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and Anna Cavallini

5.1 Introduction

Autonomic nervous system and cerebrovascular pathology are closely interconnected
topics, and from different perspectives: from anatomic and physiological bases to diag-
nostic and management implications, to therapeutic potential in pathological condi-
tions. Autonomic functions underlie a coordinated but complex organization that is
often difficult to study, especially in the presence of concomitant acute or chronic ‘dis-
turbing’ factors that can often occusr in patients with cerebrovascular diseases [1-6].

5.2 Cerebral Autoregulation

When examining the relationship between autonomic nervous system and cerebro-
vascular pathology, it is essential to take into account the physiological peculiarities
of the cerebral circulation, which in particular is characterized by the phenomenon
of cerebral autoregulation (AR), i.e., the mechanism by which the cerebral blood
flow (CBF) is kept constant when systemic arterial blood pressure remains in the
range between 50 and 150 mmHg [7], and also for values above or below this range
in some populations (e.g. patients with chronic hypo- or hypertension) [7-11]. CBF
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depends on arterial blood pressure (ABP), cerebral venous pressure (tends to coin-
cide with intracranial pressure (ICP)) and cerebrovascular resistance (CVR),
according to the formula CBF = (ABP — ICP) / CVR [7, 11, 12].

These criteria, however, essentially define a “static” model of autoregulation as
described by Lassen [7], that subsequently has been furtherly characterized and now
is known to be a more “dynamic” mechanism, potentially modified by several fac-
tors influencing the CBF during rapid changes in BP (seconds or minutes) [13]
(Table 5.1).

In fact, a dynamic model of AR has the capacity to buffer changes in CBF, but it
is strongly dependent on the speed of BP changes [14].

The slower the change in BP, the smaller the impact on CBF, up to a point after
which CBF becomes almost unaffected. However, for more rapid changes in BP, the
buffering capacity is progressively reduced, and changes in CBF become larger, up
to a point after which changes in CBF become as large as the change in BP, so that
CBF “passively” follows BP.

To skip a more detailed description of cerebral AR, that is not the principle aim
of this text, let’s just state that the control that AR plays on CBF values to ensure an
adequate functioning of brain structures is evident, together with the regulation of
blood pressure at the microvascular level and the protection of the blood-brain bar-
rier (BBB), targeted to protecting, by adequate self-regulation, both cognitive and
noncognitive functions.

On the contrary, an alteration of AR (acute or chronic) can be observed in differ-
ent pathological conditions, such as hypoperfusion or stroke, syncope, hyperperfu-
sion syndromes, pressure alteration at the microvascular level, loss of BBB integrity
with the appearance of edema, hemorrhage and/or micro bleedings.

The cerebrovascular system is richly innervated by adrenergic and cholinergic
fibers, with a complex organization that can be simplified by subdividing the extrin-
sic innervation of the extraparenchymal arteries (from the cervical, otic, spheno-
palatine, and trigeminal ganglia) from the intrinsic innervation of the

Table 5.1 Main modifiers of » Hemodynamics
cerebral autoregulation *0,, CO,, pH
25 25

¢ Endothelium
e Neurons

¢ Metabolism

¢ Vascular stiffness

e Vascular structure

¢ Behavior

* Posture

¢ Genetics

» Temperature

e Vascular risk factors

e Vascular disease




5 Autonomic Nervous System and Cerebrovascular Diseases 67

Table 5.2 Extrinsic innervation of the cerebral circulation [15, 16]

Autonomic innervation
System Ganglion Transmitter
Sympathetic Superior cervical | Epinephrine, norepinephrine, dopamine
Neuropeptide Y
Parasympathetic | Otic, Acetylcholine, vasoactive intestinal polypeptide
sphenopalatine
Sensory Trigeminal Calcitonin gene-related peptide, substance P, pituitary
(trigeminal) adenylate cyclase-activity peptide

intraparenchymal arterioles (from the truncus encephalic nuclei: locus coeruleus,
nucleus of the fastigial, nucleus of the dorsal raphe).

The main sympathetic neurotransmitter is norepinephrine (NA): in the cerebral
circulation, al-adrenergic receptors are the most represented at the postsynaptic
level, while a2-adrenoceptors are mainly located at the presynaptic terminal. NA
release causes vasoconstriction through vascular smooth muscle contraction medi-
ated by al-adrenergic receptors, whereas activation of a2-adrenoceptors inhibits
further NA release from the presynaptic neuron [17], creating local negative feed-
back that is useful in regulating NA release. The reactivity of a-adrenergic receptors
proportionally decreases with the reduction in caliber of cerebral afferent vessels,
being greatest at the level of large-caliber extracranial arteries, progressively
decreasing through intracranial arteries, then lowest for small pial arterioles. The
[-adrenergic receptors are also located post (f-1) and presynaptically ($-2), and are
mainly involved in vasodilatory mechanisms (Table 5.2) [18-22].

A contemporary model of autoregulation, derived from the intra-patient reanaly-
sis of 41 studies, shows essentially a reduction of the plateau and a substantial
increase in the passive pressure-CBF ratio, i.e. a more effective buffering property
against pressure increases or decreases [23].

Beyond acting on the control of vascular caliber, cerebral blood flow, and cere-
brovascular resistance, autonomic fibers determine changes in arterial and venous
pressure parameters, thus acting also indirectly on CBF regulation. Although the
contribution of the sympathetic nervous system to the resting state is estimated to be
modest, its role during rapid and/or acute increases in arterial BP is very important.
Several studies seem to confirm that it contributes to CBF autoregulation [24], and
during acute hypertension, its vasoconstrictor effect buffers surges in microvascular
pressure, thus contributing to CBF, and ideally BBB, preservation of CBF [25, 26].
Other studies suggest that intracerebral vascular response induced by cold pressor
test (i.e., a marked pressure reduction obtained by pretreatment with clonidine, that
is a central alpha2-agonist) may rely on a central noradrenergic mechanism, which
is possibly modulated at the locus coeruleus level [27] (Fig. 5.1). The generalized
sympathetic discharge determines increases in ABP and can prevent concomitant
increases in CBF by acting on both small and large vessels’ resistance and compli-
ance [28].

Transient systemic hypotension is accompanied in experimental models by a
sympathetic-mediated response leading to vasoconstriction of cerebral afferent
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Fig. 5.1 Effect of cold pressor test on blood flow velocity in Middle Cerebral Artery (MCA): time
course and power spectra [G Micieli, 1994, personal communication]. In the figure, Middle
Cerebral Artery (MCA) blood flow velocity, registered by means of Transcranial Doppler ultra-
sounds, shows a marked reduction during (prolonged: 5 min) cold pressor test, whereas the fre-
quent oscillations in flow velocity can be attributable to rapid change induced in AR during the
exercise

arteries [29, 30]. Of note, AR appears to be better adapted to transient increases in
BP rather than reduction, a phenomenon also known as hysteresis [31].

Despite the anatomical presence of cholinergic nerve terminals throughout intra-
cranial vessels, located proximal to Virchow-Robin spaces, the exact role of para-
sympathetic nervous system in the regulation of CBF in not clear [32, 33]. It seems
to influence parenchymal neurons and the vasculature by releasing their neurotrans-
mitters, whereas cholinergic projections induce the local release of NO [34] and the
intrinsic system can be influenced by cholinergic or anticholinergic drugs.

In addition, the trigeminal sensory system represents an emerging subject in
CBF autoregulation, mainly through the release of the potent Calcitonin gene-
related neuropeptide (CGRP), which is currently thought to mediate most of the
effects of the trigeminal nerve on vascular tone. However, despite the emerging role
of trigeminal sensory nerves in acute conditions like severe hypertension, the influ-
ence of this neural system on resting CBF is estimated to be minimal [35].
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In addition to neurogenic control, several other factors may affect AR and, thus,
CBF: myogenic vasomotor response, arterial partial pressures of oxygen and carbon
dioxide, and cerebral metabolism [23]. More specifically, partial pressures of gasses
determine changes mainly in the arterial vessels with larger caliber, while the pial
and cortical vessels appear to be more sensitive to variations in systemic pressure
parameters and local neural stimuli.

Several pathological conditions are associated with CBF alterations because of
various dysregulation phenomena, such as cerebral ischemia, both acute and
“chronic” (due to atherosclerosis with hemodynamic repercussions, or small vessel
disease) [9, 36-38], and late ischemic damage after subarachnoid hemorrhage [39,
40]. While the myogenic tone is the predominant component of AR under physio-
logical conditions, it may be overridden by other factors promoting increased vas-
cular tone under pathological conditions, such as cerebral vasospasm [1, 40, 41]. In
these specific contexts, therapeutic intervention could aim to impede sympa-
thetic tone.

The study of AR in response to vasoactive stimuli and, in particular, clinical
contexts beyond the traditional neurosonological methods (Transcranial Doppler)
could also take advantage of high-resolution magnetic resonance imaging tech-
niques dedicated to the study of tissue perfusion parameters [1, 39].

5.3 Autonomic Nervous System and Cerebrovascular
Diseases: Anatomical Peculiarities

Often, the interconnection between autonomic dysfunction and cerebrovascular
pathology is also a direct consequence of close anatomic-functional contiguity [41].
In fact, in addition to the centers located within the neuraxis [41], several autonomic
structures are characteristically located close to the course of the cerebral afferent
vessels, thus being potentially susceptible to damage in the event of pathological
phenomena affecting the latter, giving rise to some characteristic clinical syndromes
whose early diagnostic recognition is crucial to set up their proper management
[1-6, 42].

Indeed, in some cases, signs of autonomic dysfunction may be the only clinical
expression of potentially dangerous cerebrovascular pathologies, such as aneurysms
and arterial dissections [43—45].

Oculo-sympathetic fibers run along the walls of the internal carotid artery, form-
ing the internal pericarotic plexus, and then distributing to the deep structures of the
eye (superior tarsal muscle and pupil dilator muscle), interconnecting with the tri-
geminal ganglion, the abducens nerve, the sphenopalatine ganglion, and the tym-
panic branch of the glossopharyngeal nerve. The vaso- and sudomotor fibers
separate at the carotid bifurcation. The sympathetic fibers directed to innervate the
ipsilateral arterial vessels and the sweat glands of the medial portion of the forehead
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and nose run along the internal carotid artery, while the fibers directed to the remain-
ing facial areas run along the external carotid artery.

Horner’s syndrome includes a combination of dysautonomic signs due to dam-
age to the ipsilateral oculosympathetic trunk. In its full expression, it is character-
ized by the presence of miosis (due to inactivation of the pupil dilator muscle),
eyelid ptosis with enophthalmos (due to inactivation of the superior tarsal muscle),
and anhidrosis (due to inactivation of the sudomotor fibers). Sometimes, ipsilateral
flushing is present, due to vasodilation of the skin vessels by interruption of the
vasomotor sympathetic fibers [44]. Pathologies such as cavernous sinus thrombosis
and carotid dissection may produce disruption of the peri-carotid sympathetic path-
way, leading to the appearance of incomplete Horner’s syndrome without anhidro-
sis. In addition to neurological examination findings, anamnestic data and
accompanying symptoms (mode of onset, associated symptoms such as headache,
neck pain and cranial nerve palsy) may help guide the diagnostic pathway.

The harlequin sign is characterized by flushing with unilateral facial hyperhidro-
sis. It may be a consequence of both pre- and postganglionic damage to the vaso-
and sudomotor fibers, resulting in pallor and anhydrous hemiface, and has been
reported for example in association with carotid dissections, although less fre-
quently than Horner’s syndrome [45].

On the parasympathetic side, of cerebrovascular interest is the case of the third
cranial or oculomotor nerve, whose Edinger-Westphal nucleus provides parasympa-
thetic fibers directed to the eye to control the pupil sphincter muscle (which controls
pupillary constriction) and the ciliary muscle (which controls accommodation).
After emergence from the brainstem, the oculomotor passes between the superior
cerebellar artery and the posterior cerebral artery, near the posterior communicating
artery; it then crosses the cavernous sinus, receives sympathetic fibers from the peri-
carotid plexus and a communicating branch of the ophthalmic branch of the trigemi-
nal nerve. Since the parasympathetic fibers run in the outer portion of the nerve, any
extrinsic compressive element would first damage the parasympathetic component
of the motor fibers. The proximity of the nerve to certain vessels of the Willis circle
may therefore explain the finding of pupillary abnormalities in the case of aneurys-
mal dilatations (aneurysm of the apex of the internal carotid artery, aneurysm of the
posterior communicating artery) [43].

5.4 Autonomic Nervous System and Cerebrovascular
Diseases: Management and Therapeutic Perspectives

The profound interconnection between the autonomic nervous system and cerebro-
vascular pathology, particularly if acute, has been effectively described with the
expression “striking reciprocity” [42, 46]. In fact, if on the one hand the cerebral
damage following the cerebrovascular event can determine secondary dysautono-
mia with important repercussions on the prognosis, during the hyperacute phase, on
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the other hand the dysfunction of the ANS can play a decisive role in the develop-
ment of pathological conditions that determine the occurrence of the event itself
(Fig. 5.2).

Chronic risk factors, which act in the long term, and acute risk factors (triggers),
which rapidly increase the risk of an ischemic event and often determine the timing
of its presentation, are involved in the etiopathogenesis of stroke. Both chronic risk
factors and triggers are susceptible to modulation by the ANS. Different autonomic
responses are associated with different etiopathogenetic mechanisms of cerebrovas-
cular pathology: atherosclerotic (large or small vessel occlusion, athero-arterial
embolization), cardioembolism and vasospasm. A careful assessment of the activity
of the SNA, although complex, could allow the identify the effects of chronic stress/
risk factors and acute triggers in the different subtypes of ischemic stroke, contribut-
ing to outline a personalized risk profile useful for modulating the necessary man-
agement and pharmacological interventions.

As is well known, the NES and its various components have the task of maintain-
ing homeostasis, which can be defined as the state of physiological equilibrium,
since it is susceptible to various perturbing elements, both intrinsic and extrinsic.

ANS DYSFUNCTION
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Fig. 5.2 The ‘striking reciprocity’ between the autonomic nervous system and cerebrovascular
pathology [42, 46]
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The term ‘stress’ was coined to describe a state, whether transient or chronic, of
altered homeostasis induced by various factors (stressors), listed in Table 5.3, which
in turn may be acute, episodic, or chronic.

The role of the ANS is to respond to acute stressful events by implementing
countermeasures to maintain homeostasis through the activity of both its sympa-
thetic and parasympathetic branches, which in turn act on the target organs. Although
this process is physiological and aimed at maintaining the proper functioning of the
organism, under conditions of chronic/acute recurrent stress its response may
become maladaptive. In chronic stress, in fact, the ability of the parasympathetic
nervous system to keep the stress response under control is particularly impaired,
with possible anticipatory or dysregulated activation phenomena. Adaptation to
stress can lead to stress-related disorders. The maladaptive phenomena of the ANS
lead to secondary effects on the target organs with the consequent development of
dysfunctional/dysmetabolic conditions such as hyperglycemia, dyslipidemia, and

Table 5.3 Possible stressors

Stressors Examples

Exteriors Physical-environmental: Noise, excessive brightness, heat, confined spaces

Social: Roughness, bullying, aggression by others

Organizational: Rules, deadlines

Major life-events: Death of a family member, loss of job, promotion, birth of a
child

Daily annoyances: Loss of keys, mechanical problem

Interiors Lifestyle choice: Not enough sleep, excessive commitments

Negative self: Pessimistic thinking/speaking, excessive self-criticism, excessive
analysis

Unrealistic expectations, taking things personally, exaggeration, rigid thinking
Stressful personality traits: Perfectionism, workaholism, need for pleasure

Occupational | Not participating in decisions concerning one’s own responsibilities

Unreasonable demands on performance
Lack of effective communication and conflict between colleagues

Lack of safety at work

Excessively long working hours

Too much time spent away from home and family

Office politics and worker conflicts

Salary not commensurate with level of responsibility

Development | Young adults: Marriage, leaving home, managing home, starting work,
continuing school, having children

Middle age: Accepting age-related physical changes, maintaining social status
and standard of living, helping teenage children to become independent,
managing elderly parents

Older people: Accepting the decline in physical and health capacities, changing
home, accepting retirement and reduction of income, accepting the death of
spouse and friends

Situational Death of a family member, marriage or divorce, birth of a child, new job,
illnesses
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arterial hypertension, which in turn cause further damage to the ANS. The resulting
vicious cycle may culminate in the occurrence of an acute cerebrovascular event
[47-49].

As patients grow older, comorbidity in the form of multiple concurrent chronic
conditions is the norm rather than the exception. One attempt to provide an answer
to this phenomenon has been the introduction of the concept of allostatic load as a
measure of the cumulative physiological load imposed on the body through attempts
to adapt to the demands of life. Allostasis is in fact understood as the ability to adapt
to challenges [50]. The concept of allostasis emphasizes the physiological impera-
tive that, to survive, “an organism must vary the parameters of its internal environ-
ment and adapt appropriately to environmental demands”. When adaptive responses
to challenge are chronically outside normal operating ranges, wear, and tear on
regular systems, primarily the SNA, occurs, and allostasis accumulates, leading to
progressive wear and tear on physiological systems [51] (Fig. 5.3).

5.4.1 Chronic Risk Factors

Chronic stress has been proposed as a factor favoring the occurrence of a metabolic
syndrome. The metabolic syndrome, an important risk factor for ischemic stroke,
cardiovascular diseases, and diabetes, is made up of a cluster of disorders (Table 5.4)
which recognize a dysfunction of the sympathetic nervous system as the primum
movens of cardiovascular and metabolic changes.
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Fig. 5.3 Biological mechanisms of allostatic loading
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Table 5.4 Diagnostic criteria Presence of at least three of the
for Metabolic Syndrome [52] following criteria

¢ Abdominal circumference:

> = 88 cm for women and

> =102 cm for men

o Trigliceride: > = 150 mg/dL
* HDL cholesterol: <40 mg/dL
in men and < 50 mg/dL in
women

* Blood pressure: Systolic

BP > = 130 mm hg and/or
diastolic BP > =85 mm hg
« Fasting blood glucose

> =100 mg/dL

On the other hand, severe SNA dysregulation can lead to insulin resistance,
altered lipid metabolism, and increased blood pressure. An increase in HR and a
reduction in respiratory sinus arrhythmia, indicators of reduced parasympathetic
activity, and a reduction in the cardiac preejection period, indicative of elevated
sympathetic activity, were correlated with elevated blood pressure, hypertriglyceri-
demia, hyperglycemia, and increased abdominal circumference. In patients with
metabolic syndrome, sympathetic overactivity and reduced parasympathetic activ-
ity have been documented. Moreover, sympathetic hyperactivity seems to be predic-
tive, in a 2-year follow-up of an increase in the number of metabolic alterations,
suggesting its role as a predictor for the development of cardiovascular disease and
diabetes through dysregulation of lipid metabolism and blood pressure over
time [53].

The sympathetic nervous system (SNS) plays a role in the genesis or progression
of the metabolic syndrome as it can reduce insulin sensitivity by both hemodynamic
mechanisms and direct cellular effects (arteriolar vasoconstriction induced by the
release of noradrenaline reduces glucose re-uptake by altering the ability of cells to
transport glucose across their membranes, a hallmark of insulin resistance). Insulin
resistance, a metabolic disorder characterized by reduced tissue sensitivity to insu-
lin that originates from the effect of a sedentary lifestyle and central obesity, among
other environmental factors, in individuals with a significant genetic predisposition,
has been proposed as a common pathophysiological mechanism underlying the
metabolic syndrome. It is less clear whether it is insulin resistance that leads to a
condition of sympathetic overactivity or vice versa. The work of Anderson et al.
[54] has documented that systemic infusion of insulin while maintaining constant
plasma glucose concentrations results in a marked increase in outflow from sympa-
thetic endings to skeletal muscle vessels. This ability of the SNS to determine or
worsen insulin resistance resulted in a further increase in plasma insulin levels,
which in turn triggered further sympathetic activation. Furthermore, the work of
Masuo et al. [55] documented that in young, nonobese subjects who were
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normotensive at study inclusion but had a significant increase in BP over 10 years,
sympathetic overactivity preceded the onset of hyperinsulinemia; at the onset of the
first stages of hypertension, on the other hand, both sympathetic hyperactivity and
hyperinsulinemia were present, suggesting that sympathetic hyperactivity may be
the primum movens capable of triggering both hypertension and insulin resis-
tance [56].

In fact, in subjects with a family history of hypertension or with white-coat
hypertension, an abnormal increase in serum adrenaline and noradrenaline has been
shown to be caused by an increased release from the sympathetic nerve endings.
Sympathetic overactivity has also been found in different subtypes of hypertensive
patients, irrespective of age group, and in particular groups of patients, e.g., in preg-
nancy hypertension. This suggests that autonomic dysfunction may be a process
involved in the genesis of hypertension regardless of the specific context in which
the disease develops. In these patients a progressive parasympathetic dysfunction
accompanies sympathetic hyperactivity, as evidenced by a gradual reduction in
responses to arterial baroreceptor stimulation, leading to reduced vagal modulation
and an altered cardiac vagal response, resulting in reduced Heart Rate Variability
(HRV), particularly low-frequency fluctuations [57]. A possible substrate for the
relationship between autonomic dysfunction and the development and maintenance
of hypertension is provided by some evidence in favor of the importance of arterial
baroreceptors not only in the short-term control of blood pressure but also in its
long-term control. In particular, the resetting of these baroreceptors to higher pres-
sure levels appears to be an important element, and involves hypothalamic regions
located antero-ventral to the third ventricle, structures that are sensitive to arterial
pressure and volemic changes [58]. As evidence of this autonomic dysfunction in
hypertensive patients a reduction in HRV has been shown and in normotensive
patients a lower HRV has been correlated with an increased risk of developing
hypertension [59]. Furthermore, autonomic dysfunction with sympathetic hyperac-
tivation correlates not only with the development of hypertension but also with the
severity of vascular and cardiac damage in hypertensive patients, independent of
blood pressure values [57].

Insulin resistance, through the vicious circle triggered by the SNS, can in turn
lead to:

* Impaired glucose metabolism with the development of diabetes mellitus.

e Alterations in the metabolism of plasma triglycerides and free fatty acids result-
ing in atherogenic dyslipidemia.

* Increased blood pressure.

e Alterations in vascular reactivity.

* Endothelial dysfunction.

e Chronic subclinical inflammation.

* Prothrombotic phenotype.

Thus, insulin resistance is a key pathophysiological factor in the development of
vascular risk. Epidemiological data support its role in cerebrovascular pathology,
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reporting that metabolic syndrome is an independent risk factor for stroke in all
ethnic groups and in both sexes, particularly for atherothrombotic stroke. In pro-
spective studies, metabolic syndrome increases the risk of ischemic stroke by about
fivefold [60].

The persistence of a condition of sympathetic overactivity is decisive not only
in the appearance but also in the progression of atherosclerosis. The evolution of
the atherosclerotic plaque and its vulnerability to rupture is determined by several
factors that can be modulated by the ANS. A vulnerable plaque is characterized
by the presence of a lipid-rich core, a thin fibrous cap, the presence of active
inflammatory processes, and active remodeling processes. On the other hand, the
vulnerability of a plaque is not predictable when based on its size and degree of
stenosis. An autonomic dysfunction, in particular a predominance of SNS activ-
ity, can favor the evolution towards plaque instability, facilitating the occurrence
of chronic inflammatory processes at the level of the atherosclerotic plaque [61].
In addition, sympathetic hyperactivity can induce an increase in the uptake of
LDL cholesterol by endothelial cells, a pivotal process in the induction and pro-
gression of atherosclerosis [62, 63]. Carotid atherosclerosis can also enhance
autonomic dysfunction secondary to the atherosclerotic process by interfering
with carotid baroreceptors and chemoreceptors, directly promoting sympathetic-
vagal dysregulation with a prevalence of sympathetic activity and a reduction in
vagal tone [59].

In addition to arterial vessels, another target organ of sympathetic overactivity is
the heart (as will be discussed later in this chapter).

The role of SNA in the emergence and maintenance of risk factors for ischemic
stroke is summarized in Fig. 5.4.

CHRONIC STRESS
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Fig. 5.4 Interrelationships between the Autonomic Nervous System and chronic risk factors for
ischemic stroke
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5.4.2 Acute Risk Factors or Triggers

To determine the occurrence of an acute cerebrovascular event on a terrain predis-
posed to the presence of chronic risk factors, it is necessary that acute risk factors or
triggers capable of determining an abrupt increase in short-term risk (days, hours)
intervene to be able to explain the occurrence of a cerebral ischemic event at a spe-
cific time. The ANS, already chronically unbalanced towards a state of sympathetic
hyperactivity due to the presence of chronic risk factors, responds in a dysfunctional
manner with a further accentuation of the sympathetic response, which in turn can
trigger phenomena such as vasoconstriction, acute prothrombotic state, sudden
increase in blood pressure and heart rate, arrhythmias, and endothelial dysfunction
capable of triggering the cerebral ischemic event.

The main acute risk factors for ischemic stroke and their relationship to SNA are
shown in Table 5.5.

Circadian Rhythm: Several studies have reported a circadian rhythm in the
incidence of stroke, both ischemic and hemorrhagic, characterized by a peak
between 6 a.m. and noon, and a less evident one between 2 p.m. and 4 p.m. The
circadian distribution is not influenced by the etiopathogenetic category of the
stroke [64]. Circadian rhythms, generated centrally, are influenced by the activity of
the ANS, whose activity is in turn modulated by the CNS according to the different
phases of the circadian rhythm. By assessing the variation in HRV at different times
of the day, we can see a peak in HRV during the night (prevalence of parasympa-
thetic activity during nighttime rest) and a maximum reduction in the early morning
hours, at the transition between sleep and wakefulness. This reduction reflects
greater sympathetic activity in this phase, which is reflected in the cardiovascular
system. The imbalance towards sympathetic activity, as previously highlighted,
leads to unfavorable changes in the cardiovascular system, in blood pressure and

Table 5.5 Main triggers of the acute ischemic event

Trigger

Influence on the autonomic nervous system

Circadian rhythm (morning
hours)

Reduction in parasympathetic activity

Intense physical exertion/
activity

Acute increase in sympathetic activity

Acute psychological stress

Acute increase in sympathetic activity

Acute and excessive alcohol
intake

Sympathetic hyperactivity and decreased parasympathetic
activity

Low-moderate dose cannabis

Increased sympathetic activity and decreased parasympathetic
activity

Exposure to excessively cold
temperatures

Increased sympathetic and renin-angiotensin system activity

Exposure to excessively
warm temperatures

Increased sympathetic activity in the sweat glands and
cutaneous vasodilation sympathetic activity

Infections

Amplify the pro-inflammatory and prothrombotic response
induced by chronic sympathetic hyperactivity
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heart rate values, as well as in the hormonal profile and inflammatory activation,
promoting the development of acute cerebrovascular events [65].

Exercise/Physical Activity: Regular physical activity has been widely shown to
be a protective factor for stroke. However, isolated episodes of intense physical
activity may lead to an acute increase in sympathetic nervous system activity, result-
ing in a transient increase in heart rate, blood pressure, and an alteration of the
coagulation balance towards a prothrombotic profile [66]. In the hour following
intense physical exertion, a significant increase in the risk of stroke, up to 2.3 times
greater, has been demonstrated, particularly in subjects who do not habitually prac-
tice physical activity [67]. Similar data have emerged about hemorrhagic stroke, and
intense physical activity can also be considered a trigger event for this type of
event [68].

Acute Psychological Stress: The occurrence of particularly stressful life-events
has been recognized as a possible trigger for acute cerebrovascular events through
activation of the hypothalamic-pituitary-adrenal axis and the autonomic nervous
system. It has been shown that this activation in response to stressful psychological
events can lead to an increase in heart rate and blood pressure, release of catechol-
amines and procoagulant factors, and even transient endothelial dysfunction.
Opverall, this alteration in homeostasis creates a substrate favoring the occurrence of
stroke [69]. In some cases, it is possible to document an acute, nonischemic but
stress-induced myocardial dysfunction, probably as expression of an acute and ten-
dentially reversible organ damage caused by a massive release of catecholamines as
a result of stressful events: this condition is called Takotsubo syndrome, after the
original name of a Japanese octopus trap whose shape resembles the appearance of
the left ventricle on ultrasound investigations performed in such cases (this appear-
ance is also known as ‘apical ballooning’). Takotsubo syndrome is a cause of car-
dioembolism as it is associated with the formation of thrombotic apposition in the
left ventricle due to contraction dyssynergy; a 1-5% risk of developing ischemic
stroke after a diagnosis of Takotsubo has been reported [70, 71].

Substances: Acute intake of an excessive amount of alcohol induces sympa-
thetic hyperresponsiveness and a decrease in parasympathetic activity. This auto-
nomic dysregulation may lead to an acute alcohol-induced arrhythmogenic substrate
and be an exogenous trigger for an acute cerebrovascular event [72]. Cocaine,
amphetamine and its derivatives result in indirect stimulation of the ANS through
the release of norepinephrine, dopamine and serotonin. Cannabis is also capable of
causing a sympathetic-vagal imbalance. The effect of marijuana and its active com-
ponent THC on the cardiovascular system varies depending on the dose taken, the
frequency and duration of intake, and the route of administration. In low to moder-
ate doses, smoked marijuana increases sympathetic activity and reduces parasym-
pathetic activity, leading to tachycardia and hypertension. It may also trigger atrial
fibrillation [73]. High doses cause bradycardia and hypotension [74].

Environmental Temperature: Global warming produces not only hotter sum-
mers and more frequent heatwaves but also colder winters, especially in more tem-
perate areas where populations are not used to extreme weather conditions. Exposure
to excessively cold or warm temperatures can increase the risk of stroke through
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different mechanisms. In cold weather, the increased risk has been linked mainly to
increased blood pressure, peripheral vasoconstriction, increased platelet count and
increased blood viscosity caused mainly by increased sympathetic activity. However,
the data are still contradictory. In contrast, elevated room temperature may increase
the risk of stroke through increased sweating and skin blood flow, dehydration,
increased blood viscosity, hemoconcentration and increased plasma cholesterol lev-
els [75].

Infections: Numerous case-control studies have demonstrated an association
between a previous systemic — mostly viral—infection, and the occurrence of a
stroke, often with a time interval of several days from the onset of the infectious
symptoms. The mechanisms by which viral infection can promote the occurrence of
a cerebral ischemic event are manifold: activation of the immune system, hyperco-
agulability, hemodynamic alterations secondary to myocardial involvement, endo-
thelial damage, and destabilization of atherosclerotic plaque [76].

5.4.3 After the Cerebrovascular Event

There is a great deal of evidence of interactions between SNA and stroke, both in
the acute phase and in the outcome. The acute attack is known to be associated with
a central autonomic alteration responsible for a marked increase in BP and heart
rate, also associated with a reduction in parasympathetic activity compared to con-
trols (increase in HF at the frequency spectrum) both in patients with pathology of
the large vessel (Large Artery Atherosclerosis—LAA) and in those with lacunar
infarction (LAC or SVO, from Small Vessel Occlusion, symptomatic of pathology
of the small cerebral vessel). At 7 days, this reduction in parasympathetic function
is present only in the first group (LAA), while lacunar ischemia seems to be espe-
cially pronounced if the ischemia is at the level of the putamen or thalamus, key
structures of the central autonomic network (CAN). Therefore, it can be said that it
is, above all, the ischemic (or hemorrhagic) lesion at the supratentorial site that
determines a more relevant and lasting reduction in parasympathetic activity and a
concomitant increase in sympathetic activity [77]. In turn, the severity of neurologi-
cal impairment (NIHSS) directly correlates with the degree of impairment of car-
diovascular autonomic function, with the fall in parasympathetic tone and
baroreceptor sensitivity, as well as the progressive shift towards sympathetic domi-
nance. The resulting autonomic dysfunction increases the risk of cardiovascular
complications and worsens the outcome [78]. The parasympathetic deficit, also
assessed by Ewing tests and HRV spectral analysis, is always greater in LAA
patients (82% of patients) than in LAC patients (63%), who together have a greater
parasympathetic deficit than control subjects [79]. Outdated studies show that it is
mainly ischemic lesions of the trunk-brain that present a greater functional impair-
ment (HRV) than supratentorial lesions, which show a higher level of plasma cate-
cholamines than the former [80].
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It is interesting to underline how the impairment of the SNA, and in particular of
the pressor response to the Valsalva test (with a reduced increase in systolic pressure
in phase I'V), has been shown to characterize the greater evolutivity of the pathology
linked to the lacunar lesions or the progression, sometimes observed during hospi-
talization, of subjects with cerebral small-vessel disease, even at an outcome of
3 months [81].

Autonomic dysfunction is also associated with an increase in the pathological
changes observed in the disease of the small cerebral vessels, and in lesions of the
white matter, regardless of the form of cognitive impairment. This suggests that
dysfunction is a risk factor for cerebral hypoperfusion, which may contribute, in
different ways among the various forms of dementia, to induce pathology in the
advanced phase of the disease [82].

Demonstrating the role of altered cerebral autoregulation in determining auto-
nomic dysfunction, recent studies seem to show that, after a lacunar infarction,
while no significant differences are found in the “overall” vegetative function of
patients and control subjects, there is a reduction in cerebral blood flow in the mid-
dle cerebral artery (mCBFV) and in systolic blood pressure before, during and after
a breath-holding test. The positive correlation found between systolic pressure and
mCBFV in patients compared to controls suggests an alteration of parasympathetic
drive in this pathology, especially of autonomic control over CBF in the pathophysi-
ological mechanisms of vasodilation induced by hypercapnia caused by deep
breathing. Cerebral vascular reactivity is indeed reduced in patients with lacunar
infarction due to reduced parasympathetic activity [83].

The pathological sympathetic activation associated with acute cerebral vascular
injury (both ischemic and hemorrhagic) has repercussions on autonomic functions,
with an increased risk of cardiac arrhythmias, increased levels of circulating cate-
cholamines, myocardial damage, and heart failure (even in the absence of cardiac
pathologies), pressure instability and neurogenic pulmonary edema. In fact, the
main autonomic dysfunction in the post-stroke period involves the baroreflex dys-
function (BRS) as the probable mechanism underlying the almost invariable occur-
rence of arterial hypertension (hypertensive crises, pressure lability, altered circadian
variability of blood pressure, altered dipping) during the acute phase of stroke (more
than 80% in several cases) [84-86].

Post-stroke impairment of BRS is associated with worse clinical outcomes and is
directly proportional to mortality and morbidity. The site and extent of vascular
injury are major determinants of the duration, extent and reversibility of autonomic
dysfunction. The anatomo-functional central connections of the baroreceptors
include the nucleus of the solitary tract, the ventrolateral bulbar portion, the insula,
the medial prefrontal cortex, the cingulate cortex, and finally, the amygdala, hypo-
thalamus and thalamus, and the cerebellum. In particular, the insula is a strategic
area for autonomic control of the heart, with parasympathetic regulation located in
the left insula and sympathetic regulation located contralaterally.

Significant alteration of BRS has been documented in acute stroke patients with
insular lesion, with greater impairment in patients with bilateral insular involve-
ment. Especially lesions in the left insular cortex seem to be associated with
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sympathetic hyperactivation, and, consequently, with increased circulating levels of
catecholamines, baroreceptor dysfunction, cardiac arrhythmias, catecholamine-
mediated myocardial damage (myocytolysis), immune dysregulation, and hyper-
glycemia. In contrast, right insular damage is associated with marked bradycardia
and asystole because of reduced sympathetic tone and subsequent predominance of
parasympathetic tone [1, 85, 87, 88].

Interindividual differences also depend on hemispheric dominance; an advantage
has been observed for left-handed and ambidextrous people, who have a lower rate
of sudden death than right-handed people. Functional lateralization is more frequent
in men, whereas in women, a pattern of physiological bihemispheric activation is
described. In rats, stimulation of the posterior rostral region of the left insula causes
an increase in heart rate, while stimulation of the caudal region of the insula causes
bradycardia; stimulation of the left insular cortex during the T wave of the cardiac
cycle causes arrhythmias, QT prolongation, ST-segment elevation, and asystole.
These evidence, based on preclinical research experiences, is, however, complicated
by several factors in the clinical setting: first of all, ischemic or hemorrhagic lesions
are very rarely limited to the insular region. Moreover, as already mentioned, other
brain areas are involved in autonomic control. In general, however, it can be asserted
that hemispheric stroke carries an increased risk of cardiac arrhythmias such as
atrial fibrillation and sudden death [89, 90].

As mentioned, a massive release of circulating catecholamines, which is possible
in conditions of acute stress of any kind, can lead to an acute cardiomyopathy known
as Takotsubo syndrome or “apical ballooning,” which has significant hemodynamic
repercussions as well as a potential cardioembolism due to the possible formation
of intraventricular thrombotic apposition. Of note, Takotsubo can be triggered by
the occurrence of a stroke, as a “stressor,” but because of the emboligenic potential,
it determines it can also be the cause of a cerebral ischemic event [70].

The arterial hypertension frequently observed during the acute phase of stroke is
thought to be an expression of increased sympathetic tone resulting in renin release
and arteriolar vasoconstriction. It may result from direct damage to inhibitory/mod-
ulatory brain regions or indirect damage from reduced parasympathetic activation,
which in turn leads to dysregulation of the baroreceptor reflex. Other contributory
factors may be nitric oxide release during ischemic injury, increased intracranial
pressure, and compression on the brain stem. In addition, the increase in pressure
may be an attempt to compensate for the perfusion deficit that occurs in ischemic
conditions, especially when the etiopathogenesis of the stroke is atherothrombotic
or lacunar, whereas in cases of cardioembolism, pressures tend to be lower [91-93].

Sympathetic hyperactivation is also hypothesized to be the cause of neurogenic
pulmonary edema, which is associated with lesions in certain ‘trigger’ areas: the
hypothalamus, the bulb, cortical areas Al and AS5, the nucleus of the solitary tract
and the postrema area, which are closely linked to the central control of respira-
tion [94].

Vascular lesions in the insula have also been correlated with the immunosuppres-
sion that accompanies acute stroke in about a third of cases, and which is character-
ized by a systemic anti-inflammatory response with increased susceptibility to
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infections, especially in the respiratory and urinary systems, with a significant
impact on 30-day mortality. Stroke in fact alters the balance between sympathetic
and parasympathetic connections that regulate the immune system and endocrine
organs, part of the hypothalamic-pituitary axis. The early occurrence of infections
after acute stroke is in fact associated with hyperactivation of the adrenomedullin
axis, documented by elevated circulating levels of catecholamines during the first
day after stroke. Clinical severity and extent of the lesion do not seem to determine
an increased risk of infection, which would be favored in the case of lesions in the
territory of the anterior circulation [95].

Another form of autonomic dysfunction associated with acute stroke is urinary
disorders, which affect about one-third of patients and include various forms of
incontinence, either transient or persistent. The gastrointestinal tract may also show
post-stroke functional alterations, with constipation, fecal incontinence, dysphagia
and sialorrhea. Finally, thermoregulation is often altered in the acute phase of stroke,
due to damage to both vaso- and sudomotor autonomic fibers, leading mainly to
contralateral hyperhidrosis and asymmetry of thermal sensitivity [96-98].

5.4.4 Evaluation of Dysautonomia in Patients
with Cerebrovascular Risk

In clinical practice, various invasive and noninvasive techniques are used to assess
SNA. In fact, it has been carried out with the study of orthostatic PA and HR changes
[99], the head-up tilt test [100], the baroreceptor sensitivity study [101], the Valsalva
maneuver [100], the complete Ewing battery [102], the plasma catecholamine assay
[103], and the SNA assessment [101].

Their in-depth description is beyond the scope of this chapter and is amply illus-
trated in the reference ones. Here, we will focus on the role of the Heart Rate
Variability (HRV) assessment as the most widely used in the evaluation of SNA in
patients with cerebrovascular disease. It is in fact a noninvasive test, which can be
performed in patients with cerebrovascular risk factors, with stroke in both acute
and chronic phases as it does not require the cooperation of the patient. It only
requires the recording of an ECG trace. This allows for continuous monitoring in
both hospital and outpatient settings using wearable devices. Further advantages of
the method are its high reliability and reproducibility as well as its low cost; how-
ever, it cannot be applied in patients with heart rhythm disorders such as AF and
frequent extrasystoles.

HRV is the variation in time of the interval between two consecutive beats; the
regulation is mainly extrinsic, dependent on the activity of the SNA. Specifically,
the sympathetic nervous system (SNS) causes an acceleration and the parasympa-
thetic nervous system (SNP) a deceleration of the heartbeat, the result being the
balance of the two activities.
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The measurement can be easily obtained using pulse oximetry or photoplethys-
mography, even over long periods of time using wearable devices; however, acquisi-
tion of an ECG trace provides more accurate results.

The rhythmic contribution to heart rate variability made by the two systems, SNS
and SNP, occurs at different frequencies. In particular, the SNS is associated with
low frequencies (0.04—0.15 Hz), and the SNP with high frequencies (0.15-0.4 Hz).
This difference makes it possible, by means of an HRV analysis, to distinguish the
activity of the two branches of the SNS [104].

Two main categories of variables are obtained from the ECG recording, time
domain and frequency domain. The time domain variables can be divided into short-
time variability and longtime variability (less than 6/min), both calculated from the
RR intervals in the recording. Several parameters can be calculated from the dura-
tion of the RR intervals in the recording (Table 5.6). Among the time domain vari-
ables, the evaluation of RMSSD is preferable because it is more sensitive and less
influenced by respiratory rate, heart rate and duration of recording, and largely
reflects parasympathetic activity [105].

Table 5.6 Main measures of the HR—time domain

Variable | Definition Meaning
Frequency | Total The variance of NN Overall SNA activity
domain power intervals in a time
(ms?) segment or in 24 h
(<£0.4 Hz)
ULF Ultra-low-frequency Reflects the influence of many
(ms?) power (<£0.003 Hz) uncontrollable factors; only on records of at
least 24 h
VLF Very low-frequency It reflects the influence of the renin-
(ms?) power (0.003-0.04 Hz) | angiotensin system and peripheral

vasomotor mechanisms plus other
uncontrollable factors

LF (ms*) | Low-frequency power Mediated by complex interactions between
(0.04-0.15 Hz) sympathetic and parasympathetic activity

LF norm | LF power normalized Relative value of LF in relation to sum of

(n.u.) units: LF/ LF and HF; represents balance between the
(LF + HF) x 100% two branches of SNA

HF (ms?) | High-frequency power Regulated only by the parasympathetic; an
(0.15-0.4 Hz) increase in value reflects an increase in

parasympathetic activity

HF norm | HF power in normalized | Relative value of HF in relation to sum of
(n.u.) units: HE/ LF and HF; represents balance between the
(LF + HF) x 100% two branches of the SNA

LF/HF Ratio of LF to HF power | Reflects the balance between sympathetic
and parasympathetic activity

HF + LF | Sum of HF and LF power | More accurate indicator of overall NES
(ms?) (0.04-0.4 Hz) activity (higher values correspond to higher
activity)
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The frequency domain variables (Table 5.7) require more complex analyses;
however, they allow better discrimination between SNS and SNP activity by identi-
fying activity in the low and high frequencies, which are related to the SNS and
SNP, respectively. The LF/HF ratio expresses this relationship. However, the respi-
ratory rate can influence these measurements and should therefore be considered in
the interpretation [105].

From a clinical point of view, it should be remembered that a reduction in HRV
correlates with the degree of carotid stenosis. In these patients, the real impact of
carotid atherosclerotic lesions on SNA is evidenced by the partial recovery of HRV
values after long-term treatment with statins [63].

In addition, a reduction in HRV has been associated with an increased risk of AF
and in diabetic patients, a reduction in the LF/HF ratio, a marker of predominant
sympathetic activity, has been associated with an increase in AF episodes [59].

Although lacking definitive evidence, HRV assessment shows promise in both
identifying patients at increased risk of cerebrovascular events in selected popula-
tions and in post-event monitoring. Indeed, reduced values of the time and fre-
quency domain parameters are associated with an increased risk of ischemic stroke,
particularly in diabetic patients [106]. In addition, low nocturnal SDNN values
seem to be predictive of a first ischemic event, independently of traditional vascular
risk factors, and therefore their integration into individual patient risk assessment
could allow a more personalized therapeutic approach [107]. Low HRV values have
been associated with the occurrence of early complications such as in-hospital mor-
tality, post-stroke infections and motor function recovery [108].

From the point of view of the risk of early recurrence, TIA, and minor stroke
patients with low SDNN values showed an increased risk of ischemic recurrence at
90 days. These data might suggest the integration of HRV measurement into risk
stratification models, allowing a better identification of high-risk patients, both to
modulate secondary prevention therapy and to identify a possible target population
for new therapeutic trials. High post-event SDNN values have been associated with
improved functional recovery at 90 days in patients with ischemic stroke, suggest-
ing a possible contribution of post-stroke dysautonomia in the development of an
unfavorable functional outcome [109].

Table 5.7 Main measures of HRV—frequency domain

Time SDNN Standard deviation of the NN intervals | Corresponds to total
domain | (ms) power
SDANN SD of the average of the NN intervals in Corresponds to ULF
(ms) all 5-min intervals of the recording
RMSSD The square root of the mean of the sum of | Corresponds to HF
(ms) the squares of the differences between
adjacent NN intervals
SDNN Average of the SDs of all NN intervals for | 5-min total power
index (ms) | all 5 min segments of the recording average, similar

significance
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5.4.5 Therapeutic Perspectives

It follows that in the quantification of cerebrovascular risk both the metabolic syn-
drome and indicators of the state of activation of the sympathetic nervous system
such as HRV should be introduced to better define the long-term and short-term risk
profile and consequently adjust the type and timing of therapeutic interventions. For
example, at HRV assessment, a reduction in the values of the time and frequency
domain parameters has been associated with an increased risk of ischemic stroke,
particularly in diabetic patients [106]. In addition, low nocturnal SDNN values have
been found to be associated with the development of a first ischemic event, indepen-
dent of traditional vascular risk factors and therefore could be integrated with this in
individual patient risk assessment [107]. From the point of view of the risk of early
recurrence, patients with TIA and minor stroke with low SDNN values showed an
increased risk of ischemic recurrence at 90 days. These data might suggest the inte-
gration of HRV measurement into risk stratification models, allowing a better iden-
tification of high-risk patients, both to modulate secondary prevention therapy and
to identify a possible target population for new therapeutic trials. High values of
post-stroke SDNN have been associated with better functional recovery at 90 days
in patients with ischemic stroke, suggesting a possible contribution of post-stroke
dysautonomia in the development of an unfavorable functional outcome [109]. Low
HRYV values have also been associated with early complications such as intra-
hospital mortality, post-stroke infections and motor function recovery [108].

Although, to date, there is no conclusive data on therapies aimed at modulating
the autonomic nervous system, the evidence in favor of a contribution of dysautono-
mia, with sympathetic hyperactivity, in the development and worsening of vascular
risk factors, as well as the deleterious effects of sympathetic hyperreactivity in the
acute phase, makes SNP stimulation and SNS blockade interesting therapeutic
possibilities.

The effect of SNP stimulation can lead to CNS neuroplasticity, anti-inflammatory,
antioxidant and anti-apoptotic effects through activation of the «7nAchR choliner-
gic receptor. In animal models, both invasive and noninvasive stimulation of the
vagus nerve (VNS) has been shown to [59, 110]:

e Reduce systemic inflammation.
e Reducing appetite and body weight.
 Significantly reduce the volume of the ischemic core.

If these are confirmed in humans, vagal stimulation may be an interesting thera-
peutic strategy for both the prevention and acute treatment of ischemic stroke.

Two randomized pilot studies showed the benefit of VNS combined with reha-
bilitation in the recovery of moderate to severe upper limb motor deficits. The same
favorable effect on motor recovery was obtained by transcutaneous stimulation,
making the procedure easier and more tolerable [111]. However, evidence on effi-
cacy is preliminary and needs to be confirmed, as does the safety of stimulation,
particularly regarding possible cardiological side effects [110].
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