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The idea of the brain being in command and the heart housing the soul, distracts
from the actual primary director of our life: the autonomic nervous system (ANS).
It drives breathing, heartbeat, and any other aspect of being alive. Heart transplanta-
tions had shown that the removed heart was able to function properly without
innervation.

In early 1960, however, a major shift occurred in the understanding of the auto-
nomic control of the heart by the discovery of its specialized and detailed control of
all aspects of the cardiovascular system. Specific areas were described in the central
nervous system with “highly specialized and sharply localized capacities for
regional control of myocardial function” (Randall WC 1977). The evidence that
parasympathetic fibers were distributed in the ventricles overcame the dogma that
the cardiac vagal control was limited to the supraventricular structures. In 1977,
Randall edited a first comprehensive book Neural Regulation of the Heart that still
stands as a masterpiece in this field. In that period, Italy was one of the most fertile
cradles in the field of neural control of cardiac function and of its clinical applica-
tions. Extensive research on integrated pathophysiological models described in
detail the neural hierarchy of cardiac control and the critical role of the parasympa-
thetic modulation of sympathetic activity. However, the hope for new effective ther-
apies to challenge cardiac diseases such as sudden cardiac death and heart failure
were confined to the modulation of single ion channels. It was wrongly thought that
the failing heart was only needing inotropic support. The ultimate consequences
were a systematic interruption of clinical trials in this field, because of an excessive
mortality in the treated group, causing a dramatic delay in the use of adequate inte-
grated approaches to the autonomic control of the heart. The saga of the beta-block-
ers is the most outstanding example: for 20 years this therapy was denied to heart
failure subjects due to the belief that, after a large myocardial infarction, boosting of
the residual function of the surviving tissue was the right way to recover hemody-
namic stability and autonomic function. The sequence of trials in which mortality in
the treated group exceeded the placebo paved the hard way to the truth. Today we
appreciate the enormous benefit to the failing heart by modulating the sympathetic
hyperactivity by beta-blockers. But we can’t stop short here now! It is time to con-
front the real core of the problem, to the central control of the cardiovascular sys-
tem. Our current approaches are, indeed, surrendering the progression of the disease.
Current device therapy is limited.
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The ANS is very much “autonomous” being provided with intrinsic complex
systems and circuits which allow a very fast and detailed self-tuning and regulation
in order to rapidly adjust the cardiovascular system to the dynamicity of daily chal-
lenges and adaptations. The ANS activates a large number of adjustments in a frac-
tion of a second as, for example, to adjust cerebral perfusion when rising to one’s
feet from laying down. The complexity of the ANS had generated the belief that its
external modulation was not possible. This misconception was supported by the
failure of trials on central pharmacologic modulation of sympathetic activity.

The concept of direct neural stimulation to treat resistant angina in the pre-revas-
cularization era was conceived and proposed by Braunwald in the 1960s, but it was
rapidly abandoned mostly because of the lack of adequate technology. Today the
effective use of selective sympathetic denervation to treat arrhythmogenic diseases
has opened the path to direct interventions on the autonomic circuits. Accordingly,
renal denervation has been proposed as a new approach to the treatment of resistant
malignant arterial hypertension. The initial promises of this approached to major
frustration when the apparent failure of this treatment was documented by the first
controlled trial. These trials, however, suffered from severe flaws regarding concep-
tualization and design.

This book was conceived uring the international symposium “Heart Failure &
Co” held in Milano in 2014 by the chief editor Edoardo Gronda and other partici-
pants. The title of the meeting was “Hurting the heart: the partners in crime”. The
systematic analysis of the leading protagonists in the crime pointed to the deranged
ANS as the true director of the plot.

The beauty of ANS complexity is described in this book by contributions of
some of the most competent specialists. Their elaborations provide the most updated
compendium of the state of the art in the understanding of the functional aspects of
the ANS and describe options of its directed modulation to overcome the current
growing limitations affecting diagnosis and therapy in the management of heart
failure.

Prof. L. Rossi Bernardi, MD, Ph.D.
Past President of the National Research Council of Italy
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Esther Vorovich and Mariell L. Jessup

The key function of the autonomic nervous system (ANS) in normal cardiac physiol-
ogy has been known for more than 50 years. Early studies in the 1960s and 1970s by
Braunwald and colleagues demonstrated the ANS’ role in the maintenance of cardiac
output at rest and in response to exercise through modulation of heart rate, contractil-
ity, preload, and afterload [1, 2]. Abnormal hyperactivity of the sympathetic nervous
system (SNS) and simultaneous dysfunction of the parasympathetic nervous system
in heart disease were also recognized during this time period [1—4]. Additional popu-
lation studies in heart failure (HF) patients showed an association of SNS activation
with exercise capacity, hemodynamics, degree of left ventricular dysfunction, as well
as mortality, establishing the critical impact of the ANS in cardiovascular dysregula-
tion in the heart failure syndrome [5-9]. However it remained unclear if ANS activa-
tion played a truly causative role in myocardial deterioration rather than serving as a
marker of the body’s attempt to maintain homeostasis in the face of a failing heart.
Since that time, our understanding of HF, the ANS, and their intersection has
grown immensely. HF is a progressive disorder characterized by an initial myocar-
dial insult that is followed by activation of multiple regulatory systems including the
ANS, renin-angiotensin-aldosterone system (RAAS), and inflammatory pathways
that serve to reestablish adequate cardiac output; these compensatory systems, in
time, become maladaptive through their effects on hemodynamics as well as bio-
chemical, cellular, and structural changes in the myocardium (Fig. 1.1) [10].
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However, it is important to recognize that this knowledge and understanding
evolved over the past two to three decades. Early forays into HF therapy targeted the
hemodynamic derangement characteristically seen in severe HF patients [11].
Numerous observational studies were performed evaluating the acute hemodynamic
effects of diuretics, hydralazine, nitrates, and other vasodilators. The era of random-
ized clinical trials in HF was ushered in with the publication of VHEFT-1 in 1986
[12], demonstrating a benefit of combination therapy with isosorbide dinitrate and
hydralazine on outcomes in chronic HF. Subsequent clinical trials transitioned our
focus from vasodilation to neurohormonal blockade and in particular to agents that
inhibited the RAAS. Simultaneously, cautious case series and then larger trials
demonstrated the profound benefits of beta-blockers on both mortality and mean-
ingful salutary effects on ventricular remodeling [13-18].

The focus of newer HF trials remained primarily on RAAS antagonists [19-21]
until further blockade of the RAAS proved less fruitful and, in certain cases, harmful
[22]. Subgroup analyses from Val-HEFT and VALIANT showed increased adverse
events in patients taking a combination of ACE inhibitor, angiotensin receptor blocker
(ARB), and beta-blocker therapy [21, 23]. Moreover, trials of endothelin antagonists,
cytokine antagonists, recombinant natriuretic peptide, centrally acting sympatholyt-
ics, and direct renin inhibitors on a background of ACE inhibition and beta blockade
were also shown to have either neutral or harmful effects of treatment (Fig. 1.2) [22].

After a decade of mostly negative trials, the PARADIGM-HF trial interrupted
this trend in 2014. LCZ696, a novel combination compound of valsartan and sacu-
bitril, a neprilysin inhibitor, led to substantial and significant reductions in mortality
and multiple metrics of morbidity [24]. Publication of the PARADIGM-HF under-
scored the investigative shift away from pure RAAS inhibition and toward novel
pathways, new drug delivery methodologies, or a focus on treating comorbidities
that negatively affect HF progression. In particular, there has been great interest in
drugs that influence cardiomyocyte energetics and/or metabolism and interventions
such as gene therapy, stem cell therapy, noncoding RNAs, and ventricular assist
devices as a potential route to recovery [25-27].

However, novel therapies are costly and sustain a long delay from conception
to Phase III trials to regulatory approval. As an example, the initial studies
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Fig. 1.2 Saturation of benefits with incremental neurohormonal blockade in chronic heart failure
(Modified from: Mehra et al. [22])

evaluating neprilysin and RAAS blockage date back to the early 1990s, with pub-
lication of the first Phase III trial showing efficacy occurring in 2014 [24, 28].
Accordingly, there exists an increasing motivation to repurpose previously
approved therapies for newer indications. Repurposing allows for faster drug
delivery to the market and lower costs. In support of this concept, the American
National Institutes of Health created an initiative to strengthen the partnership
between academic institutions and industry which has already resulted in more
than 50 intellectually protected but previously abandoned products becoming
available for research [29].

Interestingly, HF as a field has a history of repurposing. In 2005, the AHEFT
study reexamined the effect of the combination of hydralazine and isosorbide dini-
trate in African-Americans already taking background ACE inhibitor and beta-
blocker therapy [30]. AHEFT showed a substantial and sustained benefit on
mortality in this subpopulation beyond that is seen in the original VHEFT trials. The
drug combination was approved by the FDA in a new formulation in 2005 [31]. In
2007, Costanzo et al. published the UNLOAD study showing that ultrafiltration,
shown to have less neurohormonal activation and more total body salt removal than
diuretics alone, led to increased weight loss and decreased hospitalization rates as
compared to standard therapy [32]. This study ushered in a series of trials examin-
ing the outcomes of ultrafiltration in HF patients without renal failure — a repurpose
of the technology developed for dialysis. Indeed, ultrafiltration can be thought of as
repurposing one of medicine’s oldest treatments: bloodletting or venesection.
Further repurposing efforts have likewise focused on expanding application of pre-
viously approved therapies for severe HF, such as mineralocorticoid antagonists and
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cardiac resynchronization therapy, to those patients with milder HF symptoms
[33-36].

The HF community naturally asked the next question: have we done enough to
repurpose previously discovered treatments targeting the ANS? Initial enthusiasm
for clonidine, a presynaptic alpha2 agonist that results in central inhibition of the
SNS, waned with the publication of the MOXCON study showing harmful effects
of its cousin, moxonidine, in HF patients [37, 38]. Animal studies of clenbuterol, a
combined betal antagonist and beta2 agonist with anabolic characteristics, have
been shown to exhibit beneficial effects on cardiac and myocyte remodeling as well
as myocyte function [39, 40]. This preceded attempts to repurpose this drug from its
initial indication for asthma toward a therapy for HF. In human HF, clenbuterol has
largely been investigated in conjunction with ventricular assist devices for myocar-
dial recovery, with promising preliminary results [40, 41]. However, trials have also
shown detrimental effects on endurance and exercise duration in HF patients and
use of this drug remains limited in HF [40, 42].

Subsequently, focus has shifted to non-pharmacologic, device-based strategies
directed at the ANS. To date, investigation of device therapies in HF has targeted
four ANS sites: (1) carotid baroreceptor stimulation, (2) vagal nerve stimulation, (3)
spinal cord stimulation, and (4) renal sympathetic denervation [37, 43].

Baroreceptor activation therapy (BAT) involves the stimulation of one or both
carotid sinuses resulting in inhibition of the sympathetic nervous system, predomi-
nantly studied in patients with resistant hypertension. In animal models of HF, BAT
has effected improvements in LVEF, LV remodeling, and survival [37, 44]. Human
studies are largely in their infancy with pilot data showing improvements in 6 min
walk distance and reductions in sympathetic nervous system activation and NT
proBNP levels [37]. These findings were recently confirmed in a multicenter, mul-
tinational randomized controlled trial [45]. Further trials of BAT in systolic and
diastolic HF are planned; development and study of minimally invasive endovascu-
lar implantation techniques are scheduled [46].

Like BAT, vagal nerve stimulation (VNS) is performed via surgical implantation
and has been used for epilepsy and depression treatment for decades [43]. More
recently, this method has been repurposed for HF with animal studies showing
improvement in LVEF, hemodynamics, arrhythmias, and survival [37, 43, 46]. Initial
studies in human HF have shown improvements in walk distance and quality of life
metrics with conflicting results in regard to cardiac remodeling [37, 47]. These prom-
ising results have led to the initiation of a large randomized clinical trial of VNS in
HF patients [43]. In addition, minimally invasive VNS has shown potential in pre-
clinical and pilot studies in both cardiac and noncardiac conditions [48, 49].

As with vagal nerve stimulation and BAT, spinal cord stimulation is surgically
implanted and has been used for peripheral vascular disease, angina, and chronic
pain [37]. Animal HF models have shown improved hemodynamics with decreased
afterload, lower blood pressure, as well as improvement in LVEF and reduction in
arrhythmias and levels of natriuretic peptides [37]. Small pilot studies in HF have
suggested improved quality of life, symptoms, peak oxygen consumption, and con-
flicting results on LV remodeling [43, 50, 51].
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The last of the four current treatments is renal sympathetic denervation (RSD),
currently the only one addressed by minimally invasive, nonsurgical methods. As
with BAT, RSD has been predominantly studied in resistant hypertension. The
enthusiasm generated from the immense success of initial RSD trials (SIMPLICTY-1,
SIMPLICITY-2) has been greatly curbed with the publication in 2014 of the nega-
tive results of the first blinded randomized control trial of RSD, SIMPLICTY-3
[52]. In HF, initial pilot and small randomized trial data have shown procedural
safety as well as improvement in symptoms, LVEF, and natriuretic peptide levels
with a trend toward a beneficial effect on HF hospitalizations [46]. Both animal and
human data exist showing improved natriuresis, hemodynamics, and left ventricular
functioning, diastolic dysfunction, as well as reduction in left ventricular hypertro-
phy, some of which appear to be independent of blood pressure effects [46, 53]. In
addition, preliminary data also suggest potential positive effects of RSD on insulin
resistance, glucose metabolism, arrhythmias, and obstructive sleep apnea, thereby
targeting some of the comorbidities and sequelae of HF [53].

Preclinical and clinical data strongly support a definite pathophysiologic mecha-
nism to validate the benefit of ANS modulation; preliminary data is intriguing. As
newer technologies evolve with transition away from surgical implantation to more
minimally invasive techniques, the improved safety profile could further tip the
scales toward therapeutic benefit. As Dr. Braunwald fittingly quoted Winston
Churchill in his call to arms in our war against heart failure, “Now, this is not the
end. It is not even the beginning of the end. But it is, perhaps, the end of the begin-
ning” [25]. Certainly, the utility of the current repurposed approach to the neural
pathways is an exciting topic for this publication.

References

1. Braunwald E. Regulation of the circulation (second of two parts). N Engl J Med.
1974;290:1420-5.

2. Braunwald E. Regulation of the circulation. I. N Engl J Med. 1974;290:1124-9.

3. Braunwald E, Chidsey CA. The adrenergic nervous system in the control of the normal and
failing heart. Proc R Soc Med. 1965;58:1063-6.

4. Eckberg DL, Drabinsky M, Braunwald E. Defective cardiac parasympathetic control in
patients with heart disease. N Engl J Med. 1971;285:877-83.

5. Cohn JN, Levine TB, Olivari MT, et al. Plasma norepinephrine as a guide to prognosis in
patients with chronic congestive heart failure. N Engl J Med. 1984;311:819-23.

6. Chidsey CA, Harrison DC, Braunwald E. Augmentation of the plasma nor-epinephrine
response to exercise in patients with congestive heart failure. N Engl J Med. 1962;267:650—4.

7. Thomas JA, Marks BH. Plasma norepinephrine in congestive heart failure. Am J Cardiol.
1978;41:233-43.

8. Levine TB, Francis GS, Goldsmith SR, Simon AB, Cohn JN. Activity of the sympathetic ner-
vous system and renin-angiotensin system assessed by plasma hormone levels and their rela-
tion to hemodynamic abnormalities in congestive heart failure. Am J Cardiol.
1982;49:1659-66.

9. Francis GS, Goldsmith SR, Cohn JN. Relationship of exercise capacity to resting left ventricu-
lar performance and basal plasma norepinephrine levels in patients with congestive heart fail-
ure. Am Heart J. 1982;104:725-31.



	Foreword
	Contents
	Part I: Current Heart Failure Therapies
	1: Introduction
	References

	2: Therapies in Heart Failure, Tomorrow May Be Too Late
	2.1	 The Heart Failure Pandemic and the “Halfway Technology” Swamp
	2.2	 Current Heart Failure Therapy: The Achievements of Yesterday, the Hurdles of Today
	2.3	 Heart Failure Therapy Tomorrow: Looking outside (Beyond) the Current Therapeutic Window
	References

	3: Atrial Fibrillation, Heart Failure, and the Autonomic Nervous System
	3.1	 Treatment of Atrial Fibrillation in the Heart Failure Population
	3.2	 Autonomic Nervous System and AF
	3.3	 Ganglionic Plexi: Autonomic Modulation in the Treatment of Atrial Fibrillation
	3.4	 Renal Denervation
	3.5	 Alternative Therapies for Neuromodulation
	 Conclusions
	References

	4: Current Therapies for Ventricular Tachycardia: Are there Autonomic Implications of the Arrhythmogenic Substrate?
	References


	Part II: The Autonomic Regulation and Dis-�regulation of the Heart: Pathophysiology in Heart Failure
	5: “The Autonomic Nervous System Symphony Orchestra”: Pathophysiology of Autonomic Nervous System and Analysis of Activity Frequencies
	5.1	 Introduction
	5.2	 Methodologies
	5.2.1	 General Considerations
	5.2.2	 Muscle Sympathetic Nerve Activity (MSNA)
	5.2.3	 Heart Rate Variability
	5.2.3.1	 Linear Analysis
	5.2.3.2	 Nonlinear Analysis
	5.2.3.3	 Symbolic Analysis


	References

	6: Autonomic Pathophysiology After Myocardial Infarction Falling into Heart Failure
	6.1	 Introduction
	6.2	 The History
	6.3	 Physiopathology of the Sympathetic Activation
	6.4	 Nerve Sprouting After Myocardial Injury
	6.5	 NGF Changes following an Ischemic Injury: From Short-­Term to Long-Term Events
	6.6	 From Acute Myocardial Injury to Chronic Heart Failure through Cardiac Remodeling
	6.7	 Molecular Pathophysiology of Cardiac Sympathetic Innervation
	 Conclusions
	References

	7: Cardiovascular Serenade: Listening to the Heart
	7.1	 Introduction
	7.2	 Heart Rate Variability
	7.3	 Intrathoracic Impedance Measurement
	7.4	 Implantable Hemodynamic Monitoring
	7.5	 CHAMPION Trial
	7.6	 CHAMPION Trial Results: Benefits of Listening to Central Hemodynamic Data
	 Conclusions
	References

	﻿8: Whispering During Sleep: Autonomic Signaling During Sleep, Sleep Apnea, and Sudden Death
	8.1	 �The Cardiovascular System and Sleep Architecture

	9: Cerebral Aging: Implications for the Heart Autonomic Nervous System Regulation
	9.1	 Central Control of Sympathetic Outflow
	9.2	 Gangliar Level Control
	9.3	 Nerve Ending Level: Presynaptic Control and Postsynaptic Signaling
	9.3.1	 Presynaptic Control
	9.3.2	 Postsynaptic Signaling

	9.4	 The Baroreceptor Reflex
	9.5	 Plasticity of the Autonomic Nervous System, the Role of Neurotrophins
	References


	Part III: Modulation of Autonomic Function in Heart Failure
	10: The Autonomic Cardiorenal Crosstalk: Pathophysiology and Implications for Heart Failure Management
	10.1	 Introduction
	10.2	 Measurements of Autonomic Nervous System Activity
	10.3	 Sympathetic Innervation of the Kidney
	10.4	 The Sympathorenal Axis in Heart Failure
	10.5	 Consequences of Congestion and Neurohormonal Activation in the Kidney and in Other Regional Circulatory System in the Abdomen
	10.6	 Autonomic Crosstalk in the Different Types of Cardiorenal Syndrome
	10.6.1	 Cardiorenal Syndrome Type 1
	10.6.2	 Cardiorenal Syndrome Type 2
	10.6.3	 Cardiorenal Syndrome Type 3
	10.6.4	 Cardiorenal Syndrome Type 4
	10.6.5	 Cardiorenal Syndrome Type 5

	10.7	 Non-pharmacological Modulation of the Autonomic Cardiorenal Crosstalk in Heart Failure
	10.7.1	 Renal Denervation
	10.7.2	 Vagal Nerve Stimulation
	10.7.3	 Carotid Baroreceptor Stimulation
	10.7.4	 Spinal Cord Stimulation
	10.7.5	 Developing Therapies

	 Conclusion
	References

	11: Vagal Stimulation in Heart Failure: An Anti-inflammatory Intervention?
	11.1	 Background Leading to Vagal Stimulation in Heart Failure
	11.2	 Experimental Studies on Vagal Stimulation
	11.2.1	 Arrhythmia Models
	11.2.2	 Ischaemia-Reperfusion Models
	11.2.3	 Heart Failure Models

	11.3	 Mechanism of Action of Vagal Stimulation
	11.4	 Inflammation in Heart Failure
	11.5	 Anti-cytokine Therapies
	11.6	 The Cholinergic Anti-inflammatory Pathway
	11.7	 Physiology of the Cholinergic Anti-inflammatory Pathway
	11.8	 Cholinergic Anti-inflammatory Pathway as Therapeutic Target
	11.9	 Cholinergic Anti-inflammatory Pathway and Inflammation in Heart Failure
	11.10	 Clinical Studies with Vagal Stimulation
	 Conclusions
	References

	12: Baroreflex Activation Therapy in Heart Failure
	12.1	 Background
	12.2	 The Baroreflex: A Primary Regulator of Cardiovascular Function
	12.3	 Baroreflex Activation Therapy (BAT)
	12.4	 Basic Science Supporting the Use of BAT in HF
	12.4.1	 Animal Studies
	12.4.2	 Human Studies
	12.4.3	 BAT and Blood Pressure in HF

	12.5	 Clinical Trials of BAT in HF
	12.5.1	 First-in-Man Experience with BAT in HFrEF
	12.5.2	 The Global Barostim HF Randomized Trial in HFrEF
	12.5.3	 BAT in HFpEF with Resistant Hypertension in the Rheos Pivotal Trial

	12.6	 Conclusions and Future Directions
	References

	13: Renal Reflexes and Denervation in  Heart Failure
	13.1	 Functional Anatomy of the Renal Nerves
	13.2	 Interventions that Reduce Renal Sympathetic Activation in CHF
	13.3	 Afferent Renal Nerve Activation in CHF
	13.3.1	 Renal Denervation Technique

	13.4	 Evaluation of Renal Denervation in CHF Patients
	13.5	 Heart Failure
	13.6	 Perspectives
	References

	14: Back to the Future


