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Preface

The impetus to write a textbook exploring the role of the clinical cardiac electrophysiologist,
in the management of systolic heart failure, arose from a genuine interest in more intimately
managing my patients with congestive heart failure. It became apparent that there was a
lack of a streamline exchange of information, between the heart failure specialists and the
electrophysiology service.

This inspired me to become boarded not only in clinical cardiac electrophysiology but also
in advanced heart failure and cardiac transplantation. This furthered my appreciation of
how important it has become for these two disciplines to work hand in hand. This inspired
me to create a textbook, which explored the role of the clinical cardiac electrophysiologists
in the management of systolic heart failure.

Electrophysiology has experienced a remarkable evolution. From the early days of using an
intravascular catheter to recording a His Bundle, better identifying patients in need of per‐
manent pacing to the use of a similarly designed intravascular catheter to ablate the focus of
a plethora of arrhythmias. This enabled us to better identify, understand, and more defini‐
tively treat the wide variety of arrhythmia we encounter in clinical medicine. Over the past
decade with refinements in imaging technologies, we have expanded our armamentarium to
more complex rhythm disturbances, effectively treating atrial fibrillation and complex ven‐
tricular tachycardia. These advances have resulted not only in mortality benefits but also in
improved quality of life.

Equally remarkable is the evolution of the cardiac devices. From the first-generation pace‐
maker and the first implantable cardioverter defibrillator (ICD), we now have devices that
integrate both technologies. From a cumbersome extracorporeal device, to a simple pacing
and ICD system, we have now integrated these two technologies and incorporating a strate‐
gically placed coronary sinus lead to resynchronize the right and left ventricles in patients
with systolic heart failure and a left bundle branch block. This has had a major impact on the
morbidity and mortality of an ever-expanding population.

Although a great deal remains to be learned, in particular what will be the role of the elec‐
trophysiologist in the management of the arrhythmic issues faced by patients following the
insertion of a left ventricular assist device (LVAD). With a reduction in available donor
hearts and an expanded role of the (LVAD) destination therapy will have an ever-expanding
role in managing these patients. This will undoubtedly expand the critical role of the electro‐
physiologists in the management of these complex patients.

The impetus of this textbook is to reinforce the electrophysiologists and their colleagues in
advanced heart failure the synergistic roles they introduce in the management of these very



complex patients. It also serves as a stepping stone to what I truly believe will be a growing
body of literature.

The textbook is organized in four sections:

Section 1 explores newer pharmacology and novel therapeutic techniques in the treatment
of systolic heart failure. Section 2 focuses on the role of implantable devices in the manage‐
ment of systolic heart failure including the impact of cardiac resynchronization therapy
(CRT), addressing who is most likely to respond and how we can optimize this response.
Section 3 discusses the role of transcatheter ablative therapy in the management of atrial
fibrillation and other arrhythmias in patients with heart failure. The final section looks at the
impact of thyroid disease in congestive heart failure.

I want to extend a heartfelt thank you to the collection of international authors who contrib‐
uted to this textbook, without whom this textbook would not have been possible. It is my
hope that the textbook will meet its stated objective and will serve as the fodder for physi‐
cians at all levels of training to appreciate the intimate role of the these two important disci‐
plines of cardiovascular medicine.

I would like to extend a thank you to Carolyn my partner in crime who had to endure end‐
less hours without me while I was preparing this book. I also want to thank my twin daugh‐
ters Alexis and Denae who are busy with Medical and Law schools, respectively, and had to
endure my lateness to many social engagements. Without everyone’s patience, this book
would not have been possible.

Dr. John Kassotis
Director of Clinical Cardiac Electrophysiology Section and Fellowship Program

SUNY Downstate Medical Center
New York, USA
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Chapter 1

Role of New Therapies in Reducing Mortality and

Major Morbidity in Patients with Systolic Heart Failure

Oleg Yurevich and Jeffrey S. Borer

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66284

Provisional chapter

Role of New Therapies in Reducing Mortality and Major

Morbidity in Patients with Systolic Heart Failure

Oleg Yurevich and Jeffrey S. Borer

Additional information is available at the end of the chapter

Abstract

Though heart failure therapies, particularly for systolic heart failure, have developed
rapidly and markedly during the past four decades, a need for additional relief persists
and is progressively being met. Two new drugs have been approved for marketing in the
United States within the past two years, and two other glucose lowering therapies for
diabetes appear to have efficacy for heart failure as well. In addition, device therapy for
heart failure has progressed markedly during the past 5 years, particularly in refinements
of the indications and applications of devices to minimize symptoms and hospitalizations
and to maximize survival. This chapter will outline these recent developments.

Keywords: cardiovascular pharmacology, cardiovascular devices, angiotensin recep‐
tor blocker neprilysin inhibitor (ARNI), heart rate slowing, glucagon‐like peptide re‐
ceptor agonist

1. Introduction

Heart failure affects almost 6 million Americans [1], of whom 1 million are hospitalized for heart
failure annually [2]. According to latest available data published in June 2016 in the National
Vital Statistics Report, in 2014 cardiovascular diseases were the leading causes of death in the
United States, responsible for 803,227 deaths of which 68,626 (8.5%) were related to heart failure
[3]. Recent therapeutic advances suggest the potential for important amelioration of these
outcomes when the new therapies are added to conventional modalities. In this chapter we will
review the recent data supporting the incorporation of these new therapies into clinical practice.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Ivabradine

In April 2015, FDA approved ivabradine for reduction of heart failure hospitalizations for
patients with heart failure with reduced ejection fraction (HFrEF) [4].

Ivabradine selectively blocks sinoatrial nodal cell hyperpolarization‐activated cyclic nucleo‐
tide‐gated (HCN) channels and, consequently, blocks the resulting transmembrane current (If)
by entering and binding to a site in the channel pore from the intracellular side [5, 6]. In the
United States, it is currently indicated for reduction in heart failure hospitalizations in patients
with symptomatic chronic heart failure with ejection fraction ≤35% who are in sinus rhythm,
with heart rate ≥70 beats per minute who already are being treated with maximally tolerated
β‐blockade [7] (as well as other conventional drugs for HFrEF). The drug now is recommended
in the updated AHA‐ACC guidelines for treatment of patients with HFrEF (class IIa recom‐
mendation, level of evidence B‐R) [8]. In several other countries, the drug also is indicated for
reduction in mortality or heart failure hospitalizations in patients with HFrEF, and also to
prevent angina pectoris in symptomatic patients with chronic stable coronary artery disease
irrespective of heart failure.

Ivabradine is unique in that it targets the HCN channel subtype found predominantly in
sinoatrial nodal cells [9] and, thus, has little effect elsewhere in the heart or in other tissues
(though drug action on HCN channels in the retina, similar to those in the sinoatrial node, is
believed to underlie the side effect of visual phosphenes [flashing scotomata] reported in 3%
of patients in the Systolic Heart Failure Treatment With the If Inhibitor Ivabradine Trial
[SHIFT]). This locus of activity differs from that of β‐blockers, which also slow heart rate but
act wherever β‐receptors are present (e.g., in the ventricles, causing negative inotropy, in the
bronchi, causing bronchoconstriction, etc.) and from calcium channel blockers, the action of
which, in the heart and smooth muscle, can cause negative inotropy, hypotension, and
constipation. Ivabradine is a selective and specific inhibitor of the myocardial If, a current
involved in modulating the cardiac pacemaker current [10]. At therapeutic concentrations,
both in animals and humans, ivabradine does not affect any other cardiac channel or current
(including those involving Na+, K+, or Ca2+) [6].

To be active, ivabradine needs to penetrate the HCN channels; this requires appropriate
orientation of the channel components, which occurs when the channel is hyperpolarized to
[‐40 mV]. Thus, the relevant channels are hyperpolarization‐activated. As heart rate increases,
the time during which the channels are hyperpolarized, and thus open to ivabradine, increases.
Consequently, ivabradine‐mediated heart rate reduction is “use dependent,” i.e., it is more
pronounced as heart rate increases [9].

Dosage: The evidence‐based and recommended maximal dose of ivabradine is 7.5 mg twice
daily [11]; the recommended starting dose of 5 mg twice daily.

Clinical evidence: Evidence supporting the utility of ivabradine for HFrEF primarily derives
from SHIFT. The study was an event‐driven, multinational, randomized, double‐blinded,
parallel‐group trial in patients in sinus rhythm with heart rate ≥70 beats/min with moderate‐
to‐severe heart failure and left ventricular ejection fraction ≤35% [11].

The Role of the Clinical Cardiac Electrophysiologist in the Management of Congestive Heart Failure4
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The study involved 6505 patients (53 of the original 6558 patients were censored for a major
protocol violation) from 677 centers in 37 countries. Participants were randomized to ivabra‐
dine titrated to a maximum of 7.5 mg twice daily or to matched placebo and were followed for
a median of 22.9 months and a maximum of 42 months [11, 13].

Study subjects were at least 18 years old (male and female) with symptomatically stable heart
failure (and drug therapy) for at least 4 weeks and a hospitalization for worsening heart failure
within the previous 12 months [11].

Treatment with ivabradine was associated with a placebo‐subtracted average reduction in
heart rate of 10.9 bpm at 1 month after randomization and 9.1 bpm at 1 year. The SHIFT primary
composite endpoint (cardiovascular death or first hospitalization for worsening heart failure)
was reduced by 18% (hazard ratio, 0.82 [95% CI, 0.75–0.90], p < 0.0001), driven primarily by
reduction in hospitalizations for worsening heart failure (26% reduction, hazard ration, 0.74
[95% CI, 0.66–0.83], p < 0.0001). Death from heart failure fell to 26% (hazard ratio, 0.74 [95% CI,
0.58–0.94], p = 0.014).

From 1 year onward, at least 70% of patients were at the target dose of ivabradine (7.5 mg twice
daily). By contrast, only 49% of the 6505 patients enrolled in the trial were able to reach at least
50% of evidence‐based target β‐blocker dose at baseline (90% were receiving at least some dose
of beta blocker) because of contraindications or poor tolerability [11].

Cardiovascular and all‐cause deaths were not significantly reduced by ivabradine [11], though,
numerically, a 9% reduction in cardiovascular death was observed in the ivabradine group.
(However, in Europe, the European Medicines Agency ordered a reanalysis of the data with
entry at heart rate ≥75 bpm. This analysis revealed significant reduction in mortality as well
as in hospitalizations. As a result, approval in Europe is for patients with symptomatic heart
failure and LVEF ≤35% in sinus rhythm with heart rate ≥75 bpm.)

Sudden cardiac death was not affected by ivabradine, perhaps because of the effect of the
background β‐blocker treatment, which, unlike ivabradine, has intrinsic electrophysiological
effects and is known to affect sudden cardiac death [11].

Postulated mechanisms of benefit from ivabradine‐mediated heart rate reduction include
decreased myocyte ischemia, improving the balance between myocardial oxygen (and energy)
supply and demand; this effect is attributable not only to reduction in demand but also to
increased supply caused by lengthening duration of diastole during which coronary flow
occurs, and lack of negative lusitropy (relaxation, an active process that is inhibited by ischemia
and also by beta blockade) reducing impedance to coronary flow relative to beta blockade [12];
other data suggest that use of the drug also increases endothelial cell proliferation, endothelial
nitric oxide synthase (eNOS) activity, and increased collateral function [13].

The most prominent adverse effects of ivabradine are excessive bradycardia [14–16], atrial
fibrillation [14, 15], and phosphenes (visual brightness in one portion of the visual field) [15,
16], and a small but significant increase in systolic blood pressure (the clinical importance of
which is not clear) [15]. In SHIFT, the drug was not studied in patients with acute decompen‐
sated heart failure and thus is not indicated for such patients, through recent data [17, 18]

Role of New Therapies in Reducing Mortality and Major Morbidity in Patients with Systolic Heart Failure
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suggest that beginning the drug early during a hospitalization for acute decompensated heart
failure is acceptably safe and is effective in lowering heart rate. The drug also is contraindicated
in patients with blood pressure less than 90/50 mmHg, and in the presence of sick sinus
syndrome, sinoatrial block, or third degree AV block, unless a functioning demand pacemaker
is present, and in patients with severe hepatic impairment or concomitant use of strong
cytochrome P450 3A4 (CYP3A4) inhibitors or enhancers (ivabradine is metabolized in the liver
by the P450 CYP 3A4 system). Because the target heart rate (supported by the SHIFT data [11])
is 50–60 bpm, the drug should not be given if the pretherapy heart rate already is ≤60 bpm;
also, ivabradine is contraindicated (because it would have no effect) in patients who are
pacemaker dependent (heart rate maintained exclusively by the pacemaker). Animal studies
indicate the potential for fetal cardiac malformations if given during pregnancy [15]; therefore,
its use is contraindicated during pregnancy and, if used in nonpregnant women of child‐
bearing age, effective contraception should be assured. At doses up to 10 mg BID, ivabradine
prolongs the uncorrected QT interval; however, when appropriately corrected for heart rate,
this increase does not exceed 2 ms, precluding direct proarrhythmic potential [16].

3. Sacubitril‐valsartan

In July 2015, a few months after approval of ivabradine, FDA approved sacubitril‐valsartan,
also for treatment of patients with HFrEF [19].

Sacubitril‐valsartan is a combination of an already approved angiotensin receptor blocker
(valsartan) and a neprilysin inhibitor (such combination drugs are now known as ARNIs).

Neprilysin is a neutral endopeptidase and plays an important role in pathogenesis of heart
failure and hypertension by catalyzing the degradation of endogenous vasoactive peptides,
such as atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), C‐type natriuretic
peptide (CNP), endothelin‐1 (ET‐1), angiotensin II, and bradykinin [20]. Inhibition of neprily‐
sin raises blood concentrations of these vasoactive peptides, some of which have potentially
beneficial hemodynamic effects in patients with heart failure [20].

Inhibition of this neutral endopeptidase promotes sodium and water excretion by inhibiting
sodium reabsorption in the proximal and distal nephron [21], and can cause reduction in
systemic vascular resistance, pulmonary artery pressure, and pulmonary capillary wedge
pressure. Blockage of neprilysin is associated with arterial stiffness reduction, enhanced
endothelial function, and cardiac antihypertrophic and antifibrotic effects [13, 21]. Sacubitril‐
valsartan also has inhibitory actions on the renin‐angiotensin‐aldosterone system and sym‐
pathetic nervous system [13, 21].

FDA has approved marketing of the new ARNI for reduction in mortality and heart failure
hospitalizations in patients with chronic heart failure (NYHA Class II–IV) and at least
moderately subnormal ejection fraction (<40%) and the AHA‐ACC Updated Heart Failure
Guideline recommend its use for this indication [8, 22]. In patients with chronic symptomatic
HFrEF NYHA class II or III who tolerate an ACE inhibitor or ARB, replacement by an ARNI

The Role of the Clinical Cardiac Electrophysiologist in the Management of Congestive Heart Failure6
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moderately subnormal ejection fraction (<40%) and the AHA‐ACC Updated Heart Failure
Guideline recommend its use for this indication [8, 22]. In patients with chronic symptomatic
HFrEF NYHA class II or III who tolerate an ACE inhibitor or ARB, replacement by an ARNI
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is guideline‐recommended to further reduce morbidity and mortality (strength of recommen‐
dation I and level of evidence B‐R) [8].

Dosage: The initial dose of 24/26 mg twice daily is recommended for patients not currently
taking an ACE inhibitor or an angiotensin II receptor blocker (ARB) and for patients previously
taking low doses of these agents. The dose can be doubled every 2–4 weeks, as tolerated, to
reach the target maintenance dose of 97/103 mg twice daily [22].
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Prospective Comparison of ARNI With ACEi to Determine Impact on Global Mortality and
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to other guidelines‐recommended therapy. The trial was stopped early due to highly signifi‐
cant benefit of sacubitril‐valsartan without excessive adversity.

The composite endpoint (cardiovascular death and heart failure hospitalizations) was reduced
by 20%, as were both components of this endpoint (CV death reduction: hazard ratio, 0.80 [95%
CI, 0.71–0.89] p < 0.001, heart failure hospitalizations reduction: hazard ratio, 0.79 [95% CI,
0.71–0.89] p < 0.001). Death from any cause also was reduced by sacubitril‐valsartan by 16% (p
< 0.001).

During PARADIGM‐HF most adverse events were more frequent on the already approved
enalapril than on the ARNI combination drug. Of those of greatest concern (hypotension, renal
insufficiency, angioedema, and hyperkalemia) only hypotension was significantly more
frequent with sacubitril‐valsartan, while angioedema, though more frequent with the combi‐
nation (and known to be a potential consequence of neprilysin inhibition), occurred relatively
infrequently [8, 22]. As a result of these findings, the combination is contraindicated in patients
with a history of angioedema. It is also contraindicated during pregnancy, and if an ACE
inhibitor has been administered within 36 hours of switching to the ARNI or if patients
currently are receiving ACE inhibitors or have diabetes and are taking aliskerin [22].

4. New antidiabetic medications (liraglutide and empagliflozin)

Recent studies have shown beneficial effects of prototypes of two new groups of antidiabetic
medications on cardiovascular events. Though results specifically for heart failure hospitali‐
zations were significantly improved only with empagliflozin and did not reach statistical
significance for liraglutide (studies of which had insufficient power to test the hypothesis that
such events are prevented), there was clear numerical HF event reduction in patients with
HFrEF with both drugs and, thus, inclusion in this chapter is appropriate.

Liraglutide is a glucagon‐like peptide‐1 (GLP‐1) receptor agonist that enhances insulin
secretion. One trial randomized 9340 patients with type 2 diabetes (HbA1c ≥ 7.0%) and
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underlying cardiovascular disease (CAD, cerebrovascular disease, PVD, CKD of stage 3 or
greater, or chronic heart failure NYHA class II‐III) to liraglutide or placebo on appropriate
conventional background therapy [24]. The median time of exposure to liraglutide or placebo
was 3.5 years. Death from cardiovascular causes (hazard ratio, 0.78 [95% CI, 0.66–0.93], p =
0.007), hospitalization for heart failure (hazard ratio, 0.87 [95% CI, 0.73–1.05], p = 0.14), and
nonfatal myocardial infarction, nonfatal stroke, and death from any cause all were at least
numerically lower in patients receiving liraglutide than placebo.

However, another far smaller double‐blind, placebo‐controlled randomized trial including 300
patients with type 2 diabetes and established HFrEF who were recently hospitalized did not
reveal any beneficial effect of liraglutide [25]. The power of this trial was relatively low to find
a significant difference if it existed, precluding firm conclusions about the role of liraglutide for
HFrEF.

Another antidiabetic medication which may provide favorable effects on mortality and
morbidity in patients with heart failure is empagliflozin, an inhibitor of the sodium glucose
cotransporter‐2 (SGLT‐2), which enhances renal glucose excretion [26]. The placebo‐controlled
EMPA‐REG trial assessed the effects of empagliflozin on cardiovascular morbidity and
mortality in 7020 randomized patients with type 2 diabetes and established cardiovascular
disease during a median follow‐up of 3.1 years. Relative risk of cardiovascular death was
reduced by 38% (3.7% with empagliflozin vs. 5.9% with placebo, hazard ratio, 0.62 [95% CI,
0.49–0.77], p < 0.001). Also, relative risk of hospitalization for heart failure was reduced by 35%
(hazard ratio, 0.65 [95% CI, 0.50–0.85], p = 0.002). Death from any cause also was lower with
empagliflozin (hazard ratio, 0.68 [95% CI, 0.57–0.82], p < 0.001).

5. Recent advances in device therapy

5.1. Left ventricular assist devices

Left ventricular assist devices (LVAD) are indwelling electromechanical pumps used to
support cardiac function in patients with advanced heart failure. First successfully implanted
in 1966 [27], such “first‐generation” devices were limited by size and durability, were highly
thrombogenic, and frequently complicated by infection. The mechanical design generally
featured pulsatile displacement, analogous to the mechanism of pumping by the native heart
[28]. More recent models have featured continuous flow with small rotating “impellers”
moving blood forward. As a result, newer pumps are smaller and have no bearings (resulting
in less mechanical wear and tear and greater durability than older models). Though generally
introduced by thoracotomy and requiring a transcutaneous connection to an external gener‐
ator, newer iterations are sufficiently slim such that they can be introduced percutaneously
(the Impella device) via the femoral or axillary artery in the cardiac catheterization lab [29,
30]. Such percutaneously introduced devices have less pumping capacity than the more
conventional models.

The effectiveness of LVAD was assessed in the Randomized Evaluation of Mechanical Assis‐
tance for the Treatment of Congestive Heart Failure (REMATCH) trial in 2001. The study
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involved 140 patients with advanced heart failure and contraindications to heart transplanta‐
tion surgery. The trial revealed a LVAD associated 48% reduction in all‐cause death (the
primary endpoint) compared with medical therapy (relative risk, 0.52 [95% CI, 0.34–0.78], p =
0.001) [31].

In subsequent trials LVAD has reduced mortality and improved quality of life and functional
capacity in patients with advanced heart failure. LVADs enhance total cardiac output by
adding to that of the damaged native heart, potentially allowing myocardial recovery,
particularly in patients with cardiogenic shock [30–34].

LVAD implantation currently is approved by FDA as a bridge to cardiac transplantation and
also as “destination therapy” in selected patients for whom transplantation may not be feasible
or possible [35].

Adverse events associated with LVAD use include thrombosis and thromboembolization
(potentially leading to stroke), bleeding, and infection [31, 35].

5.2. Extracorporeal membrane oxygenators (ECMO)

ECMO devices enable extracorporeal circulation and physiologic gas exchange during acute
respiratory and/or cardiorespiratory failure.

Two types of ECMO have been developed: veno‐arterial extracorporeal membrane oxygena‐
tors (VA‐ECMO) and veno‐venous extracorporeal membrane oxygenators (VV‐ECMO). FDA
has approved application of VA‐ECMO for short‐term support in patients with refractory
cardiogenic shock who have an underlying potentially reversible condition, acute onset
refractory cardiogenic shock unresponsive to inotropes and/or intra‐aortic balloon pump
counterpulsation (IABP), and extracorporeal cardiopulmonary resuscitation (ECPR) [36].

Supporting data are case series from multiple countries [36–41]. In one study involving 45
patients with refractory cardiogenic shock, ECMO was associated with survival to hospital
discharge in 29% (13/45) versus the expected total absence of survival without ECMO [40]. In
another series, survival was achieved in 71% of patients with refractory cardiogenic failure
during severe septic shock [41].

ECMO‐associated adverse events include bleeding, infection, renal failure, liver failure, need
for blood transfusion, hematuria, pulmonary complications, and need for thoracotomy [36].

5.3. Cardiac resynchronization therapy (CRT)

More than 20 years of research has established the role of CRT in patients with systolic heart
failure and widened QRS complex. By the 1990s, a link emerged between electrical dyssyn‐
chrony and LV function, in which conduction disturbances result in an abnormally circuitous
and lengthy conduction pathway, wasted work, and a reduction in cardiac output [42].

Intraventricular systolic dyssynchrony refers to lack of normal coordination in the timing of
contraction between ventricular segments [43]. Dyssynchrony can be identified by multiple
imaging techniques [44]. The prevalence of dyssynchrony is directly related to QRS duration
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and ventricular size and inversely related to left ventricular ejection fraction (LVEF) [43].
Prevalence of echocardiographically detectable dyssynchrony ranges from 27% in patients
with QRS duration <120 ms, to 89% in those with QRS duration >150 ms [45].

CRT is effected by placing a pacemaker lead in each ventricle and setting the pacemaker
generator to coordinate the stimuli to both ventricles, hence normalizing the contraction
pattern. Mortality and morbidity (as well as symptoms) are consistently reduced (and LVEF
and reverse remodeling improved) by CRT in patients with refractory HFrEF and prolonged
QRS interval who are on optimal medical therapy [46–55].

CRT has been most clearly effective when QRS duration is abnormal, generally ≥150 ms with
a left bundle branch block pattern, and when LVEF is ≤35%. However, recently, benefit for a
wider range of patients has been explored. In BLOCK‐HF, patients with HF symptoms, LVEF
<50% and high degree AV block, who would otherwise be treated with RV pacing, were
randomized to biventricular pacing versus RV pacing (patients who met the by then conven‐
tional more stringent CRT indications were excluded). CRT provided 26% reduction in the
primary composite endpoint of total mortality, urgent HF care, or progression of increase in
the LV end‐systolic volume index [56].

In the randomized, double‐blind LESSER‐EARTH trial CRT was evaluated in patients with
LVEF ≤35% and QRS <120 ms who failed to improve in clinical outcomes or LV reverse
remodeling on conventional therapy. Importantly, dyssynchrony, determined by an imaging
study, was not required for inclusion in the study. The trial was terminated prematurely due
to futility and safety concerns, suggesting that CRT can worsen or provoke dyssynchrony in
patients with little or no dyssynchrony [57].

EchoCRT carried this issue further by using rigorous imaging criteria to detect dyssynchrony
among patients with QRS duration ≤130 ms, thus including those with nominally normal QRS
duration (<120 ms) and those slightly higher, as well as HFrEF with LVEF ≤35%, LVED ≥55 mm
and stable, guidelines‐based pharmacological therapy [58]. Patients were randomized to CRT
or no CRT. The study was stopped early due to futility, and death from cardiovascular causes
was higher among patients who received CRT.

While normalizing conduction patterns alone can account for mechanical benefit, cellular and
molecular alterations seem likely to contribute. Molecular mechanisms are not fully under‐
stood but, in experimental studies, CRT is associated with homogenization of stress kinase
activity, potentially important in supporting contractile function, and reducing fibrosis [59].

CRT is also associated with decline in global apoptosis and enhanced cell‐survival signaling
[60, 61]. Biventricular pacing reduces interstitial remodeling [61]. TNF‐ɑ, which is not present
in normal myocardium, stimulates fibrosis and apoptosis and contributes to the progression
of heart failure by direct toxic effects [62] and is activated by mechanical stretch [63]. CRT
lowers LV TNF‐ɑ after 6 months of therapy [61].

CRT also alters mitochondrial proteins [64] and upregulates β‐1 receptors and adenylate
cyclase activity [65] and partially ameliorates prolongation of the action potential duration
(APD) selectively in the lateral wall [66].
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Current AHA/ACC practice guideline* suggest application of CRT as follows [66]:

5.3.1. Class I indications:

1. CRT is indicated for patients who have LVEF of 35% or less, sinus rhythm, left bundle‐
branch block (LBBB) with a QRS duration of 150 ms or greater, and NYHA class II, III, or
ambulatory IV symptoms on guideline‐directed medical therapy (GDMT). (Level of
Evidence: A for NYHA class III/IV; Level of Evidence: B for NYHA class II).

5.3.2. Class IIa indications:

1. CRT can be useful for patients who have LVEF ≤35%, sinus rhythm, a non‐LBBB pattern
with a QRS duration ≥150ms, and NYHA class III/ambulatory class IV symptoms on
GDMT (Level of Evidence: A).

2. CRT can be useful for patients who have LVEF of 35% or less, sinus rhythm, LBBB with a
QRS duration of 120–149 ms, and NYHA class II, III, or ambulatory IV symptoms on
GDMT (Level of Evidence: B).

3. CRT can be useful in patients with AF and LVEF of 35% or less on GDMT if (a) the patient
requires ventricular pacing or otherwise meets CRT criteria and (b) atrioventricular nodal
ablation or pharmacological rate control will allow near 100% ventricular pacing with
CRT (Level of Evidence: B).

4. CRT can be useful for patients on GDMT who have LVEF of 35% or less and are undergoing
placement of a new or replacement device implantation with anticipated requirement for
significant (>40%) ventricular pacing (Level of Evidence: C).

5.3.3. Class IIb indications

1. CRT may be considered for patients who have LVEF of 35% or less, sinus rhythm, a non‐
LBBB pattern with QRS duration of 120–149 ms, and NYHA class III/ambulatory class IV
on GDMT (Level of Evidence: B).

2. CRT may be considered for patients who have LVEF of 35% or less, sinus rhythm, a non‐
LBBB pattern with a QRS duration of 150 ms or greater, and NYHA class II symptoms on
GDMT (Level of Evidence: B).

3. CRT may be considered for patients who have LVEF of 30% or less, ischemic etiology of
HF, sinus rhythm, LBBB with a QRS duration of 150 ms or greater, and NYHA class I
symptoms on GDMT (Level of Evidence: C).

*These guidelines were published before BLOCK‐HF and EchoCRT were published.

Use of CRT is associated with short‐ and long‐term adverse effects [46–58]. Most commonly
reported complications include coronary‐sinus dissection/perforation, lead dislodgement,
implantation site infection, hemo‐/pneumothorax, pericardial effusion/pericarditis, hemato‐
ma, pacing failure, atrial fibrillation, inappropriate device stimulation of tissue, and DVT.
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6. The future of therapy for heart failure

Future developments for heart failure therapy will focus on the major current deficiencies. For
example, heart failure with preserved ejection fraction (HFpEF) is now known to account or
approximately half the heart failure population, with the same 5‐year survival rate as HFrEF.
No life‐prolonging or hospitalization reducing therapy now exists for patients with HFpEF
though there has been a suggestion of possible benefit with spironolactone [67]. However,
despite early hope with calcium channel blockers, there are no therapies specifically to prevent
or reverse diastolic dysfunction or to prevent or reverse fibrosis, which may be important
pathophysiological underpinnings of HFpEF (though these problems may be affected by
therapies aiming at other cardiac functional targets). Both problems are under active drug
development but no solutions have yet emerged. With regard to fibrosis, study in valve disease
models [68] suggest that collagen, by far the predominant element of myocardial fibrous tissue,
may not be the most appropriate target for preventive therapy, but that noncollagen elements,
which can directly affect force transmission, may be the more appropriate targets. It is not clear
whether this finding in regurgitant valve diseases, in which the myocardium is responding to
extrinsic loading conditions, can be extrapolated to systolic heart failure in which intrinsic
metabolic abnormalities are pathophysiologically most important. Moreover, though systolic
function is importantly improved by several currently available therapies, drugs that specifi‐
cally improve intrinsic myocardial contractility without countervailing adverse effects still are
needed. One promising candidate is omecamtiv mecarbil [69], which enhances myosin cross‐
bridge formation and duration, thus increasing systolic ejection time, but without increasing
oxygen utilization. Others may follow. Finally, a major adjunct to the therapies, themselves, is
monitoring the effects of therapy to enable precise titration and maximize benefits [70].
Although beyond the scope of this chapter, it is clear that devices for remote monitoring are
gaining ever greater impact on therapeutic decisions and will continue to be developed.

7. Conclusions

Therapy for heart failure and, specifically, for systolic heart failure (HFrEF), has progressed
dramatically during the past 30 years. In addition to the use of diuretics to relieve volume
overloading and associated symptoms, which already was established, five different groups
of drugs and multiple devices have been developed and assessed in large randomized
controlled clinical trials. The most recent of these developments, an f‐current blocker to slow
heart rate and a neprilysin blocker to enhance blood concentrations of several vasoactive
substances, have added to the benefits on survival and hospitalization achieved by previously
developed drugs that are still in use. At the same time, use of some drugs that were used
conventionally before recent additions has diminished (e.g., digoxin), superseded by new
developments. Innovations in therapeutic devices for heart failure also have moved rapidly
though, over the past 5 years, the greatest advances have been in delineation of the appropriate
application of existing devices. Nonetheless, 6 million Americans have heart failure as this is
written and one million of them will be hospitalized this year. Therefore, research and
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development of therapeutics remain importantly needed, most particularly focused in several
areas. For example, no life‐prolonging therapies yet have been identified for HFpEF (which
affects half the heart failure population), no therapies specifically to mitigate diastolic dys‐
function are available and no therapies specifically preventing myocardial fibrosis have been
developed. Moreover, though systolic function is importantly improved by several currently
available therapies, drugs that specifically improve intrinsic myocardial contractility without
countervailing adverse effects still are needed. Thus, while the current therapeutic landscape
reveals far more effective treatments than in the past, new research and development for heart
failure therapeutics are greatly needed.
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Abstract

Continuous ganglionic blockade is being used increasingly to help manage ventricular 
tachydysrhythmias. The purpose of this chapter is to discuss the physiologic and ana-
tomic basis of ventricular tachydysrhythmias in detail that are mediated by the sympa-
thetic nervous system and to discuss appropriate indications for the use of sympathetic 
ganglion blocks. These blocks can be instituted as both destination and bridging thera-
peutic options to control these dysrhythmias. These blocks therefore have value in the 
heart failure patient population since they offer a means of controlling the dysrhythmias 
that can be devastating to an already compromised myocardium.

Keywords: electric storm, ventricular tachycardia, left cardiac sympathetic ganglion 
block, automatic implantable cardioverter-defibrillator, tachydysrhythmia

1. Introduction

1.1. Epidemiology of ventricular dysrhythmias in heart failure

Ventricular dysrhythmias present significant risk of death to patients suffering from heart 
failure resulting from valvular and ischemic diseases. Heart failure affects 6–10% of people 
over the age of 65 years [1]. Dysrhythmia in the setting of heart failure occurs at a reported 
incidence of 51% [2] and in studies it is reflected as causes of sudden death in patients diag-
nosed with congestive heart failure [3]. In otherwise healthy adults with frequent and complex 
ventricular ectopy, the long-term prognosis is similar to that of the healthy U.S. population 
and suggests no increased risk of death [4]. The implications are different in patients with 
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depressed left ventricular function after an acute myocardial infarction in this setting, high 
ectopy, greater than 10 PVCs per hour, is a useful risk marker of fatal or near-fatal arrhyth-
mias after myocardial infarction [5]. And in patients with CHF, nonsustained ventricular 
tachycardia (NSVT) is an independent marker for increased overall mortality rate and sudden 
death while the absence of NSVT and ventricular repetitive beats in a 24-h Holter indicates a 
low probability of sudden death [6].

It should be noted that VT and VF that occur in the setting of nonischemic dilated cardiomyopa-
thies, i.e., not associated with acute ischemic heart disease, are the most common result of reen-
try involving a region of myocardial scar. These ventricular scars that result in reentrant VT also 
occur in idiopathic dilated cardiomyopathies, hypertrophic cardiomyopathy, infiltrative heart 
disease (e.g., sarcoidosis), and right ventricular dysplasia. While ischemic VT/VF may resolve 
as the ischemic insult is corrected [7], the ectopic foci in nonischemic dilated cardiomyopathy 
are more incessant since they involve reentrant circuits that are created over time and more 
difficult to treat since the circuits are larger in the hypertrophic myocardium [8]. This is also a 
component of the vicious circle that is created as the ventricle either dilates or hypertrophies. 
In this setting, changes occur at the molecular level. These create a milieu more conducive to 
the development of reentrant circuits. In addition, the dysrhythmias themselves can also cause 
hypertrophic remodeling of ventricular myocardium and the cycle is further sustained [8].

1.2. Electrical storm

Electric storm is a variant of ventricular tachydysrhythmias (tachycardia or fibrillation) in 
which three or more sustained episodes of these dysrhythmias, or consequent shocks from an 
automatic implantable cardioverter-defibrillator occur within in a 24-h period. The syndrome 
typically manifests during acute myocardial infarction, in patients who have structural heart 
disease such as hypertrophic cardiomyopathy, in patients who have an implantable cardio-
verter-defibrillator, or in individuals suffering from an inherited dysrhythmic syndrome [9].

1.3. Description of strategies to control ventricular dysrhythmias

Efforts to control these dysrhythmias begin with pharmacologic interventions, progress to 
implantable devices to control or eradicate aberrant rhythms, followed by ablative techniques 
to locate and deactivate anatomic sites of dysrhythmogenesis, and frequently end in attempts 
to interrupt the sites of adrenergic innervation to the myocardium. The purpose of this chap-
ter is to review these techniques with emphasis upon the recent work on left sympathetic 
cardiac denervation.

2. Review of the neuroanatomy and physiology of sympathetic cardiac 
innervation

The optimal activity of the heart is regulated by the central nervous system through the 
autonomic innervation of the heart. Cardiac dysrhythmias and sudden cardiac death may 
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be a result of dysfunction of this cardiac activity-regulating circuitry [10]. Sympathetic and 
parasympathetic branches of the cardiac autonomic nervous system (ANS) work primarily 
through actions of cardiac pacemaker tissue to modulate heart rate and conduction velocity.

2.1. Sympathetic and parasympathetic innervation

Parasympathetic neurons receive preganglionic inputs from the vagus. The parasympathetic 
neurons synapse at ganglia located directly on the heart. These neurons have their cell bodies 
within the cardiac ganglia, arranged in discrete locations within the atrial epicardium, in plexi 
along the walls of the major cardiac vessels, and within the ventricular wall [11].

2.2. Neurotransmitters of the cardiac autonomic nervous system

The primary neurotransmitter in these cardiac parasympathetic ganglionic neurons is ace-
tylcholine; however, vasoactive intestinal polypeptide (VIP) and nitrous oxide may also be 
coreleased from parasympathetic terminals [12, 13]. The sympathetic neurons essentially use 
norepinephrine as their principal neurotransmitter, although other neurotransmitters, such 
as neuropeptide Y (NPY) and galanin, are coreleased from sympathetic terminals [14, 15]. 
Among other functions, NPY and galanin decrease acetylcholine release from adjacent para-
sympathetic terminals.

2.3. Anatomy of the cardiac autonomic nervous system

The preganglionic sympathetic fibers are located in the lateral column of the spinal cord travel 
along nerves and the adventitia of blood vessels to form three cervical ganglia and the first 
three or four thoracic ganglia [16]. Sympathetic cardiac neurons have their cell bodies within 
the three cervical ganglia, the superior cervical ganglion, the middle cervical ganglion, and 
the inferior cervical ganglion. The cardiac branches of the superior cervical ganglion (located 
in front of the C2 and C3 vertebrae) originate in the inferior sector of the ganglion and travel 
down the carotid and in front of the large muscles of the neck. The middle cervical ganglion 
located at the level of C6 and near the inferior thyroid artery has a cardiac branch that arises 
independently or appears after synapse with the inferior cervical ganglion. On the right side, 
it constitutes the dorsal part of the cardiac plexus and on the left side it converges at the 
deep part of the cardiac plexus. The inferior cervical ganglion is located between the base of 
the transverse process of the last cervical vertebra and the first rib, on the medial side of the 
costocervical artery. The cardiac branch of the inferior cervical ganglion converges with the 
recurrent nerve and with a branch of the medium cervical nerve before joining the deep part 
of the cardiac plexus [16]. This combination of inferior and middle cervical ganglion neu-
rons constitutes the paravertebral stellate ganglion. Ninety-two percent of retrograde-labeled 
nerves from the heart have their origins in the thoracic paravertebral ganglia [17, 18]. Thus, 
postganglionic cardiac sympathetic neurons have their cell bodies primarily in these ganglia.

Sympathetic efferent nerves are also present in the myocytes of the atrial and ventricular muscle 
and can thereby influence force of contraction and relaxation. For control of heart rate, the phys-
ical proximity of postganglionic cardiac parasympathetic and sympathetic axons to pacemaker 
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regions permits the formation of synapses and modulation of pacemaker function, through 
either acetylcholine inhibition of norepinephrine release or vice versa [11]. Parasympathetic 
effects on the sinus node predominate over sympathetic effects despite mutual modulation. 
The intrinsic cardiac nervous system provides an additional level of complexity within periph-
eral autonomic interactions. Within cardiac ganglia, integration of parasympathetic, sensory, 
and sympathetic inputs by way of local circuit neurons occurs. This level of integration is criti-
cal for local regulation of heart rate on a beat-to-beat basis via rapid temporal reflexes [11].

2.4. Theories of ventricular dysrhythmia generation

Aside from intraganglionic cross talk, interganglionic connections and descending inputs 
play a pivotal role in this regulation of heart rate on a beat-to-beat basis [19, 20]. Neuronal 
connections between sympathetic nerves and parasympathetic neurons also mediate prejunc-
tional autonomic interactions within the cardiac ganglia [21]. For example, ablation of the 
right atrial ganglion plexus attenuates vagal bradycardia while retaining vagal inhibition of 
sympathetic function [21, 22]. Armour et al. demonstrated neurons within the ganglia that do 
not project their axons beyond the ganglion (local circuit neurons) constitute a majority of the 
neurons in the mammalian cardiac ganglion [21, 23]. Cardiac ganglia therefore represent an 
important site for peripheral autonomic interactions.

The concept of sympathetic over activity, usually accompanied by reduced parasympathetic 
activity and heart rate variability, is increasingly recognized as a feature in the pathogen-
esis of a number of cardiovascular diseases [11]. Chen et al. postulated the nerve-sprouting 
hypothesis of sudden cardiac death which links nerve sprouting and electrical remodeling 
[24]. A number of studies have demonstrated the presence of aberrant sympathetic or para-
sympathetic outgrowth in human and canine hearts with atrial fibrillation [11]. Studies have 
demonstrated that ectopic or reentrant activity occurs at locations where autonomic fibers 
aggregate, such as the ligament of Marshall [11]. This has made ablation therapy, or localized 
cardiac denervation or block, a common option for reversing atrial or ventricular fibrillation 
episodes [11]. Foci for ventricular arrhythmia generation are much more likely to develop 
in areas where electrical signaling is discontinuous, such as an area of fibrosis, or where the 
myocardium is hypersensitive to catecholamines due to functional or pathological dener-
vation. Consequently, the effectiveness of these therapies has been affected by the residual 
presence of scar tissue or fibrosis that will continue to serve as a substrate for arrhythmia 
generation. It has been demonstrated that robust and prolonged sympathetic hyperinnerva-
tion also occurs in cardiac-projecting stellate ganglia after acute myocardial infarction [11].

3. Pharmacologic management of ventricular dysrhythmias

3.1. Classes of cardiac drugs and mechanisms of action

Pharmacologic management is the initial treatment option for ventricular tachyarrhythmias. 
Given that heart failure is a state with high catecholamine levels, drugs that act through the 
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decrease of this effect are of significant benefit [25]. The antisympathetic effect of beta block-
ers, for example, has been shown to be protective especially during myocardial ischemia 
by increasing the threshold for ventricular fibrillation and by reducing the catecholamine-
induced influx of calcium into cells during the repolarization phase of the cardiac action 
potential [26–28]. These protective effects are not absolute and may be lost with increase in 
sympathetic activity that cannot be compensated [29, 30]. A brief summary of the classes of 
cardiac drugs and their suspected mechanisms of action are shown in Tables 1 and 2.

We should elaborate here some of the current considerations of increased mortality associated 
with amiodarone therapy. This increased mortality with amiodarone exists in the setting of 
acute myocardial infarction and heart failure. Thomas et al. examined mortality related to 
amiodarone therapy at consecutive periods following acute myocardial infarction with heart 
failure and/or left ventricular systolic dysfunction. The postacute MI time periods studied 
were days 1–16, 17–45, 46–198, and 199–1096. The authors found significant increases in mor-
tality in 3 of the 4 periods (days 1–16, 17–45, and 199–1096). The group concluded that the 
use of amiodarone was associated with excess early and late all-cause mortality as well as 
cardiac-related mortality [44].

In another study examining amiodarone-related mortality, Torp-Pedersen et al. examined 
155 of 1466 NYHA class II patients who received amiodarone at baseline and 209 of 1563 
NYHA class III or IV patients who received amiodarone at baseline. Sixty-six percent of all 
the patients who received amiodarone were followed for 4 years. The authors found that 38.7–
58.9% of patients receiving amiodarone in NYHA class II and class III–IV, respectively, died, 
versus 26.2–43.3% not receiving amiodarone (p < 0.001). They concluded that amiodarone was 
associated with an increased risk of death. This risk was independent of functional class [45].

Class Agent studied Effect on mortality in CHF

I Propafenone [31]
Flecainide [31]
Encainide [31]
Moricizine [32]

Increase in death rate noted [31, 32]

II Metoprolol [33]
Carvedilol [34]
Bisoprolol [35]

Mortality decreased [33–35]

III Amiodarone [6, 36–39]
Dofetilide [40]

No demonstrable improvement in survival [6, 36, 37]
Possibly mortality reduction in nonischemic 
cardiomyopathy [38]
No improvement in mortality [40]

IV Verapamil [41–43] Does not affect VT caused by reentry and catecholamine-
sensitivity [41, 43]
Not studied in patients with VT/VF and CHF

Table 1. Summary of drug class application and efficacy in the setting of ventricular tachycardia/fibrillation and heart 
failure.
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3.2. Molecular bases of class II (β-blockers) cardiac drugs

As noted above, congestive heart failure is a condition associated with elevated levels of 
serum catecholamines and with all of the well-described sequelae of an increase in sympa-
thetic agonism. The mechanism of these effects is well described and pertinent to the under-
standing of the specific interventions discussed in this chapter and warrants review in order 
to knowledgeably address the treatment plan for ventricular tachyarrhythmias in the setting 
of congestive heart failure. When activated, the sympathetic fibers release norepinephrine, 
which binds to the transmembrane, GCPR-class β-adrenergic receptors. The receptors gen-
erate membrane-associated adenylyl cyclases (AC) which increases the membrane levels of 
cyclic adenylyl monophosphate (cAMP). This is transported across the cell membrane where 
it activates a number of intracellular effectors [46]. These effectors include phosphodiesterase 
(PDE), cAMP-dependent guanine nucleotide exchange factors (Epacs), [47–49] and protein 
kinase A (PKA). All of these play a role in the pathophysiology of heart failure with PDE and 
the Epacs acting on a cellular and genetic level in the pathologic remodeling of the hypertro-
phic myocardium [50, 51]. All of these effectors are activated by the binding of agonists to 
the β-receptor and each are tethered to their downstream targets by the A-kinase anchoring 
protein (AKAP) making them available for phosphorylation and subsequent deactivation or 
offset [52, 53]. In the case of protein kinase A which is the third and channel-specific effector, 
we find that in its activated form the kinase phosphorylates L-type calcium channels. This 
activation causes increased calcium entry into the cells. The calcium ion channel has an equi-
librium that is above the resting potential which results in depolarization when this potential 

Phase of cardiac action potential affected

Class I (sodium channel blockers)
Ia (quinidine, procainamide)

Phase 0 Na+ channel blockers; (intermediate association/
dissociation)

Ib (lidocaine, phenytoin) Phase 0 Na+ channel blockers (fast association/
dissociation)

Ic (flecanide, propafenone) Phase 0 Na+ channel blockers (slow association/
dissociation)

Class II (beta blockers)
Propranolol, metoprolol

Phase 4 (propranolol also shows some class I action); 
Metoprolol is a selective beta1-adrenergic receptor 
blocker that decreases the automaticity of contractions

Class III (potassium channel blockers)
Amiodarone, sotalol

Phases 1, 2, 4 (sotalol is also a beta blocker; amiodarone 
has class I, II, III, and IV activity, and is currently the 
drug of choice for acute, hemodynamically unstable 
ventricular tachycardia that is refractory to other 
antiarrhythmic agents)

Class IV (calcium channel blockers)
Verapamil, diltiazem

Phase 2 Ca channel blockers

Class V
Adenosine, digoxin

Unknown mechanisms (direct nodal inhibition)

Table 2. Summary cardiac drug classes and the cardiac action potential phase affected.
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is restored. In myocytes, the L-channel effector interaction increases membrane Ca2+ currents 
and Ca2+ release from the sarcoplasmic reticulum (SR) during each action potential, resulting 
in increased force production. In addition, Ca2+ reuptake into the SR is enhanced, thereby 
accelerating relaxation. Together, the inotropic (contractile) and lusitropic (relaxation) effects 
of sympathetic stimulation result in increased stroke volume [54]. In the sino-atrial node, 
activation of β-adrenergic receptors increases the heart rate via effector binding at both L-type 
and T-type channels. In this setting, as in the myocytes, an increase in cellular calcium entry, 
a more rapid return to the above-threshold resting potential, and subsequent depolarization 
occur when this potential is restored [55].

It is important to note that the tethering of the kinase to the calcium channel also makes it 
susceptible to rapid offset once the β-adrenergic stimulation has been removed.

The effectiveness of pharmacologic interventions in the treatment of ventricular dysrhyth-
mias in the setting of heart failure is not absolute. In the event of treatment failure with the 
initial pharmacologic approach, more invasive techniques may be employed. Currently, the 
literature supports the combination of electrophysiologically guided antiarrhythmic therapy 
with implantable defibrillators to reduce the risk of sudden death in high-risk patients with 
coronary disease. However, in this setting, antiarrhythmic drugs alone are not recommended 
[56]. In the following section, we discuss implantable devices, the next level step in the treat-
ment of CHF-related dysrhythmia.

4. Implantable devices and management of ventricular dysrhythmias

4.1. Automatic implantable cardiodefibrillators (AICD) and cardiac resynchronization 
therapy (CRT)

In a 2010 study, Tang et al. found that in patients with NYHA class II or III CHF and LVEF 
of 35% or less (one of the objective criteria of heart failure), amiodarone had no favorable 
effect on survival, whereas single-lead, shock-only AICD therapy reduced overall mortality 
by 23%. The median LVEF in patients was 25%; 70% were in NYHA class II, and 30% were in 
class III CHF. The cause of CHF was ischemic in 52% and nonischemic in 48%. AICD therapy 
was associated with a decreased risk of death of 23% and an absolute decrease in mortality of 
7.2% at 5 years in the overall population. Results did not vary according to either ischemic or 
nonischemic causes of CHF, but they did vary according to the NYHA class [57].

AICD therapy can be used alone as the primary, preventive treatment of recurrent ventricular 
tachyarrhythmias in order to reduce the total mortality from sudden cardiac death.

In this chapter, we will discuss only the indications for use of ICD in patients with nonisch-
emic heart failure (symptomatic with LVEF ≤ 35) as per guidelines set forth by the American 
College of Cardiology, the American College of Cardiology Foundation, the American Heart 
Association, the Heart Rhythm Society, and the New York Heart Association [58–62]. In this 
clinical setting, we find some variation in the specific aspects of recommendations for the 
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use of ICD. It is important to note the points of intersection of these recommendations with 
respect to the use of ICD in heart failure. All guidelines recommend ICD placement when 
nonischemic cardiomyopathy and heart failure coexist. Heart failure is defined objectively in 
the guidelines as a left ventricular ejection fraction (LVEF) less than 40% and in most of the 
studies less than 35%. The dysrhythmias for which the ICD is recommended in the heart fail-
ure setting are ventricular fibrillation, hemodynamically unstable ventricular tachycardias, 
ventricular tachycardia with syncope, and sustained ventricular tachycardia. Most of the 
guidelines indicate that ICD treatment should be used in conjunction with optimized medical 
therapy, and in patients who have a reasonable expectation of meaningful survival for more 
than 1 year (Table 3) [59].

Cardiac resynchronization therapy (CRT) is an alternate, more advanced form of device ther-
apy which is indicated for patients with systolic heart failure with quick response service 
(QRS) duration above 120 ms. The prolonged QRS is often associated with atrioventricular 
conduction delay and has been described as a risk factor for both all-cause cardiac death as 
well as sudden cardiac death (SCD) in patients with dilated cardiomyopathy [63]. CRT results 
in significant improvement in patients who have moderate-to-severe heart failure (NYHA 
class III/IV).

CRT allows biventricular pacing and was first described for use in congestive heart failure in 
1994 [64]. In addition to improving cardiac output by stabilizing contraction and ejection pat-
terns, it also has been shown to reverse pathologic remodeling of the hypertrophic ventricles 
in patients with congestive heart failure. This improvement is based upon the restoration 
of electrical synchrony with CRT which improves global cardiac function, energetics, and 
molecular and cellular phenotype [65].

The procedure for establishing a CRT pacing is more complex than that required to place 
an AICD alone. The technique involves insertion of a right ventricular endocardial lead via 
cephalic or subclavian vein approach as accomplished in AICD implantation. CRT also uti-
lizes the insertion of a left ventricular lead which is also placed with access to the left ven-
tricle obtained through cephalic or subclavian vein approaches. The most commonly used 
technique for left ventricular lead placement is to access the chamber via a coronary sinus 
tributary to reach the left ventricular free wall [66–68]. Khan et al. reported that the targeted 
approach to LV lead placement in CRT results in reversal of pathologic LV remodeling, clini-
cal status, and the improvement of patient outcomes at long term follow-up as determined by 
the endpoints of combined death and heart failure-related hospital admissions [68].

There exists a modification of CRT in which a defibrillator function is added (CRT-D) and a 
number of studies have compared the two modalities. A systematic review of the literature 
compared CRT and CRT-D revealed a decrease in all-cause death rate after 1 year with CRT-
D. These differences were noted in all-cause death rate after 1 year and cardiac death in the 
patients with LV impairment. The authors indicated that larger, randomized studies needed 
to be performed. In the review, subgroup analysis described four studies that addressed sud-
den cardiac death and revealed an odds ratio of 0.20 at the 95% confidence level in the lon-
gest follow-up period; and further subgroup analysis demonstrated superiority of the CRT-D 
group as an OR of 0.18 at the shorter follow period of >1 year [69].
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In 2013, Gold et al. examined 419 patients from the REVERSE (Resynchronization reverses 
remodeling in systolic left ventricular dysfunction) trial, a multicenter, randomized trial of 
patients suffering from CHF who were randomized to active CRT, CRT-pacemaker, and CRT-
defibrillator groups. At 12 months of CRT, no significant difference in the study of primary 
outcomes was noted, however, at long-term follow-up which occurred over the ensuing 5 
years the group found improved survival in patients with heart failure [70].

In 2004, Bristow et al. compared CRT with and without an implantable defibrillator in 
advanced chronic heart failure. They evaluated 1520 patients of NYHA class III and IV heart 
failure due to ischemic and nonischemic cardiomyopathy. They examined a composite pri-
mary endpoint which consisted of time to death or hospitalization for any cause. The study 
revealed that CRT-P and CRT-D when compared to optimal medical therapy, each decreased 
the risk of the primary end point with hazard ratios of 0.81 (p = 0.014), and 0.80 (p = 0.01) 
respectively. The risk of the combined end point of death and time to hospitalization for heart 
failure was reduced by 34% in the pacemaker group (p < 0.002) and 40% in the pacemaker-
defibrillator group (p < 0.001) [71].

A decade later, Kutyifa et al. compared the effect of CRT-D with CRT-P in a high volume sin-
gle-center setting. In this study, 693 CRT-P devices and 429 CRT-D devices were implanted in 
patients with mean LVEF = 28.2 (±7.4%) and 27.6 (± 6.4%), respectively. The median follow-up 
period was 28 months. In the CRT-P group, 250 patients died compared with 129 patients in the 
CRT-D group for percentage mortalities of 36% and 30, respectively. This was not statistically sig-
nificant (p = 0.894). In patients with ischemic cardiomyopathy, CRT-D treatment was associated 
with a 30% risk reduction in all-cause mortality when compared with an implanted CRT-P (p = 
0.03). In nonischemic patients no benefit was seen in CRT-D over CRT-P (p = 0.15) [72]. Currently, 
there are no large scale studies that directly compare the efficacy or safety of CRT versus AICD.

It should be noted that in the setting of atrial fibrillation, a recent meta-analysis has sought 
to compare radiofrequency ablation versus antiarrhythmic drug therapy examining as pri-
mary outcomes of quality of life, morbidity, and mortality. The authors concluded from their 
data that RFA demonstrates an early but nonsustained superiority over antiarrhythmic drug 
therapy for the improvement of quality of life in patients with atrial fibrillation. Whether this 
can be extrapolated to ventricular tachyarrhythmias remains to be determined [73].

In an earlier single center study, Morillo et al. examined RFA versus antiarrhythmic drugs as a 
first line treatment of paroxysmal atrial fibrillation. These authors concluded that among patients 
with paroxysmal AF without previous antiarrhythmic drug treatment, ablation compared with 
antiarrhythmic drugs (AAD) resulted in a lower rate of recurrent atrial tachyarrhythmias at 2 
years. Recurrence was documented in approximately 50% of patients. Again, while the superi-
ority of RFA over AAD is asserted in this work, the extrapolation to the setting of ventricular 
tachyarrhythmias cannot be assumed until similar studies in this condition are conducted [74].

4.2. Ablation therapy

Unifocal ventricular ectopic beats (VEBs) are frequently seen in clinical practice and are usu-
ally benign in nature. In patients with heart disease, however, there is a risk of sudden car-
diac death from malignant ventricular arrhythmias if the VEBs persist and are frequent. As 
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discussed in the earlier section, β-blockers may be used for symptom control in patients with 
impaired systolic function and/or heart failure if there is a significant risk of sudden cardiac 
death from VEB-triggered tachyarrhythmias. In unifocal VEBs arising from the right ven-
tricular outflow tract in particular, catheter ablation may be considered in some patients as an 
adjunctive treatment [75].

In 1995, Zhu described the successful use of intracardiac mapping and radiofrequency cath-
eter ablation to eliminate drug-refractory monomorphic VEBs in severely symptomatic 
patients. They examined 10 patients who met the selection criteria of frequent monomorphic 
ventricular ectopic activity-related symptoms. These symptoms were frequent episodes of 
palpitation, fatigue, dyspnea, and light-headedness. The symptoms persisted for a mean of 
10 years (range 1–29). The criteria also included the inability to tolerate, or treatment failure 
with, at least three anti-arrhythmic drugs; no evidence of other cardiac arrhythmias (which 
differs from many other intervention criteria); and the absence of electrolyte abnormalities. 
All patients showed frequent ectopy with a mean of 17 (±11) VEB/min; or mean 1065 (±631) 
VEB/h with a range of 280–2094 VEB/h. The technique for ablation involved detailed map-
ping of the ventricular ectopic focus followed by definition of the earliest site of endocardial 
activation during spontaneous ventricular ectopic activity. Pace mapping was performed at 
the endocardial sites showing early activation (local endocardial potentials earlier than the 
surface QRS recording) during ventricular ectopic activity.

In their conclusion, the authors recommended the use of radiofrequency catheter ablation 
based upon the high success rate, the absence of complications, and resolution of symptoms 
related to frequent ventricular ectopic activity. The authors reemphasized that the ectopic 
activity target was monomorphic in nature and drug-resistant. The limitation of this work was 
the small sample size, the lack of true controls, and the inability to create true blinding, and fact 
that the data were collected from several centers without a standardized protocol. Based upon 
these data, with appropriate selection of patients, optimal clinical outcomes can be achieved.

The safety and efficacy of radiofrequency catheter ablation for ventricular tachycardia was 
evaluated by Calkins et al. in a prospective multicenter study. The work asserted that cath-
eter ablation of VT associated with structural heart disease is more difficult than ablation of 
idiopathic VT and reasoned that the larger size of responsible reentrant circuits in hyper-
trophic hearts made complete ablation a greater challenge. In their study, 146 patients with 
structural heart disease and ventricular tachycardia underwent an attempt at ablation. They 
were followed at 243 (±153) days. In 75% of the patients, all mappable VTs were eliminated. 
Fifty-seven patients (41%) had no VT of any type. Twelve patients (8%) experienced a major 
complication which the authors stated was a “moderate” incidence [8]. The major complica-
tions were four strokes or transient ischemic attacks, four episodes of pericardial tamponade; 
complete heart block in two patients; and myocardial infarction and aortic valve injury in one 
patient. The authors also describe four procedure-related deaths. Three of the four deaths 
occurred in patients with ischemic cardiomyopathy. In this group, one death was the result of 
a 99% occlusion of the left main coronary artery. This was caused by coronary artery emboli 
that ultimately lead to cardiogenic shock and death. In a second death, (also in a patient 
with severe ischemic cardiomyopathy), the initial insult was cardiac tamponade which was 
thought to be the result of the use of a transseptal approach to advance the ablation catheter 
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into the left ventricle. Following pericardiocentesis the patient developed pneumonia, pro-
gressive heart failure, and death 1 week later. A third death was attributed to a cerebrovascu-
lar accident that progressed to herniation and death. The fourth death was in a patient with 
ischemic cardiomyopathy with an LVEF = 15%, moderate mitral valve regurgitation and mild 
aortic insufficiency. The aortic insufficiency worsened after ablation and the patient under-
went a previously planned coronary artery bypass graft. An aortic valve replacement and a 
mitral valve annuloplasty were also performed. Surgical exposure revealed that the aortic 
valve was noted to be friable with a tear attributed to the ablation catheter. The patient suc-
cumbed to cardiogenic shock on the first postoperative day [8].

Long-term survival analyses in this study revealed 22 deaths that were not procedure-related. 
Of these, two deaths were attributed to noncardiac causes (cancer and chronic obstructive 
pulmonary disease). Sixteen were classified as cardiac nondysrythmic deaths (e.g., pump fail-
ure) and four deaths were thought to be secondary to ventricular dysrhythmia. The overall 1 
year survival postprocedure in the study was reported to be 75% [8].

The authors also report in this study that 54% of patients remained free of VT during follow-
up. It should be noted that in this study, Calkins et al. reported the postablation occurrence of 
any VT, which resulted in an ICD discharge as having a recurrence whether the VT was the 
monomorphic VT targeted by the ablation or whether it was a polymorphic VT that may have 
been thought unrelated. This was an admirable, effective, and purposeful attempt to remove 
possible bias [8].

There is considerably less data regarding catheter ablation in the setting of nonischemic car-
diomyopathy. Kottkamp et al. examined radio-frequency catheter ablation in eight patients 
with idiopathic dilated cardiomyopathy. The inclusion criteria for ablation were incessant VT 
(n = 4); frequent recurrent VT, reproducibly inducible with programmed electrical stimula-
tion (n = 5). Of the eight patients examined in this study, three had suffered “aborted sud-
den cardiac death” and two had experienced syncope [76]. Two patients were dependent on 
mechanical ventilation and were catecholamine dependent for circulatory support at the time 
of attempted ablation. Following the ablation, the authors report that six of the nine target 
VTs were rendered noninducible. In six patients, VTs with ECG morphologies other than 
the target VTs were inducible following RF catheter ablation. The authors concluded that 
RF catheter ablation in a select group of patients with idiopathic dilated cardiomyopathy is 
feasible with a higher success rate in patients with incessant VT and a moderate success rate 
in patients with chronic VT. It should be noted that in contrast to electrical storm (defined as 
multiple recurrences of ventricular arrhythmias over a short period of time) [77], incessant VT 
is defined as hemodynamically stable VT which persists for longer than 1 h [77].

5. Sympathetic denervation

5.1. History

The use of sympathetic denervation to treat disease is not new. The earliest reported observa-
tions of possible beneficial effects of resection of sympathetic nerves were written by Francois 
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Frank who examined the intervention in Graves’ disease (maladie de Basedow), epilepsy, 
glaucoma, and developmental delay. He also suggested in the work that angina might be 
treated by this resection as well [78]. In 1916, Jonescu used surgical left stellate ganglionec-
tomy to successfully treat a patient with incapacitating angina and cardiac dysrhythmias 
[79, 80].

The role of stellate ganglion interruption alone was brought into question by Danielopolu 
who stated that the maneuver would likely not control anginal events, and advocated more 
extensive denervation which would include C5 to T6 [81]. Interestingly, the advent and effi-
cacy of β-blockade therapy relegated sympathectomy to a less prominent role in management 
of heart disease [80]. The slow resurgence of sympathectomy came on the heels of a case report 
by Estes and Izlar in 2014 in which they described a patient with a refractory case of recur-
rent ventricular tachycardia. They performed bilateral cardiac sympathectomy and noted that 
after the operation there was normalization of a prolonged QRS conduction time [82]. In 1968, 
Zipes et al. presented a case of a patient with recurrent paroxysmal ventricular tachycardia/
fibrillation and reviewed three modes of therapy used to obtain complete suppression of the 
ectopic ventricular foci: pacing, cardiac sympathetic denervation, and β-adrenal blockade 
[83]. Subsequent animal research by Fowlis et al. emphasized work with acute myocardial 
ischemia in awake, canine models. In this study, bilateral cardiac sympathetic denervation 
was performed and the dogs underwent two-stage left coronary artery ligation 6 months fol-
lowing the sympathectomy. The group reported 22% mortality from ventricular fibrillation 
at 15 min in postsympathectomy animals compared to 52% in control animals. They noticed 
a similar trend at 24 h where they found 44% VF-related mortality and 65% VF-related mor-
tality in the postsympathectomy and control groups, respectively. The study also revealed a 
significantly greater percentage increase in the sinus cardiac rate 1 min after LCA occlusion 
in control animals versus postsympathectomy animals. Later onset ventricular dysrhythmias 
were noted as well as a lesser incidence of ventricular premature beats. They concluded that 
sympathectomy imparted a protective effect from VF following experimental coronary occlu-
sion in conscious animals [84].

5.2. Experimental foundation of sympathetic denervation

The experimental foundation for sympathetic denervation in treating ventricular tachyar-
rhythmias was further established in a study by Schwartz and Stone in 1980 in which they 
established the prevention of ventricular fibrillation by acute myocardial ischemia in a con-
scious canine model following sympathetic denervation [85]. In the human model, an ebb and 
flow existed in clinical confidence in left cardiac sympathetic blockade. This was caused by a 
perceived lack of reliable shortening of a prolonged QT interval in patients affected by syn-
dromes that involved this phenomenon and directly followed the landmark work of Moss and 
McDonald in 1971 [86]. The misconception was based upon the belief that a pharmacologic 
blockade of the left stellate ganglion would reliably recreate the physiologic effect of the tech-
nique used by Moss which resulted in Horner’s syndrome. Horner’s syndrome, which was 
classically used as a marker of an effective sympathetic blockade, does not ensure that the 
lower fibers of the stellate ganglion or the thoracic cardiac have been blocked. Currently, there 
remains a lack of rigorous clinical data. Treatment, then, is predicated upon extrapolation from 
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animal models and a growing number of clinical anecdotes and case series that are suggestive 
of the efficacy and safety of the technique in humans.

One of the few studies to critically examine the relationship between sympathetic hyper-
sensitivity as a clinical trigger of life-threatening dysrhythmias and the use of sympathetic 
denervation as a viable intervention was performed by Schwartz et al. [87]. In this placebo 
controlled, multicenter study, the efficacies of a β-blocker (oxprenolol), and selective, left car-
diac denervation were evaluated in patients with a first and anterior myocardial infarction. 
High (n = 144) and low (n = 869) risk groups were identified. The high-risk group consisted 
of patients who survived a myocardial infarction complicated by either ventricular fibrilla-
tion or ventricular tachycardia. The low-risk group consisted of 869 patients who suffered a 
myocardial infarction without dysrhythmia. The low-risk group was randomized to placebo 
or β-blockade with oxprenolol. The high-risk group was randomized to placebo, oxprenolol, 
or left cardiac sympathetic denervation. Crude death rates for each group were determined 
and both oxprenolol and left cardiac denervation reduced mortality to a level that was signifi-
cantly lower than observed in the placebo group (Table 4).

The authors concluded that left cardiac sympathetic denervation could be considered as an 
alternative for high-risk postinfarct patients for whom β-blockade is contraindicated.

Studies which followed this work were anecdotal in nature but tended to iterate this group’s 
findings. Despite lack of randomization and true controls, one study by Coleman et al. [88] 
examined videoscopic left cardiac sympathetic denervation for patients with recurrent ven-
tricular fibrillation/malignant ventricular fibrillation.

5.3. Sympathetic denervation in genetic channelopathies

The work of Coleman et al. is unique in that they studied the procedure in patients who did 
not carry the diagnosis of congenital long QT syndrome (LQTS). Their work was a single cen-
ter, retrospective examination of 91 patients who had videoscopic LCSD, with special atten-
tion to the 27 patients in the group who did have LQTS. The dysrythmogenic syndromes from 
which these patients did suffer included catecholaminergic polymorphic ventricular tachy-
cardia (CPVT) (n = 13); Jervell and Lange-Nielsen syndrome (n = 5) (congenital profound bilat-
eral sensorineural hearing loss and long QTC usually greater than 500 msec iron-deficiency 

Group Mortality rate (%) (n = 144) p-Value (difference from Placebo 
group)

Placebo 21.3 –

Oxprenolol 2.7 0.05*

Left cardiac sympathetic denervation 3.6 0.05*

*Statistical significance.

Table 4. Comparison of high risk, postinfarction group mortality rates in the clinical study of pharmacologic and surgical 
antiadrenergic interventions [87].
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anemia, and elevated levels of gastrin); idiopathic ventricular fibrillation (n = 4); left ventricu-
lar noncompaction (n = 2); hypertrophic cardiomyopathy (n = 1); ischemic cardiomyopathy  
(n = 1); and dysrythmogenic right ventricular cardiomyopathy (n = 1). Five patients had LCSD 
because of β-blockade intolerance. The authors concluded that LCSD may represent an antiar-
rhythmic intervention which is substrate independent for patients with life-threatening ven-
tricular dysrhythmias from causes other than long QT syndrome (Table 5) [88].

In a small study performed by Nademanee et al. in 2000, 49 patients who had electrical storm 
associated with a recent (mean 11 ± 10 days) myocardial infarction were divided into two 
groups in order to study the efficacy of “sympathetic blockade” versus antiarrhythmic agents 
as recommended by the Advanced Cardiac Life Support guidelines. It should be noted that in 
this study in the “sympathetic blockade” group, six of the 27 (22%) patients received stellate 
ganglion block, with seven (26%) receiving esmolol and 14 (52%) receiving propranolol. In 
the second, ACLS group patients received lidocaine (1 mg/kg IV bolus) followed by continu-
ous infusion of lidocaine (1–4 mg/min). Procainamide boluses of 100 mg were administered, 
if sinus rhythm was not obtained, up to a total dose of 500–1000 mg. This was followed by a 
continuous infusion of 2–4 mg/min. Procainamide was used in 16 patients (72%). Bretylium 
tosylate was given in 18 patients (82%) and administered in 5 mg/kg intravenous boluses and 
repeated every 5 min up to a maximum dose of 25 mg/kg if the VF recurred. All patients 
in the group received lidocaine and 12 patients (∼55%) received all three drugs at various 
points in the therapy. In the first week following the event 24 patients died. There were 18 
deaths in the ACLS group (82%) and six deaths in the sympathetic blockade group (22%). All 
deaths in the ACLS group were due to refractory VF. Among the six deaths in the sympathetic 
blockade group, three were from refractory VF, two were from electro mechanical dissocia-
tion and one was due to anoxic encephalopathy leading to asystole. The relative risk of dying 
in the ACLS group was 3.68 compared to the sympathetic blockade. At 1 year the reported 
survival rate for the ACLS group 2/22 (9%) as opposed to 20/29 (74%) for the sympathetic 
blockade group. This study, the authors admit, was limited by the fact that patients could 

Syndrome Total Post LCSD dysrhythmic event rate

Catecholaminergic polymorphic 
ventricular tachycardia

13 1/13

Lange-Nielsen syndrome 5 1/5

Idiopathic ventricular fibrillation 4 1/4

Left ventricular non-compaction 2 0/1

Hypertrophic cardiomyopathy 1 1/1

Ischemic cardiomyopathy 1 0/1

Arrythmogenic right ventricular 
cardiomyopathy

1 0/1

Table 5. Results of LCSD intervention in patients with life-threatening ventricular dysrhythmias from causes other than 
long Q-T syndrome are shown in this table.
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not be randomized to treatment arms because of the emergent nature of electrical storm. 
Therefore, the initial implementation in both groups of the accepted ACLS protocol occurred 
regardless of ultimate treatment direction. It should be noted, however, that both groups did 
demonstrate VF that persisted despite the ACLS and the authors correctly state that because 
of this there was no apparent predilection toward less refractory or more treatable VF in the 
sympathetic blockade. One significant omission in this study from our perspective is the lack 
of further survival analysis in the patients receiving left cardiac sympathetic denervation. 
These data could impact that rationale for use of LCSD as a standalone intervention. In their 
discussion, the authors reemphasize the role of increased sympathetic tone in patients with 
myocardial ischemia and cite animal as well as human studies showing that class I (sodium 
channel blocking) drugs such as lidocaine and procainamide can increase the risk of asystole 
and increase the QT interval, respectively [89, 90]. In addition, the authors assert and also 
correctly cite the fact that class I drugs exert negative inotropic effects and worsen cardiac 
function, leading to more heart failure, more episodes of ventricular fibrillation in patients 
who have left ventricular dysfunction, and mild congestive heart failure [91, 92]. The authors 
propose in conclusion that all patients with ES should be given β-blockers even if they suffer 
congestive heart failure, left ventricular dysfunction or dysrhythmias that cause hemody-
namic compromise.

6. Neural blockade and management of ventricular dysrhythmias

6.1. Technique of stellate ganglion blockade for management of ventricular dysrhythmias

Currently, the stellate ganglion block is typically performed using ultrasound guidance. In 
the not too distant past, before the advent of ultrasound-guided nerve blocks, the procedure 
was performed “blind,” i.e., using anatomic landmarks. While current practice still relies on 
anatomic landmarks to acquire the bearings for the block, ultrasound imaging is essential to 
obtain definitive confirmation that target structures have been visualized and accessed appro-
priately; and that structures that must be avoided (vascular, respiratory, esophageal, endo-
crine, etc.) are successfully identified. The linear ultrasound transducer provides the most 
manageable access to this region.

With the patient in the supine position the lateral neck and the base of the neck are sterilely 
prepped and draped. The carotid artery is digitally retracted laterally and the ultrasound 
transducer is positioned close to the longus colli muscle. The transducer is then gently pressed 
between the carotid artery and trachea at the level of the cricothyroid membrane. This cor-
responds to the level of the transverse process of the sixth cervical vertebra or Chassaignac’s 
tubercle (Figure 1).

An inplane approach (block needle and ultrasound transducer long axes in the same orienta-
tion) is used. If a continuous/catheter technique is to be used, an 18 gauge Tuohy is inserted 
paratracheally toward the middle of the longus colli muscle. The needle insertion endpoint is 
the ultrasound image demonstrating the tip of needle penetrating the prevertebral fascia in 
the longus colli (Figure 2).
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Figure 1. Placement of ultrasound transducer for ultrasound-guided left stellate ganglion block. Courtesy of the New 
York Society of Regional Anesthesiology (NYSORA).

Figure 2. Ultrasound of left stellate ganglion (indicated by long yellow arrows) and related anatomy are shown. Note 
proximity to the carotid artery (CA) and the internal jugular (IJ) vein. The short green arrows indicate the block needle. 
Courtesy of the New York Society of Regional Anesthesiology (NYSORA).
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Following attainment of the prevertebral fascia of the longus colli muscle, negative aspira-
tion for blood and cerebrospinal fluid must be demonstrated. Local anesthetic is injected 
and its spread is visualized in real time. Under sterile conditions, a 20 gauge polyethylene 
catheter is inserted through the Tuohy needle to the left stellate ganglion within the pre-
vertebral fascial layer. An intervascular approach between the left carotid artery and 
the left internal jugular vein may be used if dictated by anatomical restrictions (Figure 3). 
A continuous infusion of 1 mL per hour of 1% preservative free lidocaine may be initiated 
[93].

6.2. LCSD for ventricular dysrhythmias: review of case reports in the literature

In his thorough review of the evaluation and management of electrical storm, Effing et al. 
mentioned left stellate ganglion blockade as a means of suppressing electrical storms that 
were refracting to multiple antiarrhythmic agents and B-blockade. The review, however, does 
not mention the anecdotal reports of successful stellate ganglion blockade in VT/VF refractory 
which is refractory to countershock administered by AICD. At the time of this writing there 
are five case reports or case series in the recent literature, which address successful use of 
LCSD accomplished via somewhat different methods to treatment recurrent VT and electrical 

Figure 3. Ultrasound of left stellate ganglion (SG) block using the intervascular approach between carotid area (CA) 
and internal jugular (IJ) vein is shown. VA is vertebral artery; dashed red line is course of 18 gauge Tuohy needle and 
subsequent 20 gauge polyethylene catheter [93].
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storm. This section addresses each of these reports in chronologic order and compares the 
specific clinical settings in which they were used.

In 2009, Collura et al. performed an electronic medical record review of 20 patients at their 
institution who received LCSD for the treatment of two cardiac channelopathies: long QT 
syndrome and catecholaminergic polymorphic ventricular tachycardia (CPVT). Their study 
population consisted of 20 patients with an age range of 2 months to 42 years; with a gender 
component of 8 females and 12 males. Eighteen of the patients received the VATS proce-
dure and two had a traditional or “open” approach for the LCSD. They reported no intraop-
erative ectopy, no uncontrolled hemorrhage, and no VATS case requiring conversion to an 
open approach nor any other perioperative complication in their short term follow-up period 
(mean 16.6 ± 9.5 months). They found a “marked” reduction in cardiac events in patients (n = 
11) who received LCSD as secondary prevention [94].

Mahajan et al. 2005 took a different approach to accomplishing LCSD. In their case report, 
they describe thoracic epidural anesthesia (TEA) for electrical storm [95]. Their decision to 
attempt control with TEA was based on extrapolation from the work of Blomberg et al. who 
found significant symptomatic improvement in patients suffering from intractable angina, in 
addition to finding attenuation of stress induced myocardial ischemia [96]. Their attempt was 
also bolstered by the editorial remarks of Staats and Panchal [97] which supported the use of 
this technique in the coronary care unit for patients with severe angina [97]. In their report, 
Mahajan et al. describe a 75-year-old man with a history of ischemic cardiomyopathy (LVEF 
= 20%); an AICD (with 86 shocks and 42 antitachycardia pacing attempts over a 48-h period); 
and a history of two separate coronary artery bypass grafting procedures 15 years apart. The 
patient was being treated with maximal antiarrhythmic therapy (mexilitene, amiodarone, 
nitroglycerine, and esmolol) and deemed ineligible for further coronary revascularization. 
The patient’s AICD battery was depleted and general endotracheal anesthesia was required 
for radiofrequency ablation and the AICD battery change. The patient continued to have VF/
VT despite increasing doses of anesthetics and antidysrhythmics. The patient received an 
“emergent” thoracic epidural catheter placement in the hope of controlling the dysrhythmias 
and an infusion was begun. They report that during the time of the epidural infusion only one 
episode of VF occurred.

Loyalka et al. [98] discuss a 58-year-old male with a history of a complete Q-wave ante-
rior myocardial infarction who developed unstable ventricular dysrhythmias treated with 
repeated external countershocks. The patient’s condition then deteriorated to pulseless 
ventricular dysrhythmias which required a series of direct current shocks and amioda-
rone for stabilization. The patient underwent an urgent implantation of a percutaneous 
ventricular assist device (Tandem Heart) which accomplished left atrial-femoral artery 
bypass. The dysrhythmias were reported to have persisted at which point a left stellate 
ganglion block was performed with 0.25% bupivacaine. After the block the patent required 
a single defibrillation of 200 J and had no further sustained dysrhythmias. Following the 
procedure, they reported frequent premature ventricular contractions and short 3–5 beat 
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of nonsustained ventricular tachycardia. The patient developed an ectopic atrial tachycar-
dia which was mapped and ablated. He received a dual chamber AICD. The authors cor-
rectly note that this is currently the only case found in the literature of such a description 
to have been successfully treated with left atrial femoral support and left stellate ganglion 
block [98].

In 2014, Malik et al. reported the successful treatment of a 70-year-old man who suffered from 
ischemic cardiomyopathy and had an AICD. The patient had developed intractable VT which 
was resistant to amiodarone, lidocaine, and multiple unsuccessful radiofrequency catheter 
ablation attempts of the ectopic foci. The patient continued to have up to 18 AICD shock-
able events per day. At 2.5 h, following a stellate ganglion block the ventricular tachycardia 
reverted to a normal sinus rhythm which persisted for at least 1 month which is the latest 
reported follow-up in the case study [99].

Finally, in 2015 this author (Smith et al.) published a report of a 65-year-old male with a 
diagnosis of electric storm and a history of nonischemic cardiomyopathy, prostate cancer, 
and a previously placed left ventricular assist device. The patient received a continuous 
left stellate ganglion block which was continued for 7 days. Based upon the result of this 
block, a surgical (open technique) left cardiac sympathetic denervation was performed. It 
was important for us in this case to establish a continuous left sympathetic blockade infu-
sion for 6 days in order minimize the likelihood that we were simply observing a period 
of spontaneous ectopic quiescence [93]. No definitive studies have addressed specifically 
the optimal time for blockade before definitive treatment is employed. At our institution, 
we also used 1 week by convention to allow for reversal of the patients’ coumadin ther-
apy with bridging using a heparin infusion during this period. At the same time, in each 
of our cases, there was a marked reduction in the number of episodes of daily shockable 
events (DSEs). Statistical analysis of the number of individuals treated by this technique 
at our institution remains too small for rigorous statistical analysis. We did however look 
at the mean number of DSE both prior to and following each intervention over a 6 day 
week or a 144 h period considered as 144 sample times. In our observations, we found no 
noticeable difference in the number of DSE’s between the postblock and the postsurgical 
interventions. We found that differences between DSE preintervention and postblock did 
exist and examined these on an intrapatient basis. For differences between preinterven-
tion and postintervention, we used a repeat measures t-test and found a preinterven-
tion DSE value (5.5 ± 4.04) postblock DSE (0.38 ± 4.04). We looked at the two patients in 
whom we proceeded to permanent blockade and found intrapatient differences in DSE 
value. We used the same mean overall DSE in the eight total patients and defined that 
as our “population” (5.5 ± 4.04). This was done despite the fact that the mean DSE in 
the two patients who preceded to permanent denervation techniques was higher than 
in the “population.” Our intention here was to more critically compare the differences 
pre and postintervention and to reduce bias as well. We found intrapatient differences at 
the p ≤ 0.004 and p ≤ 0.0048 levels, respectively. Currently, we use these determinations 
applied to intrapatient results to direct our care on a case by case basis. Table 6 pres-
ents the summary of case studies in the literature which employed LCSD for ventricular 
tachydysrhythmias.
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7. Anticoagulation considerations for neural blockade for management of 
ventricular dysrhythmias

The incidence of hemorrhagic complications associated with neuraxial blockade is not known 
but has been cited as 1 in 150,000 epidurals and 1 in 220,000 spinals in the literature. Recent 
epidemiologic data suggest that in certain populations, the incidence may be higher. Because 
of the proximity of the stellate ganglion to the neuraxis and the potentially catastrophic con-
sequences of intracervical hemorrhage, we treat this block as if were a neuraxial block and 
apply the same precautions used in actual neuraxial injections [100]. Underlying abnormali-
ties of the spinal cord, preexisting coagulopathy, increasing age, difficulty placing needle, and 
indwelling neuraxial catheter in the setting of sustained anticoagulation are risk factors for 
clinically significant bleeding associated with neuraxial and certain regional blockade tech-
niques [101]. These present challenges for clinicians performing regional anesthesia in such 
patients. Due to the safety concerns of bleeding risk, several agencies including American 
Society of Regional Anesthesia (ASRA), American College of Chest Physicians (ACCP), and 
European Society of Regional Anesthesia (ESRA) have provided guidelines and recommenda-
tions to reduce patient morbidity/mortality during regional anesthesia. For patients taking 
anticoagulants, these guidelines and recommendations for practicing regional anesthesia are 
based on available evidence from epidemiologic data with the goals of making hospital-based 
medical practice standard, optimizing patient outcomes, and ensuring quality patient care 
[102]. Variation from these recommendations may be acceptable since no specific clinical out-
come can be guaranteed from the suggested guidelines. Patient factors as mentioned earlier, 
clinician expertise and choice of materials/medications can influence clinical outcome and 
experience.

There are no current laboratory models and cervical hematomas are rare which makes con-
structing prospective-randomized studies a challenge. These practice guidelines or recom-
mendations are therefore a summary of evidence-based reviews and the collective experience 
of recognized experts in regional anesthesia and anticoagulation [102]. To this end, the 
decision to perform stellate ganglion blockade (either via single injection or via continuous 
infusion catheter), and the timing of catheter removal in a patient receiving antithrombotic 
therapy should be made on an individual basis, taking into account the risk of cervical hema-
toma with the benefits of regional anesthesia for a specific patient. Published guidelines and 
recommendations should be used to mitigate confusion.

Understanding pharmacokinetics and pharmacodynamics of anticoagulation therapy, tim-
ing of administration and determining the appropriate time to conduct a safe procedure is 
essential to performing regional anesthesia in an anticoagulated patient [103]. Alternative 
anesthetic and analgesic techniques should be considered in patients with an unacceptable 
risk. However, some of these recommendations should be applied when performing regional 
anesthesia in every patient on anticoagulation. Coagulation status should be optimized at the 
time of sympathetic neural needle/catheter placement, and the level of anticoagulation must 
be carefully monitored during the period of perineural catheterization [102]. Indwelling cath-
eters should not be removed in the setting of therapeutic anticoagulation as removal seems 
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to significantly increase the risk of hematoma. Identification of risk factors and establishment 
of guidelines will not completely eliminate complication of regional anesthesia in an antico-
agulated patient. Vigilance in monitoring is critical to allow early evaluation of neurologic 
dysfunction and prompt intervention. Protocols must be in place for urgent magnetic reso-
nance imaging and hematoma evacuation if there is a change in neurologic status. We must 
focus not only on the prevention of intracervical or perineural hematoma but also on rapid 
diagnosis and treatment to optimize patient outcome.

8. Ventricular dysrhythmias and AICD-discharge-related anxiety 
syndromes

In some patients, the persistence of ventricular dysrhythmias and subsequent AICD dis-
charges can have distressing effects. This becomes a vicious cycle in which the shock itself 
and anticipation of the pain and discomfort associated with the shock can cause significant 
anxiety, increase the level of hormones associated with stress, and thus, potentially increase 
the incidence of adrenergic-susceptible ventricle tachyarrhythmias. The data on this phenom-
enon are not absolutely consistent. At least one study reports the absence of impact on emo-
tional distress. In 2003, Ladwig et al. described 37 patients with chronic atrial fibrillation, 
mean age 61.9 with a gender breakdown of 29 men and 8 women. They assessed pain percep-
tions of low energy test shocks (60 V, O.1 J) immediately following the discharge. The group 
also collected data from the patients regarding treatment anxiety, depression, and somatiza-
tion. Forty one percent of patients (n = 15) perceived the shocks as hypalgesic, 10 patients 
(27%) perceived it as normalgesic and 12 patients (32%) perceived it as hyperalgesic. They 
also noted that the pain threshold was significantly lower (p ≤ 0.029) in patients in which AF 
was accidentally diagnosed and an inappropriate discharge was delivered. They state that 
the hyperalgesic pain threshold was not associated with anxiety depression, or the patient’s 
tendency to amplify benign bodily sensations [104]. It should be noted that while this study 
aims to examine the impact of countershocks on patient emotional status, and pain percep-
tion, it may be nonrepresentative in at least two ways. First, the dysrhythmias examined are 
atrial and it is unclear whether the patient experience can be extrapolated to the ventricular 
dysrhythmia setting. Second, the experimental protocol in this work used a low-energy test 
shock of 60 V, 0.1 J. The mean energy delivered for ventricular defibrillation is reported to be 
10 J, with maximum shock energies ranging between 25 and 42 J with many monomorphic 
tachycardias terminable with shocks of 1 J or less [105]. The authors also state that low-energy 
cardioversion should always be backed up by successive high-energy shocks, since ventricu-
lar dysrhythmias can accelerate after low-energy shocks [106]. Thus, even when low-energy 
cardioversion is used in the ventricular dysrhythmia setting it is frequently still 10-fold greater 
than that reported in the Ledwig study on atrial dysrhythmias.

The remainders of the studies that examine psychological effects of AICD discharge do report 
some negative impact on emotional well-being and quality of life (QoL). These studies empha-
size various aspects of life that are worth mentioning since the control of the total number of 
AICD discharges as well as the effective management of electrical storm is the goal of LCSD.
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The advent of advanced cardiac support interventions will undoubtedly lead to more patients 
surviving recurrent VT. In this regard, LCSD should be considered more frequently since the 
number of patients living with this diagnosis will increase and lead to an overall increase in 
the number of individuals suffering a decrease in QoL. These patients will likely enter the 
palliative care setting. We will look at some of these studies chronologically with the ultimate 
goal of understanding how LCSD may possibly impact those Q0L components.

One of the earliest descriptions of the psychiatric syndromes identified in patients with AICD 
was given by Fricchione et al. in 1989 and included anxiety, psychological dependence, abuse, 
and withdrawal [107]. Later Hamner and his group examined three cases involving patients 
with AICD. He reported that all the patients met the criteria for PTSD based on DSM-IV crite-
ria, i.e., stressor, intrusive recollection, avoidance/numbing, hyper-arousal, duration (greater 
than one month), and functional significance (causes impairment in important areas of func-
tioning [108]. In the first patient, Hammer describes the resolution of the PTSD, came in the 
form of the addition of fluoxetine to his established regimen which included amitriptyline 
and lorazepam. This was followed by cardiac transplantation and subsequent removal of his 
AICD. The remaining two patients in the case study were treated with either a dual reup-
take inhibitor of serotonin and norepinephrine (duloxetine), or a selective serotonin reuptake 
inhibitor (paroxetine) antidepressant, and psychotherapy in combination with preestablished 
anxiolytics and tricyclic antidepressants. The group emphasized the important potential for 
the development of PTSD secondary to AICDs. They correctly state that the effectiveness of 
psychotherapy and/or psychopharmacology in treating AICD related PTSD has not been sys-
tematically investigated [108].

In a 1999 literature review, Sears et al. concluded that 13–38% of AICD recipients experienced 
diagnosable levels of anxiety with rates of clinical depression that were comparable to other 
cardiac patient populations. They reported AICD-related concerns, e.g., fear of shock, fear of 
device malfunction, fear of death, and fear of embarrassment. They concluded that young 
recipients and those with high discharge rates may experience the most adjustment difficul-
ties [109].

Two papers published in 2002 turned focus onto QoL issues by distinct definition. In that year, 
Sears et al. [110] compared QoL studies that examined antidysrhythmic therapy with AICD. 
They noted that the primary focus of these studies was upon mortality rather than AICD-specific 
and antiarrhythmic-specific measures that may be more sensitive to psychological outcomes. 
They stated that the existing work suggested that the ICD achieved comparable if not better 
QoL than alternative treatments, but stated that future measurements and interventions should 
focus on patient acceptance of the device. The group also recommended that routine integration 
of psychosocial needs considerations should be added to the clinical care of patients with AICD. 
Also, in 2002, Schron et al. provided three self-administered instruments to measure generic 
and disease specific QoL in the antiarrhthmics versus implantable defibrillators (AVIDs) trial 
participants. They reported that overall AICD and antiarrhythmic drugs (AAD) were associated 
with similar alterations in QoL with the development of sporadic shocks and adverse symptoms 
associated with reduced physical functioning and mental well-being and increased concerns 
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among ICD recipients; and reduced physical functioning and increased concerns among AAD 
recipients [111].

In another study that focused on the psycho social impact of AICD on spouses, Sowell 
et al. in 2007 examined patients and their spouses (n = 62) who completed separate indi-
vidual assessment batteries regarding demographics, death anxiety, shock anxiety, general 
anxiety, and marital adjustment at a single time point during outpatient cardiology visits. 
Their results revealed similar general anxiety and marital adjustment among participants 
with spouses actually reporting greater shock anxiety than did the patients themselves  
(p = 0.045). The study also revealed that female ICD patients reported more anxiety related 
to death and shock and received more shocks given identical degrees of clinical severity  
(p = 0.02) [112].

In what may the most definitive study to date, Mark et al. in a randomized trial compared 
AICD therapy or amiodarone with state of the art medical therapy alone, found that psy-
chological well-being in the AICD group, as compared with medical therapy alone was sig-
nificantly improved at 3 months (p = 0.01) at 12 months (p = 0.003); but not at 30 months. It 
should be emphasized that this study not only compared to AICD and medical therapy but 
also examined changes in scores on the medical outcomes study 36 item short form (SF-36) 
scale for patients who had received an ICD shock which they calculated as the difference 
between the most recent overall QoL category score that existed prior to the shock and that 
which the patient noted immediately following a shock. In each of the five categories (gen-
eral health perceptions, physical function, emotional function, social function, and self-rated 
health) there were statistically significant decrements in QoL [113].

9. Summary

The summary of the progression from diagnosis to treatment with LCSD described in this 
chapter is found below.

The use of neural blockade has thus far been applied as a last resort [88] in the treatment of 
malignant ventricular tachyarrhythmias in the setting of heart failure. This chapter has exam-
ined the progression of therapeutic intervention from least invasive (pharmacologic only) to 
the most invasive techniques and interventions. Whether or not this is the optimal organiza-
tional approach to these maladies is difficult to discern. Given the acuity and the potential 
severity of the ventricular tachyarrhythmias, it is extraordinarily difficult to construct true 
randomized, controlled trials in human subjects to specifically answer these questions and 
potentially optimize the progression from one treatment modality to the next. In the future, 
modifications in all aspects of care for these patients will no doubt be addressed particularly 
with regard to how specific neural blockade of the left cardiac sympathetic innervation can 
be implemented in a more timely and patient-convenient fashion with the goal of overall 
improvement in clinical outcomes of survival as well as in quality of life.
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Abstract

The number of patients who suffer from heart failure is rapidly increasing. In about one‐
third of heart failure patients, conduction delays cause dyssynchronous left ventricular 
contractions, which leads to reduction in left ventricular function, adverse cardiac remod‐
elling and finally increased mortality. Cardiac resynchronization involves simultaneous 
pacing of both ventricles, and improves left ventricular contractile function. Although 
resynchronization does not restore myocardial function, multiple studies have shown 
that cardiac resynchronization therapy improves quality of life, exercise capacity, symp‐
toms of heart failure, left ventricular ejection fraction, morbidity and mortality. The use 
of cardiac resynchronization therapy has increased significantly, since its initial approval 
in 2001, in patients with advanced heart failure.

Keywords: heart failure, cardiac resynchronization therapy, electrophysiologist, left 
bundle branch block, left ventricular function

1. Introduction

The number of patients who suffer from chronic heart failure is rapidly growing. According 
to the 2016 update on heart disease and stroke statistics reported by the American Heart 
Association, an estimated 5.7 million Americans ≥20 years of age have a diagnosis of heart 
failure and projections show that the prevalence of heart failure will increase 46% from 2012 
to 2030, resulting in >8 million people ≥18 years of age with heart failure [1]. In the year of 
2013, heart failure was the underlying cause in >65,000 deaths and contributed to the death 
of >300,000 people [1]. In the same report, there is an estimate that a total cost of over $30 bil‐
lion was used for the treatment of heart failure in 2012 [1]. Direct medical costs attributed to 
68% of this total amount. The lifetime risk of developing heart failure is 20% for adults at the 
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age of 40 years and goes up with age. Acute heart failure consists of one of the most common 
reasons for hospitalization, attributing to over 1 million discharges annually and high 30‐day 
readmission rates (up to 25%) and 1 year (up to 60%) [1]. The prognosis for heart failure is 
poor, with an estimated mortality rate of 50% within 5 years of diagnosis.

2. Cardiac resynchronization therapy (CRT)

2.1. Advent of CRT

An intraventricular conduction delay is found in approximately 20–30% of patients with 
symptomatic heart failure. Conduction delay causes dyssynchronous left ventricular contrac‐
tions, which lead to left ventricular dysfunction, adverse cardiac remodelling and eventu‐
ally high mortality [2–4]. Conduction delay may also lead to mitral valve regurgitation, thus 
increasing symptoms of heart failure. The prevalence of left ventricular dyssynchrony in heart 
failure has been shown to increase with reduced left ventricular ejection fraction and with 
increased QRS width [5–7].

Cardiac resynchronization therapy (CRT), which was first introduced for clinical use in 1996, 
attempts to restore ventricular synchrony in patients who suffer from dilated cardiomyopa‐
thy with a widened QRS complex to improve the mechanical efficiency of left ventricular 
contraction. Since U.S. Food and Drug Administration (FDA) approval, the use of CRT has 
steadily increased [8]. Sridhar and colleagues showed a trend in CRT device implantation in 
the United States [9] (Figure 1).

2.2. Mechanism of CRT

Janaswamy et al. listed the studies which demonstrated that the presence of a bundle branch 
block or other intraventricular conduction delay can worsen heart failure due to systolic dys‐
function by causing ventricular dyssynchrony [10] (Table 1). The rationale for CRT is based upon 
these findings. These acute mechanical benefits of CRT can be accompanied with more chronic 
adaptations that lead to long‐term benefit in the patient who suffers from heart failure [11].

Nowadays, it has been reported that CRT improves quality of life, exercise capacity, symp‐
toms of heart failure by [12–16] left ventricular ejection fraction [17, 18], morbidity and mor‐
tality [18] in patients with moderate to severe left ventricular dysfunction with a wide QRS 
complex. The benefit of CRT in mild to moderate heart failure has also been demonstrated by 
several studies [19–23]. Long‐term beneficial effects on left ventricular function were shown 
by positron emission tomography evaluations, and CRT enhances myocardial forward work 
efficiency at rest in patients with dilated cardiomyopathy and heart failure [24, 25].

CRT improves left ventricular contractile function in patients with heart failure associated 
with left bundle branch block. Improved efficiency from resynchronization pacing is unlikely 
due to the alterations in intrinsic myocyte function. The improvement of ventricular func‐
tion is the result of improved efficiency of the work performed by different regions of the 
wall. Nelson et al. demonstrated that pressure‐volume loops display an increase in loop area 
and width (stroke work and volume, respectively) and a decline in end systolic volume with 
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pacing [25]. In spite of improvements in systolic function, myocardial oxygen consumption 
decreases due to a slight fall in coronary flow as well as transcardiac oxygen gradient.

2.3. U.S. trends in CRT

CRT is now recommended for patients with heart failure due to systolic dysfunction com‐
bined with intraventricular delay. CRT is also recommended in addition to guideline‐directed 
medical therapy, such as angiotensin‐converting enzyme inhibitors, beta blockers, aldoste‐
rone antagonist therapy and implantable cardioverter defibrillators (ICDs) when indicated 
for primary or secondary prevention of sudden cardiac death.

Sridhar et al. used the Nationwide Inpatient Sample database to identify all patients who 
underwent CRT implantation during 2002–2010 [9]. The overall trends in CRT device implan‐
tation, patient characteristics and outcomes were studied in detail and comparisons among 
demographic subgroups were performed. They found that an average of 41,578 CRT device 
implantations was performed per year. There has been a significant increase in the percentage 
of CRTs implanted in patients with advanced age (≥85 years). There were significant differ‐
ences in CRT utilization favouring male and whites compared with female and black patients, 
respectively, in spite of adjustments for rates of heart failure. The highest numbers of implants 
were found in the patient group with moderate comorbidity (48%), followed by mild comor‐
bidity group (39/7%). The overall number of CRT implantations in the severe comorbidity 
group was the lowest (12.3%). However, in the recent years, there has been a significant 
increase in the number of CRT implantation in this category (Figure 2).

Figure 1. The number of CRT device implantation in the United States.
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Trial Inclusion criteria Primary end point Follow‐up Results/conclusion

MIRACLE [12] QRS duration 
≥130 ms, an LV 
end diastolic 
diameter ≥55 mm by 
echocardiography 
and ejection fraction 
(EF) ≤0.35

NYHA symptom 
class, quality of life 
(Minnesota Living 
with heart failure 
questionnaire) and 
exercise capacity

6 months Significant reductions in 
LVEDV (P < 0.001) and LVESV 
(P < 0.001) at 3 months, and 
continued to 6 months, in the 
CRT group compared with 
the control group. Significant 
improvement in EF compared 
with the control group at 
3 months (2.3 vs. 0.6%; 
P < 0.01) and 6 months (3.6 vs. 
0.4%; P < 0.001). Significant 
decrease in severity of MR 
at 3 months (‐2.1 vs. 0.1 cm2 
jet area; P < 0.01) and at 6 
months (‐2.5 vs. 0.5 cm2 jet 
area; P < 0.001). Increase in 
cardiac index from baseline to 
6 months (0.11 L · min‐1 · m‐2; 
P < 0.05).

PATH‐CHF [13] NYHA 
functional class 
III or IV, dilated 
cardiomyopathy of 
any etiology, sinus 
rhythm ≥55 beats/
min, a QRS complex 
duration ≥120 ms in 
at least two surface 
electrocardiographic 
(ECG) leads and a 
PR interval ≥150 ms

Primary end points: 
oxygen uptake 
at peak exercise, 
oxygen uptake at the 
anaerobic threshold 
and the 6‐min 
walking distance. 
The secondary end 
points were changes 
in NYHA functional 
class and quality 
of life.

12 months Oxygen uptake during 
bicycle exercise increased 
from 9.48 to 10.4 ml/kg/min 
at the anaerobic threshold 
(P = 0.03) and from 12.5 
to 14.3 ml/kg/min at peak 
exercise (P < 0.001) with the 
first treatment. From 10.0 
to 10.7 ml/kg/min at the 
anaerobic threshold (P = 0.2) 
and from 13.4 to 15.2 ml/
kg/min at peak exercise 
(P = 0.002) with the second 
treatment. Increase in 
maximal exercise capacity 
from 12.6 to 15.6 ml/kg/
min. Increase in 6‐min walk 
performance from 357 to 466 
m. 2/3 of patients improved 
to NYHA functional class I 
or II.

MUSTIC [14] Severe HF with 
EF < 0.35 as 
measured by 
radionuclides and 
an LV end diastolic 
diameter >60 mm 
NYHA functional 
class III. The 6‐min 
walking distance 
<450 m. QRS 
duration >150 ms. 
AF > 3 months. QRS 
duration >200 ms

6‐min walking 
distance, the 
peak VO2 by 
cardiopulmonary 
exercise test, quality 
of life, NYHA 
class, systolic and 
diastolic blood 
pressure (BP), 
body weight, 
12‐lead surface 
electrocardiogram 
(ECG), 24‐h 
Holter monitoring 
and Doppler 
echocardiography

1 year Significant improvement in 
6‐min walk distance of 20% 
compared with baseline at 6, 
9 and 12 months. Peak VO2 
at 12 months had increased 
by 1.7 ml/min/kg or 11% in 
the SR group and 1.1 ml/kg/
min or 9% in the AF group 
compared with baseline. 
Reduction in the Minnesota 
score of 17 points or 36% in 
the SR group and of 14 points 
or 32% in the AF group. The 
NYHA class improved by 0.7 
in the SR group and 0.8 in the 
AF group.
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Trial Inclusion criteria Primary end point Follow‐up Results/conclusion

MIRACLE ICD [16] 
Combination with ICD

Cardiac arrest 
due to VF or VT, 
or spontaneously 
sustained 
ventricular 
tachyarrhythmia, or 
inducible ventricular 
fibrillation 
or sustained 
ventricular 
tachyarrhythmia, 
NYHA III or IV 
LVEF ≤ 0.35 QRS 
duration ≥130 ms 
LVEDD ≥55 mm

Primary end points: 
NYHA functional 
class, quality‐of‐life 
score and distance 
covered during the 
6‐min walking test.

1, 3 and 6 
months.

Significantly higher median 
improvement in quality of 
life, NYHA functional class 
and distance during 6‐min 
walk in the CRT group 
compared with the control 
group.

RAFT [19] ICD + CRT NHYA class II or III, 
EF <0.30, an intrinsic 
QRS duration of 
120 ms or more or a 
paced QRS duration 
of 200 ms or more, 
sinus rhythm or 
permanent AF 
or flutter with 
a controlled 
ventricular rate (≤60 
beats per minute 
at rest and ≤90 
beats per minute 
during a 6‐min walk 
test) or planned 
atrioventricular‐
junction ablation 
after device 
implantation), 
and planned ICD 
implantation for 
indicated primary 
or secondary 
prevention of 
sudden cardiac death

Primary outcome: 
death from any 
cause or heart 
failure leading to 
hospitalization

The mean 
(±SD) follow‐
up period 
was 40 ± 20 
months for all 
patients and 
44 ± 18 months 
for surviving 
patients

Prolonged time to the 
occurrence of the primary 
outcome in the ICD–CRT 
group (hazard ratio, 0.75; 
95% confidence interval [CI], 
0.64–0.87; P < 0.001). The time 
until death was significantly 
prolonged (relative risk 
reduction, 25%) in the 
ICD–CRT group (hazard 
ratio, 0.75; 95% CI, 0.62–0.91; 
P = 0.003).

COMPANION [29] 
Pharmacologic 
therapy alone, 
pharmacologic + CRV 
with pacemaker, 
pharmacologic + CRT+ 
pacemaker defibrillator

NYHA class III or IV 
HF, LVEF of 0.35 or 
less, QRS interval of 
at least 120 ms and a 
PR interval of more 
than 150 ms, sinus 
rhythm, no clinical 
indication for a 
pacemaker or ICD, 
and a hospitalization 
for the treatment 
of heart failure or 
the equivalent in 
the preceding 12 
months.

primary end point: 
composite of death 
from any cause or 
hospitalization for 
any cause

Median 
duration of 
follow‐up for 
the primary 
end point: 11.9 
months in the 
pharmacologic 
therapy group, 
16.2 months in 
the pacemaker 
group and 15.7 
months in the 
pacemaker 
defibrillator 
group

12‐month rate of death from 
any cause or hospitalization 
for any cause was 68% in the 
pharmacologic therapy group 
as compared with 56% in the 
pacemaker group (hazard 
ratio for the primary end 
point: 0.81) and 56% in the 
pacemaker defibrillator group 
(hazard ratio, 0.80)
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2.4. Outcomes of CRT implantation

The in‐hospital mortality rates associated with CRT implantation is shown in Figure 3.

For an elective CRT procedure, the mean length of stay was 2.81 days and the median was 
1.00 day. The overall in‐hospital mortality following CRT implantation was 0.87%, which has 
decreased significantly from 2003 to 2010 (1.08 in 2003 to 0.70% in 2010; P = 0.03). Mortality fol‐
lowing elective CRT implantation was 0.4% compared with 1.0% with non‐elective CRT implan‐
tations. The mortality was higher in male (0.93%) compared with female (0.71%), and decrease 
in mortality was observed in both male and female. The mortality rate in advanced age group 
(≥85 years) was significantly higher compared with younger population (<85 years). However, 
the mortality rate in the ≥85‐year group has significantly decreased in recent years. Patients with 

Trial Inclusion criteria Primary end point Follow‐up Results/conclusion

MADIT‐CRT [30] ICD 
and CRT

Ejection fraction of 
30% or less, a QRS 
duration of 130 
ms or more, and 
NYHA class I or II 
symptoms

Death from any 
cause or nonfatal 
heart failure events, 
whichever came first

Follow‐up of 
patients in the 
trial averaged 
2.4 years

34% reduction in the risk 
of death or nonfatal heart 
failure (whichever came first) 
among patients in the CRT–
ICD group, as compared 
with those in the ICD‐only 
group. CRT–ICD therapy 
was associated with a greater 
benefit in women (hazard 
ratio, 0.37; 95% confidence 
interval [CI], 0.22–0.61) than 
in men (hazard ratio, 0.76; 
95% CI, 0.59–0.97; P = 0.01 for 
interaction) and in patients 
with a QRS duration of 150 
ms or more (hazard ratio, 
0.48; 95% CI, 0.37–0.64) than 
in those with a QRS duration 
of less than 150 ms (hazard 
ratio, 1.06; 95% CI, 0.74–1.52; 
P = 0.001 for interaction).

REVERSE [31] QRS ≥120 ms and 
LV ejection fraction 
≤0.40, active 55‐mm 
or wider LV end 
diastolic diameter, 
measured by 
echocardiography

Primary end 
point: HF clinical 
composite response

Patients were 
followed at 1, 3, 
6, 12, 18 and 24 
months

Worsening of the HF 
clinical composite response 
in 34 of the 180 patients 
(19%) assigned to CRT ON 
compared with 28 of the 82 
patients (34%) assigned to 
CRT OFF (p = 0.01). LVESVi 
decreased by a mean of 
27.5 ± 31.8 ml/m2 in the CRT 
ON compared with 2.7 ± 25.8 
ml/m2 in the CRT OFF group 
(P < 0.0001). Rates of HF 
hospital stay was 14 of 82 
(17.1%) in CRT OFF patients 
and 13 of 180 (7.2%) CRT ON 
patients

Table 1. Summary of studies of CRT.
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severe comorbidities had significantly higher overall mortality (1.5%) compared with those with 
moderate (0.8%) or mild (0.7%) comorbidities (P < 0.001). However, mortality in all three comor‐
bidity groups has decreased in recent years, most notably in the severe comorbidity group.

In terms of complications associated with CRT implantation, pericardial effusion was found 
in 0.2%, pneumothorax was found in 1.4% and hematoma was found in 3.0% of all CRT 
implantation procedures.

Figure 3. In‐hospital mortality rates associated with CRT implantation stratified by patient characteristics.

Figure 2. Patient comorbidities and CRT implantation. (A) CRT implantation trends stratified according to comorbidity 
categories. (B) CRT devices implanted in patients with severe comorbidities, expressed as a percentage of total CRT 
implants in the United States in each year.
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The overall mean hospital charges accompanied with CRT implantation were reported to 
be $129,098 per implant. Of note, hospital charges for CRT implantation have dramatically 
increased from $111,197 in 2003 to $154,297 in 2010 (P < 0.001). Charges accompanied with 
CRT implantation were higher in male sex, ≥85‐year group, and higher comorbidities com‐
pared with female sex, <85‐year group, and lower comorbidities, respectively.

2.5. Implantation technique of CRT

Electrophysiologists are the main players for the CRT implantation. The CRT implantation 
requires the placement of a left ventricular pacing lead, which is fed onto the epicardial sur‐
face through a venous branch of the coronary sinus (Figure 4). Difficulty with coronary sinus 
cannulation, challenging anatomy of coronary sinus venous tributaries, unacceptable pac‐
ing and sensing thresholds, unavoidable phrenic nerve pacing and lead dislodgement have 
resulted in a 10–20% failure rate associated with left ventricular lead placement [16, 26]. When 
a transvenous lead implantation at desired sites is not achievable, epicardial left ventricular 
leads can easily be placed surgically directly on the lateral or posterolateral wall. Garikipati et 
al. performed a randomized study and reported no difference in the echocardiographic and 
clinical outcomes comparing a conventional transvenous approach versus surgical epicardial 
left ventricular lead placement for CRT [27]. Therefore, surgical approaches are a viable alter‐
native when a transvenous procedure has failed or is not feasible.

Zhang et al. reported that advanced age, male sex, ischemic cause, end‐stage heart failure, 
inadequate electrical delay and absence of mechanical dyssynchrony are regarded as non‐
modifiable risk factors for CRT non‐responders [28]. However, efforts should be made to cor‐
rect modifiable factors, such as suboptimal medical therapy, uncontrolled atrial fibrillation, 
left ventricular lead dislodgement or inappropriate location, loss of biventricular capture and 
lack of device optimization.

Figure 4. A chest X‐ray after a successful CRT implantation.
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3. Conclusions

CRT implantation is a safe procedure that has become safer in higher risk patients. With the 
increase of heart failure patients, CRT plays more and more role in the treatment of heart 
failure. Electrophysiologists should understand the indication, outcomes and procedure tech‐
nique of CRT implantation.
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Abstract

Heart failure affects a high percentage of the population, especially older patients.
Cardiac resynchronization therapy is indicated in some patients with advanced heart
failure. However, 20–40% of patients with implanted resynchronization device have no
clinical response. In this chapter, we review factors related with the absence of a clinical
response, recent technological advances that can reduce the failure rate, and an algo-
rithm for management of patients without a clinical response.

Keywords: heart failure, cardiac resynchronization therapy, predictors of response
to resynchronization, optimization of resynchronization, resynchronization-
nonresponder-patients

1. Background

Heart failure affects more than 23 million people worldwide (2.4% of the adult population,
with 11% that is older than 80 years) [1]. Its prevalence is increasing in recent years. It is a
progressive disease, and its two leading causes of death are progressive heart failure and
sudden death due to arrhythmia [2]. In an advanced stage of heart failure, patients have a
limitation of their daily activity, frequent hospital admissions and medical treatment only
slows the evolution of the disease. Cardiac resynchronization therapy (CRT) is indicated in
some of these patients [3, 4].
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2. Predictors of response to cardiac resynchronization therapy

Cardiac resynchronization is indicated in patients with heart failure, systolic dysfunction, and
prolonged QRS interval since it could decrease mortality in this group of patients. Unfortu-
nately, up to 40% do not experience clinical improvement to this therapy. Table 1 shows the
probable causes of this absence of response.

The prevalence of heart failure is higher in older patients. Many diseases show a lower
response to treatment in older patients. Also, these older patients are usually excluded from
clinical trials. The results of studies showing the effect of cardiac resynchronization therapy in
elderly patients are contradictory. Some studies [5] do not show differences in mortality in
older and younger patients. Other works [6] show that a greater age is a risk factor for higher
mortality, together with other data (New York Heart Association functional class IV, impaired
renal function, atrial fibrillation, and left ventricular ejection fraction <22%). With this doubt,
the implantation of these devices could be considered in patients with advanced functional
stages and older age.

Factors such as ischemic heart disease, monomorphic ventricular tachycardia, and the pres-
ence of moderate-to-severe mitral regurgitation have been associated with a decreased
response to CRT [7].

The patients’ baseline ECG, prior to implantation, also provides data that may help predict the
response to resynchronization. The presence of a left bundle branch block (unlike right bundle
branch block or other intraventricular conduction disorders) [8], atrial fibrillation, and a
prolonged QRS interval is a factor related to a positive response to resynchronization treat-
ment. The width of the QRS interval is another element to be evaluated. A QRS of 120–140 ms
often occurs in left ventricular hypertrophy rather than in a true complete left bundle branch
block; thus, the complete left bundle block is redefined as a QRS width >140 ms in men and
>130 ms in women. A longer intraventricular conduction time is associated with a greater
probability of echocardiographic inverse remodeling. An inverse relationship between QRS
interval width and risk of death has been described [9]; in patients with QRS ≥145 ms, there is a
benefit in survival, and there is no survival benefit in patients with ≤130 ms. Thus, according to

— Presence of a large myocardial scar

— Progressive heart failure

— Noncompliance with pharmacological treatment

— Not properly treated comorbidities (anemia, renal failure)

— Suboptimal positioning of the electrodes

— Suboptimal device programming

— Absence of left ventricular dyssynchrony

— Phrenic nerve stimulation

Table 1. Causes of the absence of response to cardiac resynchronization.
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the recent guidelines [3], cardiac resynchronization is not recommended in patients with
narrow QRS.

The presence of atrial fibrillation or atrial conduction delay is associated with a lower response
to resynchronization; this second problem could be corrected with electrical activation with an
electrode at the interatrial septum [8].

A 12-lead ECG recorded following implantation of a CRT device may also predict one's
response to resynchronization therapy. Optimal biventricular pacing, which coordinates the
systolic activity of the interventricular septum and free walls of the left ventricle, may be
realized as a tall R wave (>0.4 mm) in lead V1 with a predominantly negative deflection in I
(RV1SI pattern) and is accompanied by improvement in heart failure and a lower mortality
[10, 11]. An increase in the size of the R wave in V1 and the deviation of the QRS from the
right to the left in relation to baseline ECG is associated with lower left ventricular systolic
volumes. The decrease of the width of the non-paced QRS complex after initiation of
resynchronization, or electrical remodeling, may also be associated with a lower risk of
ventricular arrhythmias and lower mortality [12, 13]. Despite the above criteria, there is no
clear relationship between mechanical and electrical remodeling.

Several case reports have exposed the detriment of selecting an inappropriate candidate for
CRT device insertion. Investigators have described [14] the clinical course of a patient with a
dilated cardiomyopathy, narrow QRS with anterosuperior hemiblock pattern, advanced heart
failure, and absence of dyssynchrony. The implantation of a CRT device was followed by a
widening of the QRS complex, since pacing of the right ventricle did not achieve adequate
fusion with the ventricular complex itself and worsened heart failure. The patient's clinical
status improved by optimizing the atrioventricular delay, resulting in a narrowing of the QRS
complex. It is very difficult to select resynchronization candidates only by echocardiographic
asynchrony or by wide QRS.

The interrogation of the device can provide several abnormal pacing data: defective implanta-
tion or failure of capture of the left ventricular electrode, delayed ventricular electrical conduc-
tion due to ventricular disease, or fusion beats between paced and spontaneous beats [10].
Electrophysiologists can correct some alterations, for example, by shortening atrioventricular
delay or by varying the pacing interval between left and right ventricle. Pseudofusion, or
ventricular pacing that start simultaneously with native complexes, and ineffective pacing,
may be alleviated in part with medication that increases atrioventricular block or even with
atrioventricular node ablation.

Heart failure is a progressive disease; however, stabilization of the clinic course may indicate a
positive response to CRT. CRT nonresponders exhibit a progressive worsening of their heart
failure (Figure 1), following device implantation. On the other end of the spectrum are the
super-responders, who exhibit a significant improvement in the echocardiographic parameters
of heart failure (100% increase of the left ventricular ejection fraction, or a final value of this
parameter of at least 45%, 12 months after the implantation). The most frequently observed
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delays with QRS width ≥150 ms, typically with a complete left bundle branch block, female
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gender, non-ischemic cardiomyopathy, lower body mass index, and a smaller left atrial size
[15, 16]. These data may help to screen patients who will reap the greatest benefit associated
with resynchronization therapy, although the necessary optimization of the medical treatment
of heart failure cannot be forgotten.

CRT devices may delay the need for a left ventricular assist device, in patients with advanced
cardiac failure, who are hospitalized in need with inotropic support [17]. There may be up to
16% of response rate, especially in those patients with a complete left bundle branch block and
a smaller left atrium.

3. Relationship between mechanical and electrical resynchronization

The concepts of mechanical and electrical remodeling refer to two distinct concepts: the first
one is the mechanical improvement of the heart, and the second one is the electrical changes
that tend to produce a less variegated electrical pattern.

This mechanical remodeling of the heart has already been observed previously in patients with
optimal treatment for heart failure. Cardiac resynchronization produces a level of inverse

Figure 1. Graphical representation of the progression of heart failure (ordinates) as a function of time (abscissa). Dotted
line, time of implantation of the resynchronization device; red line, negative responder; black line, nonresponder; blue
lines, responders; green line, super-responder.
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echocardiographic remodeling added to that achieved with appropriate pharmacologic ther-
apy [18]. On an anatomopathologic level, there is a decrease in the degree of myocardial
fibrosis [19].

Previous investigators have described how intraventricular conduction delay causes
dyssynchronous cardiac contraction [18], with mechanical asynchrony (obtained by tissue
Doppler) and delayed electrical activation of the left ventricular free wall. This has been
observed in patients with a dilated cardiomyopathy, poor left ventricular function, and a
complete left bundle branch block. However, many studies have shown a poor correlation
between echocardiographic and electrographic data [20]. The PROSPECT study [21] showed
that standard measures performed with conventional echocardiography do not distinguish
between responders and nonresponders to CRT. Therefore, echocardiographic parameters
were not useful in predicting clinical response. Studies using real-time three-dimensional
echocardiography attempted to improve discrimination as compared to conventional 2D echo-
cardiography, and found the systolic dysincrony index, a parameter that evaluates ventricular
hemodynamics globally and may help predict changes in hemodynamics with a sensitivity
greater than 80% [22].

Cardiac dyssynchrony has also been described in patients who have undergone the insertion
of a permanent pacemaker. Stimulation from the right ventricular apex in patients with a
decreased left ventricular ejection fraction may increase mortality and worsen congestive heart
failure, dyssynchrony caused by several mechanisms. Dyssynchrony may occur by increasing
the delay between right and left ventricular contraction, worsening of ventricular remodeling,
increasing the propensity of developing atrial fibrillation, and worsening of mitral insuffi-
ciency. Attempts at pacing from the interventricular septum or right ventricular outflow tract,
to mitigate these changes, especially in patients with preserved left ventricular ejection frac-
tion, may produce dyssynchrony similar to that observed with right ventricular apical stimu-
lation [23]. Further studies are needed to fully assess this patient cohort.

At the present time, the decision to implant a CRT device is based on clinical and electro-
cardiographic data (wide QRS with an LBBB pattern) and not on echocardiographic criteria.
Sporadic cases have described the benefit of CRT in patients with dyssynchrony and a
narrow QRS, with improvement of LV function; however, this has not gained universal
acceptance.

Despite the limited usefulness of echocardiographic techniques, an imaging technique (trans-
thoracic echocardiography, three-dimensional echocardiography, or contrast angiography) has
been described to guide the electrode location, assessing the asynchrony achieved with the
active device [24]. Several data from classical transthoracic echocardiography may help to
predict clinical improvement after the implantation of the resynchronization device: delayed
septal and posterior wall contraction (≥130 ms) observed in M-mode and intraventricular
dyssynchrony, defined as the difference between peak systolic contraction in contralateral
walls >40 ms and a maximum delay >65 ms between anterior, inferior, septal, and basal lateral
walls with tissue Doppler [25]. These methods have two problems: the low coincidence rate
between observers (kappa index 0.1–0.39), and, as suggested in the PROSPECT study [21], no
value was significantly associated with a higher clinical response.
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Many studies define the relationship between a reduction in left ventricular end-systolic
volume of at least 10% and a reduction in the width of the non-stimulated QRS (from 163 to
153 ms) and the stimulated QRS after implantation (from 146 to 121 ms) [26]. These data point
at the same direction that those from other studies [27] and heighten the importance of placing
the left ventricular electrode in the appropriate site and of properly programming the device,
to achieve a narrow-paced QRS complex.

4. Optimization of resynchronization therapy

The problem of lack of response to resynchronization is complex. These devices would only be
a priori indicated in the patients with greater probability of positive response. Patients with
complete left bundle branch block and idiopathic dilated cardiomyopathy, with relative integ-
rity of the His-Purkinje system, have a greater response than patients with left ventricular
dysfunction of ischemic origin, with involvement of the conduction system by extensive areas
of necrosis [28].

The absence of myocardial viability in the lateral region of the left ventricle, evaluated by
magnetic resonance, makes more improbable positive response after cardiac resynchronization
therapy, even though there are no echocardiographic data of asynchrony [29]. In addition, not
every electrode implanted through the coronary sinus that stimulates the left ventricle has
resynchronization capacity accompanied by clinical benefit.

The programming of the devices is important mainly in two parameters: the atrioventricular
interval and the interventricular interval. It seems necessary to optimize the atrioventricular
interval because an excessive elongation of the interval between atrial and ventricular systoles
can lead to decreased cardiac output [30]. A direct observation of the transmitral flow pattern
should be made by transthoracic echocardiography, attempting to separate the E and Awaves
and eliminate diastolic mitral regurgitation. Programming the interventricular interval some-
times produces nonsimultaneous biventricular pacing, which may be more effective than
simultaneous pacing. It is more important to assess the echocardiographic response of the
patient than the degree of QRS narrowing induced by therapy (which is a poor marker of
clinical response to resynchronization). Interventricular delay can be measured by conven-
tional pulsed Doppler and intraventricular asynchrony by the delay between peak septum
and left ventricular posterior wall contraction in M-mode. It is not clear whether these intervals
should be optimized in all patients and the order in which they should be done. But it should
be emphasized that this optimization should not be done according to an algorithm, but
individualized based on the response of each patient [30].

A survey carried out in Spain by the implantation centers of cardiac resynchronization
devices [31] showed that the main obstacles for implantation are the difficulty in introduc-
ing the electrode in the selected vein (51%) and the poor electrode stability (26%). Seventy-
three percent of centers do not perform any technique to optimize the point of stimulation
prior to implantation. The clinical response rate is 74 ± 9%. For nonresponders, 15% of
electrophysiologists replaced the electrode at a different point, 39% placed an electrode via
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the epicardial route with thoracotomy, 3.5% performed multifocal stimulation in the left
ventricle, and about half (47.6%) admitted that it has no alternative to optimizing medical
treatment.

The best position of the electrode has traditionally been a vein in the lateral and basal region of
the coronary sinus, which is accompanied by an improvement in echocardiographic
resynchronization parameters [32]. The initial objective of the electrophysiologists, years ago,
was the implantation of the electrocatheter in those veins. In the present moment, this
approach is overcome, because the areas of maximum electrical delay are not always areas of
greater alteration of contractility. Several electrical parameters have been described during
implantation that can predict reverse remodeling/favorable clinical response [33, 34], such as
non-paced QRS intervals (151 versus 126 ms) and delayed right ventricle-left ventricle activa-
tion interval (93 versus 69 ms), greater in responders. One study [35] describes that the
implantation of the electrocatheter in the right ventricle guided by the maximum electrical
delay in the outflow tract, apex, or septum increases the response rate to the standard right
ventricular apex implant.

Alternative stimulation points have been evaluated, which may be indicated in some patients
where there may be inadequate functioning due to anatomical data, inadequate stimulation
thresholds, electrode twisting or anchorage electrode, etc. The efficacy of left ventricular
pacing from the lateral wall has been described [36]. Transeptal access may be useful in
patients with difficulty in localizing the coronary sinus [37, 38], although it has the drawbacks
of requiring long-term anticoagulation and the possibility of increasing mitral insufficiency
[39]. Triangular stimulation can also be performed, with two electrodes implanted in the right
ventricle (apex and outflow tract) and one in the left ventricle [40–42]. We can think about this
pacing technique in patients in whom the left ventricular electrode cannot be placed
endocardially, or in patients with heart failure, with extensive transmural myocardial scarring
in posterior and lateral walls of the left ventricle, or even in patients with previous classic
pacemaker with indication of upgrading/improvement of their performance. Although this
technique seems to be less aggressive, its benefit appears smaller. Other authors [43, 44] use
His-bundle pacing, which may be effective in patients with non-wide QRS, and may induce a
greater QRS narrowing, although this is not always accompanied by an improvement in LV
function. Few studies [45] describe Purkinje fiber pacing, which is similar to conventional
pacing, and may be useful in patients with ischemic heart disease, with more stable stimula-
tion in cases of myocardial damage.

Recent advances in design and materials of electrocatheters and guides have been accompa-
nied by higher success rates in the implant [46]. The steerable positioning system of the
catheter-guided catheter [47] achieves a nonsignificant improvement in the success rate of
transvenous implant (93.7% versus 91.2% of the conventional method), with shorter implant
time and less use of radiographic contrast. Easy maneuvers [48] may facilitate the progression
of the electrocatheter through an unfavorable venous tree; with a second hydrophilic guide
mounted in parallel with another one, the coronary sinus is accessed with a catheter of wide
curvature, an angiography is done to assess the nature of the obstacle, and the first guide is
inserted into the chosen vein to achieve the advance of the electrocatheter. Anatomical
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abnormalities such as the presence of a Thebesian valve, a fenestrated Thebesian valve, or an
inadequate ratio of its size to the diameter of the ostium of the coronary sinus can be solved
mostly with these two strategies [49].

A significant advance in this field is the quadripolar electrocatheter of the left ventricle
[50]. Four electrodes are arranged along the 4.7 cm distal, allowing up to ten stimulation
configurations, which means a greater probability of achieving an effective stimulation
without the need to reposition the electrode. It has several advantages: adequated pacing
thresholds, greater electrocatheter stability with low rates of electrode displacement, infre-
quent pacing of the phrenic nerve, pacing from basal left ventricle positions—apparently
with better performance and ability to pacing around the scar tissue of the myocardium—
and improved cardiac output in the medium to long term. Multipoint stimulation
improves cardiac contractility to a greater extent than classical biventricular pacing [51],
with an increase in the left ventricular ejection fraction of 12.7% compared to 6.7% in
classic resynchronization [52].

Several intelligent resynchronization therapy algorithms have been recently developed.
The algorithm called adaptive CRT pacing stimulates the left ventricle synchronously only
when there is intrinsic activation of that ventricle, producing a fusion beat. This more
physiological electrical programming gets different results [53, 54], so it cannot yet be
widely recommended.

In the 80s and the early 90s, there was no routine optimization of the device after its
implantation. Unlike in recent years, optimization of the therapy is performed a few weeks
after implantation, using simple echocardiographic measurements, since the atrioventricu-
lar and interventricular intervals may be different in each individual and change over time.
Several studies [55–57] show improved cardiac failure data and even improved survival in
patients with scheduled post-implant visits. At these visits, problems can be detected with
early correction and improvement of the prognosis of these patients (malignant ventricular
arrhythmias, atrial fibrillation, ventricular pacing time of less than 90–95%, diaphragmatic
pacing, inadequate electrode pacing, etc.). One work with methodological problems [58]
found no such improvements with scheduled visits after the implant. It seems, therefore,
that the option of frequent monitoring after the implant is better. The RESPOND CRT
clinical trial (Clinicaltrials.gov: NCT01534234) is currently being conducted to evaluate
the effectiveness of automatic optimization algorithms versus optimization based on echo-
cardiographic criteria.

Remote monitoring is a technology that is increasingly used today and that may be more
important in the future. The transmission of programmed and patients’ response data is
performed from a device implanted to the specialist's office [59]. It makes a closer follow-up
in order to optimize the therapy and relieves the saturation of specialists’ offices. The IN-TIME
study [60] shows less worsening of cardiac failure data and nonsignificant mortality reduction
in patients with implantable cardioverter defibrillator or mixed—resynchronization + defibril-
lator—devices. Recent clinical guidelines of the Spanish Society of Cardiology [4] recommend
the implantation of devices with remote monitoring functionality (recommendation IIa, level
of evidence A).
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5. Treatment of resynchronization nonresponder patients

The evaluation of the patient who does not respond to resynchronization should be systematic
(Table 2), taking into account the elements of the device, and cardiac and extracardiac patient
data [61].

It is desirable that biventricular stimulation be active about 100% of beats, even during exer-
cise. The atrioventricular or interventricular intervals with echocardiographic control may be
optimized, with pre-excitation of the left ventricle or simultaneous biventricular contraction.
These changes may increase cardiac output in relation to the intrinsic cardiac rhythm and
factory settings of the device.

The presence of atrial fibrillation leads to loss of left ventricular catheterization or to
fusion/pseudofusion beats with ineffective resynchronization. Fusions or pseudofusions
may not be detected by the device, so the percentage of stimulation may be falsely
normal. This data should be exposed by reviewing the paths recorded in the device
memory. If the sinus rhythm cannot be recovered, it is important to control the ventricu-
lar rate to ensure ventricular capture, sometimes even with an atrioventricular node
ablation. The presence of frequent ventricular extrasystoles can inhibit pacing of the left
ventricular lead and thus reduce the effectiveness of resynchronization; therefore, a
percutaneous ablation can be considered.

Some nonresponder patients have loss of catheter capture. The beats produced by
biventricular stimulation have a QRS axis in the upper right quadrant of the frontal plane and
a dominant R wave in V1. If we observe a predominantly negative complex in V1 lead, we
should suspect loss of capture or nonoptimal position of the left ventricular electrode, and its
replacement can be considered.

The localization of the left ventricular lead may influence the response to resynchro-
nization. Chest X-ray (posteroanterior and lateral projection images) and fluoroscopy are
the methods of choice. The recommendation is to implant the electrode in a collateral
branch of the coronary sinus (from basal to mediolateral or posterolateral) if there is an
adequate vein to host the electrode.

1. To assess the ECG with and without pacemaker/resynchronization, arrhythmias

2. To interrogate the device: sensing and capturing atrial and ventricular thresholds, atrioventricular and interven-
tricular delays, physiological sensors

3. To check the position of the electrodes: chest X-ray, fluoroscopy

4. To verify the effect of resynchronization by echocardiography: Doppler parameters, mitral flow, dP/dt, intraventric-
ular and interventricular dyssynchrony, atrioventricular and interventricular delay optimization

5. To check for proper intake of basal medication

6. To check for comorbidities

Table 2. Stepwise approach of the patient who does not respond to cardiac resynchronization.
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The anterior position of the electrode is accompanied by a lack of response. And, the apical
pacing can induce heterogeneous activation of the left ventricle. Electrocardiographic patterns
of the left or right branch block, or intraventricular conduction disorder, can add greater
variability in the activation pattern, so an implant should be performed by assessing the
response in an individualized way.

In patients without positive clinical response to a left ventricular electrode in a nonoptimal
position, the option of implanting a second electrode should be assessed. Computed tomogra-
phy can be done to assess the anatomy of the branches of the coronary sinus. If the endocardial
implant is not feasible, an epicardial approach via a mini-thoracotomy or a transeptal endo-
cardial implant should be assessed. Before, an evaluation of the a priori morbidity of this new
implant and the degree of compensation of other comorbidities of the patient should be made.

Despite the described limitations, it ismandatory to perform an echocardiography of the patient
who does not improve with resynchronization. It is recommended to evaluate several aspects:

• The transmitral filling profile, which can improve acutely with the resynchronization. If
the transmitral filling period is too short, less than 40–45% of the cycle duration, it can be
optimized by prolonging atrioventricular delay. If the atrioventricular interval is too long,
it may improve the resynchronization response by shortening that period. These data are
not static and change over time, so it is suggested to optimize it preferably with echocar-
diography every 6 months.

• We can find data of favorable response to resynchronization, such as immediate reduction
of functional mitral regurgitation, acute increase of left ventricular dP/dt (contractility
index), and disappearance of the initial systolic inward movement of the interventricular
septum [62].

• Another element of favorable response is the decrease in intraventricular dyssynchrony,
measured as a decrease in the difference in the interval of aortic and pulmonary
preeyection. In these cases an individual optimization of the interventricular interval is
recommended. If there is no improvement, consider changing the position or the perfor-
mance of the left ventricular electrode, or even cancel it/remove it.

One final aspect, but not less important, is the verification of compliance with the medication
for treating heart failure. Up to 25% of patients without a resynchronization response do not
take their prescribed medication [63].

There may be involuntary medication suppression, due to progressive renal insufficiency or
adverse effects, with worsening of the condition. In addition, patients with arrhythmias may
require antiarrhythmic treatment. The comorbidities of these patients (diabetes, ischemic heart
disease, vascular and cerebral diseases) may attenuate the beneficial effects of resynchro-
nization. Worsening renal function, anemia, and arterial hypotension are associated with poor
prognosis in resynchronized patients. It has already been commented that the inverse
remodeling is more pronounced in non-ischemic patients than in ischemic patients.

Optimizing the response to resynchronization, with that patient-focused individual approach
(Table 2), can maximize the beneficial effect of cardiac resynchronization.
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Abstract

Chagas disease (CD) is the principal cause of congestive heart failure (CHF) in areas 
where the disease is endemic and migration has increased the likelihood of these dis‐
eases being the probable cause of CHF in other countries of the world. Sudden cardiac 
death (SCD) is the most common cause of death in CD (55–65%). Implantable cardio‐
verter defibrillator (ICD) is useful in the secondary prevention of SCD, but there is less 
information regarding primary prevention. The evidence supporting the use of cardiac 
resynchronization therapy (CRT) in CHF of chagasic etiology is poor; however, one 
should apply current guidelines regarding the insertion of these devices in patients with 
Chagas disease and CHF.

Keywords: Chagas disease, congestive heart failure, sudden cardiac death, implantable 
cardioverter defibrillator, cardiac resynchronization therapy

1. Introduction

Chagas disease (CD), also known as American trypanosomiasis, was discovered by Carlos 
Chagas in 1909, is caused by infection with the protozoa Trypanosoma cruzi (T. cruzi). CD had 
become widely recognized by the World Health Organization as a neglected tropical disease 
[1]. T. cruzi may be transmitted through blood transfusion, organ transplantation, congeni‐
tal transmission, or ingestion of contaminated food [2, 3]. However, T. cruzi infection most 
often occurs via vectorial transmission by a type of reduviid bug called a triatomine. T. cruzi 
is excreted in the feces of an infected triatomine bug onto human skin or near mucous mem‐
branes. The parasites breach the dermis through excoriations in the skin and gain systemic 
access [4]. Inoculation is followed by an incubation period of 1 to 2 weeks; it is characterized by 
parasitemia and subsequent immune response; and 10–30% of infected individuals will begin to 
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exhibit nonspecific symptoms of acute CD, including abdominal pain, anorexia, fever, lymph‐
adenopathy, rash, malaise and localized swelling around the site of infection [5]. However, the 
majority of individuals become asymptomatic carriers of T. cruzi or indeterminate phase.

Approximately one‐third of patients progress to the determinate phase in which cardiac 
symptoms and signs arise from progressive myofibril fibrosis and conduction system injury 
[6]. This phase begins after several decades during which there are no clinically overt symp‐
toms of organ damage or abnormal electrocardiographic results; 30–40% of asymptomatic 
carriers will develop chronic CD characterized by dilated cardiomyopathy leading to conges‐
tive heart failure (CHF) and/or by development of gastrointestinal disorders [7].

The Pan American Health Organization (PAHO) estimates between 8 and 12 million people 
seropositive [8]. Annual deaths are of less variable, ranging from 10,600 to 12,500 [9]. In Latin 
American countries, 100 million people are at risk of infection and 300,000 new cases are 
reported each year [10].

The United States (US) Centers for Disease Control and Prevention have reported more than 
300,000 immigrants living in the US infected with T. cruzi [11]. In 2010 CD was responsible 
for 550,000 (274,000–1,069,000) disability‐adjusted life years (DALYs), a measure that captures 
both premature mortality and nonfatal health loss [12].

The diagnosis of chronic CD should be suspected in patients from endemic areas (Central and 
South America) with dilated cardiomyopathy or electrocardiographic abnormalities like right 
bundle‐branch block associated or not with left anterior hemiblock (LAHB). Definitive diagno‐
sis is based on serology to detect immunoglobulin G antibodies to T. cruzi, using at least two 
serological tests of different principles. The most commonly used are enzyme‐linked immuno‐
sorbent assay (ELISA), indirect immunofluorescence (IIF) and indirect hemagglutination (IHA).

2. Sudden cardiac death and Chagas disease

Sudden cardiac death (SCD) is the most common cause of death in CD (55–65%), followed by 
congestive heart failure (CHF) (25–30%) and cerebral or pulmonary embolism (10–15%) [13]. 
Although SCD may affect asymptomatic patients, it affects patients with evidence of chronic 
heart disease, particularly those with CHF in the majority of cases [14]. The prevalence of SCD 
in CD patients with CHF is about 46% [15], whereas in a general unselected CD population 
is 29% [16]. The prevalence also changes in different areas, varying from 29% in non‐endemic 
to 37% in endemic areas [16, 17]. Most SCD cases are in patients with manifest chagasic car‐
diomyopathy and mainly between 30 and 50 years of age, being rare after the sixth decade of 
life [14]. On the other hand, up to 20% of patients who die suddenly do not report previous 
symptoms [14]. SCD may exceptionally occur as a result of rupturing of the left ventricular 
apical aneurysm, massive cardioembolic stroke, or pulmonary embolism [18, 19]. However, in 
the overwhelming majority of cases, it is essentially an arrhythmic phenomenon.

In a study of ten chagasic patients who died suddenly with an ambulatory Holter, bradyar‐
rhythmias were the final event in one patient. Ventricular fibrillation (VF) was the final arrhyth‐
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mia in nine patients; torsades de pointes was the precursor in six and sustained ventricular 
tachycardia (VT) in three patients [20]. From the studies carried out in Chagas’ disease 
patients receiving implantable cardioverter defibrillator (ICD) therapy, it has become clear 
that sustained VT is the most frequently observed life‐threatening ventricular arrhythmia, 
although in about 30% of patients who develop VF without having sustained TV as a pre‐
cursor [21].

The mechanism underlying the tachyarrhythmia episodes in Chagas’ disease patients is 
micro‐reentry. There is impressive reparative confluent fibrosis intermingled with normal 
myocardium. In addition, there is also a diffuse mononuclear cell infiltrate. The association 
of these two myocardial abnormalities can provoke the appearance of multiple areas of slow 
conduction in the vicinity of scars, forming foci of reentry disseminated throughout the heart, 
mainly in the epicardial areas [22, 23]. Another point that deserves further consideration is 
the autonomic dysfunction; studies in patients with chronic CD have clearly demonstrated 
parasympathetic derangement in patients with chronic CD [24]. In a study of 52 patients with 
Chagas cardiomyopathy with pacemaker or ICD, we found more positive serological response 
against 2e‐m2MAChR (antibody that recognizes the muscarinic acetyl choline receptor type 
II) than in patients with pacemaker or ICD without CD (32.7 vs 3.8% p < 0.01) [25].

The risk of SCD is not similar for every patient. Rassi et al. [26] developed and validated a 
risk score for predicting death in 424 patients followed for a mean of 7.9 years. They identi‐
fied six independent prognostic factors: New York Heart Association (NYHA) class III or IV 
(5 points), cardiomegaly on chest radiography (5 points), segmental or global wall motion 
abnormality on echocardiogram (3 points), non‐sustained VT on Holter monitoring (3 points), 
low QRS voltage (2 points) and male sex (2 points). This score classifies in three groups of risk 
for 10 years mortality: low risk (0–6 points, 10%), intermediate risk (7–11 points, 44%) and 
high risk (12–20 points, 84%). In this study the rate of SCD was 2.4% for a year. Although the 
score risk was development for total mortality, all of the variables were also strong predictors 
for SCD, except low QRS voltage.

Other risk factors include syncope, spontaneous sustained VT, abnormalities on the 12‐lead 
electrocardiogram or echocardiogram, or sustained TV induced by programmed ventricu‐
lar stimulation (PVS). In 28 chagasic patients with sustained TV over a mean follow‐up of 
3816 months, deaths occurred in 13 patients (46.4%) and resulted from SCD in seven subjects 
[27]. Interestingly, in this study the prognosis was similar with non‐sustained VT. The pres‐
ence on echocardiogram of left ventricular dilatation and left apical ventricular aneurysm 
was associated with SCD [15]. In the same way, the presence of Q waves, frequent premature 
ventricular contractions, left anterior fascicular block (LAFB), or QT interval dispersion has 
been established predictors of SCD [28]. In 78 patients with CD and non‐sustained VT, PVS 
was carried out and sustained monomorphic VT was induced in 25 patients (32%) and VF in 
four (5.1%). Induction of sustained ventricular arrhythmias was the independent and main 
variable that predicted cardiac death (OR 2.17 CI 95% 1.23–3.83) [29].

In summary CD is associated with SCD, most commonly through VF, often preceded by sus‐
tained VT. There is a higher risk group that may be established by clinical criteria and invasive 
or noninvasive procedures (Table 1).
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3. ICD in Chagas disease

3.1. Secondary prevention of SCD

The use of ICD has become a main therapeutic strategy for prevention of sudden death.

A meta‐analysis of AVID (Antiarrhythmics versus implantable defibrillators), CIDS 
(Canadian Implantable Defibrillator Study) and CASH (Cardiac Arrest Study Hamburg) 
that evaluated utility of ICD in secondary prevention of SCD demonstrated that ICD ther‐
apy was associated with 50% (p = 0.0001) reduction in arrhythmic mortality and a 28% (p = 
0.006) reduction in total mortality [30]. Today, ICD is considered class I A recommendation 
in patients recovered of SCD [31]. However, in these studies there is no information about 
chagasic patients.

In a study of secondary prevention, 65 chagasic patients were compared with 70 non‐cha‐
gasic patients and were followed for the median time of 266 days. Appropriate ICD therapy 
occurred in 32 (49.2%) chagasic patients and in 19 (27.1%) of the control group (p = 0.005). 
There was a statistically significant difference in event‐free survival in the Chagas group. 
Finally, CD doubles the risk of the patient to have appropriate therapy (HR = 2.2) and appro‐
priate therapy or death (HR 2.2). The annual mortality rate was 17% [32].

Some authors have proposed the use of amiodarone alone for secondary prevention in chagasic 
patients. The limited evidence available does not favor this hypothesis. A study compared 
the outcomes of Chagas’ heart disease patients with life‐threatening ventricular arrhythmias, 
who were treated with ICD with a historical group treated with amiodarone alone. The ICD 

• Syncope

• NYHA class III–IV

• Male sex

• Spontaneous sustained VT

• Q wave

• Left anterior fascicular block

• QT interval dispersion

• Non‐sustained VT

• Frequent premature ventricular contractions

• Cardiomegaly on chest radiography

• Left ventricular dilatation

• Left apical ventricular aneurysm

• Segmental motion abnormality

• Sustained VT induced with PVS

NYHA, New York Heart Association; VT, ventricular tachycardia; PVS, programmed ventricular stimulation.

Table 1. Risk factors associated with sudden cardiac death in chagasic patients.

The Role of the Clinical Cardiac Electrophysiologist in the Management of Congestive Heart Failure88



3. ICD in Chagas disease

3.1. Secondary prevention of SCD

The use of ICD has become a main therapeutic strategy for prevention of sudden death.

A meta‐analysis of AVID (Antiarrhythmics versus implantable defibrillators), CIDS 
(Canadian Implantable Defibrillator Study) and CASH (Cardiac Arrest Study Hamburg) 
that evaluated utility of ICD in secondary prevention of SCD demonstrated that ICD ther‐
apy was associated with 50% (p = 0.0001) reduction in arrhythmic mortality and a 28% (p = 
0.006) reduction in total mortality [30]. Today, ICD is considered class I A recommendation 
in patients recovered of SCD [31]. However, in these studies there is no information about 
chagasic patients.

In a study of secondary prevention, 65 chagasic patients were compared with 70 non‐cha‐
gasic patients and were followed for the median time of 266 days. Appropriate ICD therapy 
occurred in 32 (49.2%) chagasic patients and in 19 (27.1%) of the control group (p = 0.005). 
There was a statistically significant difference in event‐free survival in the Chagas group. 
Finally, CD doubles the risk of the patient to have appropriate therapy (HR = 2.2) and appro‐
priate therapy or death (HR 2.2). The annual mortality rate was 17% [32].

Some authors have proposed the use of amiodarone alone for secondary prevention in chagasic 
patients. The limited evidence available does not favor this hypothesis. A study compared 
the outcomes of Chagas’ heart disease patients with life‐threatening ventricular arrhythmias, 
who were treated with ICD with a historical group treated with amiodarone alone. The ICD 

• Syncope

• NYHA class III–IV

• Male sex

• Spontaneous sustained VT

• Q wave

• Left anterior fascicular block

• QT interval dispersion

• Non‐sustained VT

• Frequent premature ventricular contractions

• Cardiomegaly on chest radiography

• Left ventricular dilatation

• Left apical ventricular aneurysm

• Segmental motion abnormality

• Sustained VT induced with PVS

NYHA, New York Heart Association; VT, ventricular tachycardia; PVS, programmed ventricular stimulation.

Table 1. Risk factors associated with sudden cardiac death in chagasic patients.

The Role of the Clinical Cardiac Electrophysiologist in the Management of Congestive Heart Failure88

group (76 patients) had higher use of beta‐blocker (p < 0.0001). Amiodarone was also used in 
90% of the ICD group. Therapy with ICD plus amiodarone produced 72% reduced risk of 
all‐cause mortality (p = 0.007) and a 95% reduced risk of sudden death (p = 0.007) compared 
with  amiodarone‐only therapy. The follow‐up was 36 ± 16 months for the ICD group and 
35 ± 17 months for the control group. There are ten deaths (4.7% per year) in the ICD group 
and nine deaths (11% per year) in the control group [33].

Several studies have evaluated over a long‐term follow‐up period the efficacy of ICD. A study 
included 116 consecutive patients with CD and an ICD implanted for secondary preven‐
tion. The average follow‐up was 45 months. In this survey 58 (50%) patients had appropriate 
shocks. A total of 31 patients died (7.1% annual mortality rate) [34]. Another study assessed 
a cohort with 65 patients (51 in secondary prevention) with median follow‐up of 40 ± 26.8 
months. Among the patients 23 (36.5%) had appropriate shocks. A total of 13 (20%) patients 
died (6.1% of annual mortality rate) and there was no sudden death [35]. A survey with 90 
patients with ICD for secondary prevention found, with median follow‐up of 756 ± 581 days, 
31 (34%) deaths (16.4% of annual mortality rate) [36]. Maybe the largest study in secondary 
prevention with chagasic patients evaluated 148 subjects with mean follow‐up was 12 ± 7 
months. During the follow‐up 15 patients died (10.2%) [37].

Patients with chronic CD with life‐threatening ventricular arrhythmias have an annual mor‐
tality rate between 8.6% and 11% when they are treated with amiodarone [33, 38]. However, 
survival probability at 3 years of follow‐up is 30% in patients with no treatment and 20% 
treated with quinidine or procainamide [39].

No randomized clinical trial has assessed the effect of ICD therapy on outcome of Chagas’ 
disease patients with malignant ventricular arrhythmias thus far. However, with available 
information it is obvious that patients without treatment (mortality 70% at 3 years) or with 
class IA antiarrhythmic (mortality 80% at 3 years, possibly due to antiarrhythmics) have high 
mortality [39] and need other options. Amiodarone has been used for a long term in these 
patients, with an annual mortality rate between 8.6 and 11% [33, 38].

ICD is associated with an annual mortality rate between 6.1 and 17% [32–37]. Thus, the 
impact of ICD implantation on all‐cause mortality has shown inhomogeneous results, pos‐
sibly related to differences among populations and treatments in the studies. The only study 
that compared ICD plus amiodarone against amiodarone alone demonstrated reduction of 
the risk of all‐cause mortality and sudden death. Patients with left ventricular ejection fraction 
(LVEF) < 40% derived more survival benefit [33].

Although some authors have suggested the need of a randomized clinical trial to demonstrate 
the usefulness of ICD in this population [40], most groups working with chagasic patients are 
extrapolating the secondary prevention ICD indications proposed by international guidelines 
[31] as reflected by the I Latin American guidelines for the diagnosis and treatment of Chagas 
heart disease [41].

On the other hand, these patients have differences with other patients with non‐Chagas car‐
diomyopathy. In the meta‐analysis of the ICD secondary prevention trials, the authors found 
that the mean LVEF was 34 ± 15% [30]. Conversely, the mean LVEF among the studies with 
chagasic patients is higher (37–47%); it is suggesting that CD is more arrhythmogenic heart 
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disease or less dependent of the ventricular damage [32–37]. Moreover, a substantial number 
of the included patients had no left ventricular dysfunction.

Another difference between chagasic or non‐chagasic patients with ICD for secondary pre‐
vention is the age at the time of implantation. In the meta‐analysis was 63 ± 11 years, while in 
chagasic patients was lower (54–59 years) [32–37].

There are differences with life‐threatening ventricular arrhythmias; Chagas’ disease patients 
tend to experience more shocks. In a study during the first 6 months of follow‐up, 17 of the 
20 (85%) chagasic patients received at least one appropriate therapy. In the control group 
(ischemic patients), 18 of the 35 (51%) received one ICD shock (RR 1.6; p < 0.02) [42]. In other 
studies, the frequency of appropriate shock was 36–64% in the follow‐up for 1–2 years [32–37].

Otherwise, several groups have shown predictors of all‐cause mortality in patients with 
Chagas heart disease receiving ICD. The most common predictors of mortality were NYHA 
class III (HR 3.09 95% CI 1.37‐6.98, p = 0.0064), LVEF (HR 0.97 95% CI 0.94‐0.99, p = 0.04) and 
low cumulative right ventricular pacing < 40% (HR 0.23 95% CI 0.11‐0.49, p = 0.0001) [34].

In another study the only predictor was the number of shocks; probability of survival for 
patients receiving more than four shocks by day 30 post‐implant was 75% at 30 days and 19% 
at 60 days, whereas probability of survival for patients receiving up to four shocks by day 30 
were 97% at 30 days, 96% at 120 days, 94% at 270 days and 89% at at 360 days of follow‐up 
(p = 0.00005). Mean life expectancy was 2.1 months (95% CI 0.79–3.4) in patients receiving 
more than four shocks by day 30 and 46.5 months in patients receiving up to four shocks by 
day 30 (p = 0.0005) [36]. Pereira et al. found predictors of poor prognosis: a LVEF < 30% and 
low education [35] and another group showed that patients older than 65 years of age and 
LVEF < 30% were independent predictors of all‐cause 1 year mortality [37]. It is important 
to note that in the studies of secondary prevention, the medical treatment was incomplete 
for the use of beta‐blocker, angiotensin‐converting enzyme inhibitors (ACEI)/Angiotensin II 
receptor blockers (ARB) or spironolactone.

Although several authors have suggested that amiodarone is the initial management in cha‐
gasic patients with VT without hemodynamic instability and ICD in other patients [43], most 

Secondary prevention of SCD

• ICD therapy + amiodarone (class I)

Primary prevention of SCD

• ICD therapy in chagasic patients with LVEF < 40% (class I)

Treatment of CHF

• CRT in patients with LVEF < 35% + OMT + LBBB + NYHA class II–IV (class I)

• CRT in patients with LVEF < 35% + OMT + RBBB + NYHA class III–IV (class II B)

SCD, sudden cardiac death; ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; OMT, optimal 
medical treatment; LBBB, left bundle branch block; NYHA, New York Heart Association; RBBB, right bundle branch block.

Table 2. Indications of ICD and CRT in chagasic patients.
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groups recommend ICD therapy as an initial approach possibly associated with the use of 
amiodarone (Table 2) [31].

3.2. Primary prevention of SCD

If the evidence, in the management of patients with life‐threatening ventricular arrhyth‐
mias, is not of great quality, the information is even poor in primary prevention of SCD. As 
expected, no randomized controlled study has been carried out.

In the only study available, Cardinalli‐Neto et al. included 32 patients with a LVEF < 35%, 
receiving standard therapy for chronic systolic heart failure and to have a reasonable expec‐
tation of 1‐year survival after device implantation; all patients were on NYHA class II and 
none had syncope. Nineteen (59%) patients had a positive serology for CD. Notably, 87% of 
patients were on beta‐blocker and 100% were on ACEI/ARB.

Sustained VT was detected in four (21%) patients with Chagas heart disease and in two (15%) 
patients with non‐Chagas (p = NS). VF was observed in four (21%) patients with Chagas car‐
diomyopathy and in two (15%) with non‐Chagas patients (p = NS). Median time to first event 
was 78 (34–151) days in Chagas and 173 (71–593) days in non‐Chagas patients (p = 0.005). 
Median follow‐up was 292 (78–845) days in Chagas and 654 (159–987) days in non‐Chagas 
(p = 0.005) here was no difference in mortality) [44].

Non‐sustained VT is an independent predictor of all‐cause mortality and SCD in patients 
with Chagas cardiomyopathy with LVEF from 30 to 50% [45]. In these patients the prognosis 
role of PVS has been studied. In 78 chagasic patients with mean LVEF 48% and non‐sustained 
VT, electrophysiologic testing was realized. In 25 (32%) out of 78 patients, sustained VT was 
induced. During a mean follow‐up of 56 ± 38 months, 22 (28%) patients died, SCD affecting 16 
(73%) of them. A significant association between inducible sustained VT and SCD was found 
(p < 0.05). All patients induced with sustained VT received amiodarone [29].

Actually, European guidelines recommend using ICD in chagasic patients with LVEF < 40% 
[31]. However, a significant number of SCD occur in patients with LVEF > 40% and in these 
subjects, there is no adequate way to establish their risk. PVS might be an option, but new and 
larger studies are necessary (Table 2).

4. Heart failure in Chagas disease

After the acute phase of the disease, most patients enter a clinically asymptomatic chronic 
phase without electrocardiographic or radiological abnormalities in the heart, which has been 
described as the indeterminate chronic form. Nevertheless, when these individuals are sub‐
jected to echocardiogram or radionuclide, ventriculography is common to find abnormalities; 
endomyocardial biopsy shows abnormalities in 60% of the cases [46]. Every year 2.5% would 
evolve into cardiac or digestive symptomatic forms [47]. CHF affects approximately 5% of a 
general unselected CD population and up to 76% of patients followed at outpatient services 
in tertiary referral centers [48].
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Chagasic cardiomyopathy is a chronic myocarditis that affects all chambers, the parasympa‐
thetic cardiac nerves and all levels of the system [49]. Four possible mechanisms have been 
suggested: cardiac parasympathetic neuronal depopulation, immune‐mediated myocardial 
injury, parasite persistence in cardiac tissue with secondary antigenic stimulation and coro‐
nary microvascular abnormalities [25, 49].

CD is the principal cause of CHF in areas where the disease is endemic [50]. Mortality is still 
high even in the current era of heart failure therapy (around 20% annual) [51]. When com‐
pared with other etiologies, outcome is poorer [52].

CD is associated with ventricular conduction delay. In a large population date base on pri‐
mary case patients, 7590 had CD. The electrocardiogram showed right bundle branch block 
(RBBB) in 22.7%, left anterior hemiblock (LAHB) in 22.5%, RBBB + LAH in 13,74% and left 
bundle branch block (LBBB) in 3.07% of patients [53]. In chagasic patients an increase in QRS 
duration correlated with a decrease in LVEF and increase in left ventricular diastolic diameter 
[54]. On echocardiographic evaluation, the presence of apical or inferobasal aneurysms in the 
left ventricle is common (Figures 1 and 2).

The beneficial effects on survival and morbidities of drugs observed in non‐Chagas disease 
heart failure are extrapolated to Chagas’ disease patients. Medical treatment of CD heart 
failure is not supported by strong evidence. Small studies have shown that neurohormonal 
inhibition can improve both symptoms and left ventricular function. However, a systematic 
review of Cochrane found very low‐quality evidence for the effects of carvedilol compared 
with placebo for treating heart failure in people with CD [55]. On the other hand, chagasic 

Figure 1. Echocardiogram with apical aneurysm in the left ventricle in a patient with Chagas cardiomyopathy.
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patients frequently have lower blood pressure and a higher incidence of bradyarrhythmias 
and may not tolerate target doses of angiotensin‐converting enzyme inhibitors (ACEI) and 
beta‐blockers.

In conclusion CHF secondary to CD has higher mortality and problems with the neurohor‐
monal blockade, related to difficulty in reaching optimum doses of beta‐blockers and ACEI.

5. Cardiac resynchronization therapy

Cardiac resynchronization therapy (CRT) is an established therapeutic modality for patients 
with non‐Chagas heart disease with LVEF < 35%, in appropriate medical management and 
LBBB with a QRS 150 mseg (class I). In patients with non‐LBBB pattern, the recommendation 
is class II [56].

Evidence of the usefulness of CRT in CD is scarce. Araujo et al. analyzed 72 chagasic patients 
in NYHA class III or IV, who underwent CRT. The average clinical follow‐up was 46.6 month 
(4–79). At the end of the evaluation, 87.4% of patients were in NYHA class I or II and they 
had increase of the LVEF. There was an overall mortality of 34.7% of the patients underwent 
implantation of the electrode of the left ventricle through a left anterior mini‐thoracotomy. 
All patients were on beta‐blocker therapy and 70% on ACEI. Mean QRS duration was 148.1 
17 mseg, 47% was with LBBB, 15% on permanent right ventricular paging and mean LVEF 
was 27.3 ± 7.7% [57].

Figure 2. Real‐time image integration of the left ventricle with computed tomography and electroanatomical map with 
EnSite NavX. Image of the left ventricle with apical and inferobasal aneurysm.

Utility of Cardiac Implantable Electronic Devices in Patients with Chagas Disease and Systolic Heart Failure
http://dx.doi.org/10.5772/67079

93



In another study 30 chagasic patients in NYHA class III or IV undergone to right ventricu‐
lar bifocal pacing. No change in the LVEF after 6 months of follow‐up. However, a marked 
increase in arrhythmic episodes was observed.. The mortality rate was 43% in the first year 
of follow‐up.

In a small study, 29 patients (52% chagasic) with conventional pacemakers implanted in the 
right ventricular apical area, in NYHA class III/IV refractory to drug therapy and LVEF < 35%, 
underwent CRT. During the follow‐up of 22.7 ± 13 months, 86.2% of the patients benefited 
from CRT. However, there was no differential analysis of the chagasic patients [58].

There is low frequency of complete LBBB (16%) in chagasic patients with CHF. The most 
frequently found intraventricular conduction dysfunction is RBBB alone or with LAFB [51]. 
Nowadays, there is controversial evidence to support the use of CRT in patients without 
LBBB. Recently, a small study with 78 patients with RBBB showed that single‐site pacing of 
the right ventricular septum near the proximal right bundle resulted in a marked decrease in 
QRS duration and often normalized the ECG [59], so that there may be new alternatives of 
stimulation in this patient group.

In conclusion the evidence of CRT in CHF of chagasic etiology is poor; however, in patients 
with LBBB, LVEF < 35% with adequate medical therapy CRT is indicated. In patients with 
RBBB, CRT is probably unhelpful. If RBBB is attached to LAFB, some authors consider useful 
biventricular pacing, but studies proving this theory are necessary.

6. Other treatments

Heart transplantation is an option in patients with refractory CHF. There are many concerns 
with regard to the usefulness in chagasic patients because of T. cruzi infection reactivation, 
the adequate immunossuppresive protocol and long‐term results. A systematic review found 
that survival probability at 1 month, 1 year, 4 years and 10 years of follow‐up was 83, 71, 57 
and 46%, respectively. Such an outcome was better than that seen in non‐Chagas patients [60]. 
Later, a study with 107 chagasic patients with follow‐up between 30 and 168 months found 
the highest mortality (42.9%) [61]. Transplantation in Chagas’ disease has several problems 
that differ from other etiologies due to the possibility of disease reactivation and the increased 
possibility of emergence of cancers. However, transplantation is the only treatment able to 
modify the natural progression of the disease in its terminal phase.

The utility of the left ventricular circulatory support as bridge to heart transplantation has 
been little studied. A study with 6 patients with chagasic cardiomyopathy, the mean time of 
circulatory support was 27 days, authors found that 2 patients were bridged to heart trans‐
plantation successfully and other four patients died.

Sustained VT is common in chagasic patients. The most frequent mechanism is scar‐related 
reentry; the circuit may be subepicardial, intramyocardial, or subendocardial (Figure 3). 
Reports have described a higher prevalence of epicardial VT (37%). The electrophysiologi‐
cal signs show delayed potentials predominantly in the target area during mapping in sinus 
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from CRT. However, there was no differential analysis of the chagasic patients [58].

There is low frequency of complete LBBB (16%) in chagasic patients with CHF. The most 
frequently found intraventricular conduction dysfunction is RBBB alone or with LAFB [51]. 
Nowadays, there is controversial evidence to support the use of CRT in patients without 
LBBB. Recently, a small study with 78 patients with RBBB showed that single‐site pacing of 
the right ventricular septum near the proximal right bundle resulted in a marked decrease in 
QRS duration and often normalized the ECG [59], so that there may be new alternatives of 
stimulation in this patient group.

In conclusion the evidence of CRT in CHF of chagasic etiology is poor; however, in patients 
with LBBB, LVEF < 35% with adequate medical therapy CRT is indicated. In patients with 
RBBB, CRT is probably unhelpful. If RBBB is attached to LAFB, some authors consider useful 
biventricular pacing, but studies proving this theory are necessary.

6. Other treatments

Heart transplantation is an option in patients with refractory CHF. There are many concerns 
with regard to the usefulness in chagasic patients because of T. cruzi infection reactivation, 
the adequate immunossuppresive protocol and long‐term results. A systematic review found 
that survival probability at 1 month, 1 year, 4 years and 10 years of follow‐up was 83, 71, 57 
and 46%, respectively. Such an outcome was better than that seen in non‐Chagas patients [60]. 
Later, a study with 107 chagasic patients with follow‐up between 30 and 168 months found 
the highest mortality (42.9%) [61]. Transplantation in Chagas’ disease has several problems 
that differ from other etiologies due to the possibility of disease reactivation and the increased 
possibility of emergence of cancers. However, transplantation is the only treatment able to 
modify the natural progression of the disease in its terminal phase.

The utility of the left ventricular circulatory support as bridge to heart transplantation has 
been little studied. A study with 6 patients with chagasic cardiomyopathy, the mean time of 
circulatory support was 27 days, authors found that 2 patients were bridged to heart trans‐
plantation successfully and other four patients died.

Sustained VT is common in chagasic patients. The most frequent mechanism is scar‐related 
reentry; the circuit may be subepicardial, intramyocardial, or subendocardial (Figure 3). 
Reports have described a higher prevalence of epicardial VT (37%). The electrophysiologi‐
cal signs show delayed potentials predominantly in the target area during mapping in sinus 
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rhythm and presystolic activity. Meso‐diastolic and continuous activities are also frequent 
in the original place of VT. The critical isthmus of the reentrant circuit may be confirmed by 
entrainment maneuvers or interruption of VT during the application of RF in these places. In 
general, the site of origin of well‐tolerated recurring VT can be identified and the VT inter‐
rupted in 60–80% of the patients, but rapid and poorly tolerated SVT is frequently induced in 
the final assessment of the procedure. During long‐term follow‐up, at least 50% of the patients 
have clinical relapse [41]. The main indication for catheter ablation is ICD shocks despite 
antiarrhythmic therapy.

Figure 3. Image of Figure 2 with voltage sinus rhythm map showing extensive scar inferobasal.

Utility of Cardiac Implantable Electronic Devices in Patients with Chagas Disease and Systolic Heart Failure
http://dx.doi.org/10.5772/67079

95



7. Conclusions

CD is an important cause of CHF in Latin America; migration has become this disease in a 
probable cause of CHF in other countries of the world. CD is associated with high prevalence 
of SCD; ICD is indicated as therapy class I in secondary prevention of SCD. ICD is also indi‐
cated as therapy class I in primary prevention of SCD in chagasic patients with LVEF < 40% 
with optimal medical treatment (OMT). The utility of PVS should be investigated in patients 
with non‐sustained VT and LVEF > 40%.

CHF is very common in patients with CD. CRT is indicated as therapy class I in patients with 
LBBB + LVEF < 35% + OMT. Indication in patients with non‐LBBB is controversial and new 
and large studies are necessary.
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Abstract

Atrial fibrillation (AF) is the most frequent of all cardiac arrhythmias and it is associated 
with an increased risk of stroke, systemic embolism and heart failure. Patients with AF 
have a twofold increased risk of death and fivefold increased risk of stroke compared 
with those without AF. In patients with heart failure (HF), AF ablation improves left 
ventricular (LV) function over short- and long-term follow-ups, especially compared 
with medical treatment. Furthermore, AF ablation in HF patients relates to a significant 
improvement in quality of life, functional class and exercise tolerance, possibly related to 
the improvement in LV function and hemodynamic status of the patients. Finally, data 
showed that restoration of sinus rhythm in this setting of patients reduced the incidence 
of stroke and death. In this review, we reported all the major data regarding atrial 
fibrillation therapy in patients with heart failure.

Keywords: atrial fibrillation ablation, heart failure, quality of life, left ventricular 
function, atrial fibrosis

1. Incidence and pathogenesis of atrial fibrillation in heart failure

Atrial fibrillation (AF) is defined as a cardiac arrhythmia characterized by the surface ECG 
showing ‘absolutely’ irregular RR intervals and absence of distinct P waves. Irregular atrial 
electrical activity, represented by the “f” waves, may be seen in some ECG leads, most often 
in lead V1, the “f-f” interval is variable and usually shorter than 200 ms [1]. An irregular pulse 
should always raise the suspicion of AF, but an ECG recording is necessary to diagnose AF [1].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



From a clinical point of view, AF can be categorized into five subtypes based on the presen-
tation and duration of the arrhythmia: (1) patient who presents with AF for the first time; 
(2) paroxysmal AF is self-terminating, usually within 48 h, but it may continue for up to 
7 days; (3) persistent AF is present when an AF episode either lasts longer than 7 days or 
requires termination by cardioversion; (4) AF is considered as long-standing persistent when 
the arrhythmia has lasted for ≥1 year; (5) permanent AF, when the presence of the arrhyth-
mia is accepted by the patient (and physician) and when it is decided to adopt a rate control 
strategy [1] (Figure 1).

Atrial fibrillation, the most frequent of all cardiac arrhythmias, is associated with an increased 
risk of stroke, systemic embolism (SE) and heart failure (HF). Patients with AF have a twofold 
increased risk of death and fivefold increased risk of stroke compared with those without 
AF [1–6].

Atrial fibrillation has multiple adverse clinical implications. The loss of atrial systole and the 
irregular, fast heart rate contribute to symptoms such as palpitations and reduced exercise 
tolerance and also predispose to the development of intracardiac thrombus and systemic 
thromboembolism. Atrial fibrillation can also cause tachycardia-mediated cardiomyopathy 
or worsening of preexisting heart failure [3].

Whereas anticoagulation treatment reduced the risk for stroke, large randomized trials failed 
to demonstrate any significant mortality benefit of a pharmacologically based rhythm control 
strategy even in patients with left ventricular dysfunction when compared with a rate control 
strategy [7–11].

Figure 1. European Society of Cardiology guidelines for classification of atrial fibrillation [1].
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This has led to a widespread belief that restoration of sinus rhythm (SR) does not improve 
prognosis. However, in-depth analysis of these trials demonstrated that the restoration of SR 
was associated with a 47% lower risk for death compared with continuing AF.

Besides having a good safety profile, catheter ablation therapy for AF has proved effective 
in establishing and maintaining SR. Induction of AF requires an initiating trigger and per-
petuation occurs because triggering activity is sustained or because of the presence of a sus-
ceptible atrial substrate. Premature atrial ectopy has been shown to be the most frequent 
trigger for AF. Observations in patients with dual-chamber pacemakers revealed that 48% of 
AF  episodes were triggered by premature atrial beats, 33% were preceded by bradycardia and 
17% were sudden in onset [12]. Also, continuous cardiac monitoring in postoperative patients 
demonstrated that supraventricular premature beats induced AF in 72–100% of cases [13].

Endocardial mapping revealed that the origin of ectopic activity initiating AF is located inside 
the pulmonary veins (PV) in 89–94% of cases and that AF is most often triggered by repetitive 
focal PV discharges [14–18].

Catheter ablation targeting the fascicles, which connect the PVs to the left atrium, leads to 
electrical isolation of the PVs. Interestingly, after electrical isolation, up to 58% of PVs dis-
play slow, dissociated activity and some sustain ongoing tachycardia dissociated from the left 
atrium in SR, emphasizing the arrhythmogenic potential of these structures [19, 20].

Indeed, besides being triggers for AF, PVs can also be responsible for the perpetuation of AF. 
In a small series of patients who had irregular focal discharges initiating and perpetuating AF, 
foci at the ostium of PVs were found to be the drivers of sustained AF in 66%. Focal radiofre-
quency (RF) delivery targeting these foci eliminated AF in all these patients [21].

In addition, a spatial gradient in cycle length, with the PVs activating at a higher frequency 
than the nearest atrial tissue, has been found in some patients and this reinforces the role of 
PVs as AF perpetuators [22–25].

The involvement of the PVs in the maintenance of AF was further emphasized by the observa-
tion that PV isolation in paroxysmal AF led to a progressive increase in the AF cycle length, cul-
minating in the termination of AF in 75% of patients. PV isolation rendered AF noninducible in 
57% of patients and prevented relapse in 74% of patients [26]. These findings led to the venous 
wave hypothesis, postulating a role for PVs in maintenance of AF in most patients with par-
oxysmal AF [27]. Later, spectral analysis and dominant frequency mapping revealed that the 
dominant frequency and the highest dominant frequency were spatially distributed near the 
PVs in most of patients with paroxysmal AF [28]. Put together, these observations emphatically 
substantiate the role of PVs in the initiation and maintenance of nonpermanent forms of AF.

Although elimination of PV arrhythmogenicity has been highly effective for paroxysmal AF, 
it has modest efficacy for persistent AF suggesting that mechanisms beyond the PVs also 
contribute to perpetuation of AF in these patients. A number of ablation strategies have been 
proposed: linear ablation, ablation of complex fractionated atrial electrograms, ablation of 
intrinsic cardiac autonomics and ablation of rotors. Frequently these approaches are per-
formed in combination, to target these substrate-related mechanisms beyond the PV arrhyth-
mogenicity, particularly in patients with persistent AF [1].
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In the setting of heart failure, the increased filling pressure of atrial and ventricle contributes 
to the electroanatomic disarrangement of the muscle fibers providing a substrate for reentry 
and imparts electrical heterogeneity and arrhythmogenicity to onset AF. Histological exami-
nations of atrial tissue in patients with AF show patchy fibrosis, which may contribute to the 
nonhomogeneity of conduction. Atrial biopsies from patients undergone to cardiac surgery 
show increase in cell size, loss of sarcoplasmic reticulum and atrial myofibrils, changes in 
mitochondrial shape, accumulation of glycogen granules, alteration in connexin expression 
and increase in extracellular matrix [1]. A multicenter trial has demonstrated that atrial fibro-
sis, as estimated by magnetic resonance imaging (MRI), is independently associated with the 
likelihood of recurrent AF and in particular an extensive fibrosis caused a low success rate 
after catheter ablation [29]. Furthermore, recent studies showed that transmural conduction 
is the predominant mechanism of breakthrough during atrial fibrillation demonstrating the 
substrate complexity of this arrhythmia [30].

Heart failure increases the risk of AF, with the mechanism of the arrhythmia being multi-
factorial. Furthermore, AF is an independent risk factor for the development of heart failure 
and both conditions frequently coexist. Atrial fibrillation in patients with heart failure pre-
disposes to episodes of worsening heart failure and increases the risk of thromboembolic 
events [1]. Hospitalizations due to AF account for one-third of all admissions for cardiac 
arrhythmias. Acute coronary syndrome, aggravation of heart failure, thromboembolic com-
plications and acute arrhythmia management are the main causes. In 30% of patients with 
AF, it is possible to find HF with NYHA II-IV and at the same time, in 30–40% of heart failure 
patients, AF is found. Heart failure can be both a consequence of AF (e.g., tachycardiomy-
opathy or decompensation in acute onset AF) and a cause of the arrhythmia due to increased 
atrial pressure and volume overload, secondary valvular dysfunction, or chronic neurohu-
moral stimulation.

In the past decade, it showed an increase of the incidence of AF, above all in patients with 
HF. Many factors have contributed to these epidemiological changes; first of all, the new 
therapeutic approach to the cardiovascular disease and the following growing average age 
of patients. A recent comparison between two survey showed a significant increase in the 
incidence of AF in patients with HF between 38.4% in 2005 and 50.4% in 2013 [31]. Marked 
unexplained interregional variations in the occurrence of stroke and mortality suggest that 
factors other than clinical variables might be important [31]. Prevention of death from heart 
failure should be a major priority in the treatment of atrial fibrillation.

2. Pharmacological treatment of atrial fibrillation in heart failure

2.1. Rhythm control vs. rate control

The optimal resting ventricular rate in patients with AF and HF could be between 60 and 
100 bpm [32–34]. Van Gelder et al. [35] suggested that a resting ventricular rate of up to 
110 bpm might still be acceptable and 2016 ESC AF guidelines recommend this threshold 
as the target for rate control therapy [33, 36–40], but a lower rate for patients with HF may 
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be preferable (60–100 bpm). The optimal ventricular rate during exercise is also uncertain, 
but may be 110 bpm during light exercise [34].

Sinus rhythm, theoretically, offers physiological rate control, normal atrial activation and 
 contraction, a normal sequence of atrioventricular (AV) conduction and AV valvular function 
and a regular rhythm.

Most clinical trials (PIAF, STAF, RACE, HOT CAFÉ, CABANA and AFFIRM) [1, 9–11, 41, 42] 
have reported no clear superiority of rhythm control. Furthermore, Crijns have reported that 
patients with AF and HF are unlikely to remain in sinus rhythm in the long-term and 2012 
focus updated of ESC guidelines of the management of atrial fibrillation, that rhythm control 
should not be vigorously pursued in this clinical setting [1].

However, a subgroup analysis of AFFIRM reported that rhythm control may be useful in 
patients with left ventricular dysfunction. In this study, patients with depressed left ven-
tricular function benefited significantly from rhythm control compared to rate control. The 
 presence of sinus rhythm was associated with a lower risk of death [43].

2.2. Practical approach to rate control

Rate control in AF is based mainly on pharmacological depression of conduction through the 
AV node. In the presence of HF, this requires careful dose titration and can result in symp-
tomatic bradycardia requiring permanent pacing. Beta-blockers are the preferred drugs in 
combination with digoxin (adjunctive therapy), because they provide optimal rate control 
at rest and during exercise in this setting of patients [1]. The AFFIRM study showed during 
long-term follow-up that beta-blockers achieved optimal rate control in 58% of patients [44]. 
In a subgroup analysis, patients with a history of HF and left ventricular ejection fraction 
<40%, successful rate control was observed with beta-blocker, with or without digoxin in 81% 
and with digoxin alone in 54%, at 1-year follow-up.

Atrioventricular (AV) nodal ablation may be the treatment of choice in the presence of symp-
toms intolerable to higher rates, despite the use of rate slowing agents. Investigators  compared 
pharmacological rate control vs. AV node ablation in 66 patients with CHF and AF [45]. In this 
randomized study, both treatment arms were associated with alleviation of symptoms and an 
increase in functional capacity. Patients treated with the “ablate and pace” strategy had fewer 
symptoms with no changes in cardiac performance and quality of life. This strategy was not 
associated with a reduction of mortality.

2.3. Practical approach to rhythm control

The potential of amiodarone to maintain sinus rhythm in patients with AF and HF has been 
repeatedly shown in observational and prospective randomized controlled studies.

In CTAF study, therapy with amiodarone reduced the incidence of recurrent AF by 57% 
when compared with sotalol and propafenone [46]. In the CHF-STAT study, patients treated 
with amiodarone, converted to sinus rhythm more frequently (31.3% vs. 7.7% on placebo) 
 compared to placebo, experienced fewer recurrences of AF and were less likely to develop 
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new AF [47]. Amiodarone is a drug of choice for the management of AF associated with HF. 
In addition to its antiarrhythmic effects, it is useful in controlling ventricular rate response 
during recurrences [47].

Dronedarone is a drug similar to amiodarone, though is devoid of iodine with a theoreti-
cally safer adverse effect profile [1]. In the dronedarone atrial fibrillation study after elec-
trical  cardioversion (DAFNE) trial, dronedarone prolonged the mean interval to recurrence 
of AF by 55% compared with placebo, resulting in the spontaneous conversion to sinus 
rhythm in high percentage of patients. The results of the European trial in atrial fibrillation 
or flutter patients receiving dronedarone for the maintenance of sinus rhythm (EURIDIS) and 
American-Australian-African equivalent ADONIS showed that dronedarone was superior to 
placebo in the prevention of recurrent AF and effective in controlling the ventricular rate in 
over 1200 patients. However, the dronedarone in moderate to severe HF evaluating morbid-
ity decrease (ANDROMEDA) study was stopped prematurely, as an interim safety analysis 
suggested an excess risk of death in patients on active treatment.

3. Ablation of atrial fibrillation in HF patients

Rhythm control with antiarrhythmic drugs has not been shown to confer benefit in random-
ized trials, neither in patients with HF nor in those without HF [7, 8]. The lack of benefits of 
antiarrhythmic drugs might reflect their poor (<50%) efficacy in maintaining sinus rhythm [8]. 
Conversely, ablative treatment in these patients can be highly effective in reducing  morbidity 
and improving quality of life and functional capacity [7–9, 41–52]. However, patients with 
AF and left ventricular ejection fraction have more recurrences after a single procedure, 
thus requiring more repeat procedures, which increase costs and risks [53]. Recent studies 
[54–60] have demonstrated that nonpulmonary vein foci firing from the atrial chambers or 
other  thoracic veins play an important role in initiating and maintaining AF in 3.2–62% of 
patients, depending on age, sex and comorbidities. Patients with HF usually have a more 
complex and diseased atrial substrate harboring more nonpulmonary vein foci, which could 
be responsible for the observed recurrence of AF or atrial tachyarrhythmia AT after pulmo-
nary vein antrum isolation.

In a recent study, Zhao et al. [61] demonstrated that patients with left ventricular ejection 
fraction more often presented nonpulmonary vein triggers than in patients with normal ejec-
tion fraction; in patients with the long-term procedural outcome of pulmonary vein isolation 
ablation alone remain unsatisfactory with a 32.2% single-procedure success rate, whereas 
 pulmonary vein isolation plus nonpulmonary vein triggers ablation significantly increases 
the success rate to 75.0%, which is comparable with the success rate of pulmonary vein isola-
tion alone in patients with normal ejection fraction (75.0% vs. 81.7%).

Patients with low ejection fraction and paroxysmal atrial fibrillation had a higher prevalence 
of nonpulmonary vein triggers than patients with normal ejection fraction (69.1% vs. 26.6%). 
Many investigators [54–60] have addressed the importance of nonpulmonary vein triggers 
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for atrial fibrillation initiation and the reported incidence of nonpulmonary vein triggers in 
paroxysmal atrial fibrillation.

The basis for extensive left atrial ablation lies in the pathophysiology of atrial fibrillation 
itself [62]: atrial fibrillation perpetuating in a left atrium with significant substrate modifica-
tions and advanced structural and electrical remodeling has historically been targeted by lin-
ear lesions [63]. However, linear lesions and CFAE ablation may increase the risk of iatrogenic 
atypical atrial re-entries (flutter) or atrial tachycardias if not transmural, incomplete, or not 
perfectly anchored to electrically inert structures, counterbalancing the benefit derived by 
extensive atrial substrate modification [64].

Among the studies reporting AF ablation in patients with HF, 55% of the patients underwent 
PV isolation alone, with a large heterogeneity among studies (6–89%). None of the observa-
tional studies were designed to compare the efficacy of different AF ablation approaches. 
However, in the meta-analysis by Anselmino et al. [65] including the largest available popu-
lation, there was no difference in AF ablation outcome, performing PV isolation alone when 
compared with additional linear ablation. Moreover, no data compared the different tech-
niques to perform AF ablation (radiofrequency, cryoablation, laser, rotors and surgery) in 
patients with HF. Finally, recent data reported a higher success rate after AF ablation with a 
hybrid approach (percutaneous and surgical), but no data were published regarding patients 
with HF [1].

Larger randomized studies are needed to understand the optimal procedural protocol to 
adopt in patient with HF and symptomatic AF.

3.1. Paroxysmal vs. persistent atrial fibrillation ablation in heart failure

Several studies have suggested that catheter ablation of AF in the context of HF is rela-
tively safe reporting that the complication rate was not different from that in patients with 
structurally normal hearts [7, 48–53, 65–85]. The success rate for catheter ablation of parox-
ysmal AF was similar in HF patients compared with non-HF patients (70–80%), whereas 
the success rate for persistent AF was markedly worse. In randomized studies, the suc-
cess rate following a single procedure has been reported at 38–68%, rising to 50–88% after 
repeated procedures (2 or 3) at 6–12 months [52, 79–81]. Ullah et al [84] published an inter-
national multicenter registry from seven centers for patients with HF undergoing AF abla-
tion (Figure 2). In this study with 1273 patients (171 with HF and 1102 without HF) and a 
median follow up of 3.1 years, the final procedure success rate was no different from par-
oxysmal AF (78.7% vs. 85.7%, p = 0.186), but significantly different for persistent AF (57.3% 
vs. 75.8%, p < 0001).

However, despite a lower success rate in patients with HF ablated for persistent AF, Zhu et 
al. [85] published a meta-analysis of three randomized controlled trials showing a significant 
improvement of LVEF (6.22%) and reduction of NYHA class and Minnesota living with heart 
failure questionnaires scores in patients with HF ablated for persistent AF compared with the 
medical rate control.
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The lower success rate for catheter ablation for persistent AF in the HF group is likely multi-
factorial. Both HF and the conditions leading to HF increase the left atrial pressure and wall 
stress that causes progressive mitral regurgitation, which further impacts on left atrial pres-
sure and remodeling. The result of these factors is more scarred and remodeled atria, which 
are more inclined to support AF.

3.2. Improvement in left ventricular function and heart failure

3.2.1. Symptoms after atrial fibrillation ablation

Atrial fibrillation ablations have been shown to improve the LV function during short- and 
long-term follow-up, when compared to medical therapy. Several meta-analyses  regarding 
the usefulness of AF ablation in HF patients have been published [53, 65, 82, 83, 85]. In the 
first two works, including maximum 800 patients, the authors concluded that single AF 
ablation procedure in HF patients is less effective in patients without structural disease, but 
improves including redo procedures, obtaining a significant improvement in LV ejection 
 fraction over follow-up [53, 82]. The third multicenter, collaborative meta-analysis, including 
more than 1800 patients [65], reported over a mean follow-up of 2 years a significant improve-
ment in LV ejection fraction and a reduction in the proportion of patients with severely 
depressed LV function. This finding is very important since potentially confers to ablation the 
ability to reduce the proportion of patients requiring implantation of cardioverter defibrilla-
tors. Moreover, the authors reported that time to first AF diagnosis and heart failure diagnosis 
was significantly related to ablation outcome, highlighting the importance of prompt optimal 
treatment of both HF and AF to achieve the best clinical benefit.

 Figure 2. Freedom from atrial fibrillation and atrial flutter after ablation in patients with and without heart failure [84].
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Ganesan et al. [83], furthermore, reported meta-analyses including more than 900 patients 
with HF-ablated for AF showing a LVEF improvement of 13%.

Ullah et al [84] in their multicentric registry reported a significant LV ejection fraction increas-
ing from 34.4 ± 9 to 45.8 ± 12.8% (p < 0.001).

One small observational prospective study specifically investigated patients with preserved 
LVEF [75]. This study, including 73 patients with a mean follow-up of 34 months, reported 
27% efficacy after the first procedure which further raised to 73% with redo procedures and 
antiarrhythmic drugs. On note, LV diastolic function and systolic function measured with 
strain and strain rate improved only in patients maintaining stable sinus rhythm.

Moreover, data reported that effective sinus rhythm restoration after AF ablation was useful 
to improve LVEF in patients with tachycardiomyopathy [48, 65].

Furthermore, AF ablation in HF patients relates to a significant improvement in quality of life, 
functional class and exercise tolerance, which possibly relates to the improvement in LV func-
tion and hemodynamic status of the patients. In general, shorter history of HF and AF is both 
associated with improved outcome: AF ablation in HF patients should be considered preco-
ciously to avoid progression of atrial substrate alteration. Left atrial dimension is a marker of 
advanced substrate alteration; in fact, patients with severe LA dilation present lower rate of 
sinus rhythm maintenance.

In particular, Ullah et al. [84] reported a reduction in NYHA class from 2.3 ± 0.7 at baseline to 
1.5 ± 0.8 at follow up. This was the first study to examine specifically the impact of maintain-
ing sinus rhythm on rates of stroke and death after catheter ablation of AF patients with HF 
showing that restoration of sinus rhythm reduced the incidence of stroke and death (Figure 3).

 Figure 3. Factors predicting stroke and death in patients with heart failure [84].
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3.3. Indications for transcatheter ablation of atrial fibrillation in patients with heart failure

Within the general population, the safety and efficacy rates of AF ablation promoted this pro-
cedure to the first choice following one antiarrhythmic drug failure and in selected patients, 
even the first option before drugs [1]. Its role within HF, instead, is less well defined due 
to small randomized trials and observational studies [48–53, 65–85]. The revised European 
recommendations for antiarrhythmic drug therapy leave amiodarone as the only available 
antiarrhythmic agent in this setting [1]. In patients who suffer from symptomatic AF recur-
rences on amiodarone therapy, catheter ablation remains as the sole choice for rhythm control 
therapy [1] (Figure 4). In the last guidelines, AF ablation is indicated in symptomatic patients 
with reduced ejection fraction in order to improve symptoms and cardiac function (class IIa, 
level of evidence C) [36].

3.4. Catheter ablation of atrial fibrillation in specific cardiomyopathies populations

Some observational studies reported the outcome of AF ablation among patients with hyper-
trophic [65, 83, 86, 88]. All studies reported low efficacy after a single ablation procedure, 
especially during long-term follow-up. However, the efficacy raised up to 70–80% including 
the over 30% redo procedures and the prevalence of extensive left atrial ablation, including 
linear lesions or CFAEs, which was higher when compared with the general HF population. 
This finding reflects a complex substrate typical of this specific cardiomyopathy, character-
ized by severe left atrial enlargement. Being AF detrimental on both the quality of life and 
prognosis of HCM patients, its effective treatment warrants careful attention and ablation 
may be considered precociously to achieve rhythm control.

 Figure 4. European Society of Cardiology guidelines for atrial fibrillation ablation [1].
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Moreover, although AF standard treatment in valvular cardiomyopathies is more commonly 
surgical, performed concomitantly to heart surgery, some studies reported the outcome of 
AF ablation among patients with significant valvular disease. Two studies, including patients 
with prosthetic valves or previous percutaneous intervention for mitral rheumatic disease, 
reported a very low efficacy after a single procedure, raising up to 70% at a mean follow-up 
of 24 months including over 50% repeated procedures [87, 88]. Other two studies includ-
ing patients with moderate aortic or mitral defects, instead, reported outcomes similar to the 
 general population [87, 89].

3.5. Future perspectives

Catheter ablation of AF is gaining a significant role in HF treatment of patients with concomi-
tant AF, as confirmed by the latest ESC guidelines. However, the following points remains 
of concern. First of all, pulmonary vein isolation alone and/or additional non-PV targets, as 
in the general population, need to be tested in prospective randomized trials on HF patients.

Further studies, moreover, should define the optimal timing to perform AF ablation in these 
patients to increase the success rate and reduce mortality.

In the future, technological innovations may contribute to rise AF ablation safety, for example, 
new irrigated catheters able to significantly reduce the fluid administration during procedure, 
particularly relevant among HF patients.

Finally, due to the complexity of this procedure, the suggestion is to refer to experienced, 
high volume centers, also skilled to manage plausible complications.
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Abstract

Tachycardia-induced cardiomyopathy is a systolic cardiac dysfunction given by prolonged 
elevated heart rates in patients with incessant or frequent tachyarrhythmias. Arrhythmias 
associated with tachycardiomyopathy can be either supraventricular (atrial tachycardia, 
atrial flutter, atrial fibrillation, AVNRT, permanent junctional reciprocating tachycardia, 
high rates of atrial pacing) or ventricular (frequent premature ventricular complexes, 
right ventricular outflow tract tachycardia, LVOT, left ventricular fascicular tachycardia, 
bundle-branch reentry or high rate of ventricular pacing). Electrophysiological study con-
firms the clinical diagnosis of tachycardia-induced cardiomyopathy, reveals the arrhythmia 
mechanism and facilitates catheter ablation that results in complete recovery of ventricular 
function. This chapter has two parts: 1. Theoretical insight into the pathogenesis of tachy-
cardia-induced cardiomyopathy, clinical manifestations and therapy. 2. Practical issues: 
we describe our EP lab’s experience on electrophysiological study and ablation in patients 
with tachycardia-induced cardiomyopathy. We will present five cases of ablation: PVCs 
>30,000/24 h, antidromic tachycardia, 2:1 atrial flutter, persistent atrial fibrillation and RVOT 
PVCs with nonsustained VT.

Keywords: catheter ablation, tachycardia-induced cardiomyopathy, atrial fibrillation, 
ejection fraction, left ventricular dysfunction

1. Introduction

Cardiomyopathy is defined by a disease of the heart muscle that progressively worsens and 
ultimately leads to heart failure and death. Fortunately, there are some reversible cardiomyopa-
thies that can show return to normal cardiac function with or without treatment: peripartum 
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cardiomyopathy, myocarditis with dilated cardiomyopathy, hyperthyroidism-induced cardio-
myopathy, takotsubo cardiomyopathy and tachycardia-induced cardiomyopathy. The last one 
is a disease caused by a persistent tachycardia with return to normal cardiac function after cor-
rection of the arrhythmia.

Arrhythmias that are associated with this type of reversible cardiomyopathy include atrial 
fibrillation, atrial flutter, atrial tachycardia, atrioventricular node reentrant tachycardia, acces-
sory pathway tachycardia, frequent ventricular ectopic beats and ventricular tachycardia.

2. Experimental studies on animals

Animal models helped us to better evaluate cellular and hemodynamic mechanisms underly-
ing tachycardia-induced cardiomyopathy. Whipple et al. described it in an interesting experi-
ment on dogs and pigs using cardiac pacing. Chronic rapid ventricular pacing leads to left 
biventricular dilatation and decreases in systolic function. When pacing at slower rate or for 
shorter duration, the degree of dilatation is not so important, as well as the decrease in ejection 
fraction. Mitral regurgitation appears as a consequence of left ventricular dilatation [1].

3. Clinical studies on humans

Multiple tachyarrhythmias have been associated with tachycardia-induced cardiomyopathy 
including supraventricular and ventricular. Additionally, premature ventricular beats have 
also been associated with the development of tachycardia-induced cardiomyopathy.

Gentlesk et al. noted that ablation of arrhythmia with restoration of sinus rhythm can improve 
LV function despite good rate control before the ablation procedure in patients with atrial 
fibrillation [2]. The most recent series of patients with incessant atrial tachycardia reported 
normalization of left ventricular function in 97% of the patients after successful ablation [3]. 
Incessant reentrant supraventricular tachycardias are less common, but tachycardia-induced 
cardiomyopathy has also been reported in the settings of atrioventricular node reentrant 
tachycardia, atrioventricular tachycardia using an accessory pathway and permanent junc-
tional form of reentrant tachycardia [4]. When VT leads to tachycardia-induced cardiomyopa-
thy, it is generally idiopathic, originating from RVOT, LVOT or coronary cusps. Premature 
ventricular contractions have also been associated with the disease.

Medi et al. identified variables associated with tachycardia-induced cardiomyopathy: inces-
sant tachycardia, male gender, mean ventricular rate above 117 bpm and tachycardia originat-
ing from the pulmonary veins or left/right appendage [3].

In recent studies, electrical remodeling was demonstrated to precede structural remodeling 
with subsequent clinical adverse outcomes. In DAVID trial [5], ventricular pacing was associ-
ated with increased rate of heart failure hospitalization and cardiac mortality. The trial was 
designed to test the hypothesis that physiologic heart rates obtained with beta-blockers during 
ventricular pacing improve survival in patients with heart failure. Contrary to logical thinking, 
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ventricular pacing had higher incidence of heart failure and cardiac mortality as mentioned 
above. Recent therapeutic advances using biventricular pacing aim to synchronize electrical 
activation of the left and right ventricle and reverse structural remodeling. This approach may 
be of use for tachycardia-induced cardiomyopathy in patients with ventricular pacing or ven-
tricular premature contractions (left ventricular pacing triggered by right ventricular PVCs) 
but not for tachyarrhythmias [6].

4. Structural changes

Sustained ventricular or atrial pacing leads to dilatation of all cardiac chambers with systolic and 
diastolic dysfunction. Cardiac dilatation is accompanied by ventricular wall thinning and elevated 
ventricular filling pressures with reduced cardiac output. Mitral valve regurgitation appears as 
a consequence of left ventricular dilatation and stretching of the mitral chordae and annulus [7].

5. Neurohormonal changes

Low cardiac output leads to neurohormonal activation with elevated plasma catecholamines, 
atrial natriuretic peptide, rennin and aldosterone [8].

6. Cellular changes

At the cellular level, it has been found that chronic rapid heart rate causes increase in myocite 
length and disruption of the sarcolemmal membrane interface, impairing myocardial function 
[9]. Abnormalities of the sarcoplasmic reticulum calcium transport may appear at 24 h after initi-
ation of rapid atrial pacing and persist 4 weeks after cessation of pacing. The lower availability of 
calcium to myocites may reduce contractility [10]. Besides myocardial energy depletion, myocar-
dial ischemia has been proposed as a possible mechanism for myocardial systolic dysfunction.

7. Tachycardia-induced cardiomyopathy and post-tachycardia T-wave 
memory

Both post-tachycardia T-wave memory and tachycardia-induced cardiomyopathy are two 
phenomenon characterized by electrical remodeling of the ventricles that occur after sustained 
episodes of tachyarrhythmias.

In cardiac memory, the hallmark is diffuse T-wave inversion. It also appears after persis-
tent abnormal ventricular conduction such as ventricular pacing, intermittent bundle-branch 
block or ventricular preexcitation. This phenomenon was described in early 1940s in patients 
with ventricular tachyarrhythmias, but the term of cardiac memory was first introduced 
by Rosenbaum in 1982 [11]. Abnormal ventricular activation causes change in the action 
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potential duration in the early versus late activated regions of the myocardium that results 
in increased transmural repolarization gradient. The duration of inverse T-wave polarity is 
related to the duration of abnormal ventricular conduction and may have short-term or long-
term persistence.

The time course of tachycardia-induced cardiomyopathy can be variable: days to months and 
even years. It is not known why some patients respond to persistent tachycardia with dilation 
of the heart chambers and others by negativation of T-waves.

T-wave inversion lasting minutes to hours are described as short-term memory and are observed 
after short episodes of tachyarrhythmias. Long-term memory lasts hours to days and occurs after 
temporary cessation of a permanent pacing or after a successful ablation of an accessory path-
way. Previous reported cases of transient T-wave inversion following tachycardia failed to show 
an association between duration of the tachycardia and magnitude and duration of the T-wave 
changes. Freundlich reported an episode of ventricular tachycardia lasting 10 min and followed 
by T-wave inversion for 3 weeks [12]. Dubbs and Parmet described a case of VT lasting 21 days 
and followed by T-wave inversion for only 4 days [13]. Campbell reported a case of atrial tachy-
cardia with a duration of 3 days followed by T-wave inversion for other 3 days [14].

8. Time course and recovery of the LV function

The time course of reversal can be variable and may vary from 1 day to several months and 
even years [15]. The factors that determine the improvement rate remain undefined. It is a 
combination of genetic and structural heart disease factors that determine the development of 
the tachycardia-induced cardiomyopathy.

Han et al. [15] reported a patient with dramatic improvement of the LV systolic function <24 h 
after ablation with improvement of symptoms of congestion the first day after ablation.

Chin et al. [16] reported a series of patients who had improvement of the ejection fraction after 
6 months of rate control: two patients with atrial fibrillation treated for heart rate control, two 
patients with atrial tachycardia treated for heart rate control and two patients with severe 
systolic dysfunction EF < 20% and recovery of systolic function after adequate treatment. The 
“slower” the rate control of the tachycardia, the slower the rate of improvement of the systolic 
function of the left ventricle. In contrast, patients with very low ejection fraction <20% have a 
slower rate of improvement. Chin et al. evaluated systolic function using either echocardiog-
raphy or radionuclide angiography [16]. Danadamudi et al. reported patients with ejection 
fraction normalization after 14 months, but elevated left ventricular end-systolic and end-
diastolic volume indexes were still present at follow-up.

9. Risk of recurrence

In patients with prior history of tachycardia-induced cardiomyopathy, recurrence of the 
arrhythmia leads to a more severe form compared to the initial presentation [17].
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10. Clinical features and diagnostic considerations

Arrhythmias associated with tachycardiomyopathy can be supraventricular (atrial tachycar-
dia, atrial flutter, atrial fibrillation, AVNRT, permanent junctional reciprocating tachycardia, 
high rates of atrial pacing) or ventricular (frequent premature ventricular complexes, right 
ventricular outflow tract tachycardia, LVOT, left ventricular fascicular tachycardia, bundle-
branch reentry or high rate of ventricular pacing).

The exact incidence of the disease is difficult to assess, as the most reports in medical literature 
are small retrospective series or case studies.

Tachycardia-induced cardiomyopathy occurs independent of the age: it is present in children 
[18], adolescents [19], adults [20] and aged persons [21]. In children and adolescents, it should 
be differentiated form dilated cardiomyopathy due to myocarditis. In this case, cardiac MRI 
and cardiac biopsy are required to confirm the diagnosis. In adults, other forms of reversible 
cardiomyopathies should be excluded as follows: peripartum cardiomyopathy, myocarditis 
with dilated cardiomyopathy, hyperthyroidism-induced cardiomyopathy and takotsubo car-
diomyopathy. The time course of the cardiomyopathy and lack of arrhythmia can exclude 
tachycardia-induced cardiomyopathy. Paraclinical examinations contribute to the differen-
tial diagnosis. In aged persons, idiopathic dilated cardiomyopathy is the main differential 
diagnosis and the presence of a sustained arrhythmia other than sinus rhythm leads to the 
correct diagnosis.

There is no specific test for the diagnosis of tachycardia-induced cardiomyopathy. A clini-
cal index of suspicion derives from history of symptoms and signs of heart failure and time 
course of arrhythmia. Therefore, a high index of suspicion should be considered in any 
patient with sustained tachyarrhythmia and dilated cardiomyopathy and depressed ejection 
fraction. Any prolonged rate above 120/min may be important for the diagnosis. Patients may 
develop tachycardia-induced cardiomyopathy even if well-controlled heart rates during rest 
and high ventricular rate during minimal activity [22]. Holter monitoring on 24 h may be use-
ful in assessing heart rates during minimal exertion or daily physical activity in patients with 
persistent atrial fibrillation [23].

11. Imaging studies in tachycardia-induced cardiomyopathy

Echocardiography is the cornerstone of the noninvasive imaging of tachycardia-induced car-
diomyopathy. Increase in ejection fraction after arrhythmia treatment with decrease in ven-
tricular diameters is diagnostic for the disease.

Radionuclide ventriculography is another noninvasive diagnostic technique showing left and 
right ventricular dilatation and systolic dysfunction.

Cardiac MRI identifies areas of myocardial fibrosis. Hasdemir et al. demonstrated lack of 
fibrosis in 18 out of 19 patients with tachycardia-induced cardiomyopathy. They concluded 
that PVC-induced cardiomyopathy is less likely to evaluate with fibrosis [24]. This study is 
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consistent with the findings of Redfield et al. who demonstrated in a canine model that inflam-
mation, fibrosis and mitochondrial apoptosis are absent in PVC-induced cardiomyopathy [25].

Myocardial biopsy reveals nonspecific findings with interstitial fibrosis and cellular hypertrophy 
like in other forms of cardiomyopathy [26].

12. Treatment

The cornerstone in this reversible cardiomyopathy is normalization of the heart rate either 
by medication, electrical cardioversion or catheter ablation. This results in decrease in the LV 
dimensions and increase in the LV ejection fraction [27, 28].

Antiarrhythmic drugs that can be used in patients, both pediatric and adults with tachycar-
dia-induced cardiomyopathy, are the commonly used drugs in the Vaughan Williams classifi-
cation: Ia, IB, Ic, II and III (both sotalol and amiodarone) as well as combinations. In the study 
of Moore et al. on pediatric population, most of the patients had amiodarone, beta-blockers 
or sotalol as treatment followed by Ic, Ia and lastly Ib. Ninety-two percent of patients treated 
with amiodarone had a positive response to this drug [29].

The catheter ablation technique depends on the principal mechanism of the arrhythmia: 
abnormal automaticity, triggered activity or reentry. Inappropriate sinus tachycardia is 
caused by enhanced normal automaticity, and ablation is performed in the region of the sinus 
node. Focal atrial tachycardia may be due to automaticity, triggered activity or microreentrant 
mechanism, and ablation is performed at the level of earliest atrial activation site. Typical 
atrial flutter has a macroreentrant circuit, where ablation is achieved at the level of cavo-
tricuspid isthmus. Even though the mechanism of atrial fibrillation is still debated among 
electrophysiologists, drivers located at the level of pulmonary veins and rotors inside the 
left atrium are important in initiation and maintenance of the arrhythmia. Ablation for par-
oxysmal atrial fibrillation consists in pulmonary vein isolation (PVI) and for persistent atrial 
fibrillation PVI plus substrate modification. Atrioventricular nodal reentrant tachycardia is 
caused by a reentrant mechanism. The presence of two pathways within the AV node, slow 
pathway and fast pathway, makes the arrhythmia possible. Under normal condition, ablation 
is performed at the level of the slow pathway. Atrioventricular reentrant tachycardia medi-
ated by an accessory pathway has also a macroreentrant mechanism. The circuit involves an 
accessory pathway that is usually ablated during the procedure.

In the absence of a structural heart disease, most ventricular tachycardias have an automatic 
mechanism or given by triggered activity. For outflow tract tachycardias, ablation is per-
formed at the level of earliest ventricular activation site. Fascicular ventricular tachycardias 
are accepted to have a macroreentrant mechanism involving slow response fibers of the 
Purkinje network. Ablation is usually performed at this level or at the fascicular level (left pos-
tero-inferior or left antero-superior). Ventricular tachycardia in patients with old myocardial 
infarction, nonischemic cardiomyopathy or ventricular dysplasia has a reentry mechanism, 
but usually they are not responsible for tachycardia-induced cardiomyopathy.
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We propose the following algorithm of treatment in patients suspected of tachycardia-
induced cardiomyopathy: antiarrhythmic drugs should be started with the aim of normaliza-
tion of the heart rate; in function of the arrhythmia and associated morbidities, beta-blockers 
can be initiated, than escalated to class IC (propafenone or flecainide) in case of no response 
in heart rate reduction. Amiodarone should be the last antiarrhythmic drug to be tested 
because of its side effects. In case of response to amiodarone with normalization of the heart 
rate and ejection fraction, a diagnosis of tachycardia-induced cardiomyopathy can be made 
and catheter ablation should be proposed. Catheter ablation aims to stop the long-term treat-
ment with amiodarone.

13. Clinical case reports

13.1. Case report 1: PVCs >30,000/24 h

A 19-year-old male patient with >30% PVCs on 24 h was hospitalized for catheter abla-
tion. Echocardiography confirmed tachycardia-induced cardiomyopathy with an EF of 35% 
(Figure 1). Cardiac MRI showed an EF of 37% with no sign of myocarditis or fibrosis. After 
ablation of monomorphic PVCs from the right ventricle (Figure 2), LV systolic function nor-
malized with decrease in the dimensions of the heart chambers. At 3-month follow-up, the 
ejection fraction increased to 55%.

13.2. Case report 2: antidromic tachycardia

A 26-year-old male patient presented episodes of wide QRS tachycardia with depressed ejec-
tion fraction of 40% and a dilated left ventricle (Figure 3). His resting ECG showed short 
PR interval and presence of the delta wave (Figure 4). The abnormal activation of the left 
ventricle with intraventricular dissynchronism led to dilated cardiomyopathy. Beta-blockers 
were ineffective in controlling tachycardia, and catheter ablation was proposed. At 4-week 
follow-up after ablation, left ventricular function recovered with normalization of the end-
systolic and end-diastolic LV diameters.

Figure 1. Bi-dimensional echocardiography apical view and parasternal short axis in a 19-year-old dilated left ventricle 
63/54 with depressed ejection fraction of 35% in a patient with PVC-induced cardiomyopathy.
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13.3. Case report 3: 2:1 atrial flutter

A 52-year-old male patient presented to the cardiology department with dyspnea and leg 
edema. His heart rate was 150 bpm (Figure 5), and blood pressure was 110/50 mmHg. 
Echocardiography revealed depressed ejection fraction of 35% with dilated left ventricle 60/50 
and mitral regurgitation grade 2. Antiarrhythmic drug was ineffective in reducing arrhythmia 
with persistence of high rates 150 bpm after amiodarone, metoprolol and digoxin. He was 

Figure 2. Pacemap inside the right ventricle to identify the origin of PVCs. (A) poor correlation pacemap-clinical PVC; 
(B) good correlation 12/12 pacemap-clinical PVC. At this spot, RF ablation determined complete resolution of PVCs with 
no recurrence. Holter ECG identified 0 ExV/24 h.

Figure 3. Echocardiography apical view before and after ablation of a left lateral accessory pathway with frequent 
episodes of antidromic tachycardia.
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transferred in our department, and after ablation of the tricuspid isthmus sinus, rhythm was 
obtained. At 1-month follow-up, ejection fraction normalized >50% with left ventricular diam-
eters of 45/25 and decrease in mitral regurgitation to grade 1 (Figure 6).

13.4. Case report 4: persistent atrial fibrillation

A 63-year-old male patient presented to our cardiology department an episode of persistent 
atrial fibrillation and heart failure. At physical examination, we noticed a heart rate of 120 bpm 
(Figure 7), arrhythmic, with systolic murmur in the left ventricular area, a blood pressure of 
140/80 mmHg and signs of right heart failure: bilateral edema and hepatomegaly.

Figure 4. Twelve-lead ECG during antidromic tachycardia: wide QRS tachycardia 160/min with positive concordance in 
the precordial leads and negative QRS in lead I and aVL suggesting left lateral accessory pathway.

Figure 5. Twelve-lead ECG during 2:1 atrial flutter in a 52-year-old male patient with tachycardiomyopathy. F waves are 
negative in inferior leads: D2, D3 and aVF and positive in lead V1.
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Ejection fraction was 30% with mild dilatation of the left ventricle 65/55, mitral regurgitation 
grade II, left atrial dilation 53 mm and high pulmonary pressure 60 mmHg (Figure 8). Lab 
tests showed normal CBC, effective anticoagulation with an INR of 3.8, LDL = 53 mg% and 
triglycerides = 65 mg%, normal ASAT = 15 and normal ALAT = 12 mg%. Chest X-ray showed 
increased cardio-thoracic index (Figure 9).

After isolation of the left pulmonary veins (Figure 10), sinus rhythm was obtained. No pulmo-
nary vein potentials were observed at the level of the right pulmonary veins (Figure 11). No 

Figure 6. Echocardiography apical view before and after ablation of the cavo-tricuspid isthmus in a patient with dilated 
cardiomyopathy due to 2:1 typical atrial flutter.

Figure 7. Twelve-lead ECG during atrial fibrillation in a 63-year-old male patient with tachycardiomyopathy. The 
amplitude of the f waves in lead V1 is in favor of a recent onset of atrial fibrillation.
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Figure 8. Echocardiography apical view before isolation of the pulmonary veins showing dilated left ventricle 65/55 mm 
with depressed ejection fraction of 30%, mitral regurgitation grade 2 and a dilated left atrium. Images after ablation at 
3-month follow-up are not available.

Figure 9. Chest X-ray AP view before ablation showing increased cardio-thoracic index.
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left atrial substrate ablation was necessary for obtaining sinus rhythm. At 3-month follow-up, 
echocardiography in another cardiac department showed a normal ejection fraction of 50% 
with normal left ventricular diameters 52/26, mild dilatation of the left atrium 44 mm and 
mild mitral regurgitation.

13.5. Case report 5: RVOT PVCs and NSVT

A 28-year-old male patient was referred to us because of LV dysfunction, frequent PVCs and 
episodes of nonsustained VT.

Figure 11. Images during the ablation procedure: only the left pulmonary veins were isolated because the right veins 
presented no PVP. On the left side: merge between scanner and NavX-Saint Jude mapped pulmonary veins.

Figure 10. (A) Computed tomography with contrast shows four pulmonary veins: two on the left side and two on the 
right side and (B) X-ray during mapping of the right inferior pulmonary vein in the AP view. No PVPs were detected 
inside this vein.
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Figure 12. Nonsustained VT less than 30 s. The QRS morphology is compatible with RVOT origin: LBBB and inferior 
axis, transition in V4.

Figure 13. Three-dimensional activation mapping using the Navx-Saint Jude system. The earliest potential was recorded 
at the level of antero-septal RVOT (red color). RF ablation at this level stopped PVCs and rendered RVOT VT uninducible 
at stimulation after adrenalin infusion.
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The patient’s main complaint was palpitation with dyspnea during exertion. 
Echocardiography revealed an EF of 40% and mild dilation of the left ventricle. The QRS 
morphology was compatible with RVOT origin (Figure 12), and the high number of PVCs 
>35% on 24 h determined us to perform catheter ablation. After the ablation (Figure 13), no 
more PVC was present at follow-up and LV ejection fraction normalized with decrease in 
LV diameters to normal values.

14. Conclusion

Tachycardia-induced cardiomyopathy should be considered in all patients with depressed 
ejection fraction concomitant with a chronic tachyarrhythmia. It is a reversible cause of heart 
failure, and electrophysiological study and mapping should be considered early in the diag-
nosis and treatment algorithm of those patients. An aggressive approach by catheter ablation 
is important when this type of reversible cardiomyopathy is suspected.

As the clinical impact of ablation is substantial, we recommend it for the reversibility of both 
functional and structural changes induced by the tachyarrhythmia.
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Abstract

The modern vision concerning the physiological actions and pathological relevance of
endocrine cardiac system is  a very complex one.  Decreased or increased action of
thyroid  hormone  (hypo‐  or  hyperthyroidism)  on  different  cellular  and  molecular
pathways in the heart plays an important role in the development and progression of
myocardial remodelling and heart failure. Cardiovascular signs and symptoms that
accompany both hyperthyroidism and hypothyroidism are presented, highlighting that
correction of  thyroid dysfunction most often reverses the abnormal cardiovascular
hemodynamics.

Keywords: hyperthyroidism, hypothyroidism, heart failure, thyroid hormones, na‐
triuretic peptides

1. Introduction

The modern vision concerning the physiological actions and pathological relevance of endocrine
cardiac system is a very complex one. It is well‐known that thyroid hormones and endocrine
cardiac systems are strictly correlated in both physiological [1] and pathological conditions,
especially in patients with cardiac diseases [2, 3]. Thyroid disease is the second most common
endocrine disorder after diabetes mellitus, being present in 5–10% of the population. Current
estimates suggest that the incidence of thyroid disease in adult female population is higher than
in adult males, but with advancing age, especially beyond the eighth decade of life, the incidence
in males rises to be equal to that of females [4]. Thyroid hormone has a homeostatic role on the
cardiovascular system, especially in the presence of heart failure (HF). HF is a major public
health issue, being currently diagnosed in approximately 23 million patients worldwide [5].
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Many studies have recently confirmed that persistent subclinical thyroid dysfunction is
associated with the development of HF by changes in cardiac structure and function [6, 7]. The
term subclinical thyroid disease is used to define the state having an abnormal serum thyroid‐
stimulating hormone (TSH) concentration (below or above the statistically defined lower or
upper limit of the reference range: 0.45–4.50 mIU/L) in the presence of normal serum thyroid
hormones concentrations (free thyroxine and triiodothyronine within their reference ranges).
Subclinical thyroid disease may progress to overt thyroid disease. Overt thyroid dysfunction
is defined by an abnormality of both the TSH and thyroid hormones. Untreated overt hyper‐
thyroidism and hypothyroidism have been reported to be common causes of HF [8].

Unfortunately, the impact of thyroid disease on HF and, implicitly, the full potential of the
therapeutic use of thyroid hormones in treating and/or preventing HF, has not been adequately
studied. This chapter addresses the effects of thyroid hormones on cardiac function and the
clinical consequences of thyroid dysfunction.

2. Cellular and molecular mechanisms underlying the effects of thyroid
hormones on the cardiovascular system

The hypothalamic‐pituitary‐thyroid axis is responsible for the regulation of thyroid metabo‐
lism involving the following steps: (step 1) hypothalamus produces thyrotropin‐releasing
hormone (TRH), needed to monitor the thyroid hormone concentrations; (step 2) TRH
stimulates the pituitary to produce TSH; (step 3) under the action of TSH, thyroid gland
secretes 85–90% thyroxine (T4) and 10–15% triiodothyronine (T3), the primary circulating
thyroid hormones; (step 4) T4 is converted to T3 by the deiodinase system (D1–D3) in the liver,
kidney, and skeletal muscle; (step 5) thyroxine binding globulin (TBG) is responsible for
carrying T4 and T3 to the tissues.

Maintenance of thyroid hormone homeostasis is required for proper cardiovascular function
[9]. Actually, an altered thyroid hormone metabolism leads to cardiac parameters changes by
acting on some molecular pathways involved in cardiac hypertrophy and HF progression.
Thyroid hormone may act directly on transcription on specific and nonspecific cardiac genes
that include α and β myosin heavy chain (MHC‐α and MHC‐β, respectively), sarcoplasmic
reticulum Ca2+‐ATPase (SERCA), atrial natriuretic peptide, sodium‐potassium adenosine
triphosphatase (Na‐K‐ATPase), β‐adrenergic receptor and cardiac troponin I (genomic effect)
[10–12], or on plasma membrane, sarcoplasmic reticulum (a specialized type of smooth
endoplasmic reticulum that regulates the calcium ion concentration in the cytoplasm of striated
muscle cells) and mitochondria (nongenomic effect) [13].

Many invasive and noninvasive measurements have shown that T3 plays an important role in
modulating cardiac function [14]. T3 is the active form of thyroid hormone in the heart, because
no significant myocyte intracellular deiodinase activity takes place at heart level. In fact, there
is no experimental study to prove the conversion of T4 to T3 in cardiomyocytes. Due to their
lipophilic nature, T3 and T4 can easily diffuse through the cytoplasmic membrane of cardio‐
myocytes. Lipophilic T3 enters the nucleus and binds to inactive nuclear thyroid hormone
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receptors, which are encoded by the c‐erbA proto‐oncogene families. Further, the complex
recognizes one of the several DNA consensus sequences and the thyroid response elements,
located in the enhancer region of target genes [15]. The subsequent binding of the T3‐receptor
complexes to DNA regulates the expression of genes, encoding for structural and functional
cardiac proteins (regulating calcium cycling in the cardiac myocyte) [16]. Thus, T3 modulates
heart rate, cardiac contractility and arterial peripheral resistance, being essential to preserve
both cardiac morphology and performance in adult life. In these circumstances, it is easy to
understand why an altered thyroid status in patients with cardiovascular disorders could
modify cardiac gene expression and contribute to impaired cardiac function.

A decrease in serum T3 needs to be analysed very carefully, because there are two possible
causes: (i) low levels of T3 associated with low levels of T4 and high levels of TSH suggest a
dysfunction of the thyroid gland itself (hypothyroidism), most often caused by an autoimmune
disease (Hashimoto's thyroiditis) and/or iodine deficiency; (ii) low levels of T3 or free T3 (FT3)
with normal T4 and low or normal TSH suggest a dysfunction which is unrelated to thyroid
gland. This particular pattern has three names as follows: euthyroid sick syndrome, non‐
thyroidal illness syndrome, or low T3 syndrome.

The exact cause of low T3 syndrome is not known, but it is assumed that it occurs as a result
of modified expression of the deiodinases (reduced enzyme activity of 5‐monodeiodinase
responsible for converting T4 into T3 in peripheral tissues) [17], modified entry of thyroid
hormone into tissue (damage membrane) [18], or altered signalling due to changes in thyroid
hormone receptors. Clinical and experimental evidence have shown that low T3 syndrome has
been found in about 30% of HF patients, being associated with HF New York Heart Association
(NYHA) functional class III–IV [19]. Furthermore, low T3 syndrome is considered a strong
prognostic predictor of death in patients with HF, contributing to the progressive deterioration
of cardiac function and myocardial remodelling in HF [17]. This might be explained by the fact
that HF develops as the result of the added stress of health conditions, and a single risk factor
may be sufficient to cause this syndrome.

Risk factors Inflammatory markers Cellular events Cardiac events

Thyroid dysfunction IL‐1 β, IL‐6, IL‐8, Fibroblast proliferation Cardiac failure

Diabetes TNF‐α, CRP Collagen synthesis

Viral infections Matrix metalloproteinases activation

High blood pressure Mechanical stress

Coronary artery disease Cardiomyocyte hypertrophy

Heart attack Cardiomyocyte apoptosis/necrosis

Congenital heart defects

Heart arrhythmias

Valvular heart disease

Table 1. Risk factors and mechanisms that are involved in the development of heart failure.
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Actually, pathophysiological phenomena behind HF involve a compensatory activation of
hormonal, neurohumoral, immunological, and proinflammatory systems as can be seen from
Table 1.

Thyroid dysfunction triggers an inflammatory cascade. The balance between T‐helper type 1
(Th1) and type 2 (Th2) lymphocytes may determine the outcome of autoimmune thyroid
diseases. According to cytokine profiles, both Th1 and Th2 response have been supposed to
be involved in the pathogenesis of Hashimoto's thyroiditis (the most common cause of
hypothyroidism) and Graves’ disease (the most common cause of hyperthyroidism), but with
deviation toward Th1 pattern in Hashimoto's thyroiditis and toward Th2 pattern in Graves’
disease. Autoimmune thyroid diseases have serum antibodies reacting with thyroglobulin,
thyroid peroxidase, or TSH receptor and these antibodies might be cytotoxic. High antibodies
concentrations correlate with proinflammatory cytokines, including interleukin‐6 (IL‐6) and
tumour necrosis factor‐α (TNF‐α), responsible for oxidative stress, thyroid damage, and the
loss of thyroid function [20]. Furthermore, many studies have shown that proinflammatory
cytokines (IL‐6, IL‐1β, and TNF‐α) are cardiodepressant and play a pathogenic role in HF,
contributing to cardiac remodelling, which is a progressive process (Table 1). Also, it is known
that IL‐6 is a hallmark of the acute phase of low T3 syndrome [21]. Inflammatory biomarker
C‐reactive protein (CRP) is mainly produced in response to IL‐6 and plays many pathophy‐
siological roles in the inflammatory process in HF, in direct relation to deterioration of NYHA
functional class and cardiac performance. In patients with Hashimoto's thyroiditis, there was
a positive correlation between TgAb and hs‐CRP (r = 0.55, P = 0.01) [22], CRP being inversely
correlated with T3 and T3 levels, inversely correlated to the presence and severity of HF [23].

Plasma concentration of natriuretic peptides, including B‐type natriuretic peptide (BNP),
particularly its amino‐terminal fragment (NT‐proBNP) and A‐type natriuretic peptide (ANP),
and especially its amino‐terminal fragment (NT‐proANP) or mid‐regional fragment (MR‐
proANP), can be used as an initial diagnostic test of HF, especially in the non‐acute setting
when echocardiography is not immediately available [24]. NT‐proBNP, NT‐proANP, and MR‐
proANP have longer half‐lives, are more stable and, consequently, are more reliable analytes
of prolonged cardiac overload than are the biologically active peptides [25]. NT‐proBNP is
considered a prognostic determinant of HF progression, it levels paralleling the degree of left
ventricular dysfunction [26]. High NT‐proBNP concentrations predict cardiac‐related mortal‐
ity in HF patients.

Recent attention has been drawn to the relation of thyroid hormone, inflammatory biomarkers,
such as IL‐6 and CRP, and natriuretic peptides. Many authors studied natriuretic peptides
levels in different thyroid function states and found that their serum levels were strongly
affected by thyroid function. Generally, natriuretic peptides are elevated in overt and subclin‐
ical hyperthyroidism and reduced in overt and subclinical hypothyroidism. Thus, Christ‐Crain
et al. [27] have found statistically significant higher serum NT‐proBNP and proANP concen‐
tration in hyperthyroid patients compared to hypothyroid and euthyroid subjects. Kato et al.
[28] measured ANP and BNP levels in 130 patients with thyrotoxicosis and correlated them
with HF severity and thyroid function. The levels of BNP and ANP were elevated in thyrotoxic
patients. After therapy, when euthyroidism was established, a normalization of their levels has
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been noted. The authors concluded that the measurement of serum BNP levels in thyrotoxic
patients is useful for monitoring cardiovascular conditions of HF. Pakula et al. [29] assessed
echocardiographically diameters of cardiac cavities, left ventricular mass, left ventricular
ejection fraction, and NT‐proBNP in 101 patients with thyroid dysfunction, free from any
cardiovascular disease. They have shown that hyperthyroidism, in both its clinical and
subclinical forms, results in a significant increase in NT‐proBNP serum levels, their results
being in line to those obtained by Christ‐Crain et al. [27]. Moreover, they noted that despite
normalization of plasma levels of TSH, the treatment with levothyroxine (L‐T4) did not restore
a hyperthyroidism‐induced increase in plasma NT‐proBNP levels. These findings are in
accordance with Stanciu et al. [30], who investigated the effects of short‐term overt hypothyr‐
oidism and exogenous subclinical hyperthyroidism on NT‐proBNP and NT‐proANP, in
patients with differentiated thyroid cancer treated with radioactive iodine (131I—RAI). As
illustrated in Figures 1 and 2, serum levels of NT‐proBNP and NT‐proANP were significantly
higher in subclinical hyperthyroidism (t2) than in overt hypothyroidism (t1) (6185 ng/L, IQR:
1689–8778 ng/L vs. 21.6 ng/L, IQR: 13.9–203 ng/L and 674 ng/L, IQR: 529–858 ng/L vs. 309 
ng/L, IQR: 23.7–580 ng/L, respectively, P < 0.001). The authors have found that FT3 positively
regulates NT‐proANP production from cardiac myocytes, NT‐proANP more accurately
reflecting direct thyroid hormone effects, than NT‐proBNP. Stanciu et al. concluded that short‐
term acute hypothyroidism, due to L‐T4 withdrawal, and subclinical hyperthyroidism, due to
suppressive doses of L‐T4, induce deleterious effects on natriuretic peptides profiles during
RAI therapy.

Figure 1. Median NT‐proBNP levels in patients with differentiated thyroid cancer (DTC) compared with healthy eu‐
thyroid controls. DTC‐t1: short‐term overt hypothyroidism after levothyroxine withdrawal; DTC‐t2: subclinical hyper‐
thyroidism during suppressive levothyroxine therapy (P < 0.001 vs. DTC and healthy controls; P < 0.001 vs. DTC‐t1 and
DTC‐t2).
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Figure 2. Median NT‐proANP levels in patients with differentiated thyroid cancer (DTC) compared with healthy eu‐
thyroid controls. DTC‐t1: short‐term overt hypothyroidism after levothyroxine withdrawal; DTC‐t2: subclinical hyper‐
thyroidism during suppressive levothyroxine therapy (P < 0.001 vs. DTC and healthy controls; P < 0.001 vs. DTC‐t1 and
DTC‐t2).

Brozaitiene et al. [31] studied the relationship and prognostic impact of thyroid hormones,
inflammatory biomarkers, and NT‐proBNP on long‐term outcomes in coronary artery disease
(CAD) patients with HF. Multivariate linear regression models, adjusted for age, gender, and
body mass index, revealed that (ln) NT‐proBNP was associated with hs‐CRP (β = 0.59, P < 
0.001), (ln) IL‐6 (β = 0.254, P < 0.001), free thyroxine (FT4) (β = 0.100, P = 0.011), and T4 (β = 0.112,
P = 0.019). Their results showed that thyroid hormones (i.e. FT4 level and FT3/FT4 ratio)
together with NT‐proBNP level may be valuable and simple predictors of long‐term outcomes
of CAD patients after experiencing acute coronary syndrome.

The question is: is this due to a compensatory mechanism, secondary to the thyroid hormone
changes, or is it due to a direct action of thyroid hormone on the secretion of natriuretic
peptides? The presented data have shown that natriuretic peptides are directly stimulated and
regulated by thyroid hormones and immunological factors. Thyroid dysfunction triggers
proinflammatory cytokines, known as stimulators of NT‐proANP and NT‐proBNP release. All
of these leads to the idea that the thyrometabolic state must be taken into account when NT‐
proBNP or NT‐proANP are assessed as markers of HF.

3. Impact of hyperthyroidism on heart failure

Endogenous hyperthyroidism (overproduction of thyroid hormone) and exogenous hyper‐
thyroidism (ingestion of excessive amounts of thyroid hormone, i.e. suppressive doses of L‐
T4 to treat thyroid cancer) are associated with palpitations, tachycardia, exercise intolerance,
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proinflammatory cytokines, known as stimulators of NT‐proANP and NT‐proBNP release. All
of these leads to the idea that the thyrometabolic state must be taken into account when NT‐
proBNP or NT‐proANP are assessed as markers of HF.

3. Impact of hyperthyroidism on heart failure

Endogenous hyperthyroidism (overproduction of thyroid hormone) and exogenous hyper‐
thyroidism (ingestion of excessive amounts of thyroid hormone, i.e. suppressive doses of L‐
T4 to treat thyroid cancer) are associated with palpitations, tachycardia, exercise intolerance,
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dyspnea on exertion and increased heart rate. Patients with overt and subclinical hyperthyr‐
oidism are at increased risk of atrial arrhythmias and HF, because long‐term exposure to
thyroid hormone excess exerts unfavourable effects on cardiac morphology and function by
increasing left ventricular mass, arterial stiffness, and left atrial size [32]. More than that,
autoimmune hyperthyroidism (Graves’ disease) has been frequently linked to autoimmune
cardiovascular involvement (pulmonary arterial hypertension, myxomatous cardiac valve
disease, and autoimmune cardiomyopathy). The effects of thyroid hormones on the heart and
peripheral vasculature include decreased systemic vascular resistance (SVR) and diastolic
blood pressure and increased resting heart rate, left ventricular contractility and pulmonary
arterial pressure, as can be seen from Table 2. In overt hyperthyroidism, these combined effects
increase cardiac output by 50–300% more than in normal subjects [33], resulting in right
ventricular failure, as a consequence of immune‐mediated endothelial damage [34]. Also, in
patients with overt hyperthyroidism, a high prevalence of left ventricular hypertrophy and an
increase in the contractility of the left ventricle and ejection fraction have been reported [34].

Variables Hyperthyroidism Hypothyroidism

Thyroid hormones ↑ ↓

Oxidative metabolism ↑ ↓

Natriuretic peptides ↑ ↓

Lipids and lipoproteins ↓ ↑

Heart rate ↑ ↓

Systemic vascular resistance ↓ ↑

Cardiac output ↑ ↓

Cardiac contractility ↑ ↓

Note: ↑, increased; ↓, decreased.

Table 2. Cardiovascular effects of thyroid dysfunction.

Subclinical hyperthyroidism can contribute to HF by increasing of heart rate and left ventric‐
ular mass, by worsening diastolic function and by predisposing to atrial fibrillation (AF) [35].
AF occurs in 10–25% of patients with hyperthyroidism (subclinical hyperthyroidism: RR = 1.31;
95% CI: 1.19–1.44 and overt hyperthyroidism RR = 1.42; 95% CI: 1.22–1.63) [36]. Actually,
hyperthyroidism alters cardiac ion channel expression and function, increases heart rate and
shortens atrial effective refractory period (ERP). The main cellular mechanisms of atrial
contractile dysfunction are downregulation of the Ca2+ inward current and impaired release
of Ca2+. In fact, downregulation of the L‐type Ca2+ inward current and upregulation of inward
rectifier K+ currents lead to shortening of action potential duration and atrial EPR, providing
a substrate for AF. High levels of thyroid hormones can increase automaticity and enhance
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triggered activity in cardiomyocytes from pulmonary veins, resulting in atrial tachyarrhyth‐
mias.

In the last few years, many authors have attempted to show that exogenous subclinical
hyperthyroidism, due to suppressive doses of L‐T4, exerts many significant effects on the
cardiovascular system, resulting in cardiovascular dysfunction [34–39]. A population‐based
prospective study was conducted in Denmark [38]. A total of 609 subjects from general practice,
aged 50 years or above, with normal left ventricular function, were examined during a median
of 5 years of follow‐up. The incidence of stroke was increased among subjects with subclinical
hyperthyroidism, HR = 3.39 (95% CI: 1.15–10.00, P = 0.027) after adjusting for sex, age, and AF.
The authors concluded that subclinical hyperthyroidism seems to be a risk factor of developing
major cardiovascular events, especially stroke in older adults from the general population with
normal left ventricular function.

Collet et al. [39] performed another large analysis of prospective cohort studies. Individual
data on 52,674 participants were pooled from 10 cohorts. Coronary heart disease events were
analysed in 22,437 participants from 6 cohorts with available data, and the incidence of AF was
analysed in 8711 participants from 5 cohorts. The study results showed that endogenous
subclinical hyperthyroidism is associated with an increased risk of coronary heart disease
mortality, and incident AF, with highest risks of coronary heart disease mortality, AF and HF
when TSH level is lower than 0.10 mIU/L.

However, all these alterations may be reversible or may improve with the achievement of
euthyroidism, because an excess of thyroid hormone does not induce cardiac fibrosis. Actually,
the goal of thyroid dysfunction treatment is to restore the euthyroid state and avoid potential
side effects.

Figure 3. Algorithm for the treatment of hyperthyroidism in patients with atrial fibrillation and/or heart failure. TSH:
thyroid‐stimulating hormone; GD: Graves’ disease; TA: toxic adenoma; TMNG: toxic multinodular goitre; ATDs: anti‐
thyroid drugs; RAI: radioactive iodine.

An algorithm for the treatment of hyperthyroidism in patients with AF and/or HF is present‐
ed in Figure 3. The first‐line therapy in patients older than 65 years of age with hyperthyroid‐
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ism, due to Graves’ disease, should be the treatment with anti‐thyroid drugs (carbimazole or
its metabolite methimazole) in order to obtain spontaneous conversion to sinus rhythm.
Ablative therapy (surgery or RAI) is the best treatment option in patients with hyperthyroid‐
ism, due to toxic adenoma (TA) or toxic multinodular goitre (TMNG), and concomitant heart
disease, as can be seen in Figure 3. RAI therapy is much safer than it sounds and has no
associated complications [40]. Also, ablative therapy may be recommended for patients with
Graves’ disease if the treatment with anti‐thyroid drugs fails [32]. Nevertheless, HF may
become irreversible in some cases of autoimmune hyperthyroid cardiomyopathy with a low
ejection fraction [41].

4. Impact of hypothyroidism on heart failure

As shown in Table 2, in hypothyroidism, cardiovascular effects are diametrically opposed to
hyperthyroidism and cardiac output declines by 30–50% [33]. Hypothyroidism is associated
with bradycardia, reduced pulse pressure, cold intolerance, mild diastolic hypertension, and
fatigue.

Significant changes in cardiac structure and function have been reported in patients with
hypothyroidism, with a severity depending on the degree and length of thyroid hormone
deficiency [42–48]. Overt hypothyroidism affects approximately 3% of the adult female
population. Overt and subclinical hypothyroidism results in an increased SVR with a reduced
cardiac output, a reduction in heart rate, an increased prevalence of hypertension, changes in
cardiac natriuretic hormones, changes in lipid profile, accelerated atherosclerosis, damage of
the physical and intellectual capacities, and an impaired quality of life. Hypothyroidism is a
risk factor of HF in the general population. Several similarities have been observed between
acute hypothyroidism and HF, including: decreased cardiac output; decreased cardiac
contractility and an altered gene expression profile (alteration in myosin heavy chain isoform
expression and alterations in the activity of the sarcoplasmic reticulum Ca2+ pump that are
induced by its interactions with phospholamban, a reversible inhibitor). In most cases, these
changes are the result of reduced T3 level (<3.1  pmol/L), the physiological T3 therapy im‐
proving cardiac function.

A systematic review and meta‐analysis to clarify the association of hypothyroidism and all‐
cause mortality, as well as cardiac death and/or hospitalization in patients with HF, was
conducted by Ning et al. [49]. They included 13 articles that reported relative risks estimates
and 95% confidence intervals for hypothyroidism with outcomes in patients with HF. The
authors found hypothyroidism associated with increased all‐cause mortality as well as cardiac
death and/or hospitalization in patients with HF.

Multiple cardiac effects of hypothyroidism have been reviewed by Biondi and Cooper [50].
Left ventricular diastolic dysfunction was found at rest and exercise in subclinical hyperthyr‐
oidism by Doppler echocardiography and radionuclide ventriculography. The isovolumetric
relaxation time is prolonged and filling rate is impaired compared with controls. Actually, the
most common cardiac abnormality in subclinical hypothyroidism is left ventricular diastolic
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dysfunction, characterized by slowed myocardial relaxation, and impaired ventricular filling.
Impaired left ventricular systolic function is not commonly reported, but was identified using
more sensitive techniques [50]. Cardiac effects due to subclinical hypothyroidism are less
serious but somewhat similar to those seen in overt hypothyroidism, suggesting a continuum
in the impact of thyroid hormone on the heart. Overt hypothyroidism is usually associated
with grade I diastolic dysfunction, but grade II diastolic dysfunction, called “pseudonormal
filling dynamics”, can also be found [51].

There are also data showing that hypothyroidism results in an increased AF susceptibility
(HR = 1.23; 95% CI: 0.77–1.97) [36], quite similar to hyperthyroidism, but affecting other atrial
electrophysiological parameters than hyperthyroidism. Hypothyroidism alters cardiac ion
channel expression and function, decreases heart rate, and prolongs sinus node recovery time
and atrial ERP. In hypothyroid patients, increased atrial interstitial collagen may contribute to
longer atrial ERP and lead to increased conduction heterogeneity, thus favouring re‐entry
formation and AF vulnerability. On the other hand, ion channel remodelling and dispersion
may enhance AF arrhythmogenesis.

L‐T4 replacement therapy reduces myocyte apoptosis and is able to improve cardiovascular
performance and ventricular remodelling in hypothyroidism [52, 53]. It is important to rec‐
ognize that normal cardiovascular hemodynamic restoration can take place without a signif‐
icant increase in resting heart rate in the treatment of hypothyroidism. Treatment and
management of subclinical and overt hypothyroidism should be tailored to each patient. L‐
T4 dose varies according to age, weight, severity, and duration of hypothyroidism and car‐
diac condition of the patient. Treatment of subclinical and overt hypothyroidism with
appropriate doses of L‐T4 has shown benefits in restoring of normal TSH values (after 6–12 
months of substitution therapy). In hypothyroidism, systolic and diastolic functions (left
ventricular predominantly) are affected. For patients with systolic and diastolic HF and in
the elderly (>70 years), a small dose of L‐T4 should be started, 25 or 50 mcg daily. The dose
of L‐T4 should be increased by 25 mcg/day every three to four weeks until a full replace‐
ment dosage is reached. This treatment should be individualized and permanently moni‐
tored, the aim being to reach a stable serum TSH around 1–5 mIU/L. A special attention
should be given to the oldest old subjects (>80–85 years) with elevated serum TSH ≤ 10 
mIU/L. These patients should be carefully followed with a wait‐and‐see strategy, generally
avoiding hormonal treatment [54].

5. Perspectives and conclusions

Thyroid dysfunction is a common clinical problem that has key role in regulating the cardi‐
ovascular system and may contribute to the clinical course of CAD, HF, and arrhythmic
events. Actually, interrelations between thyroid function and cardiovascular system are
manifold. Changes in euthyroid status may induce cardiovascular abnormalities and vari‐
ous cardiovascular pathologies may alter thyroid function. Also, cardiac medication can un‐
balance or impair thyroid function. These things have to be taken into account in the
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assessment and treatment of cardiovascular disease. Thus, thyroid function tests are needed
in patients receiving amiodarone and when thyroid dysfunction is considered a possible or
concomitant cause of HF.

Secondary cardiovascular events require an early diagnosis to prevent complications and
establish a therapeutic conduct, with restoration of euthyroid status. An echocardiogram is
necessary to detect ventricular, valvular, and atrial disease. The use of Doppler echocardiog‐
raphy is mandatory to assess cardiac function, pulmonary pressure, valve disease, and pleural
or pericardial effusion in symptomatic patients with thyroid dysfunction. It is desirable to use
newer echocardiographic methods such as 3D echocardiography or speckle tracking echocar‐
diography for a more accurate assessment of myocardial function, offering a comprehensive
approach and a better assessment in the early stages of cardiac dysfunction in patients with
impaired thyroid.

Many authors have reported that thyroid dysfunction correction spontaneously converts AF
to sinus rhythm in up to two‐thirds of patients [36]. Unfortunately, one‐third of patients remain
in AF despite euthyroid state restoration, radiofrequency (RF) catheter ablation being the only
therapeutic option. Normalization of thyroid function prior to the RF ablation reduces the risk
of recurrence. Also, recommendations for antithrombotic prophylaxis are the same as for
patients without thyroid disease. If thyroid dysfunction persists (i.e. thyrotoxicosis), despite
an appropriate treatment, administration of a β‐blocker (i.e. β‐blockers are useful in cases of
thyroid storm) is recommended to control the rate of ventricular response. The β‐blocker will
be replaced by a non‐dihydropyridine calcium channel antagonist (diltiazem or verapamil) if
contraindications exist.

The management of thyroid dysfunction in patients who receive left ventricular assist device
(LVAD) or cardiac transplantation has not been directly addressed by recent guidelines.
Thyroid disease is not a contraindication to transplantation, but is a risk factor. That is why,
restoration of the euthyroid state should be the first‐step prior LVAD or cardiac transplantation.
Unfortunately, drugs administration such as amiodarone and anti‐coagulants presents a
management dilemma.

In conclusion, correction of thyroid dysfunction should be the first procedure in patients with
coexisting cardiac impairment, in order to improve cardiac hemodynamics [24]. Despite
message currently taught, thyroid hormones are too dangerous to treat patients, in the last few
years, clinical and experimental evidence suggests that thyroid may be a target for HF
treatment, thyroid hormone therapy improving clinical outcomes in HF [55–59]. It has been
proven that thyroid hormones have anti‐apoptotic, anti–inflammatory, anti‐fibrotic and anti‐
remodelling effects, promoting angiogenesis and regeneration [57]. L‐T4, L‐T3, or thyroid
hormone analogue diiodothyropropionic acid (DITPA) have been tested in patients with HF,
but unfortunately, the protocols used for thyroid hormones administration were much
different, affecting the results. However, preliminary data suggest that thyroid hormone
therapy in patients with HF is safe, the benefits being substantial. Further studies are necessary
to confirm, highlight, and explore the full potential of the therapeutic use of thyroid hormones
in treating and/or preventing HF.
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