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Abstract

Research on the therapeutic modulation of cardiac autonomic tone by electrical stimulation has

yielded encouraging early clinical results. Vagus nerve stimulation has reduced the rates of

morbidity and sudden death from heart failure, but therapeutic vagus nerve stimulation is limited

by side effects of hypotension and bradycardia. Sympathetic nerve stimulation that has been

implemented in the experiment may exacerbate the sympathetic-dominated autonomic imbalance.

In contrast, concurrent stimulation of both sympathetic and parasympathetic cardiac nerves

increases myocardial contractility without increasing heart rate. This review assesses the current

state of electrical stimulation of the cardiac autonomic nervous system to treat heart failure.

Heart disease is the leading cause of death worldwide [1]. Progress in developing

pharmacologic therapies, interventional and surgical cardiovascular procedures, heart

transplants, and mechanical circulatory support devices to treat heart failure (HF) has slowed

the increase in HF-associated mortality. In spite of this improvement, aging of the

population has led to a steadily increasing incidence of HF in the United States [2].

Currently available HF therapies have limited efficacy. Thus, innovative therapies are

needed to reduce the incidence of the costly morbidity and devastating mortality associated

with HF.

HF pathophysiology is associated with neurohormonal activation of the sympathetic nervous

and renin-angiotensin systems, resulting in increased plasma levels of norepinephrine (NE),

angiotensin II, and endothelin-1. In addition, plasma levels of inflammatory biomarkers and

cytokines increase (eg., tumor necrosis factor-α and C-reactive protein), as do markers of

systemic and cardiac oxidant stress [3]. The sympathetic and parasympathetic autonomic

nervous systems exert opposing influences on cardiac function; thus, addressing the

imbalance is crucial in finding effective new modes of intervention. To address these

factors, a number of efforts in translational research are being made to evaluate the

therapeutic potential of modulating cardiac function by stimulating cardiac autonomic

nerves [4–7].
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Use of vagus nerve stimulation (VNS) as a medical therapy to counter sympathetic nervous

system activation in HF has yielded encouraging results [8–12]. In both animal and early

clinical studies, it is clear that optimal cardiac neurostimulation therapy varies, based on the

type and severity of HF and on the individual balance of sympathetic and parasympathetic

autonomic activity.

This article reviews cardiac innervation and sympathovagal cardiac autonomic imbalance in

chronic HF and highlights the state of the art with regard to the use of electrical stimulation

of the cardiac autonomic nervous system as a treatment for both chronic and acute HF.

Efforts to use vagal and sympathetic cardiac nerve stimulation, as well as new results from

concomitant stimulation of both sympathetic and parasympathetic cardiac nerves at the

cardiac plexus, are summarized. We focus on the impact of these therapies on cardiac

function and cardiovascular physiology and compare and contrast these with conventional

HF treatment algorithms.

Cardiac Innervation

Cardiac autonomic innervation originates from the central nervous system as

parasympathetic preganglionic nerve fibers from the vagus nerve (10th cranial nerve) and

from sympathetic preganglionic nerves originating from the spinal cord. Vagal

preganglionic fibers travel directly to an array of ganglia located on the epicardium.

Sympathetic preganglionic nerves communicate with sympathetic paravertebral and

prevertebral ganglia located close to the spinal cord. Sympathetic postganglionic peripheral

nerves then travel to the heart (Fig 1).

Cardiac autonomic nerves are concentrated in the cardiac plexus, a network of autonomic

nerves formed by postganglionic sympathetic nerve fibers from the cervical and thoracic

ganglion and preganglionic parasympathetic branches from the vagus nerves,

parasympathetic ganglion, and parasympathetic postganglionic fibers. The cardiac plexus is

embedded in the adventitia of the great vessels, in the concavity of the aortic arch, in front of

the right pulmonary artery and of the bifurcation of the trachea, above the point of division

of the pulmonary artery, and behind the aortic arch. Sympathetic postganglionic nerves that

are extensions of the cardiac plexus run along the coronary arteries (coronary plexus).

Intrinsic cardiac neurons are present throughout the atria (especially in the sinoatrial node)

and ventricles, including the conduction system of the heart.

A second important pathway modulating cardiac activity by sympathetic innervation is the

sympatho-adrenal response, by which the secretion of catecholamines (adrenaline and NE)

into the bloodstream is the result of activation of preganglionic sympathetic fibers

innervating the adrenal medulla. This response results in a strong positive inotropic effect on

the heart (β1 adrenergic agonist) accompanied by peripheral vasodilation in the skeletal

muscle vasculature at low blood levels (β2-adrenergic dominant), with generalized

peripheral vasoconstriction at higher levels (α-adrenergic dominant).

Cardiac neurons interact through a number of synaptic mechanisms to influence heart rate

(HR), ventricular function, and secretion of natriuretic peptides [13]. The primary

sympathetic neurotransmitter (NE) produces an increase in HR, myocardial conduction
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velocity, and contractility. Conversely, the parasympathetic neurotransmitter acetylcholine

(ACh) reduces HR.

From the perspective of cardiac function, sympathetic stimulation increases cardiac output,

myocardial work, and myocardial oxygen consumption (MVo2), whereas parasympathetic

stimulation increases cardiac efficiency by slowing HR to take advantage of preload effects,

decreases MVo2, and increases coronary diastolic perfusion times with a much less

significant effect on cardiac output. In canine studies using concurrent sympathetic and

parasympathetic cardiac nerve stimulation, Levy [8] and Levy and Zieske [14] concluded

that vagal effects on HR predominate over sympathetic effects, showing that the positive

chronotropic effects produced by strong sympathetic stimulation can be inhibited by

relatively weak vagal stimulation. This observation was later supported in studies by Brack

and colleagues [15].

Cardiac autonomic control requires a dynamic balance of sympathetic and parasympathetic

tone. Baseline cardiac sympathetic tone is adjusted in response to inputs from

cardiopulmonary receptors, arterial baroreceptors, and afferent central nervous system

chemoreceptors. Adjustments are immediate in response to changes in blood pressure.

However, they occur over minutes in response to changes in blood volume as cardiac

sympathetic nerve activity increases with increased blood volume and occur chronically in

response to stress, alterations in hormonal levels, or chronic stimuli (eg, obesity,

hypertension, and persistent HF) [16]. These chronic factors are additive with respect to

their effects on plasma NE and sympathetic nerve activity [17]. Parasympathetic (vagal)

tone may protect cardiac function by decreasing HR and mitigating sympathetic arousal

[18].

As stated above, the sympathetic and parasympathetic autonomic systems affect cardiac

function differently, but they also have direct inhibitory effects on each other at the

neurotransmitter level. The NE release from sympathetic nerve terminals inhibits ACh

release from neighboring vagal fibers, whereas ACh can prevent the release of NE [8, 19].

With concurrent sympathetic and parasympathetic cardiac stimulation, the initial response is

expected to be primarily parasympathetic because of the slower rate of release of NE and

slower rate of adrenergic signal transduction [20]. Also, ACh acts almost immediately on

release and can markedly suppress the release of NE from the sympathetic nerves very soon

after the onset of stimulation.

The baroreflex is one of the body’s homeostatic mechanisms for maintaining blood pressure

and its primary physiologic role is in afterload control. Baroreceptors located in the aortic

arch, carotid sinus, systemic vein, pulmonary vessel, atria, and ventricles sense blood

pressure and increase or decrease vascular resistance and cardiac output through the

autonomic nervous system. Baroreflex electrical stimulation inducing parasympathetic

activation and sympathetic inhibition has been reported to decrease hypertension and has

been recently applied to HF as summarized by Lopshire and Zipes [11].
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Cardiac Sympathovagal Imbalance in Heart Failure

Imbalance of the cardiac autonomic nervous system is characterized by marked sympathetic

activation and abnormally low levels of parasympathetic activity under conditions of

obesity, stress, hypertension, and cardiovascular diseases, including coronary artery disease

[13, 16, 17, 21, 22]. In the early stages of HF, activation of cardiac sympathetic nerves

provides a compensatory physiologic response that improves cardiac function by its positive

inotropic and chronotropic effects during transient periods of increased physiologic demand.

However, in later stages of HF, excessive upregulation of sympathetic neural tone has

pathologic effects [13, 21–23]. Persistent sympathetic activation and parasympathetic

withdrawal in HF patients is believed to contribute to the progression and pathogenesis of

HF [24]. The level of sympathetic activity is closely linked to the severity of symptoms and

hemodynamic derangement in HF. Elevated plasma NE levels, due in part to release from

the adrenal medulla, are highly predictive of short-term mortality [23]. Sympathetic

excitation can lead to peripheral vasoconstriction and acutely shorten the refractory period

of ventricles, reducing the threshold of ventricular fibrillation [13]. Sympathetic-dominant

autonomic imbalance increases the incidence of life-threatening arrhythmia and sudden

cardiac death in chronic HF [21, 22].

Effect of Autonomic Imbalance on the Renin-Angiotensin System and

Systemic Inflammatory Mediators

In chronic HF exacerbated by increased sympathetic tone, rebalancing cardiac autonomic

control attenuates systemic inflammation and slows HF progression [5, 13]. The

pathophysiology of HF is also associated with activation of the renin-angiotensin system and

elevation of plasma biomarkers of inflammatory activation, cytokines, and systemic and

cardiac oxidant stress [3]. The pathophysiologic effects of a decrease in parasympathetic

tone may reflect the vagus nerve’s role as the efferent arm of the “cholinergic anti-

inflammatory pathway” [25]. Studies have shown that the parasympathetic nervous system

acts as a physiologic regulator of the inflammatory response to immune system activation.

The parasympathetic nervous system senses and attenuates inflammation by efferent neural

outflow to the reticuloendothelial system. It has been postulated that parasympathetic

stimulation reduces production of systemically active cytokines by spleen cells and activates

ACh receptors on the surface of macrophages within the spleen, resulting in reduced

expression of inflammatory mediators and adhesion molecules [26].

Parasympathetic nervous system inhibition of the renin-angiotensin system has been

demonstrated in animal studies: one showed that vagal efferent nerves inhibit release of

renin by the kidneys [27] and another that vagal blockade significantly increased plasma

renin activity [28]. Our studies showed that VNS treatment significantly reduced elevated

levels of plasma NE, angiotensin II, and C-reactive protein in HF dogs [5]. Current HF

pharmacologic treatment utilizes angiotensin-converting enzyme inhibitors, angiotensin II

receptor blockers, and aldosterone antagonists [29, 30], all of which decrease the systemic

inflammatory response [31, 32].
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Cardiac Autonomic Nerve Stimulation Therapy

Vagus Nerve Stimulation: Animal Model and Clinical Heart Failure Studies

Although direct VNS primarily has a negative chronotropic effect, some animal and human

studies have shown a decrease in left ventricular (LV) work and efficiency with VNS [33–

35]. There is general agreement, however, on its potential benefit in reestablishing cardiac

autonomic balance in response to the increased sympathetic tone in HF animal models and

in HF patients [5, 13, 36–38]. Along with its hemodynamic effects, VNS attenuates the

systemic inflammatory response and activation of the renin-angiotensin system in animal HF

models, which has been shown to be beneficial in HF treatment [8, 28]. The most

therapeutic effect of VNS in treating chronic HF is its reduction of elevated HR created by

increased sympathetic tone, which improves diastolic filling and coronary perfusion and

reduces MVo2. These VNS effects combine to slow or reverse the progression of chronic

HF. In patients with severe coronary artery disease, VNS reduced sympathetic tone by

inhibiting the release of NE, resulting in improved microcirculation and LV contractility.

Vagal activation has also been shown to have a powerful antifibrillatory effect [39].

In recent pilot VNS clinical studies, patients diagnosed with New York Heart Association

(NYHA) class II/III HF were treated with an implantable VNS system (CardioFit,

BioControl Medical USA, New Hope, MN) that delivered pulses to the right cervical vagus

nerve through a multiple contact bipolar nerve cuff electrode [4, 38]. At 1-year follow-up,

VNS was associated with a reduction in HR (p = 0.003), increase in LV ejection fraction (p

< 0.0001), and improvements in NYHA class (p < 0.001) and 6-minute walk (p = 0.012).

Pharmacologic Therapy Versus Vagus Nerve Stimulation

The negative chronotropic effects of VNS mimic the actions of anti-adrenergic beta-

blockers, which have been proved effective in reducing mortality and improving cardiac

function in chronic HF patients [40]. However, systemic side effects, such as arterial

hypotension and bradycardia, limit the use of beta-blockers in the acute HF setting. The

recent systolic HF treatment with the If inhibitor ivabradine trial (SHIFT) evaluated the

effects of ivabradine, a selective inhibitor of the If current in the sinoatrial node, without

inotropic effects [41]. This randomized, double-blind study in NYHA class II–III HF

patients demonstrated that HR in patients on ivabradine fell by 15.4 ± 10.7 beats per minute

at 28 days and that hospital admission rates for worsening HF were significantly lower in

patients taking ivabradine than placebo (21% placebo versus 16% ivabradine; p < 0.0001)

with significantly fewer deaths attributable to HF (5% vs 3%; p = 0.014).

Although the effects of VNS on HR are similar to those of ivabradine or beta-blockers, VNS

also attenuates the systemic inflammatory activation and the effects of renin-angiotensin

system activation that are associated with the progression of heart disease. It is notable that,

relative to adjusting medication levels, the effects of VNS can be much more quickly titrated

by changing stimulation parameters. As noted above, VNS significantly improved NYHA

functional class and LV ejection fraction in initial clinical trials in NYHA class II–III HF

patients [37]. As a result, VNS is being proposed as an adjuvant to defibrillator and

resynchronization therapies for this population [42]. Both VNS and pharmacologic HF
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therapies target stable chronic HF patients to achieve long-term therapeutic effects and are

not recommended for endstage or acute-phase severe HF patients in need of increased

cardiac output.

Sympathetic Stimulation: Experimental Studies

Cardiac sympathetic nerve stimulation (SNS) alone produces a cardioselective positive

inotropic effect without significant effects on systemic vascular tone. In ex vivo studies

using isolated rabbit and canine hearts, cardiac SNS increased LV pressure by increased

contractility [43, 44]. The SNS at the subclavian artery also increased the adrenergic neural

tone of the heart [7]. Unfortunately, SNS also significantly increases HR, leading to a

significant increase in MVo2, the same adverse effect associated with the use of inotropic

drugs such as dobutamine to override beta-receptor downregulation and acutely augment LV

contractility in patients with acute and endstage HF [45, 46]. The mortality rate for inotrope-

dependent patients at 6 months is more than 50%, with few survivors at 1 year [44, 47].

Positive inotropic agents are no longer recommended for long-term treatment of HF, even in

its advanced stages, and are in some cases reserved for the palliative care of endstage HF

patients, in whom the increased mortality risks are traded for an improved quality of life [48,

49]. As a result, there has been no significant clinical application of direct cardiac SNS as

HF therapy.

It has long been known that the positive inotropic effects of SNS are stronger with

stimulation of the left-sided cervical sympathetic nerves, whereas the chronotropic effects

are stronger with right-sided SNS [44]. Future research into the identification of separate

cardiac sympathetic neural elements that selectively affect LV contractility over HR may

allow sympathetic neuro-modulation in HF therapy. More recent animal studies have

investigated the impact of selective SNS by stimulation directly at the heart in isolated heart

experiments (ex vivo) and by in vivo deployment of stimulating catheters into the coronary

sinus [6, 7].

Concurrent Parasympathetic and Sympathetic Nerve Stimulation

Efforts to therapeutically manipulate the balance of parasympathetic and sympathetic nerve

activity are complicated by the range of organ systems and noncardiac functions that these

nerves regulate (systemic arterial pressure, body temperature, gastrointestinal motility,

glandular secretion, respiration, renal and urinary bladder function, etc). Pharmacologic

manipulation has been performed using NE, Ach, and their analogs to mimic the effects of

autonomic nerve stimulation, yet it remains difficult to determine the extent to which such

manipulation models the effects of activating neural pathways. Previous end-organ studies

using concurrent sympathetic and parasympathetic stimulation have focused on direct

stimulation of the vagus nerve and its branches while also stimulating either cervical

sympathetic nerves or sympathetic paravertebral and prevertebral ganglia [4–7, 13, 36–38,

43, 44]. An ex vivo study focusing on the chronotropic effects of SNS and VNS was

performed on isolated rabbit hearts [15]. Background VNS reduced the overall positive

chronotropic effect of SNS with the level of inhibition increasing with increasing

background VNS frequency. Background SNS, however, acted to enhance the negative

chronotropic effects of VNS. These observations reinforce previously discussed studies
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showing that VNS activity has a dominant role in regulating chronotropic effects on the

heart and that the cardiac parasympathetic system has an important protective role in

limiting sympathetically driven physiologic effects.

In reviewing the literature, we could find no in vivo animal studies that focused on

concurrent stimulation of parasympathetic and sympathetic cardiac nerves to affect cardiac

and hemodynamic function. In recent studies, we have examined the cardiac effects of

stimulation at the cardiac plexus, which contains both sympathetic and parasympathetic

nerves traversing the adventitia of the great vessels at the base of the heart. Stimulation at

this site produces localized cardiac effects that minimize or eliminate the other end-organ

side effects that are associated with stimulation of autonomic nerves above the level of the

heart. We stimulated the cardiac plexus of healthy dogs using a single bipolar electrode at

the epivascular surface of the right branch of the pulmonary artery. We reported increased

LV contractility secondary to sympathetic stimulation with no increase in HR in all (12 of

12) dogs. This study demonstrated that, during use of concurrent sympathetic and

parasympathetic cardiac nerve stimulation, parasympathetic stimulation has a dominant-

negative chronotropic effect over that of sympathetic cardiac stimulation [50]. Although this

reproducible response to cardiac plexus stimulation (CPS) was demonstrated in healthy

dogs, it also has potentially therapeutic applications in the treatment of advanced HF.

Clinical evaluation of simultaneous stimulation of parasympathetic and sympathetic cardiac

nerves has not been reported, and its potential therapeutic effects are still unclear for HF

patients.

Stratification of Cardiac Autonomic Nerve Stimulation in the Treatment of

Heart Failure

Jessup and Brozena [42] stratified patient treatment options relative to their American

College of Cardiology/American Heart Association stage of systolic HF. Stage A is a high-

risk group with no symptoms. Stage B covers structural heart disease with no symptoms;

angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers are

recommended for all patients, and beta-blockers in selected patients. Treatment for stage C

patients with structural disease with previous or current symptoms includes angiotensin-

converting enzyme inhibitors, beta-blockers, cardiac resynchronization therapy for bundle

branch block, revascularization and mitral valve surgery, aldosterone antagonists and

nesiritide. Stage D patients have symptoms refractory to the listed treatments that require

inotropes or special interventions such as the implantation of a ventricular assist device or

even heart transplantation. Although VNS is being proposed as an adjuvant therapy to

defibrillator and resynchronization therapies for stage C patients (or chronic NYHA class

II/III patients), we propose that concurrent parasympathetic stimulation and SNS may also

be useful as an alternative treatment even for stage D/NYHA class IV patients.

Conclusions and Future Perspective

Results from recent cardiac neurostimulation studies in both HF animal models and early

clinical studies are encouraging. Efforts to optimize stimulation sites and stimulation

parameters may lead to increased use of cardiac neurostimulation that can be tailored to the
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type and severity of HF, based on the balance of sympathetic and parasympathetic

autonomic control, the individual patient’s hemodynamics and myocardial reserve capacity,

and the degree of myocardial ischemia and dysfunction. Sympathovagal imbalance is

associated with both hemodynamic and systemic effects, resulting in the activation of

inflammatory and hypertensive mediators. To date, VNS is the only form of cardiac

neuromodulation that has reached clinical application and thus far, only for the treatment of

chronic early stage HF. VNS seems likely to decrease rates of long-term morbidity and

mortality by alleviating the hemodynamic and systemic chronic pathology related to

sympathetic-dominant cardiac autonomic imbalance.

Pharmacologic manipulations that seek to mimic the effect of nerve stimulation have

significant limitations and adverse systemic effects that may be overcome by use of cardiac

nerve stimulation or by direct CPS. The ultimate answer may lie in unraveling the molecular

mechanisms of autonomic imbalance in HF, but for now cardiac neuromodulation is a near-

term option with great promise for the treatment of HF. To enhance the efficacy of CPS,

additional studies are needed to develop dedicated electrode arrays that can cover a greater

proportion of the epicardial and endocardial surfaces of the cardiac plexus and to better

define the stimulation parameters and stimulation sites that can be used in both ischemic and

nonischemic chronic HF models.

The increased incidence of morbidity and mortality associated with the use of inotropes in

treatment of both acute and chronic severe HF are well documented. Intra-operative

epivascular CPS placement (post surgeries) can be used to eliminate or reduce inotrope use

in immediate postoperative acute HF as well as chronic HF, or at the onset of acute HF in

previously stable chronic HF patients. The CPS effect of increased cardiac output while

limiting the high metabolic demand of increased heart rate can be advantageous for both

advanced and post-surgical HF patients in whom increased sympathetic tone can exacerbate

cardiac ischemia.

Proof of its therapeutic effects of CPS could lead to its elective use in stable advanced HF

patients by minimally invasive delivery techniques. The programmable graded cardiac

response to varying levels of CPS demonstrated in this study would enable clinicians to

select stimulation parameters based on the current stage of HF, increasing maintenance

stimulation parameters in a chronic HF patient to either prevent onset of or treat acute

cardiac decompensated HF.

We hope to extend this rapidly growing knowledge base by developing neuromodulation

algorithms targeted to the type and severity of HF that utilize VNS, SNS, and concurrent

stimulation of both parasympathetic and sympathetic cardiac nerves.

The effectiveness of CPS therapy may be limited in those patients with little functional

cardiac reserve, and any adverse effect on existing cardiac rhythm disturbances may present

a complicating factor with the progression of ischemic heart disease. The tolerance of the

cardiac plexus and vascular tissues to chronic stimulation is yet to be studied and may

present a tradeoff of effectiveness versus safety and long-term stability. Potential problems
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include loss of tissue sensitivity to stimulation, depletion of neurotransmitters, reflex cardiac

autonomic stimulation, and loss of natural cardiac autonomic tone.

Abbreviations and Acronyms

ACh acetylcholine

CO Cardiac output

CPS cardiac plexus stimulation

HF heart failure

HR heart rate

LV left ventricular

MVo2 myocardial oxygen consumption

NE norepinephrine

NYHA New York Heart Association

PNS parasympathetic nervous system

SNS sympathetic nerve stimulation

VNS vagus nerve stimulation
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Fig 1.
Innervation of the heart. (AVN = atrioventricular node; SN = sinus node.)
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