonomous system and of the hypo-
thalamus-pituitary-adrenal axis, unhealthy behav-
ioral habits, and scarce adherence to medical
recommendations [61]. In turn, the psychological
burden linked to the experience of living with
CVD, chronic inflammation, and the activation
of neuroendocrine pathways associated with
CVD could facilitate the onset or worsening of
depressive symptoms [62]. The involvement of
both biological and behavioral mechanisms sug-
gests that this complex relationship could be
influenced, respectively, by sex- and gender-
related aspects.

Considering depression as a risk factor for
CVD and particularly of ischemic heart diseases,
some studies have demonstrated that it can
increase the risk of coronary heart diseases in a
similar way in men and women [63], but others
have reported that the risk is higher for the latter
[64, 65], especially at younger ages or in the
presence of other cardiovascular risk factors,
such as diabetes [66]. As regards the prevalence
of depression in CVD patients, the estimated fig-
ure is consistent with the higher frequency of
depression in women throughout the course of
their lifetime and probably linked to hormonal
and psychosocial factors. In individuals with cor-
onary artery diseases, for example, the prevalence
of depression is approximately twice as high in
females of all age classes [67, 68], and women
seem to have more severe and prolonged depres-
sive symptoms than men [69]. Nonetheless, the
impact of depression on CVD prognosis shows
gender differences only when young women with
suspected or established CAD are compared with
their older counterparts or with men [70]. Con-
versely, after myocardial infarction, the influence
of depression on CVD prognosis was similar
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between the two populations, especially when
disease severity was accounted for [68].

Similarly to depressive symptoms, other psy-
chosocial factors have been found to influence
CVD outcomes, and some gender differences do
seem to exist. Concerning the impact of stressful
conditions, for example, a large body of evidence
has shown that work stress can increase the risk of
coronary heart disease in men [71]; in women the
same effect seems to be mostly caused by marital
stress alone or combined with work stress [72].
On the other hand, lower general negative affect
and the presence of numerous social support
levels seemed to reduce the risk of coronary
events in both genders in persons with no history
of coronary heart disease [73], but depending on
some features regarding the quality and quantity
of social relationships [74]. In fact, the lack of
social integration has been shown to indepen-
dently predict recurrent cardiac events and disease
progression [75] in women with coronary heart
disease, but the results in men continue to be
mixed [74]. In this regard, Takotsubo syndrome
is a distinctive model of stress-related CVD show-
ing marked gender differences, and it consists in a
non-ischemic transient dysfunction of the left ven-
tricle that is typically triggered by physical or
emotional stress [76]. In 90% of cases it affects
women, especially postmenopausal. So far, the
sex- and gender-related features underlying such
disparity in the disease’s pathophysiology have
not yet been fully elucidated, and this syndrome
continues to be a relevant confounder in identify-
ing an acute coronary syndrome in women, as its
clinical presentation resembles that of myocardial
infarction [76].

The relationship between cardiovascular and
neuropsychiatric conditions and the presence of
potential gender differences in this context are
important factors for geriatric medicine, due to
their high prevalence and impact on independence
and quality of life in older adults. As it has
emerged in recent findings, the prevalence of
both cardiovascular and neurologic diseases sur-
passes 20% in persons over 60, and cardiovascu-
lar and neurological diseases co-occur in one third
of these individuals [10]. Although the total

prevalence of concurrent cardiovascular and neu-
ropsychiatric diseases seems to be similar in the
two genders, one study reported that older women
with CVD had a higher frequency of neuropsy-
chiatric comorbidities than men, but the situation
was reversed when neuropsychiatric disorders
were considered the index disease [10]. Moreover,
slight gender differences were observed when the
burden of multiple cardiovascular and neuropsy-
chiatric diseases on functional decline was calcu-
lated, with women seeming more burdened with
respect to men [10].

Recognizing and Treating
Cardiovascular and Neuropsychiatric
Diseases: Gender Differences and
the Impact on the Brain-Heart
Connection

Gender differences in the brain-heart connection
can also be influenced by the way CVD and neu-
ropsychiatric conditions are faced by patients and
healthcare providers. The difficulty in recognizing
the disease, the type of treatment prescribed, and
the patient’s attitude and determination to recover
can all influence the course of the disease, as well
as the extent to which it can promote the develop-
ment of concurrent pathologies.

As far as recognizing the disease is concerned,
as previously mentioned, both CVD and neuro-
psychiatric conditions have been associated with
gender-related bias, which may hinder the recog-
nition of the former in women and of the latter in
men. Although the growing number of studies
investigating gender medicine has increased phy-
sicians’ awareness, misconceptions still exist
even from the patient’s point of view. It has
been shown, for example, that women with
acute coronary syndrome seek medical attention
much later with respect to men [77]. This pattern
seems to be due to the high frequency of atypical
symptoms that women present and to their
unawareness of their cardiovascular risk and of
the peculiar symptoms of CVD [4]. On the other
hand, men tend to be less inclined to seekmedical
attention for psychological disturbances such as
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depressive mood or anxiety leading to higher
rates of under-identification and undertreatment
[5, 78].

As regards gender differences in the treatment
of CVD or neuropsychiatric disorders, some stud-
ies have indeed found disparities, but the tendency
seems to be attenuating since the last decades [79].
Nevertheless, although invasive and noninvasive
procedures for ischemic heart diseases seem to
produce similar benefits for men and women, the
latter are still more likely to receive conservative
treatment [80]. Cardiac rehabilitation programs
also seems to present some gender-specific fea-
tures: compared to men, women are less fre-
quently admitted to rehabilitation after ischemic
heart diseases, while the opposite is true for those
who undergo heart valve surgery or experience
heart failure [81]. Women are less likely to receive
anticoagulation for atrial fibrillation irrespective
of the thromboembolic risk [82], and, even when
they are prescribed direct oral anticoagulants, they
frequently receive a lower drug dose [83]. These
differences can affect the prognosis of the disease
and seem to be only partially explained by the fact
that women seek medical attention for CVD at
more advanced stages, at an older age, and with
a higher number of chronic diseases, compared to
men [4, 83].

Another important variable in the brain-heart
connection concerns the use of drugs for CVD
that could interact with cerebral functions and
could present some gender-specific features.
Women with chronic heart failure, for example,
are less likely to be prescribed ACE inhibitors,
angiotensin receptor blockers, or beta-blockers
than men [84]. The use of these drugs could affect
the autonomic nervous system and neuropsychi-
atric status, although findings on the latter are still
inconsistent [30]. Neuroleptic drugs, such as anti-
depressants and acetylcholinesterase inhibitors,
might instead have cardiovascular effects trigger-
ing dysrhythmias or blood pressure variations
[30]. Gender differences in the use of antidepres-
sants, more commonly prescribed to women, have
been noted [5], while disparities in the use of
pharmacological treatments for cognitive impair-
ment have not yet emerged [85].

Finally, the success of treatments prescribed
depends on some patient-related factors that may
also reflect some gender differences. First of all,
the capability of facing the challenges of a disease
or a condition of psychosocial stress is largely
influenced by means of coping strategies, and, in
this regard, women seem to have greater resources
with respect to men [69, 86]. The two populations
differ also in the way they become involved with
their family members for support and assistance.
In accordance with traditional gender roles,
women tend to minimize the burden of the disease
and are less inclined to seek support and assis-
tance. Men, instead, tend to ask their partners for
help particularly when they are physically
impaired and report receiving more support with
respect to women [86]. Second, adherence to
treatments and to lifestyle recommendations also
seems to reflect some gender-related features.
Although findings on this topic are contrasting,
women seem to show worse adherence to some
pharmacological (e.g., statins, antihypertensive
drugs [87, 88]) and non-pharmacological inter-
ventions, such as increasing physical activity
[89] but demonstrate greater achievement of
some dietary targets [90]. As regards the use of
psychotropic drugs, adherence to antidepressants
also seems to be linked to gender differences [91]:
men tend to show a lower adherence and greater
risk of discontinuing, especially in case of occu-
pational, social, or family functioning improve-
ments, while in women, discontinuation of the
therapy seems to be related to improvement in
family functioning [91, 92].

Conclusions

The brain-heart connection is characterized by sex
and gender differences that can influence the main
mechanisms by which the cardiovascular and ner-
vous systems interact and by which CVD and
neuropsychiatric diseases affect one another and
co-occur. Sex hormones play a fundamental role
in modulating these mechanisms, and their alter-
ations are partially responsible for the variability
of the sex-related differences in brain-heart
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dynamics that are present over the life course.
Gender differences could affect health behaviors
and the ways cardiovascular and neuropsychiatric
disorders are recognized and treated, another var-
iable that can affect the brain-heart interaction.
Although the awareness about the need of a gen-
der-specific approach is increasing, further inves-
tigations are needed to fully elucidate the
distinctive features and mechanisms of brain-
heart dynamics in the male and female
populations.
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Abstract

During the last 20 years, several epidemiolog-
ical and experimental studies have linked vas-
cular risk factors with cognitive decline and
dementia, including Alzheimer’s disease, in
old age. Yes, this association changes across
lifetime. In fact, high blood pressure and obe-
sity at midlife have been associated with
greater age-associated cognitive decline,
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while dementia onset in old age is often
heralded by lowering of blood pressure and
body mass index. Part of this seemingly para-
doxical association can be explained by reverse
causation, as damage of specific brain areas
can impair blood pressure (insula, amygdala)
and fat mass (hypothalamus) control. On the
other hand, autonomic nervous system dys-
function, mainly age-associated baroreflex
response impairment and orthostatic hypoten-
sion, may have a pathogenic role in brain dam-
age. Other vascular risk factors maintain their
cognitive prognostic role lifelong, harmful for
insulin resistance and protective for aerobic
physical activity. Age-associated loss of
muscle mass (sarcopenia) can contribute to
insulin resistance, resulting in faster
neurodegeneration, and, conversely, accumu-
lation of neuropathological lesion has been
associated with muscle mass decline over
time. Pharmacological treatment of vascular
risk factors at midlife is warranted to prevent
cognitive decline, but should be less aggressive
in older, cognitively impaired patients, more
vulnerable to adverse events. Physical activity
should be recommended lifelong, both as pri-
mary prevention and as adjuvant treatment in
dementia.

Keywords

Hypertension · Obesity · Overweight ·
Diabetes mellitus · Insulin resistance ·
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Introduction

The dramatic expansion of the older population
that occurred mainly in developed countries over
the last decades has led to an increased prevalence
of age-associated cognitive impairment and
dementia. According to the World Alzheimer
Report [1], 47 million people were living
with dementia worldwide in 2015, with about 10
million new cases every year, estimated as 1 new
case every 3 s. Dementia prevalence among the

900 million subjects aged 60+ years worldwide is
about 5% and increases exponentially with age,
doubling every 5 years, with a prevalence peaking
to 25–30% in subjects aged 85+ years. The num-
ber of cases is expected to almost double during
the next 20 years, with most future cases expected
to arise in middle- and low-income countries.
Dementia obviously has a profound negative
impact on functional competence and life expec-
tancy of affected subjects, causes a huge care
burden on their families, and impacts with direct
and indirect costs on the society as a whole.
Global costs associated with dementia were esti-
mated US$ 818 billion in 2015, representing
about 1% of global gross domestic product [1].

Unfortunately, no curative treatment is yet
available for Alzheimer’s disease (AD) that, as
the sole cause or together with other pathologic
conditions, contributes to the genesis of 50–75%
of dementia cases [2]. In this context, the identifi-
cation of potentially modifiable factors is being
increasingly recognized as a public health priority,
with the aim of preventing or delaying the onset of
new cases and therefore limiting the forecasted
increase in the incidence of cognitive disorders.
Indeed, about half of dementia cases in the world
have been attributed to potentially modifiable risk
factors [3]. Several European and American pop-
ulation-based cohort studies recently have given
support to the preventive approach, showing in
fact that the age-specific incidence and prevalence
of dementia has decreased over the past 20 years
[4]. Therefore, while no single risk or protective
factor has been identified that fully explains the
observed trends, a primary prevention process
seems actually ongoing, with improvements in
living conditions, education, and healthcare
claimed as the main protective factors of cognitive
health throughout life course [4].

During the last two decades, many epidemio-
logical and experimental studies have proven that
the association of vascular risk factors (VRF) with
cognitive impairment may be mediated by the
development of not only vascular but also neuro-
degenerative pathology [5]. On the other hand,
neuropathological features of AD often coexist
with vascular damage particularly in older demen-
tia cases, with both pathologies synergistically
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contributing to cognitive decline [6]. Three of the
classical VRF, namely, high blood pressure
(HBP), diabetes (DM), and obesity, are presently
regarded as potentially modifiable risk factors
involved in the pathogenesis of cognitive disor-
ders [3], and a fourth one, physical inactivity, is
strictly associated with them.

Yet, it has to be highlighted that the increased
dementia risk associated with VRF is typically
observed during life course and that, compared
to cardiovascular events (stroke, myocardial
infarction, heart failure), a longer exposure time
is necessary to observe the association. In fact,
midlife exposure is more strongly associated with
increased risk of later cognitive decline and
dementia than late life exposure [5, 7]. In accor-
dance with this observation, the CAIDE score has
been validated to estimate the 20-year risk of
dementia, based on presence of VRF at midlife
[8]. Yet, in a life-course perspective, the associa-
tion of VRF with cognitive impairment seems
sometimes reverted in the oldest old, as is the
case for obesity and possibly for HBP, as
discussed below.

The time-dependent direction of the associa-
tion is further complicated by the fact that,
through the autonomic nervous system, specific
brain areas have a role in the control of the car-
diovascular system, including blood pressure
(BP), and that alterations of the autonomic control
may in turn increase the risk of cognitive decline
[9]. Evidence regarding the role of altered
autonomic control in determining cognitive
decline will be discussed below, although a
“reverse causation” is also likely to occur, as
neurodegeneration and vascular brain damage
also have been identified as concurrent causes of
autonomic impairment [9].

Therefore, the role of VRF in predicting the
risk of cognitive decline, including the risk-to-
benefit ratio of their treatment, is likely to be
strongly age-dependent. In keeping with previ-
ously cited data [10], a cut-off can be identified
around the age of 80, with 80+ subjects deserving
a different approach to the prevention of cognitive
decline through the management of VRF. More-
over, management should probably differ
between cognitively intact subjects (primary

prevention) and those who already show some
degree of cognitive decline (secondary preven-
tion). In this latter group, it is of paramount impor-
tance to further separate cases with mild cognitive
impairment (MCI) from those with overt demen-
tia. MCI affects 10–20% of older subjects, is
characterized by a mild impairment of one or
more cognitive domains without an overt impact
on everyday functioning, can be stable over time
or even revert, and only in some cases represents
the prodromal phase of a subsequent dementia
[11]. Conversely, dementia is defined by persis-
tent and multiple cognitive-behavioral disorders
with a decline in everyday functioning [12], and
typically progresses from phases of mild impair-
ment to severe disability. In every stage of cogni-
tive impairment, from MCI to severe dementia,
secondary prevention approaches are conceiv-
able, although targets and intensity of treatment
should again be reasonably different, as discussed
in the last section of the chapter.

Vascular Risk Factor and Cognitive
Damage: Epidemiologic Association
During Life Course

Arterial Hypertension

Since the 1990s, several studies have identified an
association between BP values and cognitive
decline and/or dementia [13]. Although with
moderately heterogeneous results, several longi-
tudinal studies with over 20 years of follow-up,
including the Honolulu-Asia Aging Study [14]
and the Finnish CAIDE [15], have observed that
HBP at midlife is associated with an increased risk
of cognitive decline and dementia, including AD,
in late life. Consistently, in the US Atherosclerosis
Risk in Communities cohort, a dose-response
relationship was observed between systolic
blood pressure (SBP) at midlife, especially in
untreated hypertensives, and a composite score
of cognitive deterioration over a 20-year follow-
up. Of notice, no association was observed
between BP at the end of follow-up and cognitive
decline [16]. This observation confirms the
pioneering results published by Skoog et al. in
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1996 [17], showing for the first time, in subjects
aged 70 at enrolment, that HBP at baseline was
associated with a 15-year higher risk of not
only vascular but also of AD dementia. Yet,
those developing dementia at follow-up showed
a greater BP decline over time, and low BP at
follow-up was associated with a more severe
brain atrophy [18]. Subsequent lifetime studies,
which have followed BP and cognitive function
trajectories for over 30 years, have confirmed this
bimodal association, as subjects developing
dementia had higher BP values until the age of
75, especially if not receiving antihypertensive
drugs, and then showed a sharper BP decline
than those maintaining a normal cognitive func-
tion [19].

These data explain the reason of the incon-
sistent association observed in late life between
BP values and cognitive function and suggest
that the “window of opportunity” for antihyper-
tensive treatment preventing subsequent cogni-
tive decline possibly ranges from midlife to
“young old” age. In fact, the predictive role of
BP for cognitive decline and AD at older ages
is more uncertain, and several data, including a
meta-analysis [20], suggest that it is possibly
reverted. Comparing the data from two Dutch
epidemiological studies, an association between
HBP and cognitive decline after an 11-year
follow-up has been observed for subjects aged
65–75, while the reverse association has been
observed for subjects aged 85+ after 5 years
[21]. Biological aging and functional status
might modulate the BP-cognition association
in old age. Indeed, in subjects aged 85+ years,
the protective effect of higher BP on cognition
seems particularly evident among subjects who
already showed a baseline disability in activi-
ties of daily living [22].

This observation is consistent with the hypoth-
esis that in the presence of physical frailty, a less
stringent BP target might preserve brain perfu-
sion, a concept reinforced by a recent joint state-
ment of the European Society of Hypertension
and the European Union Geriatric Medicine Soci-
ety [23]. Evidence for beneficial effects and pos-
sible harms of antihypertensive treatment is
discussed in the last section of the chapter.

Diabetes Mellitus

Only few studies have addressed the cognitive
outcome of type 1 diabetes mellitus (DM),
a condition of absolute lack of insulin secretion,
often arising in young age subjects, whomay have
a mildly decreased cognitive function lifetime, but
do not show an increased risk of clinically rele-
vant cognitive decline. Conversely, several longi-
tudinal and cross-sectional studies have
associated the condition of insulin resistance,
and its full-blown expression represented by
type 2 DM (T2DM), with a higher risk of cogni-
tive decline and dementia [24, 25]. This associa-
tion seems largely independent of other VRF
associated with T2DM and is supported not only
by more severe white matter changes but also by
more severe atrophy in areas that are strategic for
onset of AD, such as mesial temporal structures
(hippocampus, amygdala) [26], apparently
explaining the higher risk of incident cognitive
decline in T2DM patients [5].

Different from HBP, the association of T2DM
with reduced cognitive performance can be
observed in a reproducible fashion also in cross-
sectional studies and apparently includes the full
spectrum of cognitive impairment: from subjec-
tive cognitive impairment, to MCI not necessarily
prone to further deterioration, up to overt demen-
tia, including AD, vascular dementia, and mixed
forms [25]. Again different from HBP, which rep-
resents a risk factors for cognitive decline mainly
at midlife, hyperglycemia and T2DM seem to
retain their predictive role for cognitive impair-
ment also in old age and after relatively short
follow-up [7]. This is confirmed by the observa-
tion that even a new diagnosis of T2DM in
“young old” subjects is associated with a greater
10-year risk of dementia, at least in subsets with
clinical atherosclerosis and chronic kidney dis-
ease [27].

Moreover, a clear association with AD risk has
been observed for older subjects with MCI who
also show T2DM [28]. Potentially relevant to the
clinical practice, the coexistence of other VRF, the
presence of micro- and macrovascular complica-
tions, and a poor glycometabolic control, all have
been associated with a worse cognitive
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functioning in T2DM, especially for memory,
attention, and executive functions [29].

Obesity

Consistently with studies showing an association
of HBP, T2DM, and atherosclerotic disease with
dementia, several longitudinal studies have tested
the association between obesity and risk of
dementia. While several studies have observed
an association between midlife obesity and
increased dementia risk in old age, others, includ-
ing the largest one with more than 2,000,000 sub-
jects, did not confirm this association. Rather, in
the abovementioned study, overweight and obe-
sity were overall protective against the risk of
dementia [30]. In a recent meta-analysis of all
available longitudinal studies, a global association
between greater body mass index (BMI) and
lower dementia risk has been observed, but with
a large heterogeneity according to length of fol-
low-up. Indeed, excluding studies with shorter
follow-ups, the association between BMI and
risk of dementia changed in a stepwise manner,
with risk of dementia increasing for greater
BMI when follow-up was 20 years or longer
[31]. Consistently, in a different meta-analysis,
obesity and overweight were risk factors for
incident dementia in subjects younger than 65,
whereas they resulted to be protective in older
individuals [32]. Moreover, a greater weight loss
over a 20-year period from midlife to late life was
associated with increased incident MCI
cases [33]. Finally, in a sample of older subjects
(mean age 75) included in a research on AD bio-
markers, fewer overweight subjects with no cog-
nitive impairment or MCI had a biomarker pattern
suggestive of AD [34].

Together, these data strongly suggest that mid-
life overweight and obesity are true dementia risk
factors after 20 years or more, but that weight loss
precede dementia onset, possibly over a long pre-
symptomatic period, leading to an apparent pro-
tective effect of overweight and obesity during the
years preceding dementia. It has been hypothe-
sized that weight loss might be a non-cognitive
sign of pre-symptomatic AD [35] and that the

protective association between overweight and
BMI might be a case of reverse causation [31].
Part of this mechanism can be explained by
changes in the neural control of energy expendi-
ture, as it will be discussed below.

Physical Inactivity

The role of physical inactivity in the pathogenesis
of several chronic conditions, especially cardio-
vascular diseases, and of physical activity (PA) as
a factor promoting successful aging is well
known. During the last 15 years, several evidence
have accumulated regarding the possible
neuroprotective role of PA during lifetime, both
in primary and in secondary prevention [36]. Of
notice, among potentially modifiable dementia
risk factors, inactivity was identified as the single
factor with greater attributable risk, accounting
for as many as 12.7% of dementia diagnoses [3].
Systematic reviews and meta-analysis of observa-
tional studies have identified a global protective
effect of PA against the risk of cognitive decline
and dementia [37], including AD [38]. A high
heterogeneity is present for baseline age, follow-
up duration, activity assessment instruments,
and covariates included as adjustment factors.
Generally speaking, the protective association
seems stronger in studies with a follow-up shorter
than 10 years, thus making the case for reverse
causation, i.e., physical activity might decrease
some years before dementia diagnosis due to pro-
dromal disease [37]. Therefore, long-term studies
might be more informative, yet heterogeneity of
results exists. In fact, PA at midlife has been
identified as a protective factors for dementia,
including AD, after a 20-year follow-up in the
CAIDE cohort [39]. As an additional factor,
irrespectively of midlife assessment, maintaining
or increasing PA level during follow-up was asso-
ciated with a decreased risk of dementia and AD
at follow-up [40]. Nonetheless, a subsequent 27-
year follow-up study in the UK observed that the
association between greater PA and lower demen-
tia risk was limited to the last 10 years before
diagnosis, suggesting that reverse causation
might play a major role in the observed
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association [41]. Yet, studies including bio-
markers, especially neuroradiological ones, sup-
port the pathophysiological plausibility of the
observed association. In fact, PA at midlife has
been associated with brain atrophy, and extent of
white matter changes at follow-up [36]. More-
over, several cross-sectional studies have shown
an association between engagement in PA, cardio-
respiratory fitness, and neuroradiological mea-
sures of gray matter atrophy and white matter
changes [42]. Of notice, the protective effect of
PA might be specific for brain areas most often
associated with age-associated loss, and, from
a statistical standpoint, this was more evident
when analyzed as an interaction with age [42].
Moreover, in a group of midlife subjects with
high polygenic dementia risk but who were free
of cognitive impairment, higher level of cardiore-
spiratory fitness were associated with lower levels
of AD biomarkers in the cerebrospinal fluid [43].

Overall, the available data identify inactivity as
a risk factor for age-related cognitive decline,
beyond the effect of associated VRF, and lifelong
PA as a protective agent reducing the risk of
cognitive decline and dementia. In contrast with
HBP and obesity, the protective effect of intense
PA seems to extend over the whole lifespan, and
might be even more evident in older subjects and
in subjects with higher risk of neurodegeneration.

Aging, Brain Damage, and Vascular
Risk Factors: Pathophysiological Link

Aging, Vascular Changes, and
Cognition: Focus on Vascular Stiffness

A part of the negative effect of VRF on cognition
might well be explained by increased risk of cere-
brovascular disease that has been identified for
HBP, T2DM, and obesity. This risk includes
both stroke due to atherosclerosis or to
cardioembolic events secondary to atrial fibrilla-
tion (whose risk is increased at least by advanced
age, HPB, and obesity) and microvascular brain
pathology leading to lacunar infarcts and white
matter lesions (WMLs). Both conditions can be
the pathogenic factors of vascular dementia [44]

and contribute to the genesis of mixed dementia,
mainly AD with associated cerebrovascular dis-
ease, which represents the most common form of
dementia in the oldest old [6].

However, other age-associated vascular
changes can lead to brain damage and increased
risk of cognitive dysfunction. The most important
of such mechanisms is represented by the age-
associated increase in large arteries stiffness,
caused by degeneration of elastin fibers, which
progressively affects pulse wave propagation
along the arterial bed and is typically enhanced
by the coexistence of VRF, including HBP,
T2DM, and obesity [45]. In young adults, the
aorta is highly compliant compared with its first-
order branches. When the pulse wave encounters
such impedance discontinuity, a portion of the
pulsatile energy stored in that wave is not trans-
mitted into the distal vessels but is reflected back
to the heart, thus protecting them from the trans-
mission of excessive pulsatility into the microcir-
culation. Increased age-associated aortic stiffness
reduces the reflected wave and increases the trans-
mission of pulsatile energy further into the periph-
ery and microcirculation, including the brain [46].

Moreover the speed of reflected waves, known
as pulse wave velocity, increases as a function of
arterial stiffness. When pulse wave velocity
increases, the reflected pressure waves are antici-
pated from the diastolic to the systolic period, and
thus augment central SBP, which is directly trans-
mitted to brain circulation. Increased brain BP
pulsatility may induce microvascular changes
with consequent impaired autoregulation of blood
flow and tissue damage due to hypoperfusion [47].

In a cross-sectional study, increased aortic
stiffness and pulse wave velocity were associated
with greater prevalence of subcortical brain
infarcts, increased extension of WMLs,
lower gray and white matter volumes, and worse
cognitive performance in the domains of memory,
processing speed, and executive functions [46].
Subsequent studies have associated increased vas-
cular stiffness also to age-associated brain amy-
loid deposition in cognitively normal individuals,
as measured with PET [48]. In a different study,
greater aortic stiffness was also associated with
lower brain volumes in AD-susceptible regions,
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especially the precuneus, more severeWMLs, and
a higher risk of odds of concomitant WMLs and
amyloid deposition at PET scan [49]. The latter
association might be explained by a disrupted
transport of amyloid fragments out of the brain,
with increased vascular stiffness being the
common link to the two pathophysiological
distinct pathways of amyloid-associated neuro-
degeneration and microvascular damage [49].

The clinical relevance of aortic stiffness is con-
firmed by longitudinal data from the Framingham
Offspring cohort (mean age 69), showing that
increased stiffness is associated with increased
10-year risk of incident MCI, dementia, and AD.
While part of the effect is explained by associated
VRF, in multivariate models aortic stiffness
remains independently associated with dementia
risk, thus suggesting that this pathogenic
process might act independently of other VRF.
Conversely, in the same study, pulse pressure
failed to reach statistical significance in predicting
MCI and dementia risk [50]. This suggests that
vascular stiffness has probably a larger predictive
role on dementia risk than BP values per se.

Aging, Neural Blood Pressure Control
and Cognition: Baroreceptor Function,
Orthostatic Hypotension

As previously discussed, structural vascular
change may affect brain function. A large amount
of research is also available regarding neural con-
trol of vascular function, and how this can be
modified during physiological aging and in path-
ological conditions. Some of these changes have
been clearly associated with cognitive function,
although the causal pathway of the association
is often unclear. In fact, brain aging and
neurodegeneration may obviously affect the auto-
nomic function, but on the other hand impaired
vascular control may produce subtle brain dam-
age, ultimately accelerating cognitive decline.

The aging process is characterized by typical
changes in the neural control of vascular
function, including increased sympathetic nerve
activity, especially in women, associated with
increased vascular resistance, contributing to

age-associated BP increase [51]. The baroreflex
sensitivity is often decreased, contributing on one
hand to increased BP and on the other to dimin-
ished heart rate and BP homeostatic regulation in
response to stand-up and other stressors. In fact
a decreased parasympathetic tone is associated
with less vagal withdrawal on standing, resulting
in reduced cardioacceleration and orthostatic
hypotension on brisk standing [9, 52].

Moreover, decreased parasympathetic tone
results in age-associated alteration of
sympathovagal balance with consequent reduced
heart variability. This alteration is typically
enhanced in pathological conditions, such as obe-
sity, obstructive sleep apnea, coronary artery dis-
ease, and heart failure, and represents a negative
prognostic marker, including increased risk factor
for sudden cardiac death [51].

All the cited parameters have been associated
also with cognitive function. Specifically,
impaired baroreflex sensitivity has been associ-
ated with greater impairment of cognitive function
in a sample of subjects aged 67, and its decrease
over an 8-year follow-up was associated with
a parallel decrease of memory function [53].
Moreover, baroreceptor reflex was reduced in a
sample of AD patients in comparison with age-
matched controls, thus leading to preliminary sug-
gestion of its use as a biomarker for the dis-
ease [54]. In the latter study, baroreflex
impairment improved with cholinesterase inhibi-
tors treatment, in agreement with the positive role
of cholinergic stimulation in autonomic balance.
Reduced heart rate variability has been associated
with impaired cognitive function as well. This was
observed since midlife in the large CARDIA
cohort (mean age 45), which showed an associa-
tion between reduced heart rate variability
and impaired executive functions measured
5 years later, independently of other VRF and
comorbidities [55]. These data are consistent
with secondary results of PROSPER study,
which showed an association between reduced
heart rate variability and processing speed both
in the a cross-sectional analysis, at a mean age of
75, and in the longitudinal 3-year follow-up [56].
Moreover, in the PROSPER study reduced heart
variability was associated with a worse global
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functional outcome, in terms of disability in activ-
ities of daily living, independently of incident
vascular events and baseline cognitive profile
[57]. Moreover, small clinical samples of subjects
with AD have shown a reduced heart rate variabil-
ity in comparison with individuals with MCI who,
in turn, had a lower heart rate variability than
cognitively normal subjects [58]. Finally, lower
heart rate variability was associated with lower
cognitive function also within subjects with
overt AD [59].

The most likely explanation of the observed
associations is represented by disease-associated
degeneration of areas controlling autonomic func-
tion. Beyond the brainstem, which directly con-
trols sympathovagal innervation of the vascular
system, autonomic nervous system activity is
modulated by cortical regions, including the
insula and anterior cingulate cortex, and subcorti-
cal structures, including the amygdala. Insular
cortex, in particular, is a frequent site of vascular
damage, and may be involved in a brain-heart axis
increasing the risk of future brain vascular damage
[60]. Moreover, amygdala is affected by AD neu-
ropathology early in the neurodegenerative pro-
cess (Braak stages II–III), possibly before the
onset of overt cognitive impairment, and insula
and anterior cingulate cortex are involved too, in a
slightly later stage (Braak stages III–IV) [61]. As
an alternative explanation, higher heart rate vari-
ability might be a marker of healthier cardiovas-
cular system, which is a protective factor for brain
aging and functional decline. Finally, longitudinal
observation is consistent with a pathogenic role of
autonomic dysfunction on cognitive decline.

The latter hypothesis has received a strong sup-
port by studies on orthostatic hypotension. In an
analysis of the HYVET cohort, including relatively
high-functioning subjects aged 80+ (n¼ 3121), the
presence of orthostatic hypotension at baseline was
associated with increased risk of cognitive decline
or dementia at the 2-year follow-up, after adjusting
for possible confounders [62]. Even more strik-
ingly, in a large sample of the epidemiological
ARIC study (n ¼ 11,709), orthostatic hypotension
at midlife (mean age 55) was associated with an
increased risk of dementia and ischemic stroke at
25-year follow-up [63]. In the Rotterdam Study

(6,204 participants mean age 69), orthostatic hypo-
tension was associated with an increased risk of
dementia at 15-year follow-up, being similar for
AD and vascular dementia. Among subjects with
orthostatic hypotension, the risk of dementia was
highest in those who lacked the compensatory heart
rate response after standing, a pattern that is typical
of neurogenic orthostatic hypotension [64]. Ameta-
analysis of all published cohort studies estimates a
significant 21% increase of dementia risk associated
with orthostatic hypotension [62].

The association of orthostatic hypotension
with dementia in the cited studies appears to be
independent of known VRF and remains signifi-
cant after exclusion of known causes of auto-
nomic failure at baseline and of incident stroke
during follow-up. Although residual confounding
cannot be excluded, this finding strongly
suggests that chronic brain hypoperfusion has a
pathogenic role in the development of dementia,
possibly inducing brain damage through hypoxia,
inflammatory mechanisms, or accelerated
neurodegeneration [65]. The latter hypothesis is
consistent with data that have associated impaired
autonomic function to hypoperfusion of the hip-
pocampus, the initial site of neurodegeneration in
AD, already at midlife [66]. Again, reverse cau-
sation cannot be excluded, but this is likely insuf-
ficient to explain all the observed association due
to the long follow-up time, which in ARIC cohort
[63] was even longer than the estimated pre-
symptomatic phase of AD.

The Role of Blood Pressure Variability

Although with some inconsistence across studies,
increased BP variability is typically associated
with aging. Impaired baroreflex sensitivity is one
of the main determinants of BP variability and has
been shown to have opposite influences in resting/
supine vs. stress conditions, including tilt test and
mental stress. In supine conditions, impaired para-
sympathetic function has been associated with
reduced beat-to-beat BP variability, mirroring
reduced heart rate variability, while it has been
associated with greater BP variability during 24-h
activity [52]. Consistent with these data, heart rate
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and BP variability decrease with aging when mea-
sured at rest, while they increase over the life span
when assessed during sit-to-stand maneuvers.
Of notice, in the same study, cerebral blood flow
variability during postural changes, which repre-
sents a negative prognostic factor for cardiovas-
cular events and mortality, is also positively
correlated with aging [67].

BP fluctuations can be measured both in the
short-term (e.g., beat-to-beat, or within 24 h) and
over long-term fluctuations (e.g., across different
days, or even months or years). They result from
a complex interaction between cardiovascular
regulatory mechanisms, vascular stiffness, and
environmental and behavioral factors. Most
importantly, several observational studies have
associated BP variability with a greater risk of
cardiovascular events, stroke, renal failure, car-
diovascular, and total mortality, well beyond the
risk associated with absolute BP values. Among
variability parameters that have been studied in
the last decade, visit-to-visit BP variability has
shown a particularly strong predictive value for
cardiovascular morbidity and mortality [68].

During last years, visit-to-visit BP variability
in older subjects also has been also identified as a
predictor of future onset of cognitive impairment
and dementia, including AD. Neurological studies
support its role as predictor of subcortical white
matter changes and, to a lesser extent, cerebral
atrophy [69]. It has been hypothesized that the
age-associated autonomic dysfunction can result
in higher BP variability and, that this, in turn,
can increase arterial stiffness [70]; conversely,
increased arterial stiffness can induce a further
decrease of baroreflex sensitivity [71]. This can
lead to a negative feedback, leading to increased
brain damage, including both ischemic and neu-
rodegenerative changes (see above). Moreover,
the associated vascular remodeling can induced a
further brain damage through impaired vascular
autoregulation, which may facilitate hypo-
perfusion during hypotensive phases.

A simplified scheme of reciprocal interconnec-
tions between autonomic dysfunction, vascular
remodeling, and brain damage is reported in Fig. 1.

Methods to interrupt such a negative feedback
loop have been hypothesized and are discussed in

the next section of the chapter. In particular, regular
aerobic exercise has been associatedwith increased
baroreflex cardiovagal response [52], reduced vas-
cular stiffness [72], and increased cerebral blood
flow among older adults [73]. Among antihyper-
tensives, calcium-channel blockers have been iden-
tified as the most effective agents in reducing BP
variability, which would account for their greater
efficacy in stroke prevention [74].

The Role of Cerebral Blood Flow
Autoregulation

Cerebral autoregulation is the process through
which cerebral blood is maintained constant in
front of changes in systemic BP. The main control
mechanism of the process is represented by sensi-
tivity of parietal vascular smooth cells to CO2,
resulting in vasodilation. The control of large arter-
ies, arterioles, and capillaries is also under the
influence of endothelial cells, astrocytes, neurons,
and pericytes [75] that interact functionally in the
so-called neurovascular unit [76]. Although it was
previously observed that cerebral blood flow can
remain relatively unchanged within a mean arterial
BP range 60–150mmHg, recent data show amuch
narrower range of autoregulation, especially evi-
dent for hypotensive conditions. The ability of
maintaining a stable cerebral blood flow is further
reduced by the ageing process [9]. As a conse-
quence of reduced regulatory ability, cerebral
blood flow variability during sit-to-stand maneu-
vers increases with aging [67]. A history of HBP
has been associated with impaired autoregulation,
resulting in a shift to the right of the autoregulation
curve and a decrease of cerebral blood flow [77].
However, the precise mechanism of this associa-
tion is yet unclear. In fact, a recent study has
associated increased arterial stiffness, a well-
known consequence of long-standing HBP, with
reduced cerebral blood flow, in spite of preserved
autoregulation [78].

It has been shown that subjects with subcorti-
cal vascular lesions, ultimately leading to vascular
dementia, show altered vasoreactivity and
reduced cerebral blood flow in the affected areas
[79]. In agreement with the role of VRF in AD
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pathogenesis, several experimental and clinical
evidences point to the presence of a neurovascular
unit impairment also in AD [75]. In a small
sample of subjects with AD, vasomotor reactivity
to CO2 and cerebral blood flow autoregulation
were reduced in comparison with age- and HBP-
matched controls [80]. The impaired vasomotor
reactivity seems to be linked to ApoE genotype,
the most important genetic risk factor for sporadic
AD, as it has been observed in a sample of cogni-
tively normal older subjects with the ApoE4
allele. Presence of ApoE4 allele and a history of
HBP were independently associated with a
reduced CO2 vasoreactivity, in keeping with the
view of a synergistic effect of the two factors on
cerebral blood flow impairment [81]. Vascular
amyloid deposition, as is observed in hereditary
cerebral amyloid angiopathy [82], has also been

associated with impaired cerebrovascular reactiv-
ity and may be involved in impaired cerebral
blood flow control in AD as well. Several studies
have found a reduced cerebral blood flow in sub-
jects with AD. Although part of the association
can be the effect of reduced neuronal activity due
to neurodegeneration, cerebral blood flow
decrease was associated with an increased risk of
incident dementia and accelerated cognitive
decline in a 7-year follow-up of the Rotterdam
Study. The effect was attenuated but still present
after adjusting for baseline small vessel disease,
thus suggesting a role of hypoperfusion also in the
neurodegenerative process [83]. In spite of these
data, several links between altered autoregulation
and neurodegeneration still need to be clarified. A
recent study, although confirming a reduced cere-
bral blood flow associated with increased

Fig. 1 Reciprocal interconnections between autonomic
dysfunction, vascular remodeling, and brain damage. Age-
associated impaired baroreflex response may increases
blood pressure variability, thus increasing vascular
remodeling associated with aging and high blood pressure.
Orthostatic hypotension, associated with small vessels

disease, may increase the risk of brain hypoperfusion.
Brain damage associated with neurodegeneration and
chronic ischemic lesions may impair autonomic function
(reverse causation), possibly inducing a negative feedback.
HBP high blood pressure, BP blood pressure, WMLs white
matter lesions
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cerebrovascular resistance in subjects with AD
compared with MCI and healthy controls, did not
identify any across-group difference in baroreflex
sensitivity and cerebral blood flow autoregulation
during sit-to-stand maneuvers [84]. This finding
reinforces the view of a large pathophysiological
variability of vascular function control in neurode-
generative conditions, and calls for further studies.

Body Composition, Insulin Resistance,
and Age-Associated Cognitive Decline

Aging is associated with changes in body compo-
sition, resulting in decreased muscle mass/fat mass
ratio. Both increased fat mass, typical of obesity
[85], and decrease of muscle mass, the key feature
of sarcopenia [86], are associated with increased
insulin resistance, defined as an impaired cellular
response to insulin action. Moreover, insulin resis-
tance has been identified as a condition of increased
risk of muscle mass loss, therefore further increas-
ing sarcopenia [87].

Insulin resistance is the pathophysiological basis
of T2DM and is identified both as a vascular risk
factor and as a major pathological player of
neurodegeneration, including AD, through multiple
molecular pathways [88]. Beyond its metabolic
actions, insulin plays a crucial role as a trophic factor
in the central nervous system, promoting neuron
growth and survival. When peripheral insulin resis-
tance develops, insulin transport into SNC through
blood-brain barrier receptors is reduced. Moreover,
signal transduction after insulin-receptor binding is
impaired, resulting in impaired GSK-3 (glycogen
synthase kinase-3) inhibition: this leads to an
increased tau protein phosphorylation, promoting
its aggregation into neurofibrillary tangles, which
possess a neurotoxic activity and constitute one of
the neuropathological features of AD [89]. In agree-
ment with this hypothesis, features of insulin resis-
tance have been identified at autopsy in AD
patients’ brains, showing an impairment of insulin
and IGF-1 receptor signaling, especially evident in
neurons with neurofibrillary tangles [89]. Based on
results of experimental models, some authors have
even proposed the existence of a “type 3 diabetes
mellitus,” characterized by the presence of insulin

resistance inside the brain, as the pathophysiological
basis of AD [88]. Besides insulin resistance, both
obesity and T2DM are associated with an enhanced
inflammatory response, possibly resulting in a con-
dition of subclinical neuroinflammation, which is
considered one of the pathogenic mechanisms of
age-associated cognitive decline and AD [88, 90].
Indeed, increased levels of proinflammatory cyto-
kines, especially IL6, have been found in AD and
MCI, although large interindividual variations make
them probably useless as cognitive biomarkers [91].

On the other hand, some recent studies have
proposed that brain changes can influence body
composition, especially muscle mass. Cachexia,
including muscle mass loss, is a well-known con-
sequence of all severe chronic diseases, including
dementia. Of interest, a decrease of lean mass has
been observed since the early stages of AD, and
its extent was correlated with severity of brain
atrophy [92]. This association might well be
explained by upstream pathophysiological mecha-
nisms, e.g., systemic inflammation, but is also con-
sistent with an influence of central nervous system
pathology on muscle function. This hypothesis is
supported by a further study, in which a cohort of
older subjects (n¼ 791, mean baseline age 81) has
been followed until death (mean observation time:
7 years), with autoptic assessment of neuropatho-
logical lesions, especially AD-type, parkinsonian,
and vascular lesions. The presence of AD-type
neuropathological lesions, independent of demo-
graphics and comorbidities, including dementia,
was significantly associated with the decline of
muscle strength, the functional correlate of muscle
mass [93]. These data suggest that the accumula-
tion of lesions in the central nervous system may
impair muscle mass and function.

A reverse-causation pathway regarding body
composition and brain function has been hypothe-
sized also for adipose tissue, in order to explain the
apparent “BMI paradox,” represented by the role
of obesity at midlife as a risk factor for dementia
and of low BMI and weight loss as risk factors for
AD during the years immediately preceding the
diagnosis. In a group of healthy older subjects
(mean age 75, n ¼ 363) undergoing biomarker
dosage in the ADNI initiative research, subjects
with a weight loss �5% over a 4-year follow-up
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had higher AD biomarkers at baseline: lower
Abeta-42/total tau ratio in the CSF, greater amyloid
deposition measured with PET, and more severe
right temporal atrophy at MRI. Moreover, subjects
with weight loss also had a slight decline of global
cognitive function over the follow-up, globally
suggesting a condition of preclinical AD [35].
The mechanism potentially involved has been
identified in a transgenic APP-mutated mice
model, in which a clear weight loss occurred before
amyloid plaques formation. In the same model, a
decrease of hypothalamic neuropeptide Y (NPY,
neuromediator whose effects include increased
appetite and decreased energy expenditure) was
observed together with reduced leptin levels and
reduced responsiveness of hypothalamic arcuate
nuclei to leptin induced by beta-amyloid fragment.
The authors hypothesize that a hypothalamic
impairment occurs early in the disease process,
with impaired expression of NPY resulting in
decrease of fat mass, with consequent reduced
leptin secretion not balanced by increased NPY,
thus leading to a further weight loss [94]. Of notice,
as leptin has been identified as a neuroprotective
agent in several experimental and clinical studies
[95], the observed weight loss might be not only an
early effect of neurodegeneration but a true

pathogenic mechanism contributing to AD pro-
gression with a negative feedback.

A scheme of possible reciprocal interconnec-
tions between body composition, insulin resis-
tance, reduced leptin activity, and brain damage
is reported in Fig. 2.

Biological Role of Physical Activity

Several mechanisms can explain the positive
effect of PA across the continuum of age-associ-
ated cognitive decline. As discussed before, a
regular aerobic physical training has been associ-
ated with an improvement of neuroautonomic
function and of baroreflex cardiovagal response
[52]. Moreover a meta-analysis of intervention
studies has confirmed that aerobic, but not resis-
tance training, is able to decrease vascular stiff-
ness, with a dose-response relationship and with
more beneficial effects in subjects with greater
baseline stiffness [72]. Intervention studies have
also shown that a program of aerobic exercise in
older adults can increase cerebral blood flow in
the anterior cingulate area and in those included in
the default mode network, whose connectivity is
typically impaired in AD [73].

Fig. 2 Reciprocal
interconnections between
body composition, insulin
resistance, reduced leptin
activity, and brain damage.
Age-associated muscle
mass loss (sarcopenia) may
increase insulin resistance
and in turn can be enhanced
by insulin resistance; both
conditions are associated
with increased
inflammation. Chronic
brain damage is associated
with enhanced muscle
damage and decreased fat
mass (reverse causation),
with reduced leptin level
possibly inducing a
negative feedback. NPY
neuropeptide Y
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Other beneficial effect of physical activity on
cognitive function can be associated with the
increased release of neurotrophic factors, including
brain-derived neurotrophic factor (BDNF), which
is released by the brain in response to exercise and
has a trophic action on the hippocampus, promotes
long-term potentiation, and enhances memory.
Moreover, regular PA is associated with a decrease
of inflammatory response, thus possibly further
increasing neuroprotection [96].

Treatment of Vascular Risk Factor: The
Effect of Aging and Cognitive
Impairment

Antihypertensive Treatment

Ethical reasons linked with the well-known pro-
tective effects of antihypertensives on many other
health outcomes, together with logistic issues,
prevent from conducting long-term placebo-con-
trolled randomized trials of antihypertensive treat-
ment at midlife with a primary cognitive outcome.
Nevertheless, some trials that enrolled older sub-
jects included cognitive measures as secondary
outcomes. Yet, also in this case randomized clin-
ical trials have a limited statistical power, as fol-
low-up times necessary to observe a cognitive
protection are longer than those needed to dem-
onstrate a beneficial effect on of vascular events or
all-cause mortality. The open-label extension of
the randomized controlled Syst-Eur was the only
single study showing a statistically significant
benefit of antihypertensive treatment against
dementia, with a 55% decreased incidence at
4-year follow-up, which translates into an esti-
mate of 20 cases of dementia prevented for 1000
patients treated for 5 years [97]. The placebo-
controlled HYVET study included subjects aged
80+ with isolated systolic hypertension but, being
stopped after about 2 years only for the clear
superiority of active treatment on vascular
outcomes and all-cause mortality, was unable
to show a significant effect on cognition [98].
The meta-analysis of Syst-Eur, HYVET, and
other available placebo-controlled trials showed
a borderline significant, protective effect of

antihypertensives against incident dementia, with
large heterogeneity among different studies [98].

Until now, there are no clear data regarding the
effect of different drug classes on cognitive function.
A large observational study has shown a greater
efficacy of angiotensin receptor blockers in reducing
the progression of dementia, mortality, and nursing
home admission in the subgroup of subjects previ-
ously diagnosed with dementia [99]. A subsequent
meta-analysis did not show significant differences
between ACE inhibitors and angiotensin receptor
blockers on cognitive outcomes, but suggested a
better cognitive outcome in subjects with dementia
treated with those ACE inhibitors able to cross the
blood-brain barrier [100]. Finally, as already men-
tioned, calcium-channel blockers have been identi-
fied as the most effective agents in reducing BP
variability, thus accounting for a greater efficacy in
stroke prevention [74], but data on their efficacy in
preventing cognitive decline and dementia are not
available [101].

A further issue regarding the role of advanced
age and cognition in antihypertensive treatment
choice is associated with the assessment of patient’s
vulnerability. In fact, it has been proposed that the
presence of functional disability, motor impairment,
and cognitive impairment might be markers of
increased susceptibility to adverse events associated
with antihypertensive treatment [102]. In particular,
the large group of older subjects already suffering
from cognitive impairment might represent a sub-
population at high risk for brain hypoperfusion. In
fact, available data show a high prevalence of
“neurocardiovascular instability” [9] and of
impaired vasoreactivity in older subjects with cog-
nitive impairment and both AD [75] or vascular
dementia [79], although a recent study did not con-
firm an impairment in autoregulation of cerebral
blood flow in AD and MCI subjects [84]. Clinical
data in this setting are still inconsistent. In an epide-
miological Chinese study including 837 subjects
aged 55+ with MCI (mean age 67.8, baseline
MMSE 26/30), high BP increased the risk of con-
version to AD at 5 years, and antihypertensive treat-
ment reduced that risk [103]. Conversely, in an
Italian clinical sample of 172 subjects with dementia
or MCI aged 65+ (mean age 79, MMSE 22/30) in
whom BP was carefully assessed with 24-hour
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ambulatory monitoring, the risk of cognitive decline
at 9 months was increased in subjects with lower
mean daytime SBP (<129 mmHg) actively treated
with antihypertensive drugs [104]. A treatment
discontinuation randomized trial of 385 older sub-
jects 75+ with mild cognitive decline (mean age 81,
MMSE 26/30) included subjects whowere taking at
least one antihypertensive drug and had a SBP
�160 mmHg. After 16 weeks, SBP increased
from 149 mmHg to 154 mmHg, without any posi-
tive effect on cognitive function, psychological pro-
file, or daily functioning [105]. The relatively high
BP of subjects included in that trial (well above
cerebral blood flow autoregulation lower limits)
and the high prevalence of white coat hypertension,
resulting in a low concordance between office BP
and mean daytime BP values [106], might explain
the negative results.

In summary, further research is needed to
identify the optimal BP target in subjects who
already have some degree of cognitive impair-
ment. Moreover, due to reduced life expectancy,
any potential protective effect of BP lowering on
cognition may be blunted, while potential adverse
effects of an aggressive treatment can be
enhanced, in cognitively impaired older subjects.
For example, dementia patients have a higher risk
of hip fracture, a powerful determinant mortality
in these patients [107], and antihypertensives rep-
resent a risk factor for fall injuries in advanced age
[108]. Accordingly, older patients with cognitive
decline might be the right target for the de-inten-
sification clinical trials that have been proposed
for antihypertensive treatment [109].

Antidiabetic Treatment

While epidemiologic and experimental studies
have clearly associated insulin resistance and
T2DM with cognitive decline and dementia, no
strong evidence is yet available regarding the
capacity of antidiabetic treatment to prevent cog-
nitive decline. The ACCORD trial has examined
the effect of an intensive (target HbA1c 42 mmol/
mol) versus a standard target (53–63 mmol/mol)
glycemic control in almost 3,000 diabetics aged
55+, and was interrupted after 3.5 years due to

increased mortality in the intensive treatment arm.
In a secondary analysis of the cited trial, no sig-
nificant between-group difference was observed
in cognitive outcome, despite a less severe atro-
phy progression in the intensive treatment group
[110], and no cognitive or neuroradiological
between-group difference was observed at the
80-month open-label assessment [111]. In agree-
ment with these data, a meta-analysis of
ACCORD-MIND with clinical trials including a
cognitive outcome (ADVANCE, ADDITION,
ORIGIN) was unable to show any beneficial
effect of different glycometabolic targets on cog-
nition [112]. These negative results might in part
be explained by the higher risk of hypoglycemia
associated with a more aggressive glycometabolic
control. In fact, hypoglycemic events are associ-
ated with a higher risk of incident dementia in
diabetes, and, conversely, cognitively impaired
older subjects have a higher risk of drug-associ-
ated hypoglycemia [113], possibly due to difficul-
ties in drug management and inability to early
recognize symptoms of hypoglycemia. Moreover,
insulin treatment has been identified as an inde-
pendent risk factors of unexplained falls in sub-
jects with dementia, suggesting that undiagnosed
hypoglycemic episodes might increase the risk of
injuries in this vulnerable population [114].

For this reason, insulin-sensitizing agents that
possess a negligible risk of hypoglycemia and can
improve this neurotoxic metabolic dysfunction
potentially represent a first choice of
neuroprotection in subjects without diabetes
[115]. These molecules include metformin,
which is also able to reduce tau protein hyper-
phosphorylation, and thiazolidinediones, which
through PPAR-gamma activation can decrease
the secretion of microglial inflammatory media-
tors. A pilot intervention study has shown a ben-
eficial effect of metformin on episodic memory in
overweight, nondiabetic subjects [116], and a
large observational study has shown a lower
dementia incidence with a second-line
pioglitazone treatment compared with other oral
hypoglycemic agents in diabetics treated with
metformin [117]. Another class of antidiabetic
agents is represented by Glp-1 (glucagon-like
peptide 1) agonists that, beyond increasing
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glucose-dependent insulin secretion, have shown
a direct cerebral activity, inducing a significant
improvement of neuropathological, neurophysio-
logical, and behavioral impairment in experimen-
tal models of insulin resistance and AD [118]. A
pilot study in AD has shown a positive effect of
one of such molecules, liraglutide, on 6-month
cerebral metabolism decline in a sample of AD
patients [119]. Finally, the use of intranasal insulin
has been proposed to directly counteract brain
insulin resistance while avoiding insulin systemic
effects, and pilot studies have shown improve-
ment in episodic memory in subjects with
T2DM [120], MCI, and AD [121].

Physical Exercise

In agreement with the observational studies cited
above, showing an association between physical
activity and lower risk of cognitive decline, sev-
eral clinical trials have tested the effect of physical
exercise on cognitive outcome in different
settings.

Small randomized controlled studies including
“young old” subjects have found that, after a 6–
12-month program of aerobic exercise, the vol-
ume of some cortical regions, especially the ante-
rior hippocampus, increased in comparison with
controls and that this was associated with better
episodic memory [122, 123]. A meta-analysis of
42 small intervention studies including a total of
1,627 individuals in a wide (19–72 years) age
range has shown a significant decrease of mea-
sures of arterial stiffness after a median of
12 weeks of aerobic exercise. The effect was
enhanced with higher intensity of aerobic exercise
and in participants with greater baseline arterial
stiffness [72]. A pilot intervention study
conducted in sedentary older adults has shown,
after 12 weeks of regular 3 h/week physical exer-
cise, an improvement in cerebral blood flow in
anterior cingulate cortex and in episodic memory
[124].

Unfortunately, the LIFE randomized con-
trolled study, which enrolled 1,635 frail sedentary
older adults and included cognitive measures
among its secondary outcomes, did not observe

any cognitive benefit of a 2-year program of struc-
tured aerobic and strength training [125]. Yet,
beneficial effects on executive functions were
observed among subjects aged 80+ and with
more severe physical frailty (Short Physical Per-
formance Battery <8). Moreover, it can be
hypothesized that the control intervention, which
consisted of a structured health education and
social stimulation program, might have produced
some beneficial cognitive effect partially
shadowing the effect of physical activity [125].
Since the cardiovascular effects of the
intervention, mainly aimed at counteracting
sarcopenia, were small and clinically negligible
[126], this also might explain the lack of cerebral
blood flow-mediated neuroprotective effect.

Several intervention studies have tested the
effect of physical exercise in older subjects with
overt dementia. Overall, those studies have shown
an association between intervention and smaller
cognitive decline over time, with beneficial effects
that were independent of clinical diagnosis and
frequency of intervention, but were evident only
in studies testing interventions that included aer-
obic exercise [127]. Similarly, a meta-analysis of
studies testing the efficacy of aerobic exercise in
older subjects with MCI found an overall benefit
on measures of global cognitive function [128].
The specific effect of aerobic exercise supports the
hypothesis that the neuroprotective effect of phys-
ical activity is mediated by vascular mechanisms,
possibly increasing cerebral blood flow. Nonethe-
less, in older subjects with overt dementia, the
association of strength training is warranted, due
to the beneficial effect on muscle function,
resulting in reduced functional decline [129] and
risk of falling [130].

Conclusion

Available epidemiological and pathophysiologi-
cal evidences strongly support the association of
vascular risk factors and neuroatonomic dysfunc-
tion with cognitive decline and dementia in old
age. Yet, this association changes across lifetime,
and differs across different parameters. In partic-
ular, high blood pressure and obesity at midlife
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have been associated with greater age-associated
cognitive decline, while dementia onset in old age
is often heralded by lowering of blood pressure
and body mass index. Pharmacological treatment
of vascular risk factors at midlife is warranted to
prevent cognitive decline. While the same
approach should be followed in non-frail older
subjects, due to beneficial cardiovascular effect
clearly shown in clinical trials, a less aggressive
approach is reasonable for older, cognitively
impaired patients, more vulnerable to treatment
adverse events. Physical activity should be
recommended lifelong, both as primary preven-
tion and as adjuvant treatment in cognitively
impaired older subjects.
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Abstract

The interaction between brain and heart
involves many actors, among which the sym-
pathetic nervous system plays a major role.

Since the first description of adrenoceptors by
Raymond Ahlquist in 1948 and the use of beta-
blockers by Sir JamesW. Black in patients with
angina pectoris 10 years later, molecular cardi-
ology has been investigating the intimate
mechanisms enabling cardiac muscle to adapt
(or maladapt) to emotional stress or physical
demand. This continuous effort, exploiting
state-of-the-art technologies to date, led to an
impressive progress in our understanding of
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the machinery nearby the beta-adrenergic
receptor and underneath, much more complex
than imagined by pioneering studies of neural-
brain axis. This review examines the features
of these receptors – subtypes, localization,
pathways, and effectors – mediating electro-
physiological response of cardiomyocytes,
with particular emphasis to control of excita-
tion contraction coupling mechanisms and
implications for arrhythmogenesis and
cardiomyopathies.

Keywords

Beta-adrenergic receptors · Cardiac
arrhythmias · Cardiomyocytes · Excitation-
contraction coupling · Ion channels

Introduction

“. . .τó μ᾽ ἦ μὰν
καρδίαν ἐν στήθεσιν ἐπτóαισεν”
(Sappho, fragment 31 – Lesbos, 630–570 BC)

For many of us, remnants of Sappho’s poem
“seems to me to be equal to the gods” come to
the memory together with the powerful impres-
sion of the poet’s heart fluttering in her breast
while listening and looking at her beloved. This is
one of the first and most evocative descriptions of
the effects of sensory perceptions on cardiac elec-
trophysiology whose molecular and biophysical
basis would have been – yet incompletely –
explained 2500 years later.

The mechanisms underlying the interplay
between nervous system and cardiac function
involve neuronal pathways, mainly parasympa-
thetic and sympathetic innervation (the so-called
extrinsic cardiac nerves) and intrinsic nervous
system (a network of intrinsic cardiac ganglia),
but also endocrine hormones (adrenaline, endor-
phins) and autacoids (prostaglandins, serotonin,
histamine, adenosine) can modulate neuron dis-
charge or input. Readers are referred to special-
ized book chapters for a comprehensive
description of neural control of cardiac electrical
activity. Here, we will focus on the effect of sym-
pathetic stimulation via β-adrenergic receptor (β-

AR) signaling on cardiac excitation in physiolog-
ical and diseased conditions and insights into
arrhythmogenesis.

b-Adrenergic Receptors in the Heart

Subtypes, Localization, and Signaling

β-ARs belong to the wide family of G-protein-
coupled receptors, At least three different receptor
subtypes have been identified (β1-, β2, and β3-
ARs), whose density and subcellular localization
vary depending on site (nodal vs. atrial or ventric-
ular cardiomyocytes), disease (e.g., heart failure),
or developmental state (fetal vs. adult). β1-ARs,
the prominent β-adrenergic subtype (around
70%), couple to G-proteins (Gs). The second
messenger involved in the majority of β1-AR-
mediated effects is the cyclic adenosine 30,50-
monophosphate (cAMP), which regulates key
physiological processes such as cardiac contrac-
tility and relaxation. As illustrated in Fig. 1,
cAMP is synthetized by adenylyl cyclase (AC)
via stimulatory Gs proteins coupled to β-ARs.
The balance between AC-mediated production
and degradation by phosphodiesterases (PDEs)
tightly controls the intracellular concentration of
cAMP. This is a heterogeneous superfamily of
enzymes, including seven families which catalyze
the hydrolysis of cAMP to 50-AMP [1]. Each
family exhibits specificity in terms of intracellular
distribution and rate of cAMP degradation, thus
regulating the amplitude and duration of cAMP
transient, its spreading in intracellular compart-
ments, and downstream activation of effectors.
Compartmentalization of β-AR mediated signal-
ing is granted by subcellular distribution of recep-
tor subtypes (see later) but, mostly, by the
presence of scaffolding proteins that chain AC,
cAMP targets, and PDEs in macromolecular com-
plexes, thus confining the signal (and downstream
action) into “self-limiting intracellular pools”:
A-kinase anchoring proteins (AKAPs). For exam-
ple, a complex is found in t-tubules where the
AKAP150 protein links the AC5/6 isoform, the
cAMP-dependent protein kinase (PKA),
calcineurin (protein phosphatase type 2), the

974 E. Cerbai et al.



membrane protein caveolin-3, and the cardiac cal-
cium channel Cav1.2.

Our comprehension of cAMP targets and
effectors has grown significantly in recent years.
Most of β-AR-mediated cardiac effects have been
attributed classically to activation of PKA, a tet-
rameric enzyme with two cAMP binding regula-
tory subunits and two catalytic subunits which
phosphorylates multiple substrates (including
channels and pumps). cAMP also binds and acti-
vates cyclic nucleotide-gated ion channels, such
as HCN (see Hyperpolarization-Activated Cyclic
Nucleotide-Gated (HCN) Channels) and Popeye
domain-containing (POPDC) proteins. Recently,
a family of proteins directly activated by cAMP,
named EPAC (exchange proteins directly acti-
vated by cAMP), was discovered as an important
new mechanism for cAMP-mediated signaling
[2]. The family consists of two proteins, indepen-
dent from PKA, EPAC1 and 2, the former being

the most abundant one in mouse and human hearts
in the adulthood. Binding of cAMP to the specific
domain causes a conformational change, exposes
both the catalytic and targeting domains of EPAC
which exchange GDP for GTP, and promote the
activation of a small G protein, Rap.

PKA phosphorylates several substrates
involved in key steps of excitation contraction
coupling in atrial and ventricular cardiomyocytes.
Target proteins of PKA are located on the sarco-
lemma (e.g., L-type calcium channels, ultra-rapid
and slow delayed potassium currents), in the sar-
coplasmic reticulum (phospholamban, ryanodine
receptors), or in the contractile machinery (cardiac
troponin I, cardiac myosin-binding protein C). In
physiological conditions, all these effects increase
and speed up intracellular calcium transient and
contractility (inotropic and lusitropic effect). A
similar signaling mechanism results from stimu-
lation of β2-ARs accounting for the remaining

Fig. 1 Schematic representation of β-AR and ion channels
crosstalk in cardiomyocytes. β1–3-AR, β-adrenergic recep-
tor subtypes; Gs, Gi, stimulatory or inhibitory G proteins;
AC, adenylyl cyclase; EPAC1, exchange proteins directly
activated by cAMP type 1; CaMKII, Ca2+/calmodulin-
dependent protein kinase II; PKA, protein kinase A;
PDEs, phosphodiesterases; PLB, phospholamban; RyR2,

ryanodine receptor; SERCA2, sarcoplasmic/endoplasmic
reticulum calcium ATPase 2; SR, sarcoplasmic reticulum.
NO•, nitric oxide; SCN5A, cardiac sodium channel; LTCC,
L-type calcium channel; HCN4, hyperpolarization-acti-
vated cyclic nucleotide-gated channel; KLQT1, delayed
rectifier potassium channel
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30% of receptor subtypes; however, they also
couple to inhibitory G-proteins (Gi) with opposite
effect on adenylate cyclase activity and down-
stream signaling pathways. It is worth to recall
briefly that inhibitory G proteins (Gi) in
cardiomyocytes have been traditionally associ-
ated to vagal stimulation, via type-2 muscarinic
receptors (M2R). These receptors are largely dis-
tributed on the sarcolemma, and their stimulation
leads to inhibition of adenylyl cyclase, decrease of
intracellular cAMP, and direct (i.e., cAMP-inde-
pendent) activation of potassium channels, IK,ACh.
The opposite effect of β2-AR andM2R stimulation
has been considered a sort of dogma for many
years, and still holds true: the positive
chronotropic an inotropic effect of catechol-
amines ("cAMP) is blunted by the negative ones
by acetylcholine (#cAMP). Thus, the demonstra-
tion of a dual signaling pathway downstream β-
AR stimulation dispelled a sort of dogma [3].

In nodal cells and in the conduction system
(His-Purkinje fibers), cAMP directly modulates
the hyperpolarization-activated, cyclic nucleotide-
gated channels (HCN), causing a gain of function
of the funny current (If), which contributes to the
steepness of diastolic depolarization. This mecha-
nism is of utmost importance in setting heart rate
and atrio-ventricular conduction; the molecular
and pharmacological properties of HCN channel
family have been recently reviewed [4].

b-AR Subtypes Link to Different
Signaling Pathways

The balance between opposite effects initiated by
β1-AR and β2-AR stimulation resides in several
differences that have been partially elucidated
only in recent years. First, the relative proportion,
which is in favor of the β1-AR subtype, although
the percentage of β2-AR increases in heart failure
also due to downregulation of the first one at the
mRNA and protein level. Second, compartmen-
talization: β1-AR are located both the transverse t-
tubular system (TATS) and crest regions of the
sarcolemma, while β2-AR are located mainly in
TATS [5] and co-assemble with the scaffold pro-
tein caveolin-3. L-type calcium channels and

HCN4 also locate and co-assemble with
caveolin-3 proteins [6]. In addition, diverse distri-
bution of phosphodiesterases (PDE) subtypes
accounts for the presence of intracellular nano-
domains due to fast and specific cAMP degrada-
tion [7], being β2-AR stimulation overall more
restrained than the β1-AR. The compartmentaliza-
tion of β-AR and PDE isoforms within the
cardiomyocyte underlies differences in response
to β1- or β2-AR stimulation. While cAMP eleva-
tion in response to β1-AR activation is diffuse
and extends to the whole cytosol regardless of
the stimulation site, cAMP signals in response to
β2-AR activation are always confined to the sub-
cellular region surrounding the activated receptor
cluster. It is therefore supposed that β1-ARs medi-
ate the long-term global response to sympathetic
activation, while β2-ARs control cardiomyocyte
function on a beat-to-beat basis.

The β3-AR subtype represents a case apart.
These receptors mainly couple to Gi proteins acti-
vating nitric oxide synthase [8]. Although barely
expressed in human and rodent cardiomyocytes,
β3-ARs undergo upregulation and gain of function
in heart failure where they may contribute to neg-
ative inotropic effect [9]. Recently, we observed
specific upregulation of β3-AR during commit-
ment and differentiation of embryonic stem cells
toward cardiomyocytes, which appears to modu-
late expression and function of HCN channels
[10].

The Neuro-Cardiac Junction: Cardiac
Sympathetic Synapses

Novel evidence suggests that signal transmission
between sympathetic neurons and the heart
operates in a quasi-synaptic fashion rather than
as a slow endocrine response, underlying a quick
physiological regulation of cardiac function on a
beat-to-beat basis [11]. Using optogenetics to acti-
vate selectively single sympathetic neurons, the
group of Mongillo demonstrated that the response
in terms of cAMP elevation occurs only in the
cardiomyocytes that are directly contacted by the
neuron’s terminations and within a very short
timeframe of a few milliseconds. This fast
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synapse-like behavior is the result of the direct
coupling between neuronal sites releasing neuro-
transmitters and responsive cardiomyocyte mem-
branes: these neuro-cardiac junctions are
specialized extracellular signaling domains with
an elevated concentration of norepinephrine. The
junctional domain on the cardiomyocyte mem-
brane features a high density of β-ARs and
complexes of the cAMP/PKA pathway [11].
Interestingly, optogenetic activation of sympa-
thetic neurons innervating the sino-atrial node
led to an instantaneous chronotropic effect with
single-beat precision. Whether and how the struc-
ture and function of the neuro-cardiac junction
change in heart failure and other cardiac diseases
remains to be assessed. Heart failure is associated
with a reduced myocardial response to sympa-
thetic nerves activation; a derangement of neuro-
cardiac junction organization, with increased
distance between neuronal terminations and
cardiomyocyte membranes, may explain such
observation.

b-ARs Modulate Ion Channels and
Pumps in the Sarcolemma

Calcium Channels

In the working myocardium, the predominant iso-
form of L-type calcium channels (LTCC) is
CaV1.2; most of these channels (75%) localize
in transverse t-tubules, deep invaginations of the
sarcolemmal membrane, in close proximity with
proteins involved in β-AR signaling such as
adenylate cyclase and PKA. Both CaV1.2 and
CaV1.3 coexist in nodal cells: they contribute to
the so-called “calcium clock” in the sinoatrial
node (SAN), i.e., rhythmic release of intracellular
calcium. Together with the pacemaker current If,
calcium kinetics sets sinus rhythm and conduction
velocity in the atrioventricular node (AVN) (see
Zamponi et al. [12] for a review). The alpha sub-
unit (forming the pore of the channel) is the main
site of PKA-mediated phosphorylation at the C-
terminal possibly via the interaction between the
CaVβ subunit and a protein called Ahnak1. Cate-
cholamines modulate LTCC also via a PKA-

independent mechanism: the calcium-calmodulin
kinase type 2 (CaMKII): β1-AR (but not β2-AR)
stimulation promotes the interaction among
CaMKII and the regulatory proteins β-arrestin
and Epac1, forming a stable complex with the
receptor. In turn, CaMKII-mediated phosphoryla-
tion increases open probability of LTCC; interest-
ingly, recent data suggest that this signal occurs
mainly on calcium channels located in the sarco-
lemma outside t-tubules and has been associated
with abnormalities occurring in cardiac hypertro-
phy and failure [6].

Sodium Channels

β-AR-activated kinases play an utmost role in
post-translational modifications of the sodium
channels. PKA-mediated phosphorylation
increases sodium current (INa) amplitude and
action potential upstroke velocity; however,
from a physiological point of view, the conse-
quences are less defined and largely dependent
from the effect of PKA-mediated phosphorylation
also on other conductances. For example, the
effect on calcium (see above) and potassium chan-
nels leads to opposite effects on action potential
duration (APD), generally resulting in accelera-
tion of repolarization and shorter effective refrac-
tory period in cardiomyocytes from large
mammals (including humans) [13], thus allowing
for faster recovery of sodium channels from inac-
tivation. At the same time, increased heart rate
shortens the diastolic interval and hence reduces
INa recovery from inactivation. In general, at least
in physiological conditions and in healthy cardiac
tissue, these effects (shortening of APD and dia-
stolic interval) combine to maximize INa conduc-
tance at high heart rate and – joint to the
phosphorylation of the gap junction protein
connexin 43 – accelerate conduction velocity
[14]. A different scenario exists in cardiac disease.
Dysregulated phosphorylation due to persistent β-
AR stimulation or oxidative stress (which acti-
vates CaMKII) has been shown to slow sodium
channel inactivation, giving rise to the so-called
late sodium current (INa,L). At the intracellular
level, persistent sodium entry causes calcium

61 Neural Effects on Cardiac Electrophysiology 977



overload by impairing calcium extrusion via the
sodium/calcium exchanger. A prominent INa,L has
been described in cardiomyocytes from animal
models of cardiomyopathies [15], as well as in
human hypertrophic cardiomyopathy [16]. Some
of these aspects will be treated more extensively
in the next sections.

Potassium Channels

These channels represent the largest and most
heterogeneous family of channels; knowledge of
their structure and properties is constantly chang-
ing and classification consequently updated. Lim-
iting our attention to voltage-gated potassium
channels, delayed rectifier potassium channels
are the most relevant in terms of β-AR modula-
tion. The slow and rapid components (IKr and IKs,
also termed Kv11.1 and Kv7.1) are ubiquitously
expressed in the human myocardium, while the
ultrarapid component (IKur, Kv1.5) is restricted to
the human atrial tissue. Noradrenaline, acting via
both α1- and β-ARs through different pathways,
negatively modulates IKr [17]. Conversely, it is
generally accepted that PKA-dependent phos-
phorylation following β1 or β2-AR stimulation
increases IKs, while β3-AR decreases it [18]. How-
ever, the consequence in terms of action potential
repolarization cannot be easily predicted. In
human cardiomyocytes from donor hearts, IKr is
the predominant player in basal conditions, while
the contribution of IKs is amplified under β-AR
stimulation. Indeed, we observed a reduction of
action potential/duration (APD) in healthy human

cardiomyocytes challenged with isoprenaline
(Fig. 2, left panel). It is intuitive to speculate that
conditions associated with loss of function of
either component (e.g., Long QT syndrome) or
both (e.g., heart failure, hypertrophy, drugs)
may lead to opposite effects of catecholamines,
such as APD prolongation and appearance of
arrhythmogenic mechanisms at single cell (Fig. 2,
right panel) [19] and multicellular level [20].

Hyperpolarization-Activated Cyclic
Nucleotide-Gated (HCN) Channels

HCN channels – conducting both Na+ and K+ ions
– activate upon hyperpolarization and are modu-
lated by intracellular cAMP (see Sartiani et al. [4]
for a comprehensive review). Of the four isoforms
identified so far, HCN2 and HCN4 are the most
sensitive to intracellular cAMP levels, sympa-
thetic (via β-AR) and parasympathetic (via M2

muscarinic receptors) stimulation having opposite
effects. The highest HCN expression occurs in
nodal cells, SAN and AVN, followed by His-
Purkinje cells, and its amplitude finely adjusts
the slope of diastolic depolarization depending
on the autonomic balance. Besides its canonical
expression in primary or subsidiary pacemaker
cells, If is constitutively present in the human
atria, modulated by catecholamines but also by
autacoids (serotonin, adenosine) and natriuretic
peptides (reviewed in Sartiani et al. [4]). An
ectopic If also occurs in diseased human and
rodent ventricular cardiomyocytes, its amplitude
being linearly related to the severity of cardiac

HCM
HCM+Iso

Control
Control+Iso

200 ms

40
 m

V

Fig. 2 Effects of β-AR stimulation of action potential
from control and diseased human cardiomyocytes. (Mod-
ified from Ferrantini et al. [19])
Representative superimposed action potentials elicited at
0.5 Hz in control (left) and HCM (right) cardiomyocytes,

in the absence and presence of isoprenaline; Left: gray
trace is baseline, light-blue trace is with isoprenaline;
Right: black trace is baseline, green trace is with
isoprenaline
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hypertrophy [21, 22]. This overexpression has
been interpreted as the consequence of
remodeling toward a fetal phenotype [23]. An
example of the effect of β-ARs on If expressed in
ventricular cardiomyocytes from failing human
hearts is shown in Fig. 3: selective β1 or β2-AR
stimulation causes a positive shift of If activation
curve while β3-AR stimulation has an opposite
effect, as a consequence of the aforementioned
differences in downstream signaling pathways
and mediators (see Fig. 1). These differences are
emphasized when inhibitory G proteins are irre-
versibly activated by PTX (Fig. 3), which does not
modify β1-mediated response on HCN channels,
but strongly amplifies the effect of β2-ARs

(associated to both Gs and Gi) and abolishes β3-
mediated negative shift of If.

Sarcoplasmic Reticulum Receptors and
Pumps

An extensive description of cardiac excitation
contraction coupling (ECC) mechanisms is
beyond the scope of this chapter and the reader
is referred to dedicated reviews. Here, it is suffi-
cient to recall that ECC relays upon the proximity
(�15 nm) between clusters of CaV1.2, located in
transverse t-tubules, and clusters of type 2
ryanodine receptors (RyR2) located in the junc-
tional sarcoplasmic reticulum (Fig. 1). These
structures form the so-called cardiac dyad that –
together with proteins responsible for calcium
upload, buffering, binding, and extrusion – mod-
ulates the amplitude and duration of calcium tran-
sient and, hence, contraction/relaxation. The
RyR2 channel is part of a macromolecular com-
plex, which tightly modulates channel activity
(open/close state); however, post-translational
modifications such as phosphorylation (by PKA
and CaMKII), dephosphorylation (by phospha-
tases), and S-nitrosylation are responsible for
physiological adaption to cardiac rhythm or dis-
ease-induced maladaptation and arrhythmias. The
sarcoplasmic reticulum (SR) calcium pump
(SERCA2) plays an utmost role in controlling intra-
cellular calcium homeostasis, by removing about
90% of cytosolic calcium ions released from SR
during systole. Modulation of SERCA2 by β-AR
stimulation mainly occurs via PKA-mediated
phosphorylation of phospholamban (PLB),
which inhibits SERCA2 in its de-phosphorylated
state. Increased calcium entry through LTCC, faster
Ca2+ uptake via SERCA2 (loading SR), and PKA
(or CaMKII)-mediated phosphorylation of RyR2s
(lowering the threshold for Ca2+ release): all these
mechanisms concur to enhance the propensity to
spontaneous calcium release from the SR into the
cytosol and to trigger the spontaneous cellular Ca2+

waves and arrhythmia upon β-AR stimulation.
However, recent data suggest that intracellular
cAMP also stabilizes the threshold for SR Ca2+

release by activating SERCA2 directly, via PKA-
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Fig. 3 Effect of stimulation of β-AR subtypes on If acti-
vation in human failing cardiomyocytes
β1-AR stimulation with 1 μM noradrenaline (NA) caused a
positive shift of midpoint activation (VH) of If
(8.9 � 1.3 mV, n = 5) significantly larger than that caused
by β2-AR stimulation obtained with 1 μM isoprenaline plus
the selective β1-AR antagonist CGP 20712A (0.1 μM)
(4.5 � 1.1 mV, n = 4). The positive shift of VH induced
by β2-AR was significantly increased (11.3 � 1.4 mV,
n = 5) by preincubation of human ventricular myocytes
(HuVM) with pertussis toxin (PTX, 0.5 μg/ml) ( p < 0.05
vs. untreated cells), thus suggesting that also in HuVM, β2-
AR are coupled to both stimulatory and inhibitory G pro-
teins. β1-AR stimulation was practically unaffected by
PTX-treatment (shift: 10.5 � 1.8 mV, n = 3). On the
contrary, β3-AR stimulation with the selective agonist
SR58611A (1 μM) consistently caused a negative shift of
If activation (�5 mV, n = 4), abolished by PTX treatment
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mediated phosphorylation, a sort of negative feed-
back mechanism able to attenuate the
arrhythmogenic propensity [24]. To add further
complexity to the general picture, it is worth to
mention the emerging role of Epac1 and down-
stream signaling in β-AR mediated effects on SR
function. CaMKII-mediated phosphorylation of
PLB (at Thr17) and RyR2 (at Ser2814) have been
observed following exposure to the Epac activator
8-CPT in mice, although the two targets appear to
be preferentially phosphorylated at low (PLB) or
high (RyR2) extracellular calcium [25]. In conclu-
sion, β-ARs exert a fine-tuningmodulation of intra-
cellular calcium homeostasis by acting on multiple
targets and via differential signaling pathways.

Alterations in Receptor-Channel
Interplay in Cardiac Disease and
Arrhythmogenesis

The Broken Heart Syndrome

In the complex and yet unexplained mutual rela-
tionship between heart and brain, it is worth to
start from the most striking evidence of what
emotion, fear, or strong emotional stress can
cause to the heart. Anecdotally, unexplained
chest pain and death under psychological stress
have been reported since centuries in any culture.
In the 1990s, Sato and co-workers reported a
transient dysfunction of the left ventricle and
termed it takotsubo syndrome because the heart’s
shape recalled a Japanese trap for octopus [26].
Takotsubo syndrome affects mainly women, but it
has been described also in men as a consequence
of psychotropic drug abuse. Although its origin is
certainly multifactorial, with hormonal and
genetic factors playing a relevant role, the combi-
nation of stress and – occasionally – amphet-
amines strongly advocates for the involvement
of sympathetic stimulation. Indeed, epinephrine
and norepinephrine levels were found higher
during the acute phase of takotsubo cardiomy-
opathy, usually 2–3 times higher than those
found in patients with acute myocardial infarc-
tion [27]. Catecholamine-mediated stunning of
myocardium occurs via a number of mechanisms,

including mid-ventricular obstruction, epicardial
vasospasm, microvascular dysfunction, and dele-
terious effects on cardiomyocytes. Excessive β2-
AR activity (i.e., in presence of exceptionally high
circulating epinephrine levels) has been postulated
as the main determinant of this disease, as it leads
to cardiac dysfunction and myocyte injury through
calcium leakage due to hyperphosphorylation of
the ryanodine receptor [28]. Predominant apical
involvement has been explained by a denser con-
centration of adrenoceptors (and in particular β2-
ARs) in the apex as compared with the basis, as
ascertained by experiments in animalmodels of the
disease. In a rat model, high-dosage bolus of intra-
venous epinephrine, but not norepinephrine, pro-
duced the characteristic reversible apical
depression of myocardial contraction coupled
with basal hypercontractility, typical of takotsubo
cardiomyopathy [29]. Interestingly, this effect was
prevented via Gi inactivation by pertussis toxin
pretreatment. High-dose epinephrine was in fact
able to induce direct cardiomyocyte cardio-depres-
sion via the alternative signaling pathway associ-
atedwith the β2-AR receptor, i.e., the Gi-dependent
pathway. At very high concentrations, epinephrine
selectively favors the activation of the Gi pathway
of the β2 receptor, while it preferably activates the
β2-AR-Gs excitatory pathway at lower concentra-
tions; this epinephrine-specific β2-AR-Gi signaling
may have evolved as a cardioprotective strategy to
limit catecholamine-induced myocardial toxicity
during acute stress. The organization of
cardiomyocyte signaling subdomains (described
in previous sections) also appears to be involved
in the pathogenesis of takotsubo cardiomyopathy,
as shown in a recent paper by Gorelik’s lab [7].
Using an elegant approach, they showed a different
sensitivity to catecholamines in the apical versus
basal ventricular cardiomyocytes, the first being
more prone to “stunning” under stressful condi-
tions. Interestingly, in this model of takotsubo,
the susceptibility of the ventricular apex to a cate-
cholamine storm was not due to receptor or chan-
nel number, but to their sublocalization: basal
cardiomyocytes have higher density of t-tubules,
where diffusion of cAMP to calcium channels and
ryanodine receptors is more strictly controlled by
PDEs. Indeed, inhibiting type 4 PDE or disrupting
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the tubular nanodomains, which constrain β2-AR,
caveolin-3, and calcium channels and/or their
downstream signals, switch from basal into apical
features.

Interplay Between b-ARs and Calcium
Channels in Heart Failure

The role of the t-tubular network in maintaining
the appropriate crosstalk between β-AR and cal-
cium handling has been recently elucidated. Dis-
organization of TATS has been described in
cardiomyopathies of different etiology, such as
heart failure and hypertrophic cardiomyopathy in
humans [15] as well as in animal models [16],
along with spatial alteration of proteins involved
in excitation contraction coupling, β-AR and
CaV1.2. Recently, exploiting ultrafast random-
access multi-photon microscopy allowed some
of us to simultaneously record action potential
and calcium release at a subcellular resolution,
nearby tubular and crestal sarcolemma [30, 31].
In these experimental conditions, the β-AR sig-
naling on ryanodine receptors (RyR2) was pre-
served in cells from failing hearts; however,
major changes occur in the density and regularity
of the t-tubular network and also in the function-
ing of apparently preserved t-tubules [32]. Over-
all, both the lack of t-tubules and the failure of
action potential propagation in defective ones
may contribute to blunt the effect of the β-adren-
ergic signaling on calcium transients, impairing
especially the physiological acceleration of cal-
cium rise. In particular, the effects of β-AR stim-
ulation on the frequency of Ca2+ sparks, decay,
and variability of Ca2+ transients were similar in
cardiomyocytes from control or failing rat hearts.
However, differences emerged related to com-
partmentalization of β-AR signaling: in HF
cells, upon exposure to isoproterenol, the rate
of Ca2+ rise accelerated only in the proximity of
t-tubules that regularly conducted the action
potential, not at t-tubules that failed to conduct
action potentials. These findings can be
interpreted in light of different distribution of
cAMP pools and targets in the cardiomyocyte,
as previously discussed.

b-AR Signaling in Heart Failure: The
Role of PDEs

A hallmark of heart failure is the hyperactivation
of sympathetic system, leading to high plasma
levels of noradrenaline and blunted β-AR signal-
ing as a consequence of hyperstimulation and
decreased receptor number and function [33].
However, attempt to circumvent β-AR down-
regulation by increasing intracellular cAMP levels
with the PDE inhibitormilrinone revealed effective-
ness in short term, but led to premature death in HF
patients, thus precluding its long-term use. During
the last decades, seminal studies contributed to
elucidate the mechanisms underlying the fine regu-
lation of cAMP levels and the compartmentaliza-
tion PDE isoforms in cardiomyocytes [34]. Recent
studies, however, resumed PDEs as drug targets in
HF by exploiting inhibition of PDE1, an isoform
thought to be absent in cardiomyocytes up to the
demonstration of the functional presence of PDE1A
and 1C 10 years ago. More recently, thanks to the
availability of inhibitors, two independent studies
focused on PDE1C in different models of heart
failure. PDE1C inhibition protected mouse
cardiomyocytes against angiotensin II- or doxoru-
bicin-induced cell death and, interestingly, did it via
enhancement of the cAMP production due to stim-
ulation of type-2 adenosine receptors (A2R) which
co-localize with PDE1C [35]. The second study, a
positive inotropic and lusitropic action, was
observed in mammal hearts following PDE1C inhi-
bition by IT-214, additive to those of β-AR stimu-
lation and similarly linked to A2R [36]. Ongoing
clinical trials with the PDE1C inhibitor ITI-214
may lead to novel therapeutic opportunities for
patients with heart failure.

b-AR, AMPK, and Cardiac Arrhythmias

A major consequence of β-AR stimulation of the
heart is the increased workload and basal energy
demand requiring beat-to-beat adjustment of ener-
getic homeostasis. A hallmark response to β-AR
stimulation in cardiac and extra-cardiac tissues is
the activation of AMP-activated protein kinase
(AMPK), a central mediator in adaptive functions
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aimed to cope with enhanced energy require-
ments. AMPK is a ubiquitous heterotrimeric
kinase composed of a catalytic α-subunit and reg-
ulatory β and γ subunits [37]. α1 and α2 isoforms
are expressed in the cardiac tissue, where the
function is increasingly documented in both phys-
iological and pathological conditions. AMPK acts
as specific sensor of tissue energetic state and
accomplishes different functions holding elevate
value in cardio-protection.

AMPK targets several substrates in cardiac
tissue, mainly metabolic enzymes, which are stim-
ulated or inhibited to accomplish two main spe-
cific functions: upregulating energy sources by
increasing ATP-generating catabolism and down-
regulating energy-consuming processes by reduc-
ing energy-consuming pathways. A strong body
of evidence indicates a protective role of AMPK
against disease progression and inherent propen-
sity to develop arrhythmic activities in clinically
relevant settings, such as cardiac hypertrophy,
failure, and atrial fibrillation [38]. However,
AMPK activity may also promote
arrhythmogenic mechanisms acting directly on
properties of cardiac ion channels. One of them
is the incomplete sodium channel inactivation in
cardiac myocytes caused by AMPK activity; this
modification leads to prolonged sodium entrance
into the cardiac myocyte, which enhances the
likelihood of arrhythmic events (see below).

Although evidence is not conclusive yet, also
cardiac potassium channels may contribute to the
direct arrhythmogenic effects of AMPK activa-
tion. In particular, there are data supporting a
downregulation of cardiac inward rectifier (IK1)
and slow delayed rectifier (IKs) channels, which
both enhance arrhythmogenic prolongation of
action potential.

Acquired/Congenital Channelopathies
and Catecholamine-Induced
Arrhythmias

Cardiac channels are suited to respond to auto-
nomic input, even to abrupt changes; however,
lethal arrhythmogenic mechanisms may occur

due to genetic defects or transcriptional–post-
translational alterations in channel properties or
number. Activation kinetics of HCN channels
quickly adapts to β1/2-AR stimulation in SAN
cells. A gain-of-function mutation (R524Q) in
cardiac HCN4 channel has been demonstrated in
subjects with inappropriate sinus tachycardia.
These channels display a higher sensitivity to
cAMP (hence to β1/2-AR stimulation), giving
rise to a steeper diastolic depolarization and faster
spontaneous firing in SAN cells, hence enhanced
cardiac rate [39]. Also endurance training athletes,
as well as aged people, eventually experience
sinus bradycardia although causes are not genetic
in this case [40], rather associated to modifications
of SAN and atria functional and structural prop-
erties that may predispose also to atrial
tachyarrhythmias.

In human atrial cardiomyocytes, in fact, HCN
current is constitutively present and modulated by
several neurotransmitters and endogenous factors.
Some signals have been implicated in the patho-
genesis of atrial fibrillation, such as catechol-
amines, serotonin, atrial natriuretic peptide
(ANP). Catecholamines enhance If via Gs-
coupled β1- and β2-ARs, as previously discussed;
a similar effect occurs with serotonin acting on
subtype-4 5-HT receptors [41, 42]. Both serotonin
and catecholamines amplify HCN current shifting
the activation voltage to positive values. Interest-
ingly, ANP exerts a similar effect via its NP recep-
tors (type A and B), which stimulate a guanylyl-
cyclase activity. However, in this case, the cyclic
nucleotide does not act on HCN channels directly;
rather, intracellular cGMP inhibits a PDE causing
a consequent increase of intracellular cAMP [43].
All these mediators may promote the function of
HCN channels at physiological potentials enhanc-
ing the propensity to atrial arrhythmias.

In the ventricle, upregulation of HCN2 and
HCN4 channels in failing human hearts is a hall-
mark of cardiac maladaptive remodeling [22].
This “ectopic” If exhibits a typical sensitivity to
autonomic transmitters, similar to that described
in the SAN cells, with a positive shift of voltage
dependence upon β1/2-AR stimulation. As
reviewed in Sartiani et al. [4], If is larger and
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activates at more positive potentials in human
ventricular myocytes from explanted failing
hearts than in cells from donor hearts and is
more prominent in ischemic than in dilated car-
diomyopathy. Functional alterations go hand-in-
hand with increased levels of HCN4 and HCN2
proteins and transcripts [22, 44]. Similar changes
have been widely confirmed in animal models of
cardiac hypertrophy and failure. Recently, in a
mouse model of dilated cardiomyopathy,
enhanced HCN current – due to ventricular up-
regulation of HCN2 and HCN4 proteins – was
proved to cause ventricular tachycardia, prema-
ture ventricular contractions, and sudden cardiac
death [45]. In isolated cells from the same mice, β-
AR stimulation caused the appearance of
arrhythmogenic mechanisms such as early afterd-
epolarizations and spontaneous action potentials.

Patients with long QT syndrome are at high
risk of sudden cardiac death triggered by exercise
or emotion. Especially in LQT1 associated to IKs
loss of function, lack of APD adaption to
increased β-AR stimulation can lead to repolari-
zation de-synchrony and transmural dispersion. A
similar condition may occur due to congenital
(LQT3) or acquired abnormalities in sodium
channel inactivation leading to sustained sodium
entry (INa,L). As shown in Fig. 2, in septal
cardiomyocytes from patients with hypertrophic
cardiomyopathy, β-AR prolongs, rather than
shortening, APD [19]. This is the consequence
of a complex remodeling of electrophysiological
properties involving CaMKII-mediated phos-
phorylation of sodium channel (which delays
inactivation), reduced potassium currents, and
increased calcium and sodium/calcium exchanger
currents [15]. As detailed above, β-adrenergic
simulation increases both IKs potassium current
and ICa,L that have opposite effects on AP dura-
tion. In the healthy human cardiomyocyte, the net
effect is a shortening of APD, as the increase of
repolarizing K+-currents prevails over the aug-
mentation of the depolarizing Ca2+-current. In
hypertrophic cardiomyopathy however, the
expression of all K+ channels is severely
decreased, including IKs, while the density of ICa,L
is unchanged: therefore, upon β-AR stimulation,

the increase of ICa,L prevails over the augmentation
of IK, ultimately leading to APD prolongation [19].
This abnormal response may be relevant for the
pathogenesis of stress-induced arrhythmias in
hypertrophic cardiomyopathy: indeed, prolonga-
tion of APD is paralleled by an increase of intra-
cellular diastolic calcium and sodium
concentrations, as well as a higher frequency of
early and delayed afterdepolarizations (EADs and
DADs). Interestingly, the frequency of EADs and
the degree of APD prolongation were significantly
higher in cells from patients exhibiting a higher rate
of documented nonsustained ventricular tachycar-
dia at 24-h ECG [15].

Mutations in RyR2 underlie deadly arrhyth-
mias named catecholaminergic polymorphic ven-
tricular tachycardia (CPVT) [46]. Although
pathogenic mechanisms remain controversial, it
is largely agreed that defective RyR2 increases
calcium leak from sarcoplasmic reticulum exacer-
bated by β-AR stimulation, impairs atrial and
ventricular contractility [47], and causes the
appearance of DADs and triggered activity,
resulting in ventricular tachycardia and
fibrillation.

Conclusion

Modulation of ion channels by β-adrenergic stim-
ulation is a crucial modulator of cardiac function
in physiological settings. The fast coupling
between sympathetic nerves and cardiomyocyte
membranes expressing β-ARs, combined with the
compartmentalization and the rapid activation/
inactivation cycle of the cAMP/PKA cascade,
allows for a fine-tuned modulation of cardiac
electrical and mechanical function on a beat-to-
beat basis. The majority of the molecular struc-
tures responsible for adrenergic modulation of
cardiac function, from the nerves down to the
target ion channels and transporters, are altered
in cardiac diseases such as heart failure, and may
therefore be responsible for the abnormal respon-
siveness of diseased hearts to sympathetic activa-
tion, with severe implications for mechanical
dysfunction and stress-induced arrhythmias.
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Hypertension, 154, 157, 159, 247–248, 470, 523, 795, 809

arterial, 955–956
insomnia and, 580
music therapy, 904–905
systolic, 965
white coat, 966

Hypertension-associated hypoalgesia, 675
Hypertensive heart disease (HHD)

and aging, 81–83
atrial fibrillation in (see Atrial fibrillation (AF))
cognitive decline, 89
prevalence and characteristics, 80–81

Hypertrophic cardiomyopathy (HCM), 378
Hypoactive delirium, 389
Hypocortisolism, 360
Hypoperfusion, 202

dementia, 456
Hypotension, 639
Hypothalamic-pituitary-adrenal (HPA) axis, 154, 155, 286,

288, 471, 896, 899
Hypothalamic-pituitary-adrenocortical (HPA) axis, 234
Hypothalamic-pituitary axis (HPA) hyperactivity, 580
Hypothalamus-pituitary-adrenal (HPA) axis, 342
Hypoxemia, intermittent, 565

I
Ictal asystole (IA), 510
Ictal atrial flutter/fibrillation, 509
Ictal bradycardia (IB), 509–510
Ictal sinus tachycardia, 509
Ictal tachycardia, 508, 509
Illness anxiety disorder (IAD), 187
Immune system

brain-heart connections, 101–103
brain-heart dialogue, 103–106

Impaired neural oscillation, 340
Implantable cardioverter defibrillator, 380–382
Impulsivity, 317
Inflammation, 283–284, 286, 289, 290, 293, 294,

300–302, 343–345, 942
cholinergic anti-inflammatory pathway, 158, 159
clinical clues, 154

cognitive reappraisal, 156
emotions, 154, 155
neuro-immune hypothesis, 156, 158
stress, 155, 156

Inherited arrhythmia syndromes
Brugada syndrome, 65
CPVT, 65
LQTS, 65, 66
SCD, 67, 68
Takotsubo cardiomyopathy, 66

Inhibitory postsynaptic potentials (IPSPs), 172
Innervation, 542, 548–552
Insertable cardiac monitor (ICM), 492
Insomnia

and cardiovascular disease, 580
definition, 580
and heart disease, 581
and hypertension, 580
pathophysiology, 580
prevalence, 580

Insulin resistance
and AD, 967
definition, 963
features of, 963

Intellectual disability (ID)
definition, 437
population and cardiovascular risk factors, 437

Intelligence quotient (IQ), 437
Interbeat interval (IBI), 171, 608
INTERHEART study, 223
Intermittent hypoxemia, 565
Intermittent hypoxia, 578
International Association for the Study of Pain (IASP), 683
International Classification of Functionality (ICF), 418
International Classification of Headache Disorders

(ICHD), 518
International Physical Activity Questionnaire (IPAQ), 342
International Society for Heart and Lung Transplantation

(ISHLT), 433
International Society for Neurofeedback and

Research, 169
Intracerebral hemorrhage (ICH), 456, 797
Intrinsic cardiac ganglia, 4, 6, 10
Intrinsic cardiac nervous system (ICNS), 4–6, 8, 10, 12, 14,

15, 27, 29, 30
Ischemia and hypertension, 103–104
Ischemic heart disease, 201–202, 941, 943
Ischemic tolerance, 822
Isolated systolic hypertension, 81

J
James, William, 215
J-wave syndrome, 60

K
Ketamine and ketamine-derivatves, 855–856
Ketogenic diet, 884
Kidney, 47
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L
Lacosamide, 514
Lacunes, 454, 457, 458
Lamotrigine, 513–514
Lazarus’s theory of stress, 231
LeDoux, Joseph E., 893
Left atrial (LA), 82, 84, 89, 490
Left atrial appendage (LAA), 490
Left-ventricular assist devices (LVAD), 543, 546
Left ventricular diastolic dysfunction, 82
Left ventricular hypertrophy (LVH), 81, 83, 89
Leptine, 795
Life expectancy, 938
Lipoprotein lipase (LPL), 338
Lisinopril, 522
Lithium, 305, 715
Local anesthetics, 637
Local anesthetic systemic toxicity (LAST), 640
Local circuit neurons (LCNs), 10–11
Locus of control, 900
Long-QT syndrome (LQTS), 58, 65, 379, 825

M
Macrophages (MP), 544
Major depressive disorder (MDD), 282
Maladaptive behaviours, 356, 358, 363, 369
McLean, Paul, 215
Mechanotransduction, 6
Medically Unexplained Symptoms (MUS), 186
Meditative practices

on cardiovascular health, 916–917
on psychological health, 914–916

Mediterranean diet (MedDiet), 797, 883, 885, 886
Melancholia, NCCP, 186
Memantine, 439, 440
Mental arithmetic (MA) task, 340
Mental states, 148
Mesoridazine, 722
Metabolic adverse events, 724–727
Metabolic syndrome, 336, 337, 342, 343
Methadone

cytochrome P450 isoenzymes, 825
definition, 823
QT interval, 824
(R)-and (S)-stereoisomers, 825
TdP, 825
therapeutic strategy, 823
ventricular depolarization and repolarization, 825

Methoxsalen, 806
Methylenedioxymethamphetamine, 836–837
Microglia, 158
Microneurography, 46
Micro-RNA, 677
Microvascular endothelial dysfunction, 674
Midbrain periaqueductal gray matter (MPAG), 608
Migraine

ACE inhibitors and angiotensin receptor blockers,
521–522

atrial septal aneurysm, 520

beta-blockers, 521
Ca-antagonists, 521
mitral valve prolapse, 520
nitroglycerin, 520
oral pharmacological treatments, 520
patent foramen ovale, 519–520
with/without aura, 518

Mild cognitive impairment (MCI), 85, 439, 448, 955
MI, see Motivational interviewing (MI)
Mind-body problem

cardiovascular disease, 154–159
emotions, 149
physicalism, 148
stress, 149–154

Mind-body technique (MBT)
cardiovascular diseases, 99
clinical evidence, 98–99
contemplative activities (ContActs), 101
definition, 108
information, 106
insomnia, 100
limitation, 101
oncology, 100
pain, 100
quantum biology, 106–108
surgery, 100

Mindfulness, 169, 171, 914–917
Minimally conscious state (MCS), 498, 499, 504
Mini-Mental State Examination (MMSE), 453
Mitochondrial permeability transition pore (mPTP), 822
Mitoxantrone, 534–535
MitraClip procedure, 202
Mitral valve prolapse (MVP), 520
Monoamines, 832
Monounsaturated fatty acids (MUFAs), 290
Montreal Cognitive Assessment (MoCA), 201, 453
Mood stabilizers, 756
Mood stabilizing drugs, 715
Morphine, 818, 821, 822
MOST trial, 487
Motivational counselling (MC), 418
Motivational interviewing (MI), 418
Multiple sclerosis, 530

acute cardiac events in, 533–534
cladribine, 537
epidemiology and prognostic value of cardiovascular

dysfunction, 532–533
fingolimod, 535–536
mitoxantrone, 534–535
teriflunomide, 536–537

Musculoskeletal system (MS), 683
Music-evoked emotions

acoustic factors, 895
aesthetic emotions, 894
aesthetic judgement, 895
brain stem reflexes, 895
emotional contagion, 895
episodic memory, 895
evaluative conditioning, 895
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everyday emotions, 894
mixed emotions, 894
musical expectancy, 895
neural correlates of, 895–896
reward, motivation and pleasure, 897–898
rhythmic entrainment, 895
social affiliation and bonding, 900
stress and arousal, 899–900
structural breaches, 895
structural content, extent of, 895
visual imagery, 895

Music therapy (MT)
anxiety disorders, 901
ASD, 903–904
CHD, 905
definition, 900
dementia, 902–903
depression, 901
heart surgery, 905
hypertension, 904–905
OCD, 902
PTSD, 902
schizophrenia and psychotic disorders, 902
sleep disorders, 904
SUD, 904

Mydriasis, 473
Myelinated vagus, 218
Myocardial infarction (MI), 264, 265, 267, 271, 640–642,

714, 795
Myocardial ischemia/infarction, 12–15, 853
Myocarditis, 710, 724, 727
Myocytes, 798

N
nAChR partial agonists, in heart-brain connection,

811–813
Nalorphine, 818
Naltrexone, 898
Narcolepsy Type 1 (NT1), 582
Natriuretic peptides (NPs), 36–37
Nerve growth factor (NGF), 6, 13, 15, 30, 37, 38, 60, 289,

542, 549
DMD, 550–551
and sympathetic cardiac innervation, 549–550

Nervous system
parasympathetic, 101–102
sympathetic, 102–103

Neural nitric oxide synthase (nNOS), 58
Neural remodeling processes, 13
Neuraxial anesthesia, 637
Neuraxial opioids, 644
Neuraxial transduction, 12

in heart failure, 15
of myocardial ischemia and infarction, 12–15

Neuro-cardiac junction (NCJ), 551–552
Neurocognitive disorder (NCD), 85, 86, 89, 439

incidence of, 85
protective and risk factors, 87

Neurogenic AF, 487, 489
Neurogenic pulmonary edema (NPE), 470–471
Neuro-hormonal activation, 48
Neuro-immune crosstalk, 102, 104
Neuro-immune hypothesis, 156, 158
Neuro-inflammation, 158
Neuroleptics, 945

See also Antipsychotic drugs
Neurological complications, 388
Neurological diseases, 942
Neuromodulation, for chronic refractory

angina, 615–628
Neuronal disease

SIDS, 62
small-fiber neuropathy, 64
SUDEP, 62–64

Neuropeptide Y (NPY), 9
Neurophysiology of pain, 683–685
Neuropsychiatric disorders, 939, 944, 945, 946

music therapy for, 901–904
Neuropsychiatric effects, of cardiovascular adrenergic

antagonists, 749–750
Neuroticism, 232
Neurotrophins (NTs), 32, 37–38, 289
Neurovisceral integration model, 219–221, 321, 339
Neurovisceral theory, 151
New psychoactive substances, see Novel psychoactive

substances (NPS)
New York Heart Association (NYHA), 432
Nicotine, 804, 813

addiction, 804
chemistry and pharmacology of, 806–808
effect of on heart, 810–811
stimulatory effects on heart, 808–810
urinary disposition of, 808

Nicotine-sensitive sub-population of the Acetylcholine
Receptors (nAChR), 804

Nicotinic agonists, 812
Nicotinic stimulation, 804
Nitroglycerin (NTG), 520
N-methyl-D-aspartate (NMDA) receptor, 439
Nociception

modulation, 607
perception, 607
transduction, 607
transmission, 607

Nociceptive fibers, 634
Nodose ganglion cardiac afferent neurons, 7
Non-cardiac chest pain (NCCP)

anxiety and, 185
causes, 182, 185
diagnosis and treatment guidelines, 191–193
economic resource consumption, 184
in emergency setting, 191
epidemiology, 182
gastrointestinal causes, 184
generalized anxiety disorder (GAD) and, 185
illness anxiety disorder spectrum, 187
melancholia, 186
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Non-cardiac chest pain (NCCP) (cont.)
morbidity and mortality, 183
musculoskeletal causes, 184
in non-emergency setting, 191–193
non organic causes, 184–187
organic causes, 184
panic attack and, 185
personality traits, 190
post traumatic stress disorder (PTSD), 186
prevalence, 183
psychological perspective, 187–190
pulmonary causes, 184
quality of life, 183
schizophrenia spectrum disorders, 187
somatic symptom disorder, 186
systemic causes, 184

Non-rapid eye movement (NREM) sleep, 562, 589, 590,
592, 594

Non-smokers, 810
Non-steroidal anti-inflammatory agents, 344
Non-steroidal anti-inflammatory drugs (NSAIDs), 612,

641–643, 653–654, 672, 673
COX, renal function and arterial hypertension,

658–659
COX and CVS, 655–656
Coxibs and stroke, 658
and heart failure, 658
ischemic cardiovascular risk, 657–658

Non ST-segment elevation myocardial infarction
(NSTEMI), 821

Noradrenergic antagonism, in post-traumatic stress
disorder, 748

Noradrenergic antidepressants, 747–748
Noradrenergic system, 676, 746

in cognitive processes and behavior, 747–749
Norepinephrine (NE), 9, 15, 542, 548, 551, 746, 747

in depression, 747
neurotransmission, 747

Novel psychoactive substances (NPS)
arylcyclohexylamines, 850
benzofurans, 858–859
definition, 844
epidemiology of NPS intoxication, 845–847
intoxications, 846
ketamine and ketamine-derivatves, 855–856
piperazines, 858
psychostimulants, 856–861
synthetic amphetamine derivatives, 857–858
synthetic cannabinoids, 847–854
synthetic cathinones, 849, 854–855
toxic effects, 845
treatment of cardiotoxic effects, 861–862

Nuclear-factor kappa B (NFkB), 361
Nucleus accumbens (NA), 896
Nucleus of the solitary tract (NTS), 220
Numerical Rate/Rating Scale (NRS), 606, 672
Nun Study, 449
Nutrition, 306

CVD risk, 883

O
Obesity, 957
Obsessive-compulsive disorder (OCD)

music therapy, 902
Obstructive sleep apnea (OSA), 565–569

cardiovascular disease, 578
and cardiovascular rhythm, 578
characteristics, 578

Obstructive sleep apnea syndrome, 579
Olanzapine, 345, 722, 727
Opioid peptide receptors (OPR), 651, 652
Opioid receptors, 820
Opioids, 612, 643–644, 651, 673

age, diseases and activity, effects of, 652
and cardiac pathologies, 652–653
characterization, 820
chronotropic effects, 652
electrophysiology and arrhythmias, 652
Gi/o protein-coupled receptors, 820
inotropic activity, 651–652
ischemic pre-or post-conditioning, 822–823
mammalian tissues, 820
myocardial infarction, 821
myocardial protection, 652
pentapeptides, 820
pulmonary edema, 821
QT prolongation, 652
vagal effects, 651
vascular effects, 652

Opium, 818
Organic cation transporter (OCT), 812
Orthostatic hypotension, 714

antipsychotic drugs on, 711–712
Orthosympathetic system, 672, 673
Osteopathic management, in cardiac and cardiovascular

disease, 690–694
Osteopathic manipulative treatment (OMT), 683, 685
Osteopathic pain management, 685–690
Osteopathic treatment and health status, 694–696
Overweight, 873, 957
Oxfordshire Vascular Study, 484
Oxidative stress, 302
Oxytocin, 896, 900

P
P2X receptors, 677
p75 neurotrophin receptor (p75NTR), 37
Pain

acute postoperative pain and effects, on cardiovascular
system, 609–610

autonomic response to, 608–609
BPS, 607
characteristics, 606
chronic pain and cardiovascular disease, 610–611
clinical classification of, 683
CPOT, 607
definition, 606
impact of analgesia, 612–613
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neurogenic stunned myocardium and Takotsubo
syndrome, 611

neurophysiology of, 683–685
nociception, 607–608
NRS, 606
regional techniques of analgesia, 612
systemic drugs, 612
therapeutic options, 611–612

Pain, pharmacological treatment
adjuvant drugs, 660–661
NSAIDs, 653–659
opioids, 651–653
paracetamol, 659–660

Panic disorder (PD), 155, 247, 262, 265, 267, 270, 272
PANTHERIS trial, 471
Paracetamol, 612, 643, 659–660
Paracoxib, 642
Parasomnias, 582
Parasympathetic nervous system (PNS), 217, 218,

548, 608
Paraventricular nucleus (PVN), 11
Paroxysmal Sympathetic Hyperactivity (PSH)

syndrome, 500
Patent foramen ovale (PFO), 519–520

in Cryptogenic Stroke Study, 485
Patient Health Questionnaire (PHQ-9), 292
Percutaneous coronary intervention, 822
Periaqueductal grey matter (PAG), 684
Periodic limb movements during sleep (PLMS), 581
Peripheral artery disease (PAD), 797
Peripheral neuromodulation, therapy related to, 618–626
Peritubular capillaries (πPC), 49
Permanent stress, 232
Perseverative thinking, 152
Personalized medicine, 754, 759, 938
Pertuzumab, 772
Pethidine, 819, 823
PET, see Positron emission tomography (PET)
Phenethylamines, 857

agents-substituted, 852
2C-series, 859–860
2D-series, 860
NBOMe series, 860
synthetic tryptamines, 861

Phenylephrine method, 60
Phenytoin, 513
Phobias, 155
Photoplethysmograph, 175
Photosynthesis, 107
Physical activity, 964

meditation, 917–918
Physical activity and cardiovascular health

aerobic training, 874–876
benefits, 872–874
resistance training, 876
safety of, 876

Physical Activity Guidelines for Americans, 875
Physical exercise, 967
Physical inactivity, 957–958

Pimozide, 722, 724
Pindolol, 750
Piperazines, 858
PKA-dependent protein phosphorylation, 58
Plasminogen activator inhibitor-1 (PAI-1), 609
Platelet reactivity, 284, 294
Polypharmacy, 723
Polyphenols, 795, 796
Polysomnography (PSG), 562
Polyvagal theory, 218–219, 221, 508
Pontine micturition center (PMC), 472
Poppy flower, 819
Porphyromonas gingivalis, 450
Positive psychological functioning, 235
Positron emission tomography (PET), 317, 895, 897
Postganglionic neurons, 549
Postoperative analgesia, 639, 641, 643
Postoperative cognitive dysfunction (POCD), 202,

391–392
Postoperative neuropathic pain, 134
Postoperative pain (POP), 611
Post-thoracotomy pain, 134
Post-traumatic stress disorder, 155, 316, 356, 382,

392–393, 432, 736, 737, 748–749, 896
behavioural and environmental factors, 362–363
cardiovascular-disease-induced by, 356–363
cardiovascular disease induced (see Cardiovascular-

disease-induced post traumatic stress disorder
(CDI-PTSD))

epidemiology, 356–359
music therapy, 902
physiopathological factors, 359–362
and NCCP, 186
noradrenergic antagonism in, 748

Postural orthostatic tachycardia syndrome (POTS), 532
Potassium channels, 820, 822, 825
Preejection period (PEP), 436, 928
Prefrontal cortex (PFC)

brain’s threat-detection system, 320
inhibitory control, 319
self-regulation, 318

Preganglionic parasympathetic neurons, 340
Primary headaches, 518

cluster headache, 522–523
migraine (see Migraine)

Propofol, 862
Propranolol, 521
Protein kinase A (PKA), 31, 58
Protein kinase C (PKC), 822
Proton pump inhibitors (PPIs), 659
Psychiatric side effects, 732, 734
Psycho-affective effects, 804
Psychodynamic psychotherapy, 416
Psychogenic hypertension, 247–248
Psychological distress, 156
Psychological health, meditative practices on, 914–916
Psychological stress, 154
Psychopathology, 402–404
Psychopharmacological treatment, 403
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Psychophysiology, 168, 170
Psychosocial evaluation of heart transplantaion, 401–402
Psychostimulants, 830

amphetamines, 835–837
cannabinoids, 837–839
cocaine, 830–834

Psychotherapy, 153, 403
Psychotropic drugs, 945
PTSD, see Post-traumatic stress disorder (PTSD)
Pulmonary arterial hypertension, 203
Pulmonary edema, 821
P wave duration (PWD), 490

Q
QTc prolongation, 722, 727
QT interval, 711, 714
QT prolongation, 546, 652
Quality of life (QoL), 432, 433, 673, 676
Quantitative surface electromyography (QSEMG), 174
Quantum biology, 106–108
Quetiapine, 722, 726

R
RAAS, see Renin-angiotensin-aldosterone system

(RAAS)
Rapid eye movement (REM)

density, 286
sleep, 562, 589, 590, 592–594

Rating of perceived exertion (RPE), 875
Reactive oxygen species (ROS), 37, 822
Reactivity hypothesis, 234
Recombinant tissue plasminogen activator (rTPA), 822
Refractory angina (RA), 616, 617

syndrome, 616
Regional anesthesia, 637
Regulator of G protein signalling 4 (RGS4), 338
Relapsing remitting multiple sclerosis, 530
Relaxation, 914
REM sleep behavior disorder (RBD), 582
Renin-angiotensin-aldosterone (RAA), 795
Renin-angiotensin-aldosterone system (RAAS), 48, 67,

84, 287–288
Renin secretion, 47
Reperfusion injury, 822
Reperfusion injury salvage kinase (RISK), 822
Reserpine, 734, 735
Resistance training, 876
Respiratory rate (RR), 899
Respiratory sinus arrhythmia (RSA), 151, 152, 219, 322,

436, 928
Respiratory vagal nerve stimulation (rVNS), 101
Respirometer, 175
Restless leg syndrome (RLS), 581
Resveratrol, 795
Right stellate ganglion (RSG), 13
Right ventricular outflow tract (RVOT), 9
Risperidone, 390, 722, 727

Rostral ventro-lateral medulla (RVLM), 809
Rotterdam Study, 448
RSA, see Respiratory sinus arrhythmia (RSA)

S
SAD, see Social anxiety disorder (SAD)
Sarcoplasmic reticulum (SR) calcium pump, 979
Schizophrenia, 737, 902

affective and non-affective psychosis, 336
antipsychotic treatment, 345–346
CADF and altered brain–heart interaction, 339–341
domains, 336
FEP, 337
genetic factors, 338–339
HPA axis, 342
inflammation, 343–345
metabolic syndrome, 336
SMI, 336
spectrum disorders, non-cardiac chest pain, 187
UHR, 337
unhealthy lifestyle, 342–343

SCN5A gene, 67
SCN5A-Ser1102Tyr polymorphism, 67
Secondary headaches, 518

cardiac cephalalgia, 524–525
hypertension, 523
spontaneous cervical artery dissection, 523–524

Second-generation antipsychotics, 722, 727
Secondhand smoke (SHS), 805
Sedentary lifestyle, 306
Segmental neuromodulation, neuropathophysiology and,

616–617
Seizures, on heart

ictal asystole, 510
ictal bradycardia, 509–510
ictal tachycardia, 509
postictal AF and VF, 511
postictal asystole, 511

Selective serotonin reuptake inhibitors (SSRIs), 284, 285,
292, 394

Self-quantification, 176
Self-regulation, 150, 168, 170, 171
Semaphorin-3A (Sema3a), 9
Semaphorins, 60
Sensitization, 684
Sensory nerve endings in myocardium, 617
Serotonin, 62, 284, 860
Serotonin reuptake inhibitors (SNRIs), 285, 292
Severe mental disorders (SMD), 708
Severe mental illness (SMI), 336, 342
Sex/gender differences

brain-heart connection, 944–945
brain-heart dynamics, 941–943
cardiovascular and neuropsychiatric conditions,

943–944
estrogen therapy, 940
gonadal hormones, 939
neurologic and cardiovascular dysfunctions, 940
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ovarian hormones, 940
risky behaviours and diseases, 940
structural neurologic and cardiovascular features, 939
waist-to-thigh ratio, 941

Sex, 938
Sex hormones, 940, 942, 945
Signaling endosomes, 37
Single-nucleotide polymorphisms (SNP), 61, 62, 338
Sinus tachycardia, 722, 723
Siponimod, 536
Skin conductance (SC), 171
Skin conductance response (SCR), 899
Skin potential (SP), 172
Skin resistance (SR), 172
Sleep, 562

and cardiovascular function, 576
deficiency and cardiovascular disease, 563–565
definition, 576
deprivation, 576
disorders and music therapy, 904
influence, 576
and sympathovagal homeostasis, 576–577

Sleep-disordered breathing (SDB), 563
disorders, 577

Sleep-related movement disorders
periodic limb movements during sleep, 581
RLS, 581

Slow cortical potentials (SCPs), 172
Slow-wave activity (SWA), 590
Small fiber neuropathy, 64
Small molecule tyrosine kinase inhibitors, 772
Small vessel disease (SVD), 88, 449, 452, 455–458, 460
Smokers, 810
Smoking, 342

cessation, 804, 808, 811
cessation-aid substance cytisine, 811

SNS, see Sympathetic nervous system (SNS)
Social anxiety disorder (SAD), 325
Social engagement system, 930–931
Social isolation, 233
Soluble tissue factor, 362
Somatic dysfunction, 688
Somatic symptom disorder (SSD)

NCCP, 186
Somatization, 186, 190
Spinal cord neurons, 27
Spinal cord stimulation (SCS), 621–625
Spontaneous cervical artery dissection, 523–524
Statins, 733, 734, 738
Stellate ganglion block (SGB), 619
Stellate ganglion nerve activity (SGNA), 13
Stereotyped cardiac responses, 504
Steroids, 672, 673
Stress

behavioral consequence, 150
cognitive reappraisal, 153
definition, 230
and distress, 231–232
emotional disorders, 150

ER, 152–154
extensive research, 150
HF-HRV, 151
homeostasis, 150
inflammation, 155, 156
management techniques, 150
multi-faceted characterization, 151
parasympathetic activity, 151
perseverative thinking, 152
physiological responses, 149
physiological systems, 150
psychological and CVD, 233–235
repeated and cumulative allostasis, 150
as risk factor for cardiovascular disease, 232–233
RSA, 151, 152

Stroke, 641, 797, 830, 834
Stroke Prevention in Reversible Ischemia Trial

(SPIRIT), 485
ST-segment elevation myocardial infarction (STEMI),

67, 821
Subclinical atrial fibrillation (SCAF), 486, 487, 489
Substance use disorder (SUD), music

therapy, 904
Sudden cardiac arrest, 203–204
Sudden cardiac death (SCD), 378–380

anatomy, 56, 57
catecholaminergic influences, 56
definition, 722
in general population, 67, 68
neurocardiac interactions and ventricular

arrhythmogenesis, 56–60
physiology, 57
psychosocial impact, 56
See also Autonomic nervous system remodeling

Sudden death, 709, 713, 714, 825
Sudden infant death syndrome (SIDS), 61, 62, 928, 930
Sudden unexpected death in epilepsy (SUDEP), 61–64,

508, 511
definition, 512
pathogenesis of, 512
rhythm disturbances in, 512

Sudden unexpected death in MS (SUDIMS), 532
SUDEP, see Sudden unexpected death in epilepsy

(SUDEP)
Superior cervical ganglia (SCG), 547–551
Surface electromyograph (SEMG), 173, 174
Surgical-stress syndrome, 634
Sympathetic-adrenal system, 218
Sympathetic afferent fibers, 625
Sympathetically maintained pain syndromes, 127
Sympathetic nerve activity (SNA), 44
Sympathetic nervous system (SNS), 102–103, 156, 217,

542, 548, 549, 551, 552, 608, 674
Sympathetic neurons (SNs), 542, 548–552
Sympathetic skin response (SSR), 472
Sympatho-vagal interaction, 44
Synthetic cannabinoids, 847–854
Synthetic cathinones, 849, 854–855
Systematic review, 264, 265, 267, 271
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Systemic vascular resistance (SVR), 613
Systolic blood pressure (SBP), 904
Systolic blood PRessure INtervention Trial (SPRINT)

study, 80

T
Takotsubo cardiomyopathy, 221, 248
Takotsubo syndrome, 66, 611, 944, 980
Taxanes, 769, 779–780
T cell receptor (TCR), 109
Temporo-mandibular disorders (TMDs), 675
Terfenadine, 824
Teriflunomide, 536–537
Theory of mind (ToM), 434
Therapeutic drug monitoring (TDM)

antidepressants, 758–759
antipsychotics, 757–758
mood stabilizers, 756–757

Thermometer, 672
Thioridazine, 722, 724, 727
Thirdhand smoke (THS) exposure, 805
Thoracic epidural analgesia (TEA), 612, 613
Thoracoscopic sympathectomy, 119, 132
Thromboembolism, 487, 489, 490, 492
Thrombosis/atherogenesis, 67
TOAST classification, 482
Tobacco smoking, 804, 805
Toll-like receptor (TLR), 686
Torsades de pointes (TdP), 59, 63, 722, 723, 727, 825
Trace amine-associated receptor 1 (TAAR1), 837
Transcutaneous electrical stimulation (TENS), 621
Transient ischemic attacks (TIAs), 449
Transient receptor potential (TRP) channels, 7
Transient receptor potential vanilloid type 1 (TRPV1)

receptors, 7, 618
Trastuzumab, 771
TREND study, 487
Tricyclic antidepressants (TCA), 285, 293, 627, 660
Triggers and mechanisms of myocardial infarction

(TRIMM) study, 221
Tryptamines, 847, 853, 861
Type A personality behaviour, 252
Type D personality behavior, 232, 253
Tyrosine hydroxylase (TH), 13, 15
Tyrosine kinase receptors (Trks), 547, 548

U
U.S. Surgeon General’s Report, 875
Ultra-high risk (UHR), 337
Unhealthy lifestyle, 342–343
Unmyelinated vagus, 218
Unresponsive wakefulness syndrome (UWS), 498

V
VaD, see Vascular dementia (VaD)
Vagal brake removal, 927
Vagal nerve stimulation (VNS), 14
Valdecoxib, 642
Valproic acid, 305

Valvular heart disease, 202–203
Varenicline, 812
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