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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.
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2.1 The Heart Failure Pandemic and the “Halfway
Technology” Swamp

Heart failure (HF) is a well-recognized, worldwide major and growing health prob-
lem. It is known to be the most common and the most socially and economically
expensive end product of several clinical conditions that are prevalent in Western
societies. Among the many disorders leading to HF are hypertension, chronic kid-
ney disease, diabetes, and, paradoxically, those cardiac diseases that have benefitted
most from recent treatments that have lowered mortality in patients with valve dis-
eases, congenital heart diseases, and acute myocardial infarction. Moreover, the
incidence of heart failure is intimately related to progressively increasing life expec-
tancy [1] that is the most relevant achievement of the unprecedented quality-of-life
improvement enjoyed by Western communities since the end of World War II.

Looking at the big picture, the HF pandemic is largely the result of what we
consider the milieu of “progress achievements” of medical science developed to
combat what are perceived as threats to our wellness and life.

Contemporary HF management has been established primarily on the basis of two
major driving concepts: first, quickly providing the evidence of a statistically signifi-
cant benefit over an end point that was considered clinically meaningful (survival, hos-
pitalizations, other events, etc.) and second, taking immediate economic advantage of
this evidence. Thus, it is not surprising that the approach we have had, thus far, in clini-
cal and experimental research and, in the end, in HF management, has been mainly
oriented to a number of mechanisms that were assessed as “running the wheel,” instead
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of making the effort to search for the real roots of heart malfunction, to develop a com-
prehensive approach to the issue, fighting the killer at its source. In this effort, we chose
the most immediate use of available tools in the way known as “halfway technology”
solutions. Those are technologies able to address disease manifestations and/or symp-
toms rather the underlying pathological mechanisms that start or perpetuate the disease
process [2]. With the exception of pharmacological neurohormonal inhibitors and
antagonists, treatment of heart failure has largely focused on the peripheral manifesta-
tions of the disease (e.g., fluid retention, peripheral vasoconstriction) or employed
pharmacological inotropes at high doses to improve contractility.

The use of inotropes in the treatment of advanced heart failure is an example of
the mistaken concepts we applied in managing advanced HF, until recent years.
While there is no doubt that decreased contractility is a central component of the
pathophysiology of heart failure, attempts to increase contractility with high doses of
agents shown to increase myocardial work have not proven to be safe. Perhaps, evi-
dence that the failing heart is an energy-starved pump helps to explain the failure of
these prior approaches to directly improve cardiac contractility. The concept was
described by analogy to the milk chariot pulled by an exhausted horse [3]. By whip-
ping the horse, we were just killing the animal sooner. Perhaps, newer investigational
drugs and devices, which appear to improve contractility without increasing myocar-
dial work or oxygen consumption, will finally get to this root of the HF problem.

Beyond decreased contractility, another central component of heart failure patho-
physiology is activation of various neurohormonal vasoconstrictor systems, includ-
ing the sympathetic and renin-angiotensin-aldosterone systems. On the basis of a
more complete understanding of the role of these systems in HF, the therapeutic
approach to HF fundamentally changed in the last 25 years. The introduction of
angiotensin-converting enzyme inhibitors (ACE I) and, later, of beta-blockers pro-
vided stunning evidence of the real potential for medical therapy of HF, at least in
its reduced ejection fraction form. The combined action of these pharmacological
neural modulators impressively decreased the overall mortality in HF by more than
40 % [4]. These drugs provided most of their benefit by halting the ventricular
remodeling and then promoting and consolidating the reversion of this remodeling
process both at structural and molecular level, thus reaching the goal of restoring a
more efficient heart phenotype, in appropriated cases, by coupling neurohormonal
drugs with resynchronization therapy, an almost 60 % decrease of overall HF mor-
tality [4] had been obtained, an achievement that so far has not been matched by any
other chronic deadly disease! However, despite this good news, recent large and
long-term studies on HF patients who received, on top of optimal pharmacological
treatment, the state-of-the-art device therapy reveals a prevailing mortality after a
time frame of about 15 years [5]. This observation represents a painful alert that
there is more work to be done in improving outcomes in HF patients.

2.2  Current Heart Failure Therapy: The Achievements
of Yesterday, the Hurdles of Today

This point is well addressed by challenging the survival gain achieved by the intro-
duction of optimal medical therapy in different HF stages as addressed in multiple
HF-controlled trials.
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As we have highlighted already, the major achievement in the past was
obtained by neurohormonal drugs that primarily counteract the cardiac and end-
organ consequences of inappropriate sympathetic nervous system activation.
The outstanding benefit in HF outcome has been mostly achieved by adding
ACE 1 to beta-blockers that are able to withdraw or block the inappropriate
overstimulation of cardiomyocyte beta-receptors by the excess of cardiac tissue
(interstitial) noradrenaline [6, 7]. It is noteworthy that among the adrenergic
receptor subpopulations (Betal, Beta2, Alphal, Alpha2) that are on the cardiac
cell surface, the massive contribution (up to 90 %) to the myocardial dysfunc-
tion is generated by the signal alteration provided through the overstimulation
of Betal receptors [8].

Two considerations then come up. First, in targeting the consequence of sympa-
thetic overactivity, we are on the right track. Second, we have been able to just
partially antagonize the deleterious effects of sympathetic activation, without ade-
quately attacking the underlying mechanisms responsible for it. The excess of
sympathetic activation in HF, indeed, is ignited by pump failure, but soon, it is
maintained and enhanced by multiple scattered neural responses that take place in
the cardiorespiratory system under control of the brainstem and involving its spe-
cific activity [9]. The matter of fact is that we have not yet been able to implement
an effective control of the whole autonomic nervous system that is primarily
designed to balance the body’s circulation and regulate fluid volume and blood
pressure.

This sobering limitation is well addressed by observing the survival gain limi-
tations that we can obtain adding the state-of-the-art therapy in HF subpopula-
tions with progressive disease staging. Despite the fact that the HF populations
enrolled in the controlled trials are not entirely comparable on the basis of screen-
ing criteria, some hard data cannot be missed. For instance, looking at the mortal-
ity in the treated arm of a pivotal beta-blocker study, the MERIT HF (Metoprolol
CR/XL Randomised Intervention Trial in Congestive Heart Failure), metoprolol
succinate was able to reduce the overall mortality from 11 to 7 % per year [10] and
comparable results were achieved in the CIBIS II study (Cardiac Insufficiency
Bisoprolol Study II) [11]. Notably in both studies, the prevailing NYHA func-
tional class in the enrolled patients was predominantly stable classes II-III and
mean left ventricular ejection fraction (LVEF) in the range of 28 %. Thus, mortal-
ity in mild-to-moderate heart failure remains unacceptably high, even in patients
on beta-blockers.

Switching to a more advanced HF population with lower left ventricular ejection
fraction and/or a recent HF hospital admission in the COPERNICUS (Carvedilol
Prospective Randomized Cumulative Survival Study) study population [12],
carvedilol administration decreased the annual mortality from 18.5 to 11.4 % per
year, a figure that resembles the mortality in the MERIT HF and the CIBIS II studies
control arms. This limit of pharmacological therapy is confirmed and someway
stressed looking at the Cardiac Resynchronization—Heart Failure (CARE-HF) trial
[13]. In the study by adding the wide QRS (in the average 160 msec) to the patient
selection criteria (that otherwise closely resemble the selection criteria of MERIT
HF and CIBIS II studies but with the addition of an extensive adoption of beta
blocker therapy) had a mean LVEF 25 % at enrollment and an annual mortality rate
up to 30 % that dropped to 20 % in the resynchronization arm. The figure closely
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mirrors mortality figure observed in COPERNICUS control arm, i.e., in HFrEF
patients not treated with beta-blockers [12] (Fig. 2.1).

Similarly, the implantation of a lifesaving implantable cardiac defibrillator
(ICD) following the Multicenter Automatic Defibrillator Implantation Trial
(MADIT) criteria does not complete the course of HF therapy as many expected.
Adequate prevention of sudden death, indeed, dropped overall mortality of 5.6 %,
but, after the effective delivery of the defibrillation therapy, the disease paradoxi-
cally progresses [14].

After reputed experts trumpeted outstanding success in HF management, the
crude data confirm we are just able to curb disease progression in a portion only of
the HF population, but we are unable to fully reverse and definitively cure the dis-
ease. More dangerously, we are still led by some misleading concept in daily prac-
tice. It is the case of how acute HF management is currently widely performed.
After the abrupt development of symptoms driven by lung congestion in the vast
majority of cases, indeed, diuretic drugs remain the pivotal therapy [15].

One year mortality before-after treatment in several pivotal HF trials "
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Fig. 2.1 Progressive decrease of overall yearly mortality in successive heart failure (HF) trials,
where beta-blockers (beta Bl) [12—14] and, later, cardiac resynchronization therapy (CRT) [15]
were tested. Notably, over the course of time, the selected HF populations had progressively more
severe disease (this was based on patient selection criteria and confirmed by the worse one-year
mortality). The key information stands in the fact that, over time, each treatment was able to step
back the patient study outcome to the one-year mortality observed in the control arm included in
the precedent study
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Physicians persist in staggering diuretic drug dosing despite they know conges-
tion is the consequence of a number of failures that overrun compensatory mecha-
nisms of the whole cardiovascular setting. Common knowledge addresses that
despite dyspnea is driven by lung congestion, it is a flashing signal of the inadequate
pump function that critically pounds kidney perfusion. In the effort to provide rapid
relief to the patient’s dyspnea, that is poorly treated by rapid diuresis [16], doctors
often increase diuretic dose over-sighting that kidney function can deteriorate [17]
and that this consequence will decrease drug efficacy [18], worsening patient out-
come [19].

On note, the critical balance between the kidney perfusion and the blood pressure
becomes a crucial factor in the advanced HF, when even a modest reduction of sys-
tolic blood pressure runs disproportionate fall in the renal performance (Fig. 2.2) [20].

These data, collected in an advanced HF population of the CONSENSUS
(Cooperative North Scandinavian Enalapril Survival Study) trial, address the rela-
tionship between blood pressure and kidney function and may become the critical
crossover between therapy benefit and therapy adverse events.

This is because renal dysfunction, per se, plays a direct role in the development
and progression of HF and the majority of patients hospitalized for acute decompen-
sated HF have been shown to have already some degree of renal dysfunction [21].

More importantly, renal failure is a more powerful predictor of HF outcome than
pump performance indexes like LVEF [22].
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Fig.2.2 The tight relationship between arterial pressure and renal failure is clearly highlighted by
the CONSENSUS study data. When arterial pressure falls below a threshold value, kidney function
strikingly worsens. In this figure, the mean arterial pressure fall from 90 to 80 mmHg serum leads
to a creatinine increase of 100 % from [20]
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Physicians are frequently blurred by patient symptom and they do not mind the
underlying pathophysiological key of the disease: the arterial vasculature under-
filling. The main consequence of poor cardiac performance, indeed, is the low car-
diac output that decreases the kidney perfusion in order to spare the heart and the
brain circulation, thereby disproportionately decreasing the renal fraction of cardiac
output [23].

One critical consequence of the greater imbalance in renal perfusion is the con-
sequent disproportionate enhancement of renal sympathetic afferent/efferent nerve
activity that results in marked increases in renal norepinephrine spillover, with a
sympathetically mediated increase in plasma renin activity [9, 23].

In addition to efferent sympathetic activation, activation of renal sensory nerves
in HF may cause a reflex increase in sympathetic tone that contributes to the pro-
gression of HF by targeting the function of other end-organs, namely, heart and
vessels, including venous capacitance in the splanchnic organs [24, 25].

Loop diuretics currently administered in order to clear off fluid volume overload
act as a double-edged sword. On one side, they increase water and sodium excretion
slowly providing congestion relief [26], but on the other, they promote hypoosmotic
diuresis contributing to the water/sodium plasma unbalance [27].

Such an unbalance and fluid loss will eventually have consequences on cardiac
output and renal perfusion [17]. This unbalance will indeed create the optimal con-
dition for a vicious circle leading to a further augmentation of the sympathetic/
renin-angiotensin system activation with obvious further detrimental consequences
on renal perfusion [28] and ultimately in HF outcome. This is the pathophysiology
underlying the dramatic negative prognostic consequence of high loop diuretic daily
dose [29] and it becomes one more killer in face of the re-uprising of life losses.

More recently, in the effort of improving the patient outcome, several random-
ized controlled studies have been performed testing plasma concentration of varia-
tions of B-type natriuretic peptide (BNP) or of its amino-terminal metabolic product
N-terminal-proBNP (NT-proBNP) as a specific guide for up-titration of neurohor-
monal drugs and optimization of loop diuretics [30].

Only in the ProBNP Outpatient Tailored Chronic HF Therapy (PROTECT trial)
NT-proBNP—guided care was associated with a significant reduction in total cardio-
vascular (CV) events, including worsening heart failure (HF), hospitalization for
HF, and CV death. The overall mortality reduction reached almost the statistical
significance in patients younger than 75 years but failed to add benefit in the older
population [31]. These results should not discourage an appropriate use of biomark-
ers to optimize lifesaving therapies but do emphasize the need for a better under-
standing of individual variables that really count in the setting of HF.

In the attempt to turn the tide, today, we can implement sophisticated technolo-
gies in treatment of selected cases, such as left ventricular assist devices (LVADs).
Those technologies are now a suitable option in experienced HF centers since they
displayed impressive implementation involving size, weight, dependability, durabil-
ity, and implant technique. Skill of surgery team, patient selection criteria, device
selection, post-implant patient management, and education are also much improved.
Nevertheless bad news are raining again on the end of the story, LVAD chance is
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most linked to the therapy cost and its burden remains far from a fair cost-
effectiveness balance [32].

Moreover, given the need of a major surgical approach and of the complex post-
operative management, this sophisticated high-cost “halfway technology” therapy
remains, so far, an option only for a tiny minority of patients. The vast majority of
those who experience progressive worsening of HF symptoms are old and/or they
cluster a number of comorbid conditions (more than three in the average [33] that
prevent them to be the ideal LVAD candidates). In the largest advanced HF popula-
tion, the current prospective remains bleak. The costs due to increased physician
visits, hospital admissions, and the extensive need of intensive care units may lead
to a figure that is twice as much the need run by other chronic medical conditions
[34], adding concerns to its sustainability for even wealthy health-care systems. The
apparently never-ending question is: what are we missing, hitherto, in targeting HF
outcome?

2.3  Heart Failure Therapy Tomorrow: Looking
outside (Beyond) the Current Therapeutic Window

All the therapies that proved to be effective in prolonging HF survival consistently
proved to turn down the overexpressed sympathetic-excitatory activity as a primary
consequence of pump dysfunction. This is not the only relevant aspect to keep in
mind. What we frequently overlook is the pivotal contribution of the autonomic
nervous system in maintaining the cardiocirculatory balance by the continuous bal-
ancing of its two opposite neuromodulatory systems: the sympathetic or adrenergic
system and the parasympathetic or vagal system.

On note, the increased sympathetic activation is coupled to the concomitant, pro-
portional decrease of the counterbalancing vagal nerve activity [35]. This is a criti-
cal element for understanding the complex interplay of neurohormonal changes we
have learned, since the beta-blocker saga: the autonomic disarray must be stopped
and, ideally, reversed.

An intriguing aspect of what we define as autonomic unbalance might reflect the
progression of an inherited condition. The findings by Jouven [36] were obtained in
a large cohort of persons without history of heart disease and highlighted that the
individual heart rate profile during exercise and recovery is an important predictor
of sudden death even prior to the time when ischemic heart disease becomes evident
and symptomatic. Heart rate responses to exercise are under the control of the auto-
nomic nervous system; these data support the concept that the abnormal response of
autonomic balance may precede manifestations of cardiovascular disease and may
provide relevant information for early identification of persons at high risk for sud-
den death.

Data from various studies link increased risk of sudden death to increased sym-
pathetic activity and concomitant decreased vagal activity [36-39]. Very impor-
tantly, the autonomic imbalance that marked the population at risk in Jouven’s study
is expressed not only by the decreased vagal activity with a higher heart rate at rest
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and with a lower heart rate recovery but also by lower sympathetic response under
effort with an inadequate heart rate increase. Therefore, it means the occurrence of
autonomic impairment involves both sides of the system and this is something we
did not expect. As addressed by the authors, the association between altered heart
rate responses during exercise and sudden cardiac death without associated non-
sudden death from myocardial infarction (MI) suggests this risk factor is linked
with a specific cardiac arrhythmia susceptibility and it does not reflect the athero-
sclerotic process. It is consistent with the notion that autonomic imbalance is a
predisposing factor to life-threatening arrhythmias beyond the critical contribution
of the well-known traditional risk factors. Therefore, it is not surprising that the
imbalance, highlighted by the decreased heart rate variability and by the impaired
baroreflex response, is a well-recognized indicator of a high risk for sudden death
after MI [40], but intriguingly, it becomes a marker of the overall risk of death in HF
patients [41] and, despite beta-blocker therapy, can predict overall outcome; the
lack of baroreflex sensitivity provides comparable prognosis deterioration even in
the treated population [42].

This is a relevant framework of HF that reveals how important is the cardiac
substrate in determining the double-edged action of autonomic imbalance on sud-
den death and on HF death. Thus, the current understanding of autonomic reflex
control in HF is that in the early stage of the HF syndrome and as long as the hemo-
dynamic balance is maintained, sympathetic afferent information is the critical
determinant of the effective vagal contribution to the autonomic cardiac control.
However, at the time when the mechanical deterioration progresses toward the end
stage of the syndrome, the humoral adrenergic signaling becomes so prevalent to
offset the afferent contribution from the dying heart, leading at the end to affect both
modes of HF mortality, sudden and progressive pump failure [39].

It is worth noting that all therapies that proved to be effective on prolonging HF
survival restore, to some extent, the baroreceptor competence. This beneficial
effect was proved to be present after administration of beta-blocker, after resyn-
chronization therapy and after heart transplantation [42-44]. The finding after
heart transplantation is somewhat amazing as the effect is run only by the hemo-
dynamic balance restoration via replacement of the innervated failing heart with a
well-performing denervated heart [44]. The conclusion we can draw is that resto-
ration of normal pump performance is able to reset the autonomic system function
while autonomic impairment elicited by pump failure can further derange the
cardiac performance and the hemodynamic imbalance. Thus, short of replacing
the failing heart with a new one, how can we further improve the autonomic
imbalance of HF?

It seems reasonable to look at the sympathetic system as the driver of HF disease
progression.

Various approaches to modulating the autonomic nervous system have been
investigated in order to tap down the excess of sympathetic activation and/or
enhance vagal activity. One approach is via renal denervation, which has been
hypothesized to decrease the avid sodium and water retention that takes place along
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the nephron tubule as soon as the kidney flow is decreased in HF. This notion is
being tested in ongoing and future research.

Another approach to neuromodulation in HF is to stimulate the peripheral vagal
nerve to override the excessive sympathetic drive. The approach has been tested in
several studies, but conflicting results have been generated [45—47], addressing the
need for more appropriate study design and size and for a better understanding of
the “dose ranging” of vagal nerve stimulation. In this regard, with vagal nerve stim-
ulation, it remains a challenge to find the level of appropriate stimulation to recruit
efferent fibers with proactive action and contemporaneous recruitment of the affer-
ent vagal component that has inhibitory effect on sympathetic nerve activity [48].

Another perhaps more physiological approach to neuromodulation in HF may be
accomplished by stimulating the baroreceptors that are specifically designed to
increase vagal output and inhibit the overall sympathetic drive, acting via afferent
neural pathway from the baroreceptors to the central nervous system. This approach
may allow a truer rebalancing of the autonomic nervous system. These barorecep-
tors are located in the atrial wall at the junction with pulmonary veins, in the aortic
arch, in the glomerular apparatus, and at the bifurcation of carotid vessels in the
carotid sinus. They have a common specific action: to turn down sympathetic activ-
ity while turning up vagal activity. The application of this approach via an implanted
neurostimulator has been termed baroreflex activation therapy (BAT).

Baroreflex activation therapy has been successfully tested in refractory hyperten-
sive patients on top to optimized medical treatment, providing effective blood pres-
sure lowering in long-term follow-up [49]. Of interest, in the treated subpopulation
that underwent echocardiographic assessment, positive structural change of the
heart has been documented. Specifically, an impressive 18 % reduction of left ven-
tricular mass was seen in association with a highly significant decrease of systolic
and diastolic blood pressure [50].

These findings suggest that BAT can be effective in treatment of HF patients,
through its effects on the heart and on peripheral mechanism common to hyperten-
sion and HF. The possible positive effects of BAT in HF have been demonstrated by
the persistence of decreased sympathetic activation in a prolonged follow-up of a
small advanced HF population (9 patients) that received BAT. In this study group,
muscle sympathetic nerve activity (MSNA) dropped significantly after 3 and 6
months from starting of the therapy and remained unchanged at an average follow-
up of 21 months. The MSNA decrease was coupled with a highly significant
decrease in the number of days spent by each patient in the hospital in comparison
to the one year before BAT [51].

More recently, a randomized controlled trial was completed in 140 NYHA class
IIT reduced ejection fraction HF patients receiving optimal HF drug and electro-
physiological device therapies (OMT) alone (N=69) versus OMT plus BAT (N=71)
[52]. Patients assigned to BAT, compared with control group patients, experienced
improvements in the distance walked in 6 min (59.6+14 m vs. 1.5+13.2 m;
p=0.004), quality-of-life score (—17.4+2.8 points vs. 2.1+3.1 points; p <0.001),
and NYHA functional class ranking (p=0.002 for change in distribution). BAT
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Table 2.1 Prominent clinical, biochemical variables changes in baroreflex activation therapy for
treatment of heart failure with reduced ejection fraction pivotal study (for details see text) [52]

Variable Change P value
Heart failure hospitalizations days | From pre to post in BAT patients 0.08
per year -6.28+2.7
BAT vs. OMT
NYHA f. class
Improved % 5vs. 24
Stable % 67 vs. 42 0.002
Worsened % 3vs.9
BAT vs. OMT -17.4+2.8 <0.001
MLWHF QoL score Vs.

2.1+3.1
BAT vs. OMT 59.6+14 0.004
6-MHD (m) vS.

1.5+13.2
NT-proBNP (pg/ml) From pre to post in BAT patients —342 0.026

BAT baroreflex activation therapy, OMT optimal medical therapy, MLWHF QoL score Minnesota
living with heart failure quality of life score, 6-MHD 6-minute hall distance, NT-proBNP N termi-
nal pro brain natriuretic factor
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Fig. 2.3 Effect of BAT on blood pressure in heart failure patients with reduced ejection fraction.
DBP diastolic blood pressure, Med Mgmt medical management, PP pulse pressure, SBP systolic
blood pressure. Baroreflex activation therapy (BAT) significantly increased systolic blood pressure
(BP) (a) and pulse pressure (b), with no effect on diastolic BP. In contrast, there were trends toward
decreasing systolic BP and pulse pressure in the control group (Reproduced with permission from

[52)

significantly reduced N-terminal pro-brain natriuretic peptide (p=0.02) and was
associated with a trend toward fewer days hospitalized for HF (p=0.08) (Table 2.1).
In addition, BAT significantly increased systolic blood pressure and pulse pressure
(Fig. 2.3), correlates of improved survival in HF. Finally, BAT was shown to be safe
in this patient population.

These study results support a large multicenter controlled trial focusing on BAT
effect in reducing morbidity and mortality in advanced HF patients.
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Omeed Zardkoohi, Gino Grifoni, Luigi Padeletti,
and Alexandru Costea

In 1628, William Harvey described the importance of the auricle during the motion
of the heart: “First the auricle contracts, and this force the abundant blood it con-
tains as the cistern and reservoir of the veins, into the ventricle. This being filled, the
heart raises itself, makes its fibers tense, contracts, and beats. By this beat it at once
ejects into the arteries the blood received from the auricle.” Three centuries later,
Gesell described the association between atrial fibrillation and a drop in the arterial
pressure, further describing that the blood pressure effects were reversed with resto-
ration of sinus rhythm [1] (Fig. 3.1).

Atrial fibrillation (AF) affects more than 2 million patients in the United Sates,
and the prevalence will continue to increase as the population ages [2]. Atrial fibril-
lation and heart failure have an intimate and bidirectional relationship: atrial fibril-
lation exacerbates heart failure, and heart failure increases the risk of atrial
fibrillation. Many of the risk factors for atrial fibrillation such as diabetes, hyperten-
sion, and coronary artery disease are common risk factors for heart failure [2]. In a
study by Wang et al., 1470 patients were followed for 5.6 years after atrial fibrilla-
tion diagnosis, and 4.2 years after heart failure diagnosis, finding that 42 % of
patients with AF developed or had congestive heart failure (CHF), and 41 % of CHF
patients developed AF. In addition, the prevalence of AF increases with advancing
New York Heart Association (NYHA) functional class, from <10 % in NYHA Class
Ito 50 % in those with NYHA functional Class IV [3, 4].
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Fig.3.1 Gesell’s description of the association between atrial fibrillation and a drop in the arterial
pressure

Numerous clinical trials have demonstrated that AF increases mortality in
patients with heart failure. For instance, in the SOLVD trial, patients with AF had
higher mortality than patients with sinus rhythm at baseline (34 % vs. 23 %; p
<0.001), even after adjusting for clinical parameters such as left ventricular ejection
fraction (LVEF), NYHA functional class, and age [5].

Beneath the surface of the epidemiological relationship, translational experi-
ments have elucidated the direct relationship between elevated atrial pressure and
the threshold for AF initiation. Increased atrial pressure not only reduces the atrial
effective refractory period but also increases the dispersion of atrial refractoriness
[6]. These two factors work in concert to promote a substrate for AF inducibility
and sustainability.

Atrial fibrillation leads to several physiological consequences: loss of atrial sys-
tole, irregular ventricular rhythm, increased ventricular rate, and loss of physiologi-
cal control of the heart rate. These physiological changes during atrial fibrillation
underlie the clinical effects, such as reduced cardiac output, exacerbation of diastolic
and systolic heart failure, imbalance between myocardial oxygen supply and demand
as a result of impaired coronary perfusion and reduced exercise capacity [2].

Pardeans et al. demonstrated that AF is associated with a 20 % lower peak VO,
in heart failure patients, highlighting the importance of maintaining cardiac output
and exercise performance in patients with impaired ventricular function [7].

Naturally, the relationship between AF and CHF is far more complex than sim-
ply pressure overload-induced electrical changes. A schematic representation of the
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complex and multifaceted relationship between the pathophysiology of AF and
CHF was elegantly described by Maisel et al. [2]. Heart failure leads to volume and
pressure overload, irregular ventricular filling, neurohormonal activation, atrial
enlargement, atrial interstitial fibrosis, calcium dysregulation, and altered atrial
electrical properties, all of which promote atrial fibrillation. In terms of fibrosis, it
has been noted on histological studies that it is mostly distributed in the posterior
wall, has a direct correlation with fractionated potentials found during mapping and
ablation while the dominant frequency is lower with a higher organizational index
[3]. The location of fibrosis has a major impact in techniques of AF ablation in CHF
patients as illustrated later. Atrial fibrillation leads to cellular and extracellular
remodeling, loss of AV synchrony, rapid ventricular response, and lower cardiac
output, promoting heart failure [2, 8] (Fig. 3.2).
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Fig. 3.2 There are multiple facets underlying the common pathophysiology of heart failure and
atrial fibrillation. Heart failure leads to volume and pressure overload in the atrium and ventricle.
This leads to neurohormonal activation, promoting interstitial fibrosis, atrial chamber enlargement,
and endothelial dysfunction, which can alter atrial refractory properties and lead to atrial fibrilla-
tion. Atrial fibrillation leads to loss of atrioventricular synchrony, rapid ventricular response, and
variable R-R intervals, which thereby promote heart failure. This can lead to a vicious cycle in
which heart failure begets atrial fibrillation, and atrial fibrillation begets heart failure (center panel)
(Reproduced with permission from [2])
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One of the important links between AF and CHF is the upregulation of the neu-
rohormonal system. Neurohormonal activation is a well-established consequence of
heart failure and represents the most important target of pharmacotherapy.
Angiotensin II, a critical octapeptide hormone of the renin-angiotensin-aldosterone
cascade, can cause increased extracellular matrix fibrosis, which can alter atrial
conduction properties and refractory periods, predisposing to the development of
atrial fibrillation [9].

3.1 Treatment of Atrial Fibrillation in the Heart Failure
Population

Having the pathophysiologic changes in mind, it is obvious that optimal medical
therapy for heart failure may also help improve atrial fibrillation, including the use
of medications targeting the renin-angiotensin-aldosterone pathway. For example,
angiotensin-converting enzyme inhibitors (ACE-I), a mainstay of afterload reduc-
tion in heart failure, have been shown to reduce atrial fibrillation risk in heart failure.
Clinical studies and pathological correlation demonstrate that ACE inhibition may
help decrease left atrial fibrosis and the risk of AF recurrence after cardioversion
[10]. In addition, angiotensin receptor blockade has also been shown to reduce the
incidence of atrial fibrillation in patients with heart failure [11].

Beta-blockers, another mainstay of pharmacotherapy for heart failure, improve
atrial fibrillation as well. In a meta-analysis of seven studies including 11,952
patients receiving angiotensin-converting enzyme inhibitors, treatment with beta-
blockers was associated with 27 % relative risk reduction in the incidence of AF
(RR 0.73, 95 % CI:0.61-0.86, p=0.001) [12].

Given the increased morbidity and mortality associated with growing epidemic
of both heart failure and atrial fibrillation, it is of particular scientific and clinical
importance to find optimal treatment strategies. For atrial fibrillation treatment,
these can be divided into two main categories: rate control or thythm control.

Rate control entails medical therapy for suppression of rapid ventricular response,
or can involve, in some cases, atrioventricular node ablation and pacemaker
implantation.

Rhythm control includes antiarrhythmic drugs and ablation of atrial fibrillation.
The optimal strategy has been the subject of numerous clinical trials in the atrial
fibrillation population at large, as well as in the subgroup of patients with heart
failure.

The presence of systolic heart failure renders the treatment pharmacological strat-
egies with rate control or rhythm control more complex. Systolic heart failure, for
example, precludes the use of certain antiarrhythmic medication, such as Class Ic
drugs (flecainide and propafenone), that may have a negative inotropic effect. In
addition, rate control medications may be limited by poor tolerance and hypotension.
Several clinical trials in the atrial fibrillation population at large have failed to show
benefit of rhythm control over rate control. For instance, the AFFIRM trial compared
rate control strategy with a rhythm control strategy. In the trial, 4060 patients were
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enrolled and randomized to either rate control (digoxin, beta-blocker, diltiazem,
verapamil) or rhythm control (most commonly amiodarone and sotalol). At 5-year
follow-up, the mortality rate in the rhythm control arm vs. the rate control arm was
23.8 % vs. 21.3 %, respectively, HR 1.15 (95 % CI 0.99-1.34; P=0.08) [13].

Therefore, a rhythm control strategy showed no benefit over a rhythm control
strategy, and there was a nonsignificant trend toward increased mortality in the
rhythm control arm. Of note, the increased mortality in the antiarrhythmic group
was due to increased frequency of malignancies, unlikely related to medications,
but rather a possible coincidence.

As aresult of the AFFIRM trial, it was thought that the clinical benefit of restor-
ing sinus rhythm is typically offset by the negative side effects of antiarrhythmic
drugs. It is important to recognize that the AFFIRM trial was performed in the early
era of ablation, and therefore, a very small proportion of patients received catheter
or surgical ablation for atrial arrhythmia (total of 18 patients). Finally, a minority of
the patients in AFFIRM had depressed left ventricular function and/or advanced
NYHA Class, making it difficult to extrapolate these findings to patients with sys-
tolic heart failure.

Additional studies aimed to answer this question and included the Pharmacological
Intervention in Atrial Fibrillation (PIAF), How to Treat Chronic Atrial Fibrillation
(HOT CAFE), and Strategies of Treatment of Atrial Fibrillation (STAF). These tri-
als had similar findings that thythm and rate control strategies were equivalent,
although a high proportion of patients in the rhythm control arms did not maintain
sinus rhythm long term [8].

Because the rhythm control arm of the AFFIRM trial had a low proportion of
patients maintaining sinus rhythm, a subsequent study analyzed the subgroup of
patients who maintained sinus thythm, using an on-treatment analysis. Interestingly,
covariates that were associated with improved survival include maintenance of
sinus rhythm (HR 0.54, 95 % CI1 0.42-0.70, P <0.0001) and warfarin use (HR 0.47,
95 % C10.36-0.61, P <0.0001) [14].

However, it is possible that sinus rhythm was simply a confounder for a healthier
patient population. Consistent with prior studies, antiarrhythmic drug use was asso-
ciated with increased mortality [14]. It is also important to recognize that patients
with highly symptomatic atrial fibrillation would not likely be randomized to such
clinical trials or alternatively would have typically crossover from the rate control to
the rhythm control arms. The Atrial Fibrillation and Congestive Heart failure
(AF-CHF) trial sought to examine the rhythm vs. rate control question in the heart
failure population. In this multicenter, randomized trial of patients with left ven-
tricular ejection fraction of 35 % or less and AF, there was no difference in cardio-
vascular mortality between the rhythm control group and the rate control group
(27 % vs. 25 %, respectively (HR 1.06; 95 % CI 0.86-1.30; P=0.59) [15].

In addition, there was no significant difference between the groups with regard to
death from any cause, stroke, or worsening heart failure. The vast majority of the
patients in the rhythm control arm were taking amiodarone, and maintenance of
sinus thythm was roughly 80 % in the rhythm control arm. The proportion of
patients in the rhythm control group requiring hospitalization was higher than the
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rate control group, which was statistically significant in the first year, likely due to
the need for repeat cardioversion or medication adjustments (46 % vs. 39 %,
P=0.001). However, patients did not undergo catheter ablation of atrial fibrillation
as part of the rhythm control strategy. Therefore, the AF-CHF study extends the
findings of AFFIRM to the systolic heart failure population, showing no benefit of
a rhythm control strategy over a rate control strategy [8, 14].

A relatively newer Class III agent, dofetilide, was approved by the FDA in 1999
and today is one of the cornerstones of antiarrhythmic drug therapy in patients with
systolic heart failure. This medication requires inpatient loading of the medication
for close QT interval and arrhythmia monitoring. In the DIAMOND congestive
failure substudy, dofetilide was more effective than placebo in maintaining sinus
rhythm in patients with AF and heart failure (79 % with dofetilide versus 42 % with
placebo P=0.001) and also reduced the hospitalization rate for heart failure [16].

While prior trials of AAD and heart failure show a signal for increased mortality
or heart failure, the DIAMOND substudy showed no effect on all-cause mortality;
restoration and maintenance of sinus rhythm was associated with a reduction of
mortality (RR 0.44, 95 % CI 0.30-0.64; P <0.0001), consistent with the AFFIRM
substudy described above. The risk for torsade de pointes (TDP) among patients
treated with dofetilide was relatively small, 2.1 %. Independent predictors of the
development of Tdp were female gender, NYHA Class III/IV, and higher QTc [17].

Finally, in an observational study assessing the effects of CRT and AV node ablation
vs. CRT and rate control in patients with atrial fibrillation, CRT and AV node ablation
was associated with a ninefold lower heart failure mortality compared to patients with
AF who were received CRT and rate control medications only. This was thought to be
due to “complete” heart rate control and hence maximal CRT benefit [18].

Based on our current knowledge, it appears that the benefits of sinus rhythm may
be neutralized by the negative effects of antiarrhythmic medication is a recurrent
theme of debate in the rate vs. rhythm control. In addition, antiarrhythmic drugs do
not have high efficacy in the long term, the options of drugs are limited, and the side
effects can be considerable.

Catheter ablation for AF has rapidly been recognized as a highly effective treatment
option for AF that is refractory to pharmacological therapy. Many patients undergoing
successful ablation may cease their antiarrhythmic medication, avoiding then the
potential negative side effects encountered with long-term use. Catheter-based AF
ablation is focused not only on pulmonary vein isolation but also associated additional
linear ablation or complex fractionated electrogram ablation in patients with CHE, as
these patients typically have a different mechanism of atrial fibrillation. While in par-
oxysmal atrial fibrillation it has been recognized that pulmonary vein foci are the main
triggers, in persistent AF usually associated with CHEF, there are additional substrates
for AF — posterior wall fibrosis, foci outside the pulmonary veins, and extensive scar-
ring in the left atrium. A newer technology, cryoballoon ablation for pulmonary vein
isolation, has also recently been approved and is also widely being used clinically;
however, its utility in persistent AF and CHF remains to be determined.

In radiofrequency catheter ablation, various lesion sets and techniques have been
applied [19] (Fig. 3.3).
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Fig. 3.3 Schematic of common lesion sets employed in AF ablation. A: The circumferential abla-
tion lesions that are created in a circumferential fashion around the right and the left PVs. The
primary endpoint of this ablation strategy is the electrical isolation of the PV musculature. B: Some
of the most common sites of linear ablation lesions. These include a “roof line” connecting the
lesions encircling the left and/or right PVs, a “mitral isthmus” line connecting the mitral valve and
the lesion encircling the left PVs at the level of the left inferior PV, and an anterior linear lesion
connecting either the “roof line” or the left or right circumferential lesion to the mitral annulus
anteriorly. A linear lesion created at the cavotricuspid isthmus is also shown. This lesion is gener-
ally placed in patients who have experienced cavotricuspid isthmus-dependent atrial flutter clini-
cally or have it induced during EP testing. C: Similar to 3B but also shows additional linear ablation
lesions between the superior and inferior PVs resulting in a figure of 8 lesion set as well as a pos-
terior inferior line allowing for electrical isolation of the posterior left atrial wall. An encircling
lesion of the superior vena cava (SVC) directed at electrical isolation of the SVC is also shown.
SVC isolation is performed if focal firing from the SVC can be demonstrated. A subset of operators
empirically isolates the SVC. D: Some of the most common sites of ablation lesions when complex
fractionated electrograms are targeted (these sites are also close to the autonomic GP) (Reproduced
with permission from [18])
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Several studies have been performed to evaluate the benefits of AF ablation in
the systolic heart failure population.

In a small study of patients with atrial fibrillation and systolic heart failure (mean
EF 42 %), atrial fibrillation ablation increased LVEF from 42 % +/-9 % to 56+/-8 %,
(P <0.001) [20] (Fig. 3.4).

In another study, 58 patients with LVEF <45 % and NYHA Class II or higher
underwent catheter-based radiofrequency ablation; maintenance of sinus rhythm
was associated with significant improvement in LV function, exercise capacity, and
quality of life [21]. The improvement in EF was highest in patients with inadequate
rate control before the ablation (244/-8 %), highlighting the potential role for
tachycardia-mediated cardiomyopathy in this population. The majority of patients
remained in sinus rhythm at the 12 months follow-up (69 % without antiarrhythmic
drugs and 78 % with antiarrhythmic medications). Interestingly, the success rate of
ablation at 12 months was no different between patients with systolic heart failure
and patients without systolic heart failure (69 % vs. 71 %, respectively, P=0.84).
Although this study was small and not randomized, compelling evidence exists for
the efficacy of catheter ablation in patients with heart failure. It is very important to
note that the ablation technique involved additional lines in the left atrium besides
pulmonary vein isolation, allowing correction of substrates typically involved in
CHF and AF.

Results from a larger nonrandomized trial (94 patients) demonstrated slightly
different results [22]. Patients with LVEF <40 % who underwent atrial fibrillation
ablation had a higher AF recurrence rate (27 %) than patients with normal LVEF

Effect of atrial fibrillation ablation on LVEF
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Fig. 3.4 Graph demonstrating effects of AF ablation on left ventricular ejection fraction in
patients undergoing atrial fibrillation who have preexisting systolic heart failure. In this popula-
tion, ablation increased the mean LVEF from 42 % + 9 % to 56 + 8 %, P <0.001 (Reproduced with
permission from [20])
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(13 %). Overall, there was no significant increase in EF in patients with systolic
heart failure after successful catheter ablation (36 % before ablation to 41 % after
ablation, P=0.1) [22]. One possible reason for the lack of EF improvement in this
study despite similar AF ablation success rates as in prior studies is that the patients
in this study had better rate control pre-ablation than in prior studies; however, the
main difference with the previous study consists in the technique of performing the
ablation: Natale’s group focused only on pulmonary vein isolation without addi-
tional lines. Among the patients who did show improvements in EF, the average
increase in EF was 7 %.

The need for a randomized clinical study was answered by the CAMTAF trial
[23] which enrolled 52 patients with persistent AF predominantly and EF below
35 %.

The hypothesis of this trial was that restoration of sinus rhythm with ablation
improves LV function and HF symptoms compared to a rate control strategy in
patients with AF and heart failure.

The primary endpoint was EF at 6 months follow-up. Of these 50 patients, 26
patients underwent catheter ablation and 24 patients underwent rate control. In the
patients undergoing AF ablation, the freedom from AF was 81 % off of antiarrhyth-
mic drugs. The LVEEF at baseline was 32+/—-8 % in the ablation arm and 34+/-12 %
in the rate control arm [23].

The LVEF at 6 months was 39.9 % (CI 35.2 %-44.7 %) in the catheter ablation
group compared with 31.0 % (CI, 25.5-36.6 %) in the medical group (P=0.015).
Therefore, the mean increase in EF was 8.1 % in the ablation arm compared with a
decrease in 3.6 % in the rate control arm. This improvement remained significant at
12 months. In addition, peak VO, max and Minnesota living with heart failure score
were significantly improved in the catheter ablation as compared with the rate con-
trol group [23]. This is the first randomized clinical trial to demonstrate that catheter
ablation for AF in patients with heart failure may be a better strategy than rhythm
control. However, larger studies should be performed to evaluate important clinical
endpoints such as heart failure hospitalization, mortality, and cost-effectiveness.

Finally, a study entitled the Ablation vs. Amiodarone for Treatment of Atrial
Fibrillation in Patients with Congestive Heart Failure and Implanted ICD/CRT-D,
AATAC-AF in Heart Failure Trial, tested the hypothesis that catheter ablation for
persistent AF in patients with HF is superior to amiodarone [24]. This trial enrolled
patients with persistent AF, EF <=40 %, and who had either an ICD or CRT-D
implant. The presence of the implantable defibrillators allowed for very accurate
detection of atrial arrhythmia postablation. Two hundred and three patients were
randomized to either catheter ablation or amiodarone. Patients in the catheter abla-
tion group had a 70 % recurrence-free rate, while the amiodarone group had a 34 %
recurrence-free rate. Of the 102 patients randomized to AF ablation, the majority
(80 patients) underwent combination PVI ablation, posterior wall ablation, and non-
pulmonary vein trigger ablation, while 22 patients underwent PVI alone [24]. Of
note, the more extensive ablation had a freedom from AF rate of 78.8 %, while
patients who had straightforward PVI had a freedom from AF rate of 36.4 %
(P <0.001), demonstrating that more extensive ablation beyond PVI had a higher
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success rate. At 2-year follow-up, the patients who maintained sinus rhythm
(N=105) compared to the patients who had AF recurrence (N=98) had a signifi-
cantly lower hospitalization rate, higher ejection fraction improvement, longer
6-min walk distance, and lower Minnesota Living with Heart Failure scores. Finally,
all-cause mortality was statistically lower in the AF ablation group as compared to
the amiodarone group (8 % vs. 18 %), respectively, (P=0.032).

While data is accumulating to support that an extensive ablation of AF in CHF
patients is better for symptom control and rehospitalizations compared to medica-
tion rhythm control or “ablate-and-pace” approach, there is, as of now, no survival
benefit. The understanding of the best ablation technique is advancing and the map-
ping systems able to detect microreentrant and macroreentrant circuits in the left
atrium become more accurate and easy to use. As such, there is hope that this com-
plex procedure will become a standard approach for the ever-increasing number of
patients with CHF and AF.

3.2  Autonomic Nervous System and AF

Upregulation of the autonomic nervous system is another common theme between
heart failure and atrial fibrillation. Heart failure is characterized by countermeasures
to support cardiac output, one of which is activation of the sympathetic nervous
system [25]. The important role of the autonomic nervous system in the genesis and
modulation of atrial fibrillation has been recognized for some time.

Epidemiological data supports the role of the autonomic nervous system in trig-
gering AF. In a study of 1517 patients in the Euro Heart Survey on AF, adrenergic
triggers were identified in 15 % of patients, vagal triggers in 6 % of patients, and
mixed (adrenergic and vagal) in 12 % of patients [26].

Early experiments in animal models showed that spontaneous atrial fibrillation
was preceded by a significant increase in plasma norepinephrine concentration [27].

In addition, studies have suggested that exercise-induced AF may be sympatheti-
cally driven [28]. Isoproterenol infusion has been shown to cause triggered activity in
the vein of Marshall leading to induction of atrial fibrillation in a canine model [29].

The parasympathetic nervous system may also be responsible for AF — this
instance is more frequently seen in young, otherwise healthy patients with no struc-
tural heart disease (the so called “vagal” atrial fibrillation) [30].

While the anatomy of the cardiac nervous system was really well known before,
the relationship between ANS and arrhythmias has just recently become obvious.
The autonomic nervous consists of the duality of the extrinsic and the intrinsic com-
ponents. The extrinsic refers to the neural fibers that bridge the nervous system and
the heart, and the intrinsic refers to the fibers within the heart itself [31]. The two
arms of the extrinsic cardiac ANS are the sympathetic and parasympathetic compo-
nents. The cardiac sympathetic nervous system consists of the regional ganglia
spanning from the cervical spinal cord to the thoracic spinal cord. These include the
superior cervical ganglia (C1-3), the cervicothoracic or stellate ganglia (C7-8 to
T1-2), and the thoracic ganglia (to T7). The axons emanating from these ganglia
comprise the superior, middle, and inferior cardiac nerves that terminate on the
cardiac surface. The superior and middle branches innervate the atria [31].
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Conversely, the vagal arm of the extrinsic cardiac ANS originates in the brain-
stem at the level of the medulla oblongata (brainstem) and innervates the heart via
the vagus nerve, which is divided also into superior, middle, and inferior branches.

The intrinsic cardiac ANS consists of a complex array of clustered ganglionic
plexi (GP), which relay signals from the sympathetic and parasympathetic inputs of
the extrinsic ANS. In the atria, GP are clustered in specific anatomic locations. An
important anatomic region for atrial fibrillation involves the pulmonary vein-left
atrial junction, which is also a region harboring a high density of ganglionic plexi.
These ganglionic plexi are named the superior left GP (near the left superior pulmo-
nary vein), the inferior left GP (near the left inferior pulmonary vein), anterior right
GP (near the right superior pulmonary vein), and the inferior right GP (near the right
inferior pulmonary vein) (Fig. 3.5).

Additional sites of atrial GP include the right atrial GP that innervates the sinus
node and the inferior atrial GP at the junction of the left atrium and inferior vena
cava that innervates the AV node. The ligament of Marshall is also known to contain
ganglionic plexi and may play a role in the initiation of atrial fibrillation [29].

Note that the ganglionic plexi are near the LA-PV junctions and may be affected
during routine pulmonary vein antral isolation techniques (SVC: superior vena
cava. LSPV: left superior pulmonary vein. RSPV: right superior pulmonary vein.
LIPV: left inferior pulmonary vein. RIPV: right inferior pulmonary vein).
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Fig. 3.5 Posterior view of the left atrium shows the major left atrial ganglionic plexi and as well
as the nerve bundle of the ligament of Marshall. These ganglionic plexi are named the superior left
GP (near the left superior pulmonary vein), the inferior left GP (near the left inferior pulmonary
vein), anterior right GP (near the right superior pulmonary vein), and the inferior right GP (near the
right inferior pulmonary vein). Note that the ganglionic plexi are near the LA-PV junctions and
may be affected during routine pulmonary vein antral isolation techniques. SVC superior vena
cava, LSPV left superior pulmonary vein, RSPV right superior pulmonary vein, LIPV left inferior
pulmonary vein, RIPV right inferior pulmonary vein (Reproduced with permission from [19])
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However, rather than a single arm of the ANS contributing to AF, it is likely that
the duality of the ANS and the parasympathetic and the sympathetic nervous sys-
tems have complementary roles in the promotion of atrial fibrillation. For example,
cardiac sympathetic stimulation increases the calcium current in the pulmonary
sleeves, while vagal simulation shortens the atrial effective refractory period [31].
The confluence of these two electrophysiological effects leads to an ultimate
increase in the forward Na/Ca exchanger current, which promotes early afterdepo-
larizations in the pulmonary veins, important drivers of AF.

A further mechanistic understanding of the role of the ANS in the initiation and
maintenance of AF has relied in part on elegant animal studies, which have demon-
strated that stimulation of the ganglionic plexi results in rapid firing from the pul-
monary veins which can trigger atrial fibrillation. In addition, inhibition of the GP
by lidocaine injection can blunt this response [32, 33].

3.3  Ganglionic Plexi: Autonomic Modulation
in the Treatment of Atrial Fibrillation

Because of importance of the autonomic nervous system triggering AF, and the
predictable anatomic location of the GP, ablation of GP has been proposed as an
attractive adjunct to standard ablation for atrial fibrillation.

The method for identification of the particular anatomic target for GP ablation
varies from a purely empirical anatomic approach (ablation at sites known to house
the GPs), to a more deliberate physiological approach for GP identification by
inducing a vagal response during high-frequency stimulation [34].

However, studies incorporating GP ablation for the treatment of AF have demon-
strated mixed results. Initial studies were promising, demonstrating high freedom
from AF in patients with PVI and GP ablation [35].

However, subsequent studies showed a very low success rate for anatomic gangli-
onic plexi ablation to treat PAF (34.3 %) as compared to PVI (65.7 %), P=0.008 [36].

Additional information about the ANS modulation on AF came from a more
recent study where it was shown that autonomic denervation added to PVI increased
the success rate of PVI in the paroxysmal AF population [37]. In this particular group
of patients, a total of 242 subjects with symptomatic PAF were randomized to PVI
alone, anatomic ablation of the left atrial GPs, or PVI followed by anatomic ablation
of the left atrial GPs. Freedom from atrial fibrillation or atrial tachycardia was
achieved in 56 %, 48 %, and 74 % in the patients with PVI alone, GP alone, and
PVI+GP groups, respectively, with no difference in the occurrence of left atrial flut-
ter in follow-up among the groups [37]. The important findings from this study
include the fact that GP ablation alone does not appear to be adequate, and GP in
addition to PVI appears to be superior to PVI alone. However, there are many ques-
tions that remain unanswered. Because catheter-based AF ablation is endocardially
performed and the GP is housed epicardially, it is unclear if endocardial ablation is
adequate to eliminate GP activity. Furthermore, GP could simply be an innocent
bystander clustered near sites of complex fractionations or rotors in the endocardium
of the left atrium, whose ablation would increase the success of the procedure
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without affecting the epicardial GP. The GP remains an active area of research to
ultimately establish its future role in the armamentarium for the treatment of AF.

3.4 Renal Denervation

The electrophysiology community has recently become interested in renal denerva-
tion as the next frontier in neuromodulation in the treatment of AF along with CHF
and ventricular arrhythmias. The renal afferent and efferent nerves play an important
role in the sympathetic nervous system (SNS) response. Efferent nerves from the
second sympathetic ganglion innervate the adventitia of the renal arteries. Afferents
from the kidney feed back to the hypothalamus and regulate central sympathetic
activity [38]. Initial enthusiasm of this modality in the treatment of hypertension was
deflated after the results of the SIMPLICITY-HTN 3 trial showed no benefit of renal
denervation compared to sham procedure in the treatment of patients with resistant
hypertension [38]. However, given the renal sympathetic nervous systems impor-
tance in the overall sympathetic cascade, other applications in which neuromodula-
tion may play a role are actively being investigated, such as atrial fibrillation.

Animal models have demonstrated that renal denervation can reduce sympathetic
innervation to the kidney [39]. The current approach for selective renal denervation is
a catheter-based treatment aimed at decreasing renal SNS response. A series of radio-
frequency ablations are performed bilateraly disrupting the nerve endings surrounding
the renal arteries. While renal denervation has been shown to decrease AF inducibility
in a porcine model [39], just recently these findings were explored in humans.

In a meta-analysis by Pokushalov of two prospective randomized studies of
patients with moderate or severe resistant hypertension and paroxysmal or persistent
atrial fibrillation, in which patients either underwent PVI or PVI with renal denerva-
tion, at 12 months, patients in the PVI+renal denervation group had 63 % freedom
from AF recurrence, while the PVI-only group had only 41 % freedom from AF
recurrence, (P=0.014) [40]. The differences were more dramatic in patients with
severe hypertension: 61 % AF free in the PVI+ renal denervation group vs. 28 % in
the PVI-only group (P=0.03). Total procedure time was not significantly different
between the two groups. Although this combined meta-analysis only included 80
patients, it provides compelling evidence that in hypertensive patients with AF,
adjunctive renal denervation may improve success of PVI by neuromodulation.

3.5 Alternative Therapies for Neuromodulation

Lakkireddy et al. incorporated an age-old practice, yoga, which has long-been
touted as a form of exercise that can have pleiotropic health benefits, potentially by
way of salutatory effects on autonomic function, to study the effects on atrial fibril-
lation, mental health, and quality of life [41].

In this study, 52 patients with symptomatic PAF received twice weekly 1 hour
structured yoga training over 3 months after an initial 3-month control phase
(patients acted as their own control).
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Yoga training reduced symptomatic AF episodes (3.8 +3 vs. 2.1+2.6, p <0.001),
symptomatic non-AF episodes (2.9+3.4 vs. 1.4+2.0; p <0.001), asymptomatic AF
episodes (0.12+0.44 vs. 0.04+£0.20; p <0.001), and depression and anxiety
(p <0.001) and improved the quality-of-life parameters. There was significant
decrease in heart rate and systolic and diastolic blood pressure before and after yoga
(p <0.001). Also, 22 % of patients with AF during the control phased did not have
any AF episodes during the yoga phase. The conclusion was that the effects may
have been related to yoga’s increase in parasympathetic tone and overall autonomic
tone stabilization. However, this study did not specifically study variations in auto-
nomic tone as this would have been relatively difficult to measure.

Further support of the autonomic modulation hypothesis reducing AF burden
comes from a study in which patients received acupuncture after cardioversion [42].

In traditional Chinese medicine, stimulation of the Neiguan spot has been thought
to reduce palpitations. Patients were divided into four groups after cardioversion: a
group who was already taking amiodarone and continued it, an acupuncture group,
a sham acupuncture group, and the no-acupuncture and no-antiarrhythmic drug
group.

Recurrence rates after cardioversion were 27 % (amiodarone), 35 % (acupunc-
ture), 69 % (sham acupuncture), and 54 % (no treatment), respectively (P=0.0075)
[42]. Compared with the amiodarone group, the acupuncture group had similar
recurrence rate (HR 1.15, 95 % CI: 0.38-3.49; P=0.81). This is of particular inter-
est as acupuncture is generally well tolerated and not associated with side effects of
amiodarone. Although this was a small study, it provide further intriguing insight
into the possibility that autonomic stabilization by treatments outside of the heart
can actually affect arrhythmogenesis within the heart.

Conclusions

Atrial fibrillation and heart failure have become a “dual epidemic.” The treatment
of atrial fibrillation in the heart failure population is particularly important and
challenging. Clinical trials addressing the optimal treatment for patients with AF
and heart failure remains ongoing, but historically, the majority of studies show
no significant difference between rhythm control with the use of antiarrhythmic
drugs and rate control. However, subgroup analyses have suggested that the pres-
ence of sinus rhythm not only provides hemodynamic benefit but may in fact
decrease heart failure hospitalizations and mortality. Because many of the benefits
of sinus rhythm may be offset by the negative side effects of antiarrhythmic drugs,
efforts at rhythm control without the use of or minimizing the use of antiarrhyth-
mic drugs continues to improve. Through this perspective, AF ablation represents
a promising modality to achieve that goal. With the recently published data on AF
ablation in the setting of CHEF, it is likely that as the procedure continues to
improve in efficacy and safety, it will emerge as the superior treatment option.
Cost-effective analysis should also be considered given the healthcare costs bur-
den of AF, heart failure, and AF ablation procedures as there is already evidence
that frequent readmissions and cost of monitoring antiarrhythmic medication
might be a more expensive route compared to a successful AF ablation.
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More recently, the importance of autonomic nervous system in the pathogen-
esis and maintenance of AF has gained rekindled interest, and adjunctive treat-
ments to modulate the ANS such as renal denervation, GP ablation, or even yoga
and acupuncture are being explored. As our understanding of the pathogenesis of
AF improves, the future may provide a more customized approach to the treat-
ment of patients with an array of these various modalities.
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Alexandru Costea and Omeed Zardkoohi

In the last two decades, significant advances have been made in diagnosis, under-
standing, and treatment of various ventricular arrhythmias (VA). Years ago, in its
infancy, the field of cardiac electrophysiology was limited to the study of the effects
of antiarrhythmic drugs on ventricular programmed stimulation in the setting of
various disease states. However, modern scientific and technological advances not
only have improved the characterization of the arrhythmia substrate but also have
provided an opportunity to potentially cure many ventricular arrhythmias.
Contemporary mapping systems, ablation catheters, and advanced intracardiac
ultrasound technology have also significantly improved the efficacy and safety of
ablation procedures. An increasing number of centers are embarking on a very
exciting journey of ventricular tachycardia ablation programs, focusing on high-risk
patients with low ejection fractions, as well as complex ablations involving epicar-
dium, aortic cusps, and epicardial vessels. Patients who in the past would have oth-
erwise had little chance of survival, now, with improvements in complex ablations,
procedures can benefit from improved longevity and quality of life. Another recent
significant advance has been the use of ventricular assist devices during the ablation
of ventricular arrhythmias for high-risk patients with cardiogenic shock.

In such exciting times, have we reached the pinnacle of ventricular arrhythmia
management? Do we completely understand all the mechanisms of VA, their sub-
strates, and their most effective and safest treatment? Are all the VA the same?
Although the answer to these questions may not be a resounding yes, the
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momentum of the field’s prior discoveries will continue to drive further pathophysi-
ological understanding and improved procedural success.

While VAs share certain common features, there are many differentiating factors
that play a crucial role in their management.

When one evaluates a patient with ventricular arrhythmia, the most important pre-
dictor of outcomes is the associated cardiac comorbidities. The absence of organic
heart disease (i.e., coronary artery disease, congestive heart failure, or congenital
abnormalities) portends a more positive prognosis. The well-known entities of out-
flow tract VA (right and left ventricular outflow tract) as well as the fascicular or papil-
lary muscle VA are benign arrhythmias that rarely pose a life-threatening risk and can
be easily corrected with either beta-blockers, calcium channel blockers, or ablation.

Conversely, VAs in the settings of ischemic heart disease, congestive heart fail-
ure, and low ejection fraction are potentially life-threatening conditions. Such
patients may be candidates for implantable cardioverter—defibrillators (ICDs).
Occasionally, these patients may present with ventricular tachycardia storm (mul-
tiple shocks delivered by the ICD for incessant, repetitive ventricular tachycardia of
ventricular fibrillation). In these cases, additional antiarrhythmic agents and even
ventricular tachycardia ablation may be necessary in order to stabilize the patient.

Congenital abnormalities are also responsible for VA, and although many of
them have been described more than 20 years ago, standard risk stratification meth-
odology and treatment approach are still under debate. Management of patients
with hypertrophic cardiomyopathy, long QT syndrome, short QT syndrome,
Brugada syndrome, and arrhythmogenic right ventricular dysplasia continues to
evolve and usually involves highly specialized management and follow-up.

When VAs are limited to premature ventricular contractions (PVCs), the man-
agement may range from no treatment and observation to catheter-based ablation.
The first step in the management of PVCs is to evaluate for structural heart disease.
The next step would be to determine the patient’s symptoms and the overall burden
of PVCs. While symptom management with either medication or ablation is recom-
mended, it is now well established that a high premature ventricular contraction
burden (10-20 % of total beats) can lead to a form of “tachycardia-induced cardio-
myopathy.” In this category of patients in which PVCs are thought to be responsible
for the systolic heart failure, aggressive treatment with medication or ablation
should be strongly considered to potentially reverse this condition.

Is it possible that all these conditions listed above are solely due to abnormalities
intrinsic to the heart, or is it possible that external forces, such as the nervous sys-
tem, could be playing an important role?

As early as seventeenth century, William Harvey suspected a link between the
brain and the heart when he wrote, “For every affection of the mind that is attended
with either pain or pleasure, hope or fear, is the cause of an agitation whose influ-
ence extends to the heart.” [1] After more than five decades of research, it is now
known that the brain, through autonomic activation, alters heart rate, conduction,
contractility, and interestingly also electrical and mechanical properties of individ-
ual myocytes [2—-6]. Moreover, studies more than a century ago [7-9] have demon-
strated the critical role of the autonomic nervous system in cardiac arrhythmogenesis.
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This topic has gained much recent interest because of mounting evidence showing
that neural modulation, either by ablation or stimulation, can effectively control a
wide spectrum of cardiac arrhythmias [10-13].

While extensive anatomical studies of the autonomic system of the heart have
been performed, the knowledge pertinent to arrhythmias has been summarized by
Shen et al. [14]. According to this review article, the cardiac autonomic nervous
system (ANS) can be divided into extrinsic and intrinsic components. The extrinsic
cardiac ANS comprises fibers that mediate connections between the heart and the
nervous system, whereas the intrinsic cardiac system consists of primarily auto-
nomic nerve fibers once they enter the pericardial sac.

The extrinsic cardiac autonomic nervous system may be subdivided into sympa-
thetic and parasympathetic components. The sympathetic fibers are largely derived
from major autonomic ganglia along the cervical and thoracic spinal cord. The para-
sympathetic preganglionic fibers are carried almost entirely within the vagal nerve
and are divided into superior, middle, and inferior branches. Most of the vagal nerve
fibers converge at a distinct fat pad between the superior vena cava and the aorta
(known as the third fat pad) en route to the sinus and atrioventricular nodes.

In addition to the extrinsic cardiac autonomic nervous system, the heart is also
innervated by a complex intrinsic system. Armour et al. [6] provided a detailed map
of the distribution of autonomic nerves in human hearts. Throughout the heart,
numerous cardiac ganglia, each of which contains 200-1000 neurons, form syn-
apses with the sympathetic and parasympathetic fibers that enter the pericardial
space. The vast majority of these ganglia are organized into ganglionated plexi (GP)
on the surface of the atria and ventricles (Fig. 4.1).

Atrial ganglionated plexuses were identified on (1) the superior surface of the
right atrium, (2) the superior surface of the left atrium, (3) the posterior surface
of the right atrium, (4) the posterior medial surface of the left atrium (the latter
two fuse medially where they extend anteriorly into the interatrial septum), and
(5) the inferior and lateral aspect of the posterior left atrium. Ventricular gangli-
onated plexuses were located in fat (1) surrounding the aortic root, (2) at the
origins of the right and left coronary arteries (the latter extending to the origins
of the left anterior descending and circumflex coronary arteries), (3) at the origin
of the posterior descending coronary artery, (4) adjacent to the origin of the right
acute marginal coronary artery, and (5) at the origin of the left obtuse marginal
coronary artery [6].

Sympathetic influences on cardiac electrophysiology are complex and can be
modulated by myocardial function. In the normal heart, sympathetic stimulation
shortens action potential duration [4] and reduces transmural dispersion of repolar-
ization [15]. In contrast, in pathological states such as heart failure (HF) [16] and
long QT syndrome (LQTS) [17], sympathetic stimulation is a potent stimulus for
the generation of arrhythmias, perhaps by enhancing the dispersion of repolariza-
tion or by generation of afterdepolarizations. In the ventricles, vagal stimulation
prolongs action potential duration and effective refractory period [4, 18], whereas in
the atria, vagal activation reduces the atrial effective refractory period [19, 20], aug-
ments spatial electrophysiological heterogeneity [21], and promotes -early
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Fig. 4.1 Scheme of autonomic innervation of the heart. The cardiac sympathetic ganglia consist
of cervical ganglia, stellate ganglia, and thoracic ganglia. Parasympathetic innervation comes from
the vagal nerve (Reproduced with permission from Shen et al. [12])

afterdepolarization (EAD) toward the end of phase 3 in the action potential [22].
This differential effect may explain why parasympathetic stimulation is proarrhyth-
mic in the atria but antiarrhythmic in the ventricles, whereas sympathetic stimula-
tion seems to be proarrhythmic for both chambers [23].

‘What happens when we apply the knowledge about the autonomic nervous sys-
tem to ventricular arrhythmias?

Ischemic Cardiomyopathy Experimentally, sympathetic stimulation induces
changes in ECG repolarization and reduction of fibrillation threshold, facilitating
the initiation of VF [24]. These effects are magnified in the presence of cardiac
ischemia [25]. The ischemic and infarcted myocardium becomes a substrate exqui-
sitely sensitive to arrhythmia triggers because of not only regional cellular and tis-
sue remodeling [26] but also heterogeneity of sympathetic nervous system
innervation [27].
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Contributing to the heterogeneity is the phenomenon of nerve sprouting [28, 29].
By examining explanted hearts, Cao et al. [30] found that patients who had a history
of ventricular arrhythmias had augmented sympathetic nerve sprouting as compared
with patients with similar structural heart disease but no arrhythmias.

They also showed that there is inhomogeneous distribution of sympathetic nerve
fibers in the ventricles with myocardial injury, which is characterized by regional
hyperinnervation in the perivascular regions or in the periphery of injured myocar-
dium and regional denervation in the regions with necrosis or dense fibrosis. These
results suggest that there are increased sympathetic nerves after MI and that the
density of these sympathetic nerves directly correlates with the occurrence of life-
threatening ventricular arrhythmia.

Both infusion of nerve growth factor into the left stellate ganglia (LSG) [28] and
subthreshold electric stimulation of the LSG [31] in dogs with myocardial infarc-
tion resulted in sympathetic nerve sprouting with increased ventricular fibrillation
(VF) and sudden cardiac death (SCD), suggesting a causal relationship. Follow-up
studies demonstrated that myocardial infarction causes the upregulation of proteins
that contributed to nerve growth (nerve growth factor, growth-associated protein 43,
and synaptophysin) in both the infarcted site [32] and the more upstream bilateral
stellate ganglia [33]. Interestingly, sympathetic nerve sprouting itself can lead to an
increased incidence of VF without concomitant cardiac ischemia.

A very original study by Liu et al. [34] found that the nerve sprouting encoun-
tered in ischemia could be induced by other stimuli, for example, a high cholesterol
diet. Density of growth-associated protein 43 and tyrosine hydroxylase—positive
nerves in the heart was significantly higher in high cholesterol than in control rab-
bits. Compared with controls, the high cholesterol rabbits had longer QTc intervals,
more QTc dispersion, a longer action potential duration, and increased heterogene-
ity of repolarization. It was also found that rabbits given a high-cholesterol diet
developed myocardial hypertrophy and cardiac sympathetic hyperinnervation with-
out coronary artery disease along with an increased vulnerability to VF [34].

The possible explanation for this finding is based on the fact that in both human
and animal studies, a high cholesterol level was associated with increased oxidative
stress. Oxidative stress can cause neurodegeneration, neurite retraction, and mito-
chondrial dysfunction of the neurons in the central nervous system. It is therefore
possible that oxidative stress causes cardiac nerve injury, which triggers the re-
expression of nerve growth factor or other neurotrophic factor genes in the nonneu-
ral cells around the site of injury, leading to nerve regeneration through nerve
sprouting [34].

While data from anesthetized animals suggests that sympathetic nerve activity is
responsible for the development of ventricular arrhythmias, a direct temporal rela-
tionship in patients has not been established. Clinically, increased sympathetic
activity, as suggested by heart rate variability analysis, was found to be in the 30 min
before the onset of ventricular tachyarrhythmias [35]. With direct nerve activity
recordings in a canine model of SCD, Zhou et al. [36] observed that VF and SCD
were immediately preceded by spontaneous sympathetic nerve discharge from the
LSG. Moreover, as the stellate ganglion nerve activity can directly be recorded with
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thoracotomy, the same group developed a valid technique to predict susceptibility of
VT and VF in the same canine model by recording subcutaneous nerve activity. The
latency from the onset of stellate ganglia activity and the subcutaneous recordings
of discharges to the development of ventricular tachycardia or fibrillation was about
17 s, slightly longer than the latency of 10 s to the development of atrial arrhythmias
[36]. Although increased stellate ganglion nerve activity contributes to VF and SCD
in myocardial infarction, acute myocardial infarction itself can cause an increase in
nerve activity and nerve density of the LSG—electroanatomic remodeling [33].
This generates a vicious cycle that can lead to more ischemia, VF, and SCD.

As the vast majority of ventricular arrhythmias in the settings of ischemia are
provoked by increased sympathetic activity, early treatment with beta-blockers has
been proven to reduce recurrences. Furthermore, various invasive approaches have
been taken to decrease the occurrence of VT or VF.

While VT ablation has been long established treatment for organized arrhythmia
in chronic ischemic cardiomyopathy, the invasive ablative approach for arrhythmias
in acute ischemic events—VF or polymorphic VT—has just been recently enter-
tained. Emerging evidence in patients with ventricular fibrillation (VF) in a variety
of clinical scenarios implicates an important role for triggers originating from the
distal Purkinje arborization in the initiation of this malignant arrhythmia, triggers
not surprisingly sensitive to high sympathetic tone. Haissaguerre’s group was able
to show on 5 patients with VF post MI that ablation of the local Purkinje network
allows suppression of polymorphic VT and VF [37].

Renal denervation (RDN) is a new approach to reduce sympathetic activity.
RDN reduces not only renal norepinephrine spillover by 48 % but also muscle sym-
pathetic nerve activity by 37 %. This certainly suggests a reduction in local and
central sympathetic activity after RDN by a process of modulation of efferent and
afferent renal signaling. On that basis, Linz et al. elegantly showed that RDN
reduced the occurrence of ventricular arrhythmias and attenuated the rise in left
ventricular diastolic pressure during left ventricular ischemia created by left ante-
rior descending artery ligation in anesthetized pigs. Therefore, RDN may protect
from ventricular arrhythmias during ischemic events [38]. The same group reported
their results on two cases of advanced nonischemic cardiomyopathy and incessant
ventricular arrhythmias resistant to ablation and/or antiarrhythmic medication.
While the patients did not have acute ischemic events, the mechanism of arrhythmia
shared common features, specifically increased sympathetic tone. Renal denerva-
tion was performed successfully in these very unstable patients and led to a signifi-
cant reduction in their ventricular arrhythmia load [39].

Along the same lines of neuromodulation as an alternative therapy, cardiac sym-
pathetic denervation (CSD) has been shown to be effective in animal models and
case series of patients with and without cardiomyopathy. Vaseghi et al. [40] ele-
gantly demonstrate that left and bilateral sympathectomies, involving removal of
the lower third to lower half of the stellate ganglion and T2-T4 sympathetic ganglia,
have a clear benefit in the setting of VT storm and VT refractory to medical therapy
in a small number of patients with cardiomyopathy. In patients with VT storm, bilat-
eral CSD is more beneficial than left CSD. The beneficial effects of bilateral CSD
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extend beyond the acute postsympathectomy period, with continued freedom from
ICD shocks in 48 % of patients, and a significant reduction in ICD shocks in 90 %
of patients.

Conversely, studies with anesthetized dogs have shown that vagal nerve stimula-
tion (VNS) reduces the occurrence of ventricular tachyarrhythmias after acute coro-
nary artery occlusion. In dogs that survived an acute myocardial infarction, Vanoli
et al. [41] demonstrated that VNS during the process of coronary artery occlusion
reduced the occurrence of VF from 100 to 10 %.

Nonischemic Cardiomyopathy Even though the pathophysiology of nonischemic
cardiomyopathy is very different from ischemic cardiomyopathy, the provoking fac-
tors for lethal arrhythmias as well as their treatment are very similar. Because the
ANS activity regulates cardiac ion channel function, it is possible that specific ANS
activity might be responsible for triggering cardiac arrhythmias in congestive heart
failure. Ogawa et al. [42] developed a pacing-induced CHF model in dogs and
simultaneously recorded the left stellate ganglion nerve activity (SGNA), vagal
nerve activity (VNA), and electrocardiography before and after pacing-induced
CHF. The reduction of sympathovagal balance at night in ambulatory dogs was due
to reduced sympathetic discharge rather than a net increase of vagal discharge. The
tachy-brady syndrome in CHF may be triggered by intermittent short burst of
SGNA that resulted in tachycardia and sinus node suppression. Simultaneous sym-
pathovagal discharge is a cause of long paroxysmal atrial tachycardia episodes.
Moreover, it was again confirmed that VA is always preceded by SGNA discharges.
Importantly, when SGNA occur on the background of continuous, heightened vagal
tone observed in nonischemic cardiomyopathy, the risk of VAs is increased.

While the novel neuromodulation methods used to treat arrhythmias in ischemic
cardiomyopathy focused on reducing sympathetic discharges in the myocardium,
the overall CHF treatment shifted attention to vagal nerve stimulation (VNS).

VNS also results in modulation of the renin—angiotensin system, reduced heart
rate, modulation of inflammatory cytokines, less likelihood of spontaneous or
induced ventricular arrhythmias, and reduced mortality. A single-center pilot study
of eight patients with severe heart failure [seven in New York Heart Association
(NYHA) class III] showed that right-sided VNS with the CardioFit system
(BioControl Medical, Yehud, Israel), synchronized at 70 ms after the R wave with a
duty cycle of no more than 25 %, was safe and tolerable. Sinus bradycardia was
noted but was not a limiting factor since it was patient discomfort that generally
prevented further increase of the stimulus intensity. There were significant and clini-
cally important improvements in NYHA class, quality of life, and echocardiogram-
derived end-systolic volume when compared with baseline values [43].

Due to encouraging positive results of the above study, three other randomized
trials are ongoing (NECTAR-HF, ANTHEM-HF, and INOVATE-HF) and are
assessing different outcomes in different patients. The details of the stimulation
protocols are not completely clear, nor is it certain whether the protocols’ specified
electrode spacing, polarity, and positioning are more likely to recruit afferent or
efferent vagal fibers, whether sympathetic activity will also be suppressed, or what
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effect there may be on ventricular contractility. However, there is hope that this will
be an important step in management of congestive heart failure and associated
arrhythmias through neuromodulation mechanisms.

Inherited Arrhythmia Syndromes In the past decade, the discovery of ventricu-
lar arrhythmias and SCD in young individuals, and the fact that they could be caused
by genetic abnormalities, has defined a new subset of cardiac conditions: inherited
arrhythmia syndromes. Patients with inherited arrhythmia syndromes may have a
“structurally normal” heart but typically have an abnormal ECG suggesting electric
abnormalities with the potential for life-threatening arrhythmias.

As in previously described conditions, the sympathetic stimulation can create a
substrate for micro reentry and VF or polymorphic VT.

Long QT syndromes (LQTS) In normal individuals, high adrenergic tone or sym-
pathetic stimulation shortens the ventricular action potential duration and hence the
QT interval. In contrast, in congenital LQTS types 1 and 2, increased adrenergic tone
can prolong the QT interval. However, there is some variability in terms of the degree
of response to sympathetic activation depending on the type of LQTS and, thus, the
type of channel and current affected. Noda et al. [44] observed that sympathetic stim-
ulation by infusion of epinephrine caused more prominent and prolonged effects on
QT prolongation in patients with congenital LQTS type 1 (characterized by an
abnormality in KCNQ1 and the I, current) than in type 2 (characterized by an abnor-
mality in KCNH2 and the I, current). In contrast, type 3 of LQTS is characterized
by an abnormality on SCN5SA and Na current; therefore, it responds much less to
sympathetic stimulation [44-46]. As expected, LQTS 3 manifests itself by ventricu-
lar arrhythmias triggered by increased vagal tone, similar to Brugada syndrome.

The hypothesis proposed to explain the development of LQTS-related torsades
de pointes (TdP) maintains that the various mutations that underlie the syndrome
amplify the transmural dispersion of repolarization (TDR) by producing a net
reduction in repolarizing current. Conditions leading to a reduction in Iy, (e.g.,
LQT2) or augmentation of late Iy, (e.g., LQT3) amplify transmural electrical het-
erogeneities by producing a preferential prolongation of the M cell action potential.
Thus, QT interval prolongation is accompanied by a dramatic increase in TDR,
which creates a vulnerable window for the development of reentry across the ven-
tricular wall. The reduction in net repolarizing current also predisposes to the devel-
opment of early afterdepolarization (EAD)-induced triggered activity in M and
Purkinje cells, which provide the extrasystole that triggers TdP when it arrives dur-
ing the vulnerable period [47].

CPVT Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare
syndrome characterized by bidirectional or polymorphic ventricular arrhythmias
under conditions of increased sympathetic activity in patients with structurally nor-
mal hearts. Most of the patients have mutations in the genes encoding proteins
involved in calcium handling from the sarcoplasmic reticulum (ryanodine receptor
or calsequestrin2 mutations) with inappropriate calcium leak that generates delayed
afterdepolarizations (DAD), triggered activity, and ventricular arrhythmias [48].
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Recently, research groups have identified the therapeutic effects of flecainide in
CPVT. Flecainide directly inhibits the ryanodine channel and suppresses DADs and
triggered activity in mutant cardiomyocytes in which Ryr2 or Casq?2 loci are modi-
fied. In a recent study, Watanabe et al. found that flecainide suppressed ventricular
arrhythmias during exercise testing in patients with genotype-negative CPVT, simi-
lar to that in patients with genotype-positive CPVT. Flecainide was highly effective
in preventing arrhythmia events during a long-term follow-up [49].

Since both LQTS and CPVT are sympathetically mediated, in order to prevent
cardiac events, -blocker pharmacotherapy is the cornerstone of medical therapy
while high-risk patients will benefit from ICDs. Additionally, the left cardiac sym-
pathetic denervation (LCSD) procedure, in which the first 3—4 thoracic ganglia are
removed, has emerged as a treatment modality for patients with LQTS, and more
recently patients with CPVT, who continue to have cardiac events despite maxi-
mally tolerated -blocker therapy, and has been proved to be a safe and effective
treatment option [50]. Potential adverse effects of this procedure could include
Horner’s syndrome and altered sweating patterns in the face and upper extremities.

Brugada Syndrome The Brugada syndrome is an inherited arrhythmia disorder
characterized by its typical ECG changes (right bundle branch block and persistent
ST segment elevation) and an increased risk of VF and SCD in young patients.

Most episodes of VF in patients with Brugada syndrome are observed during
periods of high vagal tone, such as at rest, during sleep, or from 12 am to 6 am.
Similarly to LQTS 3, sudden increase of vagal activity just before the episodes of
VF has been noted. This suggests that an increased vagal tone or decreased sympa-
thetic tone may be important mechanisms in the arrhythmogenesis of this lethal
disease [51]. Additionally, as the epicardium of right ventricular outflow tract serves
as a substrate that mediates and sustains ventricular arrhythmias triggered by altered
autonomic tones, the arrhythmia may be ablated successfully while also eliminating
the repolarization abnormalities [52].

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a frequent
underlying disease in young patients with ventricular tachycardia (VT) and sudden
death. These arrhythmias often occur during physical exercise or mental stress and
may be provoked by intravenous catecholamine infusion during electrophysiologi-
cal study (catecholamine sensitivity). In contrast, VAs are frequently suppressed by
an antiarrhythmic drug regimen with antiadrenergic properties [53].

Wichter et al. [53] have investigated the neuronal reuptake of norepinephrine and
beta-adrenergic receptor density in eight patients with ARVC using quantitative
[11] PET C-HED and [11] C-CGP-12177 as compared to twenty-nine matched
controls.

The results provide clear evidence of abnormal sympathetic myocardial innerva-
tion in patients with ARVC and demonstrate a severe and highly significant reduc-
tion of postsynaptic beta-adrenergic receptor density. Additionally, this confirms
regional reduction of transporter-mediated neuronal catecholamine reuptake in
ARVC. Moreover, increased synaptic concentrations of norepinephrine not only
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may increase the risk of ventricular arrhythmias but also may contribute to progres-
sion of myocardial atrophy mediated by apoptotic cell death.

While ablation of reentrant arrhythmias is performed in highly experienced cen-
ters by accessing the epicardial surface of the scarred right ventricle [54], implant-
able defibrillators and treatment with beta-blockers and class III antiarrhythmic
agents remain the mainstay of management at this time.

Idiopathic VF with repolarization abnormalities, the so-called J-point elevation
syndromes, is characterized by ST segment elevation in the inferior and/or lateral
leads. While this ECG finding is fairly frequently seen in young athletic adults,
identifying the high-risk population is, of course, extremely important as those are
at risk for sudden cardiac death due to VF. While most of the congenital abnormali-
ties bear high risk of arrhythmias in the settings of high adrenergic tone, this rare
syndrome seems to be triggered by increased vagal tone while exercise and increased
sympathetic tone or isoproterenol infusion decrease the chance of arrhythmias.

For example, Mizumaki et al. [55] recently observed that in patients with idio-
pathic VF as compared with control subjects, J-wave augmentation was associated
with an increase in vagal activity. This data suggests a critical role of cardiac ANS in
the occurrence of VF in patients with J-wave syndromes. The differential responses
of characteristic ECG changes to autonomic input may provide a useful tool in the
identification of high-risk patients within the broad population of healthy individuals
with this specific ECG pattern. While at this time autonomic modulation approaches
for this condition are not available, treatment options are on the horizon.

Premature ventricular contractions can, as mentioned above, also pose diagno-
sis and management problems, as their impact on patients varies from asymptom-
atic PVCs to mild palpitations to acquired “PVC-induced cardiomyopathy” with
heart failure and even VF and sudden cardiac death.

In the setting of ischemic and nonischemic cardiomyopathy, the PVCs seem to
originate from areas around the scar and surviving Purkinje fibers. Their triggering
factors and treatment options, including neuromodulation techniques, are similar to
the management of VF and VT.

When conservative medical therapy fails, ablation of these PVCs provides addi-
tional and significant benefit. Marchlinski et al. recently published a retrospective
study focused on the location of the PVCs which induce VF both structurally nor-
mal and abnormal hearts.

Ventricular fibrillation and polymorphic ventricular tachycardia (PMVT) triggered
by monomorphic PVCs were the presenting arrhythmias in 30 of 1132 patients
(2.7 %) undergoing ablation for VI/PVCs. Analysis of the study cohort revealed that
in 21 patients, VE/PMVT occurred in the setting of ischemic (n=14) or nonischemic
CMP (n=7). In 9 patients, there were no cardiac structural abnormalities, and VF/
PMVT was idiopathic. The PVC triggers were found to originate from the Purkinje
network (n=9), left and right ventricle papillary muscles (n=8), left ventricular out-
flow tract (LVOT) (n=9), and other low-voltage areas (without evidence of Purkinje
system involvement [scar triggers]; n=4). Each distinct anatomic area of origin was
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associated with VF/PMVT trigger in patients with and without heart disease. Acute
PVC elimination was accomplished in 26 patients (87 %) with a significant decrease
in PVCs in another 3 patients (97 %). In structurally normal heart patients, the PVCs
originated predominantly from left ventricular outflow tract as well as Purkinje fibers.
Conversely, in patients with cardiomyopathies, the VF inducing PVCs originated
from scar borders and Purkinje fibers as expected. While no cases of VF triggered by
PVCs from the papillary muscles (PM) have been previously described, this group
found six patients with cardiomyopathy and two patients with structurally normal
heart and reproducible arrhythmias originate in the PM (Figs. 4.2 and 4.3) [56].

Fig.4.2 Example of recurrent ventricular fibrillation in patient with triggering ventricular prema-
ture depolarization (VPD) arising from the left ventricular posteromedial papillary muscle after
inferior wall myocardial infarction. Twelve-lead ECG obtained during episodes of nonsustained
and sustained ventricular fibrillation (a) and with the same VPD in the electrophysiology labora-
tory (b). Intracardiac echocardiography (c) and electroanatomic map (d) with the catheter on the
posteromedial papillary muscle (PPM, arrows). RAO right anterior oblique (Reproduced with per-
mission from Van Herendael et al. [56])
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Fig. 4.3 Example of ventricular fibrillation initiated by a ventricular premature depolarization
(VPD) originating just below the aortic cusp. (a) Initiation of ventricular fibrillation (VF) docu-
mented on telemetry. (b) Similar VPD on 12-lead ECG without initiating VF. (¢) Good pace-map
from the blue dots displayed in electroanatomic maps in the left anterior oblique (d) and right
anterior oblique € views. LCC left coronary cusp, NCC noncoronary cusp, RCC right coronary
cusp (Reproduced with permission from Van Herendael et al. [56])

Interestingly enough, Natale’s research group almost simultaneously published
their results on 6 patients. In these series, PVCs originating from papillary muscles
induced VF episodes (Fig. 4.4).

The main findings of the study suggested that VF can be triggered by PVCs aris-
ing from PMs of both the right and left ventricles and VF can be successfully cor-
rected long term with ablation of PVCs arising from PM. No complication was
present in this series [57]. While the right ventricular outflow tract (RVOT) is the
most common origin of monomorphic VT in structurally normal hearts, it is occa-
sionally also the origin for triggers of polymorphic VT, which rapidly degenerates
into VF. This type of ablation is essentially no different than the ablation of idio-
pathic RVOT PVCs or VT. The ablation targets the site of earliest activation, and
pace-mapping may be of additional benefit to localize the exit site. Success in elimi-
nating VF is not only by the elimination of the triggering PVCs but also potentially
by the creation of conduction block between the pulmonary artery and RVOT [58].

Benign PVCs While the frequency of VF induced by PVCs is relatively rare, those
originating from the RVOT and LVOT are frequently encountered in clinical prac-
tice and usually do not pose significant problems. As a matter of fact, there is recent
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Fig. 4.4 Images are from the same patient, with a normal structural heart, having frequent PVCs
from RV posterolateral papillary muscle (PM). (a) ECG strips recorded during hospitalization
showing a monomorphic premature ventricular contraction (PVC, *), initiating polymorphic ven-
tricular tachycardia. (b) 12-lead ECG showing sinus rhythm interrupted by the same PVC initiat-
ing an episode of polymorphic ventricular tachycardia. (¢) Surface ECG and intracardiac recordings
from the ablation catheter (ABL p, ABL d). Surface ECG showing sinus rhythm and a PVC, and
intracardiac recording showing a PVC preceded by a Purkinje-like potential (arrow) (Reproduced
with permission from Santoro et al. [57])

evidence suggesting that these PVCs originating from the outflow tracts are intri-
cately connected with the autonomic function of the heart. It is by now very well
known that when performing atrial fibrillation ablation using a wide area of circum-
ferential ablation and when targeting fractionated potentials and ganglia around the
left atrial structures, there is a significant cardiac autonomic modulation [59-62]. In
this setting, Patel et al. set out to evaluate the incidence of increased outflow tract
PVCs after atrial fibrillation ablation. They prospectively examined 53 consecutive
patients undergoing wide-area circumferential antral pulmonary vein isolation
(PVD); no patients had evidence of PVCs originating from the outflow tract on 24 h
of pre-procedural telemetry monitoring. The results showed that in an unselected
population of patients with paroxysmal or persistent atrial fibrillation referred for
PVI, 11 % of patients had new onset of outflow trace ventricular premature
depolarizations (OT VPDs) after AF ablation. Interestingly, the patients with OT
VPDs had a significant increase in mean heart rate post-procedure compared to the
patients without PVCs. Long-term follow-up showed that both increased heart rate
and PVC load persisted for up to 1 year [63].
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These findings may be explained by a more extensive collateral ablation of auto-
nomic ganglionated plexi in the patients with increased PVCs originating from the
outflow tract and highlight the impact of the autonomic tone on cardiac function. As
mentioned previously, when the amount of PVCs exceed 10 or 20 % of the normal
beats, there is a significant concern for tachycardia/PVC cardiomyopathy. While
medications can be used, ablation of the outflow tract PVCs has been successful not
only in correcting the arrhythmia and symptoms but also in reversing the cardiomy-
opathy [64—-66]. Mountantonakis et al. [67] were able to prove on 69 patients with
outflow tract PVC and secondary cardiomyopathy that even a reduction of the PVC
load to less than 5000 per day or less than 80 % of the initial frequency is effective
in allowing the ejection fraction to recover. In their series, most of the PVCs origi-
nated from the LVOT area or even epicardial origin within the coronary sinus.

Ablating PVCs from the areas situated in close proximity of the cardiac auto-
nomic plexi and considering that there is an increase in PVCs after extensive atrial
fibrillation ablation, a question begs answering: is the reason for success partially
due to injuring the cardiac innervation responsible for these arrhythmias? Could this
be a similar mechanism with paroxysmal atrial fibrillation where the origin of
arrhythmia is a combination of “extension digits” within the pulmonary veins as
well as exacerbation of vagal or sympathetic tone?

With current data available, one can hope that in the near future, we might be
able to complement our medical and ablation therapy with autonomic manipulation
for the various conditions described in this section. It is also possible that some of
the approaches already available to us, such as renal denervation, carotid stimula-
tion, or stellate ganglia resection, could lead to a “remote control” of the arrhyth-
mias without having to actually place a catheter within the heart. These are exciting
prospects for both patients and cardiac electrophysiologists alike, and we must con-
tinue our research efforts to improve our understanding of the “brain—heart connec-
tion” and its role in cardiac arrhythmias.
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5.1 Introduction

Autonomic nervous system (ANS) can be considered as the interface between exter-
nal and internal stimuli, central nervous system (CNS), and effective responses, in
order to maintain the homeostatic state of body functions reacting upon environmen-
tal challenges. Sympathetic and parasympathetic autonomic branches are essential for
the control and regulation of different biological functions, such as cardiovascular,
gastrointestinal, pulmonary, skin, and genitourinary systems.

Neural control of cardiovascular functions represents one of the most interesting
and complex pathway of autonomic regulation of body functions [24] for several
reasons. First, despite the definition of “autonomic,” SNA seems to be not “autono-
mous” at all, considering that several evidences sustain the theory of a complex and
integrated control mechanisms operating at different levels; for instance, animal
studies have shown that insular and infralimbic cortex have been involved as poten-
tial sites where cardiovascular autonomic responses are generated [2]. Moreover,
electrical stimulation of prefrontal cortex using transcranial magnetic stimulation
elicited autonomic responses in healthy subjects, namely, an increase of parasympa-
thetic control, with no changes in sympathetic modulation [11].

Neural control of cardiovascular function is determined by the reciprocal interac-
tion between sympathetic and parasympathetic control acting as a balance: in fact,
in most of the physiological conditions, an increase of sympathetic activity is asso-
ciated with a decreased vagal control and vice versa; however, it has been shown
that coactivation of both sympathetic and parasympathetic occurs during several
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conditions. For instance, in response to exercise, as well as to peripheral chemore-
flex activation, such as that occurring during apneas or hypovolemic shock, heart
rate decreases while sympathetic peripheral activation increases peripheral vascular
resistance and contractility [30].

In addition, recent evidences show that ANS plays a key role in the control of path-
ways other than vegetative functions: ANS can indeed modulate and regulate immune
system, inflammation [10, 33, 34], and metabolic pathways [3].

In summary, ANS regulation of cardiac function is complex and integrated at
different levels; several cardiovascular (hypertension, heart failure, myocardial
infarction) and non cardiovascular (diabetes, depression) diseases are associated
with altered autonomic control, characterized by reduction of total variability and
sympathetic overactivity [12, 17, 27]. In fact, conditions characterized by increased
sympathetic and decreased parasympathetic modulation are at increased risk for
cardiovascular events, while, on the contrary, increased parasympathetic modula-
tion is protective for cardiovascular system. Therefore, all treatments, pharmaco-
logic and non-pharmacologic, which reduce sympathetic activity and increase vagal
modulation (i.e. beta-blocker therapy in congestive heart failure and ischemic heart
disease) are indeed effective. Thus, the evaluation of ANS seems to be crucial not
only to investigate the pathophysiological mechanisms subserving cardiovascular
diseases but also as new possible targets for pharmacological and non-
pharmacological therapy [24] (see Fig. 5.1).

5.2  Methodologies
5.2.1 General Considerations

The appreciation that the technique for the assessment of autonomic cardiovascular
control needs to be reliable, reproducible, and noninvasive has led to the develop-
ment of several different tools during the last decades. Generally, we can classify
three groups of techniques: (1) assessment of sympathetic activity by measuring
plasmatic catecholamines, (2) direct recording of sympathetic nerve activity (e.g.,
muscle sympathetic nerve activity, MSNA, using a microneurographic techniques),
and (3) the analysis of sympathetic and parasympathetic oscillations embedded in
heart period and arterial pressure time series.

Plasmatic catecholamines are less reproducible even within the same patient and
are an unreliable index of sympathetic activity as their levels are influenced by sev-
eral factors, thus supporting the idea that this measure must not be considered a
consistent and reproducible tool. The direct measure of sympathetic nerve activity
is a reliable and reproducible tool to evaluate sympathetic nerve activity in health
and diseases [0, 24]; however, its invasivity, although mild, could be a possible lim-
iting factor for this tool specifically when large populations are involved. On the
opposite, the analysis of cardiovascular oscillatory components related to sympa-
thetic and parasympathetic controls to sinus node and vascular tree is able to assess
autonomic regulation in health and pathologies being a noninvasive, reliable, and
reproducible tool called heart rate variability (HRV) [24].
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Fig. 5.1 In physiological conditions, different opposing positive and negative feedback mecha-
nisms, such as baroreceptors and vagal and sympathetic afferents, in addition to central integration,
promote neural control of the cardiovascular system

5.2.2 Muscle Sympathetic Nerve Activity (MSNA)

Neural pathways convey biological information coded simultaneously based on two
different modalities, i.e., intensity, which represent the amplitude of the signal, or
tonic activity, and oscillatory discharge pattern, i.e., modulation [7].

The direct recording of muscle sympathetic nerve activity (MSNA) allows the
evaluation of both intensity and modulation of sympathetic neural discharge. In
fact, absolute values of MSNA can provide information on sympathetic tonic activ-
ity when considering the dynamic responses to stressor stimuli (i.e., orthostatic
challenge, pharmacological stimulation), because MSNA signal fluctuates depend-
ing on amplification and filters, electrode position, and the number of single units
[23]. MSNA variability contains two main rhythmic oscillatory components, low-
frequency (LF) and high-frequency (HF) rhythms [5], which are coherent with the
corresponding heart period and blood spectral components.

Parasympathetic activation, induced by the pressure response to phenylephrine
infusion, is characterized by a predominant HF component in heart period, blood
pressure, and MSNA variability, while, on the contrary, sympathetic activation
induced by nitroprusside infusion is associated with LF component [29], thus sug-
gesting that these oscillations are index of neural excitation (LF) and inhibition
(HF). Gravitational stimulus (i.e., tilt test maneuver) induced similar MSNA
responses, showing that orthostatism was able to induce a significant increase of LF
and a decrease of HF component of MSNA [6].
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Interestingly, it has been shown that acute beta-blockade affected cardiovascular
and MSNA spectral profile in healthy subjects: in fact, atenolol infusion caused an
increase in R-R intervals, as expected, and an increased power of MSNA in the HF
band and a higher coherence between HF component of MSNA and respiration,
suggesting an increased cardiorespiratory coupling [4].

However, in addition to sympathetic neural recording, direct recording of renal
sympathetic nerve activity in animals (RSNA) and skin (SSNA) has provided inter-
esting information on autonomic reflexes in different situations (orthostatism, exer-
cise, cardiovascular diseases) [26, 37].

In summary, MSNA can be considered a reliable tool able to provide important
information on the sympathetic neural discharge in terms of tonic activity and
rhythmic oscillations. However, MSNA provides information only on sympathetic
neural discharge, while no information is provided on the vagal branch; in addition,
MSNA is a relatively invasive technique, thus rendering this tool unsuited to
researches on large scales [23, 24].

5.2.3 Heart Rate Variability

Five decades ago, pioneer studies reported that changes in RR intervals could have
been used for an early identification of fetal distress before heart rate modifications
were detected 16. The same was then reported for detection of diabetic neuropathy
[25] and for the quantification of respiratory sinus arrhythmia (RSA) in post-myo-
cardial infarction (i.e., reduced RSA associated with an increased mortality) [39].

These studies supported the hypothesis that heart rate and blood pressure rhyth-
mically oscillate around their mean values and that these oscillations are due to the
sympathetic and vagal modulation of sinus node function and vascular tree. Since
each biological time series, including heart period and blood pressure time series,
are the sum of several oscillatory components, characterized by a certain frequency
and amplitude, the analysis of cardiovascular oscillations can provide reliable infor-
mation on sympathetic and parasympathetic control of cardiovascular functions in
physiological conditions as well as in cardiac and noncardiac diseases [1, 22, 23].
Thus, the analysis of these rhythmical components can be considered a window
over cardiovascular autonomic control, i.e., heart rate and blood pressure variability
(HRV and BPV) [28].

In the seventies, the idea was introduced that a computational analysis of heart
rate and blood pressure variability (HRV and BPV, respectively) could have been
a reliable method to investigate cardiovascular autonomic modulation. The
important clinical relevance of this technique has later been demonstrated by the
fact that HRV possesses a strong prognostic value in cardiac diseases. For
instance, Kleiger et al. were the first to demonstrate that a reduction of HRV
parameters following acute myocardial infarction was an independent predictor
of mortality [15, 18]. In the last years, a growing interest has been focused on the
complex interaction between sympathetic and parasympathetic afferent and
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efferent pathways, the sympatho-sympathetic excitatory reflexes [20], and the
reciprocal and non-reciprocal changes of the sympathovagal balance in health
and diseases.

5.2.3.1 Linear Analysis

Frequency domain analysis is based on the evaluation of different rhythmic oscil-
latory components embedded in cardiovascular time series. Several different tech-
niques have been validated in the past years for HRV analysis, usually categorized
into parametric and nonparametric methods. Parametric approaches, such as
autoregressive models, can identify spectral components independently of prese-
lected frequency bands and they can provide accurate evaluation of spectra on
small samples. Nonparametric methods use a simple algorithm, such as Fast
Fourier Transform, and are characterized by higher process speed (Task Force of
the European Society of Cardiology the North American Society of Pacing
Electrophysiology [32]).

Spectral analysis of HRV assesses rhythmical oscillations embedded in cardio-
vascular time series. By using an autoregressive model, the algorithm can identify
three main oscillatory components which are embedded in heart period and blood
pressure time series:

* Very low-frequency component (VLF), frequency band below 0.04 Hz

* Low-frequency component (LF), frequency band bounded between 0.04 and
0.15Hz

* High-frequency component (HF), frequency band bounded between 0.15 and
0.4 Hz, synchronous with respiration

Experimental studies showed that VLF can be considered a marker of very slow
oscillations such as hormonal changes, circadian rhythms, etc.; LF component is a
marker of sympathetic heart rate modulation, while HF component is a marker of
vagal heart rate modulation. The sum of VLF, LF, and HF represents the area under
the curve, also called al total power (TP), or total variability; TP is a global marker
of autonomic cardiovascular variability, representing the capability of the auto-
nomic control to respond to stressors stimuli. Aging and diseases are associated
with gradual decrease of TP, suggesting a loss of autonomic control to reliably
counteract exogenous and endogenous stimuli [24].

Each oscillation can be described in terms of both frequency, expressed in Hz,
and amplitude, which can be expressed both in absolute units (ms? and mmHg? for
heart period and blood pressure time series, respectively) and normalized units (nu).
Nu represent the relative value of LF and HF components with respect to the total
power, and they are calculated dividing the component by total power to which VLF
have been subtracted, i.e., LF nu=[LF absolute units / (total power — VLF power)]
and the HF nu=[HF absolute units / (total power-VLF)]. The ratio between LF and
HF power can be calculated and it is considered marker of the sympathovagal bal-
ance (see Figs. 5.2).
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Fig. 5.2 Spectral analysis of heart rate and systolic and diastolic blood pressure during Rest (left
column) and during Tilt (right column). During Tilt, LF component, marker of sympathetic modu-
lation, significantly increases in both heart period and blood pressure time series compared to rest

5.2.3.2 Nonlinear Analysis

Nonlinear analysis of HRV can be considered complementary to spectral analysis
for autonomic cardiovascular assessment. It has been hypothesized, and then dem-
onstrated, that most of the biological system functions, including the cardiovascular
one, are nonlinear, at least in specific situations. Therefore, the development of new
techniques able to assess autonomic control in situations of nonlinearity became
necessary for a reliable assessment of sympathetic and parasympathetic evaluation
in health and diseases. In addition, we have to underline that ANS regulation is
based on the interaction of subsystems at different time and space scales, acting in
coordination and collaboration in order to control a certain variable, in the case that
matters here, heart rate and blood pressure variations. This situation, which repre-
sents a physiological state, is characterized by a higher complexity, meaning that the
system has good chances and flexibility to adapt itself to various stressors. On the
contrary, when one of these systems becomes predominant on the others, meaning
that this becomes the only system responsible for the regulation of that variable, the
complexity of the system declines and the system becomes more rigid and less able
to respond to stressor stimuli [8, 9, 14, 18, 31, 36].
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It has been proposed that, among a biological signal, complexity and nonlinear-
ity can be related to three main components: first, there are several subsystems
which act, with feedback controls, in order to properly react and adapt to stressor
stimuli; second, subsystems must adapt when conditions change, for instance, due
to a pathological condition; third, in case one of the subsystem fails in control, other
subsystems should act in order to compensate it.

Due to this conceptual important background, several different methods have
been developed in order to assess nonlinear autonomic control in health and dis-
eases and to evaluate the complexity of autonomic cardiovascular control using ad
hoc algorithms. Namely, nonlinear analysis can be grouped into three families:
fractal measure, such as power-law correlation and detrended fluctuation analysis,
symbolic analysis, and, finally, complexity measures (such as Sample Entropy,
Approximate Entropy, Multiscale Entropy, Shannon Entropy, Conditional
Entropy, and Corrected Conditional Entropy). Although a mathematical descrip-
tion of these methods is beyond the scope of this chapter, we will briefly describe
symbolic analysis, which can now be considered a complementary tool to linear
spectral analysis in assessing autonomic cardiovascular control in health and
diseases.

5.2.3.3 Symbolic Analysis

Several kinds of symbolic analysis (SA) have been recently proposed and validated
for autonomic assessment in physiological and pathological states [13, 31].
Conceptually, compared to classical linear spectral tools, SA has three important
advantages: first, it is independent of the a priori frequency band identification of
the heart period and blood pressure oscillations. Secondly, SA is reliable in detect-
ing autonomic changes in cases characterized by very low total variability, where
classical spectral tools can fail, such as in end-stage congestive heart failure. Finally,
while most of the time autonomic control acts as a balance (the so-called sympa-
thovagal balance), it is well known that there are situations that are characterized by
a coactivation of the two autonomic branches (such as exercise, diving reflex, spe-
cific pathological conditions, etc.) [31].

SA is based on the conversion of a series into sequence of symbols, which are
suitable for the identification of sympathetic and parasympathetic control, based
on the transformation of time series into a sequence of symbols and then the
construction of patterns (i.e., words). The application of different mathematical
methods to the distribution of the words allows the identification of complexity
of the time series [35, 38, 31]. Porta et al. proposed an SA characterized by three
steps, transformation of a time series into short patterns, their classification, and
the evaluation of their occurrence. In fact, this SA spreads the full range of
sequences over six levels and then constructs short patterns of three beats length.
All patterns are then classified by grouping them into four families: OV family
(patterns with no variations), 1'V family (patterns with one variation), 2LV family
(patterns with two like variations), and 2UV family (patterns with two unlike
variations) [31]. The percentage of their rate of occurrence is then calculated.
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Experimental data in healthy subjects who underwent different pharmacological
and non-pharmacological tests demonstrated that family family OV is a marker of
sympathetic modulation, while 2LV and 2UV families are marker of vagal modula-
tion. Porta and colleagues demonstrated that SA is able to track gradual increase of
sympathetic modulation in healthy subjects during graded head-up tilt test and bet-
ter than classical spectral tools. In addition, in a clinical study, Guzzetti et al. showed
that SA is reliable tool to assess autonomic control preceeding sudden cardiac
events, such as major arrhythmias in patients with implantable cardioverter defibril-
lator [13]. Finally, SA was able to identify high-risk patients after acute myocardial
infarction [35] and to predict the incidence of major arrhythmias in post-myocardial
infarction patients.

Take-Home Messages Autonomic nervous system can be considered as the inter-
face between external and internal stimuli, central nervous system, and effective
responses.

* Neural control of cardiovascular function is determined by the reciprocal interac-
tion between sympathetic and parasympathetic control acting as a balance; how-
ever, the coactivation of both sympathetic and parasympathetic branches occurs
during several conditions.

» Several techniques have been validated for the assessment of autonomic cardio-
vascular control: (1) urinary and plasmatic catecholamines, (2) direct recording
of sympathetic nerve activity using microneurography, and (3) heart rate vari-
ability (HRV).

* HRV is a noninvasive, reliable, and reproducible technique able to provide infor-
mation on autonomic cardiovascular control in health and diseases.

* Frequency domain analysis, such as spectral analysis of HRYV, is based on the
hypothesis that heart rate and blood pressure rthythmically oscillate around their
mean values and that these oscillations are due to the sympathetic and vagal
modulation of sinus node function and vascular tree.

* Recently, new nonlinear methods, such as symbolic analysis and entropy-derived
measures, have been proposed as tools able to provide complementary informa-
tion on autonomic control in health and disease.
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Emilia D’Elia, Paolo Ferrero, Marco Mongillo,
and Emilio Vanoli

6.1 Introduction

Why shall we, once more, bother about the pathophysiology of HF? Why shall we
wonder if there is anything more that we need to know? Well: shall we wonder why
for 30 years we treated HF patients with inotropic agents including beta-adrenergic
receptor agonists, increasing mortality, and nowadays, we use beta-blockers? Shall
we wonder why we treat the cardiac pandemic with drugs 50 years old? Shall we
wonder why in the same time frame needed to go from the first trans-Atlantic flight
to the moon landing we have not been able to go beyond the end-organ response to
the autonomic storm without even approaching the core of the storm? So many
questions are still waiting for an answer!

The mechanisms and pathways of cardiac neurons response to an ischemic insult
were described in the 1970s, with direct neural recording, by leading investigators
in the field who established specific milestones. Such knowledge was then,
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somehow, neglected and the common perception in the scientific and medical com-
munity was that the right intervention to restore the deranged autonomic balance,
typical of heart failure, was the restoration of the mechanical function of the heart,
with the consequent restoration of the baroreceptorial signal. In other words, the
general belief was that, regardless of the incredible neural network innervating the
heart at the level of the single myocyte, the key element controlling autonomic bal-
ance was some few receptors, outside of the heart! The ATRAMI trial and its prec-
edent experimental background set the stage documenting the baroreceptorial
activity was a marker and NOT a mechanism of the autonomic imbalance accompa-
nying the ischemic heart disease since the very first few seconds of its first manifes-
tation even not perceived by the patient. The central network has then the nucleus of
the tractus solitarius (NTS) as a primary relay of the integration and distribution to
other centers of the afferent neural information.

Here after a brief summary of the mechanisms often described and reappraised
in review articles and chapters will be recalled. After that, novel understanding at
the level of the gene control of cardiac innervation and at the level of the neuromus-
cular junction will be extensively presented.

6.2  TheHistory

The study of the activity of single vagal and sympathetic fibers directed to the
heart has clearly described the pathophysiology of this sympathovagal interaction
and its implication for arrhythmogenesis [1, 2]. Sympathetic nerves, through
B-adrenoceptors, and vagal parasympathetic nerves, through muscarinic acetyl-
choline (ACh) receptors, are the main regulators of heart rate (HR), with a posi-
tive and negative chronotropic effect, respectively [3]. There are regional
differences between right and left cardiac nerves [4].

Large experimental evidence describes the facilitatory effects of tonic sympa-
thetic activity on spontaneous ventricular ectopy, and stimulation of the left stellate
ganglion (LSG) enhances lethal cardiac arrhythmogenesis during acute myocardial
ischemia [5, 6]. A clear sequence of events following coronary occlusion was docu-
mented by Heusch et al. in 23 anesthetized dogs [7]: ischemia produced by experi-
mental coronary stenosis increased the activity of sympathetic nerves, leading in turn
to poststenotic vasoconstriction and aggravation of ischemia. On the other hand, a
bulk of evidence documented over the last decades the potent protective effect of
vagal activation on the ischemic heart. High cardiac vagal activity has indeed been
shown to be associated with a lower risk for lethal arrhythmia, both in experimental
and clinical studies [8, 9]. Neural remodeling process begins in a few minutes/hours
after acute coronary occlusion and may lead to denervation, nerve sprouting, and
sympathetic hyperinnervation [10]. The first consequence of a transmural myocar-
dial infarction is indeed sympathetic denervation of the surviving tissue distal to the
necrotic area [11]. This area might be specifically arrhythmogenic as it displays elec-
trophysiologic super sensitivity resulting in exaggerated refractoriness shortening
when exposed to catecholamine perfusion. The postmyocardial infarction (MI)
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sympathetic re-innervation possibly reflects the neural, structural, and electrophysi-
ologic remodeling after an ischemic insult, and the understanding of the pathophysi-
ology of an MI requires a thorough comprehension of such a mechanism. A critical
aspect of this understanding involves the role of autonomic reflexes within seconds
of an acute coronary artery occlusion. Such reflexes reflect intrinsic individual char-
acteristics of cardiac innervation and can be predicted by the analysis of the auto-
nomic control of the heart. Furthermore, this individual autonomic profile can affect
arrhythmic risk from the first manifestation of the ischemic heart disease [12] through
the entire progression of the disease till end-stage heart failure [13].

The neural regeneration process after an ischemic cardiac insult is mainly
directed by neurotrophins, among which nerve growth factor (NGF) is the most
important. Experimental data in conscious dogs documented that NGF infusion in
the LSG induces a significant nerve sprouting (evaluated by the analysis of the tyro-
sine hydroxylase (TH) and the growth-associated protein 43 (GAP43) markers),
leading to excessive expression of cardiac innervations, ventricular fibrillation (VF),
and sudden cardiac death (SCD) [14].

An alternative understanding of NGF activation in the ischemic heart has been
portrayed by new clinical studies on ischemic heart. They documented that (a) NGF
is produced by cardiac myocytes and specific receptors for this neurotrophin,
namely, TrkA, have been discovered on the myocytes membrane, (b) NGF has a
pleiotropic effect favoring neoangiogenesis and giving protection to the ill myocar-
dium [15]. These observations suggest that the process of cardiac nerve regenera-
tion following a heart attack is useful both to sustain the failing cardiac contractility
but, in the meantime, can lead to a higher risk of life-threatening arrhythmias just in
the acute phase of the events.

6.3  Physiopathology of the Sympathetic Activation

Sympathetic—parasympathetic interaction plays a major role in the evolution and
outcome of many cardiovascular disorders: the study of the activity of single vagal
and sympathetic fibers directed to the heart described the main expression of this
interaction some 40 years ago. The nerve regeneration process is mainly activated
by neurotrophins, among which nerve growth factor (NGF) has a major role. In the
setting of myocardial infarction, myocytes die in the ischemic heart region and sym-
pathetic neurons start a sort of regeneration process called nerve sprouting, able to
increase innervation density around the damaged area. In this framework, it is rea-
sonable to assume that NGF arises after a heart attack and its increase drives a
regeneration process of the sympathetic nerves [16]. Moreover, experimental data in
conscious dogs documented that NGF infusion in the left stellate ganglion (LSG)
induces significant nerve regeneration, as shown by increased tyrosine hydroxylase
(TH) and GAP 13 protein, a marker of nerve sprouting [17, 18]. The most important
observation from these studies is the evidence that this excessive expression of car-
diac innervation is directly associated to ventricular fibrillation (VF) and sudden
cardiac death (SCD). Consequently, the sympathetic hyperactivity generated by a
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heart attack could be due not only to an increase in nerve firing but also to an ana-
tomic increase of the sympathetic nerve fiber density induced by the ischemia-
dependent NGF expression.

6.4 Nerve Sprouting After Myocardial Injury

The role of autonomic responses to cardiac insults had been firstly investigated in
experimental models of myocardial ischemia (MI), documenting the antiarrhythmic
effect of sympathetic denervation. After experimental coronary occlusion, survival
mostly depended on the predominance of the profibrillatory action of sympathetic
activity or the protective action of vagal activation [19]. Functional and anatomical
autonomic remodeling after MI has impact both on the cardiac remodeling (CR)
causing left ventricle (LV) dysfunction and on the cardiac arrhythmic circuits caus-
ing potential fatal events. CR after a heart attack is accompanied by a sprouting of
cardiac nerves under the stimulus of NGF. NGF exists mainly in peripheral sympa-
thetic and sensory nerves and in tissues receiving innervation from those nerves,
including the cardiac atrium, ventricles, and coronary arteries. NGF is necessary for
the survival of sympathetic ganglionic neurons, including the ones innervating the
heart. Experimental evidence documents elevated tissue and plasma NGF levels
early after an MI. On the other hand, the nerve density of the failing heart tends to
progressively decrease with heart dysfunction worsening, and this is a potential
consequence of NGF inhibition by high catecholamine levels [20].

6.5 NGF Changes following an Ischemic Injury: From Short-
Term to Long-Term Events

As mentioned, NGF is expressed in the heart and other sympathetic targets and its
presence correlates with the density of sympathetic innervation. The amount of
NGF may affect the sympathetic nerve survival and synaptic transmission between
neurons and cardiac myocytes [21]. In line with this concept, it was initially docu-
mented that NGF was able to enhance cardiac reinnervation of surgically dener-
vated canine heart. Later on, in a dog model of MI, it was found that both NGF
protein and mRNA levels increased at the infarcted site and at the non-infarcted LV
free wall. Specifically, this increase occurred earlier and was more pronounced at
the infarcted site, where NGF protein was significantly higher after 3.5 h, while
NGF mRNA rose within 3 days of MI induction. Interestingly, transcardiac NGF
concentration (difference in NGF concentration between coronary sinus and aorta)
increased immediately after MI, before a detectable elevation of cardiac NGF
mRNA. This suggests that there is a prompt NGF transcardiac peak as the result of
a cardiac release, probably from damaged cells, which is followed by a local NGF
production. Overall, data obtained from both mouse and canine models of MI point
out that MI causes, within a short time, a diffuse upregulation of NGF in the myo-
cardium that is more pronounced in the area adjacent to the injury.
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It should be emphasized that the observed increase in NGF expression occurs
within a short time following MI, while afterward its levels decline progressively. In
fact, Kaye et al. [15] documented a significant reduction in NGF production 8 weeks
after the induction of heart failure by coronary artery ligation in Sprague—Dawley
rats. Similar to these results, another study demonstrated that dogs infused for 8
weeks with noradrenaline showed a decrease in NGF and TrKA both at mRNA and
protein levels [22]. Thereby, the decrease in NGF expression may represent an
adaptive response to prolonged exposure to a high sympathetic tone, finally entail-
ing a reduction in sympathetic innervation density. This presumption may help to
explain the paradoxical observation of a diminished sympathetic innervation den-
sity in the failing heart, despite an increased catecholamine overflow (Fig. 6.1).

6.6  From Acute Myocardial Injury to Chronic Heart Failure
through Cardiac Remodeling

As already reported before, experimental evidence demonstrated a progressive
decrease of NGF plasma level in rats 8 weeks after a coronary occlusion, following
a prolonged catecholamine effect in an advanced heart failure [23]. Similarly, pro-
longed infusion of noradrenaline in rats is associated to a reduction of NGF and of its
receptor TrkA, following a decrease in mRNA transcription [24] (Fig. 6.2). It seems
that sympathetic cardiac innervation is firmly regulated by NGF expression and pro-
longed exposure to high catecholamines, as it happen in advanced heart failure (HF),
may induce a reduction of NGF and a consequent decrease in sympathetic fibers
density. Several studies also demonstrated that high catecholamine levels reduce
metaiodobenzylguanidine (MIBG) uptake in HF, according to two possible mecha-
nisms [25]. The former one implies a competitive reaction between high noradrena-
line and MIGB reuptake. The latter one, much more reliable, implies a real cardiac
denervation as a cause of a reduced MIGB reuptake. It is reasonable to hypothesize
that sympathetic functional denervation comes along with anatomic denervation,
which can be seen only in an advanced HF stage after a prolonged catecholamine
expression. The negative prognostic value of a depressed MIBG reuptake in patients
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Fig.6.2 Molecular events following NGF interaction with TrkA receptor in nerve terminals, pos-
sibly leading to neuronal remodeling (Reproduced with permission from Govoni et al. [16])

with HF has been clearly documented by the ADMIRE HF study [26]. In this study
indeed a depressed MIBG reuptake identified patients at higher arrhythmic risk and/
or at higher risk of an unfavorable progression of the disease.

Recent studies stressed the evidence of NGF expression on cardiac myocytes.
Meloni et al. [16] observed NGF and TrkA expression on hearts affected by a recent
fatal myocardial infarction: NGF was found in cardiomyocytes, and both cardio-
myocytes and endothelial cell express TrkA. In the same experimental research,
antibodies anti-NGF used in infarcted rats’ hearts cause a lower angiogenesis, an
increased apoptosis, and a worsened cardiac function. On the contrary, genetic NGF
stimulation improved endothelial cell survival rate and promoted angiogenesis,
ameliorating cardiac function 14 days after a heart attack.

In the complex system of neurohormonal interactions discussed above, NGF
seems to have a protective role on the ischemic and failing heart, causing maybe
also a paradox dangerous effect by increasing too much sympathetic innervation.
The key factor to understand this process might involve heterogeneous NGF expres-
sion leading to adjacent areas of hyper and hyposympathetic innervation. This ana-
tomical heterogeneity would result and in a marked increase in electrical
inhomogeneity at the time of a sudden rise in sympathetic discharge to the heart.

To this last regard, we can speculate that molecules able to positively modulate
NGF expression, as already described for other genes, may represent a novel phar-
macological strategy that can contribute to counteract some of the negative effects
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associated with NGF decline and potentially favor cardiac repair after an acute isch-
emic insult. Conversely, molecules able to reduce NGF expression might be useful
to prevent the nerve-sprouting phenomenon, occurring just after MI, which seems
involved in the genesis of arrhythmias [27].

6.7  Molecular Pathophysiology of Cardiac Sympathetic
Innervation

The extent of myocardial innervation by autonomic neurons is often overlooked
when discussing the role of the adrenergic system in cardiac biology or pathology.
As discussed above, both the atria and ventricles are densely innervated by sym-
pathetic and parasympathetic autonomic neurons; in the normal heart, sympa-
thetic neurons spread throughout the different regions of the heart with a
well-defined distribution pattern. Myocardial innervation depends on a number of
factors released by cardiomyocytes, cardiac fibroblasts, and endothelial cells that
include neurotrophins such as NGF, neurotrophin-3, and endothelin-1 (ET-1) [28—
30]. In addition to such molecules sustaining neuron growth and viability, che-
morepulsive factors of the semaphorin family, like Sema3, are secreted by cardiac
cells and participate to the guidance of sympathetic axons throughout the myocar-
dium [31]. In the mouse heart, a transmural distribution pattern is established with
higher neuronal density in the subepicardial than in the subendocardial areas, and
in Sema3a-knockout mice, the failure to develop the correct innervation pattern
increased arrhythmic propensity [32]. The balance between neuron-attractant and
neuron-repellent factors released by myocardial cells finely shapes the density of
sympathetic innervation throughout the cardiac walls. As described above, remod-
eling of cardiac sympathetic innervation is determinant in the pathogenesis of
heart failure following ischemic damage. The neurotrophic factor GDNF (glial
cell line-derived neurotrophic factor) was able to increase cardiac innervation
in vivo in rats after cardiac cryoinjury and counteracted the progress to HF [33].
This extends the observations of earlier work, in which direct NGF injection into
the stellate ganglia neurons was able to increase the function of sympathetic
innervation, NE reuptake, and improve cardiac function in an animal model of HF
[34], and conversely, genetic knockdown of the NGF gene leads to worsened
prognosis after myocardial infarction, due to reduced sympathetic innervation and
angiogenesis [35].

The fine architecture of the cardiac neuronal network was recently described
using 3-D reconstruction of the distribution of GFP+ cardiac neurons in the intact
heart of DBH-GFP mice [36]. When observed at high resolution with methods high-
lighting adrenergic neurons, axonal “varicosities” can be observed with regular dis-
tribution along the neuronal processes (Mongillo M 2015, unpublished). These
structures, which represent neuronal sites enriched in secretory vesicles containing
noradrenaline and other sympathetic neurotransmitters [37], are found close to the
cardiomyocyte sarcolemma, with variable frequency in the different heart regions
(Mongillo M 2015, unpublished). Evidence from in vitro models based on
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sympathetic neurons and cardiomyocyte cocultures demonstrates that direct inter-
action of the two cell types occurs at specific contact sites and is accompanied by
specialization in the cardiomyocyte “postsynaptic” membrane in which p-adrenergic
receptors (ARs), together with adaptor/scaffold proteins and intercellular contact
proteins, are all specifically enriched [38]. Although with much less definition from
the morphological and biochemical standpoint, the interaction site between sympa-
thetic neurons and cardiomyocytes shares features of the well-known neuromuscu-
lar junction [39]. The hypothesis of cardiac synapses has been proposed by many
authors in the last four decades. It has been suggested that such specific junctions
would increase the efficiency of activation of cardiomyocyte b-AR by neuronally
released noradrenaline, a requisite for the rapid activation of the cardiac inotropic
and chronotropic effects of the fight-or-flight response [40].

Although the details on molecular signaling by beta-adrenergic receptors have
been obtained using isolated or cultured cardiomyocytes, it is worth considering
them in the context of the cell-cell interaction between sympathetic neurons and
cardiomyocytes.

The adrenergic receptor system mediates cardiac responses to the release of
catecholamines by the sympathetic neurons. Cardiomyocyte -1 and -2 adren-
ergic receptors (BARs) couple to the activation of cyclic adenosine monophos-
phate (cAMP) that, mainly through activation of protein kinase A and EPAC
[41], operate the increase in rate and force of contraction of the heart. Studies
performed in isolated cardiac myocytes showed that the subtype-specific stimu-
lation of the two b-AR isoforms activates a distinct pattern of intracellular down-
stream targets, with different effects on cardiomyocyte function [42]. While -1
selective activation exerts potent inotropic and lusitropic effects, -2 AR have
only a minor effect on contractility and fail to enhance relaxation [43].
Furthermore, chronic -1 AR stimulation caused cardiomyocyte apoptosis [44],
and its overexpression in transgenic mice leads to progressive hypertrophy and
heart failure [45], while p2AR stimulation showed anti-apoptotic effect [46].
Although both bl and b2 AR lead to cAMP synthesis, their singular effect has
mostly been attributed to partitioning of the receptors on the cell membrane and
to the restriction of cAMP diffusion in distinct intracellular compartments [47,
48], where the target effector proteins (e.g., ion channels, SERCa pumps, ryano-
dine receptors) are localized [49, 15].

Interestingly, direct intercellular contact might also be involved in retrograde
cardiomyocyte-to-neuron signaling mediated by neurotrophins. Reduced efficiency
of neurocardiac communication, due to alterations in the specific contact structures,
would therefore result in decreased activation of b-AR, noradrenaline spillover in
the myocardial interstitium, and depletion of noradrenaline stores, all of which are
features commonly appreciated in failing hearts [50]. In addition, it would decrease
the trophic input to cardiac neurons, which may result, with time, in denervation,
also commonly observed in failing hearts [51].
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In addition to the role in the acute control over heart rate and contractility, car-
diac sympathetic neurons have a role in the regulation of fundamental homeostatic
mechanisms in cardiomyocytes. The expression level of the major cardiac ubiquitin
ligases, namely, MuRF1 and Atrogin-1 [52], key mediators of the cardiomyocyte
ubiquitin—proteasome system, is negatively controlled by b2-AR activation, through
PI3K/Akt modulation of the FOXO family of transcription factors [53, 54].
Consistently, selective stimulation of b2-AR causes cardiac hypertrophy, while its
inhibition by either receptor antagonists or removal of neuronal input with cardiac
sympathetic denervation leads to atrophic remodeling in rodent and rabbit hearts
[55]. Interestingly, UPS targets directly regulated by adrenergic receptors including
signaling elements involved in the degradation of cAMP, like phosphodiesterases
[56] as well as cardiac proteins determinant for cellular coupling and electrophysi-
ology, including Connexin43 [57].

In addition to the pharmacological inhibition of beta-AR, direct modulation of
cardiac autonomic nerves has also received considerable attention. Experimental
therapies aimed at the shift in autonomic balance toward reduced sympathetic
drive and increased vagal activity have been obtained in several ways including
pharmacological approaches [58, 59] and direct electrical stimulation. In rats,
electrical stimulation of the ear endings and the brainstem exerts an antiarrhyth-
mic effect. Similar results were obtained with electrical stimulation of carotid
baroreceptors, which also leads to sympathetic inhibition; chronic vagal stimula-
tion, as elicited by a surgically implantable stimulator [60], has been shown to
produce a significant drop in systemic pressure and is currently in clinical trials in
drug-resistant hypertension [61]. Given the abundance of data demonstrating the
arrhythmogenic potential of sympathetic activity, it seems obvious that the pre-
vention of life-threatening events in patients at high risk of developing VTI/VF
may represent another clinical application of cardiac sympathetic nerve modula-
tion. To date, however, experimental studies have not adequately addressed this
issue.

Conclusions

The autonomic nervous system responds within seconds to any even minimal
cardiac insult. The level of autonomic response might be, in several instances,
exaggerated with detrimental consequences of cardiac negative remodeling dur-
ing and after acute myocardial ischemia. The key issue here is that autonomic
responses are the cause and not the consequence of the negative cardiac remod-
eling (Fig. 6.3). The understanding of the autonomic pathophysiology had even-
tually critical clinical consequences when, after 25 years of denial toward the use
of them, beta-blockers became first-line therapy in heart failure. This under-
standing needs to be fully appreciated at time like today when the available ther-
apy seems to be unable to further meet the growing challenge of heart failure and
direct nerve modulation represents the new hope for such a challenge.
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Fig. 6.3 Spontaneous arrhythmias in conscious dogs with a healed anterior MI and circumflex
ischemia-dependent progression of left ventricular dysfunction at high and low risk for sudden
death. In panel (a) the rapid occurrence of a fatal ventricular tachyarrhythmia in dogs with a
depressed vagal control of heart rate is shown. In panel (b) the arrhythmia pattern in a dog with
analogous cardiac damage but with preserved vagal reflexes is shown. The level of reflex vagal
control determines the fatal or nonfatal consequence of a chronic ischemic LV dysfunction
(Reproduced with permission from Adamson and Vanoli [13])
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7.1 Introduction

Cardiovascular control systems are designed to maintain systemic perfusion of vital
organs to ensure survival, adapting to remarkable challenges with instantaneous
changes in response to external and internal stimuli. Human survival relies on the
heart and vasculature to provide blood flow to key body systems to quickly escape,
exercise, or sleep. Cardiovascular control is mediated through a series of complex
interactive neural and hormonal events that respond to sensed needs of the body.
Understanding cardiovascular physiology from the control system’s perspective is
hypothesized to be a window into the clinical status of the human being [1].
Predictable control system changes occur when disease chronically or acutely
changes any of the organ systems, such as heart failure (HF) [2-7].

In the advent of implantable electronic devices designed to treat certain cardiac
rhythm disorders or “correct” conduction system disease, the concept emerged that
collecting information sensed by implanted devices may provide a means to either
continuously or frequently monitor control systems activity, thus providing poten-
tially important clinical information. This concept was first tested using measure-
ments of heart rate variability (HRV) measured from an implanted cardiac
resynchronization device (CRT) in the Multicenter InSync Randomized Clinical
Evaluation (MIRACLE) trial [8] and, subsequently, in the InSync II trials. These
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studies demonstrated that continuously measured HRV reflected a shift in cardiac
neural control toward increased vagal and decreased sympathetic influence with the
application of CRT [9]. Patients with chronically low values or declining HRV, sug-
gesting cardiac autonomic shifts toward sympathetic dominance and vagal with-
drawal, were at high risk for impending hospitalization [10].

Subsequent studies demonstrated value in measuring a variety of cardiac param-
eters including atrial fibrillation burden, episodes of ventricular arrhythmia, per-
centage of ventricular or atrial pacing, activity, or intrathoracic impedance [11]. The
theoretical advantage to these measurements is that they are continuously measured
and can be remotely monitored, allowing the clinician to monitor patients in their
own environment, supplementing face-to-face encounters.

The purpose of this review is to outline the physiologic information available for
remote monitoring of patients with heart disease, in particular patients with HF who
represent the most studied group with implanted electronic devices. The evolution
of this concept led to development of permanently implanted sensors that provide
actionable information used to remotely guide clinical decision making. The future
of such technology is significant with applications that may incorporate typical
commercial devices, such as “smart” phones or other monitors commonly used in
modern society. An exciting ongoing story can be heard when listening to the heart
transcends simple auscultation.

7.2  Heart Rate Variability

Inter-beat variability of heart rate is determined predominately by parasympathetic
efferent activity synchronized with respiration rate [12, 13]. Increased parasympa-
thetic activity slows the spontaneous depolarization rate characteristic of the pace-
maker current () in the sinoatrial (SA) node, thus increasing the interval between
atrial depolarizations and slowing heart rate. The parasympathetic nervous system
influences heart rate at a relatively high frequency intending to alter filling and output
in concert with respiration rates. Low-frequency variability (0.1-0.25 Hz) is mostly
mediated through neural and hormonal sympathetic effect [12]. Other influences on
HRYV include ultralow-frequency events, mostly mediated by body temperature and
other basal metabolic inputs. Overall HRV is the result of interactions between all
these influences resulting in a finely tuned regulated cardiovascular system. More
variability in SA nodal depolarization reflects stronger parasympathetic effect, while
less variability heart rates usually arise from vagal withdrawal. Concomitant increases
in sympathetic end-organ effect are usually associated with lower HRV values. Low
HRYV sometimes can be associated with “saturation” in conditions in which cardiac
vagal effect is very strong, such as in distance trained athletes.

Traditionally, HRV was calculated from surface ECG signals using RR intervals
to calculate variability in both “time domain” and “frequency domain” [12]. This
approach required sophisticated extraction and concatenation formulae intended to
exclude beats that were not generated by SA nodal depolarization, such as prema-
ture atrial or ventricular beats. These ectopic beats are thought not to reflect cardiac
autonomic control and were excluded from analysis. RR interval measurements of
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HRYV were also limited by signal acquisition time, usually 2448 h. Another limita-
tion of RR interval variability measurements was that it only considered electrical
events that passed the AV node causing ventricular depolarization. Finally, HRV is
not informative in patients with chronic or persistent atrial fibrillation. In fact, most
algorithms require at least 25 % of the sensed time to be sinus rhythm. Therefore,
HRV measurements in patients with very frequent atrial or ventricular ectopy are
usually invalid.

Some of these limitations were addressed in patients with implanted electronic
devices such as pacemakers, biventricular pacemakers, or implantable cardio-
verter defibrillators (ICD) by using electrical signals sensed by the atrial lead.
This approach has the advantage of continuous monitoring which dramatically
increases the sample size of the sensed signals which minimizes the impact of
ectopic beats [12].

The first device-based HRV calculation used the median heart rate sensed from
5-min bins of heart rate [9]. The median atrial-atrial (a-a) depolarization intervals from
the 5-min bins were then used to calculate standard deviation of the median a-a interval
over the entire 24 h (from midnight to midnight). The daily HRV measurement was
then assessed as the standard deviation of the a-a interval (SDAAM) and expressed in
ms. This HRV measurement was compared in the MIRACLE trial between patients
randomized to CRT on vs. those with CRT off. HRV values were not different at base-
line between the groups, but were significantly higher in the CRT-on group after 6
months of therapy. Tthis led to the conclusion that correction of interventricular con-
duction delay in patients with advanced HF syndromes improved cardiac autonomic
control by reducing sympathetic input and improving parasympathetic effect.

The second major study of HRV from implanted devices asked two specific ques-
tions [10]. First, do basal HRV levels reflect clinical stability/instability in patients
with HF receiving CRT and thereby predict long-term event rate, such as hospitaliza-
tions? The second hypothesis tested was that both vagal withdrawal and sympathetic
activation should occur (i.e., declining HRV value) as HF patients decline in clinical
status leading to a decompensated state and hospitalization. Both hypotheses were
retrospectively evaluated in a prospectively obtained database from the InSync III
registry involving 288 patients with information available for analysis. Patients with
persistently low SDAAM measurements (<50 ms) were at 3.2 times higher risk for
mortality (p=0.02) and had higher hospitalization rates compared to those with
higher HRV values (Fig. 7.1). Furthermore, SDAAM measurements declined signifi-
cantly as patients progressed toward hospitalization confirming the expected auto-
nomic reaction to progressive congestion and hospitalization [10].

Subsequently, several novel HRV methods were introduced into device-based
diagnostic packages, each demonstrating prognostic value of remote monitoring of
patients with HF [14]. The limitations of HRV measurements are important to
understand. The measurement cannot provide direct guidance for medication
changes intended to maintain clinical stability and, as such, can only provide a
remotely available “early warning system” that identifies either patients who chron-
ically are at high risk for hospitalization (basal HRV) or are in the process of decom-
pensation (dynamic HRV). Additionally, HRV cannot be measured in patients with
atrial fibrillation or with >75 % of sensed heart beats as “non-sinus” initiated [9].
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Fig.7.1 Heart rate variability levels in patients with subsequent heart failure events (With permis-
sion from Ref. [10])

This crucial first step, however, was important in stimulating the development of
monitoring systems designed to remotely enable practitioners to improve surveillance of
patients with symptomatic HF. The search continued for a clearer signal that could pro-
vide remotely obtainable information concerning the pathophysiology of decompensa-
tion with congestion in HF patients. The ideal signal would appropriately follow
progressive changes in body volume, which are typically associated with decompensa-
tion and hospitalization, inform clinical decision making by guiding changes in medica-
tion dosing, and allow confirmation of successful treatment with the goal of maintaining
stability rather than reacting to the consequences of severe decompensation.

7.3 Intrathoracic Impedance Measurement

Measuring intrathoracic impedance with an implanted device was the next step in
pursuit of a more direct marker of lung fluid and excess volume in HF patients at
risk for decompensation. The concept was based on a very simple calculation of
electrical impedance of a subthreshold impulse as it traversed the thorax from the
right ventricular (RV) lead of an implanted electronic device to the pulse generator
[5]. The theoretical advantage to this approach was that the vector distance between
the RV and the pulse generator was fixed, which led to the hypothesis that a change
in impedance would only occur in the presence of a change in lung fluid composi-
tion. Early studies in small numbers of HF patients demonstrated that intrathoracic
impedance measurements correlated well to pulmonary capillary wedge pressure
and the amount of fluid removed from acutely decompensated patients. Subsequent
small trials suggested that meaningful changes in intrathoracic impedance measure-
ments were apparent up to 14 days prior to hospitalization in decompensating
patients. When coupled with other device-based diagnostics, such as HRYV, activity,
or nighttime heart rate, intrathoracic impedance changes were associated with
increased hospitalization risk in the near term.



7 Cardiovascular Serenade: Listening to the Heart 91

Unfortunately, this measurement was unable to guide medical therapy in hopes
of maintaining stability in patients with HF. In an early terminated prospective ran-
domized trial called DOT-HF performed at multiple European sites, changes in
intrathoracic impedance were tied to a patient alert system generated by the
implanted device [15]. The intent of the trial was to act on patient alerts by intensi-
fying diuretic therapy and averting decompensation leading to hospitalization. The
lack of clear understanding of false-positive and false-negative rates led to confu-
sion which resulting in increased rate of hospitalizations in the monitored group
compared to standard of care [15]. This disappointing result led to early termination
of the PRECEDE-HF trial, which was a US-based investigation of the impact of
intrathoracic impedance on HF outcomes.

The collective experience with implanted device-based intrathoracic impedance
measurements remains unclear. Predictive statistical evaluation may help clarify
what other events, such as pneumonia, COPD exacerbation, non-critical volume
shifts, or device abnormalities, change the impedance signal without an excess in
body volume. A large multicenter randomized trial is ongoing in Europe to further
evaluate the value of intrathoracic impedance and guide its use in remote monitor-
ing of patients with HF [16], but preliminary reports in an abstract presentation
found no benefit of intrathoracic impedance in reducing hospitalizations in 1,002
patients followed for over 12 months [late breaking clinical trials, European Society
of Cardiology, London, 2015].

7.4 Implantable Hemodynamic Monitoring

Traditional history and physical examination monitoring of patients with HF in
clinical settings are designed to estimate body volume and organ perfusion. As over
90 % of hospitalizations involve excesses in body volume resulting in signs and
symptoms of congestion, monitoring body volume is the key element of frequent
assessment of high-risk patients [17]. HF disease management strategies typically
involve frequent physical assessment by HF specialists with the hopes of early
detection of volume accumulation that may lead to changes in diuretics or maximi-
zation of neurohormonal interventions.

The obvious limitation of these expert evaluations is that the examination and
assessment cannot be done frequently or remotely. Patients are typically instructed
to weigh themselves daily as a surrogate of body volume with the hypothesis that
sudden increases in body weight would lead to medication changes in time to
avoid acute decompensation and hospitalization. The common theme of all these
clinical tools is to estimate cardiac filling pressures to guide medical manage-
ment. Unfortunately, each maneuver, including physical examination and daily
weights, is insensitive for detecting significant changes in filling pressures. In one
study the sensitivity of a 2 kg body weight change in 72 h for predicting impend-
ing hospitalization was measured at 9 % [18-22]. Therefore, traditional clinical
tools, even when remotely available as with body weight, are insensitive for
assessing cardiac filling pressures which rise predictably as patients progress to
decompensated state.
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In fact, other typical parameters monitored in patients with HF, such as intratho-
racic impedance and serial BNP measurements, were validated as surrogates of car-
diac filling pressures (PCWP) [23]. Until recently, sensor technology suitable for
the hostile environment of the human body was not available. However, in the mid-
1990s Steinhaus and colleagues tested the first fully implantable hemodynamic
monitoring system, which included a pressure transducer and oxygen saturation
probe implanted in the right ventricular outflow tract (RVOT) in patients with HF
[24]. This feasibility study found that the oxygen saturation sensor failed at a fairly
high rate leading to removal of this component in subsequent designs. The Chronicle
device was then developed using the basic framework of a pacemaker with a single
lead housing the transducer implanted in the RVOT using a passive tine tip that also
measured the local electrogram. The lead and transducer were then attached to a
battery and memory system housed in a pulse generator that was implanted subcu-
taneously [25-27]. The implantation of this device was associated with typical com-
plications of single lead pacemakers such as lead dislodgement, pocket infection,
and system failure. Ultimately, the polyurethane lead design of the sensor was found
to have an unacceptably high rate of single-source failure after 4 years of follow-up,
and the system development was abandoned [28]. The clinical trials associated with
this device, however, provided a rich database that described HF pathophysiology in
a manner that was never seen before. A summary of clinical investigation using
implantable hemodynamic monitoring systems and outcomes is shown in Table 7.1.

The Chronicle device measured right ventricular systolic, diastolic, and mean
pressures and had an algorithm to estimate pulmonary artery (PA) diastolic pressure

Table7.1 Summary of clinical investigation using implantable hemodynamic monitoring devices

Annualized
reduction in HF
Mean duration hospitalization Patient
Trial Level of evidence | of follow-up rates population
COMPASS Historic control 17 months 57 % NYHA
Feasibility [26] (p<0.01) classes
1I-1V
HFrEF
n=32
COMPASS-HF Randomized 6 months 21 % All HF NYHA
[29] prospective single events classes
blinded (»p=0.33) 1I-1v
36 % time to first | Any EF
(»<0.01) n=274
REDUCEN(f [28] | Uncompleted 12 months N/A NYHA
randomized single classes II-11I
blinded ICD
indication
N=400
CHAMPION Randomized 6 months 28 % (p<0.001) | NYHA class
Trial [35, 36] prospective single | primary 37 % (p<0.0001) |III
blinded 17 months Any EF
supplemental N=550

HFrEF heart failure with reduced ejection fraction, /CD implantable cardioverter defibrillator, EF
ejection fraction
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Fig.7.2 Implantable
hemodynamic monitoring
system used in the
COMPASS-HF trial
(Adapted from Ref. [29])

(Fig. 7.2). PA diastolic pressure estimate was the pressure in the RVOT at the time
of maximum dP/d¢, which corresponded to the opening of the pulmonary valve.
Heart rate and other derivatives of the pressure signal were recorded beat to beat,
averaged, and stored in a user-defined time bin. Hemodynamic information was sent
by a radio-frequency (RF) uplink to a bedside device that transmitted the informa-
tion to a secured website for investigator and provider review. The first clinical
experience with this device proved it to be precise and accurate over time [25]. In
addition, it became clear that pressures increased as patients decompensated and
returned to baseline with successful treatment of decompensated HF [26]. Significant
hospitalization reductions, using historic control analysis, were observed in the fea-
sibility patients when pressures were validated and then used to guide medications.
This supported the hypothesis that implantable hemodynamic monitoring may be a
superior means to manage high-risk patients with persistently symptomatic HF.

The first prospective, randomized, single-blinded, implanted control trial evalu-
ating the strategy of hemodynamic guided HF care was called COMPASS-HF,
which enrolled 274 patients with NYHA class III or IV HF symptoms and a hospi-
talization in the previous 6 months [29]. The primary end point of the trial was a
composite of HF-related events that included emergency department visits requir-
ing intravenous HF care, intravenous medication interventions in the office, and
HF-related hospitalizations evaluated after 6 months of hemodynamic-guided care
in the treatment group vs. standard of care in the control group. The trial was
designed with 80 % power to detect a 30 % reduction in all primary end points
assuming a control group rate of 1.2 events/6 months. These assumptions were quite
ambitious and led to a grossly underpowered study unable to adequately test the
hypothesis. In contrast to the predicted event rates, the COMPASS-HF control
group did very well with 0.85 events/6 months, which rendered the treatment
group’s 21 % reduction in all events (0.67 events/6 months) nonsignificant [29]. A
retrospective time-to-first-event analysis revealed a significant 36 % reduction in the
primary end point. Additionally, approximately 17 % of the patients had NYHA
class IV symptoms at enrollment. These patients seemed to have an increased event
rate in the treatment group. Ambulatory NYHA class III patients seemed to benefit
from hemodynamic monitoring, but this was a retrospective subgroup analysis in a
trial that did not statistically meet its primary end point. The findings, then, sup-
ported the hypothesis, but did not provide sufficient evidence for benefit to out-
weigh the risks associated with implantation of the device.

The COMPASS-HF trial provided a unique and never-before-seen perspective
into cardiovascular pathophysiology. These significant contributions illustrate the
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value of “listening to the heart.” Continuous hemodynamic evaluation of ambulatory
HF patients demonstrated that elevated cardiac filling pressures were common and
elevations had prognostic value [30]. Very importantly, the COMPASS-HF experi-
ence found that there were two components to hemodynamic-guided care and both
must be addressed for ultimate clinical success. Whereas it was clear that pressures
progressively and predictably increased from baseline as patients decompensated [3,
4, 6, 7], only reacting to changes was not complete. Stevenson and colleagues
reported that pressure levels were clearly related to subsequent risks for HF events
[30]. Their retrospective analysis from COMPASS-HF found that patients entering
the trial with elevated pressures who had their pressures treated and lowered were
among those with the lowest event rates. Patients entering the trial with high pres-
sures that persisted throughout the trial had the highest event rates, which were equal
to patients who entered with lower pressures that experienced persistent increases
over time. The final group, patients with pressures that stayed low from implant to
the end of follow-up, were also at low risk. This concept led to a better understanding
of the clinical relationship between filling pressures and perfusion. Although perfu-
sion is important to monitor, most patients with chronic HF do not require high pres-
sures to maintain cardiac output. In fact, the evidence is clear that higher filling
pressures are detrimental and lead to high risk for decompensation [30]. The retro-
spective data by Stevenson and colleagues developed a significant hypothesis that
was to form an important component of the CHAMPION Trial protocol.

Further insight into the pathophysiology of HF was provided by Zile and col-
leagues who demonstrated that the hemodynamic characteristics of patients with
HF and reduced ejection fraction (HFrEF) were similar to those patients with HF
and preserved ejection fraction (HFpEF) [3]. This was an important point as the
only consensus agreement about therapy for HFpEF patients was control of volume
(i.e., filling pressures). Albeit pressures tended to change with a steeper pressure/
time relationship in HFpEF patients, they still significantly increased 17-21 days
before decompensating patients were hospitalized. This further supported the gen-
eral hypothesis that this important and underserved group of HF patients may ben-
efit from hemodynamic-guided HF management.

Further development of the Chronicle device included adding a single-chamber
defibrillator to the circuitry to evaluate the impact of hemodynamic-guided HF man-
agement in patients with an indication for ICD therapy. The REDUCEf trial was then
designed to evaluate up to 1200 HF patients followed for 12 months with a similar end
point of HF events used in COMPASS-HF [27]. Unfortunately, the lead failure prob-
lem in the Chronicle system was discovered after 400 patients were enrolled in the
REDUCEN( trial, but the trial did discover that patients with NYHA class II HF fol-
lowing a previous hospitalization had a much different event rate in the year following
implantation of the monitor. Event rates in the NYHA class II patients were very low
after implantation (0.24 events/patient/year) suggesting that hemodynamic monitor-
ing in these patients, if the goal was to reduce hospitalization rates, may not be effec-
tive [28]. Additionally, patients with treated arrhythmias tended to have higher filling
pressures, although a high-resolution view of pressures temporally associated with
ventricular arrhythmias was difficult to establish with the technology [31].

Therefore, previous hemodynamic monitoring trials produced a very important
database to further understand the hemodynamic pathophysiology of HF. Appropriate
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patient populations most likely to respond to the therapeutic approach were identi-
fied, and a general understanding of the appropriate medical interventions needed to
control chronically measured filling pressures was learned. This typical learning
curve associated with completely novel approaches to management is understand-
able and served to develop the appropriate assumptions, patient selection, and pro-
tocol developed in the CHAMPION Trial.

7.5 CHAMPION Trial

The CHAMPION Trial utilized a novel technology to acquire hemodynamic infor-
mation that had a much different risk profile compared to previous monitoring sys-
tems [32]. The MEMS-based sensor did not require a lead or battery and was
empowered by radio-frequency interrogation by an external antenna [32, 33]. The
sensor consists of a coil and a pressure-sensitive capacitor encased in a hermetically
sealed silica capsule covered by silicone. The coil and capacitor form an electrical
circuit that resonates at a specific frequency. Pressure on the sensor deflects the
pressure-sensitive surface which, in turn, results in a characteristic shift in the reso-
nant frequency. The sensor is empowered by interrogation from an external antenna
held against the patient’s body. Once electromagnetic coupling is achieved, the
interrogating device continuously measures the sensor’s resonant frequency at a
very high sampling rate, converting the resonant frequency into pressure waveform.
The interrogating device has an atmospheric barometer which automatically sub-
tracts the ambient pressure from that measured from the implanted sensor.
Calibration of the sensor is accomplished using simultaneous pressures from a
fluid-filled catheter at the time of implantation. The sensor wafer has nitinol loops
placed on the ends to anchor the sensor in the pulmonary artery branch serving also
to automatically size the device to the vessel caliber (Fig. 7.3a, b).

After the long-term accuracy and precision of the sensor was established [32—
34], the CHAMPION Trial was designed as a prospective, randomized, single-
blinded, controlled trial testing the hypothesis that active medical management of

Fig.7.3 (a) Implantable MEMS-based sensor used in the CHAMPION Trial (Adapted from Ref.
[33]). (b) Anteroposterior chest X-ray in a patient with a CardioMems Implantable Hemodynamic
sensor placed in the left pulmonary artery (circle)
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PA pressures in patients with persistent NYHA class III HF symptoms following a
previous hospitalization would maintain stability and prevent future rehospitaliza-
tions [33]. Five-hundred fifty HF patients, regardless of ejection fraction, were
enrolled and implanted with the sensor during right heart catheterization.
Hemodynamic information was available for medical decision making in all patients
at the time of sensor implantation, and patients were then randomized to a treatment
group that received standard HF disease management in addition to ongoing access
to daily uploaded PA pressures. The control group received standard HF disease
management, but uploaded pressures were not accessible to the investigators.

After implantation, patients were instructed how to use the bedside interrogation
unit that incorporated the external antenna into a pillow for the patients to recline
against. This was done for ease of use and to standardize body position during PA
pressure acquisition. Patients uploaded pressures daily, and investigators were asked
to review treatment group pressures weekly. Suggested pressure-guided medication
changes were outlined in the protocol and, in general, set pressure target ranges (PA
diastolic 8—20 mmHg and PA mean 10-25 mmHg) and first considered elevations
from target pressures to be due to excess body volume. Diuretic intensification was
the first medical intervention followed by addition of vasodilators as long as perfu-
sion was adequate.

The primary end point of the CHAMPION Trial was rate of hospitalizations
compared between the treatment and control group after 6 months of management.
All patients remained in their original randomized group until the last patient fin-
ished 6-month follow-up allowing supplementary analyses examining the duration
of a potential treatment effect. Further follow-up of an additional 13 months of the
strategy was reported at the US Food and Drug Administration (USFDA) Advisory
Panel. The final 13-month follow-up period examined the experience of the control
group transitioning into hemodynamic-guided care. This period of time was consid-
ered free from limitations of a single-blinded trial and examined a more “real-
world” experience with hemodynamic monitoring [35].

7.6  CHAMPION Trial Results: Benefits of Listening
to Central Hemodynamic Data

The CHAMPION Trial proved that maintaining stability in patients with symptom-
atic HF using hemodynamic-guided care resulted in both clinically and statistically
important reduction in decompensation requiring hospitalization [36]. This impact
on hospitalizations was above and beyond intense HF disease management using
signs and symptoms, daily weights, and monitoring of other device and laboratory
diagnostics, which were operant in the control group of the trial. The control group
in CHAMPION received excellent care as evidenced by an event rate of 0.44 events
per patient per 6 months, which was almost Y2 that seen in the COMPASS-HF trial
(0.85 events per patient per 6 months) (Table 7.1). In fact, the CHAMPION control
group had one of the lowest annualized event rates seen in hemodynamic monitor-
ing trials which were substantially lower than used in the power calculations
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designing the trial’s enrollment. The magnitude of hospitalization rate reduction in
CHAMPION is even more profound when one considers how well the control group
was treated in the trial [36].

Several subsequent analyses from the CHAMPION Trial provide further insight
into hemodynamic monitoring in patients with HF. For example, patients with
HFpEF, defined as LVEF>40 %, were a predetermined subgroup analysis in
CHAMPION [37]. Hospitalization rates after the entire randomized follow-up
period were 50 % lower in HFpEF treatment patients compared to control.
Hospitalization rates in the HFpEF group with LVEF > 50 % were 70 % lower in the
treatment group compared to control. Hemodynamic-guided care of patients with
HFpEEF is the first successful treatment strategy in this important and underserved
group. This is important as over Y2 of hospitalized patients in the ADERE registry
had preserved EF, but currently there is no consensus about successful treatment
strategies [38].

HF patients almost always have multiple comorbidities, many of which produce
shortness of breath, exercise intolerance, and fatigue. Patients with the comorbidity
of chronic obstructive pulmonary disease (COPD), for example, may have worsen-
ing dyspnea because of bronchitis or HF. In the CHAMPION Trial, patients with
COPD and HF had better outcomes in the treatment group compared to control both
for HF and respiratory hospitalizations [39]. This may illustrate that having PA
pressures in this population of patients provides clarity of diagnosis leading to early
intervention of the appropriate illness cause symptoms. Other patient groups, such
as those with severe World Health Organization (WHO) group II secondary pulmo-
nary hypertension, were at higher risk for hospitalization, but the treatment group
fared better in the follow-up period [40]. The transpulmonary gradient found at
implantation, in fact, was helpful in differentiating the extent to which volume vs.
resistance contributed to the elevated pressures.

Hospitalizations in patients with HF are thought to contribute to progression of
cardiac failure and dysfunction, thus decreasing the patient’s expected life span
[41]. This is underscored by the observation that few if any clinical trials treating the
already decompensated patient have shown positive results. As a result more and
more prospective clinical trials examining new interventions include hospitalization
as the target end point or, at least, part of the primary end point. However, the direct
link between hospitalization prevention and mortality is ill defined. A retrospective
analysis of patients in the CHAMPION Trial already receiving maximal guideline-
directed medical and device therapies appropriate for their disease state supports the
link between hospitalization and mortality. In CHAMPION, approximately 75 % of
the patients with reduced ejection fraction were on angiotensin intervention with
ACE inhibitor therapy or ARB along with beta-blocker therapy. The baseline dosing
was in line with targets set in the clinical trials that defined their use. These patients
were also receiving ICD and CRT device therapies as well. Over the 17 months of
hemodynamic-guided care in the randomization phase of CHAMPION, those on
guideline-directed medical therapy had 42 % less hospitalizations and mortality,
adjusted for baseline demographic differences, was 50 % less in the treatment group
compared to control [42]. This effect was even more profound in patients receiving
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CRT, whose adjusted mortality reduction was 61 % [43]. With the limitation of
retrospective analysis and nonrandomized subgroup analysis, these data strongly
support the hypothesis that the goal of HF management should be to maintain stabil-
ity, but not just to prevent costly hospitalizations, but also to prolong life.

Conclusions

The “Cardiac Serenade” contains a very beautiful song that provides rich insight
into how the body perceives the human condition. The design of such complex
and interactive control systems not only ensures survival but recognizes change
and anticipates needs to provide humans with perfusion on demand, even when
the system is diseased. With the advent of implantable technology capable of
recording physiologic signals either continuously or frequently, the clinician’s
job of providing effective care has become much more streamlined and clear.
The end result is a noticeable paradigm change, at least for the management of
HF: maintaining stability by tapping into the data stream produced by the body’s
control system prevents decompensation, reduces the need for hospitalization,
and improves survival along with improving overall quality of life.
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Maria Teresa La Rovere and Gian Domenico Pinna

Sleep is an orchestrated neurochemical process involving different biological sys-
tems. Many theories have attempted to explain the biological meaning of sleep
including a primary restorative function, a central role in reinforcement, and consoli-
dation of memory, and an important place for thermoregulatory processes. Despite
the lack of a general consensus on its purposes, the brain mechanisms controlling
sleep and wakefulness as well as the associated changes in cardiovascular and respi-
ratory function are largely known. The autonomic nervous system is of paramount
importance in the regulation of the cardiovascular function during sleep, and it can
also mediate cardiovascular events occurring during sleep as a result of cardiovascu-
lar diseases or primary sleep disorders such as sleep-disordered breathing.

The aim of this chapter is to review the autonomic effects of normal sleep and of
sleep-related breathing abnormalities, the relationship of the autonomic nervous sys-
tem to arrhythmogenesis and sudden death, and the role of the autonomic nervous
system in mediating cardiovascular consequences of sleep apnea in heart failure.

8.1 The Cardiovascular System and Sleep Architecture

Polysomnography is the standard tool used to study the overall sleep process and diag-
nose sleep disorders. It involves the recording of the electroencephalogram (EEG), the
electro-oculogram (EOG), and the electromyogram (EMG). Based on these signals,
sleep is divided into two strikingly distinct states: non-rapid eye movement (NREM)
sleep and rapid eye movement (REM) sleep. NREM sleep is subdivided further into
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light sleep (NREM1 and NREM?2 or N1 and N2) and deep sleep (NREM3 or N3,
sometimes referred to as slow wave sleep). NREM and REM occur in a cycle that is
repeated four to six times every night, each cycle lasting approximately 90—110 min.

A normal sleep cycle begins with light N1 sleep, during which the theta waves
(4-7 Hz) replace the alpha rhythm (8—13 Hz) of wakefulness. As sleep approaches,
muscle activity, which is highest during wakefulness, starts to decrease. With transi-
tion to N2, sleep spindles and K complexes appear in the EEG, thus signaling the
increasing depth of sleep. Sleep spindles are bursts of rapid, thythmic brain wave
activity in the range 12-15 Hz, while K complexes are slow (>4 Hz), large waves
that stand out from the background with a negative than a positive deflection. In N3,
the EEG pattern is characterized by synchronized high-amplitude (>75 pV), slow
(0.5-3 Hz) delta waves. Slow wave sleep is associated with no eye movements and
with a higher arousal threshold and a further decline in muscle tone than during
lighter sleep. In contrast with the synchronized activity of NREM sleep, REM sleep
is characterized by a very intense and desynchronized EEG activity (similar to
wakefulness) coupled with a complete loss of muscle tone, bursts of rapid eye
movements, and irregularities in respiration and heart rate.

It has to be underscored, however, that this sequence of sleep stages (N1, N2, N3,
REM) undergoes some changes as sleep progresses from cycle to cycle. In the first
cycle, sleep begins in N1 and progresses into N2 and N3. Afterward, N2 sleep is
repeated before entering REM sleep. Once REM sleep is over, there is usually a
return to N2 sleep. Thus, N1 sleep accounts for <5 % of total sleep as it usually
occurs at sleep onset and as a transitional state across the night. N2 sleep occurs
constantly through the night and represents about 45-55 % of sleep. N3 sleep,
which represents about 15-25 % of total sleep time, is predominant in the first half
of the night. The first cycle of REM sleep usually lasts only a short amount of time
and becomes progressively longer at each new sleep cycle. REM sleep can last up
to an hour as sleep progresses, amounting to 20-25 % of total sleep time [1].

Substantial changes in cardiovascular function occur during sleep being medi-
ated by the autonomic nervous system. However, it has to be emphasized that car-
diovascular activity during sleep may not only be a consequence of sleep
mechanisms, but may also reflect the influence of the circadian system [2]. Under
normal circumstances, there is a fall in blood pressure and heart rate during NREM
sleep as compared to relaxed wakefulness [3]. Blood pressure and heart rate may
also be lower in slow wave sleep than stage 2 [4, 5]. During REM sleep, blood pres-
sure undergoes frequent marked oscillations and heart rate becomes very variable.
This behavior has led to contradictory results in the literature whenever mean values
have been reported. Actually, both blood pressure and heart rate can further decrease
during tonic REM sleep as compared to NREM, while they transiently increase to
levels similar to wakefulness in association with phasic REM events [6].

8.2 The Autonomic Nervous System During Sleep
The autonomic nervous system with its two branches, the sympathetic and the para-

sympathetic systems, working in a delicately tuned, yet opposing fashion, provides
adaptation of the cardiovascular system to the various activities of daily life. While
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the sympathetic system increases heart rate, myocardial contractility, and peripheral
resistance, the parasympathetic system slows heart rate with a limited effect on
cardiac contractility. It is worth noting that not only the sinus node but also the elec-
trophysiological properties of the entire heart are modulated by these antagonistic
influences [7]. The autonomic outflow to the heart and the peripheral circulation is
regulated by cardiovascular reflexes, among which the arterial baroreflexes repre-
sent the primary mechanism for homeostatic control of arterial pressure and the
maintenance of the optimal perfusion of critical organs. The baroreflex control of
circulatory homeostasis occurs on a negative feedback basis. Generally, an increase
in the loading condition of the baroreceptors by a rise in systemic arterial pressure
increases their discharge to the cardiovascular control center in the brainstem that
initiates appropriate compensatory responses, including an increase in the vagal
outflow and a decrease in the sympathetic outflow to the heart and blood vessels.
Conversely, an opposite response is elicited when the arterial baroreceptors are
unloaded by a decrease in systemic arterial pressure.

It is worth to underscore that high brain centers continuously modulate barore-
ceptor responses and cardiovascular reflexes according to behavioral and physiolog-
ical conditions. In particular, the sleep-dependent changes in cardiovascular function
result from the integration between cardiovascular reflexes and central command
that are specific to each sleep stage [8].

The first description that sleep alters the function of the arterial baroreceptors
(i.e., that during sleep the baroreceptors do not follow the operating logic of wake-
fulness) dates back to 1969 when Smyth et al. [9] reported the occurrence of a
nocturnal reduction of heart rate and arterial pressure as well as an increased gain of
the reflex arc in the majority of subjects under study (Fig. 8.1), thereby suggesting
that “fluctuations in the level of arousal might in turn alter the activity of barorecep-
tor reflexes and of other autonomic mechanisms.”

Pulse Interval Subject No. 18
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Fig. 8.1 Baroreflex changes with sleep in one subject. Each line represents one baroreflex sensi-
tivity estimation. A average systolic pressure awake, both before and after sleep, S average systolic
pressure during slow wave sleep (Reproduced with permission from Ref. [12])
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Although the neural mechanisms involved in the complex integration between
sleep stages and cardiovascular reflexes are not completely known, the available
evidence indicates that NREM sleep is characterized by a progressive decrease in
neural sympathetic nerve activity [10] with an accompanying parasympathetic pre-
dominance [6, 11], and a downward resetting of the arterial baroreceptor reflex [12,
13]. The relative autonomic stability of NREM sleep is, however, interrupted by
those burst of sympathetic nerve activity that are observed on the occurrence of
arousals [10]. The resulting phasic increase in arterial pressure does not evoke the
bradycardic response which would be expected due to the arterial baroreflex, but
rather an increase in heart rate.

A marked sympathetic activation and instability in blood pressure and heart rate,
likely of central origin, also characterize phasic REM sleep, during which sudden
bursts of sympathetic nerve traffic, about twice the level seen during wakefulness,
are documented [10]. As these increases in sympathetic activity are interspersed
between the predominantly parasympathetic activity of tonic REM periods, this
sleep stage as a whole appears to induce complex fluctuations in autonomic
function.

In light of the lengthening of REM cycles as sleep progresses, it has been hypoth-
esized that REM sleep represents a vulnerable state for the cardiovascular system
that can set the stage for nocturnal arrhythmias and cardiovascular events [10, 14,
15]. The fluctuations in autonomic activity across sleep stages and their impact on
arrhythmia susceptibility may become particularly dangerous in the context of
underlying cardiovascular diseases that are often associated with a deranged
sympatho-vagal balance [16]. It has been described that after myocardial infarction,
the loss in the capability of the vagal activity to physiologically increase during
sleep results in a condition of relative sympathetic dominance even during NREM
sleep, normally described as a condition at low risk for lethal events [17]. However,
it is the sympathetic surge of the normal morning transition from sleep to wakeful-
ness that has been more consistently implicated in the early morning peak in the
occurrence of sudden death and implanted defibrillator discharges [18, 19].

8.3  The Respiratory System During Sleep and Sleep Apnea

Falling asleep removes postural muscle tone, voluntary respiratory control, and the
wakefulness stimulus for breathing, leaving metabolic demand as the primary deter-
minant of minute ventilation [20].

The sensors for chemical stimuli include the central and peripheral chemore-
ceptors. With increasing hypoxemia and hypercapnia, the carotid bodies send
afferent impulses to the medullary centers to increase ventilation. Similarly, with
hypercapnia, linear changes in ventilation occur in response to central chemore-
ceptor stimulation. The control of ventilation is organized as a negative feedback
system to maintain the PaCO, at approximately 40 mmHg during wakefulness.
Three main factors determine the stability of this control system [21, 22]:
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controller gain (the ventilatory response to changes in arterial blood gas tensions),
plant gain (the responsiveness of changes in arterial blood gases to changes in
ventilation), and system delays (the combined effect of circulation time from the
lungs to chemoreceptors and of phase shifts resulting from mixing and diffusion
processes in the lungs, heart, vasculature, and brain tissues). In general, both the
hypoxic and hypercapnic ventilatory responses — that represent the important ele-
ments of the controller gain in the respiratory control loop — decline during NREM
sleep and decline further with REM sleep [23]. Thus, the transition from wakeful-
ness to NREM sleep is accompanied by a decrease in ventilation (largely through
a decrease in tidal volume) associated with an increase in upper airway resistance.
As aresult, the sleep eupneic PaCO, increases by 2—7 mmHg, and oxygen satura-
tion decreases by 1-3 %. While reductions in PaCO, during wakefulness have no
or limited effects on the breathing pattern, in NREM sleep small transient reduc-
tions in PaCO, (even only to the waking levels) result in significant apnea [24].
Breathing during REM sleep is characteristically more rapid than during NREM
sleep (despite muscle atonia) as a consequence of an excitatory drive to breath.
Periods of hyperventilation are interspersed with period of more regular respiration
and apneas of varying length.

In most healthy subjects of any age, the loss of wakefulness influences on neuro-
chemical control of breathing and airway patency during sleep is of minor physio-
logical consequences. In some other healthy subjects, and even more in individuals
with cardiac abnormalities, these changes predispose to respiratory abnormalities
during sleep, generally referred to as sleep-disordered breathing. Commonly, sleep-
disordered breathing is divided into “central,” denoting an absence or marked reduc-
tion in central motor drive to respiratory muscle and “obstructive” events which are
comprised of respiratory efforts against a narrowed or closed upper airway.

8.4  Sleep Apneain Heart Failure

Both obstructive sleep apnea (OSA) and central sleep apnea (CSA) are a common
comorbidity in patients with heart failure (independently of reduced or preserved
left ventricular function) (Figs. 8.2 and 8.3), occurring approximately in half of
them despite optimal pharmacological therapy [25-27].

Irrespective of their origin, central or obstructive, such disorders typically mani-
fest as a cyclic waxing and waning of tidal volume [28, 29], a pattern commonly
referred to as periodic breathing [28].

Using an apnea-hypopnea index (AHI, the number of apneas or hypopneas per
hour of sleep) >15/h as a diagnostic threshold, the prevalence of OSA and CSA in
patients with chronic stable heart failure and reduced ejection fraction ranges from
15 % to 26 % [25-27] and from 21 % to 38 % [25-27], respectively.

As for the relative distribution of OSA and CSA, data from previous investiga-
tions range from 28 % vs. 72 % [25, 26, 30] to 55 % vs. 45 % [27], respectively.
However, it has to be underscored that many of these patients experience during the
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Fig. 8.2 A 3-min polysomnogram of a patient with heart failure revealing three obstructive
apneas during stage 2 NREM sleep and REM sleep. Note the futile respiratory efforts associated
with hypoxemia (min SpO,, 87 %) terminated by an abrupt arousal. Abbreviations: F3-A2, F4-Al,
C3-A2, C4-Al, O1-A2, 02-Al, electroencephalograms, EOG electro-oculogram, EMG chin elec-
tromyogram, ECG electrocardiogram, Therm thermistor, Thor thorax, Abd abdomen
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Fig. 8.3 A 3-min polysomnogram of a patient with heart failure revealing three central apneas
during stage 2 NREM sleep. Abbreviations as in Fig. 8.2
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same night varying degrees of both central and obstructive sleep apneas [31].
Compared to patients without sleep apnea or OSA, patients with CSA have a worse
hemodynamic profile and higher NYHA class [32].

It is recognized that heart failure contributes to the development of CSA and
OSA by several mechanisms. First, in patients with heart failure, the ventilatory
control system may become unstable and give rise to self-sustaining ventilatory
oscillations owing to a long circulatory delay and an increased loop gain brought
about, respectively, by impaired hemodynamics and augmented chemosensitivity
[33, 34]. Second, the presence of a narrowed CO, reserve enhances the susceptibil-
ity to central apneas [35]. Third, overnight rostral fluid displacement from the legs
may cause fluid accumulation in the neck and lungs, thereby predisposing to the
occurrence of OSA (due to the increased collapsibility of upper airways) and CSA
(due to an increase in pulmonary congestion leading to worsening of the lung func-
tion and to stimulation of pulmonary vagal receptors, both of which would promote
ventilatory instability) [36, 37].

The hallmark of sleep-disordered breathing — being central or obstructive in
nature — is the triggering of intermittent episodes of hypoxemia and hypercapnia
and of arousals which cause fragmentation of physiological sleep [38]. These events
take place in repetitive cycles during sleep and induce the activation of a number of
pathophysiological consequences including sympathetic activation, endothelial
dysfunction, oxidative stress, metabolic dysregulation, and inflammation [39, 40],
which have been shown to impact on the clinical outcome [41, 42]. Interestingly, in
heart failure patients, disordered breathing also occurs during day time, possibly
contributing to poor prognosis [43].

8.5 Sleep Apnea and the Autonomic Nervous System
in Heart Failure

Autonomic cardiovascular control may be importantly implicated as a potential link
between sleep-disordered breathing and its pathophysiological consequences.
Autonomic responses to apnea are complex and mainly involve chemoreflex and
baroreflex regulation.

In OSA patients, several studies have demonstrated that recurrent nocturnal
apneas are followed by sympathetic activation [44] and impaired baroreflex control
[45] that persist during daytime wakefulness [44, 46], thus leading to a chronic
dysfunction in autonomic balance (Fig. 8.4). Interestingly, the OSA-induced baro-
reflex dysfunction can be partly reversed following effective continuous positive
airway (CPAP) treatment [47].

It is currently thought that in patients with heart failure, sleep-disordered breath-
ing causes cyclical increases in sympathetic nerve activity which results from the
complex interplay of several mechanisms, including: (i) the reflex cardiac response
to cyclical stimulation of chemoreceptors by hypoxia and hypercapnia, (ii) central
effects of the cyclical increase in inspiratory drive and of arousals from sleep on
sympathetic outflow, and (iii) the elimination of reflex inhibition of sympathetic out-
flow by pulmonary stretch receptors during obstructive apneas [37, 48, 49].
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Fig. 8.4 Recording of sympathetic neural activity (SNA), respiration (RESP), and intra-arterial
blood pressure (BP) in the same subject when awake, with obstructive sleep apnea during REM
sleep and with elimination of obstructive apnea by CPAP therapy during REM sleep. SNA is very
high during wakefulness, but increases even further secondary to obstructive sleep apnea during
REM. Blood pressure increases from 130/65 when awake to 256/110 at the end of the apnea.
Elimination of apneas by CPAP results in decreased nerve activity and prevents BP surges during
REM sleep (Reproduced with permission from Ref. [44])

In patients with heart failure, the sympathetic activation that accompanies sleep-
disordered breathing may significantly add to the already existing autonomic dys-
function that characterizes heart failure [50], thus contributing to the progression of
the disease. Not only awake sympathetic activity — as assessed by microneurogra-
phy — was significantly higher in patients with heart failure and either obstructive or
central sleep apnea [51], but also baroreceptor sensitivity was found to be signifi-
cantly more depressed when compared to patients with similar cardiac function but
without breathing disorders [52].

8.6 Sleep Apnea and Sudden Death in Heart Failure

It has been previously shown how sleep apnea can be the cause of a derangement in
autonomic cardiovascular control resulting in sympathetic overactivity [44, 45].
Moreover, the autonomic effects of arousals that can occur hundreds of times per
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night in patients with sleep-disordered breathing, also provide the milieu for an
increased arrhythmia susceptibility. Clinical data support an increased risk for noctur-
nal arrhythmia and sudden death in patients with sleep-disordered breathing. In the
Sleep Heart Health Study, not only the prevalence of nonsustained ventricular tachy-
cardia was significantly higher in subjects with sleep-disordered breathing as com-
pared to those without [53], but also the relative risk of the occurrence of an arrhythmia
was markedly increased within 90 s after a respiratory disturbance in subjects with
sleep-disordered breathing [54]. A retrospective analysis on death certificates of
patients known to have OSA demonstrated a shift to nighttime (from midnight to
6 am) in the circadian distribution of sudden death as compared to the usual early
morning peak of subjects without OSA in the general population [55]. In a large study
on 10,701 consecutive adults undergoing a diagnostic polysomnogram who were fol-
lowed up to 15 years, OSA predicted incident sudden cardiac death, and the magni-
tude of risk was predicted by multiple parameters characterizing OSA severity [56].

The role of the autonomic nervous system in triggering cardiac arrhythmias
might be particularly relevant with regard to arrhythmic events taking place in
patients with heart failure and sleep-disordered breathing. Several studies in patients
with heart failure reported that the presence of both obstructive and central sleep
apnea poses an independent risk factor for the occurrence of malignant arrhythmias
documented by implantable cardioverter defibrillator therapies [57, 58]. In a study
analyzing the circadian pattern, a striking increase in the incidence of ventricular
arrhythmias occurring during the sleep period as opposed to periods of wakefulness
was observed in patients with sleep-disordered breathing [59] (Fig. 8.5). Finally, a
major impairment of the autonomic control has also been documented in patients
with SDB and ventricular arrhythmias suggesting that sympathetic overactivity and
vagal withdrawal are important contributing mechanisms [60].
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Fig. 8.5 Ventricular arrhythmias in patients with (right) and those without (leff) sleep-disordered
breathing according to the time of day. Error bars represent mean and 95 % confidence interval.
Each circle represents the number of events in one patient. AHI apnea-hypopnea index (Reproduced
with permission from Ref. [59])
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Conclusions

The autonomic nervous system is deeply involved in the mechanisms mediating
the cardiovascular effects of sleep within its different stages. Autonomic cardiac
control during sleep is characterized by a vagal predominance for most of the time
that is interrupted by bursts of sympathetic activity during arousals in NREM
sleep and even more during the phasic REM sleep periods. The autonomic fluc-
tuation during sleep associated with the lasting sympathetic activation that occurs
in many cardiovascular diseases, particularly heart failure, sets the stage for an
increased susceptibility to life-threatening arrhythmias. Sleep apneas, which are a
common comorbidity in patients with heart failure, further complicate the picture
of autonomic dysregulation and the risk of cardiac events in these subjects by
eliciting a further sympathetic activation mostly due to the associated oxygen
desaturation and recurrent arousals. Further understanding of the pathophysiolog-
ical pathways linking sleep disorders to cardiac events is however important to
improve clinical management and reduce cardiovascular risk.
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Alessia Pascale and Stefano Govoni

The autonomic nervous system (ANS), including sympathetic and parasympathetic
neuronal outflows, together with the afferent inputs and central control mechanisms,
plays a key role in the maintenance of cardiovascular homeostasis. Preganglionic
neurons of the sympathetic and parasympathetic systems are localized in the central
nervous system, and their axons form synapses on postganglionic effector neurons
in peripheral autonomic ganglia. Preganglionic neurons in the ANS utilize acetyl-
choline as a neurotransmitter, while postganglionic neurons typically employ either
noradrenaline (sympathetic) or acetylcholine (parasympathetic).

There is now unequivocal evidence that progressive sympathetic activation
occurs with aging. This sympathetic stimulation seems to implicate the sympathetic
outflow to the heart, the skeletal muscle vasculature, and the gut and liver, but to
exclude the kidneys [1]. Although the nature of the underlying disturbance in sym-
pathetic control at central level remains largely unknown, the importance of better
understanding the central mechanisms implicated in aging-induced sympathetic
activation is stressed by the recognition that in a variety of cardiovascular disorders,
including heart failure, whose incidence rises with age, the sympathetic nervous
system (SNS) is causally involved [2].

9.1 Central Control of Sympathetic Outflow

Central sympathetic neuronal circuits regulate several components of the sympa-
thetic nerve outflow, also including the sympathetic nerve discharge (SND). To this
last regard, the forebrain, brain stem, and spinal neuronal circuits are specifically
implicated in the control of SND in young and mature mammals (reviewed in [3]),
thus indicating the existence of complex interactions at multiple levels. It is
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therefore presumable that age-associated alterations within the central sympathetic
circuits may contribute to changes in SND regulation during senescence. Notably,
as mentioned, the investigation of the effect of aging on the SNS is clinically perti-
nent because of the possible interconnection of age-dependent sympathetic nervous
changes with cardiovascular disease development.

The nucleus tractus solitarii (NTS) is a brain stem nucleus which is an extremely
important central integration site since it receives the majority of primary nerve end-
ings of chemoreceptors, baroreceptors, and cardiopulmonary afferents. In turn, the
NTS projects to several areas of the forebrain, brain stem, and spinal cord which are
engaged in the control of SND [4-6]. Ito and Bufiag [7] reported that, following the
injection of serotonin directly into the NTS, the reduction in mean pressure, heart rate,
and renal nerve firing were significantly smaller in 24-month-old than in 2-month-old
rats, thus suggesting that the sensitivity of serotonergic mechanisms in the NTS to
inhibit blood pressure, heart rate, and renal nerve activity decreases with senescence.

Excitatory sympathetic projections from the locus coeruleus and the A5 region
of the brain stem to the hypothalamus and amygdala are relevant in the central con-
trol of sympathetic outflow [8, 9]. To this regard, Esler and collaborators [10] sug-
gested, in humans, the possibility for age-related alterations in forebrain regulation
of SND. In particular, they investigated the influence of senescence on brain nor-
adrenaline turnover in young (20-30 years) and old (60-75 years) men by measur-
ing the internal jugular venous overflow of noradrenaline and its lipophilic
metabolites. They found that brain noradrenaline turnover is higher in older than in
younger men and that this increase is confined to subcortical brain regions. The
authors excluded the involvement of a central defect in neuronal noradrenaline
reuptake since the relative patterns of metabolite overflow did not differ signifi-
cantly between young and older subjects. Of interest, they also documented the
existence of a statistically significant direct relationship between subcortical nor-
adrenaline turnover and sympathetic tone in the cardiac sympathetic outflow.

Within this general context, an additional aspect that should be considered is that
during senescence, neurons undergo morphological changes such as a reduction in
the complexity of dendrite arborization and dendritic length. Taking into account
the key role of dendrites in integrating and processing input signals, this event may
impair neuronal communication. Moreover, a decrease in spine number has also
been observed; notably, spines are the major sites for excitatory synapses; therefore,
changes in their numbers could reflect an alteration in synaptic densities [11].
However, although these age-related morphological changes are evident in cortical
neuronal circuits, the effect of aging on the total neuronal number of identified neu-
rons involved in sympathetic circuits remains widely unknown [3].

9.2  Gangliar Level Control

Little is known about the age-dependent alterations at gangliar level. In animals,
ganglionic long-term potentiation (gLTP) can be evoked by a brief period of high-
frequency stimulation (20 Hz for 20 s) and has been reported in various autonomic
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ganglia from several animal species. In autonomic ganglia, gL.TP is expected to
increase tonic efferent impulses to a wide range of neuroeffector organs, including
the heart and the blood vessels, thus affecting their functions. In old animals (28—
32-month rats), changes in certain biochemical aspects found in cervical sympa-
thetic ganglia (SCG) suggest an age-related enhancement in synaptic activity and
may indicate the potentiation of ganglionic transmission [12]. Indeed, in the SCG
from old rats, tyrosine hydroxylase activity is enhanced, and in reserpine-depleted
ganglia, the recovery rate of catecholamines is slower. Specifically, this slow recov-
ery rate has been ascribed to a higher secretion and not to a decreased catechol-
amine synthesis, thus indicating the presence of an enhanced neurotransmitter
synthesis and release in aged rats ganglia [13] (Fig. 9.1). Considering that aging is
often viewed as a progressive decline in physiological competence with a corre-
sponding inability to adapt to stressful stimuli, it has been suggested that the
increased activity of the SNS may be responsible for the development and/or aggra-
vation of stress-induced hypertension (reviewed in [12]).

Concerning human subjects, structural changes in dendrites, axons, and synapses
have been consistently identified in sympathetic ganglia of aged people, being the
hallmark pathological alteration represented by neuroaxonal dystrophy. In particu-
lar, it has been reported that neuroaxonal dystrophy targets the presynaptic nerve
terminal, thus critically altering neuron-to-neuron communication and also result-
ing in the typical distal axonopathy [14].

9.3 Nerve Ending Level: Presynaptic Control
and Postsynaptic Signaling

Postganglionic sympathetic neurons which innervate the heart and resistance ves-
sels contribute to the regulation of cardiac output, arterial blood pressure, and
regional vascular conductance, thus ensuring the adequate perfusion of vital organs,
being noradrenaline (NA) the key neurotransmitter. The stimulation of adrenaline
release from the adrenal medulla significantly participates to the control of cardio-
vascular function as well as of energy metabolism.

Based on the concept that peripheral higher concentrations of NA would reflect
an elevated sympathetic nerve firing rate (or vice versa), the initial experimental
approaches were directed to measure NA levels in the urine (24-h collections) and
in the plasma from arterial or venous blood samples [15]. To this regard, cross-
sectional studies have reported a 10-15 % increase per decade of NA with respect
to the adult age range [16—19], where the most consistent results have being obtained
using arterial blood samples. However, the main limit of this approach is that it does
not take into account the rate of NA metabolic clearance, which contributes to the
final NA plasma levels [15]. Therefore, subsequent measurements were performed
employing isotope dilution-based methods, where the rate of NA appearance (spill-
over) into the plasma was utilized to evaluate the activity of the SNS. Employing
this strategy, plasma NA spillover rates have been documented to be higher in older
subjects with respect to young adults [20-22] (Fig. 9.1). However, the differences
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Fig.9.1 Age-associated ANS and heart signaling changes at a glance. The figure reports the main
effects on the noradrenergic (a) and cholinergic (b) signaling during senescence. In the ANS, pre-
ganglionic neurons employ acetylcholine as a neurotransmitter, while postganglionic neurons typi-
cally utilize either noradrenaline (sympathetic) or acetylcholine (parasympathetic). ACAT
acetyl-CoA —acetyltransferase, ACh acetylcholine, NA noradrenaline. See text for more details
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between young and old subjects were less strong in comparison to those found in
the previous studies due to the fact that plasma NA clearance rates are often reduced
with senescence [22-24]. Despite of an age-associated increase in plasma NA spill-
over, total adrenaline secretion has been reported to be approximately 40 % lower in
older men at resting conditions. Moreover, in older men the release of adrenaline in
response to mental stress, dynamic exercise, and isometric exercise is strongly
impaired (between 33 and 44 %) with respect to the levels observed in younger
subjects [25]. The lowered adrenaline secretion rate with aging, accompanied by
SNS activation, emphasizes that the two elements of the “sympathoadrenal medul-
lary system” do not always act in concert, so that a mismatching of sympathetic
activity and adrenaline secretion rate can occur [10].

9.3.1 Presynaptic Control

Two important aspects which contribute to plasma NA spillover should be addition-
ally considered: (a) the release of NA from sympathetic nerve endings is modulated
at presynaptic level by adrenergic receptors and (b) active reuptake processes are
implicated in getting back up to the 80-90 % of the released neurotransmitter.
Therefore, age-dependent alterations within these mechanisms may considerably
contribute to changes in plasma NA spillover (Fig. 9.1). To this regard, an age-
related reduction of presynaptic a2 receptors function has been reported in the rat
[26-28] which may participate in elevating the amount of the released NA. In the rat
heart, xylazine, an o2 agonist, showed an age-associated reduced potency at inhibit-
ing cardioacceleration to nerve stimulation [28]. In humans, the status of these
receptors in the heart is not known; however, at peripheral level, it has been demon-
strated that changes in a2 adrenoceptor expression in the setting of heart failure do
lead to altered NA spillover [29]. Presynaptic f-adrenoceptors have been docu-
mented on some noradrenergic nerve terminals, where they favor neurotransmitter
release and are mainly represented by 2 adrenoceptors [30]. It has been hypothe-
sized that they are targeted by circulating adrenaline, which manifests a much
higher affinity than NA [31]. The 2 agonists procaterol and isoprenaline are signifi-
cantly less able to enhance the stimulation-evoked release of NA in atria from old
animals with respect to young rats [32], thus suggesting an age-related reduction of
presynaptic B-adrenoceptors function. However, the precise role of these receptors
in the regulation of neurotransmission and whether their aged-associated alterations
are important still remain to be established.

Concerning reuptake mechanisms, a variety of studies, performed both in humans
and animals, documented that in the heart, a reduction in NA reuptake is involved in
the apparent age-dependent rise of NA release [33—35]. Indeed, a diminished NA
reuptake has been implicated in the almost double increase of cardiac plasma NA
spillover rate found in older healthy in comparison to young men [1]. The effective-
ness of neuronal reuptake mechanisms can be examined employing cocaine, where
a decline in these processes would correspond to a decreased capability of cocaine
to improve neurotransmission. Indeed, in rat atria from old animals, cocaine has
little effect in potentiating the stimulation-evoked release of NA in comparison to
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young rats [32]. Focusing on the heart, it has been postulated that the reduction in
the efficacy of reuptake mechanisms is a cellular strategy useful to compensate the
age-related decline in NA responsiveness, thus helping to preserve the contractile
function.

9.3.2 Postsynaptic Signaling

Aging is associated with several changes involving noradrenergic transmission,
resulting in a modified response to the transmitters (Fig. 9.1). Within this context,
a-adrenoreceptor antagonists have been used to determine age-dependent modifica-
tions of blood pressure. No changes in hypotensive effects of al-adrenoreceptors
antagonists have been documented with senescence; indeed, in men, the hypoten-
sive actions of prazosin and phentolamine have been reported unchanged by senes-
cence [28].

Following catecholamine release, myocardial responses are mainly mediated by
beta-adrenergic receptors, being 1 receptors significantly predominant. Therefore,
[-adrenoceptor antagonists can be employed to evaluate age-dependent alterations
in noradrenergic control of cardiac output and heart rate. To this regard, it has been
found that -antagonists are effective in lowering blood pressure in older subjects
[36] and that, in the elderly, propranolol (a nonselective B-blocker) is as effective in
decreasing heart rate and cardiac output during exercise [37], although causes larger
falls in systolic blood pressure. Moreover, it has been demonstrated that isoproter-
enol (a f1-selective agonist) induces a reduced response in older subjects, thus sug-
gesting a decline of cardiac f1-receptors during senescence [25, 38]. Although the
issue regarding the age-associated decline of f1-receptors is still controversial,
more consistent data support the existence of an impairment of post-receptor signal-
ing during senescence [39]. Accordingly, Brodde et al. [40] demonstrated that in
aged human atria, besides only a tendency of a reduction of f1-receptors, there is a
significant impairment in the activation of the adenylyl cyclase by isoproterenol,
terbutaline (a p2-selective agonist), and forskolin (an activator of adenylyl cyclase).
However, it was reported that neither G protein-coupled receptor kinases nor inhibi-
tory G proteins seem to contribute to the age-related decline of cardiac f-adrenergic
receptors responsiveness [41]. Maximum exercise heart rate diminishes with senes-
cence, thus potentially limiting the performance during acute exercise [42]. The
intrinsic pacemaker rate of the heart, examined in the absence of outside influence
(i.e., following blocking both sympathetic and vagal control via propranolol and
atropine administration, respectively), also declines with aging [43], and this has
been related to a reduced number of pacemaker cells [44]. Hence, a reduced intrin-
sic pacemaker rate coupled with a weakened responsiveness of pacemaker cells to
B-receptor activation may account for the decreased maximal heart rate observed
during senescence [32].

Concerning the parasympathetic branch, several studies have documented an
age-associated decrease in the parasympathetic control of heart rate [45], although
the underlying mechanisms are still uncertain. Within this context, it has been



9 Cerebral Aging: Implications for the Heart Autonomic Nervous System Regulation 121

postulated that alterations in presynaptic control of acetylcholine release, a decline
in muscarinic M2 receptor density, and changes in postsynaptic cholinergic signal-
ing may all contribute to this dysfunction [46, 47]. In particular, in human atria, the
reduction of M2 receptors was associated with a decreased capability of carbachol
(a muscarinic agonist) to inhibit both the activation of adenylyl cyclase and the
force of contraction mediated by forskolin [48]. Curiously, Liu et al. [49] found the
presence of antibodies against M2 receptors in healthy subjects, reporting an
increase of the frequency with increasing age. Taken together, these data indicate
that in the human heart, the number and the functional responsiveness of M2 recep-
tors are impaired with senescence.

9.4 The Baroreceptor Reflex

The baroreceptor reflexes, which act in a negative feedback manner, are key play-
ers in the maintenance of the circulatory homeostasis. Specifically, the barorecep-
tors represent the anatomical site where the baroreflex loop originates. The
baroreceptors are highly specialized stretch-sensitive receptors which monitor
changes in blood pressure and relay them to the brain stem. They are localized in
several districts of the cardiovascular system; in particular those distributed in the
aorta and in the carotid artery are sometimes named as high-pressure barorecep-
tors, while those placed in the cardiopulmonary regions are called low-pressure
baroreceptors [50]. At the level of the central nervous system, the afferent impulses
are integrated and the efferent arm of the baroreceptor reflex operates through the
sympathetic and parasympathetic branches of the ANS. For example, following a
transient decrease of the blood pressure (=reduced firing rate of the baroreceptors),
the parasympathetic outflow is inhibited while the sympathetic one is stimulated,
and vice versa.

The cardiac arm of the baroreceptor reflex is implicated in the regulation (short-
ening or prolongation) of the cardiac period (R-R) according to changes in the baro-
receptor input, usually represented by blood pressure variations. Generally, a
sigmoid curve describes the relation between the blood pressure and the cardiac
period, where the linear portion of this curve reflects the cardiovagal (=cardiac
response vagally mediated) baroreflex sensitivity. Experimental evidence indicates
that this parameter may have a prognostic value in terms of sudden cardiac death
risk, and, of interest, a decreased cardiovagal baroreflex sensitivity has been
observed with senescence [50]. Indeed, cardiovagal baroreflex sensitivity has been
shown to be inversely and linearly correlated with age [51, 52]. Concerning the
underlying mechanisms, alterations in any component of the cardiac baroreflex arc,
such as at the level of the afferent and the efferent arms or at the impulses integra-
tion, may be involved. To this regard, it should be taken into account that the ability
to identify such age-associated changes in humans is very limited. However, data
indicating a decrease in muscarinic receptors (M2) [46] and a reduced responsive-
ness of the heart to muscarinic activation [47] are consistent with a diminished vagal
control in humans with senescence.
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Within this general context, considering that arterial stretch is a fundamental
determinant of baroreflex activation, it has been suggested that arterial stiffening
may represent an important contributor to the age-dependent baroreflex dysfunc-
tion. Indeed, correlations at rest between cardiovagal baroreflex sensitivity and
carotid arterial compliance across people of different age are consistent with this
concept [52].

With reference to the sympathetic arm of the baroreflex, a reverse sigmoid
curve describes the relation between blood pressure (stimulus) and the sympa-
thetic outflow (response). Studinger and collaborators [53] documented that dur-
ing senescence, the integrated baroreflex control of vascular sympathetic outflow
displays a reduced sympathetic activation and a greater sympathoinhibition.
Specifically, they observed that in older subjects, during pressure falls, the effects
of carotid vascular stiffening cannot be counterbalanced by a stronger neural
control of sympathetic outflow, thus resulting in an impaired sympathetic activ-
ity. Instead, during pressure rises, the presence of a more sensitive neural control
allows to overcome the structural deficits, thus leading to an increased barore-
flex-mediated sympathoinhibition. This finding may have a clinical value, since,
for example, it may provide an explanation as to why hypotensive responses to
some vasodilators augment with age, in spite of an unchanged local vascular
response [54].

9.5  Plasticity of the Autonomic Nervous System, the Role
of Neurotrophins

Neurotrophins (NTFs) are diffusible peptides secreted from neurons and neuron-
supporting cells, being the most studied nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF) [55]. NTFs exert their effects by signaling
through membrane receptors which, by means of their intrinsic tyrosine kinase
activity, trigger several downstream cascades ultimately leading to transcrip-
tional changes into the nucleus [56]. Neurotrophic factors regulate the differen-
tiation, synaptogenesis, and survival of ANS neurons. NGF also induces the
production of catecholamines in sympathetic neurons and stimulates neurite out-
growth in cultured parasympathetic neurons (see [57]). Of interest, NGF is pro-
duced by parasympathetic neurons where its expression can be modulated by
sympathetic innervation [58]. Concerning BDNF, it is synthesized by both devel-
oping and mature sympathetic neurons, and preganglionic neurons express its
specific receptor, namely, TrkB. In sympathetic neurons, BDNF overexpression
results in the hypertrophy of preganglionic cell bodies and axons and in an
enhancement in the number of synapses, while the opposite occurs when BDNF
levels are reduced [59]. Increasing evidence indicates that, in the adult ANS,
NTFs play a key role in the regulation of neurotransmitter signaling and neuronal
remodeling (see [57]). For example, chick ciliary ganglion neurons express both
BDNF and TrkB, and the activation of this pathway ultimately results in the
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upregulation of nicotinic acetylcholine receptors [60]. In humans, it has been
documented that patients with mutations in TrkA (the NGF-specific receptor)
exhibit impaired thermoregulation and deficits in sympathetic activation of the
adrenal medulla [61].

At cardiovascular level, it has been shown that BDNF may modulate heart rate
and blood pressure via ANS [62]. In particular, injection of BDNF, but not NGF,
into the rostral ventrolateral medulla determines a decrease in blood pressure in
rats [63]. Moreover, Yang et al. [64] documented that, when ANS neurons are cul-
tured with cardiac myocytes, the neurons form synapses on the myocytes and the
treatment with BDNF augments the release of acetylcholine from ANS neurons
and reduces cardiac myocyte beat frequency. With reference to heart remodeling,
literature evidence reports that NGF is upregulated following myocardial injury in
animal models, and its rise is associated with the regeneration of cardiac sympa-
thetic nerves and heterogeneous innervation [65]. Moreover, in dogs, it has been
demonstrated that the infusion of NGF into the left stellate ganglion (LSG) induces
a significant nerve sprouting [66]. Finally, pathological cardiac hyperinnervation
and enlargement has been observed in transgenic mice which overexpress NGF
selectively in the heart [67]. Indeed, it should be taken into account that an exces-
sive nerve sprouting may also determine abnormal patterns in the heart innerva-
tion, thus leading to an augmented risk of arrhythmias [68]. In agreement with this
concept, abnormal patterns of innervation have been observed in infarcted human
hearts [69], and in explanted hearts of transplanted subjects a positive correlation
has been described between nerve density and the clinical history of ventricular
arrhythmia [70].

As previously mentioned, during senescence a shift of the cardiac autonomic
nervous system toward an increase in sympathetic tone has been observed, which
negatively affects all the age-related cardiovascular diseases. At cardiac level, NGF
is the main neurotrophic factor which crucially controls the sympathetic tone of the
mammalian heart, and it has been pointed as a key responsible for this age-
dependent enhancement of sympathetic activity (Table 9.1). In particular, in rats,
an increase of NGF expression has been found, at both mRNA and protein levels,
from young to old animals in both the atria and ventricles. To this regard, consider-
ing that NGF also exerts antiapoptotic actions, the authors suggest that the observed
NGF rise may represent a reflex mechanism to an increased degree of apoptosis in
aging myocardium [71]. However, in agreement with the previously reported con-
siderations, these findings also raise the possibility that an age-related increase of
NGF levels may promote the development of sympathetic hyperinnervation in the
aging heart, thus contributing to the changes in the autonomic tone identified in the
elderly [71]. With regard to BDNF, Cai and colleagues [72] showed that, following
permanent coronary occlusion, BDNF significantly augments the extent of myo-
cardial injury in older rat hearts (Table 9.1), suggesting that age-related changes in
BDNF cascade may predispose the senescent heart to increased injury after acute
myocardial infarction and potentially contribute to the enhanced severity of cardio-
vascular disease in older individuals.
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Table 9.1 Effect of senescence on neurotrophins in the heart

Neurotrophin/neurotrophin
receptor

Anatomical site | Age-related change

A.Pascale and S. Govoni

Functional consequences

NGF Atria and 1 Sympathetic
ventricles mRNA and protein | hyperinnervation
TrkA Atria 1 Antiapoptotic effects
Expression
BDNF Heart 1 Increased injury after
Levels myocardial infarction
TrkB Heart 1 Increased inflammatory
Expression response

NTFs signal through membrane receptors triggering several downstream cascades ultimately
affecting gene expression [56]. The table reports the main age-related effects on NGF, BDNF, and
their specific receptors at cardiac level and their functional consequences [71, 72]
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Part Il

Modulation of Autonomic Function
in Heart Failure



Maria Rosa Costanzo and Edoardo Gronda

10.1 Introduction

The autonomic nervous system (ANS), which comprises the sympathetic and para-
sympathetic branches, has numerous essential physiologic functions, including
modulation of blood pressure, heart rate, and body fluid volume [1]. It is now rec-
ognized that the ANS is organized to elicit organ-specific responses to maintain
homeostasis in the face of external challenges [2].

An example of the differential organ effects of the ANS is the coordinated response
to increase sodium concentration aimed at restoring normal plasma sodium concen-
tration and volume. This process is especially relevant to the normal interactions
between heart and kidney and to the understanding of their dysregulation in the set-
tings of hypertension, heart failure (HF), and the cardiorenal syndrome (CRS)
(Fig. 10.1). Experiments in conscious sheep have shown that increases in brain
sodium concentration simultaneously augment cardiac sympathetic nerve activity
(SNA) and arterial pressure and reduce renal SNA, promoting reduced renin secre-
tion, renal vasodilatation, and renal sodium excretion [1]. Thus, inhibition of renal
SNA is the logical homeostatic response to a sodium load, aimed at restoring normal
plasma volume and sodium concentration. These organ-specific effects are mediated
via a neural pathway that includes an angiotensinergic synapse, the lamina termina-
lis, and the paraventricular nucleus of the hypothalamus [3, 4]. In contrast to normal
conditions, in experimental animal models of HF induced by rapid pacing, the
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Fig.10.1 Organization of the autonomic nervous system demonstrating the key interactions involving
the brain, heart, and kidney. SA sino-atrial node (Reproduced with permission from Singh et al. [159])

cardiac and renal SNA activities increased to similar, almost maximal levels and the
response of cardiac SNA to changes in blood volume was significantly attenuated [1,
5]. These data confirm many previous observations that in HF, a decreased arterial
pressure reduces baroreflex inhibition of SNA, which, together with the lack of an
inhibitory response to the increased volume and cardiac pressures, contributes to the
heightened sympathetic activity typical of HF [1]. Excessive sympathetic 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 and renin stimu-
lation and diminished renal function. In addition, the kidney itself is a source of
increased SNA by way of the renal somatic afferent nerves. Therefore, in both hyper-
tension and HF, the kidney is both the target and contributor to increased SNA [6].

10.2 Measurements of Autonomic Nervous System Activity

One important challenge to the understanding of the bidirectional autonomic inter-
actions between the heart and the kidney is the ability to quantify individual regional
SNA activity. For this purpose, sympathetic nerve recording techniques and
radiotracer-derived measurements of norepinephrine (NE) spillover into the plasma
from individual organs have been used. The limitations of each technique have led
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to the recommendation that they be used together [7]. Microneurography provides
instantaneous multiunit or single-fiber recordings of electrical transmission in sym-
pathetic nerves, but assessment may be skewed by interpreter’s bias [8, 9].

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

Regional norepinephrine spillover = [( Cy,—C,)+C,E ] PF

where Cy and C, are the plasma concentrations of NE in the organ’s venous and
arterial plasma, E is the fractional extraction of titrated NE while the blood is flow-
ing through the organ, and PF is the organ plasma flow [7].

Computer analysis of heart rate variability (HRV) predominantly reflects selec-
tive autonomic control of the heart. Vagal and sympathetic cardiac influences oper-
ate on the heart rate in different frequency bands. While vagal regulation has a
relatively high cutoff frequency, modulating heart rate both at low and high frequen-
cies (up to 1.0 Hz), sympathetic cardiac control operates only at <0.15 Hz [13-15].
Blood pressure variability is the result of complex interactions between cardiac and
vascular neural regulation, mechanical influences of respiration, humoral and endo-
thelial factors, large artery compliance, and genetic influence. Nevertheless, time or
frequency domain analysis of either blood pressure or HRV can provide valuable
information on autonomic cardiovascular regulation. While often lacking specific-
ity, these measurements can be obtained in clinical practice and are not subject to
interpreter’s bias [16]. The ability of HRV and blood pressure fluctuations to reflect
autonomic control of the cardiovascular system is improved by use of multivariate
models for its assessment. The simplest ones consider the relationship between
spontaneous fluctuations in blood pressure and heart rate, either in the time or fre-
quency domain to assess baroreceptor sensitivity (BRS) and its modulation in daily
life [17-20]. While spontaneous variations in blood pressure and heart rate clearly
depend on autonomic mechanisms, caution is needed in considering them a quanti-
tative measurement of efferent SNA to the heart and vasculature. In fact, in a variety
of clinical situations, including HF, low-frequency heart rate spectral power has
little or no relation to rates of NE spillover from the heart or sympathetic nerve fir-
ing measured by microneurography. Indeed, in HF, low-frequency heart rate spec-
tral power is reduced, but cardiac NE spillover is markedly increased [21].

Cardiac SNA can also be noninvasively assessed by the use of
12I-metaiodobenzylguanidine (MIBG), an analogue of NE, using semiquantitative
analyses, namely, early heart-to-mediastinum ratio, late heart-to-mediastinum ratio,
and myocardial washout [22]. Data from prospective studies and meta-analyses
have shown that patients with decreased late heart-to-mediastinum ratio or increased
myocardial 'Z*I-MIBG washout have a worse prognosis than those patients with
normal semiquantitative myocardial MIBG parameters [23]. Furthermore,
12[-MIBG has been found to independently predict sudden cardiac death regardless
of left ventricular ejection fraction (LVEF) [24]. In addition, the ADMIRE-HF
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(AdreView Myocardial Imaging for Risk Evaluation in Heart Failure) trial demon-
strated that 'I-MIBG cardiac imaging provides additional independent prognostic
information for risk-stratifying HF patients on top of commonly used markers such
as LVEF and B-type natriuretic peptide [25].

Thus, the clinical relevance of information on autonomic cardiac control is sup-
ported by the evidence that increased SNA is associated with increased mortality in
myocardial infarction and HF patients, and with an increased risk of sudden arrhyth-
mic death.

10.3 Sympathetic Innervation of the Kidney

The kidney is abundantly innervated with both efferent adrenergic and somatic
afferent neurons [26, 27] (Fig. 10.2). The efferent neurons terminate at multiple
sites within the nephron and independently influence tubular sodium reabsorption,
renin secretion, and renal blood flow (RBF). Sodium reabsorption is enhanced at

' ‘/Sympathetic control centers\A

Vasoconstriction
Endothelial dysfunction Ventricular hypertrophy
Atherosclerosis Arrhythmias

Ischemia

Renal afferents Renal efferents

Vasoconstriction Sodium reabsorption
Ischemia Renin release
Adenosine Decreased RBF

Fig. 10.2 Afferent sympathetic pathways travel from the kidney to the control centers for neuro-
modulation in the midbrain. Activation of these pathways increases global sympathetic traffic,
which may adversely affect vascular tone and integrity, as well as lead to inappropriate myocardial
hypertrophy, myocardial cell damage, and arrhythmias. Increased renal sympathetic signaling
stimulates sodium retention, volume expansion, and renal vasoconstriction. The consequences of
increased renal sympathetic efferent traffic may also lead to an increase in afferent traffic, thereby
creating a positive feedback loop with many deleterious vascular, myocardial, and renal conse-
quences. RBF renal blood flow (Reproduced with permission from Goldsmith et al. [39])
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very low stimulation frequencies; higher stimulating frequencies increase renin
secretion and lower RBF [28-30]. Thus, under conditions of mild sympathetic acti-
vation, sodium reabsorption increases and consequently plasma volume expands.
With more intense sympathetic activation, sodium reabsorption is further aug-
mented by the effects of angiotensin II (A II) and aldosterone and vasoconstriction
occurs due to the combined vascular effects of NE and A II. Thus, increased efferent
renal SNA produces simultaneously an increase in arterial pressure and blood vol-
ume and a decrease in RBF. When these compensatory responses to hypotension or
hypovolemia become persistent and disproportionate to the cardiovascular abnor-
malities which initially trigger them, they become maladaptive and directly contrib-
ute to the progression of HF. These responses are particularly influential in the CRS
where persistent vascular congestion and worsening renal function magnify the
mutually detrimental effects of heart and kidney [31]. It should be noted that in
addition to the effects of renal sympathetic efferent activation, somatic afferent
nerves originating in the kidney act directly on the neural cardiovascular control
centers in the midbrain [27]. The activity of these afferent nerves is stimulated by
various factors including ischemia and adenosine release, both of which are the
result of intense vasoconstriction. A direct neurological connection between the
kidney and hypothalamus has been demonstrated in partially nephrectomized rats.
In patients with end-stage renal disease (ESRD) and in renal transplant recipients,
removal of the native kidney is associated with attenuated muscle SNA [32-35].
Because A II can directly stimulate central sympathetic drive, secretion of renin by
the macula densa cells is another mechanism by which the kidney contributes to
activation of SNA and of the renin-angiotensin-aldosterone system (RAAS) [36].
Increases in activation of either the afferent or the efferent loop of this “sympathore-
nal axis” may lead to a self-perpetuating cycle and sustained generalized
SNA. However, it should be pointed out that many other reflexes and humoral sub-
stances, including natriuretic peptides (NP), can modify sympathetic tone, 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 [22].

10.4 The Sympathorenal Axis in Heart Failure

Increased plasma NE, muscle SNA, and total body, cardiac, and renal NE spillovers
have been documented in patients with congestive HF [12, 37]. For more than three
decades, plasma NE has been known to be a strong predictor of outcomes in HF
patients [38]. The success of beta-blockers in decreasing mortality in HF patients
convincingly supports the notion that excessive SNA directly contributes to HF pro-
gression [39].

However, the use in HF patients of moxonidine, an inhibitor of presynaptic NE
release, was associated with increased mortality presumably due to hypotension
caused by a precipitous fall in plasma NE levels [40]. Data are lacking on whether
a more gradual reduction in NE levels would have produced different results in HF
patients.
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There is little doubt that renal NE spillover is, together with cardiac NE spillover,
a major contributor 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 spill-
over, was highly predictive of outcomes despite concomitant therapy with anti-
neurohormonal drugs [39]. In addition in an experimental myocardial infarction
model, renal sympathetic denervation was associated with improved outcomes [41].
The enhanced efferent sympathetic signaling to the kidney seen in HF presumably
has the same effects it has in hypertension (enhanced sodium retention, decreased
RBF and activation of the RAAS). These effects are even more harmful 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 aldo-
sterone, worsen myocardial remodeling. The SNA-related sodium avidity and renal
hemodynamic abnormalities may be especially deleterious in the CRS, because per-
sistent congestion may itself contribute to further deterioration of renal function
[31]. Kidney dysfunction often occurs during intensive treatment with loop diuret-
ics. This event is not surprisingly because loop diuretics are known to further stimu-
late SNA either directly or through activation of the RAAS [42]. Augmentation of
afferent signaling from the kidney may then contribute to perpetuate the global
sympathetic overdrive in HF, completing the sympathorenal loop [39] (Fig. 10.3).
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Fig. 10.3 Cardiorenal interactions in heart failure and kidney disease. Most of the mechanisms
may be activated by each of the two conditions and are able to affect both cardiac and renal func-
tion. The mechanisms involved in the pathologic interactions between the heart and the kidney
include hemodynamic abnormalities, neurohormonal activation, inflammation, and local intrarenal
events (Reproduced with permission from Metra et al. [213])
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10.5 Consequences of Congestion and Neurohormonal
Activation in the Kidney and in Other Regional
Circulatory System in the Abdomen

Many critically important changes occur in the kidney in the setting of cardiac
dysfunction and neurohormonal activation (Fig. 10.3). When RBF decreases as a
result of decreased cardiac output (CO), neurohormonally induced efferent arteri-
olar vasoconstriction, or increased central venous pressure (CVP), the kidney
strives to maintain glomerular filtration rate (GFR) by increasing filtration fraction
(FF) [43]. In normal conditions, FF is approximately 20-25 %, increases above
this value in HF, and can rise above 50 % when congestion is complicated by
increased intra-abdominal pressure. As explained below, increased FF in itself
augments sodium reabsorption, an event which is magnified by increased SNA and
RAAS activation. Different transporters mediate active transfer of sodium across
the luminal side of proximal tubular cells. However, because the proximal tubules
have a highly permeable epithelium, sodium can easily return to the lumen so that
net sodium reabsorption is governed by passive Starling forces between the peri-
tubular capillaries and renal interstitium. In congestive HF, because of an increased
FF, the oncotic pressure in the peritubular capillaries (xPC) is higher, which stimu-
lates sodium and water reabsorption into the vasculature. Because the kidney is an
encapsulated organ, when congestion is present, the interstitial fluid hydrostatic
pressure (PIF) and the peritubular capillaries hydrostatic pressure (PPC) are both
increased, whereas the interstitial fluid oncotic pressure (nlF) drops because of
increased lymph flow, which removes interstitial proteins. This also favors net
sodium and water reabsorption into the vasculature [44-51]. Abnormally high-
sodium reabsorption in the proximal tubule has profound consequences on the rest
of the nephron. Under normal circumstances, the macula densa senses increased
sodium chloride delivery because active chloride transport requires ATP, which is
ultimately converted to adenosine. This substance, which is released from cells of
the macula densa, has a paracrine vasoconstrictive effect on the afferent arteriole.
This effect, known as tubuloglomerular feedback (TGF), protects the glomerulus
from hyperfiltration injury. In congestive HF, due to increased sodium chloride
reabsorption in the proximal tubule, chloride delivery to the macula densa is
reduced and intracellular chloride levels are low. This stimulates NOS I and COX-2
activation and release of NO and PGE2. Both NO and PGE2 stimulate the granu-
losa cells of the afferent arteriole to secrete renin which activates angiotensin II,
thus perpetuating a vicious cycle of neurohormonal activation and worsening con-
gestion. It is also important to consider that loop diuretics, which are used in large
numbers of ambulatory and in the majority of hospitalized HF patients, inhibit the
Na+/K+/2Cl- co-transporter in the thick portion of the ascending loop of Henle,
further reducing macula densa uptake of sodium chloride and escalating neurohor-
monal activation [43]. The distal convoluted tubules and collecting ducts reabsorb
<10 % of the total amount of sodium filtered by the glomerulus. In contrast to the
part of the nephron proximal to the macula densa, where net fractional sodium
reabsorption is kept relatively constant under normal circumstances, distal
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fractional sodium reabsorption rates are highly variable depending on tubular flow
rate, and levels of aldosterone and arginine vasopressin [52-54]. Therefore, it is
the distal nephron which determines the urinary sodium concentration and osmo-
lality. However, a prerequisite for the ability of the distal nephron to maintain a
neutral sodium balance is adequate delivery of sodium. In congestive HF, because
of increased fractional reabsorption in the proximal tubules and often decreased
GFR in individual nephrons, tubular flow might be low in the distal part of the
nephron despite significant systemic fluid excess. In addition, the increased levels
of aldosterone and arginine vasopressin further stimulate reabsorption of the
remaining tubular fluid. It is the decreased distal tubular flow which causes aldo-
sterone breakthrough, which leads to secondary hyperaldosteronism despite ther-
apy with adequate doses of RAAS inhibitors [55, 56]. Furthermore, prolonged
exposure to loop diuretics produces adaptive hypertrophy of distal tubular cells,
which increases local sodium reabsorption and aldosterone secretion. Indeed,
experimental data shows that distal tubular cells adaptation to loop diuretics can be
significantly attenuated by administration of aldosterone antagonists or thiazide
diuretics [55, 57].

The escalating congestion resulting from the cardiorenal interactions outlined
above has profound implications for all abdominal vascular systems, including the
splanchnic, intestinal, hepatic, and splenic circulations [58]. In the splanchnic
microcirculation, net filtration rate is determined by Starling forces, (PC -PIF) —
(nC- =lIF), which favor filtration throughout the entire length of the capillary bed.
When capillary hydrostatic pressure increases as a result of congestion, filtration
pressure is even higher [58]. Because the interstitium has low compliance, the
excess filtrated fluid is drained directly into lymphatic capillaries, so that there is
only a slight increase in interstitial fluid volume. Splanchnic lymphatic flow can
increase as much as 20 times its normal value [59]. Because increased lymphatic
flow removes interstitial proteins, the drop in interstitial oncotic pressure reduces
filtration and the accumulation of fluid in the interstitium. Once lymphatic flow can-
not increase further and interstitial compliance increases, interstitial fluid begins to
accumulate [60]. When lymph flow can no longer adequately remove interstitial
proteins, protein-rich edema accumulates to the point of compressing lymphatic
vessels which further impairs lymph flow.

The intestinal microcirculation is characterized by a countercurrent system that
enables extensive exchange of oxygen (O,) between arterioles and venules. This O,
“short circuit” creates a gradient with the lowest partial O, pressure at the villus tip
[61-63]. During congestive HF, low perfusion, venous congestion, and sympatheti-
cally mediated arteriolar vasoconstriction in the splanchnic microcirculation stimu-
late O, exchange between arterioles and venules, exaggerating the O, gradient
between the villus base and tip. This causes villus tip ischemia which is responsible
for epithelial cells dysfunction and loss of intestinal barrier function. As a result,
lipopolysaccharide or endotoxin, produced by gram-negative bacteria residing in
the gut lumen, enters the systemic circulation and contributes to escalate the HF
inflammatory milieu [61-63].
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In the liver, hepatocytes continuously produce adenosine from the breakdown of
ATP. Adenosine accumulates in the perisinusoidal space, which is drained by the
lymphatic system. When portal blood flow is reduced because of « receptor—medi-
ated vasoconstriction, lymph flow decreases and intrahepatic adenosine concentra-
tion increases. Adenosine then stimulates hepatic afferent nerves, which have
synaptic connections with renal efferent sympathetic nerves. These events intensify
renal vasoconstriction and sodium retention [58].

The splenic sinusoids are freely permeable to plasma proteins. As a result, their
colloid osmotic pressure is the same as that of the surrounding lymphatic matrix.
Therefore, fluid transport between the two spaces is dictated by differences in hydro-
static pressure. Transient congestion of the splanchnic venous system results in
increased hydrostatic pressure inside the splenic sinusoids so that more fluid is trans-
ferred to the lymphatic matrix and buffered inside the lymphatic reservoirs of the
spleen [64]. In congestive HF, increased cardiac filling pressures increase the produc-
tion of atrial natriuretic peptide (ANP) which produces splenic arterial vasodilatation
and venous vasoconstriction. These hemodynamic changes promote the shift of fluid
into the perivascular third space of the spleen. Storage of large amounts of fluid in the
spleen may lead to perceived central hypovolemia which further stimulates neuro-
hormonal activity and perpetuates the vicious circle of congestion-driven SNA and
RAAS enhancement. Moreover, when the splenic lymphatic circulation becomes
overloaded, additional accumulation of interstitial edema occurs [58].

10.6 Autonomic Crosstalk in the Different Types
of Cardiorenal Syndrome

According to a widely accepted definition, the cardiorenal syndrome is a patho-
physiologic disorder of the heart and kidneys whereby acute or chronic dysfunction
in one organ may induce acute or chronic dysfunction in the other organ. On the
basis of this definition, five types of the cardiorenal syndrome have been identified
and each has unique aspects of autonomic crosstalk between the heart and the kid-
ney [65].

10.6.1 Cardiorenal Syndrome Type 1

This type of CRS is defined as abrupt worsening of cardiac function, such as it
occurs with acute cardiogenic shock or ADHEF, leading to acute kidney injury (AKI).
Hemodynamic abnormalities play a crucial role in the pathogenesis of the CRS type
1 and trigger decreased renal arterial flow, renal oxygen consumption, and GFR and
increased renal vascular resistance [66].

Different ADHF hemodynamic profiles have been identified on the basis of indi-
vidual patients’ adequacy of perfusion, assessed by measurement of CO, and extent
of increase in cardiac filling pressures [67]. Since patients’ clinical characteristics,
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treatment, and outcomes vary for different hemodynamic profiles, the pathophysiol-
ogy of CRS type 1 may differ according to the hemodynamic milieu in which it
occurs [67, 68]. The occurrence of AKI during ADHF is not restricted to an indi-
vidual hemodynamic profile and may in fact be related to shifts in hemodynamic
conditions when ADHF worsens or in response to treatment.

When CRS type 1 develops in patients with significant reductions in CO, with or
without an increase in cardiac filling pressures, it is highly likely to be associated
with a reduction in RBF. In ADHF, the relationship between CO, RBF, and intrare-
nal blood flow distribution remains unclear. However, it is plausible that activation
of SNA and RAAS resulting from a significant reduction in intravascular volume
will cause renal afferent (and, to a lesser extent, efferent) arteriolar vasoconstriction,
leading to a decrease in RBF and renal perfusion pressure. If a low CO is associated
with systemic arterial hypotension, renal perfusion pressure may decrease despite a
relatively normal renal venous pressure, because renal autoregulation may be unable
to compensate for the low blood pressure if the intravascular fluid volume is reduced.
The finding of severely decreased RBF and GFR in the setting of reduced CO can
therefore indicate that renal autoregulation is impaired [65].

An elevated CVP, which is readily transmitted to the renal vein, directly influ-
ences renal perfusion pressure [68—71]. In addition, because the kidney is an encap-
sulated organ, high renal venous pressure increases renal interstitial hydrostatic
pressure. If this exceeds tubular hydrostatic pressure, the tubules collapse.
Consequently, increasing intratubular pressure opposes filtration and therefore
decreases GFR [65]. This mechanism is supported by experimental data showing a
linear decrease in GFR upon increases in renal venous pressure, especially during
volume expansion [72]. The response of renal autoregulation to increased renal
venous pressure is unknown. However, it has been proposed that higher intrarenal
levels of angiotensin II and SNA can indirectly influence arteriolar tone [72, 73].

It is more difficult to explain how the CRS type 1 occurs in ADHF patients with
relatively preserved CO. If RBF is sufficiently reduced to be associated with a
decreased GFR, it follows that in this situation, the drop in RBF is disproportionate
to the decline in CO. This can occur with uni- or bilateral renal artery stenosis,
which is estimated to occur in up to 40 % of patients with coexisting HF and CKD
[74]. Other factors that may contribute to the development of the CRS type 1 in
ADHEF patients with preserved CO include (a) chronic use of RAAS inhibitors that
impair the renal autoregulatory response to reductions in intravascular volume, (b)
use of nonsteroidal anti-inflammatory drugs (NSAID) which may block TGF that
would normally produce afferent arteriolar vasodilatation in response to a decreased
intravascular fluid volume, and (c) preexisting arterial hypertension which may be
associated with a reduction in functional nephrons [43, 65, 75].

It is also important to note that in patients with relatively preserved CO, the rela-
tive impact of increased CVP on renal perfusion pressure may not be as high as in
patients with intravascular volume depletion. However, according to the mecha-
nisms described earlier, an elevated CVP can still reduce GFR due to increased
renal interstitial pressure and neurohormonal activation within the kidney and other
regional circulations [67-71].
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Biomarker evidence of neurohormonal activation includes the elevation in the
levels of natriuretic peptides, mid-regional pro-adrenomedullin, and copeptin [75].
Indeed, ADHF patients with baseline elevation of natriuretic peptide levels and con-
comitant increase in cardiac filling pressures are at the highest risk for the develop-
ment of the CRS type 1 [76].

10.6.2 Cardiorenal Syndrome Type 2

This type of CRS is characterized by chronic abnormalities in cardiac function lead-
ing to kidney injury or dysfunction. As such, the temporal relationship between the
heart and kidney disease is an important aspect of the definition. While observa-
tional data clearly show that chronic heart and kidney disease commonly coexist,
most studies lack information on whether cardiac dysfunction truly preceded renal
abnormalities [77-80]. Thus, the mere coexistence of cardiovascular disease and
CKD is not sufficient to make a diagnosis of true CRS type 2 which requires evi-
dence that HF is the underlying cause of the onset and progression of CKD. One
clear example is that of an acute myocardial infarction resulting in chronic LV dys-
function followed by the onset of renal function impairment or progression of pre-
existing CKD. The predominant mechanisms leading from cardiac to renal
dysfunction include neurohormonal activation, chronic renal hypoperfusion and
venous congestion, inflammation, and oxidative stress. In addition, recurrent ADHF
hospitalizations may contribute to the onset and progression of renal impairment
[81] (Fig. 10.4). In patients with HF, the frequency of HF admissions has been
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shown to be independently associated with development of CKD most likely as a
result of recurrent episodes of AKI caused both by the hemodynamic abnormalities
and the treatment of ADHF [82]. In fact, animal models and epidemiologic studies
have shown that repeated episodes of AKI lead to the development and progression
of CKD [83].

As described earlier in the chapter, experimental models of chronic HF have
shown that neurohormonally induced efferent arteriolar vasoconstriction in response
to reduced glomerular plasma flow increases FF to preserve GFR. When these
hemodynamic abnormalities persist for extended time periods (3—6 months in the
rat model), glomerular pathologic changes ensue, as evidenced by albuminuria,
podocyte injury, and focal glomerulosclerosis [43]. Eventually, when increased FF
becomes inadequate to preserve filtration in individual glomeruli, GFR begins to
decline. Importantly, many of these changes appear to be related to systemic and
local renal increases in SNA and RAAS activation [43].

One of the principal roles of a normally functioning cardiorenal axis is the main-
tenance of extracellular fluid volume homeostasis. A complex system of volume and
pressure sensors, afferent and efferent feedback loops, local and distant vasoactive
substances, and neurohormonal systems with built-in redundancies serves to con-
tinuously monitor and adapt to changing extracellular fluid volume and blood pres-
sure. When these systems are intact and function normally, they respond rapidly to
constantly changing hemodynamics and volume status to ensure adequate tissue
perfusion and oxygen delivery. The essential effector mechanisms are the SNA and
RAAS. When significant cardiac dysfunction occurs, declining CO and consequent
reduction in blood volume in the renal arterial circulation trigger activation of both
SNA and RAAS [84]. It has long been recognized that the kidneys of patients with
HF release substantial amounts of renin into the circulation [85], which, in turn,
leads to increased A II production. By binding to AT1 receptor, A II has broad-
reaching effects, including vasoconstriction-mediated increase in systemic vascular
resistance, venous tone, and congestion. In addition, A II has potent central nervous
system effects including increased thirst, SNA activation and non-osmotic release
of vasopressin. In the kidney, A II increases the already high proximal tubular
sodium reabsorption and, through preferential constriction of the efferent arteriole,
glomerular FF. The latter, as described earlier, increases the oncotic pressure in PC,
thus facilitating further return of sodium and water into the circulation [86].

Elevated CVP may have an especially important role in WRF in patient with
HFpEF and hypertension. Indeed, in a canine model, renal venous hypertension,
independent of changes in systemic arterial blood pressure, led not only to
decreased renal blood flow and GFR but also to increased renin release [87, 88].
This provides further evidence that, in HF, renal abnormalities can be caused by
neurohormonally induced venous hypertension and congestion in the absence of a
decrease in effective circulating blood volume. In addition, the chronic activation
of the SNS and RAAS may also contribute to the progression of preexisting
CKD. Intrarenal levels of NE, A II, albuminuria, renal function, podocyte injury,
and reactive oxygen species production were examined in an animal model of
chronic volume overload, created by surgically induced aortic regurgitation in
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uninephrectomized rats [89]. Chronic volume overload led to predictable changes
in the cardiac structure and function with associated increases in both intrarenal
SNA and RAAS activity. Importantly, progressive kidney injury could be pre-
vented by renal denervation and A II receptor blockade. Based on these findings, it
is plausible that SNA and local A II activation stimulate NADPH oxidase—depen-
dent reactive oxygen species generation in the kidney, which, in turn, causes podo-
cyte injury and albuminuria [89].

Another effect of A II production is stimulation of release from the adrenal gland
of aldosterone, which further augments sodium reabsorption in the distal nephron,
aggravating pressure and volume overload. Aldosterone has also been implicated in
progression of CKD and renal fibrosis [90]. Increased renal aldosterone levels pro-
mote oxidative stress. Through paracrine glycoprotein galectin-3 signaling, upregu-
lation of the pro-fibrotic cytokine transforming growth factor-p (TGF-f) leads to
increased fibronectin, which promotes renal fibrosis and glomerulosclerosis [91]. In
Dahl salt-sensitive HF rats, the combination of ACE and aldosterone inhibition pre-
vented histologic renal damage and lowered both creatinine and proteinuria to con-
trol levels. These findings suggest interplay of hypertension-induced and
HF-associated renal injury with a related and mutually perpetuating pathophysiol-
ogy. Inflammation is another non-hemodynamic mechanism contributing to the pro-
gression of CKD in the setting of HF [91].

The importance of SNA and RAAS activation in the HF clinical setting is under-
scored by the unquestionable benefits of RAAS antagonists and beta-blockers
which are now the backbone of guidelines-directed medical therapy (GDMT) in HF
patients. A detailed description of the studies bringing neurohormonal antagonists
to the forefront of HF therapy is beyond the scope of this chapter. However, some
aspects of these studies which are especially relevant to the CRS type 2 deserve
mention. In the SOLVD study of enalapril in chronic HF, the net deterioration of
eGFR from baseline to 14 days was slightly greater in the enalapril group compared
to placebo. While early worsening of renal function was associated with increased
mortality in the placebo group, it was free from adverse prognostic significance in
the enalapril group [92]. Similarly, diabetic patients showed a decreased proteinuria
with enalapril treatment [93]. An additional multivariable analysis suggested that
despite a higher incidence of early worsening renal function in the enalapril group,
there was no risk of longer term deterioration of eGFR compared with placebo
[93-97]. Similar findings emerged from studies of aldosterone antagonists and beta-
blockers [98]. Nevertheless, the role of neurohormonal antagonists in the prevention
of the progression of CRS type 2 remains unclear.

It is important to note that a slight, expected, increase in creatinine, particularly
in trials with inhibitors of RAAS, does not necessarily mean a progression of the
CRS type 2.

Cardiac resynchronization therapy can improve hypoperfusion in HF as indi-
cated by an increase in GFR by 2.7 ml/min in patients with GFR between 30 and
60 ml/min [99]. The use of LVADs has been shown to improve renal function early
after device implantation. The reasons why this improvement appears to be transient
have not been elucidated [100].
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10.6.3 Cardiorenal Syndrome Type 3

The cardiorenal syndrome type 3, also called the acute renocardiac syndrome, is
defined as an episode of AKI which precipitates and contributes to the development
of acute cardiac injury and/or dysfunction [65]. There is limited data available
describing the role of neurohormonal activation, specifically the SNS and RAAS in
the pathophysiology of CRS type 3. However, activation of the SNS is a hallmark of
both AKI and acute HF [65]. The enhancement of renal SNS activity and its conse-
quent effect on NE spillover from nerve terminals during AKI [101] may impair
myocardial function through several mechanisms, including direct effects of NE,
disturbances in myocardial Ca2+ homeostasis, increase in myocardial oxygen
demand which increases the risk of subendocardial ischemia, cardiomyocyte apopto-
sis mediated through p1-adrenergic receptor stimulation, stimulation of a1-adrenergic
receptor—mediated cardiomyocyte hypertrophy, and direct RAAS activation [102].
Heightened adrenergic drive can stimulate f1-adrenergic receptors in the juxtaglo-
merular apparatus of the kidneys contributing to reduced renal blood flow and height-
ened rennin release and further RAAS activation. Maladaptive RAAS activation in
AKI contributes to A Il release, vasoconstriction, and further impairment of extracel-
lular fluid homeostasis. In addition, A II contributes to vasoconstriction-mediated
increase of systemic vascular resistance. It is also known that A II can directly mod-
ify myocardial structure and function, contribute to myocyte hypertrophy, and pre-
cipitate apoptosis in cardiomyocyte cultures [103—105]. Furthermore, A I is a potent
stimulator of a number of cell signaling pathways including those involved in oxida-
tive stress, inflammation, and the regulation of the extracellular matrix [105]. In a
dog model of renal ischemia/reperfusion injury, increased RAAS activity was impli-
cated in the observed reduction of coronary responsiveness to acetylcholine, adenos-
ine, bradykinin, and L-arginine. In addition, renal ischemia/reperfusion injury was
associated with increased myocardial oxygen consumption at rest. While a definitive
role for the RAAS was conclusively shown, these findings imply that AKI may
directly contribute to impaired coronary vasoreactivity and elevated myocardial oxy-
gen consumption both of which can potentially increase the risk of myocardial isch-
emia and major cardiovascular events [105-110] (Fig. 10.5).

10.6.4 Cardiorenal Syndrome Type 4

This type of CRS occurs when CKD (e.g., chronic glomerular disease) contributes
to decreased cardiac function, cardiac hypertrophy, and increased risk of adverse
cardiovascular events.

The multiple and complex mechanisms which produce mutually detrimental inter-
actions between the kidney and the heart in the CRS type IV are beyond the scope of
this chapter and the discussion is limited to the potential roles of neurohormonal acti-
vation. However, it is important to note that the risks for cardiovascular complications
in patients with eGFRs <30 ml/min/1.73 m? are up to tenfold higher than those with
eGFRs >60 ml/min/1.73 m? [111]. This startling prevalence of cardiovascular compli-
cations exceeds the risk expected from typical risk factors, such as hypertension and
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Fig. 10.5 Summary of the demographic contributors, clinical susceptibilities, and pathophysio-
logic mechanisms for development of CRS type 3. AKI acute kidney disease, SNS sympathetic
nervous system, RAS renin angiotensin system, NOS nitric oxygen synthase, PTH parathyroid
hormone, Vit D3 vitamin D3, Epo erythropoietin, EC erythropoietic cells, CKD chronic kidney
disease (Reproduced from Acute Dialysis Quality Initiative 10, under the terms of the Creative
Commons Attribution License. Available at: www.ADQI.org. Accessed 2 July 2015)

hyperlipidemia, and suggests that the loss of renal function may directly contribute to
the development of cardiovascular complications [111-115].

The renal response to impaired GFR can lead to activation of multiple compensatory
pathways including upregulation of the RAAS and SNA as well as activation of the
calcium-parathyroid axis. These physiologic responses can be due to underlying dis-
eases such as hypertension or diabetes or can be a response to the functional decline of
either the heart or the kidney. The loss of renal mass leads to the accumulation of total
body sodium and water with the subsequent stimulation of A II and aldosterone produc-
tion. The resulting hypertension coupled with direct effects of A II and aldosterone on
cardiac myocytes accelerates left ventricular hypertrophy and cardiac fibrosis. Pathologic
adaptations to increasing wall thickness contribute to a loss of capillary density, second-
ary myocardial fibrosis, and further compensatory hypertrophy [114]. Moreover, the
progressive loss of nephron mass inherent to CKD leads to accumulation of salt and
water which secondarily contributes to hypertension and pressure and volume overload.
These same conditions contribute to LVH through upregulation of RAAS and subse-
quent release of pro-fibrotic factors such as galectin-3, TGF-p, and endogenous cardiac
steroids [116]. In addition, prolonged periods of hemodynamic stress can induce cardiac
remodeling which includes the increased expression of interstitial myofibroblasts, a cell
type that is not present in normal myocardium and has high fibrogenic potential.

10.6.5 Cardiorenal Syndrome Type 5
This CRS occurs when an overwhelming insult leads to the simultaneous develop-

ment of acute kidney injury (AKI) and acute cardiac dysfunction. The CRS type 5
encompasses a wide spectrum of disorders that acutely involve the heart and kidney,
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such as sepsis and drug toxicity where both the heart and the kidney are involved
secondarily to the underlying process [65]. The CRS type 5 may develop in the pres-
ence or absence of previously impaired organ function. In contrast to the acute CRS
type 5, its chronic counterpart, which occurs, for example in liver cirrhosis, has a
more insidious onset and the kidney and cardiac dysfunction may develop slowly
until overt decompensation occurs.

An essential feature of sepsis is the dissociation between the systemic circulation
and the microcirculation in various organs [117]. Especially in the early phases of
sepsis, profound microcirculatory changes can develop, despite apparently normal
systemic hemodynamics [116—-120]. Microcirculatory changes, such as lower blood
flow velocities and heterogeneous perfusion patterns, strongly correlate with mor-
bidity and mortality rates [118]. Sepsis can cause both left and right ventricular dila-
tation and dysfunction, which renders the heart less responsive to fluid resuscitation
and catecholamine treatment [119]. Although cardiac dysfunction during sepsis can
become severe enough to resemble cardiogenic shock, in the majority of cases, it
can be reversed within 7-10 days [120, 121]. Moreover, as long as intravascular
volume is maintained, tachycardia and reduced vascular tone may actually contrib-
ute to preserve or even increase CO in many patients. Myocardial blood flow or
energy metabolism is not as important as previously thought in the development of
depressed cardiac function during sepsis [122], which instead appears to be pre-
dominantly caused by myocardial depressant factors, including pro-inflammatory
cytokines and components of the complement system [122-126].

In experimental models, it has been shown that, regardless of a normal or hyper-
dynamic systemic circulation, only animals that developed AKI during sepsis have
increased renal vascular resistance. These findings are consistent with those of
observational clinical studies [127]. Sepsis also affects central neuronal pathways
including the SNA, the RAAS, and the hypothalamus-pituitary-adrenal axis, all of
which affect cardiac and/or renal function, as repeatedly pointed out in this chapter.
Importantly, the severity of sepsis-induced SNA dysfunction is strongly correlated
with morbidity and mortality [128, 129]. The hallmark of increased SNA during
sepsis is decreased HRV, which has been shown to be associated with the release of
inflammatory mediators, such as IL-6, IL-10, and CRP [129, 130]. Data on kidney
abnormalities due to sepsis-related autonomic dysfunction are largely preclinical.
Interestingly, in a number of animal models, sepsis-induced changes in renal SNA
do not appear directly affect renal blood flow [131]. The RAAS activation during
sepsis has been deemed to reflect the body’s attempt to restore and maintain an
adequate blood pressure. Although counterintuitive, recent experimental and lim-
ited clinical data suggest that RAAS blockade might be beneficial, since RAAS
activation has also been implicated in endothelial dysfunction, organ failure, and
even mortality during severe sepsis [131-134]. Experimental studies have also
shown that RAAS activation has detrimental effects on renal function during sepsis
[135-138]. During experimental bacteremia, administration of ACE inhibitors
improved creatinine clearance and urine output. Furthermore, during experimental
endotoxemia, administration of a selective A II type 1 receptor antagonist improved
renal blood flow and oxygenation.
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Sepsis also causes complex alterations of hypothalamus-pituitary-adrenal signal-
ing, which in some patients results in severe adrenal insufficiency [139]. This in turn
triggers increased production of pro-inflammatory cytokines, free radicals, and
prostaglandins as well as inhibition of chemotaxis and expression of adhesion mol-
ecules. Indeed, short-term administration of moderate-dose glucocorticoids has
been shown to reduce the need for vasopressors and length of stay in the intensive
care unit [139-141].

Although no definitive data are available on the cardiorenal crosstalk which
occurs during sepsis, some specific pathophysiologic mechanisms appear plausible:
a reduced cardiac output can reduce renal perfusion, further aggravating sepsis-
induced kidney injury; fluid overload due to AKI can lead to overt HF in an already
dilated and hypocontractile heart; finally, AKI-induced metabolic acidosis can impair
contractility and increases heart rate, worsening myocardial stress [127-139]. Beside
the hemodynamic effects of the failing heart on the renal circulation, there are also
cardiac changes due to impaired fluid clearance by the kidney. Furthermore, sound
experimental evidence shows that AKI itself leads to distant organ function [142]. In
amurine model, AKI was associated to decreased cardiac contractility and apoptosis,
which was attenuated by treatment with an anti-TNF drug [143]. Cardiac hypertro-
phy and an increase in cardiac macrophages have also been demonstrated in the set-
ting of sepsis-related AKI [142, 144]. This has particularly profound effects on the
brain, which extend to systemic neuroendocrine responses during sepsis [145, 146].
Maintaining hemodynamic stability and maintaining tissue perfusion are key compo-
nents for preventing CRS type 5 in the hyperacute phase of sepsis. Although fluid
resuscitation is essential in early sepsis, continued administration of high fluid vol-
umes can contribute to circulatory congestion and its deleterious consequences,
including the development of CRS type 5 [147-150].

The management of cardiac dysfunction in the hyperacute and acute phases of
sepsis requires a careful balance between fluid administration to maintain adequate
filling pressures and the use of vasoactive drugs to improve cardiac contractility.
Although vasopressors can help to restore blood pressure, their indiscriminate use
can decrease CO by increasing afterload, especially if hypovolemia is present.
Norepinephrine is the preferred vasoconstrictor (a-adrenergic effects with some ino-
tropic effects via its moderate -adrenergic effects). This drug, which increases sys-
temic blood pressure but decreases renal perfusion in normal conditions, can increase
renal perfusion during sepsis [151]. The use of phosphodiesterase inhibitors should
be based on careful consideration of their inotropic effects versus their vasodilatatory
actions. Although it is a strong vasoconstrictor, vasopressin should be used cau-
tiously as it may have detrimental effects on cardiac output and splanchnic perfusion
[152]. Vasopressin paradoxically increases urine output and possibly creatinine
clearance in patients with septic shock [151-155]. However, it remains unclear what
the target systemic and intrarenal blood pressures should be to optimize renal func-
tion [152]. There is no role for dopamine to improve renal hemodynamics and func-
tion [156], and there have been limited studies with fenoldopam [157].

The role of the calcium-sensitizer levosimendan in the prevention of the CRS
type 5 during sepsis is unknown [158].
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Fig. 10.6 Declining glomerular filtration rate (GFR) is associated with multiple stressors upon the
cardiovascular (CV) system including volume/pressure overload, oxidative stress, and activation of
the renin angiotensin system (RAAS) and neurohumoral pathways. Prior to the initiation of renal
replacement therapy, the heart undergoes maladaptive responses including reduced diastolic compli-
ance, left ventricular hypertrophy (LVH), reduction in myocardial capillary density, and uremia-induced
myocardial fibrosis. Following the initiation of renal replacement therapy, “nonphysiologic” fluid
removal worsens myocardial ischemia leading to progressive heart failure and sudden cardiac death.
CKD chronic kidney disease, SNS sympathetic nervous system, MBD metabolic and bone disorder,
RRT renal replacement therapy, RBF renal blood flow, LV left ventricle, SCD sudden cardiac death

Currently, there are no specific drug-based interventions for renal dysfunction in
sepsis. General supportive measures include avoidance of nephrotoxic agents,
maintenance of an adequate perfusion pressure, and intervention with dialysis.
Diuretics have limited roles in the CRS type 5 [155, 158]. Instead, continuous renal
replacement therapy should be considered and implemented early, but further stud-
ies are needed to validate this concept (Fig. 10.6).

10.7 Non-pharmacological Modulation of the Autonomic
Cardiorenal Crosstalk in Heart Failure

10.7.1 Renal Denervation

The pathophysiologic mechanisms involved in the autonomic cardiorenal crosstalk
raise the question whether renal denervation may produce benefit in HF patients [6].
The discussion which follows will not include studies conducted in resistant hyperten-
sion and is rather focused on the available data on the effects of renal denervation in
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HF [159]. The renal denervation procedure consists of the delivery of low-energy
radiofrequency lesions within the renal arteries using electrode catheters positioned
just proximal to the origin of the second-order renal artery branch. The technical
aspects and potential adverse events of the procedure have been extensively described
elsewhere. The ablation of the sympathetic afferent and efferent nerves to the renal
arteries should produce a significant reduction in SNA. In HF patients, attenuation of
SNA should augment natriuresis, decrease cardiac filling pressures, and potentially
improve overall cardiac function [6, 160—162] Limited data exists on use of renal
denervation in HF patients. The principal aim of the Renal Denervation in Patients
With Advanced Heart Failure (REACH) pilot study was to examine the safety of renal
denervation in a normotensive population with chronic HF [163]. Despite receiving
GDMT, the seven study subjects had no hypotension or syncopal episodes while their
renal function remained stable over a 6-month period. This very small pilot study also
showed a trend toward an improvement in symptoms and exercise capacity [163].
Among 51 NYHA class III and IV HF patients randomized to renal nerves ablation
plus optimal medical therapy vs. optimal medical therapy alone, the renal denervation
arm had a trend toward reduced HF hospitalizations and improvement in LVEF over
a follow-up period of 12 months [164]. These preliminary results are encouraging, but
they must be substantiated by larger randomized studies with a longer follow-up. The
Renal Denervation in Patients With Advanced Heart Failure (REACH) study
(NCTO01538992), which was to be a prospective, double-blinded, randomized study
on the safety and effectiveness of renal denervation in 100 patients with chronic sys-
tolic HE, has been withdrawn prior to enrollment [165]. The Renal Denervation in
Patients With Chronic Heart Failure & Renal Impairment Clinical Trial (Symplicity
HF) (NCT01392196) is listed on the website clinicaltrials.gov as “active but not
recruiting” at the time of this writing [166]. Despite these disappointing events, recent
evidence suggesting that renal denervation may reduce left ventricular hypertrophy
independent of a drop in blood pressure has raised interest in exploring its role in HF
with preserved EF [167]. Pilot studies have also shown that renal denervation may
have beneficial effects on glucose metabolism, heart rate, and atrial and ventricular
arrhythmias [168—173]. All these comorbidities are characterized by an increased
sympathetic tone which is known to adversely affect outcomes in HF patients.

Extreme caution should be used in extrapolating the effects of renal denervation
in hypertension studies to those that can occur in an HF population. The long-term
impact of renal artery damage is unknown, particularly in HF patients with an
already declining renal function. Solid data on the individual variability in renal
innervation patterns and in the contribution of the SNA to HF progression are lack-
ing. The pathophysiological implications of renal denervation should be subjected
to additional rigorous investigation before this approach can be added to the arma-
mentarium of HF therapies.

10.7.2 Vagal Nerve Stimulation

The vagal nerve originates in the medulla and innervates essentially all the organs in
the neck, thorax, and abdomen. The cervical vagal nerve contains both unmyelinated
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and myelinated nerve fibers. Afferents from the gastrointestinal tract, heart, and
lungs outnumber the parasympathetic efferents to the visceral organs. The left vagal
nerve gives rise to cardiac efferents that regulate cardiac contractility and the AV
node, while efferent fibers in the right vagal nerve act on the sinoatrial node to regu-
late heart rate [174, 175]. Notably, the mammalian vagal nerve fibers are divided into
type A, B, and C. The type of fibers recruited influences the clinical impact of thera-
pies aimed at their modulation. It has been known for more than three decades that
there is a strong association between depressed vagal reflexes (as assessed by BRS)
and risk of ventricular arrhythmias in the early postinfarction period [176, 177].
Almost two decades ago, the Autonomic Tone and Reflexes After Myocardial
Infarction (ATRAMI) study showed that markers of autonomic activity (BRS and
HRYV) were useful in the risk stratification of patients after a myocardial infarction
[178]. Specifically, a depressed BRS in patients with reduced cardiac function identi-
fied patients at high risk for HF and arrhythmic mortality [178]. Vagal nerve stimula-
tion (VNS), already used for the treatment of epilepsy and medically refractory
depression, is now under investigation also as a treatment for HF [179-183]. The
benefit of VNS is due to its central and peripheral antiadrenergic effects and to its
anti-apoptotic and anti-inflammatory actions [184]. The role of VNS in HF is sup-
ported by the evidence that reduced vagal activity in ADHF is associated with greater
hemodynamic abnormalities and increased mortality [182—184]. The improved long-
term survival observed in a rodent model of HF induced by myocardial infarction is
attributed to the fact that vagal stimulation prevents ischemia-induced loss of con-
nexin 43 thereby improving electrical instability [185]. Additional experimental evi-
dence has shown that VNS improves structural remodeling and EF and reduces a
number of inflammatory markers such as TNF-a and interleukin-6 [186].

The apparatus for vagal nerve stimulation is an implantable system that delivers
electrical impulses via an asymmetric bipolar multi-contact cuff electrode around
the vagal nerve in cervical area. The stimulation electrode is tunneled to the infra-
clavicular region and attached to the pulse generator. The system used in the
CardioFit study (BioControl Medical Ltd, Yehudi, Israel) consists of an asymmetric
bipolar multi-contact cuff electrode specifically designed to preferentially activate
the vagal efferent fibers in the right cervical vagal nerve. The stimulation lead is
designed to recruit efferent vagal B-fibers, with minimal activation of A-fibers,
which could have central adverse effects [187]. A right ventricular sensing electrode
is placed to prevent excessive bradycardia from VNS. The implantation procedure
requires a multidisciplinary team which includes a surgeon and a cardiac electro-
physiologist. The stimulation intensities needed to stimulate the appropriate nerve
fibers are variable. Stimulation amplitude is gradually up-titrated to achieve targets
of approximately 5.5 mA and a heart rate reduction of 5-10 beats, in the absence of
adverse effects [188]. The CardioFit trial was an open-label multicenter pilot study
in 32 patients with NYHA class II-IV and LVEF <35 %. There were significant
improvements in NYHA class (p<0.001) and reduction in LV systolic volumes
(»=0.02) which were sustained at 1 year. However, 26 serious adverse events
occurred in 13/32 patients (40.6 %), including three deaths and two clearly device-
related AEs (postoperative pulmonary edema and need of surgical revision).
Expected nonserious device-related AEs (stimulation-related neck pain, cough,
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impaired swallowing, dysphonia, nausea, and indigestion) occurred early but were
reduced and eventually resolved after stimulation intensity adjustment [188]. The
ongoing INcrease Of VAgal TonE in congestive heart failure (INOVATE-HF) trial is
a randomized, multicenter (USA and European sites), open-label phase III trial
which aims to enroll 650 patients (NYHA class III, LVEF <40 %, LV end-diastolic
dimension 50-80 mm) in a 3:2 randomization scheme to active VNS therapy versus
standard of care without implant [189]. The primary efficacy end point of this trial
is a composite of all-cause mortality or HF hospitalization. Another multicenter
randomized, double-blind, phase II trial, Neural Cardiac Therapy for Heart Failure
Study (NECTAR-HF, NCT01385176), is examining the clinical efficacy of direct
right VNS in 250 HF patients [190].

The full therapeutic potential of VNS may be due to multiple effects, including
heart rate reduction, SNA attenuation, RAAS inhibition, restoration of BRS, suppres-
sion of pro-inflammatory cytokines, and decrease in gap junction remodeling [191].
The main challenges to widespread application of VNS include patient selection and
identification of the most appropriate pacing protocol. It is possible that patients dem-
onstrating higher baseline SNA may have the best response to SNA, whereas those
with ischemic HF and a high scar burden may derive less benefit from neuromodula-
tion therapies. Although intravascular VNS may be possible through stimulation of the
coronary sinus ostium and/or superior vena cava to slow down heart rate and prolong
AV conduction, many technical challenges remain with respect to selective recruitment
of the appropriate vagal fibers, pain perception, and stimulation protocols [192].

Overall, the early data shows that VNS is feasible, safe, and effective in HF
patients. However, the encouraging results of pilot studies must be confirmed in
larger multicenter randomized studies.

10.7.3 Carotid Baroreceptor Stimulation

Carotid baroreflexes play a critical role in blood pressure regulation through modula-
tion of SNA [193-195]. The carotid baroreceptors are mechanoreceptors located in
the carotid sinus and aortic arch, which are stretch sensitive to distension of the ves-
sel wall. Afferent signals from these high-pressure baroreceptors reach the nucleus
tractus solitarius in the dorsal medulla of the brainstem and are processed in the
ventrolateral medulla, from which the signals controlling the SNA are transmitted to
the rest of the body [196]. Activation of high-pressure baroreceptors reduces SNA
and enhances the vagal tone [197, 198]. Although carotid sinus stimulation was used
to treat angina and hypertension more than 50 years ago, its application was aban-
doned due to technical limitations and the introduction of effective pharmacological
therapies. Renewed interest in the use of BRS as a therapy for HF has been stimu-
lated by evidence that baroreceptor desensitization plays a critical role in the onset
and progression of the cardiorenal syndrome despite use of GDMT. In addition, tech-
nological advances have improved the clinical application of BRS [199]. In dogs
with pacing-induced HF, BRS was associated with lower plasma NE levels and
improved survival [200]. Reduction in SNA by BRS can also decrease the effects of
A 1II on myocardial hypertrophy, endothelial dysfunction, and increased vascular
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resistance and extracellular fluid volume, all of which mediate progression of HF
[200-202]. Increased baroreceptor activity can be achieved with either bilateral or
unilateral carotid sinus stimulation. The most investigated apparatus for BRS is
Rheos system (CVRX, Inc., Minneapolis, MN, USA) which has three components:
an implantable pulse generator, carotid sinus leads, and the programmer. The pulse
generator is implanted in the infraclavicular region and is connected to two electrode
leads that are connected to the perivascular tissue of the two carotid sinuses. The
procedure requires an experienced team consisting of a vascular surgeon, electro-
physiologist, anesthesiologist, and HF specialist. The second generation of the sys-
tem (Barostim neo, CVRx, Inc., Minneapolis, MN, USA) consists of a pulse
generator and only one carotid sinus electrode. This system consists of a reduced-
size electrode which delivers less power and has the potential for a simpler implant
and fewer adverse effects. There are few ongoing studies of BRS in patients with
both HfrEF and HFpEF. The CVRx® Rheos® Diastolic Heart Failure Trial, a pro-
spective, randomized, double-blind trial examining the safety/efficacy of BRS in 60
subjects has recently been completed and publication of the results is anticipated
[203]. The Rheos HOPE4HF Trial is an ongoing open-label randomized study exam-
ining the impact of bilateral baroreflex stimulation in 540 patients with diastolic HF
(LVEF >40 %). The Barostim neo System in the Treatment of Heart Failure, Barostim
HOPEA4HF [Hope for Heart Failure], Study (NCT01720160) enrolled patients with
NYHA class III HF and LVEF <35 % on GDMT at 45 centers in the USA, Canada,
and Europe. Subjects were randomly assigned to receive ongoing GDMT alone or
ongoing GDMT plus baroreceptor activation therapy (BAT) (treatment group) for
6 months. The primary safety end point was system- and procedure-related major
adverse neurological and cardiovascular events. The primary efficacy end points
were changes in NYHA functional class, quality-of-life score, and 6-min hall walk
distance. One hundred forty-six patients were randomized, 70 to control and 76 to
treatment. The major adverse neurological and cardiovascular event-free rate was
97.2 %. Patients assigned to BAT, compared with control group patients, experienced
improvements in the distance walked in 6 min (60.0 m vs. 1.5 m; p=0.004), quality-
of-life score (—17.0 points vs. 2.1 points; p<0.001), and NYHA class (p=0.002).
The BAT significantly reduced NT-proBNP (p=0.02) and was associated with a
trend toward fewer days hospitalized for HF (p=0.08) [204].

Alternative strategies to examine the stimulation of carotid sinus nerves via
endovascular stimulation with a catheter in the internal jugular vein are also being
investigated (ACES II study, Acute Carotid Sinus Endovascular Stimulation Study)
[205]. Some newer systems are also evaluating the placement of endovascular stents
with external sources of energy to stimulate the carotid baroreceptors.

10.7.4 Spinal Cord Stimulation

Spinal cord stimulation (SCS) is a therapy approved by the FDA for the treatment
of chronic pain and medically refractory angina. This therapy involves the place-
ment of a stimulation electrode in the epidural space tunneled to a pulse generator
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in the paraspinal lumbar region. The distal poles of the electrode are placed in the
region of the fourth and fifth thoracic vertebrae. Spinal cord stimulation is applied
at 90 % of the motor threshold at a frequency of 50 Hz with a pulse width of 200 ms
width for 2 h, three times a day. Several studies have shown that SCS may have a
cardioprotective effect, largely mediated through a vagal-dependent mechanism,
which reduces heart rate and blood pressure. The SCS at thoracic vertebra T1 may
increase the sinus cycle length and prolong intracardiac conduction, and both effects
appear to be vagally mediated [206].

Preclinical work using a canine postinfarction HF model has also demonstrated
that SCS administered during coronary artery balloon occlusion may reduce infarct
size and suppress ventricular arrhythmias [206-208]. The most robust evidence that
SCS may have a role in the treatment of HF is the preclinical work undertaken in a
canine model of chronic HF resulting from a myocardial infarction induced by
embolization of the left anterior descending coronary artery. Animals were then
randomized to receive SCS, medical therapy, or a combination of SCS and medical
therapy over a 10-week period. Spinal cord stimulation was performed at T4, at
90 % the motor threshold, three times a day for 2 h each. The groups receiving SCS
or medical therapy had a significantly greater decline in BNP and NE levels, com-
bined with a marked reduction in the number of spontaneous ventricular arrhyth-
mias. The greatest increase in LVEF occurred in animals treated with SCS. Another
study in a pig model yielded similar results. It also appears that VT suppression and
improvement in cardiac function are specific to a particular spinal segment and
stimulation threshold. Significant and similar effects may be obtained with stimula-
tion at 90 % of the motor threshold at the T1 or T4 level [207, 208].

On the basis of this preclinical work, there are a number of studies assessing the
efficacy and safety of this modality in systolic HF patients. The SCS HEART
(Spinal cord stimulation for Heart Failure, NCT01362725) study, a non-randomized,
open-label safety study of 20 patients with NYHA class III or IV and LVEF between
20 and 35 % on GDMT is listed as “active but not recruiting” [209]. A similar status
is listed for the DEFEAT-HF study (Determining the Feasibility of spinal cord neu-
romodulation for the treatment of chronic HF, NCT01112579) [210]. Another
small, open-label, single-arm, safety and efficacy study (Trial of autonomic neuro-
modulation for treatment of chronic HF, TAME-HF, NCT01820130) has been with-
drawn prior to enrollment [211]. The reasons for the fate of these trials are unknown.

10.7.5 Developing Therapies

The cardiac plexus lies within the adventitia of the great vessels between the ascend-
ing aorta and pulmonary artery. This plexus receives innervation from postganglionic
sympathetic and preganglionic parasympathetic cardiac autonomic nerves. According
to recent data in a canine model, endovascular cardiac plexus stimulation increases
LV contractility without increasing heart rate [212]. Transcutaneous or endovascular
approaches to stimulate the vagal nerve are being developed. Ongoing research is
aimed at identifying novel sensor approaches to measure autonomic activity.
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Conclusion

The autonomic nervous system modulates the function of both heart and kidney
to maintain intravascular volume homeostasis. Excessive sympathetic activation
in HF initiates and maintains mutually detrimental interactions between the heart
and the kidney which play key role in the progression of both HF and kidney
disease. Innovative non-pharmacological interventions that can favorably alter
the cardiac and renal autonomic tone are currently being investigated. Renal
denervation, which disrupts the renal nerves from the renal artery, may restore
neurohormonal balance to facilitate favorable myocardial remodeling and
improve congestion. Vagal nerve and carotid baroreceptor stimulation have been
shown in separate pilot studies to improve functional status and cardiac function.
In experimental work, spinal cord stimulation has been shown to be beneficial in
HFE. Multiple clinical trials are currently evaluating the safety and efficacy of
these therapeutic strategies in the treatment of HF. While these modalities show
promise, additional investigation is sorely needed before they can be widely used
in the treatment of the cardiorenal syndrome.
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Gaetano M. De Ferrari, Peter J. Schwartz, Alice Ravera,
Veronica Dusi, and Laura Calvillo

11.1 Background Leading to Vagal Stimulation
in Heart Failure

Heart failure (HF) is accompanied by an autonomic imbalance usually characterised
by both increased sympathetic activity and withdrawal of vagal activity. Sympathetic
activation in the setting of decreased systolic function includes appropriate reflex
compensatory responses to impaired systolic function as well as excitatory stimuli
inducing adrenergic responses in excess of homeostatic requirements [1, 2].
Therefore, even though cardiac adrenergic drive initially supports the performance
of the failing heart, long-term activation of the sympathetic nervous system is del-
eterious and, accordingly, beta-adrenergic blocker treatment is beneficial [3].
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The possibility that markers of vagal activity such as heart rate variability and
baroreflex sensitivity (BRS) could be of prognostic value was first suggested in a
post-myocardial infarction conscious canine model [4, 5] and subsequently con-
firmed in several studies in patients with a recent myocardial infarction (MI)
[6-9].

Arterial baroreflex-mediated heart rate responses to drug-induced blood pressure
changes are significantly blunted in patients with HF [10, 11]. It is recognised that
the arterial baroreceptor reflex vagal control of heart rate is impaired relatively early
in HF, at variance with the preserved baroreflex regulation of muscle sympathetic
nerve activity, albeit from a higher baseline value [2]. The impairment in the cardio-
pulmonary baroreflex-mediated inhibition of sympathetic discharge markedly con-
tributes to the increase in sympathetic activity observed in patients with HF [2, 12,
13]. Additionally, patients with HF show a defect in the transmission of nerve
impulses at the level of the parasympathetic ganglion, leading to a reduced efferent
vagal activity directed to the heart [14].

The baroreflex heart rate response to blood pressure increase was assessed in a
group of almost 300 HF patients by Mortara et al. [15]. Baroreflex sensitivity was
significantly correlated with left ventricular (LV) ejection fraction, cardiac index
and pulmonary artery wedge pressure. During follow-up, patients in the lower quar-
tile of BRS had an almost threefold increase in the composite end point of cardiac
death, nonfatal cardiac arrest and status 1 priority transplantation. At multivariable
analysis, BRS was an independent predictor of death after adjustment for noninva-
sive known risk factors but not when haemodynamic indexes were also considered.
However, in patients with severe mitral regurgitation, BRS remained a strong prog-
nostic marker independent of haemodynamic function.

The predictive role of blunted vagal baroreflexes was subsequently confirmed
and shown to be independent from anti-adrenergic treatment with beta-blockers
[16]. In a group of almost 400 HF patients with heart rate variability measured from
an implanted cardiac resynchronisation device, markers of reduced vagal activity
were associated with increased mortality and further vagal withdrawal was found to
precede acute decompensation [17].

11.2 Experimental Studies on Vagal Stimulation
11.2.1 Arrhythmia Models

In 1859, Einbrodt published the results of investigations assessing the effects of
vagal stimulation on several cardiovascular parameters [18]. He observed that dur-
ing vagal stimulation, dogs were less likely to die while delivering current to the
ventricle, a fascinating demonstration of the increase in ventricular fibrillation (VF)
threshold caused by vagal stimulation reported more than 100 years later [19, 20].
After the observation by Scherlag et al. [21] in 1970 suggesting a potential anti-
arrhythmic effect of vagal stimulation following myocardial ischaemia, Kent et al.
[22] and Myers et al. [23] found that vagal stimulation reduced the risk of VF in
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anesthetised dogs with anterior myocardial ischaemia. In the latter study, the protec-
tive effect was not influenced by preventing the heart rate decrease and only mildly
reduced by decentralising the nerve thus abolishing afferent activation. Different
conclusions were reached by Yoon et al. [19, 24] who suggested that the favourable
effects on VF were heart rate dependent during acute myocardial ischaemia and due
to an anti-adrenergic action in the absence of myocardial ischaemia.

We studied the influence of the autonomic nervous system in a conscious canine
animal model for sudden death in which atropine favoured the occurrence of VF
[25] and BRS predicted the risk of VF [5]. In this model, we performed a study in
which two groups of dogs susceptible to VF underwent a further exercise and isch-
aemia test either with no additional intervention (control group) or with right vagal
stimulation started a few seconds after the beginning of coronary occlusion [26]. VF
occurred in 23 of 25 (92 %) control animals, but only in 3 of 26 (11.5 %) vagally
stimulated dogs. In the vagal stimulation test, heart rate (HR) during ischaemia was,
on the average, 85 beats/min lower than in the control test (170+36 vs. 255+33
beats/min). When heart rate was kept, by atrial pacing, at the level attained in the
control tests, 5 of the 9 animals (55 %) remained protected from VF. In this same
model, pharmacological muscarinic activation was less effective in the prevention
of VF compared to propranolol but caused a significantly lower reduction in left
ventricular dP/dt max [27].

In an acute murine model of 30-min left coronary artery occlusion [28], vagal
stimulation confirmed a striking antiarrhythmic effect and prevented more than
50 % of the loss of connexin43 induced by ischaemia in the control group.

11.2.2 Ischaemia-Reperfusion Models

It was shown in the 1970s that myocardial reperfusion after ischaemia may cause
malignant arrhythmias [29]. We found that vagal stimulation strikingly decreased
reperfusion arrhythmias, an effect that was partially heart rate dependent [30]. The
effect of vagal activation on ischaemia/reperfusion injury will be discussed later in
this chapter.

11.2.3 Heart Failure Models

In the last decade the effects of chronic electrical right-sided vagal nerve stimulation
(VNS) have been assessed in three different and well-established animal models of
congestive heart failure (CHF).

The first of these studies was carried out by the Japanese group of Kenji Sunagawa
and the results were published in 2004 [31]. Two weeks after a large (more than
40 % of the left ventricular wall) anterior myocardial infarction leading to HF, sur-
viving rats were randomised to vagal and sham-stimulated groups. Right vagus
nerve was stimulated intermittently — 10 s every minute — using an implantable
radio-controlled stimulator (Fig. 11.1). The 6-week duration of VNS was mainly
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Fig. 11.1 Neural interface
approach to stimulate the
vagal nerve. While
monitoring heart rate
through an implantable
transmitter, a remote
control system adjusted the
intensity of electrical
pulses of an implantable
miniature radio-controlled
electrical stimulator
(Reproduced with
permission from Li et al.

31D

determined by generator’s life and the intensity was adjusted to reduce heart rate
(HR) by 20-30 bpm from a starting value of 360 bpm. After 140 days, treated rats
had significantly lower plasmatic levels of both norepinephrine and BNP compared
with the sham-operated rats, despite no significant difference in infarct size (as
expected since the relatively long time elapsed between coronary ligation and the
beginning of VNS). These long-term neurohormonal effects were associated with
improvement in left ventricular (LV) haemodynamics and with a strong impact on
20-week survival (86 % vs. 50 %). Interestingly, the long-term mortality rate of
untreated CHF rats after left coronary ligation was similar to what already observed
in 1985 in a pioneer work by Pfeffer et al. [32]. On the other hand, the protective
effect of VNS appeared to be greater than those of captopril described by Pfeffer,
since approximately 40 % of the captopril-treated CHF rats died at 140 days, while
VNS reduced the mortality rate to less than 20 %.

Shortly after, the group of Hani Sabbah evaluated the effects of cervical VNS in
a canine model of intracoronary microembolisation-induced HF [33]. First (2005),
they demonstrated that LV volumes and function significantly improved after
3 months of monotherapy with VNS compared with sham-operated animals. The
VNS system used (CardioFit, BioControl) had a feedback HR control set to reduce
basal HR by approximately 10 %. They also assessed mRNA and protein expression
of TNF-a, IL-6, NOS isoforms and connexin-43 (Cx43) in LV tissue. Long-term
therapy with VNS significantly decreased both TNF-a and IL-6, tended to normalise
the expression of NOS isoforms in the failing LV myocardium and was associated
with a major increase in the expression of Cx43. This is a protein-forming gap junc-
tions which is reduced or redistributed from intercalated discs to lateral cell borders
in HF [34], increasing susceptibility to arrhythmia in failing hearts [35]. Finally,
histology of the right vagus nerve showed normal fascicles and cellular structure
when compared to the left vagus. Subsequently (2007), the same group demonstrated
that a 3-month combination therapy of VNS and beta-blockade (metoprolol) improved
LV haemodynamics beyond what seen with beta-blockade alone (+9.8+0.6 % vs.
+5.5+1.2 %). More recently [36], they performed a crossover study using a
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different VNS system (Boston Scientific Corporation) specifically set with a low
stimulation intensity, not affecting HR. Twenty-six canines were enrolled in VNS
monotherapy vs control or a crossover study, with crossover occurring at 3 months.
Not only in the 6-month stimulated group but also in the crossover study VNS
resulted in a significant benefit in LV parameters. Moreover, VNS led to improve-
ment of the plasmatic and tissual biomarkers assessed, including NT-proBNP, pro-
ANP and multiple inflammatory molecules (TNF-a, IL-6, BCL-2, caspase-3, Cx43
and the 3 isoforms of NO synthase).

Finally, Zhang et al. [37] studied the effects of chronic VNS in a different canine
model of HF, namely, high-rate ventricular pacing. All dogs underwent 8 weeks of
high-rate ventricular pacing with concomitant VNS (at an intensity reducing sinus
heart rate ~20 bpm) in the active group and no stimulation in the sham control
group. Also, in this study, the treated group showed meaningful benefits in LV hae-
modynamics, plasmatic levels of inflammatory biomarkers (CRP) and neurohor-
mones (norepinephrine and angiotensin II) despite the fact that HR was not allowed
to change due to ventricular pacing. Furthermore, heart rate variability and barore-
flex sensitivity, two important markers of autonomic dysfunction in HF, were both
significantly improved in VNS dogs.

11.3 Mechanism of Action of Vagal Stimulation

Several mechanisms may contribute to the beneficial effects of vagal stimulation.

Heart rate may decrease acutely during stimulation, albeit minimally if the inten-
sity of stimulation is low and chronically if the autonomic balance is shifted to a
less-marked sympathetic dominance. An anti-sympathetic effect is exerted at sev-
eral levels: centrally because of afferent vagal stimulation and peripherally at both
pre- and postsynaptic levels.

Vagal stimulation produces anti-apoptotic effects, facilitates release of NO and
has been demonstrated to exert anti-inflammatory effects. The overall mechanisms
of action of vagal stimulation are discussed in recent reviews [1, 38—40].

This paper will focus on what we believe is the most intriguing mechanism,
namely, the anti-inflammatory effect.

11.4 Inflammation in Heart Failure

Following the original observation by Levine et al. in 1990 of an enhanced inflam-
matory response associated with HF [41], numerous studies provided evidence of
the relationship between inflammation and the severity of HF, its progression and
outcome. Notably, inflammatory mediators have been proposed as markers of HF
presence, severity or prognosis [42].

There are currently two main recognised inflammatory mechanisms involved in
HF: the release of pro-inflammatory cytokines and soluble factors by immune cells,
and the dysregulation of nitric oxide synthase in the heart.



170 G.M. De Ferrari et al.

The main cytokines up-regulated in HF are the TNF superfamily; the IL-1 fam-
ily, including IL-1f, IL-18 and IL-6; and a wide range of factors such as s-ICAM-1
or HMGBI [43]. These mediators have been recognised as pivotal contributors to
the development of the main features of HF by a wide range of studies, conducted
either in experimental models or in man. These studies showed that high cytokine
levels correlate with impaired systolic function and low ejection fraction in experi-
mental models of HF [44-46]. Moreover, pro-inflammatory cytokines negatively
influence left ventricular remodelling by activating different biochemical media-
tors, promoting cardiomyocyte hypertrophy [47] and apoptosis [48], as well as
extracellular matrix degradation [49], with the net effect of causing left ventricular
dilation [49]. Beside these effects, pro-inflammatory cytokines also cause endothe-
lial dysfunction [50] and abnormalities in the cellular metabolism, as well as the
systemic syndrome known as cardiac cachexia, typical of end-stage HF [51].
However, these cytokines do not exert solely deleterious effects, since some of
their actions appear to be cardioprotective. For instance, the presence of TNF and
IL-6 contributes to limit apoptosis and promote cardiac repair after myocardial
ischaemia [52].

The second important inflammatory mechanism associated with HF is the dys-
regulation of the signalling molecule NO (nitric oxide). NO is synthesised in the
heart by three different isoforms of NO synthase (NOS): neuronal NOS (NOSI1),
endothelial NOS (NOS3) and inducible NOS (NOS2). NOS1 and NOS3 are consti-
tutively expressed in the normal heart, whereas NOS2 is produced in response to
TNF and IL-6 in conditions such as in heart failure. NOS1 and NOS3 produce
physiological amounts of NO that protect the myocardium from adrenergic stimuli
and wall stress, preventing arrhythmias and remodelling. Conversely, NOS2 pro-
duces excessive amounts of NO that result in myocardial dysfunction and decreased
response to catecholamines [53-55]. Heart failure is characterised by an excess of
NO and the coexistence of reactive oxygen species (ROS) and NO. This occurs
because of alterations in NOS isoforms produced by the inflammatory process.
Namely, NOS2 is up-regulated by TNF, whereas NOS1 is downregulated. This par-
ticular pattern produces an increase of myocardial concentrations of NO, playing a
role in the transition from adaptative to maladaptative remodelling [43].

11.5 Anti-cytokine Therapies

The growing knowledge of the role of inflammation in heart failure led to studies
aimed at reducing this inflammatory response and its consequences. Drugs antago-
nising cytokines were investigated starting with TNF due to its central role in the
inflammatory process associated with heart failure. Indeed, TNF levels are strongly
associated with heart failure and its severity [56, 57]. Also, encouraging results were
found in in vitro tests [58] and preclinical studies [59] with the anti-TNF agent etan-
ercept. However, the results of the clinical studies with either etanercept [60] or the
anti-TNF antibody infliximab [61] were very discouraging since these agents were
ineffective and even worsened HF in some cases.
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Although targeting inflammation still remains a promising strategy to positively
influence the natural history of HF, the failure of anti-cytokine-based trials suggests
that the complexity of the cytokine network requires a less simplistic approach.
Interfering with a single cytokine such as TNF may eliminate its negative effects but
without preserving the potentially beneficial ones. Indeed, there is growing evi-
dence that cytokines classically considered pro-inflammatory exert also anti-
inflammatory effects. A better strategy could be the modulation, rather than the
suppression, of cytokine production since a balanced immune response is necessary
to respond to injury and restore health, in agreement with the cytokine theory of
diseases [62].

11.6 The Cholinergic Anti-inflammatory Pathway

At the beginning of this century, the revolutionary hypothesis emerged that the
immune activation could be modulated by the nervous system through parasympa-
thetic activity. Tracey proposed that the autonomic nervous system could influence
inflammation, in a way similar to its influences on the inner splanchno-thoracic
organs, through unconscious reflex pathways that maintain the fine homeostasis of
the immune system [63]. This so-called inflammatory reflex can sense inflammation
through vagal afferents and responds with an increase of vagal efferent activity. This
cholinergic anti-inflammatory pathway can inhibit further release of pro-
inflammatory mediators through the action of acetylcholine on macrophages and
other immune cells.

The existence of this pathway was first suggested in 2000 by Borovikova et al.
[64] who showed that electrical stimulation of the vagal nerve in endotoxemic mice
inhibits the macrophagic release of TNF and other pro-inflammatory cytokines,
without affecting the production of anti-inflammatory cytokines, as IL-10, thus pre-
venting the development of shock. Few years later, Pavlov and colleagues demon-
strated that intrathecal administration of muscarinic agonists in endotoxemic rats
increases vagal outflow, provoking a rise of instantaneous heart rate variability
(HRV) and a drop of pro-inflammatory cytokine levels [65]. Further evidence of the
activity of the cholinergic anti-inflammatory pathway was found not only in sepsis
but also in experimental models of various diseases such as haemorrhagic shock
[66], rheumatoid arthritis [67], pancreatitis [68] and ischaemia and reperfusion of
the lung [69] and heart [70, 71].

11.7 Physiology of the Cholinergic Anti-inflammatory
Pathway

As every visceral reflex, the cholinergic anti-inflammatory pathway is made up by
an afferent arc providing input to a central integrative point and an efferent arc act-
ing on the target cells to modify their activity (Fig. 11.2). The afferent arc is consti-
tuted of vagal sensitive neurons that fire in response to the presence of IL-1, TNF
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Fig. 11.2 Cholinergic anti-inflammatory pathway balances cytokine production. Several forms of
injury lead to inflammatory response with cytokines release. If this reaction is excessive, these
mediators can cause disease. The cholinergic anti-inflammatory pathway inhibits cytokine produc-
tion through the key receptor alpha7-nicotinic AChR expressed on macrophages, polymorphonu-
clear cells, endothelium and other cells. Vagal fibres also exert favourable autonomic modulation
at cardiac level (Reproduced with permission from Tracey [72])

and other inflammatory cytokines, detected by glomic cells situated in most organs
and tissues. These sensitive neurons project to the hypothalamus and the brainstem,
in the nucleus of the solitary tract. In the brainstem, a neural network processes the
information and regulates the outflow from vagal nuclei such as the nucleus ambig-
uous and the dorsal motor nucleus where the efferent vagal neurons are located.
These vagal fibres release acetylcholine in the inner organs and in the spleen, the
major repository of pro-inflammatory monocytes and macrophages. Acetylcholine
binds the o7 subunity of the nicotinic receptor, situated on the surface of macro-
phages, endothelial cells and B and T cells. The activation of the receptor generates
inhibition of the production of pro-inflammatory cytokines, as TNF, IL-1, IL-6 and
IL-8, without influencing the production of anti-inflammatory cytokines, such as
IL-10. Efferents to the adrenal gland favour the production of corticosteroids, pro-
viding an additional anti-inflammatory mechanism [72, 73].

11.8 Cholinergic Anti-inflammatory Pathway as Therapeutic
Target

The cholinergic anti-inflammatory pathway may provide the possibility to prevent
the deleterious effects of an excessive inflammatory and immune response without
suppressing it completely.
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In a rat model of ischaemia and reperfusion injury (widely accepted as an inflam-
matory process) obtained by suprarenal aortic clamping, Bernik et al. showed that
vagal stimulation attenuated TNF levels in liver, serum and heart and reduced hypo-
tension and shock [74]. In a mouse model of laparotomy and intestinal manipula-
tion, de Jonge et al. showed that the anti-inflammatory action of alpha-7nAChR
activation in peritoneal macrophages was associated with activation of the Jak2/
Stat3 signalling pathway, resulting in inhibition of the synthesis of pro-inflamma-
tory cytokines [75]. Interestingly, the same Jak/Stat pathway was found to be impli-
cated in the early phase of ischaemic preconditioning: cardioprotection provided by
preconditioning was blocked by AG490 which inhibited Jak2/Stat3 phosphorylation
[76, 77]. Furthermore, Dawn et al. showed that both IL-6 and TNF-a are involved in
the development of ischaemic preconditioning; specifically, TNF seems to act via
the activation of NF-kB and AP1 transcription factors [78, 79]. These findings
appear in agreement with the concept that remote conditioning is likely to confer its
protective effects through efferent vagal activity [80]. A key mechanism leading to
reperfusion injury is the prolonged opening of a nonspecific pore in the inner mito-
chondrial membrane (permeability transition pore, PTP) leading to ATP depletion,
activation of death messengers such as caspases and ultimately to cell death [81]. In
a murine model of ischaemia/reperfusion associated with fixed rate pacing [82],
vagal stimulation improved LV systolic and diastolic pressures, prevented down-
regulation of the anti-apoptotic protein Bcl-2 and suppressed caspase-3 activation.
These favourable effects were abolished by a PTP opener, atractyloside. These find-
ings are in agreement with the recent demonstration that the cholinergic nicotinic
anti-inflammatory pathway is the main mechanism of protection in case of remote
vascular injury after cardiac ischemia and reperfusion. Indeed vagal stimulation not
only improved cardiac function but also up-regulated M3AChR and alpha7nAChR
and ameliorated vascular function and degradation of endothelial structure in mes-
enteric arteries [83].

Additionally, it was recently reported that vagal nerve stimulation decreases the
inflammatory response to haemorrhage and improves coagulation in a model of
haemorrhagic shock [84]. Also, Schulte et al. showed that vagal activity may play a
major role in maintaining haemodynamic stability and cardiac immune homeostasis
during septic shock in a model of systemic inflammation [85].

Overall, this new scenario led investigators to evaluate the potential of a pharma-
cological approach to enhance vagal activity thereby activating the cholinergic anti-
inflammatory pathway without using electrical devices. A promising agent appears
GTS-21, a selective alpha7-nicotinic acetylcholine receptor agonist. In a murine
model of endotoxemia and severe sepsis, GTS-21 inhibited TNF, HMGB-1 and
NF-kB and improved survival [86]. Recently, Kox et al. reported an anti-
inflammatory effect of this agent on the innate immune response during experimen-
tal human endotoxemia [87]. Oral administration of GTS-21 was found to be safe in
human volunteers and, although no significant differences in inflammatory markers
were found between subjects in the active and placebo arm, within the GTS-21-
treated group, higher plasma concentrations correlated with lower levels of TNF-a,
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IL-6 and IL-1RA after intravenous injection of 2 ng/kg Escherichia coli-derived
lipopolysaccharides.

Several years ago GTS-21 was found to be able to attenuate the impairment of
spatial cognitive deficit and the progressive neuronal degeneration induced by per-
manent occlusion of the bilateral common carotid arteries in rats [88], thus suggest-
ing that this compound may be beneficial for the treatment of neurodegenerative
diseases following chronic cerebral hypoperfusion. Also, pretreatment with a cho-
linergic agonist, nicotine or GTS-21 significantly attenuated both renal dysfunction
and tubular necrosis induced by experimental renal ischaemia in rats [89].

11.9 Cholinergic Anti-inflammatory Pathway
and Inflammation in Heart Failure

Given the fact that vagal nerve stimulation showed a remarkable ability to modulate
innate immune responses in various inflammatory diseases, it would appear logical
to assess the potential of vagal stimulation to normalise the inflammatory status
associated with heart failure.

The main theoretical advantage in stimulating vagus nerve instead of inhibiting
inflammation by pharmacological intervention is that the cholinergic pathway is an
already existing physiological anti-inflammatory mechanism which may be simply
reinforced or fine-tuned. This is particularly attractive after the failure of pharmaco-
logical interventions targeting the inflammatory responses in heart failure [60].

Very relevant appears the recent study by Ismahil and colleagues [90] highlight-
ing the role of monocytes/macrophages and dendritic cells in chronic heart failure.
In a murine experimental model of heart failure, pro-inflammatory macrophages
and monocytes were found to be increased both in the heart and in blood but
decreased in the spleen which, undergoes marked remodelling in HF. The authors
demonstrated that the spleen is essential for the progression of remodelling and
inflammation in HF since splenectomy reversed inflammation and remodelling in
mice with HF, whereas splenocytes from mice with HF to injected in recipient
healthy mice homed in the heart and eventually caused the typical symptoms of HF.

11.10 Clinical Studies with Vagal Stimulation

Clinically, chronic vagal stimulation (VS) has been used for the management of
drug-refractory epilepsy [91] and, more recently, depression [92].

Three clinical studies of VS in patients with systolic HF have been reported so far.
Table 11.1 summarises the main baseline characteristics of the patients enrolled. The
CardioFit pilot study — an extension of the first-in-man single-centre feasibility study
[93] — used the CardioFit 5000 device (BioControl Medical, Yehud, Israel), a system
including, in addition to a right vagal nerve electrode, a right ventricular sensing lead
allowing VS to be synchronised to the QRS complex and withheld in case of low heart
rate. This open-label phase II study [94] enrolled 32 patients in total (94 % men; mean
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Table 11.1 Patients’ characteristics at baseline in the three published VS clinical studies

Parameter CardioFit | ANTHEM-HF | NECTAR-HF
Patients number 32 60 96 (87 paired data)
Age (years) 56+11 51x12 59«11

NYHA class II/II/IV 15/15/2 34/26/0 14/73/0

Ischaemic HF (%) 62 75 67

Patients taking BB (%) 97 % 100 % 94 %

Patients taking ACE-i or ARB (%) 97 % 85 % ACE-i 78 %, ARB 25 %
Patients taking MRA (%) 97 % 75 % 70

LVEEF baseline (%) 23+8 32+7 306

LVESV baseline (ml) 185+63 108 £40 155+58
ICD/CRT-D/no device 19/0/13 0/0/60 73/9/13

ACE-i angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, BB beta-
blocker, CRT cardiac resynchronisation therapy, HF heart failure, LVEF left ventricular ejection
fraction, LVESV left ventricular end-systolic volume, MRA mineralocorticoid receptor antagonist

age 56+11 years) with a history of chronic NYHA class II-IV HF and an LVEF of
23+8 %. All patients were receiving optimal medical therapy (OMT) and 19 patients
had an implantable cardioverter-defibrillator (ICD). Vagal stimulation intensity was
mostly limited by patient’s symptoms and was uptitrated to 4.1+1.2 mA (with 1-2
pulses per cardiac cycle). The heart rate was minimally affected acutely during stimu-
lation but decreased significantly during the study from 82+ 13 to 76+ 13 b/min. After
a follow-up of 6 months, 59 % of patients improved by at least one NYHA class and
both the distance on the 6-min walk test and the Minnesota Living with Heart Failure
Questionnaire quality-of-life score improved significantly. Blinded echocardiography
revealed a non-significant decrease in LV end-diastolic volume index, a significant
reduction in LV end-systolic volume index and a significant increase in LVEF (from
22+7 9% to 29+ 8 %). Follow-up in a group of patients at 1 and 2 years showed persis-
tence of the increase in LVEF.

A VS system with no RV sensing lead was used in the Autonomic Regulation
Therapy via Left or Right Cervical Vagus Nerve Stimulation in Patients with Chronic
Heart Failure (ANTHEM-HF) study [95], an open-label phase II trial that enrolled
60 patients with NYHA class II and III HF, LVEF <40 % and QRS <150 ms. Patients
were randomised to either left or right cervical VS uptitrating the amplitude over a
10-week period and reaching an average value of 2.0+0.6 mA; then, they were fol-
lowed for 6 months. Procedure and device-related complications appeared low. In the
pooled right + left VS analysis, LVEF increased by 4.5 % (p<0.05), whereas the
co-primary efficacy end point, LV end-systolic volume, decreased non-significantly
by 4.1 ml. A non-significant trend towards greater improvement with right VS was
observed. There was a significant improvement in the Minnesota Living with Heart
Failure score and 77 % of patients improved by at least one NYHA.

The Neural Cardiac Therapy for Heart Failure (NECTAR-HF) study was a phase
II study which enrolled 96 patients with NYHA class II and III HF, an LVEF <35 %,
a QRS <130 ms and LV end-diastolic diameter >55 mm. At variance with the



176 G.M. De Ferrari et al.

previous study, all patients received a right-sided device implant and were ran-
domised 2:1 to active treatment or sham treatment (with the device on only during
the titration visits) for the first 6 months; thereafter, all patients received active treat-
ment. The device used in NECTAR-HF was similar to that used in ANTHEM, also
lacking an RV lead [96]. The stimulation intensity was 1.3+0.8 mA. There were no
major safety concerns; an assessment of blinding performed at 6 months revealed
that 70 % of the patients assigned to active treatment correctly guessed their ran-
domisation group. There was no effect on primary efficacy end point, which was the
change in LV end-systolic diameter at 6-month follow-up [97]. Several secondary
end points, including LV end-diastolic dimension, LV end-systolic volume, LVEF,
peak V02, and N-terminal pro-hormone brain natriuretic peptide, were also not dif-
ferent between groups. On the other hand, statistically significant improvements
were found in the active therapy group in quality of life for the Minnesota Living
with Heart Failure Questionnaire (p<0.049) and the New York Heart Association
class (p<0.032).

Overall, the three studies yielded different results. Although several factors may
account for this discrepancy, two possibilities deserve to be mentioned. First, only
one trial was controlled and (albeit partially) blinded and it was the one with neutral
findings (NECTAR-HF). Second, the amplitude reached by vagal stimulation was
very different in the three studies. Lower frequencies of stimulation allow greater
amplitudes to be reached with tolerable side effects. Accordingly, the stimulation
intensity varied in the three studies: it was 1.3+08 mA in NECTAR-HF (range
0.3-3.5), stimulating at 20 Hz; 2.0+0.6 mA in ANTHEM (maximum amplitude
allowed 3 mA), stimulating at 10 Hz; and 4.2+1.2 mA (range 1.1-5.5) in the
CardioFit pilot trial, stimulating at 1-2 Hz. Higher amplitudes allow a greater
recruitment of nerve fibres. Experimental studies in conscious dogs have shown that
amplitudes such as those used in the NECTAR-HF study, albeit providing an
improvement in LV function [36], recruit only a minority of the fibres in the cervical
vagal trunk [98]. Thus, it is likely that the lower amplitude of VS in NECTAR-HF
and ANTHEM recruited an insufficient number of vagal fibres and that this could
have played a major role in the different results.

Hopefully, the picture will be more clear when the results of the ongoing Increase
of Vagal Tone in Heart Failure INOVATE-HF) study [99] will be available (likely
in 2017). This is an international, multicentre randomised clinical trial assessing
safety and efficacy of the CardioFit™ vagal stimulation system in patients with
symptomatic HF who are on optimal medical treatment [99]. INOVATE-HF is ran-
domising 650 patients with NYHA class III symptoms, an LVEF <40 % and LV
end-diastolic dimensions 50-80 mm in a 3:2 ratio to either active treatment
(implanted) or continuation of medical therapy (not implanted). The primary end
point of the study is the composite of all-cause mortality or unplanned HF hospitali-
sation equivalent, using a time to first event analysis.

Conclusions
Vagal nerve stimulation is a promising new approach for patients with chronic
heart failure whose clinical usefulness needs to be assessed in large randomised
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clinical trials. Activation of the cholinergic anti-inflammatory pathway is likely
to play an important role in the favourable effects of vagal stimulation.

Conflict of Interest Disclosures GMDF is a consultant for Boston Scientific; PJS for BioControl
Medical Ltd.

References

11.

12.

13.

15.

. Floras JS. Sympathetic nervous system activation in human heart failure: clinical implications

of an updated model. ] Am Coll Cardiol. 2009;54:375-85.

. Brack KE, Winter J, Ng GA. Mechanisms underlying the autonomic modulation of ventricular

fibrillation initiation-tentative prophylactic properties of vagus nerve stimulation on malignant
arrhythmias in heart failure. Heart Fail Rev. 2013;18:389—408.

. Hunt SA, Abraham WT, Chin MH, Feldman AM, Francis GS, Ganiats TG, Jessup M, Konstam

MA, Mancini DM, Michl K, Oates JA, Rahko PS, Silver MA, Stevenson LW, Yancy CW. 2009
focused update incorporated into the ACC/AHA 2005 guidelines for the diagnosis and man-
agement of heart failure in adults: a report of the American College of Cardiology Foundation/
American Heart Association Task Force on Practice Guidelines. Circulation.
2009;119:€391-479.

. Billman GE, Schwartz PJ, Stone HL. Baroreceptor reflex control of heart rate: a predictor of

sudden cardiac death. Circulation. 1982;66:874-80.

. Schwartz PJ, Vanoli E, Stramba Badiale M, De Ferrari G, Billman GE, Foreman RD. Autonomic

mechanisms and sudden death. New insights from analysis of baroreceptor reflexes in con-
scious dogs with and without a myocardial infarction. Circulation. 1988;78:969-79.

. Kleiger RE, Miller JP, Bigger Jr JT, Moss AJ, The Multicenter Post Infarction Research Group.

Decreased heart rate variability and its association with increased mortality after acute myo-
cardial infarction. Am J Cardiol. 1987;59:256-62.

. LaRovere MT, Bigger JT, Marcus F, Mortara A, Schwartz PJ. ATRAMI (Autonomic Tone and

Reflexes After Myocardial Infarction), Baroreflex sensitivity and heart-rate variability in pre-
diction of total cardiac mortality after myocardial infarction. Lancet. 1998;351:478-84.

. Schmidt G, Malik M, Barthel P, Schneider R, Ulm K, Rolnitzky L, Camm AlJ, Bigger Jr JT,

Schomig A. Heart-rate turbulence after ventricular premature beats as a predictor of mortality
after acute myocardial infarction. Lancet. 1999;353:1390-6.

. De Ferrari GM, Sanzo A, Bertoletti A, Specchia G, Vanoli E, Schwartz PJ. Baroreflex sensitiv-

ity predicts long-term cardiovascular mortality after myocardial infarction even in patients
with preserved left ventricular function. J Am Coll Cardiol. 2007;50:2285-90.

. Eckberg DL, Drabinsky M, Braunwald E. Defective cardiac parasympathetic control in

patients with heart disease. N Engl J Med. 1971;285:877-83.

Ferguson DW, Berg WJ, Roach PJ, Oren RM, Mark AL. Effects of heart failure on baroreflex
control of sympathetic neural activity. Am J Cardiol. 1992;69:523-31.

Dibner Dunlap ME, Smith ML, Kinugawa T, Thames MD. Enalapatrilat augments arterial and
cardiopulmonary baroreflex control of sympathetic nerve activity in patients with heart failure.
J Am Coll Cardiol. 1996;27:358—-64.

Dibner Dunlap ME. Arterial or cardiopulmonary baroreflex control of sympathetic nerve
activity in heart failure? Am J Cardiol. 1992;70:1640-2.

. Bibevski S, Dunlap ME. Evidence for impaired vagus nerve activity in heart failure. Heart Fail

Rev. 2011;16:129-35.

Mortara A, La Rovere MT, Pinna GD, Prpa A, Maestri R, Febo O, Pozzoli M, Opasich C,
Tavazzi L. Arterial baroreflex modulation of heart rate in chronic heart failure: clinical and
hemodynamic correlates and prognostic implications. Circulation. 1997;96:3450-8.



178

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
3s.

36.

G.M. De Ferrari et al.

La Rovere MT, Pinna GD, Maestri R, Robbi E, Caporotondi A, Guazzotti G, Sleight P, Febo
O. Prognostic implications of baroreflex sensitivity in heart failure patients in the beta-blocking
era. J Am Coll Cardiol. 2009;53:193-9.

Adamson PB, Smith AL, Abraham WT, Kleckner KJ, Stadler RW, Shih A, Rhodes MM,
InSync III Model 8042 and Attain OTW Lead Model 4193 Clinical Trial Investigators.
Continuous autonomic assessment in patients with symptomatic heart failure: prognostic value
of heart rate variability measured by an implanted cardiac resynchronization device.
Circulation. 2004;110:2389-94.

Einbrodt E. Ueber Herzreizung und ihr Verhaeltnis zum Blutdruck. Akademie der
Wissenschaften (Vienna). Sitzungsberichte. 1859;38:345.

Yoon MS, Han J, Tse WW, Rogers R. Effects of vagal stimulation, atropine, and propranolol
on fibrillation threshold of normal and ischemic ventricles. Am Heart J. 1977;93:60-5.
Kolman BS, Verrier RL, Lown B. The effect of vagus nerve stimulation upon vulnerability of
the canine ventricle: role of the sympathetic-parasympathetic interactions. Circulation.
1975;52:578-85.

Scherlag BJ, Helfant RH, Haft JI, Damato AN. Electrophysiology underlying ventricular
arrhythmias due to coronary ligation. Am J Physiol. 1970;219:1665-71.

Kent KM, Smith ER, Redwood DR, Epstein SE. Electrical stability of acutely ischemic myo-
cardium: influences of heart rate and vagal stimulation. Circulation. 1973;47:291-8.

Myers RW, Pearlman AS, Hyman RM, Goldstein RA, Kent KM, Goldstein RE, Epstein
SE. Beneficial effects of vagal stimulation and bradycardia during experimental acute myocar-
dial ischemia. Circulation. 1974;49:943-7.

Yoon MS, Fondacaro JD, Han J. Effects of vagal stimulation and atropine on ventricular
arrhythmias during acute coronary occlusion. J Electrocardiol. 1978;11:27-31.

De Ferrari GM, Vanoli E, Stramba-Badiale M, Hull Jr SS, Foreman RD, Schwartz PJ. Vagal
reflexes and survival during acute myocardial ischemia in conscious dogs with a healed myo-
cardial infarction. Am J Physiol. 1991;261:H63-9.

Vanoli E, De Ferrari GM, Stramba-Badiale M, Hull Jr SS, Foreman RD, Schwartz PJ. Vagal
stimulation and prevention of sudden death in conscious dogs with a healed myocardial infarc-
tion. Circ Res. 1991;68:1471-81.

De Ferrari GM, Salvati P, Grossoni M, Ukmar G, Vaga L, Patrono C, Schwartz PJ. Pharmacologic
modulation of the autonomic nervous system in the prevention of sudden cardiac death. A
study with propranolol, methacholine and oxotremorine in conscious dogs with a healed myo-
cardial infarction. J Am Coll Cardiol. 1993;22:283-90.

Ando M, Katare RG, Kakinuma Y, Zhang D, Yamasaki F, Muramoto K, Sato T. Efferent vagal
nerve stimulation protects heart against ischemia-induced arrhythmias by preserving con-
nexin43 protein. Circulation. 2005;112:164-70.

Murdock DK, Loeb JM, Euler DE, Randall WC. Electrophysiology of coronary reperfusion.
A mechanism for reperfusion arrhythmias. Circulation. 1980;61:175-82.

Zuanetti G, De Ferrari GM, Priori SG, Schwartz PJ. Protective effect of vagal stimulation on
reperfusion arrhythmias in cats. Circ Res. 1987;61:429-35.

Li M, Zheng C, Sato T, Kawada T, Sugimachi M, Sunagawa K. Vagal nerve stimulation mark-
edly improves long-term survival after chronic heart failure in rats. Circulation.
2004;109:120-4.

Pfeffer MA, Pfeffer JM, Steinberg C, Finn P. Survival after an experimental myocardial infarc-
tion: beneficial effects of long-term therapy with captopril. Circulation. 1985;72:406—12.
Sabbah HN, Ilsar I, Zaretsky A, Rastogi S, Wang M, Gupta RC. Vagus nerve stimulation in
experimental heart failure. Heart Fail Rev. 2011;16:171-8.

Jongsma HJ, Wilders R. Gap junctions in cardiovascular disease. Circ Res. 2000;86:1193-7.
Severs NJ, Bruce AF, Dupont E, Rothery S. Remodelling of gap junctions and connexin
expression in diseased myocardium. Cardiovasc Res. 2008;80:9-19.

Hamann JJ, Ruble SB, Stolen C, Wang M, Gupta RC, Rastogi S, Sabbah HN. Vagus nerve
stimulation improves left ventricular function in a canine model of chronic heart failure. Eur
J Heart Fail. 2013;15:1319-26.



37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Vagal Stimulation in Heart Failure: An Anti-inflammatory Intervention? 179

Zhang Y, Popovic ZB, Bibevski S, Fakhry I, Sica DA, Van Wagoner DR, Mazgalev TN. Chronic
vagus nerve stimulation improves autonomic control and attenuates systemic inflammation
and heart failure progression in a canine high-rate pacing model. Circ Heart Fail. 2009;2:
692-9.

Olshansky B, Sabbah HN, Hauptman PJ, Colucci WS. Parasympathetic nervous system and
heart failure: pathophysiology and potential implications for therapy. Circulation.
2008;118:863-71.

De Ferrari GM, Schwartz PJ. Vagus nerve stimulation: from pre-clinical to clinical applica-
tion: challenges and future directions. Heart Fail Rev. 2011;16:195-203.

De Ferrari GM. Vagal stimulation in heart failure. J Cardiovasc Transl Res. 2014;7:310-20.
Levine B, Kalman J, Mayer L, Fillit HM, Packer M. Elevated circulating levels of tumor necro-
sis factor in severe chronic heart failure. N Engl J Med. 1990;323:236-41.

Hartupee J, Mann DL. Positioning of inflammatory biomarkers in the heart failure landscape.
J Cardiovasc Transl Res. 2013;6:485-92.

Li W, Olshansky B. Inflammatory cytokines and nitric oxide in heart failure and potential
modulation by vagus nerve stimulation. Heart Fail Rev. 2011;16:137-45.

Pagani FD, Baker LS, Hsi C, Knox M, Fink MP, Visner MS. Left ventricular systolic and
diastolic dysfunction after infusion of tumor necrosis factor-alpha in conscious dogs. J Clin
Invest. 1992;90:389-98.

Hosenpud JD, Campbell SM, Mendelson DJ. Interleukin-1-induced myocardial depression in
an isolated beating heart preparation. J Heart Transplant. 1989;8:460—4.

Kinugawa K, Takahashi T, Kohmoto O, Yao A, Aoyagi T, Momomura S, Hirata Y, Serizawa
T. Nitric oxide-mediated effects of interleukin-6 on [Ca2+]i and cell contraction in cultured
chick ventricular myocytes. Circ Res. 1994;75:285-95.

Yokoyama T, Nakano M, Bednarczyk JL, McIntyre BW, Entman M, Mann DL. Tumor necro-
sis factor-alpha provokes a hypertrophic growth response in adult cardiac myocytes.
Circulation. 1997;95:1247-52.

Krown KA, Page MT, Nguyen C, Zechner D, Gutierrez V, Comstock KL, Glembotski CC,
Quintana PJ, Sabbadini RA. Tumor necrosis factor alpha-induced apoptosis in cardiac myo-
cytes. Involvement of the sphingolipid signaling cascade in cardiac cell death. J Clin Invest.
1996;98:2854-65.

Weber KT. Cardiac interstitium in health and disease: the fibrillar collagen network. J Am Coll
Cardiol. 1989;13:1637-52.

Anker SD, Volterrani M, Egerer KR, Felton CV, Kox WJ, Poole-Wilson PA, Coats AJ. Tumour
necrosis factor alpha as a predictor of impaired peak leg blood flow in patients with chronic
heart failure. QJIM. 1998;91:199-203.

Anker SD, Ponikowski PP, Clark AL, Leyva F, Rauchhaus M, Kemp M, Teixeira MM,
Hellewell PG, Hooper J, Poole-Wilson PA, Coats AJ. Cytokines and neurohormones relating
to body composition alterations in the wasting syndrome of chronic heart failure. Eur Heart
J. 1999;20:683-93.

Frangogiannis NG, Smith CW, Entman ML. The inflammatory response in myocardial infarc-
tion. Cardiovasc Res. 2002;53:31-47.

Sawyer DB, Colucci WS. Nitric oxide in the failing myocardium. Cardiol Clin. 1998;16:657—
64, viii.

Sharma R, Coats AJ, Anker SD. The role of inflammatory mediators in chronic heart failure:
cytokines, nitric oxide, and endothelin-1. Int J Cardiol. 2000;72:175-86.

Umar S, van der Laarse A. Nitric oxide and nitric oxide synthase isoforms in the normal,
hypertrophic, and failing heart. Mol Cell Biochem. 2010;333:191-201.

Baumgarten G, Knuefermann P, Mann DL. Cytokines as emerging targets in the treatment of
heart failure. Trends Cardiovasc Med. 2000;10:216-23.

Seta Y, Shan K, Bozkurt B, Oral H, Mann DL. Basic mechanisms in heart failure: the cytokine
hypothesis. J Card Fail. 1996;2:243-9.

Kapadia S, Torre-Amione G, Yokoyama T, Mann DL. Soluble TNF binding proteins modulate
the negative inotropic properties of TNF-alpha in vitro. Am J Physiol. 1995;268:H517-25.



180

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.
74.

75.

76.

G.M. De Ferrari et al.

Bozkurt B, Kribbs SB, Clubb Jr FJ, Michael LH, Didenko VV, Hornsby PJ, Seta Y, Oral H,
Spinale FG, Mann DL. Pathophysiologically relevant concentrations of tumor necrosis factor-
alpha promote progressive left ventricular dysfunction and remodeling in rats. Circulation.
1998;97:1382-91.

Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, Djian J, Drexler H,
Feldman A, Kober L, Krum H, Liu P, Nieminen M, Tavazzi L, van Veldhuisen DJ, Waldenstrom
A, Warren M, Westheim A, Zannad F, Fleming T. Targeted anticytokine therapy in patients
with chronic heart failure: results of the Randomized Etanercept Worldwide Evaluation
(RENEWAL). Circulation. 2004;109:1594-602.

Chung ES, Packer M, Lo KH, Fasanmade AA, Willerson JT, Anti-TNF Therapy Against
Congestive Heart Failure Investigators. Randomized, double-blind, placebo-controlled, pilot
trial of infliximab, a chimeric monoclonal antibody to tumor necrosis factor-alpha, in patients
with moderate-to-severe heart failure: results of the anti-TNF Therapy Against Congestive
Heart Failure (ATTACH) trial. Circulation. 2003;107:3133-40.

Czura CJ, Tracey KJ. Autonomic neural regulation of immunity. J Intern Med.
2005;257:156-66.

Tracey KJ. The inflammatory reflex. Nature. 2002;420:853-9.

Borovikova LV, Ivanova S, Zhang M, Yang H, Botchkina GI, Watkins LR, Wang H, Abumrad
N, Eaton JW, Tracey KJ. Vagus nerve stimulation attenuates the systemic inflammatory
response to endotoxin. Nature. 2000;405:458-62.

Pavlov VA, Ochani M, Gallowitsch-Puerta M, Ochani K, Huston JM, Czura CJ, Al-Abed Y,
Tracey KJ. Central muscarinic cholinergic regulation of the systemic inflammatory response
during endotoxemia. Proc Natl Acad Sci U S A. 2006;103:5219-23.

Guarini S, Cainazzo MM, Giuliani D, Mioni C, Altavilla D, Marini H, Bigiani A, Ghiaroni V,
Passaniti M, Leone S, Bazzani C, Caputi AP, Squadrito F, Bertolini A. Adrenocorticotropin
reverses hemorrhagic shock in anesthetized rats through the rapid activation of a vagal anti-
inflammatory pathway. Cardiovasc Res. 2004;63:357-65.

Saeed RW, Varma S, Peng-Nemeroff T, Sherry B, Balakhaneh D, Huston J, Tracey KJ,
Al-Abed Y, Metz CN. Cholinergic stimulation blocks endothelial cell activation and leukocyte
recruitment during inflammation. J Exp Med. 2005;201:1113-23.

van Westerloo DJ, Giebelen IA, Florquin S, Daalhuisen J, Bruno MJ, de Vos AF, Tracey KJ,
van der Poll T. The cholinergic anti-inflammatory pathway regulates the host response during
septic peritonitis. J Infect Dis. 2005;191:2138-48.

Webster JI, Tonelli L, Sternberg EM. Neuroendocrine regulation of immunity. Annu Rev
Immunol. 2002;20:125-63.

Mioni C, Bazzani C, Giuliani D, Altavilla D, Leone S, Ferrari A, Minutoli L, Bitto A, Marini
H, Zaffe D, Botticelli AR, Iannone A, Tomasi A, Bigiani A, Bertolini A, Squadrito F, Guarini
S. Activation of an efferent cholinergic pathway produces strong protection against myocardial
ischemia/reperfusion injury in rats. Crit Care Med. 2005;33:2621-8.

Calvillo L, Vanoli E, Andreoli E, Besana A, Omodeo E, Gnecchi M, Zerbi P, Vago G, Busca
G, Schwartz PJ. Vagal stimulation, through its nicotinic action, limits infarct size and the
inflammatory response to myocardial ischemia and reperfusion. J Cardiovasc Pharmacol.
2011;58:500-7.

Tracey KJ. Physiology and immunology of the cholinergic antiinflammatory pathway. J Clin
Invest. 2007;117:289-96.

Tracey KJ. Reflex control of immunity. Nat Rev Immunol. 2009;9:418-28.

Bernik TR, Friedman SG, Ochani M, DiRaimo R, Susarla S, Czura CJ, Tracey KJ. Cholinergic
antiinflammatory pathway inhibition of tumor necrosis factor during ischemia reperfusion.
J Vasc Surg. 2002;36:1231-6.

de Jonge WJ, van der Zanden EP, The FO, Bijlsma MF, van Westerloo DJ, Bennink RJ,
Berthoud HR, Uematsu S, Akira S, van den Wijngaard RM, Boeckxstaens GE. Stimulation of
the vagus nerve attenuates macrophage activation by activating the Jak2-STAT3 signaling
pathway. Nat Immunol. 2005;6(8):844-51.

Booz GW, Day JN, Baker KM. Interplay between the cardiac renin angiotensin system and
JAK-STAT signaling: role in cardiac hypertrophy, ischemia/reperfusion dysfunction, and heart
failure. J Mol Cell Cardiol. 2002;34:1443-53.



7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Vagal Stimulation in Heart Failure: An Anti-inflammatory Intervention? 181

Hattori R, Maulik N, Otani H, Zhu L, Cordis G, Engelman RM, Siddiqui MA, Das DK. Role
of STAT?3 in ischemic preconditioning. J Mol Cell Cardiol. 2001;33:1929-36.

Dawn B, Xuan YT, Guo Y, Rezazadeh A, Stein AB, Hunt G, Wu WJ, Tan W, Bolli R. IL-6
plays an obligatory role in late preconditioning via JAK-STAT signaling and upregulation of
iNOS and COX-2. Cardiovasc Res. 2004;64:61-71.

Dawn B, Guo Y, Rezazadeh A, Wang OL, Stein AB, Hunt G, Varma J, Xuan YT, Wu WJ, Tan
W, Zhu X, Bolli R. Tumor necrosis factor-alpha does not modulate ischemia/reperfusion injury
in naive myocardium but is essential for the development of late preconditioning. J Mol Cell
Cardiol. 2004;37:51-61.

Donato M, Buchholz B, Rodriguez M, Pérez V, Inserte J, Garcia-Dorado D, Gelpi RJ. Role of
the parasympathetic nervous system in cardioprotection by remote hindlimb ischaemic pre-
conditioning. Exp Physiol. 2013;98:425-34.

Shanmuganathan S, Hausenloy DJ, Duchen MR, Yellon DM. Mitochondrial permeability tran-
sition pore as a target for cardioprotection in the human heart. Am J Physiol Heart Circ Physiol.
2005;289:H237-42.

Katare RG, Ando M, Kakinuma Y, Arikawa M, Handa T, Yamasaki F, Sato T. Vagal nerve
stimulation prevents reperfusion injury through inhibition of opening of mitochondrial perme-
ability transition pore independent of the bradycardiac effect. J Thorac Cardiovasc Surg.
2009;137:223-31.

Zhao M, He X, Bi XY, Yu XJ, Gil Wier W, Zang WJ. Vagal stimulation triggers peripheral
vascular protection through the cholinergic anti-inflammatory pathway in a rat model of myo-
cardial ischemia/reperfusion. Basic Res Cardiol. 2013;108:345.

Rezende-Neto JB, Alves RL, Carvalho Jr M, Almeida T, Trant C, Kushmerick C, Andrade
M, Rizoli SB, Cunha-Melo J. Vagus nerve stimulation improves coagulopathy in hemor-
rhagic shock: a thromboelastometric animal model study. J Trauma Manag Outcomes.
2014;8:15.

Schulte A, Lichtenstern C, Henrich M, Weigand MA, Uhle F. Loss of vagal tone aggravates
systemic inflammation and cardiac impairment in endotoxemic rats. J Surg Res.
2014;188:480-8.

Pavlov VA, Ochani M, Yang LH, Gallowitsch-Puerta M, Ochani K, Lin X, Levi J, Parrish WR,
Rosas-Ballina M, Czura CJ, Larosa GJ, Miller EJ, Tracey KJ, Al-Abed Y. Selective alpha7-
nicotinic acetylcholine receptor agonist GTS-21 improves survival in murine endotoxemia and
severe sepsis. Crit Care Med. 2007;35:1139-44.

Kox M, Pompe JC, Gordinou de Gouberville MC, van der Hoeven JG, Hoedemaekers CW,
Pickkers P. Effects of the o7 nicotinic acetylcholine receptor agonist GTS-21 on the innate
immune response in humans. Shock. 2011;36:5-11.

Nanri M, Miyake H, Murakami Y, Matsumoto K, Watanabe H. GTS-21, a nicotinic agonist,
attenuates multiple infarctions and cognitive deficit caused by permanent occlusion of bilateral
common carotid arteries in rats. Jpn J Pharmacol. 1998;78:463-9.

Yeboah MM, Xue X, Duan B, Ochani M, Tracey KJ, Susin M, Metz CN. Cholinergic agonists
attenuate renal ischemia-reperfusion injury in rats. Kidney Int. 2008;74:62-9.

Ismahil MA, Hamid T, Bansal SS, Patel B, Kingery JR, Prabhu SD. Remodeling of the mono-
nuclear phagocyte network underlies chronic inflammation and disease progression in heart
failure: critical importance of the cardiosplenic axis. Circ Res. 2014;114:266-82.

Uthman BM, Reichl AM, Dean JC, Eisenschenk S, Gilmore R, Reid S, Roper SN, Wilder
BJ. Effectiveness of vagus nerve stimulation in epilepsy patients, a 12-year observation.
Neurology. 2004;63:1124-6.

Shuchman M. Approving the vagus-nerve stimulator for depression. N Engl J Med.
2007;356:1604-7.

Schwartz PJ, De Ferrari GM, Sanzo A, Landolina M, Rordorf R, Raineri C, Campana C,
Revera M, Ajmone-Marsan N, Tavazzi L, Odero A. Long term vagal stimulation in patients
with advanced heart failure. First experience in man. Eur J Heart Fail. 2008;10:884-91.

De Ferrari GM, Crijns HIGM, Borggrefe M, Milasinovic G, Smid J, Zabel M, Gavazzi A,
Sanzo A, Dennert R, Kuschyk J, Raspopovic S, Klein H, Swedberg K, Schwartz PJ, for the
CardioFit Multicenter Trial Investigators. Chronic vagus nerve stimulation: a new and promis-
ing therapeutic approach for chronic heart failure. Eur Heart J. 2011;32:847-55.



182 G.M. De Ferrari et al.

95. Premchand RK, Sharma K, Mittal S, Monteiro R, Dixit S, Libbus I, DiCarlo LA, Ardell JL,
Rector TS, Amurthur B, KenKnight BH, Anand IS. Autonomic regulation therapy via left or
right cervical vagus nerve stimulation in patients with chronic heart failure: results of the
ANTHEM-HF Trial. J Card Fail. 2014;20(11):808-16. doi:10.1016/j.cardfail.2014.08.009.

96. De Ferrari GM, Tuinenburg AE, Ruble S, Brugada J, Klein H, Butter C, Wright DJ, Schubert
B, Solomon S, Meyer S, Stein K, Ramuzat A, Zannad F. Rationale and study design of the
NEuroCardiac TherApy foR Heart Failure Study: NECTAR-HF. Eur J Heart Fail.
2014;16:692-9.

97. Zannad F, De Ferrari GM, Tuinenburg AE, Wright D, Brugada J, Butter C, Klein H, Stolen C,
Meyer S, Stein KM, Ramuzat A, Schubert B, Daum D, Neuzil P, Botman C, Caste MA,
D’Onofrio A, Solomon SD, Wold N, Ruble SB. Chronic vagal stimulation for the treatment of
low ejection fraction heart failure: results of the neural cardiac therapy for heart failure
(NECTAR-HF) randomized controlled trial. Eur Heart J. 2015;36(7):425-33. doi:10.1093/eur-
heartj/ehu345.

98. Castoro MA, Yoo PB, Hincapie JG, Hamann JJ, Ruble SB, Wolf PD, Grill WM. Excitation
properties of the right cervical vagus nerve in adult dogs. Exp Neurol. 2011;227:62-8.

99. Hauptman PJ, Schwartz PJ, Gold MR, Borggrefe M, Van Veldhuisen DJ, Starling RC, Mann
DL. Rationale and study design of the increase of vagal tone in heart failure study:
INOVATE-HF. Am Heart J. 2012;163:954-62.


http://dx.doi.org/10.1016/j.cardfail.2014.08.009
http://dx.doi.org/10.1093/eurheartj/ehu345
http://dx.doi.org/10.1093/eurheartj/ehu345

Guido Grassi and Eric G. Lovett

12.1 Background

As described throughout this monograph, renewed interest in therapies for heart
failure (HF) which target the autonomic nervous system is driven by the fact that HF
is characterized by autonomic imbalance and that patient outcomes continue to be
poor despite significant advances in medical and device therapies. Not only does
this lead to excess morbidity and mortality for patients, but it also incurs substantial
costs to the healthcare system due to hospitalization associated with events of wors-
ening HF, sudden cardiac death (SCD), and other cardiovascular events such as
myocardial infarction and stroke. While the occurrence of these events is slightly
higher for HF with reduced ejection fraction (HFrEF) as compared to HF with pre-
served ejection fraction (HFpEF), in both cases cardiovascular events are responsi-
ble for the majority of deaths [15]. Although unfortunate, this is not surprising in the
case of HFpEF, which has no specifically indicated therapies. What is rather dis-
heartening is that despite aggressive use of state-of-the-art medical therapies and
cardiac rhythm management devices, SCD and circulatory failure remain, in equal
proportion, the leading modes of death in HFrEF [48]. Circulatory failure is the
predominant mode of death in HFpEF, although SCD accounts for approximately
7 % of deaths [15]. Clearly, there is ample justification for pursuit of new therapies
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when HFpEF patients have no additional options, and the last resorts of HFrEF
patients are ventricular assist devices and allografts. New therapies must be devel-
oped to fill this gap, and autonomically mediated treatments represent an attractive
and underutilized approach. Experience has shown, however, that such therapies
must be targeted with care to maintain an ability to preserve dynamic homeostasis
and to avoid untoward effects. An ideal autonomic therapy would fulfill these crite-
ria and address the pathophysiology of HF at a level relevant for both HFrEF and
HFpEF.

12.2 The Baroreflex: A Primary Regulator of Cardiovascular
Function

Under normal conditions, circulatory function is tightly regulated to match organ
perfusion to oxygen demand. This is accomplished through a host of mechanisms
including local autoregulation [10]. At the level of integrative physiology, perfu-
sion is coordinated by systemically active reflexes including the transient chemo-
reflex and diving reflex [1]. Due to its tonically active nature, the most important
among these systemic reflexes is the baroreflex [52]. Teleologically, the apparent
purpose of the baroreflex is to distribute blood flow among the major circulatory
beds according to regional needs. This is accomplished by sensing perfusion
with mechanoreceptors distributed throughout the circulatory system, including
within the heart, veins, and arteries, and accordingly modulating regional vascu-
lar smooth muscle tone. Afferents from these receptors converge centrally in the
nucleus of the solitary tract, where the signals are integrated and, through adja-
cent centers, coordinated signals are generated for efferent autonomic nerves
leading to the arteries, veins, heart, and other organs (Fig. 12.1) [22, 52].
Although experimental evidence suggests these mechanoreceptors sense disten-
tion [6], they are generally referred to as baroreceptors because when they are
stimulated in normal physiology, the most consistent and obvious effect is a
change in systemic BP, usually accompanied by a concomitant change in heart
rate. The amount of influence exerted by the various baroreceptor loci differs
from region to region, with the carotid baroreceptors having the greatest impact
on efferent regulation [33].

The buffering action of the baroreflex on the circulation is measured by barore-
flex sensitivity (BRS), defined as the change in duration of the cardiac cycle per unit
change in BP. In the case of important cardiovascular pathophysiologies such as HF
and hypertension, BRS is depressed; thus, the baroreflex is less active than normal
in regulating cardiovascular performance [28, 29]. While this is an interesting
observation from the standpoint of mechanism, it is also of clinical consequence:
depressed BRS has been linked to adverse outcomes in HF [39, 46]. Presumably, the
link is mediated by the increased sympathetic and decreased parasympathetic nerve
traffic which accompany reduced BRS. The cardiovascular implications of these
changes include elevated heart rate and cardiac automaticity, increased arterial
resistance and stiffness, decreased natriuresis, and reduced splanchnic blood flow
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leading to increased blood volume and pressures in the pulmonary circuit and
increased myocardial oxygen demand. Clinically, these effects translate to an envi-
ronment conducive to arrhythmogenesis and worsening HF culminating in decom-
pensation and circulatory failure. Importantly, reduced BRS appears to be driven at
the receptor level rather than centrally [44], suggesting the premise that interven-
tions which potentiate afferent carotid sinus nerve activity may improve BRS and
associated outcomes.

Concordantly, direct assessment of efferent traffic has confirmed that therapies
which counteract the effects of reduced BRS improve outcome in HFrEF. Muscle
sympathetic nerve activity (MSNA), measured by microelectrodes percutaneously
introduced into the peroneal nerve, provides a direct assessment of efferent traffic
which parallels the activity of cardiac, renal, and other sympathetic nerves. MSNA
is chronically decreased by treatments which indirectly affect sympathetic activity
such as angiotensin-converting enzyme inhibitors, statins, and cardiac resynchroni-
zation therapy [27, 29, 30]. Beta-blocker therapy, which also improves outcome in
HF but does not necessarily reduce sympathetic activity [7], interferes with efferent
sympathetic activity by blocking receptors for norepinephrine while not antagoniz-
ing sympathetic cotransmitters including neuropeptide Y and adenosine triphos-
phate. In contrast, a therapy which produces indiscriminate sympatholysis worsens
outcome in HF: the central alpha-agonist moxonidine produced excess mortality
compared to placebo in the MOXCON trial [16, 21].

Given the link between reduced BRS, increased sympathetic tone, and adverse
outcome in HF, it is logical to consider exogenous means of activating the barore-
flex as a therapy. Although it was not conceived as such, medicinal use of digitalis
is the most long-standing and widely used therapy. Digitalis acts, at least in part, by
sensitizing baroreceptors so that BRS is increased [20]. Results from the DIG trial
have shown that digitalis improves outcome in both HFrEF and HFpEF [2, 3].
Unfortunately, digitalis is difficult to apply practically due to its narrow therapeutic
window and toxic effects from overdose [47], problems that can be exacerbated by
diuretic therapy and renal dysfunction which are both common in HF.

Nonpharmacologic means have also been used to activate the baroreflex in
HF. The technique of carotid massage has been known for centuries and remains in
wide use today as a means of diagnosing and acutely treating conduction abnor-
malities and supraventricular arrhythmias. In a case series reported in the 1950s, it
was also incorporated into a protocol for the treatment of acute decompensated
HF. Patients improved when subjected to massage-induced baroreflex activation,
with symptoms including hypertension, elevated heart rate, pulmonary edema, and
dyspnea quickly resolving [4].

With the advent of active implantable device technology, a system was devel-
oped to transiently activate the baroreflex through direct stimulation of the carotid
sinus nerve. The device was used in patients with refractory angina and symptom-
limited functional capacity. Acute activation of the device in clinical trials was dem-
onstrated to increase functional capacity [13] and reduce cardiac filling pressures
[19]. Technological limitations and the development of bypass grafting precluded
widespread use of the system, but the potential benefits had been demonstrated.
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12.3 Baroreflex Activation Therapy (BAT)

Technological improvements in electronics and battery technology, coupled with
continued poor outcome of HF patients, motivated the development of a new
approach to chronically activate the baroreflex. The Barostim™ neo™ system
(Fig. 12.2) consists of an implanted pulse generator with a form factor similar to a
contemporary implanted defibrillator coupled to a carotid sinus lead. Implant of the
electrode directly on the carotid sinus provides for chronic activation of the barore-
flex without the need to surgically isolate the carotid sinus nerve. Improved device
technology allows the system to continuously excite carotid baroreceptors for 3—4
years using a single battery. The system is implanted unilaterally, typically on the
right side. The lead is affixed directly to the carotid sinus with sutures and subcuta-
neously tunneled to the pectoral region where the pulse generator is implanted.
Right-sided implant is motivated by the fact that patients frequently have cardiac
rhythm management devices preferentially placed on the left side and by clinical
experience demonstrating that full therapeutic efficacy may be obtained with

Fig. 12.2 Schematic
depiction of the
implantable baroreflex
activation therapy system.
A pulse generator similar
in size to an implanted
defibrillator delivers
electrical stimulation via a
lead implanted on the
arterial surface in the
vicinity of the carotid
sinus. The system is
controlled by a laptop
computer running custom
software. Information is
exchanged between the
computer and pulse
generator through a
radiofrequency
communication link




188 G. Grassi and E.G. Lovett

unilateral, right-sided implant [18]. System implant time averages approximately
90 min for new implanters and is often less than 60 min among experienced implant-
ers. The system safety profile is comparable to a pacemaker [36].

The implanted system is controlled by a programmer consisting of a laptop com-
puter, custom software, and an antenna module. Programming and device status
information is transmitted wirelessly via a radiofrequency link with a range of sev-
eral meters. Therapy intensity is typically up-titrated over the course of the first 3
months using a standardized procedure and is then adapted as necessary according
to patient needs. Programmable parameters include pulse amplitude, pulse width
and pulse frequency, as well as duty cycle and the possibility of applying different
therapy regimens based on time of day to accommodate diurnal rhythms.

12.4 Basic Science Supporting the Use of BAT in HF

An extensive literature exists on the physiologic effects of the baroreflex. It is too
vast to be adequately described here, but an overview relevant to BAT in HF has
been produced by Georgakopoulos and colleagues [26]. This review will focus on
studies of the baroreflex conducted specifically with BAT.

12.4.1 Animal Studies

Acute studies of BAT in animal models have demonstrated sustained salutary effects
on cardiac pump efficiency, arteries, veins, and myocardial automaticity. BAT inter-
vention in normal canines significantly increases stroke volume and reduces heart
rate while preserving cardiac output [23]. This is achieved by reducing systemic
vascular resistance and arterial stiffness. Despite accompanying acute reductions in
BP, average renal blood flow is unchanged while flow pulsatility increases [51]. The
reduced myocardial oxygen demand, increased cardiac reserve, and maintained per-
fusion would be expected to improve functional capacity and protect against
arrhythmogenic effects of myocardial ischemia in HF. Decreased pressure transmis-
sion with maintained perfusion through the renal artery may guard against increases
in renin and help preserve renal function, thereby lessening the chances of develop-
ing cardiorenal syndrome.

In addition to arterial effects, venous capacitance is modulated by BAT. Acute
BAT induces sustained transfer of blood volume from the arterial to the venous
circulation in normal dogs [14]. At equal reductions in BP, BAT produces a compa-
rable capacitance change but a more modest increase in arterial conductance as
compared to sodium nitroprusside. BAT also reduces heart rate while nitroprusside
increases it. Volume transfer in HF results in reduced cardiac filling pressures,
thereby improving ejection as well as filling. Submaximal change in arterial con-
ductance and reduced heart rate suggest that BAT provides greater reserve to adapt
to physiologic need.
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BAT also exerts electrophysiologic effects on the myocardium. In studies of nor-
mal dogs subjected to ischemia and infarction, BAT increased effective refractory
period and action potential duration while reducing incidence of ventricular arrhyth-
mia [42, 43]. In addition, BAT reduced cardiac sympathetic nerve traffic and the
heart rate variability (HRV) low-frequency to high-frequency power ratio (LF/HF),
indicating suppression of sympathetic nerve activity associated with ischemia and
infarction.

The foregoing results are encouraging but raise an important question: if the
baroreflex is constantly activated by BAT, has the ability of the cardiovascular sys-
tem to adapt to physiologic need been compromised (i.e., is it possible that BAT
lowers BRS)? Both acute and chronic studies indicate that the answer is no. In acute
studies of rats, Avolio and colleagues demonstrated that reflex responses to bolus
infusions of phenylephrine and sodium nitroprusside were not impaired by BAT
[38]. Rather, the reduced BP driven by BAT acted as a new set point around which
the reflex responses were superimposed. Calculations revealed that BAT actually
increased BRS. Similarly, Iliescu reported that chronic BAT administered to obese
hypertensive canines chronically increased BRS [37]. Thus, the acute hemodynamic
improvements of BAT, coupled with improved adaptability of the cardiovascular
system, would be expected to improve chronic HE.

Consistent with these expectations, chronic studies of BAT in two canine models
of chronic HF demonstrated significant benefit. In a rapid pacing model, BAT dou-
bled the duration of survival while reducing filling pressures and plasma norepi-
nephrine [54]. In a microembolization HFrEF model, BAT increased ejection
fraction, reduced cardiac fibrosis, and normalized myocyte intracellular factors
associated with beta receptor signaling, a characteristic derangement in human HF
[49]. A second study of the microembolization model demonstrated a protective
effect of BAT against induction of ventricular arrhythmia lasting at least 6 months
that was reversed 6 weeks after BAT withdrawal [50].

In summary, preclinical evaluations of BAT illustrate important mechanistic
pathways through which BAT can benefit HF, including greater cardiac pump effi-
ciency, reduced systemic vascular resistance, increased venous capacitance, as well
as protection against myocardial ischemia, ventricular arrhythmia, and declining
renal function. The effects are mediated through tonic reductions in sympathetic
activity and increases in parasympathetic activity. Most importantly, BAT improves
survival.

12.4.2 Human Studies

Mechanisms of BAT have also been explored in the clinical environment. Investigator-
initiated substudies of feasibility and commercial hypertension patients have afforded
opportunities to confirm that mechanisms observed in animal studies translate to
patients. A study of HRV from serial Holter recordings found BAT chronically
increased LF/HF ratio and decreased LF power, indicating reduced sympathetic



190 G. Grassi and E.G. Lovett

activity and increased parasympathetic activity [51]. Moreover, the study found that
BAT increased turbulence onset associated with premature ventricular contractions,
implying that BAT increased BRS [40]. These findings were further validated by
acute measurement of MSNA, which demonstrated a direct on-off relationship
between initiation of BAT and reduction of efferent sympathetic traffic [34]. Pulse
wave analysis of concomitantly acquired continuous BP exhibited improved ventric-
ular-vascular coupling with reduction of wasted left ventricular external work and
improved myocardial perfusion with an increase in subendocardial viability ratio [35].

Chronic hemodynamic improvements have also been observed clinically with
BAT. From serial echocardiography and BP measurement, BAT was shown to
reduce myocardial wall stress [24] and arterial elastance [25], indicating reduced
filling pressures associated with diminished load. Importantly, cardiac contractility
was not affected. Direct measurement of cardiac hemodynamics was also con-
ducted in one patient [51]. Consistent with animal studies, BAT substantially
increased stroke volume and reduced heart rate while maintaining cardiac output.
Systemic vascular resistance and arterial stiffness diminished. Afterload was
reduced and diastolic filling improved as assessed by peak filling rate despite
reduced left atrial pressure, suggesting restoration of the ability of the left ventricle
to enhance early filling. Taken as a whole, the clinical studies of mechanism
strongly suggest that benefits of BAT observed in animals translate directly to the
clinical environment.

12.4.3 BAT and Blood Pressure in HF

While results from basic science provide encouragement that BAT can benefit HF
patients, it is appropriate to reflect on the implications of validating mechanisms of
action in hypertensive patients. Hemodynamic and neural changes were accompa-
nied by reductions in BP. For patients with HFpEF, this is generally not a concern, as
many are hypertensive and contractile function is unimpaired. However, HFrEF
patients are typically normotensive to hypotensive and with diminished cardiac con-
tractility. Moreover, low BP has been associated with adverse outcomes in these
patients [5].

In this context, it is important to consider the primary means by which BAT
reduces BP, namely, through reduced arterial resistance and stiffness. The greater
the contractile function of the heart, the more BP is diminished per unit reduction
in arterial resistance [11]. Therefore, it is expected that BAT will reduce BP sub-
stantially in hypertensive patients but should have only modest effects in HFrEF
patients. In some patients, contractile function may be so compromised that no
change in BP is detectable at all. Because BAT does not affect cardiac contractility,
acute changes will be dictated solely by reduced arterial smooth muscle tone. On a
chronic basis, it is possible that BAT may even increase BP, for as the heart is
chronically unloaded, pump function may recover. This could be further enhanced
through reduced left atrial pressure as well as increased BRS and exercise
tolerance.
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12.5 Clinical Trials of BAT in HF

With thoroughly demonstrated mechanisms of action and successful proof-of-
concept animal studies, the rationale for clinical application of BAT in HF is clear.
If clinical results verify that BAT mechanisms of action are operative in HF, one
would reasonably expect BAT to improve outcome for the reasons cited above.

12.5.1 First-in-Man Experience with BAT in HFrEF

An open-label, single-center feasibility study of BAT in HFrEF was undertaken to
confirm the translation of basic science results to the clinical environment [31].
Patients were required to have NYHA class III HF, EF <40 %, 6-min hall walk
distance (6MHWd) between 150 and 450 m while receiving optimal, stable medical
therapy. Eleven patients were enrolled in the study and followed for 6 months.
MSNA, clinical variables, and echocardiograms were collected at baseline, 3
months, and 6 months. MSNA was also recorded at 1 month. Results demonstrated
a progressive decline in MSNA consistent with BAT up-titration, reaching a 30 %
reduction at 6 months (Fig. 12.3). Concurrent with reduced MSNA were clinically
significant improvements in BRS, NYHA class, 6-min walk distance, LVEF, and
quality of life as assessed with the Minnesota Living with HF Questionnaire (QOL).
BP and renal function were unchanged from baseline. It was also observed that the
cumulative number of HF hospitalization days was dramatically reduced in the 6
months following activation as compared to the 6 months prior to enrollment
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Fig.12.3 Decreasing MSNA and increasing BRS trends observed in a study of 11 HFrEF patients
receiving chronic BAT [31], as illustrated with exponential regression model fits paired with 95 %
confidence intervals



192 G. Grassi and E.G. Lovett

Fig. 12.4 Substantial 125 A oo
reduction in hospital days -~ 6 Months Pre-Implant PR
. —— Post-activation ,
accrued for worsening ’
HFrEF in the 6 months % 100 - /I
. >

before implant versus the 6 ] )
months following < !
activation in the 11 patient }‘3 ,
cohort [31] £ 757 L

i ’

E ’

5_ _ /

3 -

< 50 o L7

[ -

= /

© /

=}

g !

(_3) 25 1 I

1
7
/
/
/
0 T T T T T
0 30 60 90 120 150 180

Elapsed time (days)

(Fig. 12.4). It has been recently reported that the clinical benefits can be observed at
the long-term follow up of 21 months [32]. The long-term chronic BAT-dependent
reductions in sympathetic activity is accompanied, in HFrEF, by an improvement in
general clinical presentation, quality of life and functional capacity thus inducing an
improvement in outcome.

12.5.2 The Global Barostim HF Randomized Trial in HFrEF

With proof-of-concept accomplished, a trial has been initiated to confirm therapeu-
tic benefit can be translated to a large number of centers throughout the developed
world. Eligibility criteria are similar to the open-label trial with EF limited to 35 %
or less. Unlike the earlier study, which enrolled no patients receiving resynchroniza-
tion therapy (CRT), the present trial allows enrollment of patients who have been
receiving CRT for at least 6 months. Patients with atrial fibrillation also qualify as
long as their resting heart rate is controlled between 60 and 100 bpm. The medical
therapy regimen for all patients must be fully titrated, stable for at least 4 weeks, and
in compliance with relevant treatment guidelines upon entry.

Patients are randomized in equal proportion to medical therapy or medical ther-
apy with BAT (Fig. 12.5). Efficacy is assessed by evaluating the treatment effect of
BAT on NYHA class, QOL, 6MHWd, NTproBNP, and echocardiographic parame-
ters from pre-implant baseline to 6 months. As of this writing, the trial has com-
pleted enrollment and patients are being followed in Germany, Italy, France, the
United States, and Canada. Results are expected to be available in the first half of
2015. While the results are presently unknown, one might surmise that they are
encouraging since it was announced in September 2014 that CE marking for HFrEF
was granted on the basis of interim results.
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Fig. 12.5 Design of the global randomized BAT in HFrEF trial program, comparing BAT plus
guideline-directed medical therapy versus guideline-directed medical therapy alone. Results of the
primary efficacy evaluation, assessed following 6 months of therapy, are expected in 2015

12.5.3 BAT in HFpEF with Resistant Hypertension in the Rheos
Pivotal Trial

In addition to trials specifically designed to evaluate BAT in HF, experience has also
been accumulated serendipitously from the Rheos Pivotal Trial of BAT in resistant
hypertension [7, 8]. It has recently been reported [17] that 97 patients in the study
cohort were identified as having HF from medical history, elevated BNP, or chart
review. As the average baseline EF was>60 %, these would appear to be HFpEF
patients. Quality of life using the SF-12 instrument indicated only slight physical
impairment at baseline, suggesting that HFpEF was generally not advanced.
Nonetheless, in addition to sustained BP reductions of >30 mmHg systolic, a trend
toward improved physical quality of life was observed concomitant with a signifi-
cant reduction in left ventricular mass.

In addition to these intriguing observations, a detailed case report has been pub-
lished describing the benefits of BAT in a commercially implanted patient with
resistant hypertension and HFpEF [12]. Likewise, the invasive human hemody-
namic study described earlier was performed in a patient with signs and symptoms
of HFpEF [51]. In that study, reductions in pulmonary artery pressure were observed
with activation of BAT. Given the prevalence of pulmonary hypertension and right
heart dysfunction in HFpEF [41, 45], this may be an important and beneficial effect.
The overall experience is sufficient to justify future prospective studies of BAT in
HFpEF.

12.6 Conclusions and Future Directions

By virtue of the well-defined mechanism of action validated in proof-of-concept
animal and clinical studies, BAT is expected to be generally applicable to the HF
syndrome as well as related conditions such as hypertension and arrhythmia preven-
tion. Each major indication will need to be individually evaluated to quantify the
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impact on outcome and associated healthcare economics. At this point in time, sig-
nificant evidence exists to support the contention that BAT may improve outcomes
in HFrEF as well as HFpEF.

Results from the first randomised controlled trial confirmed the pivotal informa-
tion generated by the pilot study. BAT produced a significant amelioration in all end
points of the study [55]. No efficacy might be expected in patients who remained in
NYHA class III despite CRT. At this time, it will be appropriate to conduct an out-
come-based trial of adequate size for US regulatory approval. Such a study is pres-
ently being designed in consultation with FDA. With regard to HFpEEF, it is advisable
to exercise caution due to the recent series of failed trials of medical therapy in this
condition. A study should be initiated to prospectively validate the observations
from the Rheos Pivotal Trial. Beyond application to advanced HF, studies and clini-
cal use of BAT in hypertension should continue as a potential preventative measure
for HF. The potential for BAT in preventing ventricular arrhythmias should also be
explored, both in patients with HF and others predisposed to electrical instability of
the myocardium.
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Federico Pieruzzi

Heart failure (HF) is associated with the activation of the sympathetic nervous sys-
tem which presumably results in a progression of the syndrome and thereby in poor
outcome.

Autonomic dysfunction is characterised by enhanced sympathetic activity,
peripheral adrenoceptor downregulation and reduced efferent parasympathetic heart
rate control. The sustained increase in sympathetic outflow in HF, along with the
activation of the renin—angiotensin—aldosterone system and the consequent vaso-
constriction, precipitates a positive feedback mechanism that leads to worsening of
HF with progressive deterioration of left ventricular (LV) function, LV remodelling,
end-organ damage and death. The mechanisms responsible of the sympathetic exci-
tation in HF are not fully elucidated yet.

Sympathetic activation involving renal afferent and efferent sympathetic nerves
regulates cardiovascular function and in particular cardiac output, heart rate and
blood pressure in order to overcome acute stresses such as volume depletion or
excessive vasodilatation. However, in chronic cardiovascular disease, sympathetic
activation is chronically activated and is involved in the maintenance of the patho-
logical state and in end-organ damage such as in hypertension, sleep apnoea, type 2
diabetes mellitus, end-stage renal disease and heart failure [1].

The heart and kidney interact in terms of haemodynamics and neurohumoral regula-
tory mechanisms, and this helps to maintain circulatory homeostasis under normal con-
ditions. However, the normal regulatory mechanisms become inappropriate in the
setting of congestive heart failure (CHF), and significant renal dysfunction often devel-
ops in CHF patients. Activation of renal sympathetic efferent nerves causes renin
release, sodium and water retention and reduced renal blood flow, which are hallmarks
of the renal involvement in CHF. An increase in plasma levels of angiotensin II that is
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mediated in part by the renal sympathetic activation has an effect on the central nervous
system to further increase global sympathetic tone. Renal sympathetic activity can be
assessed clinically by renal norepinephrine spillover, and an increase in renal norepi-
nephrine spillover in CHF predicts reduced survival. In addition to the efferent sympa-
thetic activation, renal sensory nerves activation in CHF may cause a reflex increase in
sympathetic tone that contributes to elevated peripheral vascular resistance and vascu-
lar remodelling as well as left ventricular remodelling and dysfunction [2]. In animal
models of heart failure, surgical renal denervation has been shown to improve both
renal and ventricular function. Although surgical renal denervation has long been
known to lower blood pressure and improve survival in patients with hypertension, the
invasive nature of this approach and its associated complications has limited its clinical
impact however, a novel catheter-based device has recently been introduced that spe-
cifically interrupts both efferent and afferent renal nerves, and there is significant inter-
est in the use of this device to treat both hypertension and CHF [3].

Renal dysfunction plays a fundamental role in the development and progression
of congestive heart failure (CHF). The majority of patients hospitalised for acute
decompensated CHF have been shown to have some degree of renal dysfunction.
The renal nerves are thought to play an important role in the renal dysfunction that
occurs in CHEF, since renal sympathetic efferent activation causes renin release,
sodium and water retention and reduced renal blood flow (RBF). Renal sympathetic
activation has important prognostic value in CHF patients, since increased renal nor-
epinephrine spillover predicts reduced survival. In addition to efferent sympathetic
activation, renal afferent sympathetic activation in CHF may cause a reflex increase
in sympathetic tone that contributes to the progression of CHF [4] (Fig. 13.1).

Causes of increased afferent Consequences of increased
signaling from the kidney to efferent sympathetic outflow to
central integrative structures the kidney and other organs
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Fig. 13.1 Percutaneous renal denervation procedure. Graphic of catheter tip in distal renal artery.
Reproduced with permission from Ardian Inc [19].
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13.1 Functional Anatomy of the Renal Nerves

The efferent renal sympathetic nerves modulate renal function through the release
of local neurotransmitters. Although immunofluorescent and immunocytochemical
methods have identified a large number of substances in renal nerve terminals, only
neuropeptide Y and norepinephrine are thought to act as true neurotransmitters.
These two substances are released in response to renal nerve activation and bind to
specific postjunctional receptors in the kidney. Direct stimulation of the renal sym-
pathetic nerves results in frequency-dependent renal vasoconstriction. Sympathetic
activation causes greater constriction of afferent arterioles to the glomerulus than
efferent arterioles, causing a drop in glomerular pressure and glomerular filtration
rate (GFR). In addition, sympathetic activation reduces blood flow to both the renal
cortex and medulla. The renal vasoconstriction induced by sympathetic efferent
stimulation results from norepinephrine acting predominantly on ol-adrenergic
receptors and neuropeptide Y acting on Y1 receptors [5].

Since changes in renal sympathetic tone may influence RBF and GFR, which
in turn influence sodium and water excretion, it is difficult to determine whether
there is any direct effect of renal nerve activity on the tubular handling of salt and
water. In animal models of sodium overload, blockade of renal a-adrenergic
receptors or renal denervation increases urinary sodium excretion in the absence
of changes in renal haemodynamic parameters. These findings suggest that there
exists a level of efferent renal sympathetic nerve activity that can directly affect
renal tubular sodium and water reabsorption independent of changes in GFR,
RBF or the intrarenal distribution of blood flow. When the renal sympathetic
nerves are directly stimulated at a frequency that is subthreshold for renal vaso-
constriction, there is a reversible decrease in urinary sodium excretion without a
change in renal perfusion pressure, GFR, RBF or the intrarenal distribution of
blood flow (Table 13.1) [6].

This direct antinatriuretic effect of sympathetic activation appears to be mediated
by al-adrenergic receptors.

In addition to neural influences on blood flow and tubular secretion of sodium,
the renal sympathetic nerves also stimulate the release of renin from juxtaglomeru-
lar cells, which is thought to be meditated by activation of pl-adrenergic receptors
with a subsequent increase in cAMP. This mechanism of renin release is indepen-
dent from but complementary to the release of renin mediated by the vascular baro-
receptor mechanism in the afferent arterioles of the juxtaglomerular apparatus and
the tubular macula densa mechanism that responds to the sodium load in the distal

Table 13.1 Changes in renal function at different frequencies of renal nerve stimulation

Frequency of RNS, Hz Renin release Na+excretion GFR RBF
0.25 NC NC NC NC
0.50 ) NC NC NC
1.00 1 1 NC NC
2.00 1 ! 1 !

With permission from DiBona et al. [6]
Up arrow (1) increase; down arrow (|) decrease

GFR glomerular filtration rate, NC no change, RBF renal blood flow, RNS renal nerve stimulation
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tubule. Moreover renal sympathetic tone appears to modulate the expression of
renin mRNA in the kidney.

The efferent sympathetic activity mediates changes in renal function, but the kid-
ney has also an extensive network of afferent unmyelinated fibres that transmit
important sensory information to the central nervous system (CNS). Afferent fibres
from the kidney have been shown to travel along with the sympathetic nerves at the
level of the kidney and then enter the dorsal roots and project to neurons at both spi-
nal and supraspinal levels. Most of the brainstem regions involved in cardiovascular
control including the hypothalamus receive inputs from the renal afferents. Renal
afferents are thought to carry information to the CNS from renal chemoreceptors that
respond to changes in the composition of the interstitial fluid environment and mech-
anoreceptors that monitor hydrostatic pressure changes within the kidneys [7].
Mechanoreceptors are located both in the renal cortex and in the renal pelvis, whereas
chemoreceptive nerve endings are found primarily in the submucosal layers of the
renal pelvis. Direct electrical stimulation of the renal afferent nerves in animals may
produce both sympathoinhibitory and sympathoexcitatory reflexes, which reflect the
diverse functional nature of various populations of renal receptors [8].

Whether activation of afferent renal nerves contributes to the regulation of arterial
pressure and sodium balance has been long overlooked. In normotensive rats, activat-
ing renal mechanosensory nerves decreases efferent renal sympathetic nerve activity
(ERSNA) and increases urinary sodium excretion, suggesting an inhibitory renorenal
reflex. There is an interaction between efferent and afferent renal nerves, whereby
increases in ERSNA increase afferent renal nerve activity (ARNA), leading to decreases
in ERSNA by activation of the renorenal reflexes to maintain low ERSNA to minimise
sodium retention. Increased renal ANG II reduces the responsiveness of the renal sen-
sory nerves in physiological and pathophysiological conditions, including hyperten-
sion, congestive heart failure and ischemia-induced acute renal failure. Impairment of
inhibitory renorenal reflexes in these pathological states would contribute to the hyper-
tension and sodium retention. When the inhibitory renorenal reflexes are suppressed,
excitatory reflexes may prevail. Renal denervation is associated with a fall in muscle
sympathetic nerve activity, suggesting that there may be increased renal afferent activ-
ity prior to ablation that causes a reflex increase in global sympathetic tone [9].

Although removal of both renal sympathetic and afferent renal sensory nerves
most likely contributes to the overall renal and haemodynamic effects initially, addi-
tional mechanisms may be involved in long-term effects since sympathetic and sen-
sory nerves may reinnervate renal tissue in a similar time-dependent fashion
following renal denervation [10].

Much less is known about the normal function of the renal afferent nerves than
the efferent nerves, but there is evidence that renal afferents play a role in the reflex
increase in sympathetic tone that occurs in hypertension. Presumably, the renal
afferents also mediate a reflex increase in sympathetic tone in CHF, but this has not
yet been confirmed in humans or experimental animals.

The increase in sympathetic activity may start as a compensatory response to
ventricular dysfunction and reduced cardiac output, but may become part of a path-
ological positive feedback cycle with the progression of CHF. Although there is a
global increase in sympathetic tone in CHF that is due to CNS integration of all
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afferent input, sympathetic outflow does not increase equally to all organs. Some
vascular beds such as the renal vasculature receive greater sympathetic activation
than others in the presence of CHF. A disproportionate increase in renal sympa-
thetic activity results in increased renal vascular resistance compared with other
systemic vascular beds, and this results in increased plasma renin activity as well as
sodium and water retention. The disproportionate increase in renal sympathetic
activity may be an important mechanism that reduces GFR and prevents a compen-
satory natriuresis during the progression of CHF [11].

13.2 Interventions that Reduce Renal Sympathetic
Activation in CHF

Although bilateral renal denervation has little effect on kidney function in normal
animals, several studies in animal models of heart failure have established the benefi-
cial effects of renal denervation. In a rat model of heart failure induced by left ante-
rior descending artery ligation, increased sodium retention was abolished by surgical
renal denervation. Surgical renal denervation in dogs with an arteriovenous fistula
and compensated high-output heart failure improved the postprandial natriuresis in
response to a sodium load (125 mEq). The therapeutic value of renal denervation was
demonstrated in two other rat models of heart failure induced by coronary ligation.
Surgical renal denervation was performed prior to coronary ligation and resulted in
reduced ventricular filling pressures and improved ventricular function after ligation
compared to nondenervated control animals. Renal denervation was also shown to
restore the diuresis and natriuresis in response to exogenously administered atrial
natriuretic peptide in rats with heart failure induced by coronary ligation. In a rabbit
model of pacing-induced heart failure, there was a decrease in RBF, an increase in
renal vascular resistance, an increase in the expression of angiotensin II type 1 recep-
tors in renal cortical vessels and a decrease in the expression of angiotensin II type 2
receptors. All of these changes were prevented by renal denervation prior to the
induction of heart failure. Taken together, the results of these animal studies suggest
that renal denervation may be particularly useful in the treatment of CHF [12].

Although there is little information on the effects of renal denervation in CHF
patients, there is indirect evidence for the beneficial effects of interventions that
reduce renal sympathetic activation. The observation of a natriuresis in response to
acute intrarenal a-adrenergic blockade in CHF patients supports a therapeutic role
for reducing the effects of increased renal sympathetic nerve activity on sodium and
water retention. Renin release from the kidneys is influenced by p1-adrenergic
receptors, and the administration of B-blockers without intrinsic sympathomimetic
activity has been shown to reduce plasmarenin activity in CHF patients. Furthermore,
the beneficial effects of angiotensin-converting enzyme inhibitors and angiotensin
II receptor blockers in CHF patients may be mediated in part by reducing or attenu-
ating the negative effects of renal sympathetic activation [13].

Even the efficacy of loop diuretics may be influenced by renal sympathetic activ-
ity. A recent study showed that total urine volume and sodium excretion were con-
siderably greater when CHF patients received the same dose of furosemide after
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lying down for 90 min, as opposed to being active (sitting or walking on a tread-
mill). Plasma norepinephrine and renin were higher with the upright posture, and
these results suggest that the reduced response to furosemide was due to an increase
in renal sympathetic tone. These findings suggest that renal denervation may
enhance the efficacy of exogenous diuretics administered to CHF patients [14].

13.3 Afferent Renal Nerve Activation in CHF

The afferent nerves in the kidney may also play a role in CHF. The precise popula-
tion of afferent nerves that are activated and the mechanisms responsible for their
activation are unknown. However, it is likely that increased renal afferent nerve
signals travel to the CNS and induce a reflex increase in renal sympathetic tone
(renorenal reflex), thereby causing renal vasoconstriction, renin secretion and
sodium and water retention. Moreover, increased renal afferent nerve signals that
travel to the CNS may also cause a reflex increase in sympathetic tone to other
organs that have a dense sympathetic innervation, such as the heart and the periph-
eral vasculature. The CNS in this case serves as the central component of the reflex
arc. It is possible that a pathological positive feedback cycle at the level of the kid-
ney may exist, whereby an increase in renal efferent sympathetic tone leads to an
increase in renal afferent nerve activity, which further increases efferent sympa-
thetic outflow from the CNS [15].

Although several substances (nitric oxide, calcitonin gene-related peptide, sub-
stance P, H+, adenosine) have been postulated to stimulate chemosensitive renal
afferents under various conditions, adenosine is of particular interest, since it is
readily released by renal proximal tubular cells directly into the tubular fluid during
increased metabolic activity. Furthermore, intrarenal adenosine has been shown to
be elevated in patients with CHF, and it may activate renal afferents resulting in a
reflex increase in sympathetic tone.

Although studies of renal afferent activity in animals or patients with CHF are
limited, there is evidence of renal afferent activation in other types of kidney dys-
function. In humans with end-stage renal disease, nephrectomy in patients with or
without kidney transplantation resulted in a reduction of muscle sympathetic nerve
activity and total body norepinephrine spillover, confirming the role of renal affer-
ents in mediating a reflex increase in sympathetic tone [16].

13.3.1 Renal Denervation Technique

Renal sympathetic denervation in the management of hypertension has previously
been explored in man via surgical nephrectomy and even radical surgical sympa-
thectomy. Surgical renal denervation has been shown to be an effective means of
reducing sympathetic outflow to the kidneys, augmenting natriuresis and diuresis,
and reducing renin release, without adversely affecting other functions of the kidney
such as GFR and RBF. However, these early surgical approaches (e.g.
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splanchnicectomy) were complicated by severe orthostatic hypotension, impotence
and incontinence [17, 18].

A minimally invasive, catheter-based approach to directly target sympathetic
nerves adjacent to the renal artery has therefore been developed in an attempt to
overcome the above surgery-related problems (Fig.13.2).

The renal denervation procedure itself involves femoral or radial artery catheter-
ization, with the tip of the catheter being placed in the distal renal artery. The prin-
ciple is based on the delivery of high-frequency energy applied to the endothelial
lining. This procedure is repeated 4-5 times in the individual renal artery and then
the same energy is applied to the contralateral renal artery, which interrupts sympa-
thetic nerves located in the adventitia of the renal arteries, whilst the vessel is cooled
by the high intraluminal blood flow [21, 22].

Renal imaging should be undertaken to exclude atherosclerotic renal artery dis-
ease prior to catheterization and a contrast renal angiogram performed at the time of
catheterization (but pre-procedure) to ensure again that no major renovascular dis-
ease was present as well as to exclude dual renal arteries and other anatomical
abnormalities.

Peri-procedural problems at the time of radiofrequency (RF) energy application
include loin pain. This is usually treated with prophylactic use of intravenous anal-
gesia. Potential longer-term complications such as vessel thrombosis have been

Fig. 13.2 Reflex axe of the effects of sympathetic tone activation in chronic heart failure on the
kidneys, heart and peripheral vasculature (Modified with permission from Sobotka et al. [20])
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mitigated with the prophylactic use of aspirin and clopidogrel. Evaluation of devel-
opment of catheter-related complications to the treated vessel was performed using
various angiographic techniques, including computed tomography and magnetic
resonance angiography. Very few peri-procedural complications have been reported
in the wide experience in resistant hypertensive patients so far such as vessel throm-
bosis, kidney embolisation or renal artery dissection upon placement of the catheter
for RF energy delivery. Sporadic clinical evidences of renal artery stenosis in the
follow-up period have been reported.

A key issue with this RF energy denervation approach is whether anatomical
and/or functional regrowth of renal sympathetic nerves occurs. Studies in rats sub-
jected to renal surgical denervation have shown that functional reinnervation of the
renal vasculature begins to occur between 14 and 24 days after denervation, with
complete return of neural function by 8 weeks. It is likely that some efferent sym-
pathetic reinnervation occurs in patients after catheter-based renal denervation,
although the time course of this response is unknown. Furthermore, it is difficult to
clinically evaluate the amount of reinnervation, since there are no simple diagnostic
tests that can evaluate the functional innervation of the kidneys. In contrast to effer-
ent nerves, the afferent nerves may have less capacity to regenerate. Thus, the
removal of renal afferent activity with renal denervation and the subsequent effects
on central sympathetic outflow may be sustained [19].

It is unknown whether it is disruption of the afferent or the efferent traffic that is
the more important element of the treatment, but the effect is a substantial reduction
in blood pressure. The first procedure has been performed in patients with resistant
hypertension. In patients with uncontrolled hypertension, despite 4.7+ 1.5 antihy-
pertensive drugs, with average baseline blood pressure levels of 177/110 mmHg,
there was a reduction of blood pressure by up to 27/17 mmHg at 12 months. These
reductions were sustained over 2 years [23, 24].

The reduction of renal afferent signalling is additionally expected to reduce
efferent sympathetic drive, including that to the kidney itself. Furthermore, a
reduction in central sympathetic drive via central integration of altered signalling
from the denervated kidney is expected to beneficially influence sympathetic out-
flow to other organs (reduction of left ventricular hypertrophy, reduction of ven-
tricular rates in patients with atrial fibrillation, abrogation of lethal arrhythmias and
slowing of progression of deterioration of renal function in chronic kidney disease)
[25]. A reduction in renal renin release may also be of particular relevance to dis-
eases characterised by a marked RAAS activation such as chronic heart failure.

13.4 Evaluation of Renal Denervation in CHF Patients

In heart failure sympathetic activation, in particular, renal norepinephrine release is
closely associated with morbidity and mortality [26]. Initial studies have shown that
renal denervation is able to reduce not only blood pressure but also heart rate and is
associated with a reduction in myocardial hypertrophy, improved glucose tolerance
and ameliorated microalbuminuria. There is also experimental and clinical evidence
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that renal denervation might play a therapeutic role in arrhythmias often occurring
in chronic heart failure [27].

Renal denervation should reverse the effects of increased a-adrenergic tone on
renal blood flow, tubular excretion of sodium and systemic vasoconstriction. In
addition, renal denervation should eliminate the release of other transmitters such as
neuropeptide Y that might also contribute to sympathetically mediated renal
vasoconstriction.

13.5 HeartFailure

Renal denervation in experimental models after myocardial infarction showed an
improvement of sodium excretion, increased cardiac output, improved renal blood
flow and a downregulation of angiotensin AT1 receptors [28, 29].

Renal denervation in patients with resistant hypertension and hypertrophy, in
part fulfilling the European Society of Cardiology (ESC) criteria for heart failure
with preserved EF (HFPEF), showed a reduction of LV mass and an improvement
of diastolic function as evaluated by tissue Doppler measurements.

Interestingly, the antiremodelling effect has recently been shown to be at least in
part independent of blood pressure, which could be of particular importance, because
the majority of heart failure patients present with normal or low blood pressure.

Given the fact that renal spillover of norepinephrine is activated and is predictive
of mortality in heart failure and renal denervation in humans reduces renal and total
body norepinephrine spillover, it is conceivable that renal denervation might have a
positive impact on heart failure symptoms and outcomes.

Although in principle renal denervation could be beneficial for improving the
neurohormonal dysregulation of chronic heart failure, there are concerns in practice
because heart failure patients typically have normal or low blood pressure and might
therefore become symptomatically worse following renal denervation should blood
pressure be lowered further. The first-in-man study of seven patients with chronic
systolic heart failure, undergoing bilateral renal denervation, was performed with an
intensive protocol of observation and assessment comprising a 5-day hospital stay
post-procedure and 6 months of regular outpatient follow-up [30]. There were no
procedural complications or symptomatic adverse effects. The 5-day inpatient mon-
itoring revealed non-acute deleterious haemodynamic disturbances. In the longer
term, there was a trend towards blood pressure reduction over the 6-month follow-
up period which was small and did not achieve statistical significance. In all sub-
jects, markers of renal function remained stable with no clinical or symptomatic
deterioration. Whilst there may be a theoretical concern that patients with heart
failure may be relying upon contributions from their renal nerves to sustain blood
pressure and organ perfusion, data from this study suggest that bilateral renal dener-
vation can be carried out safely in patients with chronic systolic heart failure.

Diastolic heart failure, which shares some characteristics of hypertension and
some of systolic heart failure, is another condition for which renal denervation
might offer potential benefits. However, future studies are needed to evaluate
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whether renal artery denervation can achieve symptomatic improvements and
increase objective functional measures.

Therefore, some pilot studies for renal denervation and heart failure are planned
or ongoing, the majority being performed in patients with heart failure with reduced
EF (HFREF) (Table 13.2) [20].

Since CHF patients should already be on optimal doses of f-adrenergic blockers,
and angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers
when they undergo renal denervation, it is possible that these drugs may attenuate

Table 13.2 List of the ongoing trials or those at the planning stage in heart failure

Title

Primary outcome

Secondary outcome

Heart failure with preserved ejection fraction

Denervation of
the renal
sympathetic
nerves in heart
failure with
normal LV
ejection fraction
(DIASTOLE)

Renal
denervation in
heart failure with
preserved
ejection fraction
(RDT-PEP)

Change from
baseline E/E’ at 12
months (time
frame: 12 months
after treatment)

Primary outcome
measure: change
in symptoms,
change in exercise
function, change
in heart failure
biomarkers,
change in LV
filling pressure,
change in LV
remodelling,
change in left
atrial size

Number of
participants with
adverse events,
in-depth analysis of
diastolic function
(e.g. MR, pressure—
volume curves)

Change in
autonomic function,
change in renal
function, change in
vascular function,
change in
neurohormones,
change in renal
blood flow, change
in blood pressure,
change in
endothelial function

heart failure with impaired ejection fraction

Renal
denervation in
patients with
chronic heart
failure and renal
impairment
clinical trial
(SymplicityHF)
Renal
denervation in
patients with
heart failure and
severe left
ventricular
dysfunction

Safety of renal
denervation in
heart failure
patients as
measured by
adverse events

Change in serum
NT-proBNP at 6
months and 1 year
from baseline in
both groups

Ventricular function
as measured by
echocardiography,
renal function as
measured by GFR

Reduction in the
number of
hospitalizations and/
or death due to
cardiovascular
causes

Sponsor Number

UMC
Utrecht

NCT01583681

Royal NCTO01840059
Bromptom

& Harefield

NHS

Foundation

Trust

Medtronic NCTO01392196

Vascular

University NCTO01870310
Hospital

Olomouc
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Table 13.2 (continued)
Study of renal Urine sodium Urine volume, urine | Adrian NCT01954160
denervation in excretion volume following Hernandez
patients with furosemide therapy
heart failure after sodium
(PRESERVE) loading, 24 h urine
sodium excretion,
GFR, serum cystatin
C, BUN level,
creatinine clearance,
urine albumin, renal
resistive index, LV
function symptoms,
neuroendocrine
markers, heart rate
parameters
Renal artery Number of NYHA classification | Imperial NCTO01584700
denervation in participants with to assess NYHA College
chronic heart adverse events classification of London
failure dyspnoea, 6-min
(REACH-Pilot) walk test,
cardiopulmonary
testing, NT-proBNP,
urinary excretion of
renal hormones
Renal artery Improvement of Improvement in Imperial NCT01639378
denervation in symptomatology peak VO, College
chronic heart cardiopulmonary London
failure study exercise testing,
(REACH) improvement in
self-paced exercise
distance, change in
chemoreflex
sensitivity, change
in NYHA functional
classification
Renal Composite Jiangsu NCTO01402726
sympathetic cardiovascular Provincial
modification in events, comprising People’s
patients with myocardial Hospital
heart failure infarction, heart Chongging
failure, sudden Medical
death, cardiogenic University

death

(continued)
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Table 13.2 (continued)

Renal All-cause Blood pressure, life | The First NCT01799906
sympathetic mortality, quality and Hospital of
denervation for | cardiovascular symptoms, Nanjing
patients with events rehospitalisation Medical
chronic heart rate, the recurrence University
failure rate of electric storm
(RSD4CHF) with ICD, cardiac
function and
structure
Renal Safety Ventricular function, | University Pending
denervation in renal function, of the
patients with symptoms (KCCQ) | Saarland,
chronic heart Clinic of
failure Internal
(RE-ADAPT-HF) Medicine I11

Reproduced with permission from Michael Bohm et al. [31]
BUN blood urea nitrogen, GFR glomerular filtration rate, /CD implantable cardioverter defibrilla-
tor, MR magnetic resonance

some of the beneficial effects of renal denervation. However, the doses of these
agents used are usually less than the doses needed to eliminate all stimulation of
B-receptors and angiotensin II receptors; thus, these patients may still benefit from
renal denervation.

The prevalence of co-morbidities in heart failure has gained increased impor-
tance in the growing and elderly population. A large proportion of hospitalizations
are due to noncardiac co-morbid conditions rather than for cardiovascular reasons
in advanced heart failure and they are correlated to mortality and morbidity. Since
co-morbidities are dependent on or further stimulate sympathetic activity, it is rea-
sonable to speculate that they could also provide an important target for renal dener-
vation to improve outcomes in the heart failure population.

Sympathetic activation of the renin—angiotensin II-aldosterone system has been
shown to be part of the cardiorenal syndrome affecting outcome and occurs in~ 50 %
of heart failure patients. Renal denervation reduced intrarenal resistive indices and
improved microalbuminuria [32].

About 50 % of patients with symptomatic heart failure suffer from insulin resis-
tance and type 2 diabetes. Since insulin resistance is dependent on sympathetic
activity, it appears likely that this co-morbidity could also be a target in the treat-
ment of heart failure with renal denervation.

Sleep apnoea is associated with heart failure. Recent studies have shown that
renal denervation was able to improve the apnoea—hypopnoea indices in patients
with sleep apnoea and resistant hypertension.

Interesting data suggest that any intervention which can modulate the cardiac
autonomic nervous system, and reverse the negative remodelling-associated sympa-
thetic overactivity, may result in a reduced risk of recurrent atrial arrhythmias.
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The relevance of these presently speculative observations needs to be substanti-
ated in clinical studies in heart failure patients.

Heart rate reduction has become a major therapeutic target in cardiovascular
diseases. Indeed resting heart rate is a modifiable risk factor in HF and is related to
outcomes. It might also be a clinical sign to predict sympathetic activation and also
different norepinephrine handlings of the failing heart. Renal denervation results in
areduction of heart rate of 3—4 b.p.m. However, renal denervation reduces the heart
rate in the highest tertile of baseline heart rates, i.e. >71 b.p.m., by 9 b.p.m., in
patients with hypertension. This mechanism might also be effective in heart failure
because selective heart rate reduction provides a better arterioventricular coupling
and unloading of the failing heart and is associated with an improved collateral
growth and an improved vascular stiffness in a model of diastolic heart failure.
Since the majority of the patients might be on treatment with beta-blockers as rec-
ommended by the guidelines, not all patients will be above the critical heart rate
threshold. Thus, heart rate reduction might apply only for a part of the heart failure
population [33].

13.6 Perspectives

Chronic systolic heart failure is characterised by overactivity of sympathetic
pathways, which contributes to a detrimental triad of arterial vasoconstriction,
increased chronotropic and inotropic stimulus and enhanced salt and water
reabsorption [34].

Renal sympathetic denervation has the potential to positively influence the
course and outcome in chronic heart failure. The first proof-of-concept trials in
HFREF and HFPEF have been initiated to verify improvement of exercise tolerance
and safety and also to provide data on the biological plausibility with marker stud-
ies. Furthermore, several subanalyses from these trials will address the question of
whether co-morbidities such as renal dysfunction, arrhythmias or metabolic disease
can be favourably influenced.

It is fundamental to continue with further appropriately designed renal denerva-
tion trials to identify markers for the confirmation that the renal sympathetic dener-
vation clearly occurred and was effective exists.

The renal denervation procedure may be technically easy; however, it is becom-
ing more obvious that the importance of the complex underlying anatomy and phys-
iology as well as the biophysics of radiofrequency lesion formation has been widely
underestimated. Investigators and device manufactures should be stimulated to per-
form rigorous preclinical and clinical studies to resolve essential unanswered
questions.

If long-term follow-up shows that renal denervation might determine measurable
benefits in terms of harder end points of morbidity and mortality, this new approach
could have the potential to become a strong candidate for representing a new device-
based standard of care in heart failure.
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Emilio Vanoli and Edoardo Gronda

To Donatella (1958-2010)

If you have made it here by skipping the entire book, to read just the end of it, well,
our suggestion is to give it a try from the beginning and you may find good reasons
to justify yourself for the time spent on these pages. If you have gotten here after
reading through it, we hope you enjoyed this book.

How many times did we hear: back to the future? Many times, probably, and the
fortune of that great movie will never fade away. Here, once more, the same com-
mon recall of a great hit? Well, try to think about reading great science of the 1950s
through the 1970s telling us how much damage would an uncontrolled sympathetic
activation do to a wounded heart. Back to the future now, we wonder how much
benefit can be given to the heart controlling such outrage.

Back to the future because after so many years of misunderstanding that ham-
pered the development of dedicated research to integrated physiology, we are now
using a more comprehensive approach, yet far from being satisfactory, to the auto-
nomic nervous system. This book speaks of symphony orchestra, harmony, and ser-
enades, but when harmony is broken and it is replaced by restless hyperactivity,
swelling, and pain, then failure is about to come.

The key word is indeed ANS activation, which is not the consequence but,
mostly, the cause of left ventricle dysfunction evolving towards heart failure. This is
because an unrestrained acceleration is the killer of any engine, even the most
sophisticated ones, like the human heart and the cardiovascular system. The burden
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of the failing and dying heart triggers a genetic remodeling, which prompts cardiac
cells to express new proteins with diuretic and vasodilating actions or to remodel
contractile proteins. However, if we lose the capability to control the drive, then the
horse race can only have a fatal end.

There are now new molecules able to modulate the effects of endogenous diuret-
ics/vasodilators, namely, brain natriuretic peptides, and new devices are now able to
modulate the neural traffic to the two major players of the game: the heart and the
kidneys. This while the central nervous system is standing by, expecting to see its
needs of oxygen fulfilled.

This is a book we all (editors and authors) are proud of, and we sincerely hope
that it will bring a small but strong contribution to a novel thinking of heart failure
and the autonomic nervous system.
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