
Cardiovascular Medicine

Peter Kowey
Jonathan P. Piccini
Gerald Naccarelli
James A. Reiffel   Editors

Cardiac 
Arrhythmias, 
Pacing and Sudden 
Death



Cardiovascular Medicine

Series Editor

James T. Willerson
MC 3-116
Texas Heart Institute
Houston, Texas, USA



Cardiovascular Medicine will offer today's most up-to-date, user-friendly guidance on the 
evaluation, diagnosis, and medical and surgical treatment of heart and vascular disease and will 
be on the wish list for every trainee and practising cardiologist, cardiac surgeon, vascular 
surgeon, diabetologist, cardiac radiologist and any physician who manages cardiac patients. 
The book and online package is dedicated to providing comprehensive coverage of every aspect 
of cardiovascular medicine from cardiac signs and symptoms through peripheral vascular 
disease and the genetic basis for cardiovascular disease to preventive cardiology. The Editors – 
and over 150 world authorities – will offer their decades of scientific and clinical experience. 
A major selling point will be the consistent chapter organization, clear design, and engaging 
text that includes user-friendly features such as tables, lists and treatment boxes. The reader will 
have all the guidance to diagnose and manage a full range of conditions in a series of textbook 
resources, while also having access to additional video material. More than 1600 illustrations 
over the eight volumes – including a wealth of color Doppler, nuclear imaging, surgical and 
pathological images – clarify complex principles and help in the understanding of the subtleties 
of technique and their application, so that they can be implemented in your practice. The eight 
volumes of Cardiovascular Medicine, 4th Edition will be the premier resource of its kind, 
which will advance readers’ knowledge and stimulate further study in cardiovascular medicine. 
Each volume is designed as firstly as a standalone reference in its subject, breaking the field of 
cardiology down into logical learning modules.

More information about this series at http://www.springer.com/series/10474

http://www.springer.com/series/10474


Peter Kowey • Jonathan P. Piccini 
Gerald Naccarelli • James A. Reiffel
Editors

Cardiac Arrhythmias, Pacing 
and Sudden Death



Editors
Peter Kowey, MD
Lankenau Heart Institute and Jefferson  

Medical College
Philadelphia
PA
USA

Gerald Naccarelli, MD
Bernard Trabin Chair in Cardiology
Professor of Medicine
Chief, Division of Cardiology
Associate Clinical Director
Heart and Vascular Institute
Penn State University College of Medicine
Hershey
Pennsylvania
USA

Jonathan P. Piccini, MD, MHS, FACC, FAHA, 
FHRS

Associate Professor of Medicine
Duke University Medical Center
Duke Clinical Research Institute
Durham
NC
USA

James A. Reiffel, MD
Professor Emeritus of Medicine
Department of Medicine, Division of Cardiology, 

Section of Electrophysiology
Columbia University
New York
USA

ISSN 2363-5053     ISSN 2363-5061 (electronic)
Cardiovascular Medicine
ISBN 978-3-319-57998-6    ISBN 978-3-319-58000-5 (eBook)
DOI 10.1007/978-3-319-58000-5

Library of Congress Control Number: 2017951647

© Springer International Publishing AG 2017
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction 
on microfilms or in any other physical way, and transmission or information storage and retrieval, electronic adaptation, 
computer software, or by similar or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant protective laws and 
regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book are believed 
to be true and accurate at the date of publication. Neither the publisher nor the authors or the editors give a warranty, 
express or implied, with respect to the material contained herein or for any errors or omissions that may have been 
made. The publisher remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



The editors would like to dedicate this book to our families, who patiently 
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whose courage and perseverance inspire us to find ever better ways to 
diagnose and treat the difficult diseases that afflict them.
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When Dr. Willerson contacted us to assess our interest in editing an electrophysiology book for 
his highly successful cardiology series, we will admit that we were in a quandary. On one 
hand, we were flattered to have been asked, and eager to join an assembly of renowned con-
tributors enlisted by Dr. Willerson in other areas of cardiovascular medicine. And how to say 
no to one of the most distinguished cardiology educators of all time? On the other hand, of 
textbooks there may never be an end, and in this modern day, what value might another tome 
have over data sources that are continuously streamed and updated?

After some serious reflection, we decided to go forward but only if we could attract what 
we deemed to be the most knowledgeable and accomplished faculty on the planet. The conun-
drum, or course, was that these people are enormously busy and overworked, and so the idea 
of taking on another task, no matter how dear the friendship of the editors, would not be espe-
cially appealing. Thus, we were astounded when every one of our first choices for each chapter 
agreed to contribute. As you can see, the table of contents is literally a Who’s Who of modern 
electrophysiology and arrhythmology. As an added feature, several of the authors elected to 
enlist a junior faculty member or senior fellow to co-author, providing the richest of learning 
opportunities for those fortunate trainees.

The book itself was carefully structured to allow an individual, at virtually any level of 
training, to find information to their needs and liking. We start with topics in basic electro-
physiology and move through diagnostic and treatment methods, finally focusing on specific 
arrhythmia syndromes before concluding with the particularly thorny issue of special popula-
tions. In each chapter, the authors have provided conceptual material, followed by practical 
information upon which treatment decisions can be firmly based. We know that the book’s 
organization has introduced a certain element of duplication, but as the Latin proverb pro-
claims, repetition est mater studiorum. Plus, garnering diverse opinions about important topics 
provides an added and unique perspective for the reader.

We were also concerned that the time it might take to produce a conventional textbook 
might render some portion of its contents obsolete, especially given the warp speed at which 
our specialty evolves. We needn’t have worried. Our authors, sitting at the very cutting edge of 
science, nicely anticipated trends and advances and have, in each chapter, provided a perspec-
tive that is topical and enduring.

Thus, our decision to move ahead with this textbook was, in retrospect, a sound one. We 
believe that the information provided herein will be of immense benefit to those who seek to 
learn the craft of caring for patients with any form of cardiac arrhythmia. We thank Dr. 
Willerson and the publisher’s staff for their help in bringing forward a textbook of which we 
are quite proud.

Foreword
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Basic Electrophysiology

Victoria M. Robinson and Stanley Nattel

Abstract

Basic electrophysiology is a rapidly evolving field, rich in detail. This introductory  chapter pro-
vides a succinct and essential overview of key concepts in basic electrophysiology  covering: 
The stages of the cardiac action potential and their generation; Excitation-contraction cou-
pling; Cardiac automaticity; The cardiac conduction system and Arrhythmogenesis, includ-
ing abnormal automaticity, afterdepolarizations, triggered activity and re-entry.

Keywords

Ion channels • Action potential • Electro-mechanical coupling • Automaticity • Cardiac 
conduction • Arrhythmogenesis • Afterdepolarisations • Triggered activity • Re-entry • 
Rotors

 Introduction

Basic electrophysiology is a broad and fascinating disci-
pline. To discuss this topic in depth is beyond the scope of 
a single book chapter. This chapter therefore serves as an 
introduction to the major areas of basic electrophysiology 
relevant to the practicing clinician. It is designed to be suit-
able for a wide range of readers from senior medical stu-
dents to general physicians and cardiologists. It broadly 
covers key concepts in action potential formation, auto-
maticity, cardiac conduction and arrhythmogenesis. Note, 
more detailed  discussion into the mechanisms of specific 

 arrhythmias will be addressed in later chapters pertaining to 
those individual arrhythmias.

 The Cardiac Action Potential

 What Is an Action Potential? (AP)

The cardiac action potential (AP) is the time course of voltage 
change across a cardiac cell membrane, during one cardiac 
cycle. It is the basis for the electrical impulse that spreads 
through the heart and initiates organised contraction [1]. The 
cardiac AP has a specific shape, which varies among different 
areas in the heart. The ventricular AP, depicted in Fig. 1.1, 
will be used as the standard exemplar for this chapter.

 How Is the Cardiac AP Generated?

 Membrane Potential, Equilibrium Potential 
and Driving Force
To appreciate how the AP is generated,  it is important to first 
understand the concepts of membrane potential (Em) and 
equilibrium potential. The membrane potential is the poten-
tial difference, or voltage between the cell interior and 
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 exterior, and is formed by the unequal separation of charge 
across the cell membrane.

When a cell is selectively permeable to a specific ion and 
a concentration gradient is present, that ion species will dif-
fuse down its concentration gradient, leaving behind a charge 
opposite to that of the permeable ion. The charge will attract 
the permeable ion back, and when enough charge has built 
up the electrical force holding the ion back becomes equal 
and opposite to the chemical force pushing the ion out. The 
transmembrane voltage at which the electrical and chemical 
forces exactly oppose each other, so that the ion stops mov-
ing, is called the “equilibrium potential”. Each ion has a spe-
cific equilibrium potential (Eion), calculated by the Nernst 
equation (Fig. 1.2). The driving force on an ion before the 
equilibrium potential is reached is equal to the membrane 
potential minus the equilibrium potential:

Driving Force = (Em − Eion).
In cardiac myocytes, the resting membrane potential is 

the potential during electrical quiescence between APs, i.e. 
phase 4 (Fig. 1.1) [2]. During phase 4, the membrane has the 
highest permeability to K+ ions, with only slight permeabil-
ity to other ions, therefore the resting membrane potential of 
roughly −80 mV lies close to the equilibrium potential for 
K+. When the permeability to another ion increases, such as 
when channels carrying that ion open, e.g. the opening of 
Na+ channels during phase 0, the membrane potential moves 
towards the equilibrium potential for that ion. Cellular depo-
larization, the cell interior becoming less negative, is due to 
increased permeability to inward-moving ions like Na+ and 
Ca2+ with positive equilibrium potentials, whereas repolar-
ization, the cell interior becoming more negative and return-
ing towards the resting potential, is due to increased 
permeability to outward-moving ions like K+.

During each AP, Na+ and Ca2+ enter the cell, and K+ leaves 
the cell. Since there are about 100,000 APs per day, the small 
net ion movement in each AP would result in loss of the ionic 
gradients if not compensated. Therefore, cells have active 
pumps and transporters, like the Na+/K+ ATPase pump, with 
a respective stoichiometry of 3:2 (3 Na+ ions pumped out of 
cells, for every 2 K+ ions pumped in), which maintain ionic 
homeostasis.

 Channel Gating
Central to the generation of the AP is the opening and clo-
sure of specific ion-channels, which regulate the membrane 
permeability to different ions and shape the AP. For example, 
phase 0 is generated by the opening of Na+ channels, which 
allow the cell to depolarize rapidly towards the Na+ equilib-
rium potential. Phase 1 repolarization is caused by the open-
ing and rapid closure of “transient outward” K+ channels, 
phase 2 (the plateau) is formed by the opening of Ca2+ chan-
nels balanced by the maintained opening of several K+ chan-
nels, and phase 3 repolarization is generated by the 
progressive opening of rapid (IKr) and slow (IKs) delayed rec-
tifier K+-currents (Figs. 1.1 and 1.3). The appropriate open-
ing and closure of the various channels involved is determined 
by voltage and time dependent “gating”.

A detailed discussion of the structure of various ion chan-
nels and their exact gating mechanisms is beyond the scope 
of this overview chapter, but some essential elements will be 
summarised. Ion channels can be classified according to 
their gating mechanism: voltage-dependent, ligand- 
dependent or mechano-sensitive (stretch activated) channels 
[3]. The majority of cardiac ion channels, including all of the 
key channels shown in Fig. 1.1, are voltage-gated, meaning 
that their conductance varies with a change in membrane 
potential. Changes in membrane potential rearrange the 
alignment of charged amino acids within the channel, caus-
ing conformational changes that allow the channels to open 
[4]. Opening is time-dependent, varying widely from micro- 
(10−6)-seconds for Na+ channels to hundreds of milli- 
(10−3)-seconds for delayed-rectifier K+ channels.

Figure 1.4 shows recordings of Na+ current, obtained by 
depolarizing the cell membrane to various voltage steps to 
mimic different degrees of depolarization. The amount of 
current gradually increases to a peak and then tails off after 
about 20 mV, since the step potential at this stage is slowly 
reaching the equilibrium potential for Na+ ions, therefore 
the driving force lessens. All voltage-gated ion channels in 
the AP activate upon depolarization, with the exception of 
the “funny” current (If), which contributes to pacing in the 
sinoatrial (SAN) and atrioventricular (AVN) nodes, and 
activates in response to membrane repolarization (which is 
one of the reasons it is “funny”). The other “funny” aspect 
of If is its relatively poor selectivity for Na+ versus K+, 
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Fig. 1.1 Representative diagram of a ventricular AP, depicting the 
change in transmembrane voltage over time, as seen from the inside of 
the cell. The different phases of the AP are labelled along with the prin-
cipal currents flowing during each phase. See text for details
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resulting in an equilibrium potential between those of Na+ 
and K+, at about −20 mV.

Voltage can also govern the closure of ion channels. Some 
channels, such as Na+, transient outward K+, and Ca2+ chan-
nels, switch to an inactive state with sustained depolarization 
(channel inactivation), which stops ion flux through the 
channel. Currents carried by these channels typically increase 
and then spontaneously decrease. In order for these channels 
to be “re-set” so they can be activated again by depolariza-
tion, they must first be returned to their resting closed state 
(recovery from inactivation). Channels that do not manifest 
inactivation (like the delayed rectifier channels) open in a 
time-dependent way, and do not close until the cell repolar-
izes to voltages at which opening is reversed back to the rest-
ing potential (deactivation) [3].

Another valuable concept is the phenomenon of rectifi-
cation. Inward rectifiers conduct inward currents at volt-
ages negative to their equilibrium potential more easily 
than outward currents at voltages positive to their equilib-
rium potential. Therefore, with progressive depolarization 
of the cell membrane, ion flow decreases through inward 
rectifiers. The most important inward rectifier in the heart is 
IK1. The inwardly rectifying properties of IK1 are particu-
larly important in preventing highly wasteful loss of K+ 
from the cell interior during phases 0–2, when positive 
potentials produce a strong driving force for K+ egress that 
would drive large amounts of K+ out of the cell if IK1 perme-
ability remained high.

 Stages of the Cardiac AP

 Phase 4: the Resting Membrane Potential
When the cardiac myocyte is resting, the outward IK1 current 
is most active, and K+ ions slowly leak out of the cell in order 
to drive the membrane down to EK (−90mv). The high IK1 
conductance, along with the action of Na+/K+ ATPase to pre-
vent the dissipation of the K+ concentration gradient, keep 
the resting membrane potential stable at about −80 mV, 
unless a depolarization event occurs.

 Phase 0: The Rapid Upstroke
The arrival of a depolarizing pulse, via propagation initiated 
by the cardiac pacemaker in the SAN, causes Na+ channels 
to open. If the depolarization is large enough, i.e. reaches 
a threshold potential, Na+ channels open and Na+ ions 
flow down their concentration gradient into the cell, mov-
ing the membrane potential to more positive values. Rapid 
depolarization continues until the equilibrium potential for 
Na+ is almost reached. After initial very rapid activation, 

 Na+-channels inactivate rapidly, contributing to termination 
of the AP upstroke. Na+-channels then remain inactive until 
the membrane is repolarized, towards the end of phase 3, 
producing the absolute refractory period (Fig. 1.1).

The depolarization of the cell during phase 0 provides the 
large amount of energy needed for rapid conduction. The 
reduction of Na+-current by antiarrhythmic drugs or Na+-
channel mutations leads to conduction slowing [5]. The elec-
trocardiographic QRS duration reflects the time for the 
ventricles to be electrically activated, therefore ventricular 
conduction slowing is reflected by QRS prolongation.

 Phase 1: Early Repolarization
The repolarizing notch that forms phase 1 of the AP is largely 
mediated by the transient outward current (Ito), primarily car-
ried by a rapidly activating and inactivating K+-channel. 
Phase 1 sets the membrane potential level for phase 2, 
thereby governing the degree of Ca2+ entry during the AP 
plateau [3]. Excessive dominance of Ito over opposing inward 
currents (especially residual INa) is important in the patho-
genesis of J wave syndromes like the Brugada Syndrome [6], 
as detailed in Chap. 4.

 Phase 2: The AP Plateau
A balance between inward current (mainly L-type Ca2+ 
current, ICaL) and outward current (mainly IK1, but also the 
delayed rectifiers IKr and IKs in the later stages of phase 2) 
maintains the AP plateau. The major role of the phase-2 
inward Ca2+-current is to produce Ca2+-induced- Ca2+ 
release from the sarcoplasmic reticulum, i.e. the Ca2+ tran-
sient that leads to muscle contraction (see section 
“Contraction of Cardiac Myocytes”). Other inward cur-
rents include the late Na+ current (INa-L), which is believed 
to be a composite of delayed inactivation and re-opening 
of some Na+ channels [2]. The Na+-Ca2+ exchanger (NCX) 
contributes secondarily to the inward plateau current [7] 
since it is electrogenic: 3 Na+ ions are transported into the 
cell, for every 1 Ca2+ ion exported out, leaving one net 
positive charge inside the cell. This is termed the “for-
ward” mode of the NCX and is the usual direction of ion 
transport. Towards the end of phase 2, the inward currents 
begin to inactivate and the outward delayed rectifier cur-
rents, which are activated more slowly by depolarization 
become more prominent.

The QT interval on an ECG indicates the time from ven-
tricular activation (QRS) to repolarization (T wave), and is 
an index of AP duration (APD). Imbalances between inward 
and outward currents during phase 2, can lead to pathologi-
cal lengthening or shortening of the QT interval [8–11]. The 
pathophysiology of such syndromes is discussed in Chap. 4.
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 Phase 3: Repolarization
IKr is the major current directing repolarization during phase 3. 
IKs activates too slowly to play a major role during normal APs 
and its main role is as a “safety valve”, increasing  appreciably 
to prevent excessive AP-prolongation when repolarization is 
challenged (e.g. by APD-prolonging drugs or when ICaL is 
enhanced by adrenergic stimulation). As the membrane poten-
tial repolarizes to below −20 mV, IK1 increases and contributes 
to late phase 3 as inward rectification is removed.

 Contraction of Cardiac Myocytes

 Ca2+-Induced Ca2+ Release

The L-type Ca2+ channels are primarily located in the trans-
verse tubules (T tubules), which are deep invaginations of the 
cardiomyocyte membrane (Fig. 1.5) [12]. T tubules are in 
close physical proximity to the sarcoplasmic reticulum (SR), 
the organelle that stores and releases intracellular Ca2+. The 
SR has outpouchings, called junctional SR cisternae, which 
resemble flattened sacks reaching out towards the T-tubule 
extensions, in which are located clusters of ryanodine recep-
tor Ca2+ release channels (RyRs) [13]. Ca2+ ions entering the 
cell can therefore quickly activate RyRs, causing a large 
release of Ca2+ from the SR into the cytoplasm, a process 
called “Ca2+-induced- Ca2+ release” (CICR). The area of 
cytoplasm in which the T tubules and the SR come into close 
proximity is called the dyadic cleft.

 Excitation-Contraction Coupling

The Ca2+ released into the cytosol by CICR binds to the myo-
filament protein regulator troponin-C [13]. Ca2+ binding to 
troponin-C causes a conformational change [14], followed 
by complex interactions with troponin-I, troponin- T and 
tropomyosin, exposing the myosin binding sites on actin and 
allowing cross-bridge cycling to take place [15].

The intracellular Ca2+ released during systole is 
removed from the cytoplasm during diastole, causing car-
diac relaxation. The principal removal mechanisms are the 
Sarcoendoplasmic Reticulum Calcium ATPase (SERCA), 
which pumps Ca2+ back into the SR, and the NCX, which 
exports Ca2+ across the cell-membrane, Fig. 1.5).

 Automaticity: The Cardiac Pacemakers

Cells with pacemaker activity spontaneously generate elec-
trical signals. To do this, they depolarize automatically dur-
ing phase 4 to the threshold potential required to initiate an 
AP (Fig. 1.6).

The intrinsic firing rate of roughly 60–75/min in the 
sinoatrial node (SAN) is faster than the other pacemaker 
regions (His-Purkinje system: 30–40/min, atrioventricu-
lar node (AVN) 40–50/min). The SAN is therefore the 
predominant pacemaker in the heart. The other regions 
possessing spontaneous automaticity act as back-up 
pacemakers, taking over if pacing fails in the SAN. There 

Ca2+

Ca2+

Ca2+

Ca2+

SARCOMERE

SERCA

3Na+

Ca2+
SR

Ca2+

RyR

NCX

Fig. 1.5 Diagram of 
Ca2+-induced Ca2+ release. 
L-type Ca2+ channels allow 
Ca2+ to activate ryanodine 
receptors in the dyadic cleft, 
triggering a larger release of 
Ca2+ into the cytoplasm. This 
Ca2+ causes contraction of the 
sarcomere. Ca2+ removal from 
the cytoplasm during diastole 
(via uptake into the SR by the 
SERCA pump and export 
from the cell via NCX) causes 
cardiac relaxation
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are two principal mechanisms contributing to phase-4 
 diastolic depolarization, the membrane clock and the 
Ca2+ clock.

 The Membrane Clock Model

The membrane clock involves a set of inward currents work-
ing together to depolarize the membrane to threshold. The 
best-known ion-channels involved in pacemaker activity are 
the hyperpolarization-activated cyclic nucleotide-gated 
channels (HCN channels), which underlie If [16]. Although 
these channels structurally resemble the K+ channel super-
family, they are also permeable to Na+ and to a lesser extent, 
Ca2+ [17]. At physiological voltages, Na+ influx is greater 
than the outward K+ current through HCN4 channels, which 
acts to gradually depolarize the cardiomyocyte to threshold 
as the If current.

The autonomic nervous system strongly regulates If. 
Sympathetic activation increases intracellular levels of cyclic 
AMP (cAMP), which binds to the cyclic-nucleotide binding 
domain at the C-terminus of the channel. Binding of cAMP 
to HCN4 causes a “rightward-shift” in the If activation curve, 
increasing the current flowing through the channel, and con-
sequently the rate of phase-4 depolarization, at any given 
voltage (Fig. 1.7, bottom) which causes an increase in heart 
rate in response to sympathetic agonists (Fig. 1.7, top). The 
parasympathetic nervous system reduces the concentration 
of intracellular cAMP, causing a “leftward-shift” in the 
voltage- dependence of activation for If and a reduced phase-4 
slope (Fig. 1.7).

Pathological loss of function of HCN4 can lead to the sick 
sinus syndrome [17]. Another poorly selective inward 

 current has been described in rabbit, rat and guinea pig SAN 
cells, and flows despite If blockade with cesium [19]. This 
cation channel has its greatest permeability to Na+ ions and 
has therefore been labeled as carrying the “background Na 
current” (INa,b) [17]. INa,b is activated at −60 to −70 mV and 
has a peak current at about −50 mV, therefore is thought to 
work in synergy with the If to achieve diastolic depolariza-
tion as part of the membrane clock [17]. Ca2+ channels also 
contribute to the membrane clock. L-type Ca2+ (Cav 1.2) 
channels activate at about −30 mV and therefore do not con-
tribute to phase 4 of the SAN AP. However, another subfam-
ily of voltage gated Ca2+ channels, T-type Ca2+ channels (Cav 
3.1 and 3.2) are activated at roughly −60 mV [17] and there-
fore contribute to diastolic depolarization. The L-type Ca2+ 
channels present in SAN cells are primarily responsible for 
the phase 0 upstroke of the AP, therefore they determine 
SAN-cell threshold and automatic rate.

Additional ion channels are involved in regulating the 
membrane clock and diastolic depolarization under partic-
ular circumstances. IKACh and IKATP are inward-rectifier K+ 
currents expressed in the SAN [17]. IKACh channels open 
in response to acetylcholine release from vagal nerves, 
which activates muscarinic receptors in the SAN [20, 21]. 
The hyperpolarizing effect of acetylcholine reduces SAN 
pacing rate by moving diastolic potentials further from 
threshold [22]. IKATP similarly hyperpolarizes the myocyte 
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Fig. 1.7 Top panel: diagram showing the effect of the autonomic ner-
vous system on the rate of phase 4 diastolic depolarization and therefore 
heart rate. Bottom panel: diagram showing the effect of the autonomic 
nervous system on the activation curves and therefore channel avail-
ability of HCN4 channels (If current). Adapted from [18]
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membrane and is activated in response to reduced intracel-
lular ATP levels, as occurs in myocardial ischaemia and 
hypoxia [23].

 The Ca2+ Clock Model

Spontaneous SR Ca2+ release produces Ca2+ sparks or waves 
[24], which can propagate throughout the cell. Such Ca2+ 
sparks and waves near the edge of rabbit SAN myocytes pro-
duce Ca2+ transients that precede the SAN AP (Fig. 1.8). The 
released Ca2+ is extruded through the NCX, which carries a 
depolarizing inward current when removing Ca2+ from the 
cell. This inward current depolarizes the cell and contributes 
to SAN phase 4 depolarization. Suppressing Ca2+ sparks and 
waves decreases the slope of diastolic depolarization, par-
ticularly later in phase 4, and inhibits spontaneous SAN fir-
ing [25]. The automatic mechanism resulting from inward 
NCX-current resulting from spontaneous SAN Ca2+ release 
is called the “Ca2+ clock”.

While Ca2+ sparks and resultant inward current oscilla-
tions via NCX can occur in the absence of APs, they dissi-
pate over time without APs, which act to cyclically regulate 
cellular Ca2+ stores needed to maintain the Ca2+ clock. Thus, 
the membrane clock and the Ca2+ clock act co-dependently 
to achieve spontaneous diastolic depolarization and maintain 
automaticity.

 Other Currents

Other currents may also contribute to SAN function. For 
example, there is evidence that the intermediate-conductance 
Ca2+-activated K+ channel (KCa3.1) may be important for 
SAN membrane depolarization upon initial Ca2+ entry/

release [17]. This effect might contribute to maintaining 
membrane- voltage cycling between negative values (in the 
absence of significant SAN IK1) and more positive values due 
to membrane and/or Ca2+ clock-induced depolarization.

 Cardiac Conduction

SAN pacemaker activity initiates the cardiac impulse. The 
wave of depolarization travels through the atria, likely via 
organized strands of cardiomyocytes called the internodal 
pathways, since the three bundles track anteriorly, medially 
and posteriorly to the atrioventricular node (AVN). The ante-
rior internodal pathway branches to form Bachmann’s bun-
dle, which crosses to the left atrium [26]. From these 
preferential conduction pathways, myocardial depolarization 
spreads more slowly through the remainder of the atrium. 
Atrial activation corresponds to the electrocardiographic 
P-wave.

Once the depolarizing impulse reaches the AVN, the wave 
of depolarization traverses slowly to reach the cable-like 
His-Purkinje system (Fig. 1.9) before spreading to the ven-
tricles. This delay allows adequate time for ventricular filling 
after atrial contraction, before ventricular systole begins. The 
P-R interval represents the time for conduction to spread 
between the SAN and the ventricles.

After the depolarizing impulse has passed through the 
AVN, it travels via the bundle of His in the interventricular 
septum to the bundle branches and the Purkinje network, and 
from there spreads to activate the ventricles and produce the 
QRS complex. Finally, ventricular repolarization occurs, 
corresponding to the T-wave on the ECG.

Unlike APs in the working atria and ventricles/His- 
Purkinje system, the APs of the SAN and AVN have depolar-
ized resting potentials; slow phase-0 upstrokes mediated by 
Ca2+ currents and delayed recovery of excitability governed 
by slow Ca2+ current recovery kinetics. Accordingly, the 2 
types of APs are referred to as “fast-channel” (in working 
atria-ventricles/His-Purkinje system) and “slow-channel” (in 
SAN and AVN). The slower recovery kinetics of the Ca2+ 
channel and the resultant prolonged refractory period in the 
AVN allows the AVN to protect the ventricles against rapid 
conduction of supraventricular tachyarrhythmias. The main 
differences between fast and slow-channel APs are summa-
rized in Table 1.1.

The AVN has a complex 3-dimensional structure. The 
core of the AVN is composed of pure slow-channel tissue 
(“N”-cells), while towards the atrial and ventricular ends, 
transitions are seen towards more “atrial-like” (AN) and 
“ventricular-like” (NH) APs. Mutations in SCN5A, the prin-
cipal gene encoding Na+ channels, can slow AVN conduction 
in humans by virtue of transitional AVN cells that possess 
significant Na+ current [27].

0 mV

-60 mV

F/F0

Fig. 1.8 Superimposed AP plots (black line) upon Ca2+ fluorescence 
transients measured by confocal microscopy in rabbit sinoatrial nodal 
cells. The purple line indicates the Ca2+ transient measured towards the 
edge of the cells, which precedes the major Ca2+ transient produced 
during phase 2 of the AP (green line). Adapted from [25]
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The N cells are the principal pacemaker cells within the 
AVN, and exhibit typical slow-channel AP morphology. N 
cells have a relatively positive diastolic membrane potential 
due to a very low density of IK1 [28], favoring pacemaker 
activity that allows the AVN to act as an “escape” pacemaker 
if the SAN fails. N cells also possess significant expression 
of a second isoform of L-type Ca2+ channels, Cav 1.3 chan-
nels, as opposed to the Cav 1.2 isoform found in atrial and 
ventricular myocytes [29, 30]. Cav 1.3 channels have a more 
negative activation potential than Cav 1.2 channels, and can 
activate towards the end of phase 4 to facilitate AVN automa-
ticity. Cav 3.1, encoding the alpha-subunit of T-type Ca2+ 
channels, is also highly expressed in the AVN and contrib-
utes to automaticity [30].

 Cell-Cell Coupling

The atrial and ventricular myocytes are connected to each 
other so that the wave of depolarization can rapidly spread 
throughout the myocardium as a functional syncytium and 
allow the heart to contract in a coordinated manner. The spe-

cialised area connecting myocytes electrically is called the 
intercalated disc. Three principal structures make up the 
intercalated disc: (1) adherins junctions, which provide 
anchoring sites for actin/sarcomeres, (2) desmosomes, struc-
tural proteins that bind cells together and (3) gap junctions; 
conduits between cells that contain cylindrical connexons 
joining cells, each connexon being composed of six inter-
linked connexin molecules [31]. Each connexin molecule is 
a hemichannel that connects to another connexin molecule in 
an adjacent cell, to form a low-resistance water-filled pore 
between the cells through which a propagating cardiac 
impulse can easily travel.

There are different isoforms of connexins within the myo-
cardium. The ventricles primarily contain Cx43; the atria, a 
combination of Cx40 and Cx43; the AVN contains Cx45 and 
possibly Cx31.9; the Purkinje system Cx40, Cx43 and Cx45. 
Connexons can form with the same isoform (homotypic) or 
a mixture of isoforms (heterotypic). Disruption of gap 
 junction number or distribution, or gap junction dysfunction, 
impairs cardiac conduction and predisposes to arrhythmia.

Connexins interact with other molecules within the inter-
calated disc, especially with desmosomal proteins, regula-
tory proteins and ion channels, forming macromolecular 
complexes that coordinate electrical propagation within the 
syncytium [32]. For example, Cx43 and the principal Na+ 
channel isoform Nav1.5 colocalise in the intercalated disc 
[33]. Desmosomal proteins also have important regulatory 
roles. For example, a reduction in the desmosomal protein 
plakophilin-2 significantly reduces Na+ current at the inter-
calated disc [34]. It is therefore not only connexins that 
allow electrical propagation within the syncytium, but the 
coordinated interaction of several proteins within the inter-
calated disc.

SAN

Atria

AVN 

His bundle

Bundle
branches

Purkinje
fibres

Ventricle

Fig. 1.9 Diagram of the 
principal components of the 
cardiac conduction system 
and their corresponding APs. 
Sinoatrial node (blue), 
internodal pathways and 
Bachmann’s bundle (green), 
atrioventricular node (red), 
bundle of His (purple), bundle 
branches and purkinje fibres 
(red)

Table 1.1 Summary of the key differences between fast and slow-type 
APs.

Fast-channel 
AP Slow-channel AP

Phase 0 Conduction 
mediated by

Na+ channels Ca2+ channels

Activation Fast Fast

Recovery Slow Slow

Refractoriness determined 
by

AP Duration Ca2+ channel 
recovery time
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 Arrhythmogenesis

Arrhythmogenesis can be broadly divided into two catego-
ries: (1) reentry, in which a propagating impulse persists by 
continuous re-excitation in a re-entrant pathway, and (2) 
abnormal impulse formation, which can be subdivided into 
abnormal automaticity and triggered activity (Fig. 1.10).

 Abnormal Automaticity

Abnormal automaticity encompasses enhanced automaticity 
in pacemaker tissue, or the generation of spontaneous activ-
ity in atrial or ventricular myocytes that do not normally 
spontaneously depolarize. Examples of arrhythmias caused 
by abnormal automaticity are focal atrial tachycardia, 
nonparoxysmal junctional tachycardia and accelerated idio-
ventricular rhythm [35]. Abnormal automaticity is generally 
observed in situations creating a more positive resting mem-
brane potential, which allows phase 4 diastolic depolariza-
tion to reach threshold faster.

 Afterdepolarizations and Triggered Activity

Afterdepolarizations can be early (EADs) or delayed 
(DADs). They are transient depolarizations occurring during 
phases 2 or 3 of the AP (EADs) or following full repolariza-
tion in phase 4 (DADs). When the amplitude of afterdepolar-
izations is sufficient to bring the membrane potential to 
threshold, spontaneous APs known as triggered beats or trig-
gered activity can occur.

 Early Afterdepolarizations (EADs)
EADs occur when the AP is prolonged by a decrease in out-
ward currents or an increase in inward currents. This can 
result in the reactivation of the L-type Ca2+ channel current 

(ICa,L), since L-type Ca2+ channels have a significant overlap 
between the activation and inactivation vs. voltage curves 
between potentials of about −30 mV and 0 mV, providing a 
voltage-range in which there is steady-state depolarizing 
inward Ca2+-current (the so-called “window current”, 
Fig. 1.11) [36]. The window-current voltage range corre-
sponds to the AP plateau, therefore if the AP plateau is suf-
ficiently prolonged, L-type Ca2+ channels can recover from 
inactivation and subsequently re-activate [37], causing an 
EAD.

Prolonged repolarization can be achieved by: [1]

 1. Inhibiting IKs and IKr (e.g. Long QT syndrome Type 1 and 
2 respectively, ion-current remodelling in heart failure, 
and with class Ia and III antiarrhythmic drugs).

 2. Increasing the availability/amplitude of ICa,L (e.g. sympa-
thetic nervous system activation).

 3. Increased NCX (e.g. with increased intracellular Ca2+ or 
NCX upregulation as in heart failure).

 4. Increased late Na+ current (e.g. Long QT syndrome 
Type 3).

Mechanism of 
Arrhythmogenesis

Abnormal
Impulse Formation Reentry

Increased
Automaticity

Triggered
Activity

Early After
Depolarisations

(EAD)

Delayed After
Depolarisations

(DAD)

Fig. 1.10 Classification of arrhythmogenic mechanisms
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Fig. 1.11 Top panel: Diagram of an early afterdepolarization formed 
during a prolonged AP and the corresponding reactivation of Ca2+ 
depicted below it. To the right is a normal AP, with a single Ca2+ tran-
sient i.e. no reactivation of the Ca2+ current is present. Bottom panel: 
Superimposed activation and inactivation curves for the Ca2+ current. 
The overlapping area shows the window current. Adapted from [2]
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EADs preferentially occur in the His-Purkinje system, 
depolarizing adjacent atrial or ventricular muscle to the 
threshold for Na+ channel activation, which in turn can cause 
triggered beats and tachyarrhythmias.

 Delayed Afterdepolarizations (DADs)
DADs are caused by abnormal diastolic release of Ca2+ from 
the SR via RyRs [38, 39]. The released Ca2+ is extruded from 
the cell by NCX, with each Ca2+ ion exchanged for 3 extra-
cellular Na+ ions, producing a net inward current that depo-
larizes the membrane and causes the DAD [38, 39]. DADs 
that reach threshold cause premature beats, which can occur 
singly, can trigger reentry in a vulnerable substrate, and can 
occur in repetition causing a focal tachyarrhythmia. 
Arrhythmias induced by DADs include catacholaminergic 
polymorphic ventricular tachycardia (CPVT), paroxysmal 
atrial tachycardia, fascicular tachycardia and the bidirec-
tional VT that can be seen in digoxin toxicity [35].

 Reentry

 Anatomical Reentry
The simplest form of reentry is circus movement reentry, in 
which a cardiac impulse travels in a circuit around a fixed ana-
tomical barrier (Fig. 1.12). In the left panel of the figure, the 
excitatory wave front travels anterogradely (the usual direction 

of conduction) down both pathways B and C, and clashing 
wave fronts cancel each other out. In the right panel, a prema-
ture impulse arrives at pathway C when it is refractory from 
the prior sinus beat, whereas pathway B (which has a shorter 
refractory period) has recovered excitability and can conduct 
the impulse. After reaching the distal end of pathway B, the 
impulse can travel retrogradely up pathway C. If this wave-
front is timed in such a manner that when it reaches the begin-
ning of the circuit again and pathway B is no longer refractory, 
the same wavefront can travel anterogradely down pathway B 
again, and continue travelling repetitively in a circuitous man-
ner, as long as the tissue ahead of the advancing wavefront has 
recovered its refractoriness at all points in the circuit.

Examples of this type of reentry around an anatomical 
obstacle include the supraventricular tachycardias: atrioven-
tricular reentry tachycardia (AVRT), involving a congenital 
accessory pathway and atrioventricular nodal reentry tachy-
cardia (AVNRT), in which separate pathways exist within 
the AVN node and form a potential reentry circuit analogous 
to the circus movement (ring) model of reentry. Experimental 
atrial flutter is also an example of anatomical reentry, in 
which the tricuspid annulus forms the anatomical obstacle. 
Clinical atrial flutter does not appear to involve an anatomi-
cal obstacle.

Certain conditions are needed for this form of reentry to 
occur. For the propagation to continue, there must always be 
a portion of the circuit ahead of the moving wavefront that 

A A

CC

B

B

B

Premature
beat

Fig. 1.12 Left: diagram showing a cardiac impulse anterogradely 
propagating down two converging pathways and colliding. Right: 
Reentrant activity as a result of a premature impulse encountering a 
recovered pathway (B) and a pathway (C) that is still refractory from the 
previous sinus beat. The premature impulse conducts anterogradely 

down pathway B and retrogradely up pathway C when it has recovered 
excitability and can continue to propagate around both pathways pro-
vided the tissue ahead of the advancing wavefront has recovered its 
refractoriness
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has recovered its excitability, allowing the wavefront to 
advance. This segment of the circuit is called the excitable 
gap (Fig. 1.13 left). The entire length of the circuit (path- 
length) must equal or exceed the wavelength, which is the 
refractory section of the circuit occupied by the wavefront. 
Because the wavelength is the distance travelled by a cardiac 
impulse in one refractory period, it is the shortest distance 
that can maintain reentry. In mathematical terms, the wave-
length is calculated as:

Wavelength = Conduction Velocity × Refractory 
Period.

 Functional Reentry
Reentry can occur in the absence of an anatomical obstacle, 
on a strictly functional basis. In the 1970s, Allessie et al. [41] 
developed a theory called “the leading circle” (Fig. 1.13, 
right) to account for functional reentry. The authors showed 
that premature stimuli preferentially travelled in the direc-
tion of shorter refractory periods, which led to an arc of 
refractory tissue, around which a propagating wave front 
could circulate in the form of reentry. The tissue in the centre 
of the circle is kept functionally refractory by continuously 

invading centripetal waves and keeps them from propagating 
through and interrupting the circulating wavefront. The size 
of the reentry circuit is determined by the wavelength, 
because functional reentry naturally establishes itself in the 
fastest/smallest circuit possible, which has a dimension equal 
to the wavelength [41]. An advantage of this model is the 
ability to relate its determinants to familiar and clinically 
quantifiable concepts also used to describe circus movement 
reentry such as conduction velocity, refractory period, wave-
length and excitable gap. According to the leading circle 
theory, the persistence of AF depends on the wavelength 
being reduced so that it is short enough to allow multiple 
simultaneous reentry circuits to coexist and make AF very 
stable [42]. Antiarrhythmic drugs stop AF by increasing the 
wavelength [42].

A problem with the leading circle model is that it fails to 
account for some important clinical phenomena. For exam-
ple, in many AF patients and experimental AF models, the 
wavelength is not reduced and yet AF occurs [43]. In addi-
tion, according to the leading circle model, Na+ channel 
blocking antiarrhythmic drugs should promote AF by slow-
ing conduction and reducing the wavelength; yet clinically 

Wavelength

Excitable gapa

c

b

Fig. 1.13 Left: Circus 
movement re-entry (ring 
model), showing the presence 
of an excitable gap which is 
necessary for wave 
propagation. Right: The 
leading circle model of 
re-entry. An arc of refractory 
tissue occurs due to 
interacting wavefronts. 
Bottom: Spiral wave or rota. 
The solid line represents the 
depolarizing wave front and 
the dashed line the 
repolarizing front. Adapted 
from [40]
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they clearly suppress AF [44]. An alternative model of func-
tional reentry is based on the notion of the spiral wave 
(Fig. 1.13, bottom) [40].

The spiral-wave (or “rotor”) concept governs reentry-type 
activity in many systems; a naturally occurring example 
being a tropical storm (hurricane, typhoon, cyclone) or a 
spinning top. The persistence of rotational activity depends 
on the stability of the reentry source, which is governed by 
the ability of the re-entrant wavefront to constantly propa-
gate through the medium. The ability to propagate depends 
on the energy of the propagating force, roughly reflected by 
the speed and tightness of its angular rotation, and the resis-
tance of the medium in front of it to activation, reflected by 
the amount of energy needed for activation. In cardiac tissue, 
the rotational “force” is related to the balance between the 
driving current (generally Na+ current, the current source), 
and the resistance to activation, also called the current sink. 
The current sink is primarily determined by tissue excitabil-
ity, of which refractoriness is a major determinant.

The analogy of a spinning top can be used to conceptual-
ise rotors. If a spinning top spins quickly, it remains stable. 
As it begins to slow, its oscillations become larger and it 
begins to meander and eventually topples over and stops. 
This helps to understand how reducing the energy and speed 
of propagation (e.g. by Na+ channel blockers) can stop reen-
try maintained by rotors. On the other hand, if the position of 
a top is stabilized (e.g. by putting a hole in the table which 
anchors it) it can maintain itself at slower speeds. This may 
be analogous to the anchoring effect of structural complexi-
ties, like tissue fibrosis, that may help to anchor and stabilize 
AF-maintaining rotors.

The spiral-wave rotor concept is much more successful in 
accounting for the effects of antiarrhythmic drugs in AF than 
the leading circle model [40, 44, 45]. In addition, when 
 functional reentry is observed with very high-resolution opti-
cal mapping, it takes the form of a spiral wave. Finally, recent 
technological developments have allowed for the high- 
resolution mapping of AF in conscious patients, and have 
provided strong evidence for the existence and presence of 
rotor activity during AF maintenance in patients [46–49].

 Conclusion

This chapter has covered the basics of action potential 
formation, excitation-contraction coupling of cardiac 
myocytes, automaticity, cardiac conduction and arrhyth-
mogenesis. The intention is for readers to use this infor-
mation as a basic reference, upon which to build the more 
detailed knowledge contained in subsequent chapters.
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Pathophysiology of Atrial Fibrillation

Alexander Burashnikov and Charles Antzelevitch

Abstract

Atrial fibrillation (AF) is the most common sustained arrhythmia encountered in the clinic. 
It is often associated with hemodynamic and neurohormonal cardiovascular abnormalities, 
including heart failure (HF), hypertension, valvular and ischemic heart disease. These 
derangements cause or promote the development of AF triggers and atrial remodeling giv-
ing rise to the arrhythmogenic substrate. Rapid activation of the atria during AF leads to 
further electrical and structural remodeling, thus facilitating the maintenance of AF. For 
his reason, AF is said to beget-AF. Pulmonary veins are the prime source for AF trigger(s) 
and may also be the source for AF drivers. Pulmonary vein sleeves are thin muscular struc-
tures and as such are sensitive to pressure and volume overload-induced stretch, which 
may account for their exceptional arrhythmogenic proclivity. Long-term maintenance of 
AF is believed to be due largely to a reentrant mechanism(s), but direct evidence is often 
lacking and the controversy continues. The development and maintenance of AF are mul-
tifactorial and involve dynamic pathophysiologic processes which are in many cases not 
well defined or understood. This chapter reviews our current understanding of pathophysi-
ology of AF.
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 Introduction

Atrial fibrillation (AF) is the most commonly encountered 
clinical arrhythmia. Its prevalence increases with age and 
cardiovascular diseases, including heart failure (HF), hyper-
tension, valvular and ischemic heart disease [1, 2]. These 
disorders as well as AF itself promote atrial remodeling 
which facilitates the perpetuation of the arrhythmia. AF may 
cause and be caused by atrial remodeling. Pathophysiological 
mechanisms responsible for the initiation and maintenance 
of AF are multifactorial and dynamic. This chapter reviews 
our current understanding of the complexities attending the 
pathophysiology of AF.
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 Conditions and Diseases That Affect AF 
Generation

The occurrence of AF is commonly associated with other 
diseases and conditions. The risk factors for AF include 
aging, hypertension, HF, ischemic heart disease, valvular 
heart disease, cardiomyopathies, obesity, diabetes mellitus, 
chronic obstructive pulmonary disease, sleep apnea, renal 
disease, hyperthyroidism and inflammation. These risk fac-
tors for development of AF are often found in combinations 
and the specific causal relation of AF with each remains 
poorly defined [1, 2].

Age is one of the strongest predictors of AF. The preva-
lence of AF, 1–2% in the general population, increases with 
age, from <0.5% at ≤50 years to up to 12% at >80 years of 
age [1, 2]. This trend is associated with an increase in the 
prevalence of diseases known to promote AF, particularly 
hypertension, HF, and ischemic heart disease. Age-related 
increase in the number and/or severity of these diseases 
accounts for much of the age-related increase in the preva-
lence of AF. Aging may promote AF via age-related struc-
tural remodeling of the atria, largely due to progressive 
increases in the degree of fibrosis. However, significant age- 
mediated atrial remodeling appears to take place only in the 
eighth decade of life, but not before [3], and may be associ-
ated with subclinical cardiovascular disease.

Hypertension is the most prevalent disease associated 
with the development AF. Fifty-seven percent of patients 
with AF have a history of hypertension [4, 5]. History of 
valvular and ischemic heart diseases are present in about 30 
and 20% of patients with AF, respectively [1].

Genetics can predispose to development of AF, but the 
incidence of AF caused purely by genetic defects is rela-
tively small. The majority of people with AF are older than 
60 years of age; those who have AF at a younger age com-
monly have disease conditions that promote AF, largely 
hypertension but including short QT, Brugada and Early 
repolarization syndromes [6, 7].

HF can cause AF and AF can aggravate HF, creating a 
vicious cycle. About 30–40% of patients with HF have 
AF. The prevalence of AF depends on the underlying etiol-
ogy of heart failure. Patients with valvular heart disease and 
hypertension as the primary etiologies of HF have a high 
prevalence of AF (30–50%) and patients with ischemic heart 
disease as the primary HF etiology display a lower AF preva-
lence (15–25%) [8, 9]. About 20–25% of patients with idio-
pathic dilated cardiomyopathy have AF [5]. AF may cause 
HF via sustained rapid and irregular ventricular rate. AF is 
thought to be a principal cause of HF in about 3% of patients 
with reduced left ventricular ejection fraction (LVEF) and in 
up to 17% of patients with preserved LVEF [10]. Counter- 

intuitively, the prevalence of AF decreases in patients with 
lower LVEF [8, 11–15].

Sustained AF may occur without detectable cardiovascu-
lar abnormalities, in which case it is referred to as idiopathic 
or lone AF. In the past, the prevalence of “lone AF” was esti-
mated to account for 30% of AF cases [5]. It is becoming 
increasingly clear, however, that most “lone AF” patients 
have some cardiovascular abnormality, including LV dia-
stolic dysfunction and/or concealed coronary artery disease, 
so that the prevalence of truly “lone AF” is currently esti-
mated to be about 3% [16].

A robust unifying feature of the diseases that are most 
often associated with AF is concomitant hemodynamic and 
neurohormonal derangements.

 Pathophysiology of AF Initiation: Triggers 
and Substrate

Initiation of AF generally requires both a trigger and sub-
strate. AF is commonly initiated by an atrial premature 
excitation (i.e., AF trigger). Substrate of AF consists largely 
of electrical heterogeneity, mainly spatial ERP difference. 
Pressure and volume overload produces stretch of the 
atrium, which is known to generate arrhythmic activity 
[17]. Abnormalities in autonomic nervous system function 
can also induce premature atrial activation [18]. A combi-
nation of hemodynamic and neurohormonal derangements 
strongly enhances the manifestation of atrial premature 
activations. Abnormalities in intracellular calcium (Cai) 
appear to be principally involved in the triggering of AF in 
the setting of hemodynamic and neurohormonal derange-
ments [18–20].

The most common source of AF triggers is the pulmo-
nary veins (PV) [21]. The thin structure of the PVs is 
thought to predispose them to pressure and volume over-
load-induced stretch, accounting for their exceptional 
arrhythmogenicity. The level of involvement of PV in AF 
can change during progression of atrial remodeling. The 
rate of electrical activation of PV during AF is reported to 
be reduced with left atrial dilatation and reduced LVEF 
[22]. Such slowing of activation rate in PV is likely to be 
explained by an accentuation of atrial structural remodel-
ing. It is generally believed that PV is less likely to be 
involved in the generation of AF in the setting of more 
advanced structural remodeling. In a canine model of sys-
tolic HF, the development of advanced HF is associated 
with severe fibrosis giving rise to major depression of PV 
areas, preventing the occurrence of rapid activity [23]. 
Involvement of PV in the generation of AF in patients with 
mild vs. advanced HF is poorly defined.

A. Burashnikov and C. Antzelevitch
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 Pathophysiology of AF Maintenance: Atrial 
Electrical and Structural Remodeling

The maintenance of AF is associated with both electrical and 
structural atrial remodeling.

 Atrial Electrical Remodeling

Electrical remodeling of the atria may be the result of AF 
and/or the result of hemodynamic derangements. The most 
significant proarrhythmic consequence of atrial electrical 
remodeling due to AF is the abbreviation of atrial effective 
refractory period (ERP). The AF-induced reduction in ERP 
is the result of abbreviation of the action potential duration 
(APD), which is secondary to a decrease in calcium channel 
current (ICa), and an increase in IK1 and constitutively active 
acetylcholine sensitive potassium current (CA IK ACh) [24, 
25]. Another manifestation of atrial electrical remodeling is 
an abnormality of calcium handling which may result from 
pressure and volume overload as well as of AF [18, 20, 25]. 
Atrial cells isolated from patients with AF and from experi-
mental models with HF, but without AF, are characterized by 
enhanced generation of intracellular calcium-mediated trig-
gered activity, which may contribute to both the initiation 
and maintenance AF [19, 20, 26, 27].

In experimental AF models, without cardiovascular dis-
ease, abbreviation of atrial ERP, secondary to pharmacologi-
cal interventions or sustained rapid atrial activation, is 
associated with a significant increase in AF vulnerability 
[28–31]. Patients with AF generally display a briefer atrial 
ERP than patients without AF but this is likely due to AF 
itself [32]. In patients with hypertension without history of 
AF, atrial ERP did not differ between patients who devel-
oped AF and those who did not in follow-up [33]. In the 
diseases that are most often associated with AF (i.e., hyper-
tension, HF, and valvular heart diseases) atrial ERP is com-
monly prolonged [19, 23, 34–38]. Moreover, aging, a major 
risk factor for AF, is also associated with prolongation of the 
atrial ERP [39]. It appears that at the moment of AF initia-
tion in the clinic, atrial ERP is likely to be normal or pro-
longed. The extent to which dispersion of refractoriness may 
have played a role in these studies is not known.

AF patients with structural heart disease also have a sig-
nificantly longer atrial ERP when compared to AF patients 
without structural heart disease [40]. Development of AF in 
structurally remodeled atria is associated with less abbre-
viation of atrial ERP [41]. Simultaneous development of 
systolic HF with concomitant AF may prolong atrial ERP 
or may shorten it to a lesser extent compared to AF alone 
[42–44]. Increased levels of atrial fibrosis have also been 

reported to be associated with a prolongation of AF cycle 
length [40, 45–47], so that prolongation of AF cycle length 
has been suggested as a marker of aggravated structural 
remodeling [46].

In “healthy” hearts, atrial ERP approximates action 
potential duration at 70–90% repolarization (APD70–90) 
[48, 49]. In significantly structurally remodeled atria, ERP 
can outlast APD70–90 due to development of post-repolar-
ization refractoriness (Fig. 2.1). This is often associated 
with heterogeneity of ERP, which can create a window of 
vulnerability.

Atrial ERP heterogeneity may [50] or may not [30, 51] be 
associated with the vulnerability and persistence of AF. In 
experimental systolic HF, increased AF vulnerability is asso-
ciated with an augmentation of spatial dispersion of ERP in 
the atria, but only when the shortest ERP is briefer or equal 
to control values [23]. When the briefest atrial ERP is longer 
than control, AF vulnerability is reduced, despite the 

Little PRR:
Abbreviated APD
and ERP

Significant PRR:
Abbreviated APD
Prolonged ERP

Little to no PRR:
Normal/near normal
APD and ERP

Fig. 2.1 Examples of the heterogeneity of action potential duration 
(APD) and effective refractory period (ERP) in aright atrium isolated 
from a dog with tachy-pacing induced HF. The presence of prominent 
post-repolarization refractoriness (PRR) contributes to the large disper-
sion of refractoriness. PRR in atria is recognized when ERP exceeds 
action potential duration measured at 70% (APD70). Each action poten-
tial tracing shows a basic beat following by the earliest premature acti-
vation (i.e., ERP). In the atrial areas displaying normal activity, the 
duration of ERP is approximated by APD70–75, displaying little to no 
PRR, similar to “healthy” controls. In atrial regions where APD was 
abbreviated, the duration of ERP was variable and largely determined 
by degree of PRR secondary to depression of the sodium channel- 
dependent parameters. Reproduced with permission from Burashnikov 
et al. [23]
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 presence of a dramatic ERP heterogeneity [23]. AF-mediated 
electrical remodeling is associated with an abbreviation of 
ERP and reduction of temporal and spatial heterogeneity of 
atrial ERP [30]. The abbreviation of ERP is thought to pro-
mote AF persistence. The stabilization of AF is associated 
with a prolongation of the temporal excitable gap, the period 
of fully recovered excitability between consecutive AF acti-
vations [52, 53].

It is generally believed that atrial electrical remodeling 
resulting in ERP abbreviation is sufficient for the mainte-
nance of paroxysmal AF, but not persistent AF and that the 
presence of some atrial structural alterations is necessary for 
the development of persistent AF [30, 54, 55]. In the 
“AF-begets-AF” models, electrical remodeling occurs rela-
tively fast and is essentially complete within several days of 
rapid atrial activation. AF becomes persistent only after the 
development of structural remodeling, which can take several 
weeks of rapid atrial activation [54]. Sustained AF has been 
also been shown to develop during reversal of electrical 
remodeling and in the continued presence of structural 
remodeling (which is more resistant to recovery) [41, 55, 56].

 Atrial Structural Remodeling

Atrial structural alterations are commonly found in patients 
with AF. Numerous factors are involved in the development 
of atrial structural remodeling, with fibrosis being a prime 
hallmark of the remodeling [25]. These factors include trans-
forming growth factor-β1, angiotensin II, Rac1, platelet–
derived growth factor, and microRNAs, small non-coding 
sequences of RNA [25]. Interestingly, atrium develops fibro-
sis more readily than the ventricle and is more responsive to 
structural remodeling stimuli including transforming growth 
factor-β1, angiotensin II, Rac1, and platelet–derived growth 
factor [57–61].

The most common causes contributing to atrial structural 
remodeling are pressure and volume overload and AF [32, 
54]. In combination these factors can additively or synergis-
tically produce atrial structural remodeling [62–64]. When 
separated, pressure and volume load are likely to be capable 
of causing much greater atrial structural remodeling than 
AF. In experimental studies, atrial dilation is greater in the 
setting of HF vs. AF [30, 65, 66]. Left atrial diastolic area 
was reported to increase by 80 and 24% in HF and AF mod-
els, respectively [65]. Without AF, the size of the left atrium 
or left atrial maximum volume could increase by 50–100% 
in the setting of HF [36, 65–67]. In the absence of significant 
cardiovascular abnormalities and with intact AV node con-
duction, persistent AF may enlarge left atrium by 20–45% 
[29, 65, 68, 69]. With a combination of HF and AF, left atrial 
maximum volume can reach 100–120% that of healthy con-
trols [13, 63].

A number of experimental studies have shown that when 
the AV node is ablated, prolonged rapid atrial activation 
causes a considerably smaller, practically undetectable, 
atrial structural remodeling than when AV node is intact 
(Fig. 2.2) [32, 42, 68, 70]. These finding suggest that 
AF-induced rapid and irregular ventricular activity (caus-
ing fluctuations in hemodynamic load) may contribute 
much more than rapid atrial activation to atrial structural 
remodeling. It suggests also that rate-controlled AF may 
cause only minor atrial structural remodeling. It is notewor-
thy that in the original experimental study of Wijffels and 
co-workers demonstrating that prolonged AF causes sig-
nificant structural remodeling and promotes persistent AF 
(“AF-begets-AF”), the AV node was intact [30]. Rapid 
atrial activation alone is capable of induction of persistent 
AF [70] but the AF-induced atrial remodeling mediated by 
hemodynamic load can further promote the persistent 
AF. In sheep and dog atrial-tachypaced models, sustained 
AF is more readily established when AV node conduction 
is intact [68, 70].

In the clinic, persistent AF is often, if not always, pre-
ceded by multiple episodes of paroxysmal AF [1, 54], con-
sistent with the doctrine that “AF-begets-AF”. In experimental 
studies, AF duration was much longer in AF models induced 
by “AF-begets-AF” vs. “HF”, despite the fact that the former 
causes much smaller atrial enlargement (Fig. 2.3) [30, 34, 
65]. Models of AF caused by chronic hypertension and 
mitral regurgitation are also characterized by relatively short 
AF (from seconds to hours), despite the development of sig-
nificant left atrial enlargement [35, 38].
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Fig. 2.2 AF-mediated atrial structural remodeling is significantly 
greater in the setting of intact vs. ablated AV node (i.e., absence and 
presence of “rate control”). AF-induced hemodynamic overload (via 
rapid and irregular ventricular activity) contributes more significantly 
to atrial structural remodeling than rapid atrial activation alone
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Thus, atrial remodeling caused by hemodynamic derange-
ment does not appear to suit (and is not indispensible require-
ment) for the maintenance of long-lasting AF (Fig. 2.3). 
Such remodeling, however, is likely to promote the initiation 
and maintenance of brief episodes of AF, which, in turn, may 
remodel the atrium predisposing to development of persis-
tent AF (via “AF-begets-AF”). A high prevalence of AF in 
patients with HF points to an additive or synergistic effect of 
AF and HF to promote persistent AF. However, the probabil-
ity of persistent AF may be a bell-shaped, depending on the 
degree of atrial structural remodeling. The prevalence of per-
sistent AF is lower in patients with systolic vs. “diastolic” 
HF [11], with the former exhibiting generally larger left 
atrial size [13, 67, 71, 72].

While the occurrence of long-lasting AF is commonly 
associated with atrial structural remodeling, the causal rela-
tion of these two is complex. AF may cause and be caused by 
atrial structural remodeling. There is significant variability in 
the degree of atrial structural remodeling among patients 
with cardiovascular disease with and without AF [32, 73]. 
Patients with persistent AF may have mild atrial structural 
remodeling and patients without history of AF may have 
advanced atrial structural remodeling [32, 73].

The relation of AF with atrial structural remodeling can 
be confounded by numerous factors. Non-AF-mediated 

hemodynamic derangement appears to cause a significantly 
greater atrial structural remodeling than AF itself. A rate- 
controlled AF may cause only minor atrial structural remod-
eling (Fig. 2.2). Therapeutic interventions may suppress and 
promote AF as well as delay or reverse cardiac remodeling 
and outcomes of the treatment may not be “logical”. For 
instance, ivabradine has been consistently shown to reverse 
cardiac remodeling [74, 75] but to promote AF [76, 77]. 
Another potential confounding factor of the relation of AF 
with remodeling is that severe atrial structural remodeling 
may act to suppress AF [23], as discussed below.

 Is There a “Vulnerable Window” 
for Development of AF in the Spectrum 
of Atrial Structural Remodeling?

Severely compromised atria have a reduced capability of 
maintaining rapid activation and it has recently been sug-
gested that advanced atrial structural remodeling may act to 
suppress AF in the setting of HF [23]. The presence of a 
temporal “vulnerable window” for the development of AF in 
the course of development of VTP-induced HF in canines 
has recently been reported (Fig. 2.4) [23]. This HF model is 
characterized by the progressive development of HF reca-
pitulating many features of clinical HF, including systolic 
and diastolic dysfunction [34, 36, 66, 78]. AF vulnerability 
(i.e., inducibility by a single premature beat) was shown to 
be higher with moderate vs. advanced atrial remodeling, 
associated with “early” and “late” stages of HF, respectively 
(Fig. 2.4) [23]. The increase of AF vulnerability at mild/
moderate stages of HF is associated with relatively moderate 
electro-structural abnormalities in the atrium. The reduction 
of AF vulnerability in severe atrial remodeling is associated 
with a rate-dependent depression excitability decreasing the 
ability of the atrium to sustain rapid activation (Fig. 2.4). In 
two additional experimental studies of VTP-induced HF in 
sheep and goat, a greater inducibility of AF was also observed 
in the median vs. severe stages of HF [36, 42].

Experimental models of VTP-induced HF have advanced 
the hypothesis that AF more readily occurs in median vs. 
severe stages of atrial remodeling. A number of studies pro-
vide clinical evidence in support of this hypothesis. AF 
prevalence is reported to be significantly higher in HF 
patients with preserved vs. reduced LVEF (HF-PEF vs. 
HF-REF, respectively) and AF prevalence is found to pro-
gressively diminish as LVEF is reduced [8, 11–15]. 
Reduction of LVEF is generally associated with an increase 
in left atrial size [13, 67, 71, 72]. These data are consistent 
with notion that AF occurs more readily in median vs. 
severe atrial remodeling.

There are also clinical data suggesting that in patients 
with systolic HF cardiac remodeling is less severe in AF vs. 
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Fig. 2.3 Atrial enlargement and AF persistence. Atrial enlargement is 
far greater in “heart-failure” vs. “AF-begets-AF” experimental models, 
but the duration of AF is far longer in the latter [30, 34, 65]. 
“AF-begets-AF” appears to be a must for AF to become persistent. The 
degree of atrial enlargement may not be a good index for persistence of 
AF in the setting of significant structural heart diseases. AF-induced 
structural remodeling of the atria is facilitated more by fluctuations in 
hemodynamic load caused by rapid and irregular ventricular activation 
than by rapid atrial activation (Fig. 2.2). VTP-HF ventricular tachy- 
pacing- induced heart failure, ATP atrial tachy-pacing-induced AF
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SR patients and that AF more readily occurs in cases of less 
advanced cardiac remodeling. Patients with HF and AF com-
monly have a higher LVEF than patients with SR [79–82], 
despite the fact that AF acts to reduce LVEF. In HF-PEF 
patients LVEF has been reported to be higher in SR vs. AF 
patients [83]. In systolic HF patients who have an advanced 
functional class (NYHA III-IV; the EVEREST study), those 
with AF had shorter QRS complex than those with SR [81] 
and the prevalence of AF history was significantly greater in 
patients with <120 vs. ≥120 ms QRS duration [84]. 
Prolongation of QRS is a marker of aggravating cardiac 
structural remodeling. Interestingly, in HF patients hospital-
ized for acute systolic HF, those who had AF, particularly 
new-onset AF, had fewer co-morbidities and less prevalence 
of predictors of morbidity and mortality than those with SR 
in the large EVEREST and GWTG-HF studies [80, 81].

The atrium is much thinner than the ventricle, as a conse-
quence hemodynamic derangement more readily remodels 
the atrium vs. ventricle. Numerous experimental studies 
have shown that the degree of fibrosis is several fold greater 
in atria vs. ventricles in experimental models of systolic HF 
[59]. In VTP-induced canine HF model, LA and LV weight 
is increased by 80 and 13%, respectively after 3 weeks of 
VTP [66]. Persistent hypertension causes an atrial predomi-
nant remodeling, i.e., LA and LV weight increased by 40–63 
and 15–20% in an ovine model [38].

In diseases associated with severe sustained pressure and 
volume overload, ventricular function is likely to be less 
affected than atrial function. Consequently the ability of atria 
to sustain rapid activation (i.e. AF) may be reduced long 
before that of the ventricle.

 Electrophysiological Mechanisms of AF: 
Focal and Reentry

AF is thought to be initiated by a focal trigger, which can 
arise as a consequence of enhanced automaticity, delayed or 
early afterdepolarizations. Autonomic influences, stretch, or 
abnormal calcium handling may be involved in the triggering 
[18]. Focal sources may also maintain or contribute to the 
maintenance of AF [78, 85–90], but the extent of their 
involvement is not well defined and may depend on the 
underlying pathology and/or stages of AF persistence.

A reentrant mechanism was long thought to be the pre-
dominant mechanism responsible for the maintenance of 
AF. More recent mapping studies have raised doubt about 
the predominant role of reentry. In many mapping studies, a 
full reentrant circuit is rarely if ever observed [86, 87, 89, 
91–97]. A new hypothesis of AF maintenance has recently 
appeared i.e., the “double layer hypothesis”, which is claimed 
by the authors to be neither reentry nor focal [93–96, 98]. 
This theory stipulates that persistent AF is mediated by 
endo-epicardial dissociation and that the arrhythmia is main-
tained by intramural meandering wavelets causing multiple 
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Fig. 2.4 A temporal window of vulnerability for development of atrial 
fibrillation (AF) with advancing HF (HF): AF more readily occurs at 
moderate vs. severe electrical +structural atrial remodeling. (a) Incidence 
of AF and ventricular tachycardia and fibrillation (VT/VF) as a function 
of duration of ventricular tachypacing (i.e., 2–3 weeks of pacing = “Early 
HF” and 5–6 weeks of pacing = “Late HF”). The highest AF vulnerability 
occurs relatively early in the course of development of VTP-induced HF, 
whereas VT/VF develops later. (b, c) Schematic depiction of potential 
mechanisms underlying the “window of vulnerability” for development 
of AF. Distinctions in atrial electrophysiology between early and late 
HF. Moderate electrical and structural remodeling in the early stages of 
HF predispose to the development of AF. In the late stages of HF, electri-
cal and structural remodeling of the atria progress to cause rate-depen-
dent severe depression of excitability and conduction, thus significantly 
reducing the ability of atria to maintain rapid activation. In the ventricles, 
electrical and structural remodeling reach the threshold for arrhythmic 
vulnerability only at the late stage of HF. Reproduced with permission 
from Burashnikov et al [23]
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endo-epicardial breakthroughs. This hypothesis appears to 
be similar to the original Moe multiple wavelet theory [99].

The multiple wavelet mechanism of AF (i.e., multiple 
simultaneous meandering reentrant wavelets) first proposed 
by Moe and co-workers [99] was considered to be the princi-
pal mechanism from the 1960s to the early 1990s. Evidence in 
support of this hypothesis was provided by Allessie and co-
workers in 1985 [100]. More recent mapping studies have 
failed to record multiple reentrant circuits on the epicardial 
and/or endocardial surfaces of the fibrillating atrium [86, 87, 
89–97, 101]. In the 1990s to early 2000s, several groups, led 
by Jalife and co-workers, reported that AF could be main-
tained by a single stable reentrant circuit (mother rotor) result-
ing in fibrillatory conduction as the wavefront encounters 
regions of refractoriness or anatomical obstacles [101–103]. 
The “single reentry” theory was considered to be the dominant 
mechanism for the maintenance of AF in 2000s [103].

Results of mapping studies of AF reported over the past 
6 years have provided conflicting data. Using a 64-pole bas-
ket catheter, Narayan and co-workers, regularly observed a 
stable rotor on the endocardial surface during AF [104–106]. 
Using 128–512 electrodes or optical mapping, other groups 
either failed to record any reentrant circuits or rarely recorded 
short-lived episodes of reentry from the epicardial and/or 
endocardial surfaces [89, 90, 93–97, 107].

A possibility exists that AF could be maintained by a 
transmural reentrant circuit(s), which cannot be seen on the 
epicardial or endocardial surfaces. Transmural anatomic 
reentry has been reported to consistently occur during AF in 
the study utilizing a simultaneous epicardial and endocardial 
surface mapping of the atrium [107]. Other studies employ-
ing simultaneous epicardial and endocardial mapping, how-
ever, have failed to observe transmural reentry [95, 96].

It is difficult to understand why some groups consistently 
observe stable reentry [102–106] while other groups either 
do not see reentrant activity at all or see it only rarely as 
short-lived episodes [89, 90, 93–97]. One possible explana-
tion is that a half loop of activation (i.e., “incomplete reen-
try”) is sometimes taken as evidence for reentry. In the 
presence of rapid and heterogeneous propagation of conduc-
tion, which commonly occurs during AF, “wannabe reentry” 
is often encountered [90].

The dominant type of reentrant mechanism responsible 
for AF maintenance has changed over the years. “Leading 
circle” reentry was the dominant type of AF driver in 1970s 
to early 1990s [28, 100]. The “leading circle” reentry has no 
or little temporal excitable gap between succeeding AF acti-
vations. Concurrently, the concept of wavelength (the prod-
uct of ERP and conduction velocity) was considered to be a 
robust predictor of AF occurrence [108–110]. In the 1990s 
and beyond, a temporal excitable gap was consistently 
recorded during AF [52, 111–114] and stabilization of AF 
was shown to be associated with prolongation of the tempo-
ral excitable gap [52]. These data questioned the importance 
of “leading circle” and “wavelength” theories. Between 1990 

and 2010, “spiral wave” theory took over the lead as the 
dominant reentrant mechanism for AF [103]. The spiral 
wave theory explains the existence of the “excitable gap” 
[114], but the presence of spiral waves during AF itself (or at 
least a high probability of its occurrence) has been ques-
tioned as well [89, 90, 93–96].

Conduction disturbance is thought to be important for the 
development of reentry. The principal role of conduction dis-
turbance in AF can be questioned by the fact that INa block-
ers, producing a wide range of conduction alterations, do not 
or very rarely induce AF de novo. Interestingly, conduction 
velocity has been reported to be increased when compared in 
6 vs. 24 h after pacing/AF, when AF is more persistent [30, 
50]. This appears to be due to abbreviation of ERP and pro-
longation of the excitable gap [52].

In summary, at the present time the evidence for reentry as 
the principal mechanism of AF maintenance, which was thought 
to be well established in 1980–1990s, remains controversial.
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Genomics of Cardiac Arrhythmias

Dan M. Roden and M. Benjamin Shoemaker

Abstract

It has long been recognized that certain traits “run in families”, and arrhythmias are no 
exception. The most poignant examples are channelopathies and cardiomyopathies which 
can take the life of an otherwise healthy child. The current state of knowledge in channelo-
pathies and cardiomyopathies is outlined in other chapters in this volume and the details of 
the specific genes in these diseases will not be discussed further here. Increasingly robust 
datasets also support the idea that genetic factors play a role in variable drug responses and 
in susceptibility to common arrhythmias notably atrial fibrillation (AF) and sudden cardiac 
death (SCD). Further, inexpensive and accurate genotyping and sequencing technologies 
introduced in the last decade are revolutionizing not only diagnostics and patient care, but 
are also introducing new complexities in interpretation of genetic test data with which phy-
sicians are only now becoming aware.
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A human genome includes about three billion base pairs. 
Genetic variation is common and increasingly well- 
recognized not only as a cause of familiar genetic diseases 
but also as a modulator of the severity of common and rare 
disease and as a determinant of variable drug responses. The 

challenge and opportunity for genomic medicine is to apply 
this emerging knowledge to improve patient care: examples 
include improved diagnostics, new drug development, avoid-
ing drugs likely to be ineffective or dangerous, and improved 
risk stratification in common and rare disease [1].

 DNA Variants

The most frequent type of genetic variant is a SNP, or a sin-
gle nucleotide polymorphism (a glossary of common terms 
used here is provided as Table 3.1). Any individual harbors 
approximately 10–20 million SNPs when their whole 
genome sequence is compared to that of a reference sequence. 
The vast majority of SNPs are rare: probably only 1% have a 
minor allele frequency > 1%, and allele frequencies of com-
mon and rare variants often differ across ancestries. Exons, 
the protein-coding regions, represent 1–2% of the genome 
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Table 3.1 A glossary

Term Comment

Allele A variant form of a gene. The less common 
variant is termed the “minor” allele. Allele 
frequency is the relative frequency of a 
variant in a population. Allele frequencies 
often vary by ancestry. Variants are often 
termed common if the minor allele 
frequency is >1–5% and rare if <1%

Autosomal 
dominant

A pattern of genetic disease transmission in 
which a single copy of a variant allele on a 
non-sex chromosome (an autosome), from 
either parent, is sufficient to cause a disease. 
Typical features include both male to female 
and female to male transmission, and 
transmission to 50% of children of a carrier

Autosomal recessive A pattern of genetic disease transmission in 
which a disease is manifest when both 
alleles carry disease-causing variants. The 
child can be homozygous (the same variant; 
often as a result of consanguineous matings) 
or compound heterozygous (different 
variants). Occasionally one variant is 
inherited and the other arises de novo

Copy number 
variation (CNV)

A polymorphism consisting of changes in 
the number of copies of a gene or genes. 
The changes can be large deletions or 
insertions of one or more copies

De novo mutation A mutation absent in either parent

Exome The protein-coding region of the genome, 
made up of individual exons

Genetic 
heterogeneity

The same or similar phenotype conferred by 
mutations in different genes

Genome Wide 
Association Study 
(GWAS)

A method that examines associations 
between phenotypes and hundreds of 
thousands or millions of common SNPs. 
GWAS is an unbiased method because it 
searches all possible genomic regions, and 
not just those previously implicated by 
known biology

Indel A polymorphism consisting of insertion or 
deletion of nucleotides

Linkage analysis A method that seeks to identify associations 
between phenotypes and genomic markers 
such as STRs or SNPs

Mutation A rare variant causing a genetic disease

Next generation 
sequencing

New technologies introduced ~2005 that 
have dramatically decreased the cost and 
accelerated the speed of DNA sequencing. 
Sequencing a while genome in 2002 was 
estimated to cost $10,000,000 and take 
weeks-months, while in 2016 a whole 
genome sequence can be completed in 
<2 days for <$2000

Penetrance The extent to which a genetic variant 
produces a phenotype. Incomplete or 
variable penetrance indicates that not all 
variant carriers will display the phenotype

Phenotypic 
heterogeneity

Mutations in the same gene give rise to 
multiple distinct phenotypes

Table 3.1 (continued)

Term Comment

Odds ratio (OR) In genomic medicine, often used to describe 
the ratio between the odds that a genetic 
variant will produce a phenotype compared 
to the odds that the phenotype will arise in 
the absence of the genetic variant

Single nucleotide 
polymorphism 
(SNP)

A DNA polymorphism in which a single 
nucleotide is substituted in the reference 
sequence. Exonic SNPs (those in the exome) 
may or may not change the encoded amino 
acid (non-synonymous and synonymous 
respectively). SNPs in non-coding regions 
may alter protein function by changing 
messenger RNA splicing or by altering the 
rate of protein synthesis

Short tandem repeat 
(STR)

A DNA polymorphism consisting of a 
sequence of 2–10 nucleotides repeated often 
dozens or hundreds of times across the 
genome. STRs were used in initial linkage 
studies before widespread dense SNP 
genotyping became available

(the “exome”), so a typical exome contains 50,000,000 base 
pairs and 10,000–20,000 SNPs. Exonic SNPs may alter the 
primary amino acid sequence of the encoded protein and are 
termed “non-synonymous” (nsSNPs). Because the genetic 
code is redundant (i.e. each amino acid may be encoded by 
multiple triplet codons), some coding region SNPs do not 
change the encoded amino acid and are termed 
“synonymous”.

SNPs in non-coding regions can also alter protein func-
tion by altering the rate at which messenger RNA and thus 
protein is generated, or by altering exonic splicing to result 
in altered protein products. Another type of polymorphism is 
a short tandem repeat, a sequence of a few (usually <10) 
nucleotides that is repeated, up to dozens of times; short tan-
dem repeat genotyping allowed the first type of linkage anal-
ysis described below. Other genetic variants include small 
insertion or deletion events (“indels”) which again may or 
may not alter protein expression or function. Larger insertion 
or deletion events (up to thousands of base pairs), termed 
copy number variation, may disrupt entire genes up to dele-
tion or duplication of entire chromosomes as in Turner or 
Down’s syndrome; deletion of whole exons has been 
described as an usual cause of long QT syndrome [2–4]. The 
term “mutation” is applied to a genetic polymorphism that is 
clearly associated with a severe disease phenotype. Since 
severe phenotypes are rare, mutations are rare. Determining 
whether a rare polymorphism is pathogenic represents a 
major emerging challenge in genome science.

There is a spectrum of frequencies of genetic variants that 
can cause, or increase susceptibility to, a common human 
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trait such as arrhythmias and a rough relationship between 
the frequency of disease-associated alleles and their effect 
sizes (Fig. 3.1). At one end of the spectrum are very rare 
variants with very large effect sizes, such as those seen in 
channelopathies or cardiomyopathies. Even here, it is not 
unusual to see a kindred with multiple members carrying the 
same DNA variant with one carrier having a severe pheno-
type (such as markedly prolonged QT intervals and multiple 
episodes of torsades de pointes), and another carrier in the 
same family having normal QT intervals and no arrhythmias 
[5]. The reasons for such “incomplete penetrance” remain 
ill-defined, but a leading hypothesis suggests that “genetic 
background”, the effect of other genetic variants, may pro-
mote or inhibit development of the phenotype in the specific 
individual, even within the same kindred [6–8]. Thus, the 
phenotype in even monogenic diseases likely has important 
contributions from other genetic variants.

At the other end of the spectrum are common variants 
(often defined as a minor allele frequency > 1–5%) in a pop-
ulation. Because such variants are so common, they cannot, 
by definition, be severely detrimental since otherwise they 
would not persist in a population. However, as discussed fur-
ther below, even common variants can contribute modestly 
to susceptibility to a human trait (including AF and SCD). In 

addition, common variants can modulate the severity of a 
rare variant (i.e. they may modulate penetrance). They may 
also produce large effect sizes on exposure to environmental 
stressors; a notable example is highly variable drug responses, 
determined by common genetic variants.

 Conventional Approaches to Finding Genes 
in Familial Traits

The conventional approach (until recently) to finding a 
disease- associated gene in a family was to identify a multi- 
generational kindred in which multiple members are affected 
by a readily ascertained phenotype such as QT interval pro-
longation, marked septal hypertrophy, or early onset atrial 
fibrillation. Each member of the family was assigned a phe-
notype (affected or not), assumptions were made about pen-
etrance, and each family member was genotyped at known 
common polymorphic sites (often short tandem repeats) 
across the genome. A formal statistical approach termed 
“linkage” was then used to identify regions of the genome at 
which the genotype at the polymorphic sites associated with 
the phenotype. The linked region would then be searched for 
specific variants in biologically plausible genes to identify 
causative mutations in the kindred. The larger the family, the 
denser the genomic markers, and the more robust the pheno-
type assignment, the more likely it was that a locus associ-
ated with the disease could be identified. Linkage analysis 
was the technology used to identify the first disease genes in 
conditions such as hypertrophic cardiomyopathy and the 
long QT syndromes.

In the long QT syndrome, early studies using linkage 
analysis identified the three major disease genes KCNQ1, 
KCNH2, and SCN5A; this is an example of “genetic hetero-
geneity” the phenomenon that mutations in different genes 
can confer the same or similar phenotypes. Functional assays 
were then developed and showed the potassium channel 
mutations decreased the outward repolarizing potassium cur-
rents IKr and IKs, while the sodium channel mutation increased 
late sodium current [9]. These pathophysiologic insights 
then suggested that rare variants in the same genes might 
also be causes of the long QT syndrome. However, most 
families are small, and often include few affected members. 
In these cases, linkage is not possible and so a common 
approach is to sequence known disease genes, searching for 
rare variants previously associated with the disease or for 
previously-unreported rare variants; the evidence is bolstered 
if the rare variants are known to alter function in in vitro 
assays. An extension of this logic has been to sequence not 
only known disease genes, but also genes encoding other ion 
channels or their interacting proteins known to decrease 
repolarizing currents or increase late depolarizing sodium 
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Fig. 3.1 Relationship between allele frequency and clinical effects. 
Rare variants that produce familial channelopathies or cardiomyopa-
thies fall to the upper left, while common variants associated by GWAS 
with human traits fall to the lower right. The vast majority of variants in 
any individual are rare and produce no effect, small (and generally dif-
ficult to detect) effects, or unknown effects (lower left). Variants that are 
common and produce large effects are unusual (upper right); some 
pharmacogenetic variants are common and produce clinically impor-
tant effects on drug exposure. Other genetically-determined responses 
to environmental stressors may also fall into this region. The effects of 
uncommon variants (the black box of minor allele frequencies <1.0%) 
are largely unexplored since those experiments require sequencing or 
genotyping in large numbers of subjects and these technologies are only 
now being deployed
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(or calcium) currents. This approach has been used to iden-
tify rare variants that then become plausible causes of long 
QT syndrome in patients in whom mutations in the com-
moner, more well-established, disease genes are absent [10]. 
Similarly, initial linkage-based discovery was followed by 
candidate gene identification in hypertrophic and dilated car-
diomyopathies, including arrhythmogenic right ventricular 
dysplasia. The drawback of this approach is that the statisti-
cal argument is weaker than with formal linkage, and the 
possibility exists that a rare variant, even in a biologically 
plausible candidate gene, may in fact not be causative.

 Contemporary Approaches to Finding Trait 
Associated Genetic Variation

The initial draft of the first human genome has enabled new 
tools for analysis of genetic contribution to both rare and 
common diseases. One such tool is the ability to genotype 
large numbers of known common polymorphic sites across 
the genome, and associate variability at those sites with com-
mon human diseases, the “genome wide association study” 
(GWAS) paradigm discussed further below. In addition, in 
the last 10 years, newer “next generation” sequencing 
approaches have become increasingly inexpensive and 
robust and are rapidly finding a place in discovery of new 
disease genes and variants.

A wonderful example of the power of new sequencing 
approaches to find disease genes is illustrated by a study that 
examined two neonates with a particularly severe form of the 
long QT syndrome [11]. In both cases, the parents were phe-
notypically normal and there were no other affected family 
members. In such cases, the causative variant likely repre-
sents a “de novo mutation” (i.e. one arising in the absence of 
that mutation in either parent) or a case of autosomal reces-
sive disease (i.e. both parents carry an abnormal allele, but 
are phenotypically normal and the phenotype only arises in 
the child who inherits the abnormal allele from both par-
ents). Prior to the availability of next generation sequencing, 
analysis of such cases as this would be confined to sequenc-
ing only of known candidate genes, such as the already 
described long QT syndrome disease genes. In these two 
cases, sequencing the known genes found no likely causative 
variant. However, sequencing whole exomes identified 
~20,000 coding region variants in each child. Of these, a 
very small minority (~30) were de novo (determined by 
exome sequencing in the parents), and an even smaller sub-
set were non-synonymous, never observed previously, and 
validated by conventional sequencing. After this filtering 
exercise, both children were found to harbor mutations in the 
calcium sensing protein calmodulin. Interestingly, three sep-
arate genes encode the identical calmodulin protein, presum-
ably some with preferential expression in heart, and one 

proband had a mutation in CALM1 and the other in CALM2. 
Both variants alter calmodulin affinity for calcium and while 
the underlying details of the mechanisms whereby these 
mutations prolong QT interval remain to be fully elucidated, 
the genetic approaches demonstrate the power of next gen-
eration sequencing to identify new disease genes even in 
small kindreds, and demonstrate rare variants in calmodulin 
can confer arrhythmia phenotypes. Interestingly, other muta-
tions in calmodulin have now been associated with catechol-
aminergic polymorphic VT and other phenotypes, an 
example of the phenomenon of “phenotypic heterogeneity” 
in which different mutations in the same gene can cause a 
range of different phenotypes.

 The Genome-Wide Association Study

The GWAS paradigm studies large numbers of subjects 
drawn from a general population and assigned a phenotype. 
Phenotypes analyzed by GWAS can be categorical (e.g. 
atrial fibrillation by age 60: yes/no) or continuous (QRS or 
QT interval duration). Individuals across the population are 
genotyped at approximately a million known common SNP 
sites and sites associated with the trait are then identified. In 
general, since GWAS focuses on common SNP sites, the 
effect size of each SNP is very modest, although the associ-
ated P-values can be amazingly small. For example, in a 
GWAS analyzing variability in the QTc across ~100,000 
subjects, the most statistically significant associations were 
with SNPs near the NOS1AP gene, encoding an accessory 
protein for neuronal nitric oxide synthase: the P-values were 
as low as 10−213, but the effect size per variant SNP was 
approximately 3.5 ms per allele [12]. GWAS has now been 
used to study over 2000 traits [13]; there are several impor-
tant points a reader should bear in mind when presented with 
GWAS data:

 1. GWAS is a starting point for further studies to elucidate 
function at the linked locus and thus mechanisms under-
lying the association. A number of studies have impli-
cated NOS1AP as a modulator of calcium, potassium, or 
sodium channel function in heart [14, 15], its exact role 
remains incompletely determined.

 2. The “best” SNP association merely identifies a region of 
the genome associated with the trait and does not imply 
that the specific SNP analyzed has any function. Rather, it 
serves as a “signpost” in the genome to indicate the region 
probably contains functional variants.

 3. The P-value does not imply a large effect size, as described 
above. It is, in fact, unusual for GWAS to yield odds ratios 
(OR) >2, with a couple of exceptions noted below. While 
an exact cut-off for an OR to become “actionable” is not 
defined, a value >10 has been proposed [16]. Thus 
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 genotyping patients for risk SNPs discovered by GWAS 
is unlikely to be clinically useful. At this point, GWAS 
associations are best interpreted as new biology, waiting 
for underlying mechanisms. Many of these associations 
will be false positives; however, some may lead to new 
biomarkers or new drugs.

 4. Most SNP associations are not in coding regions but are 
intronic or intergenic. Indeed, the gene closest to a highly 
statistically significant SNP may not be the gene that har-
bors causative variants accounting for the trait. One nice 
example came from a GWAS examining variability in 
QRS duration [17]: the top SNP was in SCN10A, a gene 
encoding a sodium channel known to be important in dor-
sal root ganglion function but previously not thought to 
have a role in the heart. Subsequent studies have impli-
cated the SCN10A gene product as potentially playing a 
role in modulating late sodium current in cardiomyocytes 
[18]. However, it is also clear that the variant in SCN10A 
is within a regulatory region important for modulating 
expression of SCN5A, the gene that encodes the cardiac 
sodium channel that is directly adjacent to SCN10A in the 
genome [19, 20]. Thus, the top SNPs in the QRS GWAS 
are within SCN10A but modulate cardiac conduction by 
regulating expression not of SCN10A but of SCN5A, the 
adjacent cardiac sodium gene.

 5. GWAS provides an unbiased look across the whole 
genome and thus identifies new biological pathways that 
other approaches will miss. The idea that variants near 
NOS1AP modulate QTc would not have been discovered 
without an unbiased look across the whole genome. The 
post-GWAS challenge is to identify the functional vari-
ants conferring the signal, and the underlying biology.

 6. The GWAS paradigm generates P values associated with 
a million or more independent tests of association and so 
has a very high false positive rate. A generally accepted 
P-value threshold for significance is therefore not 0.05 
but rather 0.05/106, P < 10−8. Moreover, a GWAS signal at 
“genome-wide” significance generally represents an ini-
tial hypothesis requiring further validation. This can 
come in the form of data from different methods such as 
functional studies or more commonly replication of the 
signal in other large datasets. Thus, reports of GWAS 
often include thousands or tens of thousands of cases and 
controls.

 7. There are exceptions to the rule of very large numbers. 
One is in pharmacogenetics, possibly because there is no 
evolutionary or survival disadvantage to a common phar-
macogenetic variant since drug exposure is a new envi-
ronmental stressor. For example, a GWAS examining a 
very small number (51) of cases of hepatitis after expo-
sure to a new antibiotic and 282 controls exposed to the 
antibiotic but not developing hepatitis identified a single 
GWAS association in the major histocompatibility com-

plex region with a P-value of 8.7 × 10−33. Follow up stud-
ies have identified a specific HLA allele, HLA-B*57:01 
as conferring risk with an OR = 81. Another example is a 
study that compared a relatively small number of cases 
(312) of Brugada syndrome and 1115 population controls 
and identified two very strong signals [21], one at the 
SCN10A locus controlling conduction and the other near 
HEY2, a gene previously not implicated in cardiac elec-
trophysiology and now thought to regulate ion channel 
expression. Despite the relatively small numbers (for a 
GWAS), the OR for individuals carrying multiple risk 
alleles was as high as 21.5.

 8. GWAS associations can point to modulators of penetrance 
in rare disease. For example, a number of studies have 
identified common variants at NOS1AP as modulators of 
penetrance in the long QT syndromes. Each variant 
NOS1AP allele appears to confer a 1.4-fold increase in 
risk of arrhythmias, even among individuals with similar 
QT intervals [6, 7]. A second example is in kindreds of 
multiple affected members with atrial fibrillation, where 
common AF-associated variants at the 4q25 locus dis-
cussed further below have been found to modulate pene-
trance [22].

 Specific Arrhythmias: Atrial Fibrillation

The Framingham Heart Study has reported that a parental 
history of AF confers an OR > 3 for AF risk [23]. Up to 20% 
of subjects with AF and no other risk factors (sometimes 
termed “lone” AF) have a family member with AF [24, 25], 
further supporting a genetic contribution to susceptibility. 
Linkage in large kindreds has identified variants in KCNQ1 
and in NPPA (encoding atrial natriuretic peptide [ANP]) [26, 
27]; interestingly, in both cases the causative mutation is a 
“gain of function” (increased K+ current, increased ANP 
concentration). However, most kindreds with AF are too 
small for linkage or even exome sequencing. In some cases, 
rare variants in logical candidate genes, such as ion channel 
genes [22, 28], have been identified, although the strength of 
the evidence in these cases is less strong than with conven-
tional linkage.

One of the most dramatic examples of the success of 
GWAS to identify new biological pathways has been its 
application in AF. In an initial study, 550 Icelandic AF cases 
and 4476 controls were used to identify a risk locus at chro-
mosome 4q25 [29]. Interestingly, the closest gene, PITX2, 
encodes a transcription factor with a cardiac specific splice 
variant thought to regulate left-right asymmetry during 
development. Within several weeks of publication of the ini-
tial GWAS result came a report that PITX2 is critical for the 
development of the “pulmonary myocardium”, the sleeve of 
left atrial myocardium that invaginates, to a variable degree, 
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into the pulmonary veins [30] and represents a common 
source for AF [31].

Sequencing the PITX2 coding region has not identified 
non-synonymous SNPs associated with AF. In mice in which 
the cardiac specific isoform has been deleted, AF is readily 
induced, and transcripts encoding for known pro-AF genes, 
such as KCNQ1 and NPPA, are increased [32]. The most 
recent large AF meta-analysis involved 6707 cases and 
52,426 controls (with replication in a further 5381 cases and 
10,030 controls) [33]; the 4q25 variants near PITX2 were 
replicated with P-values as low as 10−74 and each allele con-
ferring a risk of ~1.6. Taken together, therefore, the statistical 
and functional data suggest that variants in PITX2 drive AF 
susceptibility, although that formally remains a hypothesis.

Other studies, notably in lone AF, have identified variants 
near the potassium channel KCNN3 [34] and the transcrip-
tion factor ZFHX3 [35], and the large meta-analysis con-
firmed these and identified six further linked loci. 
AF-associated variants near 4q25 have been studied in mul-
tiple clinical scenarios related to AF, and have been associ-
ated with successful rhythm control by antiarrhythmic drugs 
[36], recurrent AF after cardioversion [37], risk for post- 
cardiac surgery AF [38], success of catheter ablation for AF 
[39], risk of cardioembolic stroke [40, 41], and penetrance of 
rare AF-associated variants in families with multiple affected 
members [22]. Another study has reported that a common 
nsSNP in the beta1 adrenergic receptor gene increases the 
likelihood of successful rate control in AF [42].

 Specific Arrhythmias: Sudden Cardiac Death

SCD most commonly occurs as a complication of an acute 
coronary syndrome. Thus, a major genetic contributor to 
SCD risk are those genes involved in lipid metabolism and 
susceptibility to myocardial infarction, not further discussed 
here. There are data, described further below, that a family 
history of SCD increases the risk in an individual patient. 
One possibility is that coronary occlusion increases the like-
lihood of a fatal arrhythmia in a patient with a subclinical 
channelopathy such as long QT syndrome or Brugada syn-
drome [43]. Another possibility is that variants in other 
genes, as yet undetected, contribute to risk.

The Paris Prospective Study I followed 7079 men 
recruited in 1967–1972 and followed over time. There were 
118 sudden deaths in individuals age < 65, and having a par-
ent with SCD at age < 65 conferred a statistically significant 
OR = 2.0 [44]. The Arrhythmia Genetics in the NEtherlands 
Study (AGNES) compared 330 individuals with ventricular 
fibrillation (VF) within the first 90 min of a first ST segment 
elevation myocardial infarction (STEMI) with 372 controls 
with a first STEMI but no VF. There were only two multi-
variate predictors of VF, the extent of ST segment elevation 

(OR 1.3–2) and a family history of sudden death (OR 1.8–
4.0). The AGNES study has been analyzed by GWAS and a 
single statistically significant associated locus was identified 
at chromosome 21p21 [45]; the nearest gene is CXADR, 
which encodes a receptor for Coxsackie virus that has been 
implicated in myocarditis susceptibility and as a modulator 
of cardiac conduction. The GWAS is small, and further func-
tional and/or genetic studies will be required to validate this 
signal.

 Specific Arrhythmias: Drug-Induced Torsades 
de Pointes

Torsades de pointes, polymorphic ventricular tachycardia 
occurring at a “relatively” slow rate (e.g. 160–300 beats per 
minute) in setting of QT prolongation is the rhythm typically 
seen in congenital long QT syndromes as well as in a drug- 
induced form. There is some evidence that risk for drug- 
induced torsades de pointes (diTdP) includes an individual 
susceptibility or genetic component. In one study, first degree 
relatives of subjects with diTdP displayed greater QT inter-
val prolongation on challenge with quinidine than did sub-
jects without a family history of diTdP [46]. In another study, 
challenge with intravenous sotalol in subjects with a history 
of diTdP produced much greater QT prolongation than did 
the same challenge in age- and sex-matched controls [47].

The clinical similarities between the congenital and drug- 
induced forms of the arrhythmia also suggest a genetic basis 
for the disease. Early after identification of the first congeni-
tal long QT syndrome disease genes, a number of groups 
tested the hypothesis that diTdP actually represents subclini-
cal cases of the congenital syndrome, revealed by drug chal-
lenge. Anecdotes and small series [48–51] support the idea 
that 5–20% (as high as 40% in one series [52]) of cases of 
diTdP do arise through this mechanism.

In a candidate gene study, genotypes at 1424 SNPs in 18 
candidate genes were assessed in 176 cases of diTdP and two 
sets of controls, 207 patients receiving QT prolonging antiar-
rhythmics and tolerating them without marked QT prolonga-
tion, and 837 population controls. In that study, a single 
nsSNP, resulting in D85N in KCNE1 (a protein modulating 
the “slow” cardiac repolarizing potassium current IKs) was 
present in 1.8–2.9% of controls and 8.6% of cases with an 
OR = 9–12. A GWAS compared 216 cases of diTdP to 771 
drug-exposed or population ancestry-matched controls and 
found no signal even approaching genome-wide significance 
[53]. Exome sequencing in 65 cases of diTdP and 148 con-
trols previously tolerating QT prolonging antiarrhythmics 
revealed a slightly higher frequency of rare nsSNPs in car-
diac potassium channel genes in cases (37%) compared to 
controls (21%). Taken together, these genomic data suggest 
that subclinical congenital long QT syndrome is a mecha-
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nism for diTdP in a minority of cases, that KCNE1 D85N 
represents a common risk allele, and that as yet undescribed 
factors contribute to risk. One recently-described potential 
contributor is drug-induced enhancement of late sodium cur-
rent [54].

 Antiarrhythmic Drug Pharmacogenetics

Genetic factors may modulate plasma concentrations and 
effects of many widely-used drugs including antiarrhythmics 
and anticoagulants [55]. When a drug is eliminated by a sin-
gle cytochrome P450 (CYP) or requires bioactivation by a 
single CYP, genetic variants that cause loss of function may 
produce especially prominent clinical effects, a situation 
termed “high risk pharmacokinetics” [56].

The sodium channel blocking antiarrhythmic propafe-
none, which also has beta blocking activity, is metabolized 
by CYP2D6 to 5-hydroxypropafenone, a metabolite with 
some sodium channel-blocking activity but devoid of beta 
blockade. Poor metabolizer (PM) subjects, those in whom 
CYP2D6 activity is absent (5–10% of the Caucasian and 
African ancestry populations), are homozygotes or com-
pound heterozygotes for loss-of-function variants in the 
gene. In PM subjects, propafenone plasma concentrations 
accumulate to a greater degree than in extensive metaboliz-
ers and beta blockade is more readily demonstrated [57, 58]; 
some cases of propafenone related bradycardia or broncho-
spasm likely arise through this mechanism. Flecainide is also 
a CYP2D6 substrate, but is also eliminated by renal excre-
tion of unchanged drug. Therefore, under ordinary condi-
tions, even a PM subject receiving flecainide does not 
demonstrate unusual drug accumulation or toxicity. However, 
if such a subject develops renal failure, flecainide accumula-
tion and toxicity can ensue [59]. A number of beta blockers 
such as metoprolol and timolol are also metabolized by 
CYP2D6 and PM subjects may therefore demonstrate greater 
beta blocking activity [60, 61].

Procainamide is metabolized by N-acetylation and other 
drug metabolizing pathways, notably oxidation, have also 
been described. Subjects with loss-of-function variants in 
NAT2 (“slow acetylators”) are known to have a higher inci-
dence of procainamide-induced lupus [62]. One theory sug-
gests that in these subjects, more drug is subject to oxidative 
metabolism, with generation of reactive metabolites that 
then elicit the lupus syndrome.

Other antiarrhythmic drugs are metabolized by multiple 
pathways and pharmacogenetic variants do not generally 
affect their plasma concentrations or efficacy. However, both 
quinidine and amiodarone are potent inhibitors of a number 
of CYPs, notably CYP2D6 and, in the case of amiodarone, 
other CYPs such as CYP3A4 and CYP2C9. Therefore, 
patients receiving drugs metabolized through these pathways 

may demonstrate changing efficacy or toxicity when quini-
dine or amiodarone is added to their regimens. One notable 
example is warfarin, whose active enantiomer is metabolized 
by CYP2C9. Amiodarone, by inhibiting CYP2C9, predis-
poses to elevated drug concentration and bleeding risk unless 
dosages are adjusted downward.

Common variants in CYP2C9 which reduce or eliminate 
CYP2C9 function have been described. In Caucasians, these 
include CYP2C9*2 (reduction of function) and CYP2C9*3 
(loss of function) [63, 64] while other variants (*6, *8, and 
*11) predominate in subjects of African origin [65]. Warfarin 
exerts its anticoagulant effects by inhibiting vitamin K 
metabolism by binding to VKORC1, a component of the 
vitamin K complex. Rare variants in VKORC1 have been 
described in subjects with relative or absolute warfarin resis-
tance (requiring >10–20 mg/day for anticoagulation) [66, 
67]. In addition, very common variants in the VKORC1 pro-
motor modulate the amount of messenger RNA detected in 
the liver, and this, in turn, correlates well with warfarin dose 
requirement [68]; variants other genes involved in vitamin K 
metabolism (notably CYP4F2) have also been implicated in 
variable warfarin dose requirements [69, 70]. Large random-
ized clinical trials have compared genetically-guided warfa-
rin dosing algorithms to clinical warfarin dosing and have 
detected either no difference in or a small difference in time 
in therapeutic range during the first 30–90 days of therapy 
[71, 72]. However, these trials did not examine influence of 
genetics on bleeding since they followed subjects for only 3 
months and bleeding events were rare. Other studies have 
accrued larger numbers of subjects with warfarin related 
bleeding (and controls), and have reported that variants in 
CYP2C9 and in CYP4F2 increase bleeding risk [73, 74].

 Summary and Cautionary Notes

The application of modern genetic techniques to families 
with rare but highly lethal conditions has represented a tri-
umph in modern diagnostics and has led to important under-
standing of underlying physiologic processes: for example, 
elucidating the role of individual ion currents in the congeni-
tal long QT syndrome has provided a framework for hun-
dreds of studies examining normal and abnormal 
repolarization. The application of genotyping and sequenc-
ing technologies to common and rare arrhythmia syndromes 
has led to identification of new genetic markers of arrhyth-
mia susceptibility whose biology is only now being explored 
and may, therefore, similarly alter our view of normal physi-
ology and how it is perturbed in arrhythmias.

As sequencing becomes more and more widespread, 
patients with rare variants in key arrhythmia genes, such as 
the congenital long QT syndrome disease genes, are increas-
ingly identified. In one study in over 2022 normal subjects, 
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11% harbored rare non-synonymous variants in SCN5A and 
KCNH2, and while 34% of these variants were judged by 
experienced laboratories to be potentially pathogenic, very 
few subjects had any associated arrhythmia phenotype [75]. 
Thus, the difficulty facing the practicing physician will be 
how to interpret genetic data while robust tools to assess 
likely pathogenicity of those variants are still in develop-
ment. Further, as sequence data become increasingly avail-
able to physicians and patients, the question of when an odds 
ratio or some other metric of genetic effect size becomes 
“actionable” is likely to loom large. Actions might include 
changing a drug, diagnostic evaluations for arrhythmia risk, 
or initiating device ablation or drug therapy. Each of these 
may impose risks as well as benefits and understanding that 
balance will be an emerging challenge in arrhythmia 
genomics.
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Channelopathies: Clinical Presentation 
and Genetics
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Abstract

Over the last three decades, the field of genetic cardiac arrhythmia diseases has transformed 
to where genetic testing has become an integral part of diagnosis, treatment and follow- up, 
including family evaluation. In fact, in some cases these genetic discoveries have enabled 
pre-clinical diagnosis thereby possibly preventing one of its most devastating, and some-
times sentinel, event of sudden cardiac death (SCD). This is certainly true for the cardiac 
channelopathies, heritable cardiac arrhythmia syndromes caused by abnormal ion channel 
function clinically leading to syncope, seizures, and SCD, often in the setting of a structur-
ally normal heart. These inherited and potentially lethal arrhythmia disorders include a 
variety of diseases, of which the most common ones—long QT syndrome (LQTS), Brugada 
syndrome (BrS), and catecholaminergic polymorphic ventricular tachycardia (CPVT)—
will be discussed in this chapter. As will be outlined, not only can genetics help (or compli-
cate) diagnosis of these channelopathies, important genotype-phenotype correlations have 
emerged that might aid in risk stratification for these conditions, and genotype specific 
therapies are available in certain situations.
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Abbreviations

ATS Andersen-Tawil syndrome
BrS Brugada syndrome
CPVT Catecholaminergic polymorphic ventricular 

tachycardia
JLNS Jervell and Lange-Nielsen syndrome
LQTS Long QT syndrome
SCD Sudden cardiac death

 Long QT Syndrome (LQTS)

 Clinical Presentation of LQTS

Congenital long QT syndrome (LQTS) comprises a distinct 
group of cardiac channelopathies characterized by delayed 
repolarization of the myocardium, electrocardiographic QT 
prolongation, and increased risk for syncope, seizures, and 
SCD. Often defined as a QTc over 470 ms for men or 
480 ms for women, a QTc of 480 ms represents the 50th 
percentile among patients with genetically proven LQTS, 
which in contrast represents the 99th percentile among oth-
erwise healthy women. The incidence of LQTS is approxi-
mately 1 in 2000 to 2500 individuals [1, 2]. However, 
diagnosis and recognition of LQTS is often complicated by 
the fact that patients might not demonstrate QT prolonga-
tion on a resting 12-lead surface electrocardiogram (ECG). 
In fact, about 30–40% of patients with genetically proven 
LQTS have a QTc < 460 ms at rest [3]. In LQTS, the result-
ing abnormal repolarization is generally without conse-
quence and therefore, an affected patient can be 
asymptomatic throughout their whole life. However, in 
some cases, the repolarization abnormality can degenerate 
into a potentially life threatening, ventricular arrhythmia 
known as Torsades des Pointes (TdP). Typically, the 
arrhythmia spontaneously returns to sinus rhythm resulting 
in “just” arrhythmic syncope, but, in some cases, the 
arrhythmia persists thereby precipitating SCD. It is esti-
mated that approximately 5% of patients with undiagnosed 
and therefore untreated LQTS succumb to SCD as their 
sentinel event. In such cases, a complete medico- legal 
autopsy, careful review of the deceased medical history and 
evaluation of possibly dismissed prior syncopal episodes is 
needed to elucidate the cause of death and might reveal an 
underlying cardiac arrhythmia syndrome [4, 5]. In fact, it is 
estimated that nearly half of individuals experiencing 
autopsy negative SCD may have exhibited prior warning 
signs (i.e. exertional syncope, family history of premature 
sudden death) that went unrecognized. Especially in the 
setting of a normal autopsy, genetic testing might aid in 

diagnosis, and subsequent evaluation and treatment for 
potential family members at risk.

While the arrhythmias can occur at any time, certain 
(genotype- specific) triggers, such as exertion and swimming 
in LQT1, emotion, auditory triggers (startles, alarm clocks), 
and the post-partum period in LQT2, are well established 
[6–9]. Importantly, it is critical for physicians to carefully 
distinguish benign syncope from a faint caused by a poten-
tially lethal cardiac disease (see Chap. 19). Additionally, 
when evaluating someone suspected to have LQTS, one must 
distinguish congenital LQTS from the patient who exhibits 
QT prolongation caused by other conditions associated with 
QT prolongation as the abnormal cardiac repolarization, QT 
prolongation, and even TdP seen in LQTS can also result 
from numerous comorbidities (e.g., pheochromocytoma, 
anorexia, diabetes, and hypertrophic cardiomyopathy to 
name a few), electrolyte derangements particularly hypoka-
lemia, and Food and Drug Administration (FDA)–approved 
medications (www.crediblemeds.org) [10, 11]. In fact, cur-
rently there are over 100 FDA approved drugs known to pro-
long the QT on the market and QT liability and drug-induced 
TdP (DI-TdP) followed by DI-SCD have been among the 
most common reasons for withdrawing drugs.

Treatment recommendations for LQTS are summarized 
in Table 4.1. In general, management of LQTS consists of (a) 
basic SCD prevention measures such as QT drug avoidance, 
electrolyte/hydration replenishment particularly in setting of 
vomiting and diarrheal illnesses, use of antipyretics to reduce 
fever, and the acquisition of a personal automatic external 
defibrillator AED as well as (b) medical treatments, such as 
prescription drug therapy (mainly beta blockers) or more 
invasive treatment or prevention methods, such as an implant-
able cardioverter defibrillator (ICD) or left cardiac sympa-
thetic denervation (LCSD)) [12]. Although prior guidelines 
were very restrictive, current guidelines state that (competi-
tive) sports participation may be considered following com-
prehensive evaluation and a clear, patient specific treatment 
plan [13]. Pharmacologically, beta blockers are the first line 
of treatment for patients with LQTS, including those with a 
normal ECG but hosting a known LQTS associated muta-
tion, and preference should go to long lasting agents such as 
nadolol [12].

An ICD is recommended in patients with a prior cardiac 
arrest (Class I recommendation) and can be considered in 
high risk patients who experience events on beta blocker 
therapy [12]. An LCSD, involving resection of the lower half 
of the left stellate ganglion along with an extended sympa-
thectomy from T2 to T4, is indicated in high risk patients 
who experience appropriate VF-terminating ICD therapies, 
have breakthrough events on beta blockers, patients in who 
an ICD is contra-indicated or patients who are intolerant to 
beta blocker therapy [12].

J.M. Bos and M.J. Ackerman
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Table 4.1 Treatment options for channelopathies

Disease Therapy Expert guideline recommendation Class

LQTS Life style changes (Avoidance of 
QT drugs, identification and 
correction of electrolyte 
imbalances

Recommended in all patients I

Beta blockers Recommended in all patients with LQTS who 
have QTc > 470 ms, are symptomatic or have 
documented history of VT, VF

I

Useful for patients with QTc < 470 ms IIa
ICD Recommended for all patients who have survived 

cardiac arrest
I

Useful for patients who experience recurrent 
cardiac events while on beta blocker

IIa

LCSD Recommended in all patients contraindicated for 
ICD, who have refused ICD, or for whom beta 
blockers are not effective of tolerated

I

Useful in patients with recurrent cardiac events 
while on beta-blockers or with ICD

IIa

Sodium channel blockers Useful as add-on therapy for patients with LQT3 
with QTc > 500 ms whose QTc shortened by 
>40 ms on oral drug test

IIa

BrS Life style changes (Avoidance of 
drugs that might aggravate BrS, 
avoidance of excessive alcohol 
intake, and immediate treatment 
of fever)

Recommended in all patients I

ICD Recommended in patients who have survived 
cardiac arrest or have documented sustained VT

I

Useful in patients with spontaneous diagnostic type 
I ECG patients with a history of cardiogenic 
syncope

IIa

May be considered in patients with inducible VF IIb
Quinidine Can be useful in patients with history or 

arrhythmic storms or patients with ICD 
contraindication, and/or history of supraventricular 
tachycardia requiring treatment.

IIa

May be considered in asymptomatic patients with 
spontaneous type I ECG

IIb

CPVT Lifestyle changes (Limit to 
avoidance of competitive sports, 
strenuous exercise, stressful 
situations

Recommended for all patients I

Beta-blockers Recommended for all symptomatic patients I
Can be useful in asymptomatic, mutation-positive 
patients

IIa

ICD Recommended in patients with a previous cardiac 
arrest, or recurrent syncope of polymorphic/
bidirectional VT despite optimal medical treatment 
and/or LCSD

I

Flecainide Can be useful as an addition to beta blockers in 
patients with recurrent syncope or polymorphic/
bidirectional VT while on beta blockers

IIa

LCSD May be considered in patients with recurrent 
syncope or polymorphic/bidirectional VT while on 
beta blockers, or contraindicated for ICD

IIb
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 Genetic Basis and Genotype-Phenotype 
Correlations

Originally known as Romano-Ward syndrome, LQTS is a 
genetically heterogeneous disorder largely inherited in an 
autosomal dominant pattern. Hundreds of mutations have 
now been identified over 15 LQTS-susceptibility genes. 
Approximately 75% of patients with a clinically robust diag-
nosis of LQTS host either loss-of-function (K channels) or 
gain-of –function (Na channels) mutations in one of the three 
major LQTS-causative genes that encode for the critical 
pore-forming alpha subunits of the essential ion channels 
that govern the cardiac action potential (Table 4.2; Fig. 4.1). 
Variants in the two most common genes, the KCNQ1- 
encoded IKs (Kv7.1) potassium channel (LQT1, ~35%) and 
the KCNH2—encoded IKr (Kv11.1) potassium channel 
(LQT2, ~30%, loss-of-function)—lead to loss-of-function of 
the potassium channels during phase 3 of the cardiac action 
potential (Fig. 4.1) resulting in abnormal repolarization and 
QT prolongation. Approximately 10% of patients have a 
mutation in the SCN5A-encoded INa (Nav1.5) sodium chan-
nel (LQT3) leading to gain-of-function of this channel dur-
ing phase 0 of the action potential (Fig. 4.1).

While LQTS is caused by single mutations in the major-
ity of cases, approximately 5–10% of patients have multiple 
mutations in these three genes and these patients commonly 
show a more severe disease phenotype with expression at 
younger age and higher rate of symptoms [14–16]. In fact, 
this is demonstrated in the rare occasions where LQTS is 
inherited in autosomal recessive fashion such as Jervell 
and Lange-Nielsen syndrome (JLNS) characterized by 

Table 4.2 Summary of long QT syndrome-susceptibility genes

Gene Locus Protein

Long QT syndrome

Major LQTS Genes

KCNQ1 
(LQT1)

11p15.5 IKs potassium channel alpha subunit 
(KvLQT1, Kv7.1)

KCNH2 
(LQT2)

7q35–36 IKr potassium channel alpha subunit 
(HERG, Kv11.1)

SCN5A 
(LQT3)

3p21-p24 Cardiac sodium channel alpha 
subunit (NaV1.5)

Minor LQTS Genes (alphabetically)

AKAP9 7q21-q22 Yotiao

ANKB 4q25-q27 Ankyrin B (Ankyrin B syndrome)

CACNA1C 12p13.3 Voltage gated L-type calcium 
channel (CaV1.2) (Timothy 
Syndrome, Cardiac-Only Timothy 
Syndrome)

CALM1 14q32.11 Calmodulin 1

CALM2 2p21 Calmodulin 2

CALM3 19q13.32 Calmodulin 3

CAV3 3p25 Caveolin-3

KCNE1 21q22.1 Potassium channel beta subunit 
(MinK)

KCNE2 21q22.1 Potassium channel beta subunit 
(MiRP1)

KCNJ2 17q23 IK1 potassium channel (Kir2.1; 
Andersen Tawil syndrome)

KCNJ5 11q24 Inwardly rectifying potassium 
channel (Kir3.4)

SCN4B 11q23.3 Sodium channel beta 4 subunit

SNTA1 20q11.2 Syntrophin-alpha 1

TRDNa 6q22.31 Triadin (Triadin Knock-Out 
Syndrome)

aAutosomal recessive inheritance
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Fig. 4.1 Cardiac 
channelopathies and the 
cardiac action potential. 
Schematic representation of 
the phases of the cardiac 
action potential, the ion 
channels involved and how 
gain- or loss-of-function 
mutations in the genes 
encoding for these channels 
might lead to the cardiac 
phenotype of Andersen Tawil 
syndrome (ATS), Brugada 
syndrome (BrS), long QT 
syndrome (LQTS) or Timothy 
syndrome (TS)
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 homozygous/heterozygous mutations in KCNQ1, a severe 
cardiac phenotype and sensorineural hearing loss (reviewed 
in [17]), or in the recently described triadin knock-out 
(TKO) syndrome characterized by compound heterozy-
gous/homozygous mutations in TRDN-encoded triadin, QT 
prolongation with extensive T-wave inversions, and early, 
exercise- induced cardiac arrest [18].

The minor LQTS-susceptibility genes (Table 4.2) encode 
for (a) ion channels responsible for other phases of the car-
diac action potential (for example gain-of-function variants 
in the phase 2 associated, CACNA1C-encoded voltage gated 
L-type calcium channel), (b) key cardiac channel interacting 
proteins (“ChIPs”) that generally regulate the native ion 
channel current, or (c) structural membrane scaffolding pro-
teins that function in proper localization of channels to the 
plasma membrane. Mutations in these genes are nevertheless 
relatively rare and collectively explain less than 10% of 
LQTS.

Lastly, there are several, albeit rare conditions that could 
be considered syndromic LQTS, which aside from QT pro-
longation and arrhythmias can present with additional clini-
cal (extra-cardiac) features. In addition to JLNS and TKO 
syndrome described above, one such syndrome is Andersen- 
Tawil syndrome (ATS) which is caused by loss-of-function 
mutations in the KCNJ2-encoded IK1 (Kir2.1) potassium 
channel and characterized by triad of clinical features: peri-
odic paralysis, dysmorphic features and ventricular arrhyth-
mias [19]. QT prolongation in these patients is commonly 
modest and often overestimated by inclusion of prominent 
U-waves on ECG. Patients can also demonstrate ventricular 
ectopy, including bigeminy, and bidirectional—or polymor-
phic ventricular tachycardia (VT). Consequently, KCNJ2- 
mediated catecholaminergic polymorphic ventricular 
tachycardia (CPVT or CPVT3) is possible [20].

Interestingly, gain-of-function mutations in the 
CACNA1C-encoded voltage gated L-type calcium channel 
can lead to LQTS alone or syndromic LQTS with divergent 
phenotypes, including Timothy syndrome (TS), character-
ized by high risk of SCD, syndactyly, craniofacial and odon-
tic abnormalities, possible congenital heart defects, 
hypertrophic cardiomyopathy (HCM) and autism spectrum 
disorders [21], or the recently described cardiac-only 
Timothy syndrome (COTS), which as its name suggests is 
similar to TS but is devoid of any extra-cardiac features [22]. 
Approximately 20–25% of clinical definite cases of LQTS 
remain genetically elusive.

Importantly, the majority of mutations found in LQTS- 
associated genes are unique mutations and there are no par-
ticular ‘hot-spots’. While whole exome- and whole genome 
sequencing (WES and WGS respectively) techniques have 
yielded some of the newest LQTS-associated genes, such as 
CACNA1C or CALM1 [23, 24]), these discoveries have not 
brought forth a large, new contributor to the 20–25% rem-
nant of genetically elusive LQTS. In fact, the emergence of 

clinical genetic testing and publication of large population 
exome collections have more demonstrated that rate of rare 
variants in the population is approximately 5–10% (depend-
ing on the gene panel and ethnicity) making distinguishing 
the next, novel pathogenic mutation from ‘background noise’ 
of utmost importance and rather difficult [25–29].

Specific genotype/phenotype associations in LQTS have 
emerged, suggesting relatively gene-specific triggers, ECG 
patterns, and response to pharmacotherapy. For example, 
LQT1 is strongly associated with exercise-induced events 
(including swimming) and in fact, the LQTS substrate can be 
elucidated by either exercise testing or epinephrine QT stress 
testing on patients with electrocardiographically concealed 
LQT1 [30–34].

LQT2’s cardiac events are associated with auditory trig-
gers (startles, alarm clock) as well and an increased risk of 
events occurring during the postpartum period, while events 
occurring during periods of sleep/rest are more common in 
LQT3. Electrocardiographically, LQT1 can be recognized 
by broad-based T waves compared to low amplitude notched 
or biphasic T waves in LQT2, or a long isoelectric segment 
followed by a narrow-based T wave in LQT3 [35]. However, 
exclusions to patterns exist and due caution must be exer-
cised in making a pre-genetic test prediction as the underly-
ing genetic basis ultimately heavily influences the response 
to standard LQTS pharmacotherapy. Recent studies in large 
population of patients have shown there are differences 
between the different beta-blockers and that genotype- 
specific effects can be observed. Overall, all beta-blockers 
are equally effective in reducing risk of cardiac events in 
patients with LQTS, although among the specific genotypes 
beta blockers are extremely protective in patients LQT1, but 
less so in LQT2 of LQT3. In fact, nadolol is the only one to 
demonstrate significant risk reduction in patients with LQT 
type 2 [36]. Additionally, propranolol has shown to have a 
significantly better QTc shortening effect, possibly because 
of its effects on of late sodium current and is therefore may 
be preferred in patients with LQT3. Conversely, cardiac 
breakthrough events were significantly more common in 
genotyped patients on metoprolol (29%) compared to pro-
pranolol (8%) or nadolol (7%), and should therefore be 
avoided in these patients [37]. In addition, agents such as 
mexiletine, flecainide, or ranolazine targeting the pathologic, 
LQT3- associated late sodium current may be useful adjunc-
tive therapy for some LQT3 patients as long as there is no 
evidence of a SCN5A overlap syndrome phenotype for these 
patients [38, 39]. Unlike beta-blockers, attenuation in repo-
larization with clinically apparent shortening in the QTc has 
been demonstrated with late sodium current blockers. 
Although there is no evidence-based demonstration of sur-
vival benefit thus far, recent studies show an attenuation in 
LQT3-associated cardiac events with mexiletine [38].

Akin to pharmaceutical therapy, genotype-dependent 
 efficacy occurs with LCSD as well. While overall a 90% 
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reduction on arrhythmia burden in seen following LCSD, the 
attenuation in events and the elimination of post-LCSD 
breakthroughs is greatest in LQT1 followed by LQT2 and 
then LQT3 [40, 41]. Larger studies are however still needed 
to fully determine the true role of LCSD in LQT3.

In addition, intra-genotype risk stratification has been 
realized for the two most common subtypes of LQTS based 
upon mutation type, mutation location, and cellular function 
[42–48]. Patients with LQT1 with Kv7.1 missense mutations 
localizing to the transmembrane-spanning domains clini-
cally have a twofold greater risk of a LQT1-triggered cardiac 
event than LQT1 patients with mutations localizing to the 
C-terminal region [47]. Trumping location, patients with 
mutations resulting in a greater degree of Kv7.1 loss-of- 
function at the cellular in vitro level (i.e. dominant nega-
tive—most commonly missense variants) have a twofold 
greater clinical risk than those mutations that damage the 
biology of the Kv7.1 channel less severely (haploinsuffi-
ciency—commonly nonsense, frameshift and splice site 
variants) as in the latter the complete loss of a mutant allele 
leads to the unaffected allele contributing to normal channel 
formation. More recently, a detailed study into KCNQ1 dem-
onstrated that among these previously considered equivalent, 
haploinsufficiency-associated variants that nonsense muta-
tions are associated with a lower cardiac event rate, while 
patients with a frameshift mutations are associated with a 
higher risk, comparable to that seen in patients with mis-
sense (dominant negative) variants [49].

Location of variants is equally important in patients with 
LQT2 [44, 46]. Phenotypically, patients with variants in the 
pore region of Kv11.1 have a longer QT interval, a more 
severe clinical manifestation of the disorder, and experience 
significantly more arrhythmia-related cardiac events occur-
ring at a younger age compared to those with non-pore of the 
channel. Additionally, studies have shown a possible rela-
tionship between location and outcome of the disease sug-
gesting that LQT2 patients with mutations involving the 
transmembrane pore region had the greatest risk for cardiac 
events, those with frame-shift/nonsense mutations in any 
region had an intermediate risk, and those with missense 
mutations in the C-terminus had the lowest risk for cardiac 
events. Further, a more recent study showed a striking gender 
difference for mutation location where, in contrast to men, 
LQT2 women experience a high rate of life-threatening 
events independent of mutation location [48].

 Risk Stratification in LQTS

Based on these observations, both clinical and genetic find-
ings can guide risk stratification in patients with 
LQTS. Patients should be considered high risk if they have 
experienced a prior cardiac arrest, have cardiac events despite 

optimal treatments, or have a QTc over 500 ms, especially if 
a LQT2 post-pubertal female [12]. Patients with complex 
syndromes, such as JLNS or ATS or multiple mutations 
should be considered high risk as while mutation type- and 
location discussed above should be taken in account (except 
for women with LQT2) [12]. Conversely, a low risk (but not 
zero) can be assigned to asymptomatic patients with con-
cealed LQT1 substrates, especially when residing in post- 
pubertal males.

 Brugada Syndrome (BrS)

 Clinical Presentation of BrS

Brugada syndrome (BrS) is a rare heritable arrhythmia syn-
drome characterized by syncope, nocturnal agonal respira-
tion palpitations and/or chest discomfort, or VF or aborted 
cardiac arrest. BrS typically manifests during adulthood, 
and is 8–10 time more prevalent in males than females. 
Mean age of sudden death of about 40 years. BrS-triggered 
events often occur during rest or sleep, or when in a febrile 
state; they are rarely associated with exercise [12, 50]. 
Additionally, akin to LQTS, certain drugs can increase risk 
of cardiac events for patients with BrS (www.brugadadrugs.
org) [51]. Although the exact prevalence is unknown, the 
prevalence is much higher in Asian and Southeast Asian 
men and is estimated to be as high as 1 per 1000 individu-
als. In fact, sudden unexplained nocturnal death (SUND) in 
young males is endemic to Southeast Asia and is somewhat 
allelic with BrS. Electrocardiographically, BrS can be rec-
ognized in the presence of coved type ST-segment elevation 
(≥2 mm) in one or more of the right precordial leads V1 
through V3 when positioned in the second, third or fourth 
intercostal space. This is referred to as a type 1 Brugada 
ECG pattern and, if not present with standard ECG lead 
placement, it can be captured with cephalad movement of 
the right precordial leads 1–2 intercostal spaces with 
respect to their standard positions. These 3 serial ECGs, 
obtained by consecutively moving the precordial leads of 
V1-V3, is referred to as the Brugada high lead ECG proto-
col. There is no prognostic value as to which intercostal 
space elicits a type 1 Brugada ECG pattern as it is reflecting 
the anatomic location of the right ventricular outflow tract 
in the chest[Reviewed in [52]]. Alternatively, drug chal-
lenge testing with intravenous administration of a sodium 
channel blocking drugs such as ajmaline (not available in 
the United States), procainamide or flecainide, can be used. 
Ajmaline is a superior provocative drug. It is unknown 
whether procainamide drug challenge with high right lead 
placement would achieve similar diagnostic performance 
characteristics as ajmaline provocation with standard lead 
placement.
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The primary treatment and SCD prevention strategy for 
symptomatic patients with BrS is an ICD  (Table 4.1). Herein, 
an ICD is recommended for patients who have experienced a 
prior cardiac arrest or sustained VT [12]. Furthermore, con-
sensus guidelines state an ICD can be useful for patients with 
spontaneous Type 1 BrS ECG pattern and a history of syn-
cope that is judged to be caused ventricular arrhythmias, and 
may be considered if the patient with suspected BrS has 
inducible VF on EP studies. An ICD is not indicated for 
asymptomatic patients with a drug-induced type 1 Brugada 
ECG pattern and a family history of SCD [12]. 
Pharmacological treatment for BrS is aimed at rebalancing 
the affected ion currents (inhibition of transient outward 
potassium channel or increase of sodium and calcium chan-
nels) using for example isoproterenol and quinidine, how-
ever large scale studies have not been performed. Regardless 
of clinical presentation, all patients with BrS should avoid 
potentially BrS-associated, pro-arrhythmic drugs (www.bru-
gadadrugs.org), avoid alcohol intoxication, avoid cocaine 
and marijuana use, and treat fever immediately [53].

 Genetic Basis and Genotype-Phenotype 
Correlations

BrS is inherited generally as an autosomal dominant trait. 
There are currently up to 20+ BrS-associated genes, how-
ever, only SCN5A-mediated BrS (BrS1) shows true case: 
control over-representation [54, 55] (Table 4.3, Fig. 4.1). 
BrS1 stems from loss-of-function mutations in the SCN5A- 
encoded cardiac sodium channel. Although the most com-
mon BrS substrate, SCN5A accounts for less than 25% of all 
BrS. Additionally, loss-of-function mutations have been 
reported in the CACNA1C-encoded L-type calcium channel 
as well as the KCNE3 and KCND3-encoding outward potas-
sium channels (Fig. 4.1). A recent study evaluating 12 BrS- 
associated genes showed that among unrelated patients a 
SCN5A variant was found in 16% of patients, while the 
remaining 11 genes accounted for <5% of BrS [56]. In a 
large multicenter compendium of variants, the yield of muta-
tion detection may be significantly higher among familial 
forms rather than in sporadic cases. The majority of the 
mutations are missense (66%), followed by frameshift 
(13%), nonsense, (11%), splice-site (7%), and in-frame dele-
tions/insertions (3%) [54]. Approximately 3% of the 
genotype- positive patients host multiple putative pathogenic 
SCN5A mutations, and akin to observations in LQTS, 
patients hosting multiple SCN5A mutations tend to show a 
more severe clinical phenotype and younger age at diagno-
sis. Similarly, there is no particular mutational “hot spot” as 
nearly 80% of the BrS related SCN5A mutations occur as 
“private” single family mutations. Common variants seen in 
approximately 10% of patients are: E1784K, F861WfsX90, 

D356N, and G1408R. Interestingly, the most common 
 occurring BrS1 mutation, E1784K, has is also one of the 
most commonly seen LQT3-associated SCN5A mutations, 

Table 4.3 Summary of Brugada syndrome- and cathecholeminergic 
polymorphic ventricular tachycardia-susceptibility genes

Gene Locus Protein

Brugada syndrome

SCN5A (BrS1) 3p21-p24 Cardiac sodium channel 
alpha subunit (NaV1.5)

ABCC9 12p12.1 ATP-binding cassette, 
sub-family C

CACNA1C 2p13.3 Voltage gated L-type 
calcium channel (CaV1.2)

CACNA2D1 7q21.11 Voltage gate L-type calcium 
channel, alpha 2, delta 
subunit

CACNB2 10p12 Voltage gated L-type 
calcium channel beta 2 
subunit

FGF12 3q29 Fibroblast growth factor 12

GPD1L 3p22.3 Glycerol-3-phosphate 
dehydrogenase 1-like

HCN4 15q24.1 Hyperpolarization-activated 
cyclic nucleotide-gated 
potassium channel

KCND2 7q31.31 Voltage gated potassium 
channel, shal related 
subfamily D, member 2

KCND3 1p13.2 Transient Outward Current 
(Ito) Kv4.3 α-Subunit

KCNE3 11q13.4 Potassium channel beta 
subunit (MiRP2)

KCNE5 Xq23 Voltage gate potassium 
channel beta 5 subunit

KCNJ8 12p12.1 Inwardly rectifying 
potassium channel

PKP2 12p11.21 Plakophilin 2

RANGRF/MOG1 17p13.1 RAN guanine nucleotide 
release factor

SCN1B 19q13 Sodium channel beta 1

SCN2B 11q23.3 Voltage gated sodium 
channel, beta 2 subunit

SCN3B 11q24.1 Voltage gated sodium 
channel, beta 3 subunit

SCN10A 3p22.2 Voltage-gated sodium 
channel, type x alpha 
subunit

SLMAP 3p14.3 Sarcolemma associated 
protein

SEMA3A 7q21.11 Semaphorin 3A

TRPM4 19q13.33 Transient receptor potential 
cation channel

Catecholaminergic polymorphic ventricular tachycardia

RYR2 (CPVT1) 1q42.1-q43 Ryanodine Receptor 2

CASQ2 (CPVT2) 1p13.3 Calsequestrin 2

KCNJ2 (CPVT3) 17q23 IK1 potassium channel 
(Kir2.1)
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illustrating how the same exact DNA alteration in a given 
gene can lead to two distinct cardiac arrhythmia syndromes 
most likely as a result of other environmental or genetic 
modifying factors [54]. Additionally, aside from the overlap 
with LQT3, it was shown that the background noise rate of 
SCN5A variants in the population is approximately 2–5% 
complicating interpretation of clinical genetic tests with 
novel SCN5A- associated variants [27].

Since potentially monogenetic lesions explain less than 
one-third of all BrS cases, genotype-phenotype correla-
tions in BrS have been less informative and less detailed 
than for LQTS. On ECG, patients with BrS1 tend to 
have longer HV intervals than patients with genotype 
negative BrS. Additionally, within the subset of BrS1, 
SCN5A- genotype positive patients with either nonsense or 
frameshift, premature truncation-causing mutations exhibit 
a more severe phenotype than patients with a missense vari-
ants [57]. A recent large cohort study involving the spectrum 
and prevalence of mutations involving all BrS-associated 
genes demonstrated there was a range in yield of genetic 
testing between symptomatic patients with family history of 
BrS and a drug induced BrS pattern (0%), and symptom-
atic patients without family history and a BrS1 ECG pat-
tern (50%). More strikingly, among clinically diagnosed 
BrS1 patients only, yield of genetic testing was significantly 
higher in patients under 20 (75% yield) compared to patients 
between 20 and 40 (22% yield) and patients >40 (15% yield; 
p = 0.0003). This difference was even more striking for male 
patients emphasizing the male predominance of this disease 
[56]. However, unlike LQTS genetic testing where the triad 
of diagnostic, prognostic, and therapeutic impact has been 
fulfilled, the impact of BrS genetic testing remains limited 
by its lower yield (25% for BrS vs. 75% for LQTS) and lack 
of therapeutic contribution from knowing the genotype.

 Risk Stratification in BrS

Due to the limited data on genetics and genotype-phenotype 
correlations, risk stratification for BrS is mainly predicated 
on clinical factors. Strong predictors of risk are male gender 
(males have sevenfold risk of SCD with mean age of event 
between age 39 and 48) and a history of aborted SCD or 
cardiogenic syncope [53]. A spontaneous Brugada ECG pat-
tern (in absence of fever or drugs) is a sign of increased risk 
as well. Conversely, a family history of SCD or the presence 
of an SCN5A mutation are not personal risk factors [53].

Additional proposed risk markers for BrS are the pres-
ence of a fragmented QRS, presence of an effective refrac-
tory period below 200 ms and spontaneous atrial fibrillation 
(seen in up to 50% of patients with BrS) are associated with 
increased risk of cardiac events, While the literature on util-
ity and prognostic value for electrophysiological studies 

(EPS) is controversial, for asymptomatic patients, a recent 
study in over 300 patients with BrS identified EPS inducibil-
ity (HR 11.4), spontaneous type I ECG pattern (HR 4.0) and 
previous sinus node dysfunction (HR 8.0) as univariate risk 
factors for cardiac events [58]; EPS inducibility was the only 
predictor to remain significant in multivariate analyses. Most 
recently, the presence of a wide and/or large S-wave in lead I 
has been suggested as a powerful predictor of cardiac events 
in previously asymptomatic patients with BrS [59].

 Catecholaminergic Polymorphic Ventricular 
Tachycardia (CPVT)

 Clinical Presentation of CPVT

Catecholaminergic polymorphic ventricular tachycardia 
(CPVT) is a heritable arrhythmia syndrome that classically 
manifests with exercise-induced syncope or SCD, is pre-
dominately expressed in the young, and closely mimics some 
of LQT1’s clinical features (exertionally triggered events 
and structurally normal heart) sans the QT prolongation. 
However, compared to LQT1, CPVT’s lethality and cardiac 
event rate is much higher. Like LQT1, swimming is a poten-
tially lethal arrhythmia precipitating trigger in CPVT as both 
have been shown to underlie several cases of unexplained 
drowning or near-drowning in the young healthy swimmer 
[60]. Importantly, in contrast to LQTS, CPVT is associated 
with a normal resting ECG devoid of any QT prolongation 
(although bradycardia and U waves can be observed) and is 
electrocardiographically suspected following either exercise 
or catecholamine stress testing that demonstrates significant 
ventricular ectopy with its hallmark feature of bidirectional 
and polymorphic VT [61]. It must be recognized that prema-
ture ventricular complexes in bigeminy however are far more 
likely to be observed than the more specific finding of bidi-
rectional VT.

Clinically, a presentation of exercise-induced syncope 
and a QTc < 460 ms should always prompt first consider-
ation of CPVT rather than electrocardiographically con-
cealed LQTS. Once thought to manifest only during 
childhood, more recent studies have suggested that the age of 
first presentation can vary from during infancy to 40 years of 
age. More than one-third of patients have a positive family 
history of premature SCD and up to as many as many as 60% 
of families hosting CPVT1-associated RyR2 mutations. 
Moreover, approximately 15% of autopsy negative sudden 
unexplained deaths in the young and some cases of SIDS 
have been attributed to CPVT [4, 62]. From a diagnosis as 
well as treatment perspective, it is essential to distinguish 
LQT1 and CPVT given the superior efficacy of beta blockers 
in LQT1 compared to CPVT and the greater lethality in 
CPVT compared to LQT1. In one study, strikingly, nearly a 
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third of patients diagnosed as “possible/atypical” LQTS 
(QTc < 480 ms) cases with exertion-induced syncope were 
instead RYR2 mutation positive [63]. Similarly, some patients 
diagnosed with CPVT, based on the presence of bi- directional 
VT on exercise, have been identified subsequently as KCNJ2 
positive (CPVT3) which is far less severe than RYR2- 
mediated CPVT (CPVT1).

The treatment options and recommendation for CPVT are 
summarized in Table 4.1. Beta blocker therapy remains the 
first line of therapy in CPVT (nadolol preferred) [12]. 
Additionally, flecainide decreases the ectopy burden in 
patients experiencing breakthrough cardiac events on beta 
blocker therapy [64, 65]. Following the current guidelines, 
an ICD is recommended (Class I recommendation) in CPVT 
patients who have experienced a cardiac arrest, recurrent 
syncope or polymorphic/bidirectional VT despite optimal 
medical treatment [12]. However, ICD treatment cannot be a 
standalone treatment and therefore must be in combination 
with full pharmacologic treatment. Furthermore, due to 
CPVT’s specific arrhythmic fingerprint, ICD treatment can 
be complicated by a failure to restore the cardiac rhythm and 
the initiation of ICD storms (VF-shock- VF-shock cycles) in 
CPVT, which should be considered and discussed with the 
patients when implanting an ICD. In fact, a recent large, 
multicenter study has shown that LCSD has a potent, anti-
fibrillatory effect in patients with CPVT suggesting a grow-
ing and possible alternative role for this procedure over ICD 
implantation [66]. When an ICD is being considered, per-
haps triple protection with nadolol, flecainide, and LCSD 
should be part of a comprehensive anti-electrical storm 
strategy.

 Genetic Basis and Genotype-Phenotype 
Correlations of CPVT

Perturbations in key components of intracellular calcium- 
induced calcium release from the sarcoplasmic reticulum 
serve as the pathogenic basis for CPVT. The three main 
genetic causes of CPVT are shown in Table 4.3. Inherited in 
an autosomal dominant fashion, mutations in the RYR2- 
encoded cardiac ryanodine receptor/calcium release channel 
represent the most common genetic subtype of CPVT 
(CPVT1), accounting for 60% of clinically “strong” cases of 
CPVT. Gain-of-function mutations in RyR2 produce “leaky” 
calcium release channels that cause increased intracellular 
calcium levels during diastole, particularly during sympa-
thetic stimulation. This can precipitate calcium overload, 
delayed afterdepolarizations (DADs), and ventricular 
arrhythmias. Again, most unrelated CPVT families are iden-
tified with their own unique, ‘private’ RYR2 mutation and 
about 5% of unrelated mutation-positive patients host mul-
tiple putative pathogenic mutations.

While there are not any specific mutation “hot-spots” in 
the large gene RYR2, there are 3 regional “hot-spots” or 
“domains” where unique mutations cluster. Before next gen-
eration sequencing technologies emerged, this observation 
lent itself towards targeted genetic testing of RYR2 (~61 
exons, approximately 2/3rds of complete gene) rather than a 
complete scan of RYR2, which is one of the largest genes in 
the human genomie [63]. In fact, two-thirds of all CPVT1- 
associated mutations in RYR2 are confined to <20 of its 105 
translated exons. Greater than 90% of RYR2 mutations dis-
covered to date represent missense mutations; however per-
haps as much as 5% of unrelated CPVT patients host large 
gene rearrangements consistent with large whole exon dele-
tions, akin to what has been observed in LQTS. Again, akin 
to LQTS and BrS, interpretation of the genetic test is compli-
cated by the rate of ‘background noise’ variants in the nor-
mal population of 3% giving it a ‘signal-to-noise’ ratio of 
approximately 20:1 when the CPVT case is a robust one. 
However, more recent data has shown that a strong clinical 
phenotype, overrepresentation of rare variants in cases ver-
sus controls and mutation location are strongest predictors of 
a pathogenic mutation. In fact, this study has led to a refine-
ment of the exons most likely to host a pathogenic variant, 
whereby mutations residing outside the 35 case-predictive 
exons should be approached with caution (Kapplinger 2016, 
manuscript submitted).

 Risk Stratification in CPVT

Risk stratifiers for CPVT include male gender, the occur-
rence of aborted cardiac arrest prior to diagnosis (not syn-
cope), and early diagnosis [67]. Following diagnosis, the 
persistence of ectopy on exercise test despite medical treat-
ment has been associated with worse outcome [67]. 
Additionally, mutations located in the C-terminus of RYR2 
carry a higher risk [68].
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Abstract

Despite the high prevalence of arrhythmias in the population, their diagnosis may be chal-
lenging, as they can be intermittent, short-lasting and/or asymptomatic. Prolonged ambula-
tory rhythm monitoring is a key element in diagnosing non-permanent arrhythmias and in 
evaluating potential arrhythmic symptoms and the mechanism of syncope. It is also useful 
in assessing arrhythmic risk, e.g., atrial fibrillation (AF) burden as it relates to risk for 
embolism or ventricular ectopy as it may relate to prognosis. Historically, prolonged rhythm 
monitoring was limited to short-term Holter recordings over 24–72 h. Over the past 20 years, 
a variety of more advanced non-invasive and invasive devices for prolonged rhythm moni-
toring have entered clinical practice, and the spectrum of clinical indications for their use 
has progressively expanded.
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 Introduction

Despite the high prevalence of arrhythmias in the population, 
their diagnosis may be challenging, as they can be intermit-
tent, short-lasting and/or asymptomatic. Prolonged ambula-
tory rhythm monitoring is a key element in diagnosing 
non-permanent arrhythmias and in evaluating potential 
arrhythmic symptoms and the mechanism of syncope. It is 
also useful in assessing arrhythmic risk, e.g., atrial fibrilla-
tion (AF) burden as it relates to risk for embolism or ven-
tricular ectopy as it may relate to prognosis. Historically, 
prolonged rhythm monitoring was limited to short-term 
Holter recordings over 24–72 h. Over the past 20 years, a 
variety of more advanced non-invasive and invasive devices 
for prolonged rhythm monitoring have entered clinical prac-
tice, and the spectrum of clinical indications for their use has 
progressively expanded.
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The aim of this chapter is to provide an overview of the 
evidence for the use of the currently available tools and 
devices for prolonged rhythm monitoring in common cardiac 
scenarios.

 Recording Systems for Extended Rhythm 
Monitoring

Commonly used recording systems for prolonged ambulatory 
rhythm monitoring are summarized in Table 5.1. Based on the 
current evidence, the choice of tool for prolonged ambulatory 
rhythm monitoring should be guided by the frequency of 
symptoms and by the purpose of the monitoring. For frequent 
symptoms occurring daily to perhaps at least once weekly, a 
24–48 h Holter monitoring may be adequate. Specialists tend 
to dismiss the merits of short-term recordings, reflecting refer-
ral bias because their lens is to see patients with failed short-
term recording. Cardiac event recorders are the diagnostic 
modality of choice for less frequent symptoms (<1 episode per 
week but ≥1 episode per month). For very infrequent symp-
toms (<1 episode per month) an implantable cardiac monitor 
(ICM) should be considered [1, 2].

 Holter-ECG

Holter-ECG recording is the most commonly prescribed 
tool for ambulatory rhythm monitoring and consists of a 
portable recording device connected to cutaneous elec-
trodes placed on the chest wall (Fig. 5.1). Holter ECGs 
provide 2, 3 or 12 ECG-channels for 24–48 h. An extended 
version with real time monitoring can monitor for up to 
2 weeks [3]. The advantages of Holter monitoring include 
its widespread availability, simple application, complete 
data capture (not just events) and the independence of 
patient- activated event recording. The major disadvan-
tages are that the short monitoring time frame results in a 
low diagnostic yield in patients with infrequent symptoms 
(see clinical application of extended monitoring), the 
inconvenience of a portable, continuous recording system 
and the local skin irritation from electrodes [1, 2, 4]. 
Because of inappropriate patient selection and repeat non-
diagnostic testing, short- term Holter monitoring is not 
cost-effective for the majority of patients as the symptoms 
of interest only occur during the monitoring period in a 
minority of patients [2].

Table 5.1 Examples of commonly used device systems for prolonged rhythm monitoring

Typical duration of 
monitoring

Beat-to-beat 
acquisition

Automated data 
collection

Patient-activated data 
acquisition

Possibility of remote 
monitoring

Holter-ECG 24–48 h (up to 
7 days possible)

+ + − −

Event recorders

Non-looping (post event)

    Omron HeartScan 
HCG-801®

Usually 30 days 
(capacity for 400 
ECG recordings)

− − Exclusively −

    Braemar PER900 Post 
Event™

Usually 30 days − − Exclusively −

Looping

    King of Hearts Express® 2–4 weeks + + + −
    CardioCallST80 2–4 weeks + + + −
    MCOT™ 2–4 weeks + + + −
    ZIO® Patch 14 days + + + −
    Medtronic Seek 30 days + + + +

Implantable cardiac 
monitors

CONFIRM Up to 3 years + + + +

REVEAL DX® 9528 Up to 3 years + + + +

REVEAL XT® 9529 Up to 3 years + + + +

Reveal LINQ™ LNQ11 Up to 3 years + + + +

C. Steinberg et al.
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 External Cardiac Event Recorders

Cardiac event recorders are portable monitoring systems that 
are either continuously worn (looping event recorder) or 
intermittently applied (non-looping or post-event recorders). 
External event recorders typically record a single- or dual- 
channel ECG and allow prolonged monitoring periods of 
typically 14–30 days. The recorded rhythm ECG strips are 
stored in the device for analysis and transmission or trans-
mitted in real time via cell phone signal.

Non-looping event recorders are portable, cordless 
devices that are either handheld devices or worn on the wrist 
and are patient activated when symptoms occur. For rhythm 
recording the patient places the device on the chest wall and 
activates a recording button (Fig. 5.2). Non-looping event 
recorders may be selected in the investigation of sustained 
symptoms that are long enough to record the heart rhythm by 
applying the recorder. Non-looping event recorders avoid 
skin irritation associated with the electrodes required for the 
looping event recorders, but by definition cannot capture the Fig. 5.1 Holter ECG

a

b

Fig. 5.2 Examples of non-looping (post event) external cardiac event recorders. (a) Omron HeartScan HCG-801® (Omron Healthcare, Kyoto, 
Japan). (b) Braemar PER900 Post Event™ (Braemar, Eagan, MN, USA)
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onset of events because they are only applied after develop-
ment of symptoms.

Looping event recorders are continuously worn and only 
removed for bathing and showering. These either use elec-

trodes applied from an external recorder or are all-in-one 
patches (Fig. 5.3). Rhythm recording is either initiated by 
patient activation or automatically triggered (according to 
pre-programmed criteria) and will capture a programmable 

a

b c

d

Fig. 5.3 Examples of looping external cardiac event recorders. (a) 
King of Hearts Express® (Instromedix®, San Diego, CA, USA) with 
instructions for electrode placement. (b) Mobile Cardiac Outpatient 

Telemetry (MCOT™ (CardioNet, Malvern, PA, USA). (c) Medtronic 
SEEQ™ (Medtronic, Minneapolis, MN, USA). (d) ZIO® Patch 
(iRhythm Technologies, Inc., San Francisco, CA, USA)
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duration of seconds to minutes before and after the event. 
Looping event recorders are preferred for short symptom 
episodes that occur without warning as well as for patients 
with known or suspected high-risk arrhythmias. The proto-
type of this technology has been referred to as mobile car-
diac outpatient telemetry (MCOT™; CardioNet Inc., 
SanDiego, California) and is now provided by several com-
panies [5, 6]. The recording function is coupled to cellular 
phone technology that transmits detected events to a receiv-
ing central station that can be analyzed and acted upon based 
on a prescribed action plan by the ordering physician. 
Moreover, some of the MCOT devices also retain continuous 
recording tracings in their memory for up to 3 weeks and can 
be interrogated as a 3-week Holter type recording.

Non-looping event recorders and looping recorders have 
their memory downloaded in the office or transtelephoni-
cally where the ECG findings can be printed out and evalu-
ated. Overall, the diagnostic yield of looping event recorders 
is superior to non-looping event recorders (see sections 
“Palpitations and Unknown Arrhythmia” and “Unexplained 
Syncope and Vasovagal Syncope” and Tables 5.2 and 5.3).

More recently, a new variant of the non-looping monitors 
has appeared. It is the use of smartphone technology in 
which electrodes are attached or coupled to the cellphone 
and an app in the phone is used to record and then transmit a 

rhythm strip. This is now being used by patients in growing 
numbers—both to valid medical diagnostic or follow-up pur-
poses and by worried, anxious individuals without true car-
diac pathology.

 Implantable Cardiac Monitors (ICMs)

Implantable cardiac monitors are small leadless, long-term 
rhythm monitoring devices that are implanted under the skin 
of the left parasternal/left precordial chest wall. They are the 
preferred diagnostic tools for patients with very infrequent 
symptoms. They are the only type of monitor that can accu-
rately assess AF burden. The original device, which is the 
size of a USB drive (volume of 6.5–9 mL), weighs 12–15 g, 
and has two integrated electrodes that continuously record a 
single-lead ECG (Fig. 5.3) was/is implanted surgically. Most 
available ICMs have a battery longevity of 3 years. All cur-
rent ICMs are hybrid systems where arrhythmia recording is 
either triggered upon automatic detection or patient activated 
and, like looping external event recorders, will record and 
store the ECG strip before and after the arrhythmia onset. 
For data analysis, the ICM is interrogated with a standard 
pacemaker programmer or through remote monitoring sys-
tem transmission—such as a nightly download from home.

Table 5.2 Prolonged rhythm monitoring for unexplained palpitations or undiagnosed arrhythmia

Study name Year of publication Sample size Type of monitoring Duration of monitoring

Yield of any 
arrhythmia 
detection(%)

Non-comparative 
studies

Locate et al. 2014 164 Automated looping 
event recorder

24.1 ± 8.9 days 85.6%

Turakhia et al. 2013 26,751 Automated looping 
event recorder

7.6 ± 3.6 days 60.3%

Comparative studies

De Asmundis et al. 2014 625 24-h Holter monitor vs. 
non-looping event 
recorder

15 days 1.8% vs. 89% 
(p < 0.01)

Barrett et al. 2014 146 24-h Holter vs. looping 
event recorder

14 days 61 vs. 96 detected 
arrhythmia 
(p < 0.01)

Kinlay et al. 1996 43 48-h Holter vs. looping 
event recorder

3 months 35% vs. 67% 
(p < 0.001)

Rothman et al. 2007 266 Patient-activated 
non-looping event 
recorder vs. looping 
event recorder

30 days 75% vs. 88% 
(p = 0.008)

Balmelli et al. 2003 101 Patient-activated event 
recorder vs. automated 
looping event recorder

7 days 16% vs. 84%

Giada et al. 2007 50 ICM vs. conventionala 
monitoring

279 ± 228 days 73% vs. 21% 
(p < 0.001)

aConventional monitoring included 24-h Holter recording, a 4-week period of external event recorder and an electrophysiology study if the first 
two tests were negative
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Implantable cardiac monitors are minimally invasive and 
associated with a low rate of complications. In addition, 
patient acceptance is high because the leadless device does 
not interfere with individual activities and causes minimal 
aesthetic inconvenience. Automatic arrhythmia detection 
will record several types of arrhythmia including bradycar-
dia, asystole, ventricular tachycardia and atrial fibrillation. 
Most devices have a memory capacity of 40–60 min.

The most recent type of ICM is the Medtronic Reveal 
LINQ™ LNQ11 (Medtronic, Minneapolis, MN, USA) 

(Fig. 5.4) [7]. This miniaturized ICM weighs only 
2.5 ± 0.5 g, has a volume of 1.2 cm3 (dimensions 
44.8 mm × 7.2 mm × 4.0 mm), and can be inserted without 
suture closure with the help of device-specific insertion 
tool. It is about the length of the clip on pens that can be 
clipped to a pocket, but slightly wider. The recommended 
sites of insertion are displayed in Fig. 5.4. The projected 
device longevity is 3 years. Similar to conventional ICMs, 
arrhythmia recording is in response to automatic detection 
and patient activation. The ECG storage capacity of the 

Table 5.3 Prolonged rhythm monitoring for unexplained syncope or presyncope

Study name
Year of 
publication Sample size Type of monitoring Duration of monitoring

Diagnostic yield (%) 
(documentation of first 
recurrent syncope/
presyncope)

Croci et al. 2002 308 72-h Holter 72 h 16%

Sivakumaran et al. 
(COLAPS)

2004 100 48-h Holter vs. 
external looping event 
recorder

1 month 22% vs. 56% (p < 0.001)

Krahn et al. 
(REVEAL)

1999 85 ICM 10.5 ± 4 months 42%

Seidl et al. 2000 133 ICM 10.8 ± 4.3 months 87%

Krahn et al. (RAST) 2001 60 Conventional 
investigationa vs. ICM

12 months 19% vs. 55% (p = 0.0014)

Brignole et al. 2001 198 ICM 15 months Normal heart tilt-positive: 
29%

Moya et al. 2001 Normal heart tilt-negative: 
28%

Menozzi et al. 
(ISSUE-1)

2002 Bundle branch block: 46%

Structural heart disease: 
40%

Brignole et al. 
(ISSUE-2)

2006 392 ICM 9 months (IQR 3–17) 26% with recurrent 
syncope

Based on ICM findings 
55% of patients eligible for 
specific therapyb

Recurrent syncope in 10% 
of ICM-based therapy vs. 
41% in patients without 
ICM-based therapy 
(p = 0.002)

Brignole et al. 
(ISSUE-3)c

2012 511 ICM 12 ± 10 months 17% with recurrent 
syncope

Recurrent syncope at 
2 years in pacemaker ON 
vs. OFF group: 25% vs. 
57% (p = 0.039); overall 
risk reduction of 57% (95% 
CI 4–81)

aConventional investigation included monitoring for 2–4 weeks with an external event recorder, followed by a tilt-test and an electrophysiology 
study
bSpecific therapy was applied after the first ICM-documented syncope and included pacemaker implantation in 88%, ICD in 2%, catheter ablation 
in 8% and antiarrhythmic medication in 2%
cPatients with ICM-documented recurrent syncope and reflex bradycardia underwent implantation of a dual-chamber pacemaker and were subse-
quently randomized to a pacemaker ON or pacemaker OFF group
dThe ISSUE-1 trial enrolled four different groups of patients: (1) normal heart with or without positive tilt-test, (2) underlying bundle branch block, 
(3) structural heart disease
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a

b

c

d

e f

Fig. 5.4 Examples of 
commonly used ICMs. (a) 
Medtronic Reveal LINQ™ 
(Medtronic, Minneapolis, 
MN, USA). (b) Medtronic 
REVEAL XT® 9529 
(Medtronic, Minneapolis, 
MN, USA). (c) St. Jude 
Medial™ Confirm DM2100 
(St. Jude Medical, St. Paul, 
MN, USA). (d) BioMonitor 2 
(Biotronik, Berlin, Germany). 
(e) Patient assistant for all 
Medtronic ICMs. (f) 
Recommended insertion 
locations for Medtronic 
Reveal LINQ™. The 
preferred subcutaneous 
location is over the fourth 
intercostal space along the 
V2-V3 electrode orientation 
with a 45° angle to the 
sternum. Alternatively the 
device can be inserted over 
the fourth intercostal space, 
parallel to the sternum with a 
distance of 2 cm ± 1 cm
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Reveal LINQ™ is 57 min (27 min storage for automatically 
detected arrhythmia, 30 min for patient-triggered event 
recording). In contrast to conventional ICMs, the insertion 
of the Reveal LINQ™ does not require a dedicated proce-
dure or operation room, but can be performed as a bedside 
procedure in a semi- sterile environment. The device inser-
tion takes approximately 5 min (personal experience). Like 
other current ICMs the Reveal LINQ™ is compatible with 
remote monitoring. Although the upfront device costs are 
currently higher compared to conventional ICMs, the ease 
of insertion is less time-consuming and reduces procedure 
related costs [8].

 Clinical Applications of Non-invasive ECG 
Monitoring

 Atrial Fibrillation and Cryptogenic Stroke

Ischemic cerebrovascular accidents represent a leading cause 
of cardiovascular mortality and morbidity and a significant 
socioeconomic burden [9]. One of the major risk factors for 
stroke or transitory ischemic attack (TIA) is AF accounting 
for approximately 24% of events in the overall stroke popu-
lation and for 36% of events in individuals >80 years [9, 10]. 
Despite extensive cardiovascular evaluation the inciting 
mechanism remains unexplained in 25–30% of ischemic 
strokes being termed embolic stroke of unknown source 
(ESUS) strokes [11]. Prediction models based on gene 
expression profiles and infarct location on neuroimaging 
suggest that up to 58% of cryptogenic strokes might be 
caused by occult intermittent AF [12]. Even short-lasting 
episodes of 6 min have been associated with an increased the 
risk of stroke as demonstrated by the ASSERT trial [13]. The 
same study also showed that only 16% of those episodes are 
symptomatic. The yield of detection of AF depends on 
underlying risk factors and the duration of monitoring.

Screening for occult AF during the acute phase of isch-
emic stroke has traditionally been limited to relatively short 
periods of continuous in-hospital telemetry monitoring over 
24–48 h. This is associated with a low yield for the detection 
of AF (2.6%) [14]. Prolonged rhythm monitoring during the 
acute and subacute phase of an ischemic cerebrovascular 
event will detect subclinical AF in up to 16% of patients not 
known to have atrial fibrillation (Table 5.4) [14–19]. The 
strongest evidence comes from the CRYSTAL-AF and 
EMBRACE trials, two recent large-scale randomized trials 
[18, 19]. The most recent American Stroke Association 
guidelines recommend rhythm monitoring up to 30 days for 
patients with ESUS stroke or TIA, however the results of 
CRYSTAL-AF and EMBRACE were not available at the 
time of publication [20–21]. CRYSTAL-AF revealed that 
approximately 30% of patients with cryptogenic stroke will 

manifest AF upon up to 3 years of monitoring with an 
implanted monitor.

 AF Burden Directing Medical or Invasive 
Management

The use of prolonged ambulatory rhythm monitoring for the 
assessment of AF burden is of growing interest, and there are 
numerous ongoing clinical trials addressing the role of 
 prolonged rhythm monitoring for various issues of AF man-
agement. For example, the role of oral anticoagulation in 
subclinical AF detected by ICMs is being addressed in the 
ongoing ARTESiA trial (NCT01938248). Other potential 
indications for prolonged rhythm monitoring include sur-
veillance and adjustment of antiarrhythmic or rate control-
ling medication or documentation of changes in AF burden 
through lifestyle modifications [22, 23]. With regard to pul-
monary vein isolation, ICMs are particularly useful for the 
documentation of procedural success and detection of early 
AF recurrence [24–26].

 Palpitations and Unknown Arrhythmia

Paroxysmal palpitations are a common symptom affecting 
up to 16% of unselected patients who present to a general 
medicine facility. However, an underlying primary rhythm 
disorder is found in only 43%, whereas 57% of palpitations 
are related to psychiatric or miscellaneous conditions such as 
medication or metabolic causes [27]. The diagnostic yield of 
cardiac investigations is related to underlying comorbidities, 
clinical circumstances/triggers, frequency of palpitations, 
and duration of monitoring (Table 5.2). Resting 12-lead ECG 
and 24–48 h Holter-ECG monitoring are the most commonly 
prescribed tests for unexplained palpitations [28]. However, 
the diagnostic yield of a single 24-h Holter monitoring is 
only diagnostic in 12–29% [29]. Cardiac event recorders are 
superior and more cost-effective compared to conventional 
Holter monitoring providing a diagnostic yield of 66–84% 
and 26–52% for loop and non-loop devices respectively [1, 
29–33]. The superiority of automatically triggered event 
recorders is supported by a limited number of prospective 
comparative studies [34, 35].The diagnostic yield of patient- 
activated event recorders is variable across different studies 
and highly dependent on individual motivation, the duration 
of symptoms, and whether or not the event produces cerebral 
impairment (dizziness, syncope) that prevents application of 
the monitor [36, 37].

There is limited data with regard to the optimal duration for 
rhythm monitoring with external event recorders. Most experts 
and guidelines recommend an initial duration of 30 days 
[1]. Two small prospective studies using  patient- activated 

C. Steinberg et al.



57

 continuous loop recorders suggested that a duration of 2 weeks 
is associated with the highest diagnostic yield and cost-effec-
tiveness [38, 39]. Patients with very rare episodes should be 
considered for ICM insertion (Table 5.2) [40].

 Unexplained Syncope and Vasovagal Syncope

Syncope is a common cause of consultation and the cumula-
tive lifetime prevalence in the general population is about 
35% (95% CI 31–39%) with women being affected more 
often than men (41% vs. 28%; p = 0.003) [41]. The three 

major etiologies include neurally-mediated (reflex) syncope, 
orthostatic hypotension, and cardiovascular causes [42]. 
Syncope with serious or life-threatening features, especially 
if abrupt in onset and without focal neurological findings 
upon regaining consciousness, is usually of cardiac origin 
and represents 10–17% of all cases [43, 44]. The etiology of 
up to 37% of all syncopal episodes remains unexplained 
after initial assessment and is associated with a 22% risk of 
recurrence [43].

Although commonly prescribed, the diagnostic yield of a 
24-h Holter is extremely low and symptom-rhythm correla-
tion is only found in 2–6% [45–47]. Even extending Holter 

Table 5.4 Prolonged rhythm monitoring for occult AF in patients with embolic stroke of uncertain source

Study name
Year of 
publication Sample size CHADS2 score Type of monitoring

Duration of 
monitoring

Yield of AF 
detection(%)

Non-comparative 
studies

Grond et al. 2013 1135 N/A 72-h Holter 72 h 4.3% (95% CI 
3.4–5.2%)

Douen et al. 2008 144 N/A Serial ECGsa + 
prolonged Holter 
recordinga

3–5 days Overall incidence 
of 19.4%

6.3% with history 
of AF at baseline

New AF detection

13.5% (Holter + 
serial ECGs)

11.3% (serial 
ECGs alone)

Jabaudon et al. 2004 149 N/A Serial ECGs +24-h 
Holter followed by 
7-days external loop 
recorder

up to 7 days Standard ECGs 
6.7% (95% CI 
3.6–12.1)

24-h Holter 5% 
(95% CI 
2.3–10.2)

7-days external 
loop recorder 
5.7% (2.1–12.9)

Comparative studies

Rizos et al. 2012 496 3b [3, 4] CEM vs. aCEM vs. 
24-h Holter

64b h (43.0–89.8) 24-h Holter: 2.8%

CEM: 5.4%

aCEM: 7.7%

Sanna et al. 
(CRYSTAL-AF)

2014 441 2–34% ICM vs. conventional 
follow-up

6 months 8.9% vs. 1.4% 
(HR 6.4; 95% CI 
1.9–21.7; 
p < 0.001)

3–41% 12 months 12.4% vs. 2.0% 
(HR 7.3; 95% CI 
2.6–20.8; 
p < 0.001)

4–19%

5–6%

Gladstone et al. 
(EMBRACE)

2014 527 3b [2–6] 30-days non-looping 
event recorder vs. 
24-h Holter

3 months 16.1% vs. 3.2% 
(95% CI, 
8.0–17.6; 
p < 0.001)

CEM continuous bedside ECG monitoring, aCEM automated continuous bedside ECG monitoring
aSerial ECGs = 3 ECGs within 72 h; average duration of Holter monitoring was 4.75 days
bMedian (IQR)
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monitoring up to 72 h only modestly increases the diagnostic 
yield to 16% [48]. Overall, the diagnostic yield for unex-
plained syncope depends on the frequency of symptoms, 
duration of monitoring and modality of prolonged rhythm 
recording (Table 5.3). External cardiac event recorders and 
ICMs are superior and more cost-effective than conventional 
Holter monitoring and provide a diagnostic yield of 20–56% 
and 42–87% respectively [36, 49, 50–53]. To maximize the 
diagnostic yield the duration of monitoring should be 
adjusted to the frequency of symptoms. Based on available 
data a minimal duration of 30 days is recommended for 
external cardiac event recorders in most patients [50, 51]. 
With regards to ICMs, data from a pooled population of 
patients with unexplained syncope showed that 93% of 
recurrent events occurred within 12 months post implanta-
tion. The probability of recurrent syncope after 1 year was 
low, particularly in younger patients without additional risk 
factors [54].

It is important to emphasize that frequency and etiology of 
unexplained syncope strongly depend on underlying risk fac-
tors and the type of patient population as demonstrated by the 
ISSUE-1 study (Table 5.3). Neurally-mediated syncope with 
reflex-bradycardia is the most common cause in patients with-
out structural heart disease, whereas brady- or tachyarrhyth-
mias dominate in patients with overt heart disease or underlying 
conduction abnormalities [55–57]. In addition, ISSUE-1 also 
showed the low sensitivity and poor predictive value of tilt-
testing if applied to all syncope patients rather than to those 
appropriately pre-selected for higher index of suspicion for 
vagally mediated syncope [56]. The subsequent ISSUE-2 and 
ISSUE-3 study demonstrated the benefits of ICM-based man-
agement in unexplained and vasovagal syncope respectively 
(Table 5.3) [58, 59]. Based on ICM- recordings during recur-
rent syncope 51% of patients in the ISSUE-2 study were eli-
gible for a specific therapy including pacemaker implantation 
in 88%. The result was a 80% relative risk reduction of recur-
rent syncope [58]. Patients in ISSUE-3 who had ICM-
documented cardioinhibitory response (syncope with asystole 
≥3 s or non-syncopal  asystole ≥6 s) had a reduction in recur-
rent syncope following dual chamber pacemaker implanta-
tion, suggesting selection of patients with a profound 
cardioinhibitory response represents the subset of neurally 
mediated patients that should be considered for pacing [59].

 Screening for Ventricular Arrhythmia and Risk 
Assessment of Sudden Cardiac Death

Although risk assessment for sudden cardiac death is a major 
goal in the management of patients with structural heart dis-
ease or primary electrical disorders [60, 61], the role of rou-
tine prolonged rhythm monitoring to screen for malignant 
ventricular arrhythmia remains undefined for most of those 
conditions. Conventional Holter monitoring alone provides a 

low yield of actionable findings in patients with ischemic 
cardiomyopathy and is only routinely recommended for 
hypertrophic cardiomyopathy [62–65]. Most evidence for 
ambulatory ECG monitoring in ischemic cardiomyopathy is 
derived from the MUSTT trial that enrolled patients with 
mild to moderate reduction of left ventricular systolic func-
tion post myocardial infarction (LVEF 36–40%) [66–68]. In 
MUSTT, patients with ambulatory documentation of asymp-
tomatic non-sustained ventricular tachycardia underwent an 
electrophysiology study and those with inducible sustained 
ventricular tachycardia were randomized to antiarrhythmic 
medication or ICD implantation (after failure of antiarrhyth-
mics) vs. conventional treatment. A mortality benefit was 
shown for patients with ICD implantation. However, it is 
important to emphasize that the MUSTT trial was conducted 
before the era of primary angioplasty, and substantial evolu-
tion of medical therapy of the study population has subse-
quently occurred.

Heart rate turbulence and microvolt T-wave alternans are 
novel, emerging ECG markers that can be derived from 
Holter monitoring that have shown promising results in ini-
tial studies [69–71]. The utility of these markers for risk pre-
diction and decision-making with regard to ICD implantation 
in ischemic cardiomyopathy is currently being tested in an 
ongoing large-scale randomized trial (trial number 
NCT00673842).

 Conclusion

Extended ambulatory rhythm monitoring plays a crucial 
role for diagnosis and management of various rhythm dis-
orders. Conventional Holter-ECG recording has signifi-
cant limitations and is not cost-effective for the majority 
of scenarios where it is prescribed. A large arsenal of 
newer, more advanced monitoring tools is available 
allowing longer and more selective monitoring with 
increased diagnostic yield. To obtain optimal diagnostic 
information the choice of device has to be individualized 
according to symptom description and frequency.
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Sudden Cardiac Death: Methods of Risk 
Prediction
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Abstract

Sudden cardiac death (SCD) is the leading cause of cardiovascular mortality, accounting for 
more than 50% or greater than 300,000 deaths in the United States annually. As such, this 
is a major health care problem. Identifying high risk patients that may benefit from preven-
tative strategies has been studied for decades. The implantable cardiac defibrillator (ICDs) 
has had a major impact on the treatment of SCD. However, this therapy has been largely 
used in patients with left ventricular dysfunction. A changing epidemiology of SCD with 
fewer patients having marked reductions in left ventricular ejection fraction (LVEF) has 
renewed the focus on identifying other high risk populations. This chapter summarizes the 
current understanding of the diverse clinical, genetic, electrocardiographic and imaging 
techniques available to detect patients most at risk. Despite many identified risk factors, no 
single predictor has been shown to have sufficient predictive value to be used to guide pre-
ventative therapy and reduce mortality. More recent effort has been directed towards com-
bining markers to increase the sensitivity of identifying high risk cohorts.
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T-wave alternans • Cardiac magnetic resonance imaging (cMRI) • Scar assessment • 
Sympathetic denervation • Positron emission tomography (PET) • Radioiodinated metaiodo-
benzylguanidine (mIBG) • Signal Averaged ECG (SAECG) • Electrophysiologic study 
(EPS) • Holter monitoring

 Introduction

Sudden cardiac death (SCD) is most commonly defined as 
death from unexpected circulatory arrest occurring within an 
hour of the onset of symptoms or during sleep [1]. In the 
majority of cases, SCD is triggered by an arrhythmic event, 
most frequently ventricular tachycardia, ventricular fibrilla-
tion and asystole, although recently, pulseless electrical 
activity has been noted more frequently.

The leading cause of death in the United States, accord-
ing to the Centers for Disease Control and Prevention, is 
cardiovascular disease (611,000 deaths annually) [2]. Other 
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 common causes of death include malignancy (584,000), 
chronic respiratory disease (149,000), accidents (130,000), 
and strokes (128,000) [2]. Despite a dramatic decline in mor-
tality from heart disease over the past 30 years, SCD remains 
the leading cause of cardiovascular death. It is estimated that 
SCD accounts for more than 300,000 deaths in the United 
States annually and approximately 50% are the first known 
cardiac event [2, 3]. Even this may be an underestimation, 
as the majority of patients who suffer out of hospital cardiac 
arrest never survive the initial event [2].

In order to reduce the burden of SCD, much effort has 
been directed to identify and better treat those most at risk. It 
is well described that underlying structural heart disease in 
the context of ischemia, systolic heart failure and fibrosis 
often trigger sustained arrhythmias that may lead to cardio-
vascular collapse and death. However, a broad range of at 
risk populations for SCD exists, including patients with fam-
ily history of coronary artery disease, heart failure with 
reduced ejection fraction (HFrEF), ambient ventricular 
arrhythmia (PVC, non-sustained ventricular tachycardia 
(VT), sustained VT), prior cardiac arrest, advanced age, 
male sex, African American race, left ventricular hypertro-
phy, congenital heart disease, and cardiac conduction abnor-
malities, such as bundle branch block. Additionally, patients 
with underlying channelopathies, including long QT syn-
drome and Brugada syndrome as well as arrhythmic myopa-
thies, for example arrhythmogenic right ventricular 
cardiomyopathy, Wolf Parkinson White syndrome and 
hypertrophic cardiomyopathy, present differently than those 
with traditional risk from ischemic and non-ischemic cardio-
myopathies. Various electrical markers may predict SCD 
including T-wave alternans, late potentials on signal aver-
aged electrocardiography, inducibility of sustained tachyar-
rhythmia by programmed electrical stimulation, prolonged 
QRS and QT intervals, and/or abnormal heart rate variability 
or turbulence and abnormal baroreflex sensitivity. 
Additionally, there are further co-morbidities that contribute 
to and complicate risk stratification including smoking, 
hypertension, hyperlipidemia, obesity, diabetes mellitus, 
renal failure, drug abuse, and congenital heart disease. 
Finally, life style and social factors play a predictive role 
including activity levels, socioeconomic status, as well as 
stress (emotional or physical) [1, 4]. Given the complexity 
and diversity of these factors, it is not surprising that risk 
stratification of SCD remains a major challenge.

A series of large, multicenter randomized trials demon-
strated the benefit of the implantable cardioverter defibrilla-
tors (ICD) for preventing sudden death in selected populations 
[5–7]. This led to a rapid expansion of this therapy, which 
has likely contributed to a significant decline in incidence of 
ventricular fibrillation [2, 8, 9] and deaths [8] during out of 
hospital cardiac arrest. Due to this success and the changing 
epidemiology of SCD, there has been a renewed focus on 

risk stratification in this population [3, 10]. However, despite 
advances in our understanding, SCD remains a significant 
problem primarily because of a lack of a comprehensive and 
validated approach to detecting patients at risk. The major 
risk factors evaluated are presented in Table 6.1 and will be 
summarized in this chapter.

 Genetics and Genomics

Multiple population based studies exist suggesting a strong 
genetic contribution to individual SCD risk, independent of 
traditional cardiovascular risk factors. The landmark Paris 
Prospective Study showed increased risk of SCD in middle 
aged men with parental sudden death (RR 1.80 (95% CI, 
1.11–2.88) [11]. Similarly, the Seattle case-controlled study, 
demonstrated increased risk of SCD (odds ratio (OR) = 2.69, 
95% CI = 1.35–5.36) among patients with a parental history 
of early onset sudden death (age < 65) [12]. Additionally, 

Table 6.1 Summary of risk stratification tools for sudden cardiac 
death

History Post-MI

Parental history of premature SCD 
(age < 65)

VT/VF

Age

Male sex

African American race

Traditional coronary risk factors

Anatomic 
abnormalities

Low LVEF

Myocardial scar

Autonomic 
abnormalities

Heart rate turbulence: Ambulatory ECG

Sympathetic denervation: MIBG, PET

ECG abnormalities

Resting ECG Prolonged QRS duration

Prolonged QT interval

Brugada syndrome: ST-segment elevation 
and T-wave inversion in V1 and V2

Arrhythmogenic right ventricular dysplasia: 
Epsilon waves, prolonged duration of 
S-wave and T-wave inversion in V1 and V2

Wolf-Parkinson-White: delta waves, narrow 
PR and prolonged QRS duration

Late Potentials on signal averaged ECG

Ambulatory ECG Ventricular ectopy

NSVT

Heart rate turbulence

Exercise ECG NSVT

T-wave alternans

EP study Inducibility of sustained VT

MI myocardial infarction, LVEF left ventricular ejection fraction, SCD 
sudden cardiac death, MIBG meta-iodobenzylguanidine, PET positron 
emission tomography, ECG electrocardiogram, NSVT non-sustained 
ventricular tachycardia
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family history of sudden death has been shown to be an inde-
pendent risk factor (OR 2.72, 95% CI 1.84–4.03) for primary 
ventricular fibrillation in acute myocardial infarction [13]. 
Despite the multiple studies demonstrating a strong associa-
tion between family history and SCD, there has yet to be a 
specific genetic variant or clinical marker identified that has 
proven effective in predicting individual risk. Furthermore, 
due to the variability in the mechanism of SCD, there is 
likely a broad spectrum of heritability of SCD in different 
populations.

In individuals under 40 years of age, SCD occurs in a 
Mendelian pattern with cardiomyopathies and electrical dis-
orders being the most prevalent [14]. In individuals above 
40 years old, which account for the majority of events, SCD 
is most commonly caused by ventricular fibrillation in the 
setting of acute or prior myocardial infarction. To attain a 
better understanding, genome-wide association studies 
(GWAS) are now being performed to isolate genetic variants 
modulating SCD risk, with specific interest in genes that 
play a role in structural abnormalities, as well as heart rate 
and ECG indices of slowed conduction and abnormal repo-
larization [14–18].

GWAS use dense maps of hundreds of thousands of sin-
gle nucleotide polymorphism (SNP) arrays to identify geno-
type patterns associated with a particular phenotype [14], in 
this case SCD. An increasing number of genetic variants are 
starting to be uncovered with strong associations [19, 20] for 
SCD, and this approach holds future promise as costs 
decrease and gene-scanning technologies improve. However, 
these observations are limited in clinical applicability at this 
time due to small sample size.

 Left Ventricular Ejection Fraction

Left ventricular systolic function, estimated by ejection frac-
tion (LVEF), is the most common studied marker of SCD 
risk, and it is clearly a powerful predictor of cardiac mortal-
ity [21–23]. LVEF is easy to measure, reproducible and pre-
dictive in both ischemic and non-ischemic cardiomyopathies. 
In clinical practice, LVEF has become the primary criterion 
used for ICD placement. The MADIT II trial demonstrated a 
significant reduction in SCD and all-cause mortality after 
ICD placement among patients with previous myocardial 
infarction and LVEF ≤30% [24]. The SCD-HeFT trial dem-
onstrated decreased all-cause and sudden death mortality 
after ICD placement in patients with both ischemic and non- 
ischemic cardiomyopathy, NYHA class II or III functional 
status and LVEF ≤35% [7]. However, not all studies show a 
benefit of ICDs among patients with reduced LVEF. The 
CABG-Patch trial showed no benefit of ICD therapy in 
patients with EF < 35% undergoing surgical coronary revas-
cularization [25], possibly due to the antiarrhythmic effect or 

the improved systolic function following revascularization. 
Similarly, the DINAMIT and IRIS studies showed no benefit 
of early implantation of ICDs following myocardial infarc-
tion despite a reduced ejection fraction [26, 27]. Again, this 
may be due to improvement in LVEF post MI or competing 
non-arrhythmic causes of mortality [26]. Hence, the timing 
of LVEF assessment and of intervention and changes in 
underlying myocardial status are also important variables to 
consider. Finally, as noted above, most patients that survive 
cardiac arrest in more contemporary studies only have mildly 
depressed or near normal systolic function [5, 28] and the 
predictive role of LVEF is therefore limited in these popula-
tions without significant underlying cardiomyopathy.

 Resting Electrocardiogram (QRS and QT 
Intervals)

The resting electrocardiogram is a non-invasive, inexpensive 
diagnostic tool that is available in most clinical settings and 
can provide useful prognostic information. QRS duration 
represents interventricular conduction time and when pro-
longed may promote ventricular arrhythmias by altering 
electrical and mechanical function through abnormal disper-
sion of depolarization and repolarization and resultant car-
diac dyssynchrony. QRS prolongation may also be a marker 
of more advanced LV dilation and dysfunction. QRS prolon-
gation (≥120 ms) has been shown to predict both overall 
mortality and SCD in patients with ischemic and non- 
ischemic cardiomyopathy, independent of LVEF [29]. In a 
subgroup analysis of the MUSTT trial, QRS duration and the 
presence of left bundle branch block were found to be inde-
pendent predictors of overall mortality and SCD in patients 
with ischemic cardiomyopathy [30]. Despite the above find-
ings, there are a number of conflicting ICD trials that were 
unable to demonstrate an effect of QRS duration on mortal-
ity independent of LVEF [31, 32], limiting its overall predic-
tive value.

The QT interval represents ventricular repolarization, 
which is routinely corrected for heart rate or RR interval and 
measured as QTc. A QTc duration greater than 420–440 ms 
(longer upper limit of normal in females than in males) is 
associated with a two to threefold increase in cardiac mortal-
ity [33–35] among patients with and without coronary artery 
disease. Applied to the general population, a prolonged QT 
interval and/or increased QT interval dispersion (the maxi-
mal inter-lead QT variance in 12 lead electrocardiogram) 
predicts increased cardiac and total mortality [36]. However, 
in patients with advance heart failure, QT interval and inter-
val dispersion were unable to predict mortality independent 
of LVEF [37], also limiting its clinical applicability in 
patients with significant underlying cardiomyopathy. Of 
note, these studies did not include subjects with genetic 
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channelopathies including Long QT syndrome in whom a 
QTc > 500 ms (or the rarer Short QT syndrome with 
QTC < 350 ms) is associated with increased risk of SCD 
independent of structural heart disease [38, 39].

Finally, there are a number of ECG abnormalities recog-
nized that carry an increased incidence of SCD in specific 
situations including Brugada syndrome, Arrhythmogenic 
Right Ventricular Dysplasia and Wolf Parkinson White 
Syndrome (Table 6.2).

 Ambulatory Electrocardiogram (Holter 
Recording of Ventricular Ectopy and Heart 
Rate Turbulence)

Historically, long term ambulatory electrocardiography by 
Holter monitoring was used to predict SCD in survivors of 
myocardial infarction. Patients with complex ventricular 
ectopy defined as more than 10 premature ventricular beats 
per hour or non-sustained ventricular tachycardia (NSVT) 
were shown to have increased mortality [40, 41]. However, 
in one more recent multivariate analysis performed in the 
thrombolytic/reperfusion era, complex ventricular ectopy 
was not shown to be an independent predictor of mortality 
and the presence of post infarct NSVT no longer predicted 
mortality or arrhythmic events [42]. Studies evaluating com-
plex ventricular ectopy, specifically NSVT among patients 
with non-ischemic cardiomyopathy have also had conflicting 
results [43–45].

Heart rate turbulence is a non-invasive marker of electri-
cal instability that can be assessed on Holter monitor and has 
been shown to identify patients at high risk for all-cause 
mortality and sudden death, specifically in post-infarction 
and congestive heart failure patients [46–49]. Heart rate tur-
bulence is believed to reflect baroreflex sensitivity and is a 
surrogate marker of cardiac autonomic tone. Under normal 
conditions, a ventricular premature beat (VPB) results in a 

transient drop in blood pressure triggering baroreceptor acti-
vated inhibition of vagal tone and subsequent increase in 
heart rate. Increased myocardial contractility following a 
VPB then results in a transient increase in blood pressure 
with a decrease in sinus node activity. To analyze, the RR 
intervals following VPBs are assessed for an initial short 
acceleration followed by a deceleration of heart rate. Absent 
or diminished biphasic pattern reflects an abnormal response 
and increased risk of cardiac arrhythmic death [49].

 Exercise Electrocardiogram (NSVT 
and T-wave Alternans)

Exercise stress testing is a commonly performed, non- 
invasive test used to detect myocardial ischemia and to eval-
uate exercise capacity and cardiovascular function. Exercise 
induced NSVT is associated with increased cardiovascular 
mortality within the next decades [50]. However, exercise 
induced NSVT rarely occurs in structurally normal hearts 
(other than in RVOT ventricular ectopy syndromes) and in 
otherwise healthy individuals is not associated with an 
increase in cardiovascular or total mortality [51, 52]. NSVT 
does not predict long term mortality in patients with myocar-
dial infarction treated with coronary artery reperfusion and 
beta-blockers or dilated cardiomyopathy, independent of 
LVEF. However, NSVT does have prognostic significance in 
patients with hypertrophic cardiomyopathy and certain 
genetic channelopathies [50].

Microvolt T-wave alternans (TWA) is a beat to beat alter-
nation in the morphology and amplitude of the ST-segment 
or T-wave that has been associated with increased propensity 
for sustained ventricular arrhythmias [53]. Only rarely is the 
variability higher than the microvolt range and actually visi-
ble to the eye on routine electrocardiographic strips. The 
effect of TWA is further augmented by increased heart rate, 
ventricular premature beats, ischemia from coronary artery 

Table 6.2 Composite risk scores for SCD in Primary Prevention Cohorts

Prediction model MADT-II PAREPET PACE

NYHA Class > II Percentage of denervated 
myocardium (>37%)

Cr ≥2.0

Point(s) − 2

Age > 70 years LVEDV Index >99 mL/m2 LVEF ≤ 20%

Point − 1

Blood Urea Nitrogen >26 Creatinine >1.49 mg/dL Age > = 70

Point – 1

QRS duration >0.12 s Lack of angiotensin inhibition Peripheral artery disease

Point − 1

Atrial fibrillation

Low risk Zero risk factors Zero risk factors

Intermediate risk Two risk factors One risk factor Less than 3 points

High risk Three or more risk factors Two risk factors 3 or more points

[94–96]
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occlusion or reperfusion, adrenergic stimulation and mental 
stress [53]. The underlying mechanism is believed to involve 
enhanced sympathetic nerve activity and abnormal calcium 
handling that disturbs cardiac repolarization in vulnerable 
myocardium leading to discordant alternans of repolariza-
tion of myocytes. Risk stratification is based on peak TWA 
measured during symptom limiting bicycle or treadmill 
 exercise testing at a target heart rate range of 105–110 beats/
min (and during post-exercise recovery) or during 24 h 
ambulatory ECG recording. Early studies showed that TWA 
was a powerful electrocardiographic tool in predicting risk 
of cardiovascular mortality and SCD in patients with myo-
cardial infarction, as well as in cohorts with ischemic and 
non- ischemic cardiomyopathy. The predictive value of TWA 
in patients not utilizing beta-adrenergic blockade agents is 
significantly less than those on beta-adrenergic therapy [53, 
54]. This phenomenon is likely the result of the beta-adren-
ergic blocker’s effect on the sympathetic nervous system 
[53], and indicates that beta blockers should not be withheld 
before the procedure.

Despite considerable enthusiasm over TWA, subsequent 
large prospective trials failed to validate the role of TWA for 
risk stratification in patients with reduced LVEF. The TWA 
SCD HeFT [55] study showed no predictive value to predict 
mortality or arrhythmic events among patients in the SCD 
HeFT trial. In addition, the Master study showed that TWA 
did not predict appropriate ICD therapy in a large cohort of 
subjects implanted for standard primary prevention indica-
tions [56]. These studies have tempered the enthusiasm for 
this technique in patients with significant underlying cardio-
myopathy. More recently, a different analytic approach was 
developed to assess T-wave alternans in the absence of exer-
cise. This is a somewhat different measure despite the com-
mon name. Ongoing studies are assessing its role in 
stratifying risk of life threatening arrhythmias and SCD 
among patients with LVEF >35%, specifically to be used in 
conjunction with other markers of electrical instability such 
as signal-averaged ECG, heart rate turbulence or heart rate 
recovery (see CARISMA and AVID studies under 
Electrophysiology Study). In this capacity, TWA in the pres-
ence of one other factor increased hazard ratios up to 212% 
and positive predictive value by 78% [53]. In this subgroup 
of patients, its clinical utility remains undetermined.

 Signal Averaged Electrocardiography

Signal averaged electrocardiography (SAECG) is a method 
of recording and averaging electrocardiographic data with 
the goal being to detect late potentials [57]. This test was 
initially found to be a promising marker of sudden cardiac 
death in patients with ischemic cardiomyopathy and later 
non-ischemic cardiomyopathy [57–60]. In a study of 182 

patients post acute myocardial infarction from 1992 with 
14 month follow up, and primary outcome of sustained ven-
tricular arrhythmia or SCD, SAECG was found to be a sig-
nificant predictor of SCD with a 2.7 fold increase in risk 
[61]. El-Sherif et all found similar results when they com-
pared SAECG to clinical acumen, ejection fraction, and 
ventricular arrhythmia and showed that SAECG provided 
that best predictive criterion [62]. Despite these findings, 
some studies that have tried to use SAECG was to predict 
utility of prophylactic ICD implantation in patients with 
coronary artery disease and depressed ejection fraction at 
time of elective coronary bypass surgery have shown no sur-
vival benefit of ICD implantation if patients with abnormal 
SAECG [63].

With regard to non-ischemic cardiomyopathy, Mancini 
et al., in 1993 were able to show that patients with an abnor-
mal SAECG had a significant increase in their risk for sus-
tained ventricular arrhythmias as compared to patients with 
normal SAECG or bundle branch block (BBB) [57]. Goedel- 
Meinen et al. in 2001 demonstrated that SAECG was a use-
ful independent prognostic factor for SCD, mortality, and 
cardiac events [64]. Subsequent studies have shown conflict-
ing and less promising results. A more recent study per-
formed comparing mIBG to SAECG, heart rate variability, 
and QT dispersion showed that mIGB and not SAECG, heart 
rate variability or QT dispersion was a predictor of SCD in 
patients with mild to moderate ejection fraction [65]. It 
should also be noted that in a study by Brembilla-Perrot et al. 
showed, that in 128 patients with dilated non-ischemic car-
diomyopathy, that in the presence of BBB the predictive 
value and specificity of SAECG is significantly diminished 
and that the SAECG itself did could not predict the risk of 
sudden cardiac death and mortality [66].

A head to head comparison between TWA and SAECG 
for predicting arrhythmia risk assessment showed that TWA 
a was more sensitive predictor of ventricular tacharrhythmia 
and death. It did validate the ability of SAECG to predict risk 
of spontaneous ventricular arrhythmias though not as well as 
TWA [67]. Therefore, while an abnormal SAECG may be a 
marker of risk for SCD, its value, especially as compared to 
newer modalities, is limited especially when it comes to pre-
dicting need for ICD. However, it may be useful in combina-
tion but not in isolation.

 Electrophysiology Study

Electrophysiology study (EPS) is an invasive procedure 
designed to diagnose disorders of the cardiac conduction by 
placing catheters in the right atrium, right ventricle and 
across the triscupid valve. With this tool and the prospect of 
delineating high risk patients for sudden cardiac death and 
malignant ventricular arrhythmias, both the MADIT and the 
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Multicenter Unsustained Tachycardia Trial (MUSTT) were 
designed and implemented [68].

In MUSTT, patients with coronary artery disease, left 
ventricular ejection fraction less than or equal to 40% and 
asymptomatic non-sustained ventricular tachycardia were 
enrolled at 85 study sites [68]. Patients who met inclusion 
criteria and had sustained VT induced by EPS were random-
ized to cardiac medications only or a strategy of arrhythmia 
suppression first with antiarrhythmic drugs to suppress the 
inducibility of VT and if unsuccessful then an ICD. A sur-
vival benefit only among patients treated with ICDs and not 
antiarrhythmic drugs [68]. There was an absolute reduction 
in risk of cardiac arrest or death from arrhythmia by 7% after 
5 years of follow up [68].

The Multicenter Automatic Defibrillator Implantation 
Trial (MADIT), which enrolled as a similar population with 
a lower ejection fraction, equal to or less than 35%. In 
MADIT, patients with inducible VT were randomized to an 
ICD or to “conventional care” [69]. These trials were fol-
lowed up by the Multicenter Automatic Defibrillator 
Implantation Trial (MADIT) II which implanted ICDs in 
patients with ischemic cardiomyopathy in the absence of EP 
study for risk stratification [70]. This study included patients 
with a left ventricular ejection fraction ≤30%. A substudy of 
MADIT II performed programmed ventricular stimulation 
through the implanted ICD. This showed that inducible ven-
tricular tachycardia (VT) did correlate with instances of VT 
but there was an inverse relationship with ventricular fibrilla-
tion requiring defibrillation [70]. Interestingly they showed 
that patients with non-inducible VT had a substantial burden 
of VT and a higher ventricular fibrillation burden than induc-
ible patients, which casts major doubts on the utility and pre-
dictive value of EPS [70].

The above findings are supported by the Antiarrhythmics 
Versus Implantable Defibrillators (AVID) trial and the 
Electrophysiologic Study Versus Electrocardiographic 
Monitoring (EVSEM) trial [70, 71]. The AVID trial included 
patients with both ischemic and non-ischemic cardiomyopa-
thies [71]. Investigators found that EPS had a limited predic-
tive value for death though it did predict recurrent VT or 
ventricular fibrillation in patients with inducible VT with 
rates less than or equal to 200 beats per minute and tended to 
predict recurrent VT or ventricular fibrillation in patients 
with coronary artery disease [71]. However, again, EPS 
tended to miss patients who were at risk for VT or ventricu-
lar fibrillation by classifying them as non-inducible [71].

The CARISMA trial was designed to evaluate the predic-
tive value of both invasive and non-invasive strategies of risk 
assessment for potentially lethal arrhythmias [72]. The study 
enrolled 5869 patients who had recent myocardial infarc-
tions in ten European countries [72]. The inclusion criteria 
included left ventricular ejection fraction less than or equal 
to 40% measured 3–5 days after acute myocardial infarction 

not undergoing coronary artery bypass surgery [72]. The pri-
mary endpoint, unlike earlier studies, was not mortality but 
rather fatal or near fatal arrhythmias that could have been 
treated after consensus agreement by a five member commit-
tee reviewing the case [72]. Secondary endpoint was all- 
cause mortality in this study [72]. Monitoring was performed 
primarily with implantable loop recorders [72]. Risk factors 
evaluated included LVEF by echocardiography, heart rate 
variability by Holter Monitoring, TWA, SAECG, EPS, and 
QT analysis with 12 lead electrocardiogram at index and 6 
weeks post acute myocardial infarction [72]. Investigators 
found that heart rate variability and turbulence at 6 weeks 
rather than index was the most significant predictor of poten-
tial lethal arrhythmia [72]. EPS was a predictor of the pri-
mary endpoint but less so than heart rate variability [72]. 
Interestingly, LVEF and TWA were not found to be a statisti-
cally significant predictor of treatable arrhythmia [72]. 
Another recent study, the ABCD trial, which was designed to 
evaluate the utility of TWA, EPS or combination, in selecting 
patients with ischemic cardiomyopathy with an ejection 
fraction less than or equal to 40% who may benefit from ICD 
therapy [73]. This study suggested that TWA and EPS were 
comparable at 1 year and additive in combination in their 
relative predictive values and might be a tool to help deter-
mine patients who would benefit least from ICD therapy in a 
time dependent way [73]. The utility of EPS may be in these 
select populations but even so, is limited and not specific 
enough to be used in a more broad patient population.

 Imaging: Assessing Scar Burden

Contrast enhanced cardiac magnetic resonance (cCMR) is an 
imaging modality that utilizes the power and spatial resolu-
tion of MRI images to understand and evaluate cardiac anat-
omy more accurately [74, 75]. Kim et al. were one of the first 
groups to demonstrate the potential power of cCMR in that it 
can distinguish between reversible and irreversible ischemic 
injury independent of wall motion or infarct age [74]. There 
are two temporal MRI images that can be used to understand 
cardiac anatomy and scar burden [74, 75]. The early contrast 
enhancement phase images are acquired within seconds and 
reflect perfusion while delayed/late contrast enhancement 
phase images are captured after several minutes and reflect a 
myriad of pathophysiological information, including, most 
importantly, myocardial scar [74, 76].

In 2007, Roes et al. published data that suggested cCMR 
delineated myocardial scar may be a superior predictor of 
mortality than LVEF and LV volume in patients with healed 
myocardial infarction [77]. Despite a number of studies 
showing a clear association between risk of malignant 
arrhythmia and myocardial scar, a quantitative continuous 
relationship has not yet been demonstrated [78]. This  suggests 
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that, while scar is an important substrate for VT in patients 
with ischemic cardiomyopathy, it alone does not correlate 
with risk for malignant arrhythmia [78] (Fig. 6.1).

In 2009, Kadish et al. designed The Defibrillators To 
Reduce Risk By Magnetic Resonance Imaging Evaluation 
study (DETERMINE) as a prospective, multi-center, ran-
domized, clinical trial to investigate the effects of ICD 
implantation in patients with coronary artery disease (CAD) 
and mild to moderate LV dysfunction [2, 79]. Their goal was 
to test the hypothesis that patients with LV infarct mass 
greater than or equal to 10% of myocardium, by cCMR, on 
both medical therapy and a functional ICD had a mortality 
benefit over medical therapy alone [2, 79]. Unfortunately, 
because of poor enrollment this study was discontinued [2].

 Imaging: Assessing Sympathetic 
Denervation (MIBG)

The autonomic nervous system consists of the sympathetic 
and parasympathetic components. Under normal circum-
stances, there is a balance with shifts from one system to the 
other depending on physiologic requirements. Chronic 
imbalances may occur in the setting of decreasing LVEF, 
heart failure and increasing left ventricular end diastolic 
pressure that may further worsen ventricular dysfunction [2, 
80, 81].

In 1993, Mitrani et al. first showed in a small cohort of 18 
patients with sympathetic denervation an increase in risk of 
ventricular tachycardia, even in the absence of coronary 
artery disease [82]. Ischemic heart disease is a major risk 
factor for the development of sympathetic denervation, even 

if only for short durations (minutes) [83]. As part of the 
remodeling process, denervation leads to increased sympa-
thetic tone resulting in decreased pre-synaptic norepineph-
rine uptake and post-synaptic beta-adrenoceptors mass in a 
tachyphylaxis like response resulting in global left ventricu-
lar remodeling [84]. The over-stimulation by the sympathetic 
nervous system results in both supraventricular and ventricu-
lar arrhythmias by increasing automatic, triggering automa-
ticity, and reentrance [85, 86].

Computed tomography using radioiodinated metaiodo-
benzylguanidine (mIBG) is now recognized as a powerful 
tool to identify inhomogeneity of the sympathetic nervous 
system within the cardiac myocardium, a potentially impor-
tant substrate for sudden cardiac death [86–88]. mIBG was 
initially developed as a marker for adrenal medulla and 
related adrenergic tumors [87]. It is an analog of norepineph-
rine that is able to concentrate in sympathetic neurons within 
the heart [89]. The concentration of mIBG within cardiac 
neurons directly correlate with the neuronal integrity and 
function [89]. In 1979, mIBG was first synthesized and 
tested in both animals and humans [87]. In the human myo-
cardium, mIBG, is preferentially transported by the cardiac 
neuronal norepinephrine transporter into cardiac sympa-
thetic neurons [87]. mIBG is not metabolized and therefore 
can be imaged using planar or single photon emission com-
puted tomography after uptake as it is not metabolized as 
norepinephrine [84]. In a study of 116 patients who under-
went mIBG imaging prior to implantation of ICD, Boogers 
and colleagues showed that this marker was an independent 
predictor of ventricular arrhythmias that would require ICD 
therapy [84].

The late heart to mediastinum ratio (HMR) on mIBG has 
also been found to be an independent predictor of mortality 
[84]. Early images are typically obtained within an hour of 
infusion while late images are acquired after 3 h [84]. Late 
HMR is calculated dividing the regions of interest of the 
heart mean counts (H) by the regions of interest of the medi-
astinum mean counts (M) [84]. In the prospective AdreView 
Myocardial Imaging for Risk Evaluation of Heart Failure 
(ADMIRE-HF) study of 961 patients with NYHA functional 
class II/III CHF with an LVEF less than 35%, 237 subjects 
experienced functional class progression, life threatening 
arrhythmic events or cardiac death [90]. These investigators 
compared patients with a late HMR less than 1.6 to those 
with values greater than or equal to 1.6 [90]. They observed 
that patients with HMR less than 1.6 were at significant risk 
for all endpoints including progression of heart failure, 
arrhythmic events, cardiac death and all-cause mortality 
(Fig. 6.2), [90]. Multivariable analysis found that HMR, 
LVEF, BNP, and NYHA class were independent contributors 
to risk model [90].

Finally, the wash out rate (WR), which assesses the reten-
tion of norepinephrine by neurons, has been shown to be a 
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potent predictor of sudden cardiac death [84]. Washout is 
calculated by subtracting the difference between the early H 
and M by the difference between the late H and M all divided 
by the difference between early H and M [84]. Tamaki et al. 
enrolled 106 patients with congestive heart failure, as defined 
by Framingham criteria, with an LVEF less than 40% [65]. 

Patients needed to be stable on angiotensin-converting 
enzyme inhibitor (ACEI), diuretics, and digoxin for at least 
3 months [65]. Their exclusion criteria included significant 
renal failure, insulin dependent diabetes, autonomic neurop-
athy and beta blockers use [65]. Multivariate analysis showed 
that abnormal WR (>27%) and depressed LVEF were both 
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independent predictors of sudden cardiac death. Among 
patients with LVEF >35%, there was a significantly higher 
rate of sudden cardiac death in those with abnormal WR 
[65]. Their results were validated by meta-analysis of 18 
studies with a total of 1755 patients by Verberne et al. [91]. 
WR has also been shown to be a significant independent pre-
dictor of MACE in patients with STEMI [92]. The 
 applicability of this approach may be limited as beta blocker 
use is ubiquitous and a Class I indication among patients 
with ischemic myocardial infarction.

 Imaging: Assessing Sympathetic 
Denervation (Positron Emission 
Tomography)

Positron emission tomography (PET) is another imaging 
modality used in the evaluation of myocardial sympathetic 
innervation [2]. PET scanners work by detecting the radiation 
released by isotope emitting positrons after their annihilation 
within tissues [93]. PET is typically paired with computed 
tomography or magnetic resonance imaging [93]. In addition 
to evaluating myocardial sympathetic innervation, PET can 
also assess myocardial perfusion, metabolism (stunned or 
hibernating myocardium), and systolic function [93].

[11C]-meta-Hydroxyephedrine (HED) is a radioligand 
developed for PET to evaluate the sympathetic nervous 
system. It is a catecholamine analog labeled with 11C with 
a half-life of approximately 20 min that was developed 
based on metaraminol [90]. Like mIBG, HED is not 
metabolized by catechol-O-methyl transferase (COMT) or 
monoamine oxidase (MAO) [90]. Therefore it can remain 
in the sympathetic neurons long enough to be imaged. 
Based on uptake and retention of HED, Luisi et al. were 
able to show that hibernating myocardium in farm-bred 
pigs has significant regional reduction in norepinephrine 
reuptake [88].

The PAREPET trial was a prospective observational trial 
designed to study the hypothesis that inhomogeneity in 
human myocardial sympathetic innervation and/or hibernat-
ing myocardium could predict risk for arrhythmic death inde-
pendent of left ventricular function [94]. This study enrolled 
204 patients with inclusion criteria of ischemic heart disease 
and heart failure with LVEF >35% on optimal medical ther-
apy who were not candidates for coronary revascularization 
and not eligible for primary prevention ICD [94]. Exclusion 
criteria included patients with prior cardiac arrest or ICD dis-
charge, recent infarction (less than 30 days), or revasculariza-
tion (PCI within 3 months or bypass grafting within last year) 
[94]. They also evaluated perfusion, using 13 N–ammonia, 
and viability using 18F-2deoxyglucose [94].

The primary endpoint of this trial was sudden cardiac 
arrest, which was defined as arrhythmic death or ICD 

 discharge for ventricular fibrillation or ventricular tachycar-
dia greater than 240 beats per minute over a 4 year follow up 
period [94]. Infarct volume and LVEF were not predictors of 
sudden cardiac arrest [94]. However, patients who later suf-
fered from sudden cardiac arrest had a greater sympathetic 
denervation burden as seen in viable denervated myocardium 
(33 ± 10% vs. 26 ± % of LV; p = 0.001). Using multivariate 
analysis they developed a four component prediction system 
that focused on independent variables that predicted arrhyth-
mic risk [94]. These variables included percentage of dener-
vated myocardium (>37.6%), left ventricular end-diastolic 
volume index (>99 mL/m2), creatinine (>1.49 mg/dL), and 
no angiotensin inhibition therapy (Fig. 6.3). More than 40% 
of the study population had none of the independent risk fac-
tors and an annual rate of sudden cardiac arrest of less than 
1%, which is lower than the rate of arrhythmic death in 
patients with known coronary artery disease and LVEF 
between 35 and 50% [94]. About 36% of the cohort had only 
one predictive risk factor and an annual risk of sudden car-
diac arrest of approximately 4% [94]. The remainder of the 
population, approximately 20%, had two or more indepen-
dent risk factors and an annual rate of sudden cardiac arrest 
of ~12% [94]. Interestingly, infarct size, left ventricular ejec-
tion fraction, BNP and other variables did not improve their 
predictive model.

Despite these encouraging results, the multivariate analy-
sis was post hoc so it needs to be replicated to strengthen this 
observation. Other limitations include the use of HED, which 
has a short half-life requiring close proximity to cyclotron, 
and exclusions of patients with recent myocardial infarction, 
non-ischemic cardiomyopathy and patients with more pre-
served left ventricular systolic function. Of note, 18-Flourine 
labeled norepinephrine analogs may improve clinic utility of 
PET because of improved half-life as compared to HED.
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 Summary

SCD remains a major health care problem, particularly in 
western cultures. Early studies identified LVEF, ischemic 
heart disease, heart failure and ambient arrhythmias as pre-
dictors of events. This led to large multicenter trials estab-
lishing the role of the ICD for primary prevention of 
SCD. However, a changing epidemiology of SCD has con-
firmed an unmet need for risk stratification. In addition, there 
is interest in improved risk stratification of ICD eligible 
patients. In this regard, newer imaging, advanced electrocar-
diographic and genetic techniques raise hope that specific 
markers or a combinations of tests will allow identification 
of high risk subjects who can benefit from specific antiar-
rhythmic therapy, including those with uncommon arrhyth-
mia substrates. A summary of risk stratification approaches 
for different groups at risk for SCD is summarized in 
Table 6.3. However, despite these newer techniques and 
promising markers of SCD, most studies remain observa-
tional with frequent posthoc analysis. Accordingly, contem-
porary risk stratification and guidelines for therapy have 
changed little over the past decade to address the unmet need 
of prevention of SCD.

Beyond clinical interest, the cost and practicality of risk 
stratification strategies and ICD implantation is significant. 
The cost of genetic testing, ejection fraction evaluation, rest-
ing electrocardiograms, exercise electrocardiogram, ambula-
tory electrocardiogram, SAECG, EPS, imaging of myocardial 
scar, and innervation studies is significant. It is unlikely that 
funding aimed at limiting testing and device therapy could 
be funded any other way than by public means, which is on 
the decline. However understanding both the cost and benefit 
of evaluation of SCD should of major importance to govern-
ments, institutions, providers and patients as medical costs 
continue to rise. Thus far there has been no cost benefit and 

cost effectiveness studies looking at SCD that could help 
guide a reasonable and appropriate approach to SCD risk 
stratification wide scale. Studies of this nature would need to 
compare cost of strategy to cost of devices and patient ben-
efit indices. While this would be a daunting task, it would 
also be an extremely worthwhile and immensely beneficial 
enterprise.
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Electrophysiologic Testing and Cardiac 
Mapping

Jackson J. Liang and David J. Callans

Abstract

The electrophysiologic study (EPS) is an invasive test that examines the heart’s electrical 
properties via recording electrical signals (intracardiac electrograms) and pacing protocols 
with multiple strategically placed intracardiac catheters. EPS is the gold standard diagnostic 
study for the evaluation of many arrhythmias. With EPS, electrophysiologists are able to 
examine the components of the conduction system in patients with bradycardia or conduc-
tion defects, differentiate between mechanisms of tachycardias, and risk-stratify patients to 
rule out potentially dangerous arrhythmias. EPS is frequently performed as a diagnostic 
study before, during, and after catheter ablation of arrhythmias, often in conjunction with 
imaging modalities such as electroanatomical mapping (EAM) and intracardiac echocar-
diography (ICE).
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 Indications

EPS is most frequently performed for diagnostic evaluation 
of unexplained syncope, palpitations, documented or sus-
pected narrow or wide complex tachycardia, or to risk strat-
ify patients with Wolf Parkinson White syndrome, prior 
myocardial infarction, or structural heart disease. It allows 
for the definitive differentiation between AV nodal reentry 
tachycardia (AVNRT), AV reentry tachycardia (AVRT), and 
atrial tachycardia (AT) in patients presenting with narrow 
complex tachycardia. It can differentiate between aberrancy, 
pre-excitation, and ventricular arrhythmias in wide QRS 

tachycardias. EPS can also be therapeutic when performed in 
conjunction with catheter ablation. While it is extremely 
helpful in several scenarios, the sensitivity and specificity of 
EPS should be considered in context with the clinical picture 
and the protocol used.

In patients with structural heart disease and syncope, 
inducible ventricular tachycardia (VT) or ventricular fibrilla-
tion (VF) at EPS warrants implantation of an implantable 
cardioverter defibrillator (ICD) [1]. EPS may be diagnostic 
in patients with syncope which is preceded immediately by 
palpitations, suspected sinus node dysfunction, or if bifas-
cicular or trifascicular block patterns are present on the elec-
trocardiogram [2]. In patients with indeterminate 2:1 AV 
block, EPS can easily delineate whether the site of conduc-
tion delay is supra or infrahisian, thus guiding the decision to 
implant a permanent pacemaker [1].

EPS is helpful to risk stratify specific patient population and 
should be considered in all survivors of sudden cardiac death 
and idiopathic VF when the etiology remains unclear after 
noninvasive testing [3, 4]. In survivors of myocardial infarc-
tion who have depressed LVEF (<40%) and  nonsustained 
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 monomorphic VT, EPS is helpful to identify high risk indi-
viduals who may benefit from ICD [1, 5]. It can also be used to 
stratify the risk of sudden death in patients with conditions such 
as WPW or cardiac sarcoidosis [6, 7]. Of note, although EPS is 
quite useful for both diagnostic and prognostic purposes in the 
setting of suspected reentrant arrhythmias, it has limited sen-
sitivity and specificity in conditions which predispose to non-
reentrant arrhythmia, such as Long-QT Syndrome, Short-QT 
Syndrome, and catecholaminergic polymorphic VT.

Recently, EPS (usually in conjunction with the use of an 
electroanatomic mapping system) has also been reported to 
be useful to guide endomyocardial biopsy in patients with 
nonischemic cardiomyopathy and suspected cardiac sarcoid-
osis or myocarditis. Since these disease processes classically 
manifest patchy myocardial involvement, standard fluoro-
scopically guided right ventricular septal endomyocardial 
biopsy results in a low diagnostic yield. Recent studies have 
shown that endomyocardial biopsy targeting low voltage 
areas with fractionated electrograms may result in increased 
diagnostic yield [8, 9].

 Contraindications

According to the 2006 ACC/AHA consensus statement, 
absolute contraindications to invasive EPS include active 
unstable angina, bacteremia or septicemia, acute decompen-
sated heart failure not thought to be caused by arrhythmia, 
and major bleeding diathesis [10]. Also, ipsilateral femoral 
vein cannulation should be avoided in the presence of acute 
lower extremity deep vein thrombosis. While these contrain-
dications should certainly be considered in patients present-
ing on an elective basis, emergent EPS may be justifiable and 
should not be withheld in patients who are suffering from 
incessant arrhythmia. In these cases the risks and benefits of 
EPS should be weighed [10].

 Potential Complications

While EPS is generally a safe procedure, complications 
occur in approximately 2% of cases [11]. When ablation 
procedures are performed concordantly with diagnostic test-
ing, the incidence of complications increases [12, 13]. Most 
major complications are related to vascular access (bleed-
ing, vascular injury, infection), thromboembolism (pulmo-
nary emboli with venous access; formation of intracardiac 
thrombi possibly resulting in stroke/TIA or systemic emboli 
when accessing the left-sided cardiac chambers), infection, 
or cardiac perforation (possibly resulting in hemopericar-
dium or cardiac tamponade). Other possible complications 
include adverse drug reactions, unintended or refractory 
ventricular and supraventricular arrhythmias, heart block 
(AV block, RBBB, or LBBB), hypotension, respiratory 

decline, myocardial infarction, and even death. These poten-
tial  complications should be discussed with all patients while 
obtaining informed consent for EPS.

 Electrophysiology Laboratory Requirements

EPS should be performed in a dedicated electrophysiology 
laboratory equipped with fluoroscopy. An electrophysiologic 
stimulator such as the Bloom stimulator (Fischer Medical 
Technologies; Broomfield, CO) permits the operator to pace 
the heart at constant pacing intervals, and allows for pro-
grammed single or multiple timed extrastimuli after sensed 
or paced beats. Since intracardiac electrograms recorded by 
catheters are usually very small (<10 mV amplitude), they 
must be amplified to be interpretable. Additionally, since 
there may be significant noise and artifact in the electrophys-
iology lab, digital filters are necessary to remove unwanted 
signals. Generally, high-pass filters are set to remove low 
frequency components below 30 Hz, while low-pass filters 
are set to remove those signals greater than 500 Hz for intra-
cardiac signals (or 200 Hz for surface electrocardiogram 
signals). Notch filters can also be set to remove signals at a 
specific frequency, such as the Mains interference (electric 
hum) which is typically 60 Hz. However, it is important to 
recognize that Notch filters may alter the true intracardiac 
signals. After signals are amplified, filtered, and digitized, 
they are displayed real-time on a monitor and stored for 
off- line analysis by a recording system, such as the Prucka 
CardioLab system (General Electric Healthcare; Piscataway 
Township, NJ). The sweep speed can be adjusted based on 
operator preference.

 Procedural Preparation

We attempt to hold all AV-nodal blocking agents and antiar-
rhythmic drugs for at least five half-lives prior to the proce-
dure unless testing their effects. Due to its extensive tissue 
distribution and long half-life, amiodarone should be discon-
tinued beforehand at a particularly long interval. Before the 
procedure, a pregnancy test should be performed in all women 
of childbearing age due to radiation exposure. Patients are 
usually kept NPO after midnight the night before the proce-
dure such that they are fasting for at least 8 h beforehand.

The electrophysiology laboratory should be equipped with 
a 12-lead electrocardiographic monitoring system, a non-
invasive blood pressure cuff, supplemental oxygen, a suction 
device, intubation equipment, and continuous pulse oximetry. 
Defibrillation pads should be placed on the patient’s chest and 
two external defibrillators (one as a back- up) should be pres-
ent in the room for easy access during the case if required. 
There should always be a code cart nearby with medica-
tions for Advanced Cardiac Life Support and management 
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of  specific arrhythmias such as intravenous preparations of 
adenosine, beta blockers and antiarrhythmic drugs.

Intravenous access is obtained prior to the procedure for 
administration of drugs. Since general anesthetic medica-
tions often suppress arrhythmias (especially those due to 
abnormal automaticity), conscious sedation with short- 
acting benzodiazepines and opiate medications are preferred 
if sedation is needed. Sedation can interfere with assessment 
of tolerance of an induced arrhythmia.

 Vascular Access

The femoral veins (and femoral arteries, when access to the 
left-sided cardiac chambers is necessary) are the usual sites 
of access for EPS at our institution. In general, our approach 
to vascular access for EPS begins with prepping and draping 
the patient in a sterile manner. Vascular ultrasound is pre-
ferred by some operators and can be helpful, but is not 
required for obtaining vascular access. The inguinal liga-
ment, which runs from the iliac crest to the pubic symphysis 
should be identified. The femoral artery is usually easily pal-
pated along the medial third of the inguinal ligament. 
Typically, the femoral vein runs superficial to and approxi-
mately 1 cm medial to the femoral artery. Once the region of 
vascular access has been identified, a local anesthetic agent 
such as lidocaine is injected into the subcutaneous tissue at 
the area of intended access. Using Seldinger technique, 
 multiple venous accesses (typically three to four for routine 

EPS) are obtained. It is important that when multiple accesses 
within the same vessel are required, that the sheaths not be 
passed over the wires until all guide wires have been inserted. 
This prevents the possibility of inadvertent puncture/transec-
tion (with possible embolization) of catheters which have 
already been advanced into the vessel.

After venous access has been obtained, femoral artery 
access can proceed, if necessary. Direct palpation of the fem-
oral artery at the level of the inguinal ligament allows for 
identification of the vessel location. Using an introducer 
needle, successful arterial puncture should result in pulsatile 
arterial flow. When pulsatile flow is seen, a soft J-tip guide-
wire is passed through the needle which is subsequently 
replaced by an arterial sheath. It is important to remember 
that sheaths should always be one French size larger than the 
size of the catheter to be inserted if simultaneous administra-
tion of fluids through the sheaths is planned.

 Catheter Selection and Location

For routine EPS in our laboratory, we typically use four cath-
eters, placed at the high right atrium (HRA), His bundle, 
coronary sinus (CS), and RV apex under fluoroscopic guid-
ance (Fig. 7.1). Additional catheters at alternative locations 
may be used as the clinical scenario necessitates. For con-
duction system assessment only, the CS catheter is usually 
not needed. Likewise if the study is only to assess ICD 
 function or serial drug testing.

a

HRA

ABL

RVA

CS

His

a

HRA

His

RVA

CS

ABL

b

Fig. 7.1 Standard placement of catheters during routine EPS. RAO (A) 
and LAO (B) fluoroscopic views demonstrating standard placement of 
catheters during a routine EPS: high right atrium (HRA), His, coronary 
sinus (CS), and right ventricular apex (RVA). An ablation catheter 

(ABL) is positioned in the slow pathway region for ablation of AV 
nodal reentry. Note that the CS catheter is placed from above using an 
internal jugular approach
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HRA catheter: A quadrapolar (four-electrode) catheter is 
inserted through the femoral vein up into the area of the high 
posterolateral wall of the RA, near the sinus node. Optimally, 
the catheter tip should be on the lateral wall of the right 
atrium near the junction of the superior vena cava and RA 
junction. Some labs place it in the right atrial appendage for 
stable pacing.

His bundle catheter: A quadrapolar catheter is advanced 
across the tricuspid valve, against the RV septum at the area 
of the His bundle. When correctly placed, this catheter 
should record a sharp His bundle electrogram (HBE) between 
the atrial and ventricular electrograms, which are both usu-
ally seen as well on the His catheter (larger and sharper atrial 
electrogram in the more proximal electrodes, and larger and 
sharper ventricular electrogram in the distal electrodes). 
Ideally, the most proximal His bundle signal is recorded.

RV catheter: A quadrapolar catheter may be advanced from 
the femoral vein across the tricuspid valve into the RV. The 
RV catheter can be maneuvered to different sites for record-
ing and pacing (i.e. RV apex or RV outflow tract) as needed.

CS catheter: The CS ostium lies in the inferior aspect of 
the interatrial septum in the RA, between the IVC and tricus-
pid valve. The CS runs leftward along the AV groove between 
the LA and LV, and therefore a catheter in the CS has the 
capability to pace and record LA intracardiac signals without 
actually being in the LA. Since the CS usually runs more 

atrially than ventricularly, the atrial signals are typically 
sharper and larger in amplitude. The CS catheter allows for 
detection of the LA activation sequence, and we prefer to use 
a decapolar (ten electrode) catheter. Of note, access to the CS 
can be obtained both from above (via an internal jugular or 
subclavian vein) or below (via a femoral vein).

 Basic EPS Protocol

While specific EPS protocols are dependent on the clinical 
problem or arrhythmia under evaluation, it is important that 
certain baseline measurements, intervals, and refractory 
periods are measured during each study to assure compre-
hensive evaluation.

Electrophysiologists typically report intervals in cycle 
length (CL) rather than heart rate (HR). The formula to con-
vert HR to CL is as follows: CL (ms) = 60,000/HR (bpm). 
For example, a HR of 100 bpm is equivalent to a CL of 600, 
while a HR of 150 bpm is equal to a CL of 400.

Once the catheters are placed in the correct positions in 
the heart, conduction and refractoriness can be assessed. 
Baseline intervals (basic CL, PR interval, QRS duration, and 
QT interval measured on the surface electrocardiogram) are 
measured at the beginning of the EPS while in sinus rhythm, 
if possible (Fig. 7.2).

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

888 mesc

-95 msec

170 msec

-416 msec

8:15:37 AM8:15:36 AM 8:15:38 AM

200 ms

Fig. 7.2 Baseline intervals. Surface measurements of the basic cycle length (888 ms), PR interval (170 ms), QRS duration (95 ms), QT interval 
(416 ms) during sinus rhythm
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 Baseline Conduction Intervals

PA interval: The PA interval is measured from the onset of 
the P-wave on the surface electrocardiogram to the atrial 
electrogram recorded from the His catheter and represents 
intra-atrial conduction time.

His Bundle electrogram duration: The interval between 
first and last components of HBE on the His catheter record-
ing should be recorded. Duration and morphology of HBE 
are important to detect disease in the His bundle. The HBE is 
usually <30 ms in duration. If longer, or if a split His signal 
is present (two separate components), one must suspect that 
significant intra-His delay may be present.

AH interval: The AH interval represents the AV nodal 
conduction time, or the time it takes for an electrical impulse 
to travel through the AV node. It is measured from the earli-
est atrial signal on the His bundle to the beginning of the 
HBE (Fig. 7.3). A normal AH interval is generally between 
55 and 125 ms. The AH interval is particularly susceptible to 
alteration by medications (including anesthetic agents used 
for sedation) and autonomic tone. Due to the decremental 
properties of AV node, it is normal for the AH interval to 
increase as the atrial paced CL (PCL) decreases.

HV interval: The HV interval represents conduction 
through the infranodal (His-Purkinje) conduction system. It 
is measured from the earliest His deflection to the  earliest 

surface or intracardiac ventricular activation (Fig. 7.3). 
A normal HV interval is 35–55 ms. When the HV interval 
is <35 ms, one must consider that an accessory pathway is 
present. Contrarily, when the HV interval is >55 ms, His- 
Purkinje disease may be present. An HV interval > 70 ms is 
consistent with severe His-Purkinje disease. The HV inter-
val is less prone to alteration by autonomic tone than the 
AH interval.

 Assessment of Sinus Node Function

To assess for sinus node dysfunction, overdrive pacing is 
performed from the HRA catheter for >30 s. Upon cessation 
of pacing, the time it takes for the next spontaneous sinus 
beat to occur is the sinus node recovery time (SNRT). The 
longest value after repeated measurements over a range of 
drive cycles should be recorded as the maximal SNRT. 
A normal SNRT is ≤1500 ms. Since the SNRT is directly 
related to the underlying heart rate, it must be corrected 
(CSNRT) to take into account the baseline sinus CL prior to 
pacing. The formula for the corrected sinus node recovery 
time (CSNRT) = SNRT—baseline cycle length (BCL). 
A normal value for CSNRT is ≤525 ms. SNRT >1500 ms or 
CSNRT >525 ms signifies the presence of sinus node dys-
function. Of note, it usually takes 5–6 beats for the SA node 

Fig. 7.3 AH and HV intervals. Measurement of the AH (82 ms) and HV (50 ms) intervals in a patient undergoing routine EP study. A normal AH 
interval is 55–125 ms and a normal HV interval is 35–55 ms
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to recover to baseline after cessation of overdrive pacing. 
Falsely short SRTs may occur if atriosinus entrance block is 
present. More detailed assessment of the sinus node also 
includes determining the peak paced cycle length (PCLP) of 
the longest CSRT, which can reveal the status of atriosinus 
conduction during SRT testing, and indirect sinoatrial con-
duction time (SACT) using premature atrial extrastimuli or 
direct SACT measurement on a recorded sinus node electro-
gram (refs) Sinus node dysfunction can be manifest as disor-
ders of automaticity, conduction, or both.

 Programmed Stimulation

 Evaluation of Refractoriness and Conduction

Programmed atrial and ventricular stimulation are useful 
methods to evaluate the refractoriness and conduction of the 
cardiac conduction system. To perform programmed atrial 
stimulation, an atrial paced drivetrain at a fixed CL (S1)  is 
followed by a premature extrastimulus (S2). This is repeated 
with progressively premature extrastimuli (shortening by 
10 ms intervals). Atrial extrastimulus testing can be used to 
evaluate atrial, AV nodal, and occasionally ventricular 
refractoriness. As the coupling interval of a premature atrial 
stimulus is shortened, there is progressive delay in AV nodal 
conduction, due to its decremental properties. Mobitz 1 
block occurs once the Wenkebach CL has been reached (typ-
ically ≤450 ms). Atrial pacing should be performed down to 
the AV Wenkebach CL (or 300 ms, whichever occurs first) to 
measure the AV Wenkebach CL.

Programmed ventricular stimulation is performed (usu-
ally at the RV apex) in a similar fashion as programmed atrial 
stimulation, with a ventricular-paced drivetrain followed by 
ventricular extrastimuli at progressively shorter intervals 
until ventricular refractoriness is reached. This is performed 
to assess retrograde VA conduction and ventricular refracto-
riness. Typically this is done at drive cycles of 600–400 ms. 
Furthermore, progressive ventricular pacing down to the VA 
Wenkebach CL (or 300 ms, whichever occurs first) can be 
performed when VA conduction is present to determine the 
VA Wenkebach CL. When retrograde conduction through 
the AV node is present (in contrast to eccentric VA conduc-
tion over an accessory pathway), the earliest atrial activation 
is midline (on the His bundle catheter) and decremental with 
increasing drive rates or extrastimulus prematurity.

Effective Refractory Period: The effective refractory 
period (ERP) is the longest premature coupling interval of 
an extrastimulus which fails to conduct through a tissue. The 
atrial ERP is the longest S1-S2 coupling interval which fails to 
depolarize the atria. The AV nodal ERP is the longest A1-A2 
interval which is not followed by an H2. The His- Purkinje 
ERP is the longest H1-H2 which fails to result in ventricular 

activation. The ventricular ERP is the longest S1-S2 coupling 
interval which fails to depolarize the ventricle.

Relative Refractory Period: The relative refractory period 
(RRP) is the longest premature coupling interval that results 
in prolonged conduction of the premature impulse compared 
with conduction during the basic drive train. The atrial RRP 
is the longest S1-S2 coupling interval which results in pro-
longation of the S2-A2 interval (compared with the S1-A1 
interval). The AV nodal RRP is the longest A1-A2 at which 
the A2-H2 interval exceeds the A1-H2 interval. The His- 
Purkinje RRP is the longest H1-H2 interval for which H2-V2 
exceeds H1-V2.

Functional Refractory Period: The functional refractory 
period (FRP) actually represents tissue conduction rather 
than refractoriness. It is the shortest interval between two 
impulses conducted through a tissue. The atrial FRP is the 
shortest A1-A2 interval following any S1-S2 interval. The 
AV nodal FRP is the shortest H1-H2 interval following any 
A1-A2 interval. The His-Purkinje FRP is the shortest V1-V2 
following any H1-H2.

In addition to ascertaining anterograde (AV) and retro-
grade (VA) conduction through the AV node, programmed 
stimulation can detect the presence of dual AV nodal physi-
ology or accessory pathways. When gradually incremental 
atrial pacing or decreasing premature atrial extrastimulus 
coupling intervals (at 10 ms intervals) results in an abrupt 
“jump” in the AH interval (>50 ms increase), the presence of 
dual AV nodal physiology is likely (Fig. 7.4). This is 
explained by block in the “fast” AV nodal pathway (which 
has a longer refractory period) and conduction down the 
“slow” pathway. It is important to note that while an “AH 
jump” suggests the presence of dual AV nodal physiology as 
a potential cause of a supraventricular tachyarrhythmia, it 
does not necessarily implicate that the cause of arrhythmia is 
definitely due to AVNRT.

Accessory pathways can usually be detected due to the 
presence of an “eccentric” atrial activation sequence when 
pacing from the ventricle. In patients with intact VA conduc-
tion, the normal atrial activation sequence from the AV node 
goes from medial to lateral in the LA- demonstrating a “con-
centric” atrial activation pattern on the CS catheter with acti-
vation sequence from proximal to distal. As such, changes in 
activation sequence with ventricular pacing suggest the pres-
ence of an accessory pathway (Fig. 7.5), and specific tech-
niques such as Para-Hisian pacing are helpful to exclude a 
septal accessory pathway.

 Induction of Tachycardia

While some patients may present to the EP lab in tachycar-
dia, those with paroxysmal symptoms often present in sinus 
rhythm. Atrial and ventricular stimulation can be  useful 
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Fig. 7.4 AH Jump. (a) While pacing at a drivetrain with S1 at 700 ms, 
a programmed atrial extrastimulus (S2) at a coupling interval of 440 ms 
is introduced with a subsequent AH interval of 129 ms(b) Shortening 

the coupling interval of S2 by 10 ms (to 430 ms) results in prolongation 
of the AH interval (305 ms), suggesting the presence of dual AV nodal 
physiology
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to initiate tachycardia in these patients. Catecholamine 
 stimulation using isoproterenol can be an effective method 
to provoke arrhythmia as well. Supraventricular tachycar-
dias such as AVNRT and AVRT can be induced by both 
atrial and ventricular programmed stimulation, while atrial 
tachycardia, atrial flutter, and atrial fibrillation are often 
inducible only with atrial extrastimuli or rapid atrial pacing. 
Meanwhile, protocols for induction of VT include stimula-
tion with single, double, and triple extrastimuli from at least 
two locations (usually RV apex and RVOT).

 Cardiac Mapping Techniques

The key intracardiac mapping techniques for evaluation of 
cardiac arrhythmias are activation mapping, pace mapping, 
and entrainment mapping. Additionally, computerized map-
ping (also referred to as substrate mapping) using three- 
dimensional mapping systems allows for visualization of scar 
and anatomic barriers which may be targeted for substrate 
ablation. Each of these techniques will be briefly discussed.

Activation mapping: Activation mapping helps to localize 
the site of earliest endocardial activation and to identify the 
activation sequence during tachycardia (Fig. 7.6). It is particu-
larly helpful to identify the site of origin of focal arrhythmias. 
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Fig. 7.5 Atrial activation sequence. Pacing from the left ventricle 
results in an “eccentric” retrograde activation sequence. Note that C3,4 
and C5,6 are earliest and the atrial activation proceeds from lateral to 

medial in the left atrium. This is an extranodal response and is consis-
tent with the presence of a left lateral accessory pathway

Fig. 7.6 Activation mapping. Activation map  (LAO view) created 
using the Carto system depicting the activation sequence of the left ven-
tricle in a patient undergoing PVC ablation. The red sites on the left of 
the image represent the earliest site of activation, and are the likely site 
of origin of the PVCs
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The earliest activation site and potential site of origin is often 
the area of the heart which has electrograms that precede the 
onset of the P-wave or QRS complex during tachycardia. It 
is important to recognize that, unlike focal arrhythmias, mac-
roreentrant arrhythmias by definition have ongoing intracar-
diac activity throughout the entire cardiac cycle, therefore it 
is impossible to pinpoint a single “earliest” site.

Entrainment mapping: Entrainment is a well-described 
pacing maneuver which is helpful to identify reentry as the 
mechanism of arrhythmia and to localize the reentrant circuit. 
While a thorough discussion of entrainment is beyond the 
scope of this chapter, we will discuss the basic principles. 
Entrainment mapping is particularly helpful for the diagnosis 
and treatment of macroreentrant arrhythmias since it can define 
the critical isthmus of a circuit for targeted ablation. Briefly, 
entrainment involves continuous resetting of a reentrant circuit 
with an excitable gap by pacing stimuli. With entrainment, pac-
ing at a faster CL than the intrinsic tachycardia accelerates the 
tachycardia to the paced rate, with resumption of the prior 
tachycardia following termination of pacing. For manifest 

entrainment to exist, the paced beats must exhibit constant 
fusion at a fixed CL and progressive fusion with a shorter pac-
ing CL. While entrainment is a useful way to determine 
whether pacing sites are in the arrhythmia circuit, one must be 
cognizant of the potential pitfalls of interpretation, including 
failure to capture with pacing or obscuration of the return elec-
trogram by the pacing stimulus, among others [14, 15].

Pacemapping: Pacemapping involves pacing at various 
sites near the suspected origin of a tachycardia and examin-
ing the degree of concordance between the paced P-wave or 
QRS compared with that of the arrhythmia. Although gener-
ally pacemapping should be used in conjunction with activa-
tion and entrainment mapping, this is not always possible. 
When arrhythmias are paroxysmal or noninducible in the EP 
laboratory, activation and entrainment mapping may be dif-
ficult or impossible. In this situation pacemapping can be 
performed to suggest the site of origin (for focal arrhyth-
mias) or exit site (for reentrant arrhythmias). Optimal pace 
maps should match in all 12 surface electrocardiogram leads 
with the clinical tachycardia (Fig. 7.7).
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Fig. 7.7 Pacemapping. 
Pacing on a papillary muscle 
to identify the closest 
pacematch for a PVC in a 
patient with PVC-triggered 
VF. Ablation at this site 
successfully abolished the 
PVC

7 Electrophysiologic Testing and Cardiac Mapping



84

 Advanced Computerized Mapping

While fluoroscopy has long been the cornerstone imaging 
modality for EPS, non-fluoroscopic three-dimensional elec-
troanatomic mapping systems and Intracardiac (catheter 
based) echocardiography ICE are being increasingly utilized, 
especially for patients undergoing catheter ablation. Both of 
these adjunctive modalities increase the precision of catheter 
ablation and may help to reduce fluoroscopy exposure.

 Three-Dimensional Electroanatomic Mapping 
Systems

Mapping systems which create three dimensional electro-
anatomic maps can accurately localize catheter position 
within the heart while minimizing the need for fluoros-
copy. These systems are able to merge anatomic informa-
tion obtained from computed tomography, magnetic 
resonance imaging, or ICE to create a three-dimensional 
geometric reconstruction of the cardiac chambers. The two 
most commonly used mapping systems are the CARTO 
and EnSite NavX systems, which will be briefly discussed. 

One of the major benefits of nonfluoroscopic mapping sys-
tems is their ability to display both activation sequences 
and electrogram voltages on three-dimensional electroana-
tomic maps.

The CARTO (Biosense Webster Inc.; Diamond Bar, CA) 
system uses a magnetic field to reconstruct three- dimensional 
electroanatomic maps (Fig. 7.8). Using a certain fixed elec-
trode on the table below the patient as a reference, electrodes 
on mapping and ablation catheters with magnetosensors can 
be localized in real-time as they are moved throughout the 
heart. By touching the myocardium at various areas of the 
heart in a point-by-point manner, unipolar and bipolar sig-
nals are obtained and stored, allowing for the creation of 
maps depicting voltages and activation sequence. Multipolar 
catheters are frequently used and allow for rapid acquisition 
of electroanatomic and voltage information.

With the EnSite NavX (St. Jude Medical; St. Paul, MN) 
system, surface electrode patches placed on the patient’s 
body serve as a reference, allowing for localization of cath-
eters as they are moved in a patient’s heart. The electrogram 
signals obtained by the mapping catheters are transmitted to 
the patches and vice versa for creation of three-dimensional 
electroanatomic maps (Fig. 7.9).

Fig. 7.8 CARTO mapping system. PA (left) and AP (right) views of an electroanatomic map created with the CARTO system during an atrial 
fibrillation ablation procedure
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In addition to point-by-point contact mapping, the Ensite 
Array (St. Jude Medical; St. Paul, MN) catheter is a multi-
electrode noncontact mapping catheter which can gather 
thousands of electrical points per heart beat when placed in a 
chamber of interest. This technology is particularly helpful 
to rapidly map nonsustained or hemodynamically intolerable 
arrhythmias.

 Imaging Modalities for EPS and Ablation

 Intracardiac Echocardiography

Intracardiac echocardiography is an adjunctive imaging 
modality which may increase both safety and efficacy of 
catheter ablation. ICE allows for direct, real-time visualiza-
tion of catheters before, during, and after catheter ablation. It 
is especially helpful in aiding transseptal puncture when 
accessing the left-sided cardiac chambers, as for pulmonary 
vein isolation for AF (Fig. 7.10). In these patients it can also 
identify the esophagus to allow for safe ablation of the pos-
terior LA [16].

With ICE, operators are able to immediately identify pro-
cedural complications such as cardiac perforation, damage to 

Fig. 7.9 NavX electoranatomic mapping. RAO (left) and LAO (right) views of an electroanatomic map created using the NavX system during an 
atrial fibrillation ablation procedure

Fig. 7.10 Intracardiac ultrasound to guide transseptal puncture during 
ablation for atrial fibrillation. Indentation of the foramen ovale (FO) by 
the transseptal sheath (TXS) before transseptal puncture (Reproduced, 
with permission from: Callans DJ, Wood MA. How to use intracardiac 
echocardiography for atrial fibrillation procedures. Heart Rhythm. 
2007;4(2):242–5)
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intracardiac structures, pericardial effusion, myocardial air 
embolization, esophageal injury, formation of intracardiac 
thrombi, and PV stenosis in real time such that corrective 
action can be undertaken right away [17–19]. Furthermore, 
images obtained from ICE can be merged with an EAM to 
reconstruct three-dimensional geometrical representations of 
a patient’s cardiac anatomy.

 Summary

EPS is a valuable diagnostic and prognostic tool for patients 
with unexplained syncope or suspected arrhythmia. Although 
invasive, it is a generally safe procedure which allows elec-
trophysiologists to examine the conduction and refractori-
ness of various components of the cardiac conduction 
system. EPS can be therapeutic when used in conjunction 
with cardiac mapping techniques and advanced imaging 
modalities, as catheter ablation is a potentially curative treat-
ment option for patients with certain arrhythmias.
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Antiarrhythmic Drug Management 
of Atrial Fibrillation

A. John Camm and Irina Savelieva

Abstract

Rhythm control indicated for patients with atrial fibrillation who remain symptomatic 
despite adequate rate control. Usually antiarrhythmic agents are chosen as a first attempt to 
restore or maintain sinus rhythm, and ablation is reserved for patients who do not respond 
to simple medical therapy. Antiarrhythmic drugs are usually effective, at least in part, and 
may provide sufficient symptomatic relief but they may be complicated by proarrhythmia, 
especially in patients with underlying structural heart disease because of their potential 
arrhythmogenic, and negative inotropic and chronotropic effects.

There are just six antiarrhythmic agents that are frequently used to treat atrial fibrillation 
(flecainide, propafenone, amiodarone, sotalol dofetilide, and dronedarone). In some coun-
tries disopyramide cibenzoline, antazoline, bepridil and others are less frequently used. The 
choice of an antiarrhythmic is usually made on the basis of the underlying cardiovascular 
status. In patients with heart failure only dofetilide and amiodarone are considered, and in 
patients with coronary artery disease disopyramide, flecainide and propafenone are avoided. 
Dronedarone must be avoided if there is a high likelihood of the arrhythmia progressing to 
a permanent for of AF.

Antiarrhythmic agents may also be used as hybrid therapy in combination with other 
antiarrhythmic agents or catheter ablation. A significant proportion of patients will respond 
favourably to antiarrhythmic agents after ablation whereas they were refractory to these 
drugs prior to ablation. The combination of antiarrhythmic agents is poorly researched but 
often used in clinical practice.

Very few antiarrhythmic agents have been introduced into the clinic in the last several 
decades. Vernakalant (outside the USA) and ibutilide are used for restoration of acute onset 
atrial fibrillation. Dronedarone is an agent that seems to reduce cardiovascular hospitaliza-
tions in patients with high risk intermittent atrial fibrillation but was associated with 
increased mortality when given, often together with digoxin, to patients with permanent 
atrial fibrillation. 

Ranolazine is not approved as an antiarrhythmic agent for managing patients with atrial 
fibrillating, but is often used “off-label” for resistant cases. It may be particularly effective 
in combination with other dronedarone or amiodarone, but there is insufficient clinical trial 
data to recommend these combinations.

A.J. Camm, M.D., F.R.C.P. (*) • I. Savelieva  
Clinical Sciences Division, St George’s University of London, 
Cranmer Terrace, London SW17 0RE, UK
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 Introduction

The management of atrial fibrillation (AF) requires compre-
hensive and effective therapy for co-morbidities that may 
underlie the development of AF or its complications such as 
stroke or heart failure. When necessary, specific protection 
against thromboembolic risks must be initiated. A strategic 
decision should be taken about whether the treatment 
approach will involve rate- or rhythm-control. Several trials 
have demonstrated that there is no survival advantage associ-
ated with the rhythm control strategy [1–3], but persistent 
symptoms may require antiarrhythmic therapy (Fig. 8.1). In 
general, appropriate candidates for rhythm control are: 
young, active and highly symptomatic presenting with early 
onset AF, AF with a transient or reversible cause, little or no 
structural heart disease, or AF which remains symptomatic 
despite adequate rate control.

When rhythm control is selected, it may be necessary to 
restore sinus rhythm (cardioversion) and/or to prevent recur-
rences or AF. Both therapeutic goals may be achieved using 
pharmacological or non-drug based interventions. 
Antiarrhythmic drugs may be used independently or in a 
hybrid setting, together with electrical cardioversion or left 
atrial ablation, to achieve these objectives.

Antiarrhythmic drugs are effective rhythm control thera-
pies for patients with intermittent forms of AF, but their 
safe use is compromised by proarrhythmic complications, 
negative inotropic, chronotropic and dromotropic effects, 
drug- drug interactions and problems with drug elimination. 
No antiarrhythmic agent has been shown to improve sur-
vival, and a trend towards an increased mortality has been 
demonstrated in several instances. In general, antiarrhyth-
mic drug therapy is specifically aimed at reducing symp-
toms and possibly improving the quality but not the length 
of life.

Atrial fibrillation / history of atrial fibrillation

Antithrombotic therapy
according to guidelines

Clinical evaluation, ECG, echocardiogram, thyroid function tests, etc.

Manage lifestyle, underlying cardiovascular/pulmonary and other causes of AF

Rhythm Control

Rate Control

Paroxysmal AF Persistent AF Permanent AF

Long-standing persistent

Fig. 8.1 The initial evaluation of a patient with AF involves assess-
ment of the cardiovascular system and potential causes of AF, provision 
of antithrombotic protection if needed, attention to life style and treat-
ment of underlying co-morbidities. The main decision then concerns 

rate versus rhythm control that is influenced by the temporal pattern of 
the AF, the extent of cardiac and comorbid disease and the symptomatic 
status of the patient
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Clinical AF is often preceded by short asymptomatic 
runs of atrial tachyarrhythmia/fibrillation (silent AF) [4] 
which may then progress towards more sustained episodes 
of AF (clinical AF) persistent AF) may terminate sponta-
neously (paroxysmal AF) or continue until an active inter-
vention is used to terminate the arrhythmia (persistent 
AF). Persistent AF often becomes more difficult to termi-
nate, or may recur so rapidly, that the physician and/or 
patient may decide that it is best to remain “stable” in AF 
(permanent AF) [5]. This process is described as “progres-
sion” which occurs at a rate of between 5 and 15% per year 
[6]. It is related to atrial remodelling at an electrophysio-
logical (shortened atrial action potentials, atrial conduc-
tion delay or block) and structural level (essentially, 
development of fibrosis, myocyte degeneration, fatty 
metamorphosis and increasing atrial size), which is par-
tially related to the AF itself (“atrial fibrillation begets 
atrial fibrillation”) [7], or the effects on the atrium of age 
or co-morbidities such as heart failure or hypertension. AF 
progression is also a potential target for antiarrhythmic 
drug therapy, and early aggressive rhythm control may 
therefore be an appropriate approach, but his has not yet 
been convincingly demonstrated.

 Principles or Antiarrhythmic Drug Therapy 
for Maintaining Sinus Rhythm

The use of an antiarrhythmic drug is primarily for symptom 
reduction since there is no evidence that rhythm control leads 
to an increase of lifespan. The efficacy of antiarrhythmic 
drug therapy to cardiovert AF or to maintain sinus rhythm is 
modest. However, failure of one antiarrhythmic drug does 
not imply that others may not be successful and a significant 
reduction of burden of the arrhythmia (frequency or duration 
of episodes) may be a valuable and often sufficient clinical 
response. The choice of a specific antiarrhythmic drug is 
usually empiric, but may be theoretically rationalised by 
using the concept of explicit vulnerable parameters which 
can be targeted by specific antiarrhythmic drugs [8]. This 
Sicilian Gambit approach [9] is still more theoretical than 
practical, and because the adverse complications of antiar-
rhythmic drug therapy are not uncommon the choice of an 
antiarrhythmic drug often revolves around the likelihood of 
adverse events rather than potential efficacy alone [10].

Antiarrhythmic drugs remain classified according to the 
scheme proposed by Vaughan-Williams: class I drugs pre-
dominantly impair conduction (IA associated with delayed 
repolarisation, class IB with shortening of repolarisation and 
class IC with no effect on repolarisation), class IIK, anti- 
adrenergic drugs, mostly beta blockers, class III agents 
which prolong repolarisation and Class IV agents, notably 
the non-dihydropyridine calcium antagonists [11].

 Goals of Antiarrhythmic Drug Therapy

Antiarrhythmic drugs may be used to cardiovert patients 
from AF to sinus rhythm, to maintain sinus rhythm by pre-
venting or delaying recurrences, to prevent the onset of the 
arrhythmia in specific circumstances such a peri cardiotho-
racic surgical procedures, or to reduce symptoms such as 
palpitations, chest pain, breathlessness or anxiety by reduc-
ing the duration of the arrhythmia or slowing the ventricular 
rate response. Rhythm control with antiarrhythmic drugs 
remains essential part of AF management. Antiarrhythmic 
therapy may result in the reduction of AF burden and 
improvement of quality of life, and may also decrease the 
rate of progression of AF and its complications such as left 
ventricular dysfunction.

Antiarrhythmic drugs can be used to facilitate electrical 
cardioversion and to prevent early recurrence of AF. The 
beneficial effects include prolongation of atrial refractori-
ness, conversion of fibrillation AF to a more organized atrial 
rhythm (e.g. flutter) which may be cardioverted with less 
energy, and suppression of atrial premature beats that may 
re-initiate AF. Evidence for such “synergistic” action of anti-
arrhythmic drugs has largely come from the small studies 
with short-acting intravenous formulations and is limited 
with oral agents [12].

In patients who underwent left atrial ablation, antiar-
rhythmic drugs, often a lower dose, may constitute part of 
“hybrid therapy” to achieve complete suppression of the 
arrhythmia. Although intuitively, effective long-term main-
tenance of sinus rhythm can reduce risk of stroke, antico-
agulation should not be discontinued in patients with risk 
factors on the assumption that AF has been successfully 
suppressed.

 Pharmacologic Cardioversion of Atrial 
Fibrillation

Antiarrhythmic drug therapy is used to cardiovert AF to 
sinus rhythm directly, to facilitate electrical cardioversion or 
to maintain sinus rhythm immediately post cardioversion. It 
is an alternative approach to electrical cardioversion which 
can generally be initiated early following symptomatic AF 
onset since it does not require anesthesia and an appropri-
ately prepared patient. However, when the arrhythmia is sus-
tained beyond 48 h it is usually necessary to initiate effective 
anticoagulation and the success of drug-induced cardiover-
sion decreases and electrical cardioversion is then preferred.

The usual technique is to monitor the ECG and blood 
pressure and to infuse an intravenous formulation of an anti-
arrhythmic drug. Apart from dofetilide and dronedarone the 
drugs used for oral AF prophylaxis have intravenous coun-
terparts which are be mostly widely available, but some such 
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as intravenous propafenone, flecainide and vernakalant are 
not available in the USA but are elsewhere whereas ibutilide 
is available in the USA but not everywhere outside the USA.

The choice of antiarrhythmic drug depends on underlying 
comorbidities such as significant structural heart disease, 
particularly heart failure and the speed of response that is 
needed (Fig. 8.2). While amiodarone is highly effective and 
can be used even in patients with heart failure, it characteris-
tically results in early ventricular rate slowing and delayed 
cardioversion. Flecainide and propafenone act rapidly but 
cannot be given to patients with significant structural heart 
disease. Vernakalant also acts quickly and can be given to 
patients with mild heart failure, hypertension and coronary 
disease [13]. Patients with haemodynamically significant 
aortic stenosis should be avoided. Some drugs are more 
effective in terminating flutter, e.g., ibutilide whilst other 
drugs are ineffective in this setting e.g., vernakalant. The 
properties of the drugs used to convert atrial fibrillation are 
listed in Table 8.1.

When electrical direct current cardioversion completely 
fails, or AF rapidly resumes after a brief spell in sinus 

rhythm, a further attempt at electrical cardio version can be 
at rescheduled after a course of oral antiarrhythmic or after 
an intravenous infusion of an antiarrhythmic agent. In many 
centers it is routine to prescribe antiarrhythmic pre-treatment 
in patients who have failed a previous cardioversion, patients 
who have relapsed into AF when antiarrhythmic support has 
been withdrawn, or patients with less chance of successful 
cardioversion, e.g. associated left ventricular dysfunction or 
enlarged left atrium.

 Pill-in-the-Pocket Approach

When an antiarrhythmic treatment is commenced during 
ongoing AF the arrhythmia may convert to sinus rhythm 
within several days or weeks, even when the AF has been 
present for some time. It is never clear whether the arrhyth-
mia would have stopped spontaneously, and this is not there-
fore a common clinical strategy. If an antiarrhythmic is 
started during AF it is usual to plan a subsequent cardiover-
sion. However, administration of a single high dose of a class 
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I antiarrhythmic may quickly convert AF to sinus rhythm. 
This is known as the pill-in-the-pocket technique [15].

This treatment is often employed in Europe but is rela-
tively rarely used in the United States. It is endorsed by 
European Society of Cardiology and NICE guidelines. In 
patients with clear symptomatic episodes of AF but no or 
minimal structural heart disease and relatively infrequent 
(less than 12 per year) episodes of arrhythmia, a high single 
dose of propafenone (450–600 mg) or flecainide (200–
300 mg) can be used to terminate AF. The drug is not taken 
on a regular basis but only when the arrhythmia occurs, 
thereby avoiding long-term exposure to adverse effects 
Studies have shown that AF terminated in 50–60% patients 
at 3 h and 70–80% patients at 8 h following the ingestion of 
a single oral loading dose of propafenone or flecainide com-
pared with 18 and 39% on placebo [16, 17]. A tenfold reduc-
tion in the monthly number of visits to emergency was noted 
in a proof-of-concept study [18].

It is important that the effectiveness and safety of this 
technique is first tested in-hospital and it is not appropriate to 
use the technique in patients who are also taking antiarrhyth-
mic therapy prophylactically [19]. If 1:1 atrial flutter, ven-
tricular arrhythmias or AV block are not provoked and if post 
termination sinus pauses or significant QT prolongation do 
not occur the patient may use the technique as a self-initiated 
therapy outside the hospital setting within a short time of 
arrhythmia onset.

 Selection of an Antiarrhythmic Drug

Antiarrhythmic drugs are ion channel blockers that princi-
pally influence atrial or junctional automaticity or refractori-
ness in such a way to suppress the triggers of AF, such as 
frequent atrial premature beats, short bursts of rapid atrial 
tachycardia (common) or junctional reciprocating tachycar-
dias (rare). These drugs also modulate the substrate for AF 
by decreasing excitability and conduction velocity, or length-
ening refractoriness of atrial tissue and therefore discourage 
re-entry (multiple wavelets or spiral waves). Some antiar-
rhythmic drugs may also change the balance of autonomic 
stimulation of the atrial myocardium by suppression of sym-
pathetic (e.g. beta-blockers, amiodarone or dronedarone) or 
muscarinic activity (e.g. disopyramide).

The choice between antiarrhythmic drugs is usually based 
on side effect profiles and safety which is determined by the 
presence and nature of underlying heart disease rather than 
any specific efficacy in particular patients [10]. However, it 
is generally true that the most effective drugs also have the 
greatest propensity to cardiovascular adverse effects such as 
proarrhythmia (bradycardia and tachycardia) and negative 
inotropic effects, particularly on left ventricular function. 
Many patients who resort to rhythm control have already 
been exposed to beta-blockers for the treatment of underly-
ing cardiovascular problems or for AF ventricular rate con-
trol, but if not, a trial of beta-blocker is the initial approach to 

Table 8.1 Antiarrhythmic drugs for pharmacologic cardioversion

Drug
Route of 
administration Dose Contraindications/precautions

Flecainide IV 1.5–2 mg/kg over 10 min Avoid in coronary disease associated with ischemia, or in heart failure with left 
ventricular dysfunction, or other relevant structural heart disease

Oral 200–300 mg in a single 
dose

Complications include hypotension, QRS widening, QT prolongation, and 
rarely atrial flutter with 1:1 conduction, ventricular tachycardia

Propafenone IV 1.5–2 mg/kg over 10 min Avoid in coronary disease associated with ischemia, or in heart failure with left 
ventricular dysfunction, or other relevant structural heart disease

Oral 450–600 mg in a single 
dose

Complications include hypotension, QRS widening, QT prolongation, and 
rarely atrial flutter with 1:1 conduction, ventricular tachycardia

Amiodarone IV 5–7 mg/kg over 1-2 h, 
then 50 mg/h to a 
maximum 1.0 g for 24 h)

Complications include phlebitis (large bore cannula or central line should be 
used for infusion), hypotension, AV block and bradycardia

Rapid control of ventricular rate but relatively delayed cardioversion

Ibutilide IV 1 mg over 10 min, then 
wait for 10 min, then 
1 mg over 10 min

Avoid when low LVEF, QT interval prolongation, or significant LVH

QT prolongation and polymorphic VT (TdP) may occur

ECG monitoring for 4 h after administration

Vernakalant IV 3 mg/kg over 10 min, 
then wait for 10 min and 
then 2 mg/kg over 10 min

Avoid in significant aortic stenosis, dehydration, hypotension 
(SBP<100mmHg), recent ACS (< 30 days), severe heart failure (NYHA III-IV), 
or prolonged QT (QT uncorrected > 440ms)

Complications include: hypotension, QT prolongation, QRS widening or 
non-sustained VT

ECG monitoring for at least 4 h after administration

IV intravenous, AV atrioventricular, ECG electrocardiogram, LVEF left ventricular ejection fraction, LVH left ventricular hypertrophy, TdP torsade 
de pointes, NYHA New York Heart Association, VT ventricular tachycardia. Modified from the 2016 European Society of Cardiology Guidelines 
on the management of patients with  of atrial fibrillation [14]
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rhythm control, in almost every circumstance. If optimal 
beta-blockade fails to be effective, is contra-indicated, or is 
associated with adverse effects, a specific antiarrhythmic 
drug may be used. At this stage, it is very important to con-
sider associated cardiovascular disease. Patients are  generally 
divided into those with no or minimal structural cardiovascu-
lar disease (lone AF), hypertensive heart disease (with or 
without associated significant left ventricular hypertrophy), 
ischaemic heart disease, or heart failure (mild or moderate to 
severe) (Fig. 8.3). Alternatively, a classification based on left 
ventricular function [normal, depressed but left ventricular 
ejection fraction (LVEF) ≥ 35%, or <35%] can form the pri-
mary basis for the choice of an antiarrhythmic drug.

Any of the antiarrhythmic agents can be given to patients 
with little or no underlying heart disease, when the choice 
depends on local tradition, the expense and convenience of 
therapy, non-cardiovascular co-morbidities or the adverse 
effect profile of the drug (Table 8.2). Generally amiodarone 
is deferred until the last resort, and sotalol is avoided because 
of the need for hospitalisation or precautions related to the 
presence of AF or acquired long QT syndrome. Dofetilide 
and dronedarone are kept back because of monitoring and 
expense issues. Flecainide or propafenone are the most usual 
first-line drugs. Patients with hypertension can be treated 
similarly if there is no significant left ventricular hypertro-
phy or likelihood of co-existing coronary heart disease.

In the presence of significant left ventricular hypertrophy 
sotalol and dofetilide should be avoided because of the risk of 

QT prolongation and torsades de pointes, especially if potas-
sium-wasting diuretics are also being used, for example to 
manage hypertension, or if sinus node dysfunction is present. 
Conventionally flecainide and propafenone are not used 
because of a fear of proarrhythmia extrapolated from the results 
of CAST (Cardiac Arrhythmia Suppression Study) [20]. Thus, 
only dronedarone and amiodarone are available to treat these 
patients and when hypertrophy is severe as in hypertrophic car-
diomyopathy there has only been sufficient clinical experience 
to be confident about the use of amiodarone.

Flecainide and propafenone are clearly contra-indicated 
in coronary artery disease because of increased mortality 
seen in the CAST study when post myocardial infarction 
patients with active ischemia were exposed to this type of 
drug. Sotalol, dronedarone and amiodarone are possible 
treatments; each is anti-ischemic and antiarrhythmic. Some 
physicians avoid sotalol and dofetilide because of the proar-
rhythmic risk and others prefer not to use dronedarone 
because of concerns related to progression to permanent AF 
and the burden of monitoring liver function. In the USA 
dofetilide can be used but it is generally relegated until last 
because of the hurdles of QT interval and potassium moni-
toring, and the paperwork involved.

Only amiodarone and dofetilide can be considered for all 
grades of heart failure [21]. In the USA dronedarone can be 
used in patients with any class of heart failure of heart failure 
and dronedarone can be given to patients with mild to mod-
erate heart failure but not to those with recently unstable, 
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Table 8.2 Characteristics of drugs used on a chronic oral basis for the control of recurrent atrial fibrillation

Drug Dose
Average efficacy 
at 1 year Main contraindications and precautions Monitoring

Disopyramide 100–250 mg t.i.d. 54% Left ventricular systolic dysfunction, sinus 
node dysfunction, second and third degree 
heart block without a pacemaker

ECG: PR, QRS, QTc intervals

Caution when using concomitant 
medication with QT-prolonging drugs, 
intraventricular conduction delay, 
angle-close glaucoma, prostate 
enlargement

Flecainide 100–200 mg 
b.i.d.

up to 77% Coronary artery disease with evidence of 
myocardial ischemia, previous myocardial 
infarction, left ventricular systolic 
dysfunction

ECG (baseline and days 1, 2-3, and 
after dose increase): PR, QRS, QTc 
intervals, organization into atrial flutter. 
Consider lower dose or stopping if 
QRS increase> 25%

Flecanide XL 200 mg o.d.

Caution in the presence of conduction 
system disease and renal impairment 
(CrCL< 50 ml/min), presence of CYP2D6 
inhibitors

Holter: atrial flutter with 1:1 or 2:1 AV 
conduction

Renal function, particularly in the 
elderly patients and those with known 
CKD

New onset myocardial ischemia

Propafenone 150–300 mg t.i.d. 40–75% Coronary artery disease with evidence of 
myocardial ischemia, previous myocardial 
infarction, left ventricular systolic 
dysfunction

ECG (baseline and days 1, 2-3, and 
after dose increase): PR, QRS, QTc 
intervals, organization into atrial flutter. 
Consider lower dose or stopping if 
QRS increase> 25%

Propafenone 
SR

225–425 mg 
b.i.d.

Caution in the presence of conduction 
system disease, renal impairment (CrCL< 
50 ml/min) or liver impairment

Holter: atrial flutter with 1:1 or 2:1 AV 
conduction

Increases concentration of digitalis and 
warfarin

New onset myocardial ischemia

d,l-Sotalol 80–160 mg b.i.d. 30–50%; in 
earlier studies 
up to 70%

Contraindicated in the presence of 
significant left ventricular hypertrophy, 
systolic heart failure, pre-existing QT 
prolongation, hypokalemia, significant 
renal dysfunction

ECG (baseline and days 1, 2-3, and 
after dose increase): QTc interval, heart 
rate: ventricular tachyarrhythmias, 
transient repolarization abnormalities 
(e.g. QT prolongation, abnormal U 
waves). Consider lower dose or 
stopping if QT > 500 ms)

Caution when using concomitantly with 
QT prolonging drugs, heart failure

Renal function and electrolytes, 
particularly in the elderly patients and 
those with known CKDModerate renal dysfunction requires dose 

titration

Dofetilide 125–500 mcg 
b.i.d.

40–65% Contraindicated in the presence of 
pre-existing QT prolongation, history or 
risk of torsade de pointes, creatinine 
clearance <20 mL/min, hypokalemia, 
hypomagnesemia

ECG (baseline and days 1, 2-3, and 
after dose increase) or continuous 
monitoring for 48 h: ventricular 
tachyarrhythmias, transient 
repolarization abnormalities (e.g. QT 
prolongation, abnormal U waves)

Caution when using concomitantly with 
QT prolonging drugs, heart failure

Renal function and electrolytes 
including magnesium every 6 months

Dose should be adjusted in accordance 
with creatinine clearance

Amiodarone 200 mg in t.i.d. 
for 4 weeks, 
200 mg b.i.d. for 
4 weeks, then 
100–200 mg 
daily

52–70% Caution when using concomitantly with 
QT prolonging drugs, heart failure, or 
pre-existing liver disease

ECG: PR, QTc intervals, heart rate

Dose of warfarin and digoxin may require 
adjustment (reduction)

Holter: heart rate, transient 
repolarization abnormalities (e.g. QT 
prolongation, abnormal U waves)

Moderate P-Gp inhibitor; caution with 
NOACs

Creatinine. liver enzymes, thyroid 
hormones (every 6 months)

Lung function tests (yearly), chest 
X-rays if abnormality is detected

(continued)
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NYHA Class IV heart failure patients, especially when the 
left ventricular ejection fraction is <35%. However, in 
Europe the use of dronedarone is discouraged in all patients 
with a history of, or current heart failure or depressed left 
ventricular function. There is some concern about the use of 
amiodarone in NYHA class III patients, but there is little or 
no medical alternative in Europe. In patients with heart fail-
ure the risk of negative inotropic and proarrhythmic effects 
are intensified. Optimal treatment of the haemodynamic 
aspects of heart failure is crucial.

When there is a strong autonomic background to parox-
ysms of AF other consideration may apply. For example, 
antiarrhythmic drugs with anti-muscarinic effects, such as 
disopyramide or quinidine, can be considered for vagotonic 
AF (predominantly in the setting of relative bradycardia, in 
the evening or at week-ends, after meals and associated with 
alcohol). Drugs with strong anti-sympathetic actions, such as 
beta-blockers, dronedarone or amiodarone, can be used for 
patients with paroxysms related to sympathetic stimulation 
(during mental or physical stress, against a background of 
relative sinus tachycardia).

 Initiation of Antiarrhythmic Drug Therapy

Because of the possibility of a proarrhythmic effect or a del-
eterious effect on left ventricular function it is important to 
monitor patients closely during the initiation and mainte-
nance of antiarrhythmic drug therapy [22, 23]. ECGs should 
be recorded pre-therapy and at appropriate intervals after 
treatment is started or the dose is increased. Slowing of heart 
rate, PR interval prolongation, QRS complex widening QT 
interval prolongation, the development of ST segment eleva-
tion or the emergence of late potentials (epsilon waves) are 
of particular interest. Although it is not very practical to hos-

pitalise patients for the initiation of antiarrhythmic drug 
treatment it is important to consider this for high-risk 
patients, or when drugs with a high likelihood of provoking 
ventricular arrhythmias such as torsades de pointes are used, 
for example dofetilide. In most instances, initial prescription 
of low dose therapy and careful outpatient dose titration 
using trans-telephonic monitoring or repeated 12-lead ECGs 
can be safely undertaken. When left ventricular function is 
impaired it is sensible to monitor patients with follow-up 
echocardiograms at regular interval or whenever symptoms 
suggestive of heart failure develop or worsen.

In the absence of proarrhythmic concerns and formal 
labeling, convenience and cost-effectiveness favour out- 
hospital initiation, particularly if the patient is in sins rhythm. 
Amiodarone, dronedarone, and sotalol, due to their AV 
blocking effect and low risk of fast ventricular rates should 
AF organize into atrial flutter, can be initiated during ongo-
ing atrial fibrillation on an outpatient basis. It is acceptable to 
initiate propafenone and flecainide out-of-hospital in patients 
with lone AF after adequate AV blockade with a beta-blocker 
or a rate-slowing calcium channel blocker has been pre-
scribed—see also “pill in the pocket” approach.

 Assessment of Rhythm Control

It seems straightforward to follow patients with symptomatic 
AF because the occurrence of symptoms suggests recurrence 
of the arrhythmia. However, experience with intensive ECG 
monitoring of patients enrolled in drug studies or following 
ablation procedures has demonstrated that there is often little 
association between symptoms and AF episodes. In many 
cases there are far more asymptomatic than symptomatic 
recurrences and in some patients recurrences are almost 
always asymptomatic. Therefore, it is important to consider 

Table 8.2 (continued)

Drug Dose
Average efficacy 
at 1 year Main contraindications and precautions Monitoring

Dronedarone 400 mg b.i.d. 33–40% Contraindicated in the presence of systolic 
heart failure NYHA class III-IV or 
unstable or recently decompensated heart 
failure, pre-existing QT prolongation, 
significant renal dysfunction

ECG (Baseline, 1 week, 4 weeks or 
after dose increase): PR, QTc intervals, 
heart rate

Caution when using concomitantly with 
QT prolonging drugs

Creatinine at 7–14 days after the start 
of treatment and periodically thereafter

Contraindicated with strong CYP3A4 
inhibitors (azole antifungals or protease 
inhibitors; caution with moderate 
inhibitors: verapamil and diltiazem

Liver enzymes at 7 days after the start 
of treatment, monthly during the first 6 
months, then at 9 and 12 months; 
periodically thereafter (1–2 times a 
year)

CrCl creatinine clearance, CKD chronic kidney disease, AV atrioventricular, P-Gp P glycoprotein, NOACS non-vitamin K antagonist oral antico-
agulants, NYHA New York Heart Association. Modified from the 2016 European Society of Cardiology Guidelines on the management of patients 
with  of atrial fibrillation [14]
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prolonged monitoring if the recurrence of asymptomatic epi-
sodes is important to therapeutic decisions. Usually, in 
patients who are adequately anticoagulated silent recur-
rences of AF are unimportant, but if a physician intends to 
base decisions relating to anticoagulation or to supplemen-
tary rate control on the presence or absence of AF episodes 
intensive ECG monitoring is needed, for example 48-h to 
7-day Holter or patch monitoring every 2 or 3 months, or 
even continuous monitoring with an implantable loop 
recorder. This form of ECG data collection is also frequently 
needed for research studies.

When a patient has intermittent symptoms and the likeli-
hood of recurrence is high, but undocumented, the physician 
should resort to Holter ECG monitoring if the recurrences 
are sufficiently frequent (1 or 2 attacks per day when 24-h 
monitoring is contemplated and 1 or 2 attacks per week when 
7-day ECG monitoring is proposed). Less frequent recur-
rences are best documented with event recorders or long- 
term (2–4 week) patch ECG recorders. Increasingly patients 
and physicians are turning to the use of smart phones with 
modifications to allow ECG recording and transmission to 
the physician or third party vendor. When paroxysms are 
identified the physician should explore the mechanism of AF 
initiation, the stability or otherwise of the arrhythmia and the 
ventricular rate during episodes of AF. Appropriate revision 
of treatment can then be designed.

 Comparative Efficacy of Antiarrhythmic 
Drugs

The superiority of one antiarrhythmic drug over another has 
long been debated, mainly due to a relatively small number 
and sub-optimal design of direct comparison studies and 
their inconsistent results as well as enrolment of patients 
with different underlying cardiovascular pathologies. A 
recent Cochrane review provides a systematic analysis of 
efficacy, mortality and proarrhythmia associated with antiar-
rhythmic drugs [24] (Fig. 8.4).

 Beta-Blockers

There is no evidence in patients with AF that treatment with 
beta blockers reduces mortality, even when heart failure is 
present. Beta blockers are modestly effective in preventing 
AF (~30–50%) and are mainly used for rate control. An 
exception is adrenergically-mediated AF, AF caused by thy-
rotoxicosis, and AF after cardiac surgery, in which case beta- 
blockers may be a first-line therapy. Nevertheless, metoprolol 
was superior to placebo [25], and bisoprolol was effective as 
sotalol [26] for prevention of recurrent AF.

Some beta-blockers such as carvedilol may be more 
potent antiarrhythmics because of their direct effects on 
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 cardiac ion channels beyond their anti-adrenergic action. In 
addition, carvedilol has antioxidant activity and may protect 
the atrial myocardium from oxidative injury caused by fast 
atrial rates and ischemia. In direct comparisons, carvedilol 
demonstrated no benefit over bisoprolol, although a higher 
proportion of patients treated with carvedilol completed the 
1-year study in sinus rhythm [27].

 Disopyramide

Disopyramide is rarely used for treatment of AF, mainly 
because of its negative inotropic effect and poor tolerance 
due to anti-muscarinic properties as well as proarrhyth-
mias. However, the use of disopyramide is advocated in 
patients with lone, vagally-mediated AF. The efficacy of 
disopyramide was reported to be 70% at 1 month, 67% at 
6 months, and 54% at 1 year after electrical cardioversion 
[28, 29].

 Propafenone and Flecainide

Propafenone and flecainide are recommended as first-line 
therapy for AF in patients without significant structural heart 
disease such as heart failure, hypertension with left ventricu-
lar hypertrophy, previous myocardial, or coronary artery dis-
ease with documented myocardial ischemia. Both 
propafenone and flecainide reduced the recurrence rate by 
two-thirds, with no advantage of one drug over the other. In 
direct comparisons, flecainide and propafenone prevented 
AF in 77% and 75% patients, respectively [30]. In a meta- 
analysis of propafenone, the incidence of recurrent AF was 
55.4% (51.3–59.7%) at 6 months and 56.8% (52.3–61.3%) 
at 1 year [31]. All-cause mortality associated with propafe-
none was 0.3%. Both agents are available in modified-release 
formulations (Propafenone-SR and Flecainide-XL). Because 
of the danger of organization of AF into atrial flutter with 1:1 
or 2:1 conduction (Fig. 8.5), concomitant use of AV slowing 
agents such as beta-blockers and calcium channel blockers 
are recommended.

 Sotalol

Sotalol has proven an effective and safe prophylactic antiar-
rhythmic drug in patients with AF and stable coronary artery 
disease in the absence of previous myocardial infarction and 
left ventricular systolic dysfunction, and patients with hyper-
tension without evidence of left ventricular hypertrophy. 
Because of its beta-blocking effect, sotalol offers the addi-
tional benefit of ventricular rate slowing during recurrences.

However, in CTAF (Canadian Trial of Atrial Fibrillation), 
sotalol was significantly inferior to amiodarone for the long- 
term maintenance of sinus rhythm (37% vs. 65%) [32]. In 
SAFE-T (Sotalol Amiodarone Atrial Fibrillation Efficacy 
Trial), sotalol was also less effective than amiodarone post- 
cardioversion for persistent AF (the median time to a recur-
rence was 6 days on placebo, 74 days of sotalol, and 487 days 
on amiodarone) [33]. At 2 years, approximately 30% of 
patients treated with sotalol remained in sinus rhythm com-
pared with 60% of patients on amiodarone and 10% of patients 
on placebo. The efficacy of sotalol was like that of class I anti-
arrhythmic drugs and inferior to that of amiodarone in the 
AFFIRM substudy (48%, 45%, and 66%, respectively) [34].

Hypotension and bradycardia are the most common car-
diovascular adverse effects of sotalol with the incidence of 
6–10%. Proarrhythmias associated with QT interval prolon-
gation were observed in 1–4% of patients, usually within 
72 h after the first dose.

 Dofetilide

Unlike propafenone, flecainide, and sotalol, dofetilide is safe 
to use in patients with previous myocardial infarction and/or 
heart failure. In the DIAMOND (Danish Investigations of 
Arrhythmia and Mortality ON Dofetilide) AF substudy of 
DIAMOND-CHF and DIAMOND-MI trials, 506 patients 
with AF at baseline were more likely to remain in sinus 
rhythm on treatment with dofetilide 500 mg twice daily com-
pared with placebo (79% vs. 42%) [35].

In the dose-ranging SAFIRE-D (Symptomatic Atrial 
Fibrillation Investigative Research on Dofetilide) study of 

Fig. 8.5 Monitored ECG 
recordings from a patient 
receiving therapy with a class 
IC antiarrhythmic drug. Atrial 
flutter upper trace is slowed 
and conducts 1:1 to the 
ventricles leading to an 
increase in the ventricular rate 
lower trace
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325 patients with persistent AF or flutter for 2–26 weeks, 
dofetilide exhibited a dose-related effect: 40%, 37%, and 
58% patients receiving 250, 500, and 1000 mg of dofetilide, 
respectively, were in sinus rhythm after 1 year compared 
with 25% in the placebo group [36].

The major safety concern about dofetilide is its torsado-
genic potential which is dose-related and often occurs within 
the first 48–72 h after the start of treatment in up to 3.3% of 
patients. This made the in-hospital initiation of dofetilide 
mandatory.

 Amiodarone

The potential of amiodarone to maintain sinus rhythm in 
patients with AF and a relative cardiac safety in patients with 
significant structural heart disease has been repeatedly shown 
in observational and prospective, randomized, controlled 
studies. Data from the CHF-STAT (Congestive Heart Failure 
Survival Trial of Antiarrhythmic Therapy) substudy showed 
that patients who received amiodarone had fewer recurrences 
of AF and were twice as less likely to develop new AF com-
pared with placebo [37]. The safety of amiodarone was indi-
rectly demonstrated in the AF-CHF study [3].

Amiodarone has a low torsadogenic potential (<1%). 
Given its neutral effect on all-cause mortality, amiodarone 
should be considered a drug of choice for management of AF 
in patients with congestive heart failure, hypertrophic cardio-
myopathy and hypertension with significant left ventricular 
hypertrophy. However, there was a warning from the recent 
subgroup analysis of SCD-HeFT (SCD-Sudden Cardiac 
Death in Heart Failure Trial) which has suggested that amio-
darone was associated with excess mortality in patients with 
NYHA III heart failure [38].

 Dronedarone

The antiarrhythmic potential of dronedarone has been stud-
ied in two high quality, medium size efficacy and safety tri-
als. The EURIDIS (EURopean trial In atrial fibrillation or 
flutter patients receiving Dronedarone for the maintenance 
of Sinus rhythm) and its American-Australian-African 
equivalent ADONIS, have shown that dronedarone was 
superior to placebo in prevention of recurrent paroxysmal 
and persistent AF and was also effective in controlling ven-
tricular rates [39].

ANDROMEDA (ANtiarrhythmic trial with DROnedarone 
in Moderate to severe heart failure Evaluating morbidity 
DecreAse), which was conducted in patients with severe 
congestive heart failure, was stopped prematurely after 627 
patients out of the 1000 planned were enrolled, because an 
interim safety analysis revealed an excess of deaths in the 

dronedarone arm compared with placebo (8% vs. 13.8%; 
hazard ratio 2.13, 95% CI, 1.07–4.25; p = 0.027) [40]. 
Although ANDROMEDA clearly defined a population that 
should not receive dronedarone, it did little else to clarify the 
safety profile of the drug.

The post hoc analysis of the EURIDIS and ADONIS 
studies showed that patients treated with dronedarone had a 
27% reduction in relative risk of hospitalization for 
 cardiovascular causes and death (22.8% vs. 30.9% on pla-
cebo). Subsequently, the ATHENA (A placebo controlled, 
double blind Trial to assess the efficacy of dronedarone for 
the prevention of cardiovascular Hospitalization or death 
from any cause in patiENts with Atrial fibrillation and flut-
ter) trial in 4628 high-risk patients has demonstrated that 
therapy with dronedarone prolonged time to first cardiovas-
cular hospitalization or death from any cause (the composite 
primary endpoint) by 24% compared with placebo [41]. This 
effect was driven by the reduction in cardiovascular hospital-
izations (25%), particularly hospitalizations for AF (37%). 
All-cause mortality was similar in the dronedarone and pla-
cebo groups (5% and 6%, respectively); however, dronedar-
one significantly reduced deaths from cardiovascular causes. 
Post hoc analysis suggested that stroke might also have been 
reduced by treatment with dronedarone.

In the ATHENA study, there were 473 patients who 
seemed to remain in AF throughout the study. A retrospec-
tive analysis of these patients showed that fewer of these 
patients were in the dronedarone group (178 vs. 295), and 
that those treated with dronedarone had a similar reduction 
of the primary ATHENA endpoint (HR = 0.76) as for the trial 
population in general [42]. Subsequently, the PALLAS 
(Permanent Atrial fibriLLAtion outcome Study) in patients 
with AF and risk factors was instigated, but was stopped pre-
maturely due to excess of adverse events in the dronedarone 
arm [43].

PALLAS enroled patients over 64 years of age with at 
least a 6-month history of permanent atrial fibrillation and 
risk factors for major vascular events and randomised them 
to receive dronedarone or placebo. After enrolment of 3236 
patients, the study was stopped because the primary out-
comes occurred in significantly more patients receiving 
dronedarone than those receiving placebo. There were 21 
deaths from cardiovascular causes in the dronedarone group 
and 10 in the placebo group (hazard ratio, 2.11; 95% CI, 1.00 
to 4.49; P = 0.046), including death from arrhythmia in 13 
patients and 4 patients, respectively (hazard ratio, 3.26; 95% 
CI, 1.06 to 10.00; P = 0.03). The exceed in deaths were con-
fined to patients who were also taking digoxin, suggesting 
the possibility of a drug-drug interaction. In contrast to 
ATHENA stroke also occurred more commonly in the drone-
darone group (23 patients vs. 10) and hospitalization for 
heart failure was also seen in more patients treated with 
dronedarone. The patients in PALLAS were very largely in 
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permanent AF, whereas most patients in ATHENA had 
recurrent forms of AF and many were in sinus rhythm for 
most the trial. Any advantage from achieving sinus rhythm 
was not possible in PALLAS [44].

Since PALLAS the results of the HESTIA study (The 
Effects of Dronedarone on Atrial Fibrillation Burden in 
Subjects with Permanent Pacemakers) have been reported. 112 
AF patients fitted with pacemakers were randomized to drone-
darone or placebo. During a 12-week study period, AF burden 
decreased by 54.4% (0.22) (P = 0.0009) with dronedarone and 
increased by 12.8% (0.16) (P = 0.450) with placebo [45].

A study based on the United States Department of Defense 
Electronic Health Record database compared new initiators 
of DR and “other AADs” using 1:2 propensity matching to 
reduce selection bias. There were no differences in cardio-
vascular hospitalizations (8.4 vs. 7.8%, respectively; hazard 
ratio = 1.16 [CI, 0.96–1.40; p = 0.117]) or cardiovascular 
death rates (both 0.1%; hazard ratio = 1.62 [CI, 0.17–15.6; 
p = 0.677]). The study showed was that there was no 
increased risk of cardiovascular deaths/hospitalizations asso-
ciated with dronedarone [46].

A recently reported systematic review also showed that 
real-life evidence of dronedarone use was not associated 
with increased all-cause mortality [OR (Odds Ratio) 1.36, 
95% CI 0.79–2.33; p = 0.732, I2 = 57.0%] or cardiovascular 
mortality [OR 1.51 95%CI 0.74–3.08; p = 0.860, I2 = 64.4%]. 
Only two variables, co- administration with digoxin and the 
prevalence of non- permanent AF accounted for the heteroge-
neity of results. The conclusion was that the use of droneda-
rone for prophylaxis of AF recurrences is not associated with 
an increased risk of death, but that combination with digoxin 
should be avoided [47].

Dronedarone is currently recommended for reducing the 
need for hospitalization for cardiovascular events in at-risk 
patients with paroxysmal AF or after conversion of persis-
tent AF, but should not be used in patients with permanent 
AF or advanced or recently decompensated heart failure 
(Fig. 8.6). Co-administration with digoxin should be avoided.

 Optimizing the Use of Antiarrhythmic Drugs: 
Special Situations

 Shortening the Duration of Therapy

Systematic reviews of antiarrhythmic drug treatment in AF 
demonstrate convincing evidence of efficacy, but also under-
score the risk of adverse effects, including proarrhythmia 
and increased mortality [48–50]. One approach to mitigate 
this problem is to restrict the drug dose and period of treat-
ment. The reason to explore this strategy is that antiarrhyth-
mic drug suppression of AF for a few weeks or months 
following conversion to sinus rhythm may give enough time 
for reverse atrial electrical remodelling to occur, so that AF 
recurrence would then be less likely, even after cessation of 
antiarrhythmic drug treatment.

A few trials have investigated this possibility. The 
Flec-SL (Flecainide Short Long) trial in 635 patients has 
shown that short-term antiarrhythmic drug therapy limited 
to 4 weeks after cardioversion resulted in less, but clini-
cally relevant antiarrhythmic effect on AF recurrence, 
about 80% of the effect of long-term treatment over the first 
6 months post cardioversion [51]. However, the follow-up 
was short, and it may be that long-term treatment is 

Atrial fibrillation

Recurrent Permanent

No heart failure Heart failure

Paroxysmal Persistent

No dronedaroneCardioversionSR

Dronedarone

Dronedarone AF

Fig. 8.6 Flow chart explaining the decision process regarding the use of dronedarone for symptom control in patients with intermittent AF
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 necessary because simply reducing AF-induced atrial 
remodelling may not be enough to counteract reversal of 
the electrophysiological and structural effects due to age 
and underlying heart disease [52]. Another study with 
intermittent amiodarone treatment was not as effective as 
continuous amiodarone in terms of a composite outcome 
including efficacy and safety events [53].

These trials suggest that it may be worthwhile restricting 
antiarrhythmic therapy to a short period after cardioversion 
for patients at high risk of adverse effects due to antiarrhyth-
mic drug treatment but that in most cases long term therapy 
will be needed.

 Postoperative Atrial Fibrillation

AF may complicate cardiac or thoracic surgery and usually 
occurs on the 2nd to 4th postoperative day. Following car-
diac surgery AF may occur in up to 30% of patients. It is 
thought to be largely due to inflammation (sterile pericardi-
tis), but other factors such as the cessation of protective ther-
apies prior to surgery, e.g. beta-blockers, underlying heart or 
lung disease, surgical trauma, exposure to anaesthetics and 
inotropes, electrolyte disturbances, oxidative stress and post- 
operative infections may all play a role. Antiarrhythmic 
drugs may be used to prevent the development of post- 
operative AF or to manage the arrhythmia once it has pre-
sented. At this point, however, because of its potentially 
transient and self-limiting nature short term rate control may 
be all that is needed. Other factors that may have contributed 
to the emergence of the arrhythmia must also be actively 
managed.

Beta blockers such as bisoprolol or metoprolol, and anti-
arrhythmic drugs for example sotalol and amiodarone have 
been shown to reduce the likelihood of postoperative AF 
[54–56]. Magnesium therapy, perhaps by reducing electro-
lyte abnormalities has been found to be helpful [57]. Anti- 
inflammatory strategies with colchicine and corticosteroids 
have also been explored. Most of these approaches are not 
employed. However, it is particularly important that patients 
should not stop regular treatment with beta-blockers prior to 
surgery.

When postoperative AF occurs it may be managed expec-
tantly or with rate control, usually with beta-blockers. A 
recent trial 523 patients were randomized after cardiac sur-
gery to rate or rhythm control. There were no significant dif-
ferences in the rates of death (P = 0.64) or overall serious 
adverse events (24.8 per 100 patient-months in the rate- 
control group and 26.4 per 100 patient-months in the rhythm- 
control group, P = 0.61), including thromboembolic and 
bleeding events [58]. When needed, amiodarone is the most 
frequently used antiarrhythmic and has the advantage of also 
slowing the ventricular rate. Vernakalant is approved in 

Europe for post-operative management of AF [59] and there 
are reports of the successful use of ranolazine, although it is 
not approved for this purpose.

 Proarrhythmia

The recognition of proarrhythmia came to the fore with the 
publication cases of syncope in patients taking quinidine 
which were shown to be due to polymorphic ventricular tachy-
cardia occurring against a background of quinidine induced 
QT interval prolongation [60]. This arrhythmia subsequently 
became known by the French term “torsades de pointes” [61]. 
Many drugs which reduce outward repolarising current, for 
example IKr and IKs or increase inward depolarising currents 
such as INaL may induce prolongation of ventricular myocar-
dial action potential duration and dispersion of the duration of 
repolarisation in different myocardial layers (epicardium, mid-
myocardium, endocardium and Purkinje tissue) giving rise to 
early after depolarisations which induce ventricular arrhyth-
mia in the disturbed ventricular electrophysiologic substrate. 
The most powerful drugs that may cause this arrhythmia are 
those designed and developed as antiarrhythmic agents, par-
ticularly class IA (e.g., quinidine and disopyramide) [62] and 
Class III (e.g., sotalol) [63] This arrhythmia is more likely to 
occur in specific settings, such as when drug elimination is 
compromised, or when bradycardia, hypokalemia, or hypo-
magnesemia occur. The potential of this form of proarrhyth-
mia to impair survival was well illustrated in the SWORD 
(Survival With Oral D-sotalol) trial when d-sotalol was given 
to patients with left ventricular dysfunction following myocar-
dial infarction [64]. Immediately following cardioversion of 
AF is an especially vulnerable period.

Ventricular proarrhythmia may also occur when ventricu-
lar myocardial conduction is slowed or blocked or when 
Brugada syndrome electrophysiological circumstances are 
provoked. Class IC (e.g., flecainide, propafenone, or pilsic-
ainide) and Class IA antiarrhythmic dugs (e.g., ajmaline or 
procainamide) may induce these circumstances. This proar-
rhythmia is more likely to occur when ventricular scarring or 
Brugada physiology due to underlying genetic polymor-
phisms are present. J waves or early repolarisation may be 
seen on the ECG, even before drug administration. The pow-
erful proarrhythmic potential of Class IC drugs was first 
demonstrated in the Cardiac Suppression Trial (CAST), and 
the Cardiac Arrest Study Hamburg (CASH) [65] when fatal 
arrhythmias or cardiac arrest occurred more frequently when 
patients were treated with, for example flecainide.

Proarrhythmia may also occur at the atrial level. Sinus 
node dysfunction may be aggravated and AV conduction 
impaired by most antiarrhythmic drugs including class I and 
class III antiarrhythmic agents. AF may be converted to slow 
atrial flutter with 1:1 AV conduction and a resulting rapid 
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ventricular rate. This may occur in about 10% of patients in 
whom pharmacologic cardioversion is attempted. For this 
reason, it is advised to co-prescribe an agent which impairs 
AV nodal conduction such as a beta blocker or a non- 
dihydropyridine calcium channel antagonist whenever a 
class IA or IC drugs is used to restore or maintain sinus 
rhythm in patients with atrial fibrillation.

 Ablation

Interventional techniques are highly effective therapies for 
patients who remain symptomatic despite optimal medical 
therapy. AV nodal ablation and pacemaker implantation may 
be considered if the heart rate during AF cannot be ade-
quately controlled and there is little likelihood of restoring 
and maintaining sinus rhythm even with left atrial ablation. 
This procedure is suitable for older patients, but should gen-
erally be avoided in the young if alternative strategies such as 
left atrial ablation are available.

If antiarrhythmic drugs fail to prevent symptomatic recur-
rences of paroxysmal AF, particularly if several drugs alone 
and in combination have been tried, it is useful to undertake 
left atrial ablation, usually pulmonary vein isolation. This is 
a relatively straightforward and effective technique, but is 
complicated by a small incidence of stroke, atrio-esophageal 
fistula, major bleeding and vascular damage. Guidelines 
strongly recommend this approach, and in some instances 
advocate considering the use of left atrial ablation prior to 
trials of antiarrhythmic drug therapy. Guidelines are gener-
ally less enthusiastic about recommending let atrial ablation 
for persistent or long-standing persistent AF, but the tech-
nique is frequently employed for this indication.

There have been several randomised trials comparing antiar-
rhythmic drugs and left atrial ablation as first-line therapy for 
intermittent, usually paroxysmal AF [66, 67]. Both studies have 
shown that left atrial ablation is not worse than antiarrhythmic 
drugs at delaying the time to recurrence of AF or reducing the 
burden of the arrhythmia [68], although they were not large 
enough to show conclusive non-inferiority. Not all studies have 
convincingly demonstrated superiority of left atrial ablation 
over antiarrhythmic drugs, but generally the results have shown 
less recurrences of AF after ablation.

Often, LA ablation is not completely successful at eradi-
cating all episodes of AF and the administration of antiar-
rhythmic drugs is deemed necessary. It seems that short term 
antiarrhythmic drug therapy in the immediate post-ablation 
period may decrease AF recurrences but this reduced AF 
burden does little to prevent long-term recurrences or encour-
age reversal of atrial remodelling. Post ablation continued 
antiarrhythmic drug therapy may be successful when prior to 
ablation it had not helped to control the arrhythmia. For 
example, a recent database study showed that treatment with 

antiarrhythmic drugs following catheter ablation was associ-
ated with a decrease in hospital readmissions within 90 days 
(11.6% vs. 16.2%) [69].

The 5A Trial AntiArrhythmics After Ablation of Atrial 
Fibrillation) enroled 110 patients (age 55 ± 9 years, 71% 
male), and 53 were randomized after left atrial ablation to 
antiarrhythmic therapy and 57 to no antiarrhythmics. In the 
short-term post ablation period AF occurred in 19% of those 
treated with antiarrhythmics versus 42% (p < 0.005) who 
had no such treatment [70]. However, in the long-term, at 
6 months, there was no difference between the groups [71]. 
Similarly AMIO-CAT (AMIOdarone after CATheter abla-
tion for AF) which randomized 212 patients showed a reduc-
tion in atrial tachyarrhythmias in the blanking period when 
treated with amiodarone but there was no difference between 
the groups at 6 months [72]. Finally the Kansai Plus Atrial 
Fibrillation (KPAF) trial randomised 2120 patients and con-
firmed the results of these major but smaller trials by show-
ing no difference between groups in the recurrence of atrial 
tachyarrhythmias at 1-year with a blanking period of 90 days 
post ablation [73].

Again, the major reason for using antiarrhythmic drugs 
after ablation is purely to reduce the symptoms associated 
with arrhythmia recurrences.

 New Antiarrhythmic Drugs

There are many attempts to identify new drug targets and to 
develop new antiarrhythmic medications. Many dugs have 
been shown active in tissue preparations and effective in the 
animal laboratory but have not been successfully developed 
because of non-cardiac adverse effects, proarrhythmia or 
clinical ineffectiveness. Some compounds remain very 
promising and are undergoing further development.

 Ranolazine

Recently, ranolazine, an agent developed to treat chronic 
stable angina, which selectively inhibits predominantly the 
late component of the sodium current (INa) [74], has been 
shown to improve the success of electrical cardioversion or 
cardioversion in response to amiodarone, and possibly to 
delay recurrence of AF in patients post cardioversion [75]. 
The RAFFAELLO (Ranolazine in Atrial Fibrillation 
Following An ELectricaL CardiOversion) study was a pro-
spective, randomized, double-blind, placebo-control dose- 
ranging trial involving 241 patients with persistent AF after 
successful electrical cardioversion who were randomised to 
placebo, or one of several doses of ranolazine. Ranolazine 
was safe and well tolerated. No dose of the drug significantly 
prolonged time to AF recurrence but overall AF recurrence 
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in the combined higher dose groups was borderline signifi-
cant. The study was limited by its small size and the restric-
tion to a top dose of 750 mg bid [76].

Ranolazine seems to be effective and safe when used in a 
“pill-in-the-pocket” strategy even in patients with underlying 
heart disease [77]. Ranolazine is approved for the treatment 
of chronic stable angina and for long QT3, but is not approved 
for the treatment of AF.

Studies in the laboratory and in the clinic suggest that 
ranolazine may work synergistically with amiodarone or 
dronedarone [78]. The HARMONY trial tested dronedarone 
and amiodarone independently and two combination of 
dronedarone and ranolazine against placebo in 134 patients 
with recurrent AF who were fitted with implanted pacemak-
ers capable of logging the onset and duration of AF. Over a 
3-month observation period neither placebo nor either drug 
alone significantly reduced AF but both ranolazine/droneda-
rone combinations reduced AF (lower dose by 43% 
[P = 0.072) and higher dose by 59% vs. placebo [P = 0.008]) 
and were well tolerated [79]. Further development of a fixed 
dose combination is awaited, and until then using a combina-
tion of these drugs (or amiodarone plus ranolazine) may 
prove hazardous because the doses available to the clinician 
are untested and potentially hazardous because of drug-drug 
interactions.

Eleclazine, another and more specific slow INa inhibitor, 
has recently been tested in experimental animals [80, 81]. 
The results suggest that this drug will prove an effective anti-
arrhythmic agent for treatment of AF, but clinical results are 
not yet available. Since the drug has not proven successful at 
preventing ventricular arrhythmias it may not be further 
developed.

 Budiodarone

Budiodarone, a mixed ion channel inhibitor, is an analogue 
of amiodarone which is engineered to retain the antiarrhyth-
mic effects of amiodarone but to be rapidly metabolised by 
serum and cellular esterase enzymes and avoid tissue accu-
mulation. The iodine moieties are retained and the drug may 
be expected to have the same effects on thyroid function as 
amiodarone. The drug has been evaluated in one small proof 
of concept study in six AF patients with implanted pacemak-
ers and showed a significant reduction in the burden of AF 
[82]. A larger study, PASCAL (Paroxysmal Atrial fibrillation 
Study with Continuous Atrial fibrillation Logging) in 72 
pacemaker patients was a randomised study of three doses of 
budiodarone versus placebo over a period of 4 months (1 
month baseline and 3 months treatment). Sixty-one patients 
completed the study and pacemaker logs demonstrated a 
median reduction of AF by up to 74% (p < 0.001) with the 
highest dose of dronedarone with a significant dose-response 

(p < 0.001) [83]. This drug seemed very promising but was 
complicated by gastro-intestinal side effects and still awaits 
phase 3 development.

 Atrial Repolarisation Delaying Agents (ARDAs)

Atrial specific ion channel inhibitors, such as IKACh block-
ers (e.g., BMS 914392 or NTC 801 [84]) and IKur antago-
nists (e.g., BMS-919373 or D0103 [85]) are being developed 
because they have little effect on ventricular electrophysiol-
ogy whilst causing significant prolongation of atrial refracto-
riness in animal and human tissues. It is anticipated that 
these drugs will not provoke ventricular proarrhythmia 
whilst being effective antiarrhythmic agents for AF suppres-
sion. Unfortunately, so far phase II trials involving pace-
maker patients with AF have not shown significant clinical 
efficacy [86], but other studies continue with some 
compounds.

 Small-Conductance Calcium-Activated 
Potassium Channels

Specific SK blocking compounds (e.g., NS8593 [87]) are 
under development. Small- conductance calcium-activated 
potassium channels are widely expressed in the nervous sys-
tem, vascular endothelium, skeletal muscle, smooth muscle, 
and cardiac myocytes. In animal studies (canines and 
rodents) SK-current blockers have been shown to increase 
atrial action potential duration and atrial refractoriness, and 
have demonstrated clear in vivo anti-AF effects. They have 
not yet been studied in humans and there are some concerns 
related to ventricular proarrhythmia.

 Conclusions

The current estimate of the global prevalence of AF sug-
gests that over 30 million patients suffer from the arrhyth-
mia. Life-style factors and underlying heart disease seem 
to account for most these cases, and the physician should 
give much attention to rectifying these causative factors. 
Some of the treatment for underlying disease, such as 
angiotensin receptor antagonists for hypertension, may 
specifically act as an upstream form of therapy suppress-
ing AF. Once thromboembolic issues have been assessed 
and treated most patients will require rate or rhythm con-
trol to reduce the symptomatic burden. Although rate con-
trol is preferred and satisfactory for many patients others 
will need rhythm control. Left atrial ablation may eradi-
cate AF in some, and help many by reducing the frequency 
or duration of attacks. Antiarrhythmic drugs are needed 
for most rhythm control patients but only a few agents are 
available. These drugs are potentially  complicated by 
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adverse effects, particularly proarrhythmia which may 
explain why, despite their antiarrhythmic efficacy, they are 
not associated with improved survival and may in some 
circumstances lead to increased mortality. There is a con-
stant search for new antiarrhythmic agents with a better 
benefit- risk ratio, and several new drugs, at present waiting 
in the wings, may fulfil this promise.
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Anticoagulants for Atrial Fibrillation

Keitaro Senoo and Gregory Y.H. Lip

Abstract

Stroke is the major cause of mortality in patients with atrial fibrillation (AF) and oral anti-
coagulation significantly reduces the risk of stroke/systemic thromboembolism and mortal-
ity in AF patients at a high risk. Traditionally, the vitamin K antagonists (VKAs) were the 
only anticoagulants, but more recently, the non-vitamin K antagonist oral anticoagulants 
(NOACs) have become available as alternatives to VKAs. Each NOAC has its own features, 
which could be important considerations for the physicians’ decision-making when it 
comes to drug selection for eligible AF patients. Thus, the physician should select particular 
NOACs or VKAs with reference to their efficacy and safety, fitting the drug to the patient 
profile. Use of risk scores such as CHA2DS2-VASc, HAS-BLED and SAMe-TT2R2 can help 
decision-making in the selection of appropriate antithrombotic agents and management 
strategies. Last, patients should be actively involved with their clinician in decision-making 
about their anticoagulant treatment options.

Keywords
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coagulation • Vitamin K antagonists • Non-vitamin K antagonist oral anticoagulants • 
Bleeding • SAMe-TT2R2 score • Patient preferences

 Introduction

Atrial fibrillation (AF) is the most common cardiac arrhyth-
mia, but results in a fivefold increase in stroke risk. Strokes 
associated with AF are associated with a greater mortality 
and morbidity, with more disability, less independence and 
lower likelihood of being discharged to one’s home [1, 2].

Thus stroke prevention is central to the management of AF.
Traditionally, the vitamin K antagonists (VKA, e.g. war-

farin) were the only anticoagulants widely used for the stroke 
prevention in AF. However, several practical issues are evi-
dent with warfarin therapy, such as narrow therapeutic range 
and need for frequent monitoring. Thus, the non-vitamin K 
antagonist oral anticoagulants (NOACs) have been devel-
oped, which include direct thrombin inhibitor (e.g. dabiga-
tran) and factor Xa inhibitors (e.g. rivaroxaban, apixaban, 
edoxaban), designed to target the different levels of the coag-
ulation cascade.

Several randomized trials have established the value of 
oral anticoagulants (OACs) for preventing stroke in patients 
with nonvalvular AF [3]. Indeed, adjusted dose warfarin 
reduces stroke by 64% and all-cause mortality by 26% com-
pared to control or placebo. In contrast, aspirin resulted in a 
non-significant 19% reduction in stroke risk compared to 
control, with no significant impact on mortality [3].
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Despite the strong evidence of OACs for stroke preven-
tion, a systematic review [4], found the suboptimal use of 
OACs (defined as <70% of eligible patients receiving OAC) 
particularly among patients at a high risk. Overestimation of 
the bleeding risk by physicians often leads to under treat-
ment with OAC, particularly amongst elderly patients [5, 6].

 Assessing Stroke and Bleeding Risks in Atrial 
Fibrillation

Individual assessment of stroke and bleeding risk can help 
decision making when antithrombotic therapy is used. Of the 
various risk stratification schemes, the commonest ones in 
use are the CHADS2 and CHA2DS2-VASc scores for stroke 
risk, and the HAS-BLED score for assessing bleeding risk 
(Table 9.1).

 The CHADS2 Score

The CHADS2 score was derived from the stroke risk factors 
identified in the AF Investigators [7] and SPAF risk schemes 
[8], and is therefore based on the non-VKA arms of the his-
torical trial cohorts [9]. These trials only randomized <10% 
of patients screened, and many common stroke risk factors 
were not recorded nor consistently defined. Nonetheless, the 
CHADS2 score was intended to help identify ‘high risk’ 

patients for OAC but the use of VKA had limited relation-
ship to stroke risk strata and many high risk patients remained 
suboptimally treated [10].

Whilst the CHADS2 score is commonly used as a risk 
score for stroke prevention, several limitations have been 
highlighted [11, 12]. Like most clinical risk scores, the 
CHADS2 score has modest predictive value for ‘high risk’ 
patients [13]. The pooled analysis indicates that both the 
classic and revised views of stratification offer limited pre-
dictive value for ‘high risk’ patients [12].

Second, several common risk factors, for example, age 
65–74, female sex and vascular disease, are not included in 
the CHADS2 score [14, 15]. Thirty to fifty percent of AF 
patients have a CHADS2 score of 0–1, showing that a large 
number of AF patients have no clear recommendation for 
anticoagulation based on these criteria. For instance, patients 
with a CHADS2 score of 0 can have a stroke rate as high as 
3.2% per year (which is not ‘low risk’) and those with a score 
of 1 can have a stroke rate of 8% per year [16]. Thus, stroke 
risk assessments need to evolve to be able to identify the 
‘truly low risk’ patients who do not need antithrombotic 
therapy [11, 17].

 The CHA2DS2-VASc Score

To overcome some of the limitations of the CHADS2 score, 
the CHA2DS2-VASc score was proposed, which incorpo-
rated additional ‘non-CHADS2’ stroke risk modifiers, such 
as age 65–74, vascular disease and female sex [18, 19].

In the Euro Heart Survey, the CHA2DS2-VASc score was 
compared with seven other stroke risk stratification schemas 
in 1084 AF patients and demonstrated reasonable predictive 
ability for high-risk patients but was good at identifying low- 
risk patients [20]. The Danish nationwide cohort study [16] 
showed patients with a CHADS2 score = 0 were not all ‘low 
risk’, with 1-year event rates ranging from 0.84% (CHA2DS2- 
VASc score = 0) to 3.2% (CHA2DS2-VASc score = 3). The C 
statistics of the Cox regression model were significantly 
improved from 0.632 (95% confidence interval 0.619–0.646) 
to 0.663 (0.650–0.676) when the CHA2DS2-VASc score was 
used for stroke risk categorization instead of the CHADS2 
score. The Belgrade AF study conducted a registry-based, 
observational cohort study of 345 patients initially diagnosed 
with low risk AF. In the multivariable analysis, only the 
CHA2DS2-VASc score of 0 was significantly related to the 
absence of stroke (odds ratio 5.1, 95% CI: 1.5–16.8, 
P = 0.008). Only the CHA2DS2-VASc score had a significant 
prediction ability for the absence of stroke (c-statistic 0.72 
[0.61–0.84], P = 0.031) [21]. Thus, the CHA2DS2-VASc score 
was best in identifying truly low risk patients who did not 
need any antithrombotic therapy, although the C statistic of 
CHA2DS2-VASc score varies, depending on the cohort used.

Table 9.1 Scores for stroke risk stratification

Stroke risk scores Risk score

CHADS2

CHF 1

Hypertension 1

Age ≥ 75 1

Diabetes 1

Stroke or TIA 2

CHA2DS2-VASc

CHF 1

Hypertension 1

Age ≥ 75 2

Diabetes 1

Stroke/TIA/TE 2

Vascular disease 1

Age 65–74 1

Sex category (female) 1

CHF congestive heart failure; TIA transient ischemic attack; TE throm-
boembolism; CHADS2 score Congestive heart failure, Hypertension, 
Age ≥ 75 years, Diabetes mellitus, and previous stroke/TIA (2 points); 
CHA2DS2-VASc score Congestive heart failure, Hypertension (Systolic 
blood pressure > 160 mmHg), Age ≥ 75 years (2 points), Diabetes mel-
litus, previous stroke/TIA/TE (2 points), Vascular disease (Prior myo-
cardial infarction, peripheral artery disease, and/or aortic plaque), Age 
65–74 years, and female gender
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Thus, the European Society of Cardiology (ESC) 
guidelines now recommend the use of the CHA2DS2-
VASc score for stroke risk stratification [22]. In the ESC 
guidelines, the first decision step is to identify those 
patients with a CHA2DS2-VASc score of 0 (in males) and 
1 (in females) who may be considered for no antithrom-
botic treatment [21, 23, 24]. Subsequent to this step, all 
other AF patients with ≥1 stroke risk factors (that is 
CHA2DS2-VASc score = 1 in males, or score ≥ 2 in all) 
should be considered for OACs (Fig. 9.1). The CHA2DS2-
VASc score is also the recommended stroke risk stratifica-
tion score in guidelines from the American Heart 
Association/American College of Cardiology/Heart 
Rhythm Society (AHA/ACC/HRS), Asia Pacific Heart 
Rhythm Society (APHRS) and National Institute for 
Health and Care Excellence (NICE) [25–27].

 The HAS-BLED Score

Many risk stratification schemes for bleeding have been 
derived for and validated in AF populations; 
HEMORR2HAGES (Hepatic or Renal Disease, Ethanol 
Abuse, Malignancy, Older Age, Reduced Platelet Count or 
Function, Re-Bleeding, Hypertension, Anemia, Genetic 
Factors, Excessive Fall Risk and Stroke) [28], ATRIA 

(Anticoagulation and Risk Factors in Atrial Fibrillation) 
[29], HAS-BLED (Hypertension, Abnormal Renal/Liver 
Function, Stroke, Bleeding History or Predisposition, Labile 
International Normalized Ratio, Elderly, Drugs/Alcohol) 
[30] and ORBIT (Outcomes Registry for Better Informed 
Treatment) scores [31] (Table 9.2).

Among these, the most commonly used HAS-BLED 
score was first proposed in 2010, having been derived and 
validated in the Euro Heart survey population [30]. The 
HAS-BLED score represents each of the following common 
bleeding risk factors and assigns 1 point for each: hyperten-
sion (uncontrolled systolic blood pressure > 160 mmHg), 
abnormal renal and/or liver function, previous stroke, bleed-
ing history or predisposition, labile international normalized 
ratios [INRs], elderly, and concomitant drugs and/or alcohol 
excess. A HAS-BLED scores ≥3 indicates a high risk of 
bleeding, for which caution and regular review of patients 
are recommended.

The predictive values of HAS-BLED/ATRIA/
HEMORR2HAGES were compared in a post hoc analysis of 
data from the AMADEUS (Evaluating the Use of SR34006 
Compared to Warfarin or Acenocoumarol in Patients With 
Atrial Fibrillation) trial. The HAS-BLED score demon-
strated better discriminatory performance for the outcome of 
clinically relevant bleeding, reflected by significant AUC dif-
ferences when compared with ATRIA (p = 0.002), 

Atrial fibrillation

Valvular AF*

Assess risk of stroke
(CHA2DS2-VASc score) 

Oral anticoagulant therapy

Assess bleeding risk (HAS-BLED score)
Consider patient values and preferences 

NOAC VKA
No antithrombotic

therapy 

No

0 (in male) 1 (in female) 1 (in male) ³2

Yes

Yes

No (i.e. non-valvular AF) 

<65 years (irrespective of gender)

Fig. 9.1 Approach to stroke 
prevention in atrial 
fibrillation. Antiplatelet 
therapy with aspirin plus 
clopidogrel, or—less 
effectively—aspirin only, 
should be considered in 
patients who refuse any OAC, 
or cannot tolerate 
anticoagulants for reasons 
unrelated to bleeding. If there 
are contraindications to OAC 
or antiplatelet therapy, left 
atrial appendage occlusion, 
closure or excision may be 
considered. AF = atrial 
fibrillation, CHA2DS2- 
VASc = see Table 9.1, 
HAS-BLED = see Table 9.2, 
NOAC = non-vitamin K 
antagonist oral anticoagulant, 
VKA = vitamin K antagonist. 
* (asterisk) includes 
rheumatic valvular disease 
and prosthetic valves
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HEMORR2HAGES (p = 0.003) and, a new bleeding predic-
tion score, ORBIT score (p = 0.001) [32, 33].

Based on the Swedish Hospital Discharge Register, the 
risk of ischemic stroke without anticoagulant treatment is 

higher than the risk of intracranial bleeding with anticoagu-
lant treatment, the net clinical benefit is positive in favour of 
anticoagulation for AF patients with ≥1 additional stroke 
risk factors. Of note, aspirin did not have any positive net 
clinical benefit at any CHADS2 or CHA2DS2-VASc score 
strata [34].

 Oral Anticoagulants

 Vitamin K Antagonists (VKA)

Four proteins (factor II, VII, IX, X) play key roles in the 
blood coagulation cascade require vitamin K for their pro-
duction. Warfarin inhibits the action of vitamin K dependent 
coagulation factors, limiting the production of these four 
anticoagulation proteins [35, 36].

VKAs such as warfarin have been the standard care of 
oral anticoagulation for several decades. As mentioned 
above, dose adjusted warfarin was associated with a 64% 
relative risk reduction for stroke compared with placebo and 
a 39% relative risk reduction in stroke compared with anti-
platelet drugs [3]. Warfarin is significantly better than dual 
antiplatelet (DAPT) therapy for the stroke prevention, with-
out a significant increased bleeding risk [37].

However, many people who have been diagnosed with AF 
are not receiving guideline recommended pharmacotherapy. 
Untreated and undertreated patients are considered to be a 
major source of preventable strokes. Possible reasons for 
underuse of warfarin include the following [36]: (a) the need 
for regular monitoring of the anticoagulant response to war-
farin (by measuring INR), which may be seen as an inconve-
nience to both patients and health professionals; (b) the 
difficulty in managing INR in some patients (medicine inter-
actions, contraindications and dietary restrictions); (c) 
patients’ reluctance to take warfarin, which may require 
patient education; (d) fear of bleeding, which often influ-
ences a physicians’ decision making (particularly, Asians are 
prone to bleeding when treated with warfarin, and Asian 
physicians tend to keep it in a lower range [e.g. INR 1.6–2.6] 
for elderly patients despite limited evidence).

When using warfarin, attention to the quality of antico-
agulation control is needed, as reflected by the average time 
in therapeutic range (TTR). Indeed, well-managed warfarin 
with a high TTR is associated with low rates of stroke and 
bleeding [36, 38]. High quality anticoagulation control with 
warfarin is associated with better efficacy and safety [39], 
and hence effective stroke prevention in several guidelines 
with oral anticoagulants refers to well-controlled warfarin 
(e.g. TTR ≥70% [36]) or one of the NOACs [22].

The use of point-of-care testing (PoCT) for the measure-
ment of INR values should be considered as an option for 
warfarin management, particularly in the community setting. 

Table 9.2 Scores for bleeding risk stratification

Bleeding risk score Risk score

HAS-BLED

Hypertension (uncontrolled) 1

Abnormal renal or liver function 1 or 2

Stroke 1

Bleeding tendency or predisposition 1

Labile INRs 1

Elderly (eg. age>65, extreme frailty, etc) 1

Drugs (concomitant aspirin or NSAID) or excess 
alcohol

1 or 2

HEMORR2HAGES

Hepatic or renal disease 1

Ethanol abuse 1

Malignancy 1

Older age 1

Reduced platelet count or function 1

Rebleeding risk 2

Hypertension 1

Anemia 1

Genetic factors 1

Excessive fall risk 1

Stroke 1

ATRIA

Anemia 3

Severe renal disease 3

Age ≥ 75 years 2

Prior bleeding 1

Hypertension 1

ORBIT

Older age 1

Reduced hemoglobin/Hct/anemia 2

Bleeding history 2

Insufficient kidney function 1

Treatment with antiplatelets 1

INR international normalized ratio; HAS-BLED score Hypertension, 
Abnormal renal or liver function, Stroke, Bleeding history, Labile 
INRs, Elderly (age > 65 years), Drugs/alcohol concomitantly; 
HEMORR2HAGES score Hepatic or renal disease, Ethanol abuse, 
Malignancy, Older age (age > 75 years), Reduced platelet count or 
function, Rebleeding risk (history of past bleeding) (2 points), 
Hypertension (uncontrolled), Anemia (hemoglobin <13 g/dL in men 
and <12 g/dL in women), Genetic factors (CYP2C9 variant), Excessive 
fall risk, and Stroke; ATRIA score = Anemia (hemoglobin <13 g/dL in 
men and <12 g/dL in women) (3 points), Severe renal disease (glomeru-
lar filtration rate < 30 mL/min or dialysis dependent) (3points), 
Age ≥ 75 years (2 points), Prior bleeding (1 point) and Hypertension (1 
point); ORBIT score Older age (≥74 years), reduced hemoglobin/Hct/
Anemia [(hemoglobin <13 g/dL in men and <12 g/dL in women) or 
(hematocrit <40% for males and <36% for females) (2 points)], 
Bleeding history (2 points), Insufficient kidney function (glomerular 
filtration rate < 60 mL/min/1.73 m2), Treatment with antiplatelets
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Such testing could be conducted at a medical practice or 
could involve a collaborative shared-care arrangement 
between patients’ medical practitioners and other health pro-
fessionals with whom patients have regular contact.

 Non-vitamin K Antagonist Oral Anticoagulants 
(NOAC)

The Non-vitamin K antagonist oral anticoagulants (NOACs), 
that is, oral direct thrombin inhibitor (dabigatran) and factor 
Xa inhibitors (rivaroxaban, apixaban, edoxaban), have 
recently emerged as alternatives to warfarin to prevent stroke 
in AF patients. NOACs have a rapid onset and offset, and 
have a predictable effect with fewer drug-drug interactions 
(Table 9.3). Moreover, NOACs are used in fixed doses with-
out need for monitoring of anticoagulation intensity. The 
value of NOACs for stroke prevention in AF has been dem-
onstrated in multiple large Phase 3 clinical trials, which ran-
domized patients to NOAC therapy versus dose-adjusted 
VKA therapy for the prevention of stroke in patients with 
nonvalvular AF.

The RE-LY (Randomized Evaluation of Long-Term 
Anticoagulation Therapy) [40] trial was a randomized, open- 
label, phase III trial of stroke or systemic embolism prevention 
in patients with nonvalvular AF. A total of 18,113 patients 
were randomized to two doses of dabigatran, 110 or 150 mg 
twice daily (bid), or to dose-adjusted warfarin (INR 2.0–3.0). 
In this trial, dabigatran 150 mg bid was associated with a lower 
incidence of stroke and thromboembolism compared with 
warfarin (1.11% vs. 1.71% per year, P < 0.001 for superiority) 
but was similar in the incidence of major bleeding (3.32% vs. 
3.57% per year, P = 0.31), whereas dabigatran 110 mg bid was 
associated with a similar incidence of stroke and thromboem-
bolism (1.54% vs. 1.71% per year, P < 0.001 for non-inferior-
ity, P = 0.30 for superiority) and a lower incidence of major 
bleeding (2.87% vs. 3.57% per year, P = 0.003). Intracranial 
bleeding occurred less frequently in the dabigatran groups 
(dabigatran 150 mg and 110 mg vs. warfarin: 0.30% and 
0.23% vs. 0.76% per year, respectively).

The ROCKET-AF (Rivaroxaban Once Daily Oral Direct 
Factor Xa Inhibition Compared with Vitamin K Antagonism 
for Prevention of Stroke and Embolism Trial in Atrial 
Fibrillation) [41] trial was a randomized, double-blind, 
double- dummy trial of stroke or systemic embolism preven-
tion in patients with nonvalvular AF. A total of 14,264 
patients were randomized to either rivaroxaban 20 mg once 
daily (od) (15 mg od if creatinine clearance was 30–49 mL/
min) or dose-adjusted warfarin (INR 2.0–3.0). ROCKET-AF 
showed that rivaroxaban was non-inferior to warfarin in the 
prevention of stroke or systemic embolism (2.12% vs. 2.42% 
per year, P < 0.001 for non-inferiority, P = 0.12 for superior-
ity), with no difference in the risk of major and non-major 
clinically relevant bleeding (14.9% vs. 14.5% per year, 
P = 0.44). Intracranial hemorrhage occurred less frequently 
in rivaroxaban (0.49% vs. 0.74% per year; P = 0.019).

The ARISTOTLE (Apixaban for Reduction in Stroke and 
Other Thromboembolic Events in Atrial Fibrillation) [42] 
trial was a randomized double-blind, double-dummy, phase 
III trial of stroke or systemic embolism prevention in patients 
with nonvalvular AF. A total of 18,201 patients were ran-
domized to either apixaban 5 mg bid (reduce to 2.5 mg if 
patients with ≥2 of the following criteria: age ≥80 years, 
body weight ≤60 kg, or serum creatinine ≥1.5 mg/dL), or to 
dose-adjusted warfarin (INR 2.0–3.0). ARISTOTLE showed 
apixaban was superior to warfarin in the prevention of stroke 
or systemic embolism (1.27% vs. 1.60%, per year; P < 0.001 
for non-inferiority, P = 0.01 for superiority), and it resulted 
in less bleeding (2.13% vs. 3.09% per year, P < 0.001) and 
lower mortality (3.52% vs. 3.94% per year, P = 0.047). 
Intracranial hemorrhage occurred less frequently in apixaban 
(0.33% vs. 0.80% per year, P < 0.001).

The ENGAGE AF-TIMI 48 (Effective Anticoagulation 
with Factor Xa Next Generation in Atrial Fibrillation- 
Thrombolysis in Myocardial Infarction 48) [43] trial was a 
randomized, double-blind, double-dummy, phase III trial of 
stroke or systemic embolism prevention in patients with non-
valvular AF. A total of 21,105 patients were randomized to 
edoxaban 60 or 30 mg od, or to dose-adjusted warfarin (INR 
2.0–3.0). The dose was reduced to 30 mg with the following 

Table 9.3 Pharmacological characteristics of oral anticoagulants

Warfarin [25, 26] Dabigatran [31] Rivaroxaban [32] Apixaban [33] Edoxaban [34]

Mechanism Vitamin K antagonist Direct thrombin 
inhibitor

Factor Xa inhibitor Factor Xa inhibitor Factor Xa inhibitor

Oral bioavailability 79–100% 6.5% 80–100% 50% 62%

Half-life (h) 20–60 12–14 8–11 12 10–14

Renal clearance 92% 80% 33% kidney, 66% 
liver

25% 50%

Regimen Flexible Twicea Oncea Twicea Oncea

Interaction Numerous P-gp 3A4/P-gp 3A4/P-gp P-gp
aDepend on indicate
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criteria: CrCl 30–50 mL/min, a body weight <60 kg, or the 
concomitant use of verapamil or quinidine.

Both doses of edoxaban were non-inferior to warfarin for 
the prevention of stroke or systemic embolism (edoxaban 
60 mg and edoxaban 30 mg vs. warfarin 1.18% and 1.61% 
vs. 1.50% per year, respectively) and were associated with 
lower rates of bleeding (2.75% and 1.61% vs. 3.43% per 
year, respectively) and cardiovascular death (2.74% and 
2.71% vs. 3.17% per year, respectively). Intracranial hemor-
rhages occurred less frequently in edoxaban group (0.39% 
and 0.26% vs. 0.85% per year, respectively).

Ruff et al. performed a meta-analysis (71,683 partici-
pants) using the RE-LY, ROCKET AF, ARISTOTLE, and 
ENGAGE AF–TIMI 48 trials. NOACs had a favourable 
risk–benefit profile, with significant reductions in stroke, 
intracranial haemorrhage, and mortality, and with similar 
major bleeding as for warfarin, but increased gastrointestinal 
bleeding. The relative efficacy and safety of NOACs was 
consistent across a wide range of patients [44].

 Management of Bleeding

Major bleeding was associated with substantially increased 
risk of death, ischemic stroke, or myocardial infarction, 
especially following intracranial haemorrhage [45]. Hence, 
the importance of avoiding bleeding in anticoagulated 
patients, but the management of active bleeding with oral 
anticoagulation is still an ongoing clinical challenge.

In patients receiving warfarin, management of bleeding 
using a number of therapies is fairly established, including 
intravenous vitamin K, fresh frozen plasma (FFP), activated 
and inactivated pro-thrombin complex concentrates (PCCs), 
and recombinant activated factor VII (rFVIIa), to prevent 
hemorrhage expansion, limit tissue damage, and facilitate 
surgical intervention as needed. Whilst Vitamin K could be a 
specific antidote for a VKA, it has a slow onset of action 
(average 9–12 h), and would not suffice for emergency treat-
ment, and thus, non-specific supportive measures are needed.

Current recommendations for patients taking NOACs are 
mostly limited to supportive care (including volume resusci-
tation, hemodynamic support, and primary intervention) 
[22]. To ameliorate bleeding associated with NOACs, physi-
cians have used PCC or rFVIIa. In healthy volunteers, 
administration of PCC completely reversed rivaroxaban- 
induced prolongation of the PT, but had no effect on 
dabigatran- induced prolongation of coagulation tests, in par-
ticular of thrombin time and ecarin clotting time (ECT) [46]. 
Recombinant factor VIIa was associated with reduced blood 
loss, improvement of coagulation variables and decreased 
need for transfusions [47], but one analysis found older 
patients treated with rFVIIa had almost three times the risk 
of arterial thrombosis than did healthy controls [48]. The use 

of other pro-coagulants such as antifibrinolytics (e.g. 
tranexamic acid or aminocaproic acid) or desmopressin can 
be considered, although there are almost no clinical data of 
their effectiveness in NOAC-associated bleeding.

A specific antibody based antidote to dabigatran has 
shown great promise, and has regulatory approval in USA 
and EU for use in dabigatran-associated bleeding or where 
urgent surgery is needed in a patient anticoagulated with 
dabigatran [49]. Andexanet alfa, a modified recombinant 
protein, dose-dependently reversed the inhibition of factor 
Xa by direct factor Xa inhibitors and corrected the prolonga-
tion of ex vivo clotting times by such inhibitors [50]. 
Andexanet alfa has the potential to be used as an antidote for 
a broad range of factor Xa inhibitors but more data on its 
safety and efficacy are expected.

Finally, dabigatran can be removed from the blood by 
haemodialysis [51–53], and in cases of excess ingestion, 
activated charcoal can minimize absorption. Given the mod-
erate half-life of the NOACs, the initial non-specific support-
ive measures may suffice.

 Choosing Between VKA or NOAC?

Each NOAC has unique features, which could be important 
considerations for the physicians’ decision-making when it 
comes to drugs selection for eligible nonvalvular AF patients. 
Thus, the physician should properly select each NOAC or 
VKA with reference to their efficacy and safety, fitting the 
drug to the patient profile.

There are no head-head comparisons of these four 
NOACs, but indirect comparisons have been published giv-
ing some insight into the comparisons of each other in terms 
of efficacy and safety [54, 55]. Of note, indirect comparisons 
have major limitations, such as the assumption that all the 
drugs and trials are homogeneous, but in reality there are 
important differences in patient profile among those trials 
(e.g., mean CHADS2 score and TTR) [56, 57]. Given the 
drug characteristics and trial outcomes, we can fit a particu-
lar NOAC to the patient profile for stroke prevention in non-
valvular AF [58]. Using prescribing label or guideline 
adherent treatment is also associated with better efficacy and 
safety outcomes [59]. Indeed, patients with end-stage renal 
disease [ESRD; e.g. CrCl < 30 mL/min/1.73 m2] are excluded 
from the clinical trials.

In a newly diagnosed non-anticoagulated AF patient, some 
healthcare settings still require a ‘trial of warfarin’ for (say) 6 
months to see the TTR, before a NOAC is allowed to be pre-
scribed. This may put patients at risk of stroke given that TTRs 
in inception cohorts tend to be suboptimal [60], leading to an 
excess of strokes in the early period following the introduction 
of warfarin [61]. Rather than expose to inadequate thrombo-
prophylaxis with a ‘trial of warfarin’, the SAMe-TT2R2 score 
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[62] (Table 9.4) may help decision- making. Patients with a 
SAMe-TT2R2 score 0–2 are likely to do well on warfarin by 
achieving a high TTRs. In contrast, a SAMe-TT2R2 score of 
>2 is associated with a poor TTR and thus, such patients may 
require more careful review or counseling [63] or be best 
treated with a NOACs. The SAMe- TT2R2 score has now been 
validated in various independent cohorts [64–67], and could 
be considered in patient management pathways.

It is important to stress that NOACs have a relatively short 
half-life whereby the anticoagulant effect wears off 12–24 h 
after the last intake, and therefore strict adherence and com-
pliance by patients is vital for stroke prevention. Thus, 
patients are less likely to be protected from stroke when 
treatment of NOAC, which has a short half-life, is inter-
rupted. Although medication adherence in clinical trials is 
minimized by careful monitoring of compliance during fol-
low- up, patients taking warfarin in real-life clinical practice 
are less likely to be in a therapeutic range than those in con-
trolled studies [68]. Hence, physicians have to involve 
patients in discussions about treatment options and elicit 
their preferences [67, 69–71], and consequently physicians 
can get the opportunity to educate patients about AF and the 
risks/benefits of treatment.

For example, Shore et al., studied a national cohort of 
5376 patients with NVAF, initiated on dabigatran. Adherence 
to dabigatran was calculated as proportion of days covered 
(PDC) and association between PDC and outcomes was 
assessed. Among them, 28% of patients in our cohort had 
poor adherence. After multivariable adjustment, lower adher-
ence was associated with increased risk for combined all- 
cause mortality and stroke (HR 1.13, 95% CI 1.07–1.19 per 
10% decrease in PDC) [72]. Nationwide Danish registries 
(n = 2960 patients) were used to identify newly diagnosed 
AF patients taking dabigatran. More than 75% of patients 
were showed >80% adherence to medication regimes during 
the first year. Patients with higher morbidity, including a 
higher risk of stroke or bleeding, revealed better adherence. 
This improvement may be attributable to more regular con-
tact with the healthcare system [73].

Major clinical trials of antithrombotic therapy and subse-
quent meta-analyses have excluded patients with any type of 
prosthetic heart valves, those with mitral stenosis, and those 
with decompensated valvular heart disease who were likely 
to require valve replacement in the near future. Therefore, 
Vitamin K antagonist should be prescribed for these patients, 
not NOACs.

The prevalence of AF in patients with chronic renal fail-
ure (CRF) and ESRD is very high and also in this population 
AF is associated with an increased risk of stroke [74]. 
Warfarin use in CRF and haemodialysis (HD) patients has 
been associated with an increased risk of bleeding compared 
with patients with normal renal function [75]. Moreover, his-
torical studies suggest that warfarin increases the incidence 
of both ischemic and haemorrhagic strokes in HD patients 
[76, 77]. Thus, a clear benefit/risk ratio against warfarin in 
patients with CRF or ESRD and AF has not been firmly dem-
onstrated. Although NOACs are now available, patients with 
severe CRF or ESRD were excluded from the trials that have 
established their efficacy and safety and therefore, warfarin 
should be used instead of NOACs.

 Patient Values and Preferences

Patients’ preferences for OAC therapy should be an integral 
part of the treatment decision-making process [70], as advo-
cated by current clinical guidelines [22].

To enable patients to make informed choices about 
whether or not to initiate OAC and to allow them to choose 
between the available OAC drugs requires the patient to be 
appropriately educated about their own individual risk of 
stroke (hence the need for OAC) and their risk of major 
bleeding associated with the different OACs. The responsi-
bility for educating AF patients and allowing them to voice 
their preferences for OAC treatment lies with the treating 
clinician [71].

A recent study by La Haye et al. [78] used an iPad to pres-
ent patients with their individual risk of stroke (using 
CHA2DS2-VASc score) and bleeding with treatment (using a 
variety of different formats) and elicited their preferences for 
antithrombotic therapy. This study confirms previous 
research [70] which reports that patients are more concerned 
about the risk of stroke than the risk of bleeding; patients 
were prepared to suffer 4.4 major bleeding in order to pre-
vent one stroke [78].

 Conclusion

Stroke is the major cause of mortality in patients with AF 
and oral anticoagulation can reduce the risk of stroke in 
patients at a high risk. Decisions regarding appropriate 
stroke prevention involve individual assessment of stroke 
and bleeding risk associated with VKA or NOACs. 

Table 9.4 The SAMe-TT2R2 score

Acronym Definitions Points

S Sex (female) 1

A Age (<60 years) 1

Me Medical historya 1

T Treatment (interacting Rx, e.g. amiodarone for 
rhythm control)

1

T Tabacco use (within 2 years) 2

R Race (non Caucasian) 2

Maximum points 8
aTwo or more of the following: hypertension, diabetes, myocardial 
infarction, peripheral artery disease, congestive heart failure, previous 
stroke, pulmonary disease, hepatic or renal disease

9 Anticoagulants for Atrial Fibrillation
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As there is no need for routine coagulation monitoring 
with the NOACs, some concern has been expressed about 
patient adherence. Therefore, health care professionals 
should ensure that patients understand why they are tak-
ing oral anticoagulants for atrial fibrillation and the 
expected benefits. Use of risk scores such as CHA2DS2-
VASc, HAS-BLED and SAMe- TT2R2 scores can help in 
the selection of appropriate antithrombotic agents and 
management strategies. Clearly, patients must be actively 
involved with their clinician in decision-making about 
their anticoagulant treatment options.
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Cardiac Pacemakers

Jose F. Huizar and Kenneth A. Ellenbogen

Abstract

Pacemakers have revolutionized treatment options for many patients with bradycardia. Due 
to advances in technology, pacemakers have evolved and so have the indications for pace-
maker implantation. Patients’ needs are different and the appropriate pacemaker and pacing 
mode should be chosen accordingly. We expect the number of patients receiving permanent 
pacemakers will continue to increase as life-expectancy continues to increase. Pacemaker 
indications are multiple, yet it is as important to understand those clinical scenarios when a 
pacemaker has no benefit or can even cause harm.

Pacemaker behavior depends on programmed pacing mode rather than the pacing com-
ponents. Pacing nomenclature is key to understand the pacing mode and pacemaker behav-
ior. Thus, health care providers should have a basic understanding of the pacemaker 
components, pacing nomenclature, pacing modes, indication, follow up and electrocardio-
graphic features of pacemakers. Device malfunction can be recognized with subsequent 
proper troubleshooting if one understands normal pacemaker behavior.

Keywords

Pacemaker • Pacing nomenclature • Pacing modes • Pacemaker indications • Cardiac resyn-
chronization therapy • Biventricular pacemaker • Electrocardiogram • Outpatient follow up 
• Pacemaker troubleshooting

 Introduction

As the need for pacemakers has increased, pacemaker 
technology has continued to evolve in complexity since 
their inception over 60 years ago. Pacemakers have not 
only become more efficient with longer battery longevity, 
but have also incorporated features to assist the treatment 
of arrhythmias and heart failure, and are capable of iden-
tifying lead or pulse generator failure. Complex pace-
maker features have made ECG interpretation quite 
challenging, yet it is important to understand their basic 
operations of pacemakers to differentiate between normal 
and anomalous pacemaker function. In this chapter, we 
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review basic pacemaker components, principles of pace-
maker nomenclature, pacing modes, pacemaker indica-
tions, electrocardiographic features and basic pacemaker 
troubleshooting.

 Pacemaker Components

A traditional implantable pacemaker requires a pulse genera-
tor and one, two or three pacing leads, all of which must be 
in proper condition to allow appropriate pacemaker function. 
While a left or right delto-pectoral incision is required to 
implant the pulse generator and leads, most leads (except 
epicardial) are inserted using a transvenous access  (cephalic/
axillary/subclavian veins) through the same incision to reach 
the desired cardiac chamber. The pulse generator is posi-
tioned in the subcutaneous tissue over the deltopectoral 
region.

The pulse generator consists of several components: a 
battery, electronic circuitry and the header with proper adap-
tors to connect corresponding leads. The pulse generator is 
responsible for delivering pacing stimuli through electrodes 
to properly initiate myocardial excitation and then contrac-
tion in the stimulated cardiac chamber.

The number and position of these leads depends on the 
pacing indication and the cardiac chambers wished to stimu-
late (Fig. 10.1). The simplest pacemakers are single- chamber, 
which can be either atrial or ventricular pacemakers and 
require implantation of a single-lead in the respective cham-
ber. However, their function is limited to the implanted 
chamber, which can limit cardiac function in the presence of 
AV dissociation. A dual-chamber pacemaker requires two 
leads, an atrial and ventricular lead commonly implanted in 
the right atrial (RA) appendage and right ventricular (RV) 
septum, respectively, allowing pacing in both chambers if 
AV synchrony is needed.

Finally, biventricular pacemakers provide cardiac 
resynchronization therapy (CRT), requiring an RA, RV 
and left ventricular (LV) leads as it is intended to trigger 
each ventricular contraction by pacing RV and LV cham-
bers after each P wave or atrial pacing. In contrast to RA 
and RV leads, the LV lead is implanted in the epicardium 
of the LV though the coronary sinus into a posterior or 
lateral cardiac vein (branch off the coronary sinus). 
Occasionally, transvenous LV lead implantation is not 
possible due to anatomical limitations, in which case, car-
diothoracic surgery (for true epicardial placement) is a 
frequent alternative. Biventricular pacemakers are 
implanted in patients with heart failure in order to improve 

LV dyssynchrony (uncoordinated contraction of LV seg-
ments) commonly seen in patients with an underlying 
LBBB and reduced LV ejection fraction (<35%).

 Pacing Nomenclature

Pacing nomenclature has increased in complexity over the 
last decades due to the increased numbers of new indica-
tions and new pacing algorithms. The most recent example 
is the introduction of biventricular pacemakers less than 
20 years ago. Thus, a combined effort from the Mode Code 
Committee of the North American Society of Pacing and 
Electrophysiology in cooperation with the British Pacing 
and Electrophysiology Group standardized the nomencla-
ture used in all pacemakers (Table 10.1). The current 
nomenclature includes a five-letter code that describes the 
overall pacemaker function, also referred as “pacing 
mode” [1].

The first letter represents the chamber(s) in which pace-
maker stimulation occurs: “A” refers to atrial pacing, “V” 
denotes ventricular pacing and “D” indicates both atrial and 
ventricular pacing. The second letter reflects to the 
chamber(s) able to sense cardiac signals: “A” signifies the 
ability to sense atrial signals, “V” denotes the ability to 
sense ventricular signals, “D” indicates ability to sense both 
atrial and ventricular signals, and “O” represents lack of 
sensing at all (asynchronous mode). The third letter indi-
cates the pacemaker response to sensed cardiac events, 
where “I” indicates that atrial or ventricular pacing will be 
inhibited in the presence of atrial or ventricular signals, 
respectively; “T” reflects ventricular pacing will be trig-
gered by the presence of an atrial signal in order to maintain 
atrial-ventricular synchrony; “D” denotes both “inhibition” 
and “trigger or tracking” mode of response, and “O” repre-
sents lack of any response to sensed events. A typical exam-
ple of a dual response to sensed events can be seen when an 
intrinsic P wave (atrial event) is sensed by the atrial channel 
therefore inhibiting atrial pacing, yet it will trigger ventricu-
lar pacing if no sensed QRS (ventricular event) is noted, 
referred as P-synchronous pacing. The fourth letter “R” or 
“O” indicates whether the pacemaker is able to control the 
rate based on an activity sensor referred as “sensor-rate 
modulation or rate- modulating pacing” is enabled (R) or not 
(O). Finally, the fifth letter represents whether multisite pac-
ing is present in the atria “A”, ventricle “V”, both atria and 
ventricle “D” or not present at all denoted with an “O”. This 
fifth letter has become relevant with the launch of biven-
tricular devices.
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a b

c d

e

Fig. 10.1 Schematic of commonly used pacemaker systems and newly 
developed leadless pacemakers. (a) Single-chamber ventricular pace-
maker; (b) Single-chamber atrial pacemaker; (c) Dual-chamber pace-
maker; (d) Triple-chamber (biventricular) pacemaker (Permission 

granted by Mayo Clinic Proceedings); (e) Nanostim leadless pacemaker 
(St. Jude Medical, Inc., Sylmar, CA). Small pen-size device which 
includes battery, electronic circuitry and pacing electrodes
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 Pacing Modes

Over the past years, pacing modes have advanced as the clin-
ical needs have increased and consequences of chronic pac-
ing have become clearer. The availability to program a 
specific pacing mode is contingent to the number of 
implanted pacing leads. The most frequent pacing modes 
(Figs. 10.2 and 10.3) including their indications, advantages 
and disadvantages are summarized in Table 10.2.

 Single or Dual-Chamber Asynchronous Pacing 
(AOO, VOO, DOO)

These are the simplest pacing modes since there is absence 
of sensing or rate-response allowing only to program a lower 
rate limit (LRL). Atrial asynchronous mode (AOO) will only 
pace the atrial channel regardless of the underlying atrial or 
ventricular rhythm (due to the lack of sensing). Similar to 
AOO, Ventricular asynchronous mode (VOO) will pace ven-
tricle at LRL despite the presence of intrinsic atrial or ven-
tricular rhythm (Fig. 10.2a). Finally, dual-chamber 
asynchronous mode (DOO) will pace both atria and ventricle 
at LRL with a programmable atrio-ventricular interval (AVI), 
regardless of intrinsic rhythm (P wave or QRS). These pac-
ing modes are commonly used briefly in pacemaker- 
dependent pacemakers to prevent inappropriate pacing 
inhibition during procedures associated with electrocautery 
or other noise generating devices (Table 10.2).

 AAI(R) and VVI(R) Pacing Modes

These are referred as single-chamber (atrial or ventricular) 
inhibited pacing modes (Fig. 10.2b, c). AAI can be pro-
grammed in a single-lead atrial pacemaker or a dual- chamber 
pacemaker. AAI mode is only able to pace the atria (A, first 
letter), sense the atria (A, second letter) and inhibit atrial 
pacing (I, third letter) in response to a P wave (Fig. 10.2b). 
VVI can be programmed in a single-lead ventricular pace-
maker or a dual-chamber pacemaker, allowing to pace the 

ventricle (V, first letter), sense the ventricle (V, second letter) 
and inhibit ventricular pacing (I, third letter) in response to a 
QRS signal (Fig. 10.2c). Percutaneous temporary pacing 
wires are often programmed to VVI to provide “back-up” 
pacing.

Both, AAI and VVI pacing modes incorporate sensing on 
the atrial or ventricular channel, atrial or ventricular pacing 
at programmed LRL if intrinsic rhythm is below LRL, while 
inhibiting atrial or ventricular pacing if the underlying 
rhythm is faster than LRL in its respective chamber. A fourth 
letter “R” is present in either AAI or VVI if rate-modulation 
is enabled, which will allow either pacing to occur at faster 
rates than programmed LRL only when sensor-indicated rate 
instructs pacemaker to do so. These sensors are designed to 
track with patient activity and may be based upon detection 
of respiratory rate via changes in thoracic impedance or 
motion using an accelerometer.

AAI pacing mode is indicated in pure symptomatic atrial 
bradyarrhythmias with intact AV nodal and His-Purkinje 
conduction. Yet, pure AAI mode is rarely used due to the 
inability to pace ventricle in the event of future AV nodal 
disease that could result in AV block and asystole. VVI pac-
ing mode is commonly used in patients with: (1) single- 
chamber implantable defibrillators that usually lack pacing 
indications, (2) chronic atrial fibrillation or atrial tachyar-
rhythmias, and (3) mode switch to prevent inappropriate 
tracking during paroxysmal episodes of atrial fibrillation or 
flutter.

 DDD Pacing Mode

DDD pacing mode can be described as AV sequential (D) 
pacing, dual chamber sensing (D) with inhibition and 
P-synchronous pacing (D). This pacing mode is the most 
commonly used in dual-chamber devices (DDD or DDDR) 
and biventricular pacemakers (DDDOV or DDDRV).

In DDD mode the pacemaker is capable of atrial and ven-
tricular pacing and sensing with dual response (inhibited and 
triggered pacing) to an intrinsic atrial or ventricular sensed 
events (Fig. 10.2d). Both, atrial and ventricular (AV sequen-

Table 10.1 Revised NASPE/BPEG generic code for bradycardia, adaptive-rate, and multisite pacing [1]

Position

I: Chamber(s) paced II: Chamber(s) sensed III: Response to sensing IV: Rate modulation V:Multisite pacing

O = None O = None O = None O = None O = None

A = Atrium A = Atrium T = Triggered R = Rate modulation A = Atrium

V = Ventricle V = Ventricle I = Inhibited V = Ventricle

D = Dual (A + V) D = Dual (A + V) D = Dual (T + I) D = Dual (A + V)

BPEG British Pacing and Electrophysiology Group, NASPE North American Society of Pacing and Electrophysiology. Modified from Bernstein 
et al. [1]
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tial) pacing will only occur at the programmed AV delay or 
interval (AVI) if the intrinsic atrial and ventricular rates are 
below the LRL. If the intrinsic sinus rate is slower than LRL, 
the atrium will be paced at LRL while inhibiting ventricular 
pacing if intrinsic AV conduction (QRS event) is sensed 
within a predetermined AVI. If the sinus or atrial rate is faster 

than the LRL but no intrinsic AV conduction is present (no 
QRS) after the programmed AV delay, the pacemaker inhib-
its atrial pacing but triggers ventricular pacing (P-synchronous 
pacing) (Fig. 10.2d). However, tracking the intrinsic atrial 
rhythm will only occur up to a programmable maximum 
tracking rate (MTR), which will prevent pacemaker from 

VOO

LRL LRL LRL

V V V VP PR R

LRL LRL LRL

P RA R A R A R

AAI

LRL LRL LRL

VV P VPP R

VVI

LRL LRL LRL
VAIVAI VAI

PAV

A VV VP P R

DDI

Lacks
tracking

LRL LRL LRL

VAIVAI VAI VAI

SAV SAV

VV P V P R

Lacks
A pacing

VDD

LRL LRL LRL

V

VAI VAI VAI

PAV SAV SAV

A V VP P R

DDD

a

b

c

d

e

f

Fig. 10.2 Most frequent 
pacing modes. See text for 
details. LRL lower rate limit; 
V ventricular paced event; R 
intrinsic ventricular sensed 
event (QRS); A atrial paced 
event; P intrinsic atrial event 
(P wave); SAV sensed AV 
delay, which refers to 
programmed ventricular 
pacing after an intrinsic P 
wave; PAV paced AV delay, 
refers to programmed 
ventricular pacing after atrial 
pacing; VAI ventriculo-atrial 
interval, which refers to a 
period after a ventricular 
event when atrial pacing will 
occur only if this timing is 
completed (Modified from: 
Sakena S, Camm AJ, eds. 
Electrophysiological 
Disorders of the Heart, 2nd 
Ed. Philadelphia, PA: Elsevier 
Saunders, 2012: 441–456)
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tracking atrial dysrhythmias. Lastly, pacing in both the 
atrium and ventricle will be inhibited if the sinus rate is faster 
than LRL and intrinsic AV conduction is shorter than the 
programmed AVI. Similar to AAI and VVI pacing modes, 
the DDDR pacing mode represents the ability of the pace-
maker to respond to activity with “rate-modulation”, allow-
ing pacing at faster rates than programmed LRL only when 
the sensor-indicated rate instructs the pacemaker to do so.

 DDI Pacing Mode

DDI is similar to DDD mode without the ability to track atrial 
events (lacks P-synchronous pacing). Thus, it can be described 
as AV sequential pacing (D) with dual chamber sensing (D) 
and pacing inhibition (I) without P-synchronous pacing. 
Thus, ventricular pacing rate is never greater than the pro-
grammed LRL regardless of the atrial rate (Fig. 10.2e), while 

AV sequential pacing will occur only if no intrinsic AV con-
duction (QRS) is present after the programmed AV interval is 
expired. Thus, DDI pacing mode is commonly used for mode 
switching (Table 10.2), which means in the presence of an 
atrial tachyarrhythmias (atrial fibrillation (AF) or flutter) the 
pacing mode will automatically switch from a tracking pac-
ing mode (DDD) to a non-tracking mode (DDI) to prevent 
rapid and irregular ventricular pacing. Rate modulation can 
also be enabled (DDIR) to increase the pacing rate based on 
the activity sensor in those patients with chronotropic incom-
petence while in AF with a slow ventricular rate.

 VDI Pacing Mode

VDI pacing mode can be described as ventricular pacing 
only (V) with both atrial and ventricular sensing (D) and 
inhibition of ventricular pacing (I) in the presence of intrin-

Sinus node
dysfunction

Impaired AV
conduction or

concern of future
AV block

No Yes

Chronotropic
incompetence

No Yes

Atrial PPM
(AAI)

Atrial PPM
(AAIR)

No Yes

Dual-chamber
PPM (DDD)

Dual-chamber
PPM (DDDR)

Chronotropic
incompetence

a

AV block

AF/
Flutter

Yes Chronotropic
incompetence

No

No

NoNo

No

No

Yes

Yes

Yes

Yes

Yes

Chronotropic
incompetence

Desire AV
synchrony

Desire
atrial

pacing

Single-chamber
PPM (VV)

Single-chamber
PPM (VVIR)

Single-chamber
PPM (VVI)

Single-chamber
PPM (VVIR)

Single-lead atrial
sensing ventricular

pacing (VDD)
Dual-chamber
PPM (DDD)
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PPM (DDDR)
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incompetence

b

Fig. 10.3 Recommended 
pacemaker and pacing mode 
based on indications for (a) 
sinus node dysfunction and 
(b) AV block. Modified from 
2012 ACCF/AHA/HRS 
Focused Update Guidelines 
for Device-Based Therapy of 
Cardiac Rhythm 
Abnormalities [3]
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sic QRS without the ability P-synchronous pacing (cannot 
track P waves). Thus, it lacks atrial pacing and AV sequen-
tial pacing, frequently resulting in AV dyssynchrony (ven-
tricular pacing at programmed LRL) regardless of the 
intrinsic atrial rate. Thus, this is an alternative pacing mode 
in patients with chronic atrial fibrillation or flutter and it is 
available as a mode switch feature in some pacemakers 
(Table 10.2). Similar to other pacing modes, rate modula-
tion can also be enabled (VDIR) to allow increase in pacing 
rate during activity.

 VDD Pacing Mode

VDD pacing mode can be described as ventricular pacing 
only (V), while sensing both atria and ventricle (D) and able 
to inhibit ventricular pacing in the presence of intrinsic QRS 
and trigger or track intrinsic atrial rhythm (P-synchronous 
pacing) (Fig. 10.2f). However, it is different from DDD since 
it is unable to pace the atria which could result in AV dys-
synchrony if atrial rate is below LRL. Nowadays, VDD pac-
ing mode is used in single-pass ventricular leads (ventricular 
leads that have additional atrial sensing pole electrodes) 
which are unable to pace atria, yet they allow P-synchronous 
pacing (maintaining AV synchrony) (Table 10.2). Rate mod-
ulation in this pacing mode is not recommended since it will 
likely result in AV dyssynchrony due to ventricular pacing at 
sensor rates without the ability to pace the atria. VDD mode 
although rare, can also be used in cardiac resynchronization 
therapy [2].

 Pacing Indications

There are many indications and recommendations for pac-
ing, yet not all patients with bradycardia meet criteria, 
require, or benefit from pacemaker implant. In general, 
pacemaker implantation recommendations are predomi-
nantly based upon symptoms. Frequently, ambulatory heart 
rhythm monitoring (e.g. Holter) is needed to correlate 
symptoms with bradycardia. Current ACCF/AHA/HRS 
pacemaker guidelines [3] classify indications based on the 
benefit versus risk in four different recommendations: (1) 
class I: pacemaker “is recommended” as it is known to be 
useful and effective, (2) class IIa: pacemaker implant “is 
reasonable” since there is some evidence of benefit, (3) 
class IIb: pacemaker “may be considered” since its useful-
ness and benefit is less well established, and finally (4) 
class III: pacemaker “is not useful/effective or may be 
harmful”. These recommendations are based on the level of 
evidence in three different categories: “A” data derives 
from multiple randomized clinical trials or meta-analysis, 
“B” recommendation originates from a single randomized 
trial or non-randomized studies, and “C” recommendation 
comes from consensus opinion of experts, case studies or 
standard of care. Thus, pacemaker recommendations can 
be complex with multiple variants. For easier understand-
ing, Tables 10.3 and 10.4 lists the most common class I and 
III pacemaker recommendations, describing when a pace-
maker should be strongly considered or when it may cause 
harm, respectively.

The most frequent pacemaker indications (Table 10.4) [3] 
are due to sinus node dysfunction, including sinus bradycar-
dia, sino-atrial block, sinus arrest and sinus pauses that com-
monly occur after episodes of sustained tachycardia (e.g. 
atrial fibrillation), referred as tachy-brady syndrome. In these 

Table 10.2 Indications, advantages and disadvantages of the most 
commonly used pacing mode

Pacing mode Indication/advantages Disadvantages

Asynchronous 
pacing (AOO, 
VOO, DOO)

Pacemaker dependent 
patients exposed to noise 
(e.g. electrocautery 
during surgery). Avoids 
oversensing and asystole

Pacing regardless 
of intrinsic events. 
Potential risk for 
arrhythmia 
induction

Single chamber 
inhibited pacing 
AAI(R), VVI(R)

AAI—sick sinus 
syndrome with intact AV 
node; preserves AV 
synchrony
VVI—atrial fibrillation 
with slow VR and 
single-lead ICDs
Both modes require a 
single lead and increase 
battery longevity

AAI lacks 
ventricular pacing 
in the event of 
intermittent AV 
block
VVI is associated 
with AV 
dyssynchrony 
(manifest as 
pacemaker 
syndrome) and has 
higher incidence 
of atrial 
arrhythmias [9]

DDD, DDD(R)V 
(CRT)

Preserves AV synchrony 
(less pacemaker 
syndrome)
Low incidence of atrial 
arrhythmias and 
improved hemodynamics

Requires at least a 
two-chamber lead 
system and has a 
lesser battery 
longevity

DDI(R) Functions as two 
different pacemakers 
(AAI and VVI). Used as 
mode switch to avoid 
tracking atrial 
tachyarrhythmias

Same as 
DDD. Possible AV 
dyssynchrony and 
pacemaker 
syndrome (does 
not track atrial 
sensed events)

VDI(R) Alternative mode switch 
to DDI (lacks atrial 
pacing), since it is unable 
to track sensed atrial 
events above LRL

Similar to VVI, as 
it is associated 
with AV 
dyssynchrony and 
potential atrial 
arrhythmias

VDD Appropriate sinus node 
function with AV node 
disease; dual-chamber 
with high atrial pacing 
threshold to minimize 
battery depletion

Lack of atrial 
pacing
Potential AV 
dyssynchrony at 
sinus rates below 
lower rate limit

Modified from Huizar JF, Kaszala K, Ellenbogen KA. Cardiac Pacing 
Modes and Terminology. In: Sakena S, Camm AJ, eds. 
Electrophysiological Disorders of the Heart, 2nd Ed. Philadelphia, PA: 
Elsevier Saunders, 2012: 441–456
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Table 10.4 Class III pacemaker recommendation—pacemaker is NOT useful or may be harmful (risk > benefit) [3]

Diagnosis Other features to meet criteria for pacemaker implant
Level of 
evidence

Sinus node 
dysfunction

– Asymptomatic sinus node dysfunction C

AV node dysfunction – Asymptomatic first degree AVB
– Asymptomatic Mobitz I AVB not at level of Intra or infra-His
– AVB expected to resolve (drugs, hypoxia-sleep apnea, Lyme)

C

C

C

Bifascicular block – Fascicular block without AVB or symptoms
– Fascicular block with 1st degree AVB without symptoms

B

B

AV block after acute 
phase of AMI

– Transient AVB in the absence of infra-nodal disease
– Transient AVB in the presence of isolated LAFB
– New BBB or fascicular block in the absence of AVB
– Persistent asymptomatic 1st degree AVB and BBB or fascicular block

B

B

B

B

Hypersensitive 
carotid sinus 
syndrome and 
neurogenic syncope

– Hypersensitive cardio- inhibitory response to carotid sinus stimulation without symptoms or vague symptoms
– Situational vasovagal syncope in which avoiding trigger is effective

C

C

Note: AVB atrio-ventricular block, BBB bundle branch block

Table 10.3 Class I pacemaker recommendation—pacemaker is indicated (benefit >>> risk) [3]

Diagnosis Other features to meet criteria for pacemaker implant
Level of 
evidence

Sinus node 
dysfunction (SND)

– SND with symptomatic bradycardia or pauses
– Symptomatic chronotropic incompetence

C

C

Mobitz II and third 
degree AV block

– Symptoms or arrhythmias
– No symptoms with asystole >3 s
– Escape rhythm <40 bpm below AVN

C

C

C

Bifascicular block – Mobitz II AVB and Intermittent third degree AVB
– Alternating bundle branch block

B

C

AV block after 
acute phase of AMI

– Persistent second degree AVB in His with alternating BBB or third degree AVB within or below His-Purkinje
– Persistent and symptomatic second or third degree AVB
– Transient Mobitz II or third degree infranodal AVB or BBB

B

C

B

Hypersensitive 
carotid sinus 
syndrome and 
neurogenic syncope

– Recurrent syncope due to spontaneously carotid sinus stimulation and carotid sinus pressure that induces 
ventricular asystole >3 s

C

Note: AVB atrio-ventricular block, BBB bundle branch block

clinical scenarios, some clinicians will implant a single 
atrial-chamber pacemaker (AAI pacing mode) as long as 
there is no evidence of AV nodal disease (Figs. 10.1b and 
10.2b). However, in the United States these patients often 
receive a dual-chamber pacemaker due to uncertainty about 
the development of AV nodal disease in the future in which 
case a single atrial-lead pacemaker would not prevent asys-
tole due to AV block (Fig. 10.3).

A single ventricular-chamber pacemaker (VVI pacing 
mode) is commonly seen in patients without the need for 
pacing (implantable defibrillators) and/or when AV syn-
chrony is not possible, such as in permanent atrial fibrillation 
and/or flutter (Fig. 10.1a). Leadless pacemakers are entering 
clinical practice and function as VVI pacemakers. Their 
housing, which can fit inside a pen-cap, serves as the pulse 
generator and pacing electrode (Fig. 10.1e).

Dual-chamber pacemaker (DDD pacing mode) is advan-
tageous and commonly required in patients in sinus rhythm 
or with paroxysmal atrial arrhythmias with symptomatic AV 
block or His-Purkinje disease at increased risk of complete 
AV block to maintain AV synchrony. Fig. 10.3 summarizes 
recommended pacemaker and pacing mode indication in 
patients with AV block [3]. In addition, special circum-
stances include patients with autonomic dysfunction syn-
drome, which include those with neurocardiogenic syncope 
or carotid sinus hypersensitivity who may benefit from 
 dual- chamber pacemakers (Table 10.3) [3]. Dual-chamber 
pacemakers are less frequently associated with pacemaker 
syndrome, which refers to the presence of symptoms such as 
fatigue, palpitations, general malaise and/or fullness in the 
neck or throat during ventricular pacing which is predomi-
nantly related to AV dissociation and AV dyssynchrony.
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Finally, biventricular pacing or cardiac resynchronization 
therapy (CRT) was developed to improve LV mechanics in 
patients with LV dyssynchrony in patients with heart failure. 
CRT is strongly recommended (class I) in patients with 
LVEF ≤35%, LBBB with QRS duration ≥150 ms and class 
II, III, or ambulatory IV despite medical therapy. Other rec-
ommendations for biventricular pacemakers are detailed in 
Table 10.5, including clinical scenarios in which CRT is not 
beneficial or even harmful (Class III) [3].

 Pacemaker Outpatient Follow-Up

As pacemaker technology has evolved, so has the follow up of 
this devices. Follow up is not as frequent as required in the 
past, not only due to the significant reliability of the devices, 
but most importantly due to the addition of remote home mon-
itoring. Pacemakers should be followed on a regular schedule 
to monitor clinical status, as well as integrity of the system 
(pulse generator and leads) and optimize device function and 
battery longevity. In general, pacemakers are usually followed 
2–4 weeks immediately after implant to assess wound healing 
and exclude lead dislodgement, since the risk of this complica-
tion is highest the first 3 months after implant. A 3-month fol-
low up after device implant is frequently performed not only 
to rule out lead dislodgment, but most importantly because 
lead parameters are unlikely to change after that point, making 
it important to minimize pacing output and optimize battery 
longevity. Long term pacemaker follow up is based on pace-
maker performance, patient’s clinical needs and underlying 
indication for pacemaker and interim problems. In many 
patients without any significant underlying complex medical 
problems the pacemaker can be assessed every 6–12 months 
either in person or remotely. It is not infrequent that pace-
maker patients only need a yearly evaluation, particularly with 
remote home monitoring. Most devices can have battery sta-

tus, pacing and sensing thresholds, underlying rhythm and 
lead impedances monitored with remote home monitoring. 
Only unique circumstances, such as pacemaker/battery or lead 
recalls, malfunctions and near end-of-life battery status require 
more frequent 1–3 month follow up.

 Electrocardiogram Characteristics Based 
on Pacing Lead Location

The pacing stimulus is frequently recognized as a pacing spike 
that initiates a P wave or QRS on ECG. In the past, unipolar 
leads (pulse generator functions as anode) were frequently 
implanted, making the identification of pacing spikes quite 
easy. In contrast, bipolar leads generate smaller pacing spikes.

The P wave and QRS morphologies are generated by the 
location of the atrial and ventricular pacing leads, respec-
tively. Thus, the ECG can help us determine the location of 
leads since the P wave and QRS axis is opposite the site of 
stimulation (Table 10.6). For instance, if the activation vector 
has an inferior-posterior, leftward and apical direction (QRS 
positive in the inferior leads-II, III, aVF, negative in V1 and 
aVR and positive in I, and V5–6; Fig. 10.4), we can infer that 
ventricular electrode is located in the superior-basal region 
(near tricuspid valve) of the RV septum.

 P Wave Morphology

The atrial electrode is usually placed in the right atrial (RA) 
appendage, situated in the superior-anterior free wall of the 
RA. Thus, the atrial activation vector travels away from this 
region, demonstrating an infero-posterior, leftward axis since 
LA depolarizes after RA (P wave is positive in inferior leads 
and lead I and aVL, while negative in V1 and aVR) (Table 10.6). 
Of note, pacing leads positioned near the posterior- superior 

Table 10.5 Biventricular pacemaker (cardiac resynchronization therapy, CRT) recommendations and level of evidence [3]

Class I—biventricular pacemaker is indicated (benefit >>> risk)
Level of 
evidence

LVEF ≤35%, sinus rhythm and LBBB with QRS ≥150 ms and NYHA class II despite medical therapy
LVEF ≤35%, sinus rhythm and LBBB with QRS ≥150 ms and NYHA class III or ambulatory IV despite medical therapy

B

A

Class IIa—biventricular pacemaker is resonable (benefit >>risk)

LVEF ≤35%, sinus rhythm and LBBB with QRS 120–150 ms and NYHA class II, III or ambulatory IV NYHA despite medical therapy
LVEF ≤35%, sinus rhythm and non-LBBB pattern with QRS ≥150 ms and class III or ambulatory IV NYHA despite medical therapy
Atrial fibrillation with LVEF ≤35% despite medical therapy if patient requires ventricular pacing or AV nodal ablation with near 100% pacing
LVEF ≤35% despite medical therapy if it is anticipated that patient requires >40% ventricular pacing

B

A

B

C

Class IIb—biventricular pacemaker may be considered (benefit > risk)

Ischemic cardiomyopathy with LVEF ≤30% and LBBB with QRS ≥150 ms and NYHA class I despite medical therapy
LVEF ≤35%, non-LBBB pattern with QRS duration 120–150 ms and NYHA class III or ambulatory class IV despite medical therapy
LVEF ≤35%, non-LBBB pattern with QRS ≥150 ms and NYHA class II despite medical therapy

C

B

B

Class III—biventricular pacemaker is NOT indicated or maybe harmful (benefit < risk)

NYHA class I or II and non-LBBB with QRS ≤150 ms
Limited functional capacity and survival less than 1 year

B

C
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aspect of the RA may cause unwanted right phrenic nerve 
stimulation. In general, the P wave duration is very similar as 
long as RA lead is placed in the superior- lateral aspect of the 
RA, causing a sequential RA and LA activation. P wave axis, 
duration and morphology based on the most frequent RA lead 
positions is summarized in Table 10.6 and represented in 
Fig. 10.5. However, atrial lead position can be challenging if P 
wave amplitude is small (due to atrial fibrosis) often seen in 
patients with heart failure.

 Morphology of QRS Complex

The RV lead in a dual-chamber pacemaker is commonly 
placed in the septal region of the RV apex since it is con-
sidered the most stable position with the lowest probability 
of RV perforation. Alternatively, the RV lead can be posi-
tioned in the septal region of the RV base (near the tricus-
pid valve) near the outflow tract or parahisian region, due 
to its proximity to the normal His-Purkinje conduction 

Table 10.6 ECG characteristics of P wave and QRS axis and morphology based on lead location

Lead position Axis Duration Lead I Leads III, aVF Leads V1–2 Leads V5–6

Atrial—P wave

RA appendage Sup → Inf, Ant → Post, 
R → L

= + + or ± − ±

Superior Crista 
terminalis

Sup → Inf, Ant → Post, 
R → L

= + + ± + or ±

Inferior Crista terminalis Inf → Sup, Ant → Post, 
R → L

= + − ± + or ±

Superior RA septum Sup → Inf, R = L ↓↓↓ ± + ± +

Ventricular—QRS complex

RV apex Inf → Sup, Ant → Post, 
R → L, Apex → Base

↑↑↑ + − LBBB
qS

−

RV outflow tract Sup → Inf, Ant → Post, 
R → L, Base → Apex

↑↑ ± + LBBB
qS

+

RV Parahisian region Sup → Inf, Ant → Post, 
R → L, Base → Apex

↑ + + LBBB
qS

+

Posterior-lateral region 
of LV base

Sup → Inf, Post → Ant, 
L → R, Base → Apex

↑↑↑↑ − − or ± RBBB rsR’ + or ±

Biventricular (RV apex 
and sup-posterior region 
of LV base)

Sup → Inf, R → L, 
Apex = Base

↑↑ − or qR + rS − or ±

Inf = inferior, Sup = superior, Post = posterior, Base = near annular valve, L = left, R = right, ± = biphasic, LBBB = left bundle branch block pattern, 
RBBB = right bundle branch block pattern, number of arrows represent the increase in P wave or QRS duration compared to baseline values

Fig. 10.4 Sinus tachycardia (arrows denote P wave) and ventricular 
paced rhythm (AV dyssynchrony) due to complete AV block and a 
pacemaker programmed a VVI pacing mode. RV pacing from the supe-
rior base of the RV septum resulting in an inferior, leftward and apical 

activation vector. Permission obtain from: Uribe W, eds. 
Electrocardiografia Clinica: De lo Basico a lo Complejo (Chapter 33). 
Distribuna Editorial. Bogota, Colombia, 2015: 463–477
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system causing a narrower QRS complex and a lesser 
degree of LV  dyssynchrony (compared to RV apical pac-
ing) even though its clinical benefit is not clear [4, 5]. In 
each one of the different RV lead positions, QRS demon-
strate a distinct morphology summarized in Table 10.6 and 
represented in Fig. 10.6 A–F. In general, the QRS complex 
from RV pacing should reveal a LBBB pattern in ECG 
regardless of the exact location of the RV lead. This is an 
important concept since a RBBB pattern in a dual-chamber 
pacemaker should raise the possibility of RV septal perfo-
ration or an improper lead placement in the LV cavity 
through an inter-atrial or inter-ventricular septal defect, 
which could potentially result in clot formation and sys-
temic embolic events.

Occasionally, QRS morphology and duration after the 
ventricular pacing spike may be noted to be slightly wide or 
even normal despite having a dual-chamber pacemaker with 
an RV lead positioned in the RV apex. This can be noted in 
patients where the intrinsic PR interval is close to the pro-
grammed AV delay in a DDD pacing mode or right bundle 
branch block (RBBB), thus ventricular pacing tracking a P 
wave occurs a few milliseconds after intrinsic AV conduction 
and His bundle activation, causing fusion between the QRS 
morphology of an intrinsic AV conducted beat and RV apical 
pacing (Fig. 10.7).

Over the past few years, placing the RV lead directly into 
the His-bundle position has been possible with direct recod-
ing the His-bundle from the pacing electrode reproducing a 
narrow QRS that can be undistinguishable from the intrinsic 
QRS complex identified only by the preceding pacing spike 
(Fig. 10.8). A recent retrospective study [6] with His-bundle 
pacing suggests that His-bundle pacing may lead to improved 
clinical outcomes. In this study, His-bundle pacing was asso-
ciated with a greater than 40% reduction in heart failure hos-
pitalization compared to patients with a pacing lead in the 
RV apex.

Even though, pacing lead location can be predicted pri-
marily based on QRS axis and morphology during pacing, 
extensive cardiac fibrosis, such as with myocardial infarction 
and infiltrative myocardial diseases can give significant vari-
ations of the QRS axis and morphology that may limit local-
ization of pacing lead.

 Biventricular Pacemakers
While RA and RV leads are implanted inside the cavity 
(endocardium) of the respective chambers, the LV lead is 
usually implanted in the epicardium though the coronary 
sinus into a lateral, posterolateral or anterolateral cardiac 
vein. Thus, the position of the LV lead is limited by the car-
diac venous anatomy. Occasionally, LV lead implantation 
requires surgery for epicardial lead implantation due to ana-
tomical restriction of the cardiac venous system.

Regardless of implantation, LV epicardial pacing usually 
has a longer QRS duration (>160 ms) due to the relative 
increased distance from the endocardial His-Purkinje net-
work, while QRS morphology is similar to a RBBB pattern 
in lead V1 (anterior lead) since ventricular activation is from 
LV free wall (posterior origin) towards RV (anterior) 
(Fig. 10.6-F). The QRS morphology of pure LV pacing in the 
most frequent locations is summarized in (Table 10.6). LV 
endocardial lead placement (via transseptal approach) has 
been used sporadically in patients where delivery through 
the coronary sinus has failed [7]. This technique carries a 
higher risk and require full anticoagulation to prevent 
embolic events.

Biventricular pacemakers should demonstrate a pacing 
spike that triggers each QRS complex as it is intended to 
improve LV dyssynchrony of each LV contraction. 
Depolarization of the entire left ventricle occur faster when 
compared to RV pacing alone, due to a fusion of the ven-
tricular activation wavefront initiated from the RV and LV 
pacing electrodes and that results in a narrower QRS dura-
tion (Fig. 10.9).

QRS morphology of a biventricular paced complex can be 
recognized by careful inspection of the 12-lead ECG 
(Table 10.6). It is characterized by: (1) shorter QRS duration 
when compared to intrinsic LBBB during intrinsic AV con-
duction, (2) small R wave in V1 that demonstrate a posterior 
to anterior vector due to activation of the LV free wall 

High CT Low CT R.Septal RAA

I

II

III

AVR

AVL

AVF

V1

V2

V3

V4

V5

V6

Fig. 10.5 P wave morphology, axis and duration based on the most 
frequent RA lead positions. High CT Superior crista terminalis, Low CT 
Inferior crista terminalis, R. Septal Right septal region, RAA right atrial 
appendage. Modified from Kistler PM, et al. J Am Coll Cardiol. 2006 
Sep 5;48(5):1010–7
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I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

PANEL A PANEL B PANEL C PANEL C PANEL E PANEL F

Fig. 10.6 Samples of distinct QRS morphologies and axis based on 
different RV pacing locations. Panel A, intrinsic normal QRS; Panel B, 
Sinus rhythm with RBBB and Left anterior fascicular block; Panel C, 
RV apical pacing; Panel D, RV parahisian and His bundle pacing, Panel 
E, Parahisian RV pacing alone (without His capture); Panel F, Left ven-

tricular pacing from a superior and basal region of the posterolateral LV 
wall. Permission obtain from: Uribe W, eds. Electrocardiografia 
Clinica: De lo Basico a lo Complejo (Chapter 33). Distribuna Editorial. 
Bogota, Colombia, 2015: 463–477

Fig. 10.7 ECG demonstrates sinus rhythm with a right bundle branch 
block and a pacing spike 40 ms after initiation of QRS (Q wave in V1). 
We can be certain that this is a dual-chamber pacemaker since it is 
tracking P waves (P-synchronous), likely programmed to a DDD pac-
ing mode. Even though, pacing spike appears to be inappropriate, this is 

appropriate device function since the RV lead is unable to sense early in 
the QRS due to the delay in RV apical activation caused by the RBBB, 
triggering ventricular pacing (150 ms after AV interval expires) without 
much contribution in QRS morphology

J.F. Huizar and K.A. Ellenbogen
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towards the RV, and (3) small Q wave in I and aVL that rep-
resents initial vector going away from LV free wall due to a 
left to right LV activation. The latter two ECG features can 
be accentuated if the LV is paced slightly ahead of the RV, 
which is possible due to a programmable LV–RV timing 
available in all new biventricular pacemakers. A different 
timing between LV and RV pacing, frequently recognized by 
the presence of two distinct pacing spikes at the beginning of 

the QRS, is commonly used to optimize QRS duration and 
resynchronization of the LV (Fig. 10.9).

Occasionally, a pacing spike can be recognized or noted 
immediately after an intrinsic QRS complex of a PVC or 
normal AV conduction, which can be mistaken as a malfunc-
tion of the pacemaker. However, this is not uncommon in 
biventricular pacemakers as it represents a feature called 
“biventricular trigger” intended to force pacing in the LV in 

I V1 V4aVR

II V2 V5aVL

III V3 V6

V1

aVF

I V1 V4aVR

II V2 V5aVL

III V3 V6

V1

aVF

a

b

Fig. 10.8 His bundle pacing. 
Panel (a) shows a patient with 
bradycardia due to 2:1 AV 
block with a narrow 
QRS. Panel (b) demonstrates 
same patient after pacemaker 
implant with a P-synchronous 
pacing where the ventricular 
pacing lead is implanted in 
the His bundle. Therefore, 
pacing spike initiates a 
narrow QRS similar to the 
native one before implant
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special circumstances where biventricular pacing is 
 compromised, such as with PVCs or during atrial fibrillation 
with a rapid ventricular response (Fig. 10.10).

 Other ECG Changes Related to Pacing 
Stimulation

Patients undergoing pacing often exhibit abnormal repolariza-
tion. T wave frequently demonstrate non-specific abnormali-

ties or even T wave inversion even if ventricular pacing is 
absent. This is speculated to represent abnormal repolarization 
in response to a change in ventricular propagation during ven-
tricular pacing. Interestingly, these T wave abnormalities can 
persist even without ventricular pacing (during intrinsic AV 
conduction) in subjects exposed to long-term ventricular pac-
ing and this is referred as “T wave memory” (Fig. 10.11). This 
is thought to be due to memory of abnormal repolarization due 
to chronic ventricular pacing [8]. T wave memory may take 
weeks to months for the T waves to fully normalize.

Fig. 10.9 Biventricular pacemaker. Typical QRS morphology in a 
CRT device with an rS pattern in V1 and Q wave in lead I triggered by 
ventricular pacing stimulus after tracking an intrinsic P wave 
(P-synchronous). Note the presence of two stimuli at the beginning of 

the QRS (V4–6) due to a programmed LV offset of −30 ms. LV offset 
results in pacing of the RV and LV at slightly different times in order to 
optimize QRS duration and LV resynchronization

Fig. 10.10 Biventricular trigger. Right side of ECG tracing demon-
strates atrial fibrillation with biventricular pacing since pacing stimulus 
clearly precedes and initiate QRS complex. Beats 2, 3 and 5 exhibit a 
pacing stimulus immediately after initiation of QRS complex consistent 

with biventricular trigger, intended to force LV pacing in an attempt to 
resynchronize either intrinsic beats (beats 2 and 3) and/or ventricular 
ectopic beats (beat 5)
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 Troubleshooting

Due to the complexity of the pacemakers, interpretation of a 
malfunction requires a deep understanding of the pro-
grammed pacing mode and pacemaker features, which can 
frequently lead to a misinterpretation of pacemaker function. 
Overall, pacemaker malfunction can be divided into pacing 
or sensing abnormalities.

Pacing abnormalities refers to malfunction in pacing 
function such as, change in pacing impedance and/or thresh-
old that can result in lack of capture upon pacing. This can be 
caused by abnormal battery depletion, lead dislodgment, 
pacing lead fracture or insulation breach, inappropriate lead- 
to- header connection (loose set-screw), and change in 
 lead- myocardial tissue interface (fibrosis/infarct, electrolyte 
changes, antiarrhythmics) [8].

Sensing anomalies can be categorized into two groups: 
“oversensing” or “undersensing”. Oversensing refers to the 
sensing of inappropriate signals, resulting in lack of pacing 
where the device would be expected to pace. This com-
monly occurs due to sensing of cardiac signals such as T 
wave, R wave far-field or P-wave far field oversensing by 
the opposite chamber or pacing artifact commonly referred 
as crosstalk. Oversensing can also be due to sensing of non-
cardiac signals including: (1) external noise/artifact such as 
myopotentials or electromagnetic interference, or (2) pace-
maker component failure such as lead fracture or loose-set 
screw [8].

Undersensing refers to the lack of appropriate sensing of 
existing cardiac signals, which can be suspected by the pres-
ence of pacing spikes with or without capture when the 
device is not expected to pace. This can occur due to lead 

dislodgement, lead fracture or change in lead-myocardial tis-
sue interface [8].

If pacemaker or lead malfunction is suspected, clinical 
history, 12-lead ECG, chest-X ray and a detailed device 
interrogation are required to assess the presence and poten-
tial consequences of such pacemaker malfunction. Thus, it is 
important to inquire about symptoms such as dizziness, pal-
pitations, exercise intolerance and/or syncope. Device inter-
rogation, on the other hand, will assist to understand battery 
status, presence of noise detection, integrity of the pacing 
leads (sensing, impedance and threshold) and potential sens-
ing or pacing issues. In addition, direct device manipulation 
and/or isometric exercises of the ipsilateral upper limb dur-
ing device interrogation can help us unmask abnormal sens-
ing/noise or lead parameters. Chest-X ray (postero-anterior 
and lateral projections) and/or fluoroscopy can assist to 
assess lead position, gross integrity of the lead as well as 
proper lead connection to the header of pacemaker.

 Summary

Pacemakers have and will continue to increase in complexity 
as the field of cardiovascular medicine advances. New com-
ponents and pacemaker features have added new indications 
and flexibility to treat different cardiac illnesses. Although 
rare, the addition of new pacemaker components and fea-
tures increase the probability of failure of any of the new 
components. It is for that reason that providers involved in 
the care of patients with an implantable cardiac device should 
be aware of different components, indications, basic function 
of these devices including pacing modes, and be aware of 

Fig. 10.11 ECG demonstrates sinus rhythm with a P-synchronous 
ventricular pacing spike (DDD pacing mode) that fails to capture. 
Intrinsic narrow QRS with diffuse T wave inversion “T wave memory” 

present after intrinsic AV conduction with a prolong PR (first degree 
AV block). This occurs after a long period of ventricular pacing and it 
may take weeks to months for the T waves to fully normalize
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potential pacemaker malfunction that should be referred to 
proper specialist.
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Implantable and Wearable Defibrillator 
Therapy

Samir Saba and N.A. Mark Estes

Abstract

Based on the results of multiple prospective randomized trials, the implantable cardioverter 
defibrillator (ICD) has become the dominant strategy for primary and secondary prevention 
of sudden cardiac death. When used in conjunction with cardiac resynchronization therapy 
for patients with impaired left ventricular function, left bundle-branch block, and heart 
failure, ICDs have resulted in decreased heart failure hospitalizations and prolonged sur-
vival. These improved outcomes are also accompanied by reverse remodeling based on 
echo parameters. More recently, a totally subcutaneous implantable cardioverter defibrilla-
tor has been developed. While it eliminates the transvenous lead, it has no bradycardia or 
antitachycardia pacing. The role of the wearable cardiac defibrillator in prevention of sud-
den cardiac death in high-risk populations remains less clearly defined due to the absence 
of appropriate designed prospective randomized trials.

Keywords

Sudden death • Cardiac arrest • Ventricular tachycardia • Ventricular fibrillation • Implantable 
cardioverter defibrillator • Wearable cardioverter defibrillator • Subcutaneous cardioverter 
defibrillator • Defibrillator

 Definition and Epidemiology of Sudden 
Cardiac Death

By definition, sudden cardiac death (SCD) is unexpected 
cardiovascular collapse without pulse or signs of circulation 
in the absence of non-cardiac causes of death. Death occur-
ring within 1 h of the onset of symptoms is also considered 
to be SCD. Cardiac arrest represents the most common cause 

of death in industrialized countries [1–4]. Currently it 
accounts for >50% of all deaths from cardiovascular disease 
worldwide [1–4]. In the United States, SCD results in 
>250,000–300,000 deaths annually. Because SCD happens 
outside of the hospital setting most commonly and is often 
not witnessed, SCD can be assumed when unexpected death 
or unwitnessed death occurs [1–4]. The term sudden cardiac 
arrest is often used to designate non-fatal SCD, where car-
diopulmonary resuscitation is applied promptly and circula-
tion is restored [1–4].

Prompt defibrillation for termination of VF or VT is the 
cornerstone of therapy to save patients’ lives, before end- 
organ damage, primarily brain damage, occurs [1–4]. 
Because out-of-hospital cardiac arrests are often unwit-
nessed, and because prompt defibrillation is usually delayed 
by barriers to access to medical personnel, survival of out-of- 
hospital SCD victims remains poor [1–4]. Survival declines 
by >10% per minute for patients in ventricular fibrillation 
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[1–4]. This underscores the critical importance of early and 
definitive intervention with defibrillation. The implantable 
cardioverter and wearable cardioverter defibrillator have 
emerged as devices to deliver therapy to victims of cardiac 
arrest within several seconds and thereby prevent SCD and 
improve clinical outcomes of survivors. Recently there has 
been a decrease in the incidence of cardiac arrest from ven-
tricular fibrillation [1–4]. While the factors accounting for 
this remain undefined, they are likely to include  improvements 
in prevention of cardiovascular disease and community 
approaches to resuscitation and care after out-of hospital car-
diac arrest [1–4].

Because most individuals experiencing SCD currently are 
not identifiable as being at high risk, community-based pub-
lic access to defibrillation programs have emerged using the 
automated external cardioverter defibrillator to provide 
definitive therapy with defibrillation within minutes of the 
onset of a cardiac arrest [1–4]. Prompt access to cardiopul-
monary resuscitation, defibrillation, and advanced medical 
care as part of the “Chain of Survival” has been demonstrated 
to improve neurological and functional outcomes for cardiac 
arrest victims [1–4]. While the recent decline in the inci-
dence of SCD parallels the decline in the decrease in cardio-
vascular mortality, the burden of SCD remains substantial 
[1–4]. On average, <10% of those receiving community- 
based resuscitation are discharged from the hospital neuro-
logically intact [1–4].

 Mechanisms of SCD

The mechanisms of SCD are variable but most commonly are 
arrhythmic in origin. Ventricular fibrillation is the mechanism 
underlying most sudden cardiac arrest episodes [1–4]. Less 
commonly other cardiac tachycardias, bradycardias, or pulse-
less electric activity can result in lack of cardiac mechanical 
activity with absence of circulation [1–4]. Cardiac arrest typi-
cally arises in an individual with an underlying cardiovascular 
condition that serves as the appropriate anatomic or electro-
physiological substrate without an identifiable trigger [1–4]. 
However, there is commonly a trigger such as ischemia in the 
setting of appropriate anatomic or electrophysiological sub-
strate. Currently the paradigm for the pathophysiology of SCD 
is that an abnormal myocardial substrate is a requisite with 
transient factors that trigger the cardiac arrest. In most 
instances a clinical trigger cannot be identified [1–4].

 Risk Stratification for SCD

Risk factors for SCD include advanced age, male sex, ciga-
rette smoking, hypertension, diabetes mellitus, hypercholes-
terolemia, obesity, and a family history of coronary artery 

disease [1–4]. These risk factors for SCD are also predictors 
of coronary heart disease-related death and all-cause mortal-
ity [1–4]. Impaired left ventricular function as well as mul-
tiple other genetic, anatomic, and electrophysiological risk 
factors for sudden death have been identified [1–4]. These 
risk factors are temporally dynamic and vary by anatomic 
and electrophysiological substrate, age, sex, and race. 
Although risk stratification is useful to identify populations 
of individuals at risk for SCD, current techniques to identify 
high-risk individuals lack sufficient predictive value to have 
clinical utility because of the relatively low event rates or 
absolute risk [1–4].

Survivors of SCD constitute a small group of patients at 
significantly high risk of recurring fatal arrests, in whom 
protection with defibrillator therapy (Fig. 11.1) improves 
survival [5–7]. Patients with stable, depressed myocardial 
function from ischemic heart disease or other conditions are 
also at increased risk of ventricular arrhythmia [5–7]. In this 
group of patients, predictors of benefit from defibrillation 
therapy have depended on the presence of severely depressed 
myocardial function as measured by a left ventricular ejec-
tion fraction ≤35% [8, 9]. Although, measures of electrical 
instability such as T wave alternans or autonomic tone have 

Fig. 11.1 This figure shows a schematic of an implantable cardioverter 
defibrillator (ICD), which is a small electronic device implanted in the 
shoulder area under the skin, or deeper, under the Pectoralis major mus-
cle, and is connected to the heart by a lead that goes through the venous 
system and is positioned in the right ventricle. The defibrillator can 
sense the rhythm of the heart and is designed to life-threatening arrhyth-
mias. Transvenous defibrillators can also pace the heart
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been proposed as markers of a higher risk substrate with 
varying degrees of accuracy, to date, only the measure of 
left ventricular ejection fraction determines eligibility for 
defibrillator therapy [8–13]. Despite this knowledge, the 
majority of SCD occur in the general population, not in 
patients with prior aborted events or with cardiomyopathy 
(Fig. 11.2). Medical research therefore continues to focus 
on identifying predictors of these fatal events upstream of 
their occurrence or of the development of severe myocardial 
dysfunction. Promising prediction tools may include 
advanced cardiac imaging such as cardiac magnetic reso-
nance imaging which can characterize tissue and visualize 
scar burden as well as individualized genetic testing for risk 
assessment. Whether these tools will eventually be incorpo-
rated into the clinical management of patients at risk of SCD 
remains controversial.

 Defibrillators, a Historical Perspective

Based on the recognition that prompt defibrillation of SCD 
victims who have a ‘shockable’ rhythm is an essential com-
ponent of resuscitative measures, there has been an emphasis 
on prompt recognition and definitive treatment of a cardiac 

arrest with CPR and defibrillation [14]. Because many barri-
ers prevent timely defibrillation such as with unwitnessed or 
remote access arrests, the concept of a device that can moni-
tor continuously the heart rhythm of high risk patients and 
that can automatically deliver defibrillation therapy 
(Fig. 11.3) became very attractive. In 1975, the first proto-
type of an implantable defibrillator was developed and 
inserted in a dog via thoracotomy [15, 16]. The first implant-
able defibrillator consisted of a very large ‘shock box’ capa-
ble only of delivering a high energy electrical impulse 
through patched sutured to the epicardium. After that origi-
nal development, implantable defibrillators improved 
steadily, becoming smaller and smarter. Improved defibrilla-
tor models were able to deliver synchronized shocks for VT 
and biphasic as opposed to monophasic shock waveforms 
with higher defibrillation success. They were also able to 
provide back-up pacing through an endovascular lead system 
and acquired other functionality including the ability to 
deliver atrioventricular synchronous pacing, tiered-therapy 
with anti-tachycardia pacing, and rhythm discrimination 
among many other newer features. More recently at the 
beginning of the new millennium, defibrillators capable of 
pacing synchronously the right and left ventricles were 
developed and became important tools in the management of 

Over all incidence
in adult population
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High coronary
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0 1 2 5 10

(%)

20 30 0 100

(× 1000)

200 300

Fig. 11.2 This figure shows the incidence (left panel) and the total 
number of events (right panel) of sudden cardiac death (SCD) in the 
general adult population and other populations at risk. Although the 

incidence of SCD is lowest in the general population, the actual number 
of SCD events is highest in that group. Adapted from Myerburg 
RJ. Circulation 1992;85(suppl I):I2–I10
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heart failure patients. Most recently, a totally subcutaneous 
defibrillator was developed and obtained Food and Drug 
Administration approval for implantation in the United 
States [17].

 Strategies for SCD Prevention

Primary prevention of SCD with risk stratification and inter-
vention in those individuals with established cardiovascular 
disease placing them at high risk for SCD is the essential 
strategy to improve outcomes [1–4]. Pharmacological inter-
ventions in patients with impaired left ventricular function 
from coronary disease or cardiomyopathy including beta- 
blockers, angiotensin-converting enzyme inhibitors, and 
statins have failed to reduce the risk of sudden cardiac arrest. 
Suppression of spontaneous ventricular arrhythmias with 
antiarrhythmic agents has been shown to have a neutral or 
negative effect on mortality in prospective randomized trials 
[1–4]. By contrast, use of the ICD has been demonstrated to 
reduce sudden death and improve total mortality in selected 
patient populations, including those with impaired ventricu-
lar function and those with ischemic or nonischemic cardio-
myopathy [18–28]. Multiple clinical trials randomizing 
several thousand patients have demonstrated that the ICD 
prevents sudden death and significantly reduces overall mor-
tality among patients with left ventricular dysfunction due to 
dilated nonischemic cardiomyopathy or ischemic heart dis-

ease (Table 11.1) [18–28]. Secondary prevention refers to 
clinical intervention in patients who have survived a prior 
cardiac arrest or sustained ventricular tachycardia [5–7]. In 
these patients, the ICD has proven superior to antiarrhythmic 
drug therapy for prolonging survival [5–7]. It should be 
noted that these recommendations for ICD therapy apply 
only to patients who are receiving optimal medical therapy 
and have a reasonable expectation of survival with good 
functional status for >1 year [4].

 Primary Prevention of Sudden Cardiac 
Death: Ischemic Cardiomyopathy

Despite the beneficial effects of medications such as 
β-blockers and angiotensin converting enzyme inhibitors in 
survivors of myocardial infarctions (MI) who suffer from 
severe cardiomyopathy, these patients remain at long term 
significant risk of SCD, primarily from lethal ventricular 
arrhythmias. Many trials have examined the role of ICD ther-
apy in survivors of MI, with mixed results which are driven 
primarily by the type of patients enrolled in these trials and 
the timing of ICD therapy with respect to the coronary event 
or revascularization [18–22].

The Coronary Artery Bypass Graft Patch Trial (CABG- 
Patch) examined the impact of ICD therapy on mortality in 
900 patients who were randomized at the time of elective 
coronary artery bypass grafting to receive or not receive ICD 
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Fig. 11.3 This figure shows a tracing obtained from an implantable 
cardioverter defibrillator (ICD). From top to bottom, the tracings repre-
sent the bipolar atrial signal, the bipolar ventricular signal, the far-field 
‘shock’ electrogram, and the marker channel. The left part of the panel 

shows a monomorphic ventricular tachyarrhythmia with atrio- 
ventricular dissociation at a rate of 250 beats per min. A 31 J shock 
delivered by the ICD terminates the tachyarrhythmia
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therapy [18]. Eligible patients had to have an ejection frac-
tion of 35% or less and an abnormal signal average electro-
cardiogram, indicating a higher risk of ventricular 
arrhythmias. At a mean follow-up of 32 months, CABD- 
Patch showed no difference in all-cause mortality by treat-
ment arm. The negative results of this trial were attributed by 
most to the effect of revascularization on reducing event 
rates in both arms of the trial as well as to the poor perfor-
mance of signal-average electrocardiogram as a risk- 
stratification tool.

The Multicenter Automatic Defibrillator Implantation 
Trial (MADIT), published in 1996, was the first clinical trial 
to show a benefit for ICD therapy in reducing all-cause mor-
tality in a primary prevention setting [19]. MADIT enrolled 
patients with prior remote myocardial infarction, depressed 
left ventricular function (EF ≤ 35%), history of asymptom-
atic non-sustained VT, and inducible sustained VT during 
invasive electrophysiological (EP) testing, that could not be 
suppressed by the use of anti-arrhythmic medications 

(mainly procainamide) [19]. A total of 196 patients were 
randomized to ICD therapy or anti-arrhythmic drugs (mainly 
Amiodarone). After a mean follow-up of 27 months, there 
was a significant reduction in total mortality in the ICD com-
pared to the control arm driven by a significant reduction in 
arrhythmic death [19].

The Multicenter Unsustained Tachycardia Trial (MUSTT) 
compared two strategies of management in patients with 
ischemic cardiomyopathy (EF ≤ 40%) who has inducible 
VT or ventricular fibrillation during invasive electrophysio-
logical testing: (1) EP-guided anti-arrhythmic drug therapy 
with class 1 or 3 Vaughn Williams anti-arrhythmic drugs, 
followed by ICD therapy if the pharmacological intervention 
failed to suppress arrhythmia inducibility versus (2) standard 
medical therapy primarily with β-blockers [20]. A total of 
704 eligible patients were randomized of whom 351 patients 
were assigned to the EP-guided anti-arrhythmic drug arm. 
Of those, 161 patients ended-up receiving ICD therapy [20]. 
At a median follow-up duration of 39 months, MUSTT 

Table 11.1a Randomized trials of defibrillator therapy for the primary and secondary prevention of sudden cardiac death

Trial reference Year Patients (n) LVEF
Additional study 
features Hazard ratioa 95% CI P value

Primary prevention

MADIT I [19] 1996 196 <35% NSVT and EP+ 0.46 (0.26–0.82) P = 0.009

MADIT II [21] 2002 1232 <30% Prior MI 0.69 (0.51–0.93) P = 0.016

MUSTT [20] 2000 1397 <40% Prior MI, NSVT, 
inducible VT

0.77 (0.62–0.94) P = 0.005

SCD-HeFT [22] 2006 1676 <35% Prior MI or 
NICM

0.77 (0.62–0.96) P = 0.007

DEFINITE [27] 2004 485 <35% NICM, PVCs or 
NSVT

0.65 (0.40–1.06) P = 0.08

CABG-Patch [18] 1997 900 <36% +SAECG and 
CABG

1.07 (0.81–1.42) P = 0.63

DINAMIT [23] 2004 674 <35% 6–40 days 
post-MI and 
impaired HRV

1.08 (0.76–1.55) P = 0.66

IRIS [24] 2009 898 405 <30 days 
post-MI

1.04 (0.81–1.35) P = 0.78 IRIS

HR >90 or 
NSVT

Secondary prevention

AVID [7] 1997 1016 Prior cardiac 
arrest

NA 0.62 (0.43–0.82) NS

CASH [5] 2000 191 Prior cardiac 
arrest

NA 0.766 One-sided
P = 0.081

CIDS [6] 2000 659 Prior cardiac 
arrest, syncope

NA 0.82 (0.06–1.1) NS

AVID antiarrhythmics versus implantable defibrillators, CABG coronary artery bypass graft surgery, CABG-Patch coronary artery bypass graft- 
patch, CASH Cardiac Arrest Study Hamburg, CI confidence interval, CIDS Canadian Implantable Defibrillator Study, DEFINITE Defibrillators in 
Nonischemic Cardiomyopathy Treatment Evaluation, DINAMIT Defibrillator in Acute Myocardial Infarction Trial, EP electrophysiological study, 
LVD left ventricular dysfunction, LVEF left ventricular ejection fraction, MADIT I Multicenter Automatic Defibrillator Implantation Trial I, 
MADIT II Multicenter Automatic Defibrillator Implantation Trial II, MI myocardial infarction, MUSTT Multicenter Unsustained Tachycardia 
Trail, N number of patients, NICM nonischemic cardiomyopathy, NS not statistically significant, NSVT nonsustained ventricular tachycardia, PVCs 
premature ventricular complexes, SAECG signal-averaged electrocardiogram, SCD-HeFT Sudden Cardiac Death in Heart Failure Trial, and + 
positive
aAdapted from ref. 4 with permission

11 Implantable and Wearable Defibrillator Therapy



136

showed no difference in total mortality by strategy of treat-
ment but a significant reduction all-cause death in ICD recip-
ients compared to patients with no ICD (5-year mortality of 
24% versus 55%, P < 0.001). Based on the results of MADIT 
and MUSTT, implanting a prophylactic ICD in patients with 
prior myocardial infarction, non-sustained VT, and an 
EF ≤ 40%, who are inducible into sustained ventricular 
arrhythmia during invasive EP testing is a class I indication 
for ICD therapy.

The Multicenter Automatic Defibrillator Implantation 
Trial II (MADIT II) randomized 1232 ischemic cardiomy-
opathy patients with ventricular dysfunction (≤30%) and 
heart failure symptoms (New York Heart Association classes 
I, II, or III) to receive ICD therapy versus standard medical 
therapy [21]. At a mean follow-up of 20 months, ICD ther-
apy reduced the relative risk of death by 31% (14.2% versus 
19.8%, P = 0.016) compared to the control. The Sudden 
Cardiac Death in Heart Failure Trial (SCD-HeFT) is the larg-
est primary prevention trial examining the impact of ICD 
therapy on all-cause mortality [22]. This trial enrolled both 
ischemic and non-ischemic cardiomyopathy patients with 
severely reduced myocardial function (EF ≤ 35%) and class 
II or III symptoms of heart failure, according to the New York 
Heart Association classification. SCD-HeFT randomized 
2521 patients to 1 of 3 study arms: (1) Standard medical 
therapy, (2) anti-arrhythmic therapy with Amiodarone, and 
(3) ICD therapy. At a mean follow-up of 45.5 months, ICD 
therapy reduced all-cause death by 23% (ICD 22% versus 
Amiodarone 28% and placebo 29%, P = 0.007, Fig. 11.4). 
SCD-HeFT confirmed the MADIT II results for ischemic 
cardiomyopathy patients who currently have a class I indica-

tion for prophylactic ICD implantation according to pub-
lished guidelines in the presence of severe cardiomyopathy 
and heart failure symptoms (EF ≤ 35% and class II or III 
heart failure symptoms or EF ≤ 30% in the presence of class 
I heart failure symptoms) [22].

A number of randomized trials were designed to answer 
questions regarding the appropriate timing of ICD implanta-
tion after acute myocardial infarction, given the known high 
risk of SCD early after these events [23]. The Defibrillator 
in Acute Myocardial Infarction Trial (DINAMIT) tested the 
hypothesis that implanting a prophylactic ICD within 6–40 
days of an acute myocardial infarction reduces all-cause 
mortality [23]. Eligible patients (n = 674) who had decreased 
left ventricular function (EF ≤ 35%) and reduced heart rate 
variability, high risk marker for ventricular arrhythmias 
were randomized to ICD versus standard medical therapy. 
Patients who had recent coronary revascularization were 
excluded from this study, given the results of CABG-Patch. 
At a mean follow-up of 30 months, DINAMIT showed no 
difference between study groups in overall survival but a 
58% reduction in the risk of arrhythmic death with ICD 
therapy (P = 0.009). DINAMIT was therefore a negative 
trial where the reduced arrhythmic death did not translate 
into reduced total mortality because of an unexplained 
excess of non-arrhythmic deaths in the ICD arm presumably 
related to recurrent ischemia or myocardial infarctions after 
the index event, thus leading to death that could not be miti-
gated by ICD therapy [23].

The Immediate Risk-Stratification Improves Survival 
(IRIS) Trial also examined the question of timing of ICD 
implantation after myocardial infarction and had a compa-

Amiodarone vs. placebo

ICD therapy vs. placebo

1.06 (0.86–1.30) 0.53

0.77 (0.62–0.96) 0.007

Placebo
(244 deaths; 5-year event rate, 0.361)

ICD therapy
(182 deaths; 5-year event rate, 0.289)

Hazard ratio (97.5% CI) P value

Amiodarone
(240 deaths; 5-year event rete, 0.340)
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No. at risk
Amiodarone 845 772 715 484 280 97
Placebo 847 797 724 505 304 89
ICD therapy 829 778 733 501 304 103

36 48 60

Fig. 11.4 This figure shows 
the primary outcome of the 
Sudden Cardiac Death in 
Heart Failure Trial (SCD- 
HeFT) trial which 
demonstrated a total mortality 
benefit from the use of 
defibrillator therapy for 
primary prevention in heart 
failure patients with left 
ventricular ejection fraction 
≤35% due to ischemic or 
non-ischemic etiology. 
Adapted from Bardy GH et al. 
N Engl J Med 2005; 
352:225–237
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rable design to DINAMIT [24]. IRIS randomized 898 survi-
vors of myocardial infarction to ICD or standard medical 
therapy within 5–31 days of the index event. Patients quali-
fied for enrollment if they had (1) EF ≤ 40% and (2) a heart 
rate >90 beats per minute or non-sustained VT on the first 
available electrocardiogram or Holter monitor recorded 
after myocardial infarction. Similarly to DINAMIT, IRIS 
failed to demonstrate a survival benefit with the ICD 
(P = 0.78) at a mean follow-up of 37 months. Here again, 
ICD therapy reduced the risk of SCD (P = 0.049) but was 
associated with a higher risk of non-sudden cardiac deaths 
(P = 0.001). Based on the results of DINAMIT and IRIS, 
implanting a prophylactic ICD within 40 days of acute myo-
cardial infarction is contraindicated according to the pub-
lished guidelines [7, 8].

 Primary Prevention of Sudden Cardiac 
Death: Non-ischemic Cardiomyopathy

Despite demonstrating a survival benefit for primary ICD 
therapy in ischemic cardiomyopathy patients, reproducing 
these results in non-ischemic cardiomyopathy patients 
remained elusive for a number of years, until the results of 
the SCD-HeFT trial became available. Several smaller ran-
domized controlled trials examined this clinical question 
[25, 26]. The Amiodarone versus Implantable Defibrillator 
Trial (AMIOVIRT) randomized 103 patients with non- 
ischemic cardiomyopathy (EF ≤ 35%), asymptomatic non- 
sustained VT, and New York Heart Association heart failure 
classes I, II, or III to ICD therapy (often with amiodarone) 
versus amiodarone alone [25]. AMIOVIRT was stopped pre-
maturely for reasons of futility with 3-year survival rates of 
87% and 88% in the ICD and amiodarone arms, respectively 
(P = 0.8).

Similarly, the Cardiomyopathy Trial (CAT) [26] random-
ized 104 patients with recently (within 9 months) diagnosed 
non-ischemic cardiomyopathy (EF ≤ 30%) to ICD versus 
standard medical therapy. Like AMIOVIRT, CAT also 
showed no difference in all-cause mortality between the two 
study groups (4-year survival rates of 86% and 80% in the 
ICD and control arms, respectively, P = 0.554). The negative 
results of AMIOVIRT and CAT were blamed on them being 
underpowered to show a mortality difference, a fact that was 
further exacerbated by the lower than expected observed 
event rates.

The larger Defibrillators in Non-Ischemic Cardiomyopathy 
Treatment Evaluation (DEFINITE) was designed to mitigate 
these issues. It randomized 458 non-ischemic cardiomyopa-
thy patients (EF < 36%) with heart failure symptoms (New 
York Heart Association heart failure classes I, II, or III), and 
with ambient arrhythmia defined as frequent premature ven-
tricular contractions (at least ten premature beats) or runs of 

non-sustained VT (at least one run of non-sustained VT last-
ing 3–15 beats at a rate >120 beats per minute) on a 24-h 
Holter monitor or telemetry to ICD versus standard medical 
therapy [27]. DEFINITE demonstrated a 50% relative reduc-
tion in all-cause mortality with this ICD, but this did not 
reach statistical significance (P = 0.08). The risk of sudden 
cardiac death was however significantly reduced with ICD 
therapy (80% relative reduction, P = 0.006). Like AMIOVIRT 
and CAT before it, DEFINITE also fell victim of lower than 
anticipated event rates. As previously mentioned, SCD- 
HeFT the largest primary prevention ICD trial, enrolled car-
diomyopathy patients of non-ischemic etiology and 
demonstrated a significant reduction in total mortality with 
ICD therapy. When only non-ischemic cardiomyopathy 
patients were considered, ICD therapy demonstrated a 27% 
relative reduction in all-cause mortality compared to the con-
trol arm of the study (P = 0.06). As a result of SCD-HeFT, 
non-ischemic cardiomyopathy patients with EF ≤ 35% and 
New York Heart Association heart failure classes II and III 
have a class 1 indication for prophylactic ICD therapy 
according to published guidelines [8–13].

 Secondary Prevention of Sudden 
Cardiac Death

Several large prospective trials have demonstrated the supe-
riority of the (implantable cardioverter-defibrillator) ICD 
over antiarrhythmic therapy in secondary prevention of SCD 
[5–7]. On the basis of this evidence, a cardiac arrest in the 
absence of a reversible cause is now a class I indication for 
ICD therapy [8–13]. The Cardiac Arrest Study Hamburg 
(CASH) was a prospective, randomized, controlled trial that 
examined the outcome of survivors of cardiac arrests due to 
ventricular arrhythmias after treatment with ICD therapy 
versus anti-arrhythmia drugs [5]. Initially, the study had four 
arms (ICD therapy, β-blockers, amiodarone, and propafe-
none), but the propafenone arm was discontinued prema-
turely after an interim analysis had shown higher mortality in 
patients treated with this medication. In the remaining 288 
patients assigned to the other three treatment arms, CASH 
demonstrated at a mean follow-up duration of 57 months a 
23% reduction in the primary endpoint of all-cause mortality 
with ICD therapy compared to treatment with β-blockers or 
amiodarone. This difference failed however to reach statisti-
cal significance.

Similarly, the Canadian Implantable defibrillator Study 
(CIDS) trial examined the effect of ICD therapy on mortality 
in survivors of cardiac arrest [6]. It randomized 659 patients 
to ICD therapy versus amiodarone. At a mean follow-up 
time of 3 years, ICD therapy decreased the endpoint of total 
mortality by 20%, and arrhythmic mortality by 33%, but 
both reductions failed to reach statistical significance. The 
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Antiarrhythmic versus Implantable Defibrillator (AVID) trial 
was the largest of the ICD trials for secondary prevention of 
SCD [7]. It randomized 1013 patients to ICD therapy versus 
class III antiarrhythmic medications, primarily amiodarone. 
Eligible patients had to be resuscitated from near-fatal VF or 
shocked out of hemodynamically destabilizing VT. They 
also had to have a left ventricular ejection fraction of less 
than 40%. AVID demonstrated the superiority of ICD ther-
apy over antiarrhythmic drugs for reducing all-cause mortal-
ity, with a 7% absolute reduction at 1 year and 11% at 3 
years. Based on the results of AVID, ICD therapy became 
indicated in survivors of cardiac arrests outside of the con-
text of reversible causes, according to published guidelines 
and receives coverage.

 Defibrillator Therapy for the Management 
of Heart Failure

Cardiac resynchronization therapy (CRT) has emerged over 
the past 15 years as an important tool for the management of 
heart failure patients. The simultaneous or near simultaneous 
pacing of the right and left ventricles has been shown to have 
symptomatic, echocardiographic, as well as mortality bene-
fits in heart failure patients with ventricular conduction 
abnormalities, which are depicted by a wide QRS complex 
(>120 ms) on the surface electrocardiogram (Table 11.2). 
Although CRT can be delivered through a pacemaker, more 
often than not it is provided by a defibrillator.

The Multicenter InSync ICD Randomized Clinical 
Evaluation II (MIRACLE ICD II) was a randomized, double- 

blind, parallel-controlled clinical trial of CRT in NYHA 
class II heart failure patients on optimal medical therapy 
with a left ventricular (LV) ejection fraction ≤35%, a QRS 
≥130 ms, and a class I indication for an ICD [28]. One hun-
dred and eighty-six patients were randomized: 101 to the 
control group (ICD activated, CRT off) and 85 to the CRT 
group (ICD activated, CRT on). End points included peak 
V̇O2, V̇E/V̇CO2, NYHA class, quality of life, 6-min walk 
distance, LV volumes and ejection fraction, and composite 
clinical response. Compared with the control group at 6 
months, no significant improvement was noted in peak V̇O2, 
yet there were significant improvements in ventricular 
remodeling indexes, specifically LV diastolic and systolic 
volumes (P = 0.04 and P = 0.01, respectively), and LV ejec-
tion fraction (P = 0.02). CRT patients showed statistically 
significant improvement in V̇E/V̇CO2 (P = 0.01), NYHA 
class (P = 0.05), and clinical composite response (P = 0.01). 
In the MIRACLE ICD II Study patients with mild heart fail-
ure symptoms on optimal medical therapy with a wide QRS 
complex and an ICD indication, CRT did not alter exercise 
capacity but did result in significant improvement in cardiac 
structure and function and composite clinical response over 
6 months [28].

The Comparison of Medical Therapy, Pacing, and 
Defibrillation in Heart Failure (COMPANION) trial, ran-
domized 1520 patients with advanced symptoms of heart 
failure (New York Heart Association classes III and IV), 
low EF (≤35%), and wide QRS complex on surface electro-
cardiogram (>120 ms) to one of three management strate-
gies: (1) optimal pharmacological therapy alone; (2) optimal 
pharmacological therapy with CRT using a pacemaker 

Table 11.2 Cardiac resychronization therapy trials

Study
Year
Reference Design Patients (n) NYHA

LVEF  (%)
Inclusion 
(mean) Primary endpoint Secondary endpoint

Results 
significantly 
favor 
intervention 
group

COMPANION
2004
[29]

CRT-D/
CRT-P/
ICD

617/595/308 III, IV ≤35%
22%

Total mortality or 
hospitalization

Cardiac mortality +

MIRACLE ICD II
2004
[28]

CRT-D/
ICD

85/101 II ≤35%
25%

Peak VO2 NYHA
QOL, 6-min walk, 
LVV, LVEF, CCR

+

REVERSE
2008
[32]

CRT-P/
ICD

419/191 I, II ≤35%
25%

CCR LVESVi +

MADIT-CRT
2009
[30]

CRT-D/
ICD

1089/731 I, II ≤30%
25%

Total mortality or 
HF hospitalization

LVESV
LVEDV
LVEF

+

MADIT
RAFT
2010
[31]

CRT-D/
ICD

869/904 II, III ≤30%
24%

Total mortality or 
HF hospitalization

Cardiac death
HF hospitalization

+
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device; and (3) optimal pharmacological therapy with CRT 
using a defibrillator [29]. COMPANION demonstrated a 
significant reduction in the primary endpoint of death or 
heart failure hospitalization with CRT using either a pace-
maker or a defibrillator compared to optimal pharmacologic 
therapy alone.

The Multicenter Automatic Defibrillator Implantation 
Trial–Cardiac Resynchronization Therapy (MADIT-CRT) 
examined the role of CRT in patients with mild to moderate 
heart failure symptoms (New York Heart Association HF 
classes I and II). MADIT-CRT randomized 1820 patients 
with low EF (≤30%) and a wide QRS complex (>130 ms) to 
defibrillator therapy alone versus defibrillator therapy in 
conjunction with CRT [30]. Although the overall mortality 
in MADIT-CRT was similar between the two study arms, 
there was a CRT 34% reduction in the primary endpoint of 
death or HF hospitalization (P = 0.001) with CRT as well as 
evidence of reverse remodeling by echocardiographic 
imaging.

In the RAFT Trial patients with New York Heart 
Association (NYHA) class II or III heart failure, a left ven-
tricular ejection fraction of 30% or less, and an intrinsic QRS 
duration of 120 ms or more or a paced QRS duration of 
200 ms or more to were randomized receive either an ICD 
alone or an ICD plus CRT [31]. The primary outcome was 
death from any cause or hospitalization for heart failure. 
1798 patients were followed for a mean of 40 months. The 
primary outcome occurred in 297 of 894 patients (33.2%) in 
the ICD–CRT group and 364 of 904 patients (40.3%) in the 
ICD group (hazard ratio in the ICD–CRT group, 0.75; 95% 
confidence interval [CI], 0.64–0.87; P < 0.001). In the ICD–
CRT group, 186 patients died, as compared with 236 in the 
ICD group (hazard ratio, 0.75; 95% CI, 0.62–0.91; 
P = 0.003), and 174 patients were hospitalized for heart fail-
ure, as compared with 236 in the ICD group (hazard ratio, 
0.68; 95% CI, 0.56–0.83; P < 0.001). However, at 30 days 
after device implantation, adverse events had occurred in 
124 patients in the ICD–CRT group, as compared with 58 in 
the ICD group (P < 0.001). The RAFT Trial demonstrated 
that among patients with NYHA class II or III heart failure, 
a wide QRS complex, and left ventricular systolic dysfunc-
tion, the addition of CRT to an ICD reduced rates of death 
and hospitalization for heart failure.

Similarly, the Resynchronization Reverses Remodeling in 
Systolic Left Ventricular Dysfunction (REVERSE) trial ran-
domized 610 patients with mild heart failure symptoms 
(New York Heart Association classes I and II), low ejection 
fraction (≤40%) and wide QRS complex (>120 ms) to CRT 
therapy (CRT-ON) versus control (CRT-OFF) [32]. Although 
the primary endpoint of composite heart failure score was 
not significantly improved with CRT therapy, patients in the 
CRT-ON group had significant incremental improvement in 
their echocardiographic endpoints of left ventricular end- 

systolic and end-diastolic volumes as well as their ejection 
fraction at 1 year post randomization. Their time to first heart 
failure hospitalization was also significantly better than the 
CRT-OFF group.

Trials that examined the role of CRT-defibrillators in 
improving outcomes in heart failure patient with a narrow 
QRS complex on surface electrocardiogram (<130 ms) 
have all failed demonstrate any benefit in this patient pop-
ulation [33]. The Cardiac-Resynchronization Therapy in 
Heart Failure with Narrow QRS Complexes (RethinQ) 
trial randomized 172 patients with narrow QRS complex 
but evidence of ventricular mechanical dyssynchrony to 
CRT versus control and followed them for 6 months. 
RethinQ failed to show any benefit of CRT in this patient 
population on the primary endpoint of reduction in oxygen 
consumption.

Following RethinQ, the much larger Echo-CRT trial ran-
domized 809 patients with advanced heart failure (New 
York Heart Association classes III and IV), narrow QRS 
(<130 ms) in the presence of left ventricular mechanical 
dyssynchrony, and low EF (≤35%) to CRT-ON versus CRT-
OFF and followed them to the primary endpoint of death or 
heart failure hospitalization [34]. The trial was terminated 
prematurely for futility, revealing upon further analysis an 
increased risk of all-cause mortality in the CRT-ON arm. 
Based on these results, CRT defibrillator implantation is 
contraindicated in patients with narrow QRS on surface 
electrocardiogram [8, 9].

 The Subcutaneous Defibrillator (S-ICD)

Given concerns about acute complications of transvenous 
defibrillator implantation which include pneumothorax, 
hemothorax, and cardiac tamponade, and longer term prob-
lems such as bacteremia, endocarditis, or vascular occlu-
sions which often necessitate explanting the defibrillator 
system with its indwelling leads, a technically challenging 
and high risk procedure, the SICD (Boston Scientific Inc., 
St. Paul, Minnesota) was developed to mitigate many of 
these problems. The system consists of the actual device 
which is connected to a single lead [35–37]. The device is 
implanted in the left axillary area whereas the defibrillation 
lead coil is placed along the sternum, both subcutaneously 
(Fig. 11.5). An 80 J shock is delivered between the device 
and the coil to terminate a life-threatening ventricular 
arrhythmia. Sensing of arrhythmia events can be along one 
of three possible vectors (A–B, A–C, or B–C, Fig. 11.5) and 
is automatically chosen by a device algorithm at the time of 
implantation, based on a favorable R wave to T wave ampli-
tude ratio. In one study, rhythm discrimination in the SICD 
was equivalent if not better than in other transvenous defi-
brillator systems [38].
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Although the SICD lacks basic functions that transvenous 
systems have such as backup pacing (except for 30 s follow-
ing shock delivery) and anti-tachycardia pacing for arrhyth-
mia termination, it also presents important advantages. First, 
it can be implanted without the need for fluoroscopy, thus 
leading to less radiation exposure to patients and operators as 
well as more flexibility as to the physical setting where it is 
implanted. Second, the SICD presents a solution to the prob-
lem of limited venous access often encountered in patients 
with cardiovascular problems, who frequently have other 
comorbidities such as renal failure which further complicate 
matters. This solution can replace in some patients the need 
to insert epicardial patches through a thoracotomy. Third, in 
the event of infection, the likelihood of bacteremia or endo-
carditis is significantly reduced with the SICD, since all the 
hardware is outside of the heart and vasculature and explant-
ing the hardware is a less invasive procedure limited to the 
subcutaneous space. Lastly, although not validated by other 
research, one study suggests a lower risk of myocardial 
injury from shock delivery with the SICD compared to the 
transvenous defibrillator ICD [39].

The early experience with the SICD demonstrates a high 
rate of termination of induced ventricular fibrillation at the time 
of device implantation and therefore appears to be safe and 
effective [40]. More recent reports from the US experience 
confirm the safety of the SICD at longer follow-up [41, 42].

 The Wearable Defibrillator (LifeVest)

The wearable defibrillator or LifeVest (Zoll Inc., Pittsburgh, 
Pennsylvania) (Fig. 11.6) is a wearable vest that has sensing 
electrodes that can detect arrhythmias and can treat them 
using electrical pads that are in contact with the skin [43]. 
This device in its earliest generation has been around for 
more than a decade and was initially approved in the US by 
the Food and Drug Administration based on one study [44]. 
It is approved for use in patients who are at transient high 
risk of SCD such as those awaiting cardiac transplantation or 
in patients who meet established indications for defibrillator 
therapy but fall in a blanking period such as being within 40 
days of an acute myocardial infarction or within 90 days of 
coronary revascularization. Also, the wearable defibrillator 
is frequently used in patients who undergo extraction of 
implantable defibrillator system for infection [43, 45].

Fig. 11.5 This figure shows the configuration of the SICD. The device 
is placed under the skin in the left axillary area and is connected to a 
shocking lead, the coil of which lies under the skin along the sternum. 
The sensing of cardiac rhythm is through one of the three possible con-
figurations (A–B, A–C, or B–C). The shock is delivered between the 
device and the coil

Fig. 11.6 This figure shows the wearable defibrillator (LifeVest) which 
consists of straps, holding non-adhesive sensing electrodes and dry 
shocking electrodes that release conductive gel prior to shock delivery. 
The monitor is worn on the waist. In the event of arrhythmia detection, 
it will provide auditory, visual, and tactile alarms. If conscious, the 
patient can press two buttons simultaneously to prevent a shock
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Compared to automatic external defibrillators, the wear-
able defibrillator offers a significant advantage in that it 
detects and treats arrhythmias automatically without the 
need for bystander recognition of the cardiac arrest or activa-
tion of the system, such as placing the pads on the patient’s 
chest, turning on the device, and following commands. One 
limitation for the use of the wearable defibrillator is the 
potential poor compliance of patients with it because it is not 
very comfortable to wear and it often alarms for false posi-
tive detections due to electrode noise. To date, there are no 
randomized controlled trials demonstrating mortality benefit 
from the wearable defibrillator. The bulk of available infor-
mation is limited to registry data and case reports [46–48].

 Conclusion

In a span of three decades, outcomes for cardiac arrest 
have improved considerably as a result of advances in 
defibrillator technology and clinical implementation strat-
egies. Evidence based medicine based on large, random-
ized, controlled trials have established the survival benefit 
of ICD therapy in selected populations of cardiac patients. 
Data for the subcutaneous ICD and wearable cardioverter 
defibrillator are currently less robust. Future research will 
focus on expanding indications to patients with milder 
forms of cardiomyopathy and improved risk stratification 
techniques. At the same time improved strategies for each 
of these forms of defibrillation therapy will continue to 
evolve. Finally, further analysis related to cost-effective-
ness and impact on quality of life of defibrillation thera-
pies will further refine implementation strategies.
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Atrial Fibrillation Ablation

Abhishek J. Deshmukh and Douglas L. Packer

Abstract

Atrial fibrillation (AF), an accruing epidemic, is projected to have an incidence of 
 approximately 16 million by 2050. A 15% increase in the hospitalization rate for AF was 
reported during the past decade implying significant burden on health care delivery 
 system. According to the 2014 AHA/ACC/HRS guidelines for management of AF, 
 catheter ablation is indicated in patients with symptomatic, paroxysmal AF who have not 
responded to or tolerated antiarrhythmic medications and in selected patients with 
 symptomatic, paroxysmal AF prior to a trial of medical therapy, provided that it can be 
performed at an experienced center. In this chapter, we summarize the state of the art of 
catheter ablation and how it may utilized to its maximum advantage in patients with this 
common arrhythmia.
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 Introduction

Atrial fibrillation (AF), an accruing epidemic, is projected to 
have an incidence of approximately 16 million by 2050 [1]. 
A 15% increase in the hospitalization rate for AF was 
reported during the past decade implying significant burden 
on health care delivery system [2]. Multiple studies have 
shown catheter ablation to be superior to anti arrhythmic 
therapy in the management of patients with AF [3–6]. 
According to the 2014 AHA/ACC/HRS guidelines for man-
agement of AF, catheter ablation is indicated in patients with 

symptomatic, paroxysmal AF who have not responded to or 
tolerated antiarrhythmic medications (Class I) and in selected 
patients with symptomatic, paroxysmal AF prior to a trial of 
medical therapy, provided that it can be performed at an 
experienced center (Class IIa) [7]. The past decade saw elec-
trophysiologists pursuing high success rates with extensive 
ablation. This helped us understand certain adverse sequelae 
such has, recurrent left sided flutters, pulmonary vein steno-
sis, atrioesophageal fistula, silent strokes and stiff left atrial 
syndrome. In current times, we are challenged to further 
clarify the complex mechanisms of AF to make ablation of 
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AF safer and effective. The irrefragable litmus test for suc-
cess for any technology or innovation in this field is to pro-
vide a viable choice for our patients. The ultimate idea is to 
go beyond “one size fits all” ablation strategy and tailor to 
the particular AF mechanism of the particular patient. In the 
following sections, we discuss the current paradigm of atrial 
fibrillation, recent advances and a brief look into the future.

 Basis for Pulmonary Vein Isolation

The seminal observation that rapid depolarizations from the 
pulmonary veins (PVs) can initiate and maintain AF led to 
the development of novel mechanistic and therapeutic para-
digms [8] (Fig. 12.1).

It is well established that the PVs play a major role in 
triggering and maintaining AF, as established by animal 
and human models, especially in the setting of paroxysmal 
AF. Fibrillatory conduction is likely initiated by rapid dis-
charges from one or several focal sources within the atria; in 
most patients with AF (94%), the focus is in one of the PVs. 
The role of PVs in the initiation and perpetuation of persistent 
AF seems less prominent than in the setting of paroxysmal 
AF, likely secondary to the electrical and structural remodel-
ing associated with persistent AF (Fig. 12.2). Evidence exists 
to suggest that the PVs are capable of sustaining automatic-
ity. Blom et al. [9] studying the human embryo using mono-
clonal antibodies to stain conducting tissue, documented the 
presence of cardiac conduction tissue within the PV during 
embryonic development. However, although node-like cells 

have been observed in the PVs of rats, a detailed histology 
of the atrial myocardial sleeves in human hearts has thus far 
failed to reveal any node-like structures. Experiments have 
demonstrated early and delayed after-depolarization and 
automatic high-frequency irregular rhythms related to cal-
cium-sensitive inward currents following infusion of ryano-
dine, atrial distension, rapid atrial pacing, or congestive heart 
failure, but most groups have not observed these in normal 
PV cardiomyocytes [10]. A possible role for re-entry has 
been implicated in the genesis of spontaneous activity from 
the PV. Conduction delay and block (source—sink mismatch) 
have been associated with changing myocardial fiber orien-
tation, producing nonuniform anisotropy and fractionated 
electrograms in PVs and at the PV-left atrial (LA) junction. 
Optical mapping studies of normal canine PVs, demonstrated 
both anisotropic  conduction and repolarization heterogeneity 
[11]. Clinically, ectopy- initiating episodes of AF have been 
largely localized to the distal PV musculature from multiple 
PVs or from multiple sites within a given PV, which after 
isolation could occur proximal to the ablated site. Chen et al. 
demonstrated that the distal PV had significantly shorter 
refractory periods than the adjacent LA [12]. Jais et al. dem-
onstrated distinctive electrophysiologic properties in the PVs 
of patients with AF (compared with controls), with shorter 
PV refractory periods, more frequent and greater decremental 
conduction to the LA, and a propensity for PV extrastimuli 
to initiate AF [13]. Based on these clinical and basic electro-
physiologic findings, the mechanisms of PV arrhythmogen-
esis is likely to be a combination of abnormal automaticity, 
triggered activity, and multiple reentrant circuits.

Fig. 12.1 Initiation of atrial 
fibrillation. Circular mapping 
catheter is placed in left 
superior pulmonary vein. 
Trigger noted earliest from 
this vein resulting in induction 
of atrial fibrillation
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 Pulmonary Vein Anatomy and Signals 
Assessment

The most important anatomic landmark relevant to AF abla-
tion is the PV ostium. Thus regardless of the mechanism, 
ablation is frequently targeted to electrically isolate this sub-
strate from the rest of the atrium. The venoatrial junctions of 
the pulmonary and other thoracic veins are highly complex 
structures [14]. Syncytial atrial myocardium extends into the 
veins however the orientation of the fibers typically changes 
around the venoatrial junction. This transition in fiber orienta-
tion, however, is gradual, and no distinct anatomic landmark 
(valves, ridge, etc.) clearly demarcates vein from atrium. 
Hence identification of true PV ostium is not possible despite 
advanced imaging. In some patients, the PVs may first drain 
into a common antrum, which then connects to the remainder 
of the atrium. Histologically and developmentally, the antrum, 
and for that matter, the proximal PVs, are no different from the 
atria itself showing venous and atrial myocardial components 
suggesting common developmental origin. During embryonic 
development, the common PV (sinus venosus origin) is incor-
porated into the left atrium. An immunohistochemical study 
demonstrated that the histologic characteristics of the PVs 
and the smooth-walled portion of the left atrium are identical 
explaining why the antral regions of the PVs and the posterior 
left atrium also are arrhythmogenic [15].

 Assessing PV Potentials

PV’s have its own unique electrical signature. Characteristic 
electrograms are recorded with single-electrode or multi-
electrode mapping catheters placed within the PV. These 

electrograms will depend on the vein mapped, type of map-
ping catheter and if prior ablation has been performed. 
However generally an initial far-field electrogram followed 
by an isoelectric period, and then a sharp near-field deflec-
tion called the PV potential is recorded. The far-field signal 
usually represents left atrial activation. The exact reason of 
the isoelectric period between the left atrial potential and the 
PV potential is unknown, but possible explanations include 
ostial delay secondary to fiber orientation, ostial fibrosis, 
remnant nodal tissue, and a smooth muscle and cardiac syn-
cytial interface. This delay is even better assessed with incre-
mental coronary sinus pacing. Due to the anatomic proximity 
of the PVs to several other electrically active structures, 
complex signals may be picked up by catheter placed in the 
PV. For example, a catheter placed in the left upper PV may 
record electrical activity in the left atrial appendage, ipsilat-
eral PV, vein of Marshall, and left atrium. In general, only 
the PV potential itself is near-field; all other structures picked 
up by the “antenna” of the mapping catheter are blunted and 
far-field. A mapping catheter placed in the right upper PV 
may record electrical activity in the right upper PV, right 
middle PV, right lower PV (particularly a superior branch), 
right atrium, left atrium, superior vena cava, and azygos 
vein. In fact, the far-field electrogram seen on a circumferen-
tial mapping catheter placed in the right upper PV almost 
always is a right atrial electrogram (not left atrial). However, 
this criterion alone is insufficient for identifying the true PV 
potential. If a catheter is deep within a PV where no PV mus-
culature is present, then left atrial appendage electrograms 
will appear relatively near-field. Similarly, when radiofre-
quency ablation has already been performed, edema near the 
PV os and inadvertent ablation within the PV (more frequent 
than typically realized) will cause PV potentials to be less 

Paroxysmal 

Permanent 

Persistent 

Substrate 
Initiation  

substrate 

Trigger 

0

20

40

60

80

AF/disease progression 

R
el

at
iv

e
im

po
rt

an
ce

 

100

Fig. 12.2 Underlying 
pathogenesis of atrial 
fibrillation. AF is a two part 
disease of trigger  
and substrate

12 Atrial Fibrillation Ablation



146

sharp and less near-field in character. Various pacing maneu-
vers such as paravenous, perivenous, differential pacing are 
utilized to decipher each potential. We refer you to the clas-
sic reviews by Dr. Samuel Asirvatham on pulmonary vein 
pacing maneuvers [14, 16–18].

 Techniques and Results of PVI

The initial description of PV trigger ablation consisted of 
focal ablation within the PVs. Initial isolation approaches 
were targeting specific pulmonary vein triggers utilizing 
induction strategies. These pulmonary vein triggers were 
then targeted with either focal or segmental isolation [8, 12]. 
However an induction strategy as a stepwise approach to 
pulmonary vein isolation was fraught with difficulties such 
as consistently initiating the arrhythmogenic foci during 
the electrophysiology study. In addition, during subsequent 
studies in patients with AF recurrence, different ectopic foci 
from the same or different pulmonary veins were often found 
to be active contributors to the arrhythmia. This approach had 
minimal long-term benefit, and was associated with a signifi-
cant risk of PV stenosis. Subsequent evolution of the proce-
dure involved segmental ablation at the anatomic ostium of 
the PVs, as defined by angiography or ICE, to isolate muscle 
sleeve connections between the PV and left atrium electri-
cally. This approach is commonly referred to as segmental 
ostial PVI.As such, empiric isolation of all pulmonary veins 
became the preferred strategy [19]. However, it is important 
to recognize that a close examination of long-term outcomes 
does not demonstrate that empiric isolation of all pulmonary 
veins is superior to treating only those veins that are arrhyth-
mogenic [20]. The technique further evolved targeting the 
left atrial tissue more proximal to the PV ostium, in a region 
defined as the PV antrum [21]. To achieve antral PVI, mul-
tiple approaches with different mapping systems have been 
described. These include electroanatomic mapping using 
three-dimensional nonfluoroscopic systems, and circular 
mapping techniques guided by imaging the PVs through ICE 
or angiography. Wide antral PV isolation (WACA) guided 
by recordings from a circular mapping catheter has been 
demonstrated superior to other ablation techniques in stud-
ies of direct comparison [22]. With circumferential PV abla-
tion strategies, contiguous lesions can sometimes be created 
without necessarily achieving complete conduction block. 
Thus, post-ablation reentrant atrial tachycardias have been 
reported in up to 20% of patients treated with this approach 
[23]. Wide antral PVI is more efficacious than ostial PVI in 
achieving freedom from any atrial tachyarrhythmia recur-
rence at long-term follow-up [24]. The importance of a wider 
antral isolation encompassing the posterior wall between the 
PVs has been suggested in several preliminary studies. The 
main advantage of wide antral PVI is the empirical elimi-
nation of triggers arising from the left atrial posterior wall, 

which should be considered as an extension of the PVs from 
an embryologic, anatomic, and electrophysiologic stand-
point. Preclinical studies have demonstrated rotors and high-
frequency AF sources within the left atrial posterior wall, 
and observations from intraoperative AF ablation have con-
firmed a significant role of the posterior wall in triggering 
and maintaining the arrhythmia [25].

As mentioned, the majority of the studies investigating 
the role of PVI for the long-term maintenance of sinus 
rhythm have predominantly enrolled patients with paroxys-
mal AF; the role of PV triggers in patients with nonparoxys-
mal AF has not been investigated in a systematic fashion.

 Pulmonary Veins Reconnection

The original promise and likely potential for this ground-
breaking discovery remains largely unfulfilled due to PV 
reconnection. Indeed, increasing pessimism with regard to 
the long term outcomes for curing AF now appears to be the 
norm. What has remained unclear is, if our lack of progress 
is a fundamental flaw in the hypothesis of PV-based arrhyth-
mogenesis, or whether we simply do not know how to per-
manently isolate the pulmonary veins. One basic assumption 
made when raising the question if pulmonary vein isolation 
is enough for a “cure” or durable therapy for AF is that the 
index ablation procedure resulted in permanent isolation of 
the pulmonary veins. Reconnection of the PVs represents the 
dominant mechanism of arrhythmia recurrence after 
PVI. Observational studies reporting the findings at repeat 
procedures showed a prevalence of PV reconnection ranging 
from 80 to 100% of patients [26]. In long-term follow-up 
study that investigated the rate of pulmonary vein reconnec-
tion after initial isolation, 53% of 161 patients were free of 
AF. In 66 patients, a repeat ablation was performed for repeat 
arrhythmia. The rate of pulmonary vein reconnection was 
strikingly high at 94% (62 of 66 patients) [27]. The impor-
tance of pulmonary vein reconnection has been confirmed in 
other studies and has led to the postulate that electrical 
reconnection of the veins is an important mechanism if not 
the sole reason for AF recurrence following catheter ablation 
[27, 28]. There are several potential mechanisms that may 
underlie pulmonary vein reconnection. First, it is possible 
that the initial procedure failed to achieve complete electrical 
isolation of the pulmonary vein. Incomplete isolation is felt 
to result from residual gap(s) within the encircling lesion set 
or lack of transmural lesions [29, 30]. As such, it is could be 
inferred that early recurrence of AF post ablation may be an 
early marker of incomplete procedural pulmonary vein isola-
tion. This hypothesis is supported by an interesting study of 
12 patients that underwent a maze procedure after a failed 
radiofrequency ablation. Importantly, myocardial biopsies 
showed anatomic gaps and/or nontransmural lesions in 
 pulmonary veins that had reconnected [31]. Enhanced 
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 post- procedural imaging has also added further supported to 
this hypothesis. In a canine study in which endocardial con-
duction block was demonstrated, post procedural MRI iden-
tified gaps within the line of ablation. Finally, long-term 
follow up data has demonstrated that those pulmonary veins 
with MRI identified gaps were more likely to become electri-
cally reconnected with symptomatic recurrences [29]. 
Currently we can isolate the veins; however there is no real 
time marker to suggest if the lesions are transmural. Certain 
indirect assessments as discussed below can be used; how-
ever lack of real time assessment of transmural lesions 
remains the holy grail of modern day electrophysiology.

 Maximizing Durable Pulmonary Vein 
Isolation

Based on available evidence, achievement of permanent PV 
isolation is considered the main goal of current ablation 
approaches for AF [32]. As of now, there are no proven ways 
to improve long-term durable pulmonary vein isolation, 
largely because we are just beginning to realize the frequency 
of reconnection in patients without recurrence of arrhythmia. 
There are several technologies and approaches that have 
been advocated to improve the likelihood of transmural 
lesion formation and durable pulmonary vein isolation. The 
efficacy of these technologies is largely based upon peripro-
cedural data with the previously noted limitations, but the 
hope is that acute or periprocedural results will translate to 
enhanced long-term outcomes.

Open-irrigated catheters with contact force sensors 
(Thermocool® SmartTouch®, Biosense Webster, Inc., and 
TactiCath™, Endosense SA, Meyrin, Switzerland) have 
been made recently available for clinical use. These cath-
eters contain sensors that provide real-time information 
on the tissue-catheter contact force and have the potential 
to significantly increase the safety and efficacy of PVI [33, 
34]. In the Touch+ for Catheter Ablation (TOCCATA) trial, 
a multicenter feasibility and safety study, 32 patients with 
paroxysmal AF underwent PVI with the TactiCath catheter 
[35, 36]. In this study, tissue-catheter contact force over 
time (evaluated as force-time interval) was a predictor of 
arrhythmia- free survival over follow-up. In particular, the 
analysis of the force-interval integral showed a recurrence 
rate of 75% in patients treated with <500 g compared to 31% 
of patients treated with >1000 g contact force. These results 
have been replicated by Neuzil et al. in the EFFICAS-I trial 
[33]. These authors studied 46 patients with paroxysmal AF 
undergoing PVI with the TactiCath catheter, and operators 
were blinded to the contact-force information. All patients 
underwent a second procedure at 3 months to evaluate the 
presence of persistent PVI and the location of ablation 
gaps. Of note, 26/40 patients undergoing a repeat procedure 
over follow-up showed the presence of ≥1 ablation gaps; 

gaps were more frequently found at regions where ablation 
lesions were delivered with <20 g initial force and <400 g of 
contact force-time integral. Natale et al. recently reported the 
results of the SMART-AF trial evaluating the Thermocool 
SmartTouch catheter. In this multicenter study, 172 patients 
with drug-refractory symptomatic paroxysmal AF under-
went PVI. At 12 months, the cumulative freedom from any 
atrial tachyarrhythmia recurrence was 72.5%. Of note, in this 
study the investigators could select the contact force param-
eters discretionally; when the contact force employed was in 
the preselected working ranges ≥80% of the time, outcomes 
were 4.25-times more likely to be successful [34]. A sub-
sequent metaanalysis showed that the use of contact force 
technology decreases AF recurrence at a median follow-up 
of 12 months and also led to decreased use of RF during 
ablation. There was no difference in total procedure length 
and fluoroscopy exposure.

Methods of checking for durable lesion sets have also 
been explored. Dormant conduction can be identified by use 
of intravenous adenosine that hyperpolarizes atrial cell mem-
branes allowing transient conduction at sites with partial 
ablation. Adenosine reduces LA and PV action potential 
duration but significantly hyperpolarizes RMP only in PV 
cells. This differential action on RMP is due to larger IKAdo 
in PV than in LA and PV cells having smaller IK1 (and 
therefore less negative RMPs) than LA cells. Ablation by RF 
energy significantly changes cellular electrophysiological 
properties, producing potentially reversible membrane depo-
larization and loss of cellular excitability. Hyperpolarization 
facilitates the closure of the inactivated sodium channels, 
making them available for activation. This results in resump-
tion of conduction in tissue where reversible thermal heating 
has occurred. This premise has been used by multiple studies 
to assess gap in the ablation line. Although further ablation at 
these sites may improve AF-free period, paradoxically it also 
identifies those patients with a greater likelihood of AF 
recurrence despite additional ablation reflecting suboptimal 
ablation [37]. Macle et al. have recently reported the benefit 
of adenosine testing after initial PV isolation to improve out-
comes in patients with paroxysmal AF [38]. They found that 
adenosine unmasked dormant PV conduction in 53% of 
patients studied. Further, iterative elimination of the elicited 
PV conduction significantly reduced the recurrence of symp-
tomatic atrial arrhythmia after a single ablation procedure 
(success rate 69.4% with additional ablation vs. 42.3% with 
no further ablation). This absolute risk reduction of 27% 
translates into needing to treat 3.7 patients for benefit [38]. 
However no significant reduction in the 1-year incidence of 
recurrent atrial tachyarrhythmias by ATP-guided PVI com-
pared with conventional PVI by another recent study [39].

Another approach to treat potential conduction gaps is to 
perform further ablation at sites that demonstrate pace cap-
ture along the ablation line. In a recent study investigators 
were able to achieve PVI in 95% of PV’s using pace- guidance 

12 Atrial Fibrillation Ablation



148

alone, as assessed by circular mapping catheter data that was 
blinded to the operator [40]. In a prospective randomized 
study, same group noted 82.7% patients were free of AF at 1 
year in the pace map group [41].

Beyond identification of gaps, efforts have also been 
directed in preventing these gaps during ablation. Steerable 
sheaths were designed to improve access to and contact 
with ablation target sites. One randomized controlled trial 
compared the use of steerable sheaths with the use of non- 
steerable sheaths in AF ablations [42]. Although the rate of 
acute PV isolation and total RF application time did not differ 
between the two groups, single procedure success was signifi-
cantly higher in patients treated with a steerable sheath (76% 
vs. 53% at 6 months), which highlights the importance of 
good wall contact to achieve transmural and durable lesions.

The optimum time for ablation at each site without col-
lateral damage is still not known. Surrogates of transmural 
lesions such as impedance drop change in unipolar electro-
grams have been studied [43–45].

Beyond electrophysiological innovation, the adoption of 
general anesthesia is has been shown to improve the proce-
dural success. In a multicenter trial, Di Biase et al. random-
ized 257 consecutive patients undergoing a first AF ablation 
procedure to general anesthesia or conscious sedation. At 
17 ± 8 month follow-up, 69% patients assigned to conscious 
sedation were free of atrial arrhythmias off antiarrhythmic 
drugs, as compared with 88% patients randomized to general 
anesthesia (P < 0.001). In this study, all patients with recur-
rence had a second procedure. Interestingly, at the repeat 
procedure, 42% of PVs in the conscious sedation arm had 
recovered PV conduction compared with 19% in the general 
anesthesia group (P = 0.003) [46]. Better and more stable 
tissue-catheter contact due to controlled breathing patterns 
and elimination of patient movements may provide an expla-
nation to these findings. Hutchinson et al. showed similar 
results in an observational study [47]. The authors reported 
that the systematic implementation of general anesthesia and 
high-frequency jet ventilation together with the use of steer-
able sheaths and anatomic image integration with merged 
computed tomography/magnetic resonance imaging scans 
resulted in significantly better long-term arrhythmia-free 
survival compared to historical controls undergoing ablation 
under conscious sedation.

 Complex Fractionated Atrial Electrograms

Complex fractionated atrial electrograms (CFAEs) during 
AF are thought to represent either continuous reentry of the 
fibrillation waves into the restricted area or an overlap of 
different wavelets entering the same area at different times 
[48]. These complex electrical activities have a relatively 
short cycle length and heterogeneous temporal and spatial 

distribution in humans. Ablation of these electrograms has 
been performed with the aim of eliminating wavelet reen-
try, thus preventing AF from perpetuating. Nademanee et al. 
were the first to report the success of pure CFAE ablation 
[49]. CFAEs are defined as low voltage atrial electrograms 
(ranging from 0.04 to 0.25 mV) that have fractionated elec-
trograms composed of two deflections or more, and/or have 
a perturbation of the baseline with continuous deflection of a 
prolonged activation complex. CFAE have a very short cycle 
length (≤120 ms) with or without multiple potentials; how-
ever, when compared to the rest of the atria, this site has the 
shortest cycle length. The following key areas have demon-
strated a predominance of CFAE: (1) the proximal coronary 
sinus; (2) superior vena cava–RA junction; (3) septal wall 
anterior to the right superior and inferior PVs; (4) anterior 
wall medial to the LA appendage; (5) area between the LA 
appendage and left superior PV; and (6) posterosuperior 
wall medial to the left superior PV. A customized software 
package to assist in the process of mapping (CFAE software 
module, CARTO, Biosense-Webster, Diamond Bar, CA, 
USA) has been developed [50]. The software analyzes data 
on atrial electrograms collected from the ablation catheter 
over a 2.5-s recording window and interprets it according to 
two variables: (1) shortest complex interval (SCL) minus the 
shortest interval found (in milliseconds), out of all intervals 
identified between consecutive CFAE complexes; and (2) 
interval confidence level (ICL) minus the number of inter-
vals identified between consecutive complexes identified 
as CFAE, where the assumption is that the more complex 
intervals that are recorded—that is, the more repetitions in 
a given time duration—the more confident the categoriza-
tion of CFAE. Information from these variables is projected 
on a three-dimensional electroanatomic shell according to a 
color-coded scale. This allows targeting and retargeting of 
areas of significant CFAE.

Nandemanee reported a single-procedure success rate of 
63% at 12 months that improved to 77% with repeat proce-
dures in 19 of the 64 patients. Nevertheless, similar results 
at that magnitude have not been replicated by other studies. 
Subsequent studies analyzed the additive effect of CFAE 
ablation to PVI. Hayward et al. performed a metaanalysis 
of eight controlled studies comparing the effect of PVI with 
CFAE ablation versus PVI alone in patients with paroxys-
mal and non-paroxysmal AF (N = 481). The authors found 
a slight benefit with the addition of CFAE ablation, with a 
relative risk of 1.15 (CI 1.2–1.31, P = 0.03). This statisti-
cal difference was primarily driven by studies on patients 
with non-paroxysmal AF. Similar results were published in 
a meta-analysis by Kong et al., yet this group also analyzed 
the drawbacks of this technique and showed that adjunctive 
CFAE ablation increased procedural, fluoroscopy, and RFA 
times [51]. Recently the STAR AF collaborators random-
ized patients with persistent atrial fibrillation, and found 
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no  reduction in the rate of recurrent atrial fibrillation when 
either linear ablation or ablation of complex fractionated 
electrograms was performed in addition to pulmonary-vein 
isolation.

 Linear Ablation

Linear ablation paradigm is based on compartmentalization 
of the atria with the aim of preventing the formation of mac-
roreentrant circuits. Ablation lines include a roof line, a 
mitral isthmus line, posterior box line, anterior line or any 
other line which could be used to compartmentalize the 
atrium further. Issues involved beyond collateral damage are 
to ensure presence of bidirectional block. If the line is not 
blocked, then it can further promote macroreentrant flutters.

 Roof Line

Hocini et al. was the first to describe the benefits of a com-
plete linear block by creating a roof line joining the right and 
left superior PVs in patients with paroxysmal AF [52]. This 
prospective randomized study demonstrated the feasibility 
of achieving complete linear block at the LA roof, which 
resulted in the prolongation of the fibrillatory cycle, termina-
tion of AF, and subsequent non inducibility of this arrhyth-
mia in the electrophysiology laboratory. Roof line was also 
associated with an improved clinical outcome compared 
with PVI alone (87% vs. 69%, P = 0.04) [53].

 Mitral Line

In a study by Jais et al., mitral isthmus block was achieved 
in 92% of patients. At 1 year after the last procedure, 87% 
patients with mitral isthmus ablation versus 69% without 
(P = 0.002) were arrhythmia free, with mitral isthmus abla-
tion being the only factor associated with long-term success 
[54]. Fassini et al. showed that patients who had additional 
mitral isthmus ablation but did not achieve bi-directional 
block did not fare better than patients who had pulmonary 
vein isolation only [55]. In a randomized trial, Pappone et al. 
found that additional linear ablation (roof and mitral isth-
mus) significantly reduced the incidence of macroreentrant 
flutters without affecting AF recurrence [56, 57]. A gap in 
the mitral isthmus line is undoubtedly a pre-requisite for the 
development of postprocedure macroreentrant peri mitral 
flutter. It is observed from several studies that these “gaps” 
do not always lead to clinical tachycardia. In fact, the major-
ity of these “gaps” do not manifest as peri mitral flutter [58]. 
It may be because “gaps” alone are not sufficient to sup-
port macroreentrant tachycardia and other factors may be 

 necessary for initiation and/or perpetuation of macroreentry. 
In fact, Bai et al. suggested that for treatment of peri mitral 
flutter, the strategy of eliminating PV and non-PV triggers 
may be superior to mitral isthmus ablation [59].

 Role of Non-PV Sources

Despite persistent PV isolation, a subset of patients may still 
continue to experience recurrent arrhythmia. In a recent 
study, Dukkipati et al. reported a 1-year AF recurrence rate 
of 29% despite proven permanent PVI [60]. The reasons 
underlying the lack of sustained response to PVI are still 
unclear, although the occurrence of triggers outside the PV 
region has been shown to play an important role in observa-
tional studies. High dose isoproterenol infusion (up to 20 μg/
min) together with cardioversion of induced AF is the proto-
col we follow to provoke latent non-PV triggers. Typically, 
non-PV triggers cluster in specific regions such as the coro-
nary sinus, the inferior mitral annulus, the interatrial septum 
particularly at the fossa ovalis/limbus region, the left atrial 
appendage, the Eustachian ridge, the crista terminalis region, 
and the superior vena cava [61, 62]. Other sites responsible 
for AF triggers are the persistent left superior vena cava and 
its remnant, the ligament of Marshall [63, 64]. Empirical 
ablation at common origins of trigger did not improve out-
comes in a recent randomized trial and is not part of the stan-
dard ablation strategy at this time [62]. The optimal strategy 
to target non-PV sources varies according to the site of origin 
of the triggers. While for many areas focal ablation is typi-
cally sufficient to eliminate the triggers, isolation for triggers 
arising from the coronary sinus and the left atrial appendage 
has resulted in improved success. Once all the arrhythmia 
triggers have been eliminated, the incremental value of addi-
tional substrate modification with linear ablation and/ or 
ablation of complex fractionated atrial electrograms remains 
unproven [61].

 Ganglion Plexi Modification

Autonomic nervous system (both sympathetic and parasym-
pathetic) plays and important role in modulating AF triggers 
and substrate. High-frequency stimulation of epicardial 
autonomic plexuses can induce triggered activity from the 
PVs and potentially shorten the atrial refractory periods to 
provide a substrate for the conversion of PV firing into sus-
tained AF. High-frequency stimulation is performed in the 
LA adjacent to the antral region of the PVs. Once identified, 
the location of a ganglionated plexus is tagged on the electro-
anatomical map. Generally, the four major LA ganglionated 
plexuses can be identified and localized using high-frequency 
stimulation in the majority of patients; though, it is not 
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uncommon that one or more ganglionated plexuses cannot 
be identified, especially in patients with persistent AF. RF is 
delivered after all ganglionated plexus sites have been identi-
fied. At present, no reports have suggested that targeting of 
ganglionated plexuses as a stand-alone procedure will con-
sistently terminate AF or prevent its reinitiation. On the other 
hand, several studies combining ganglionated plexus map-
ping and ablation with PV-based ablation procedures for the 
treatment of AF have produced promising but variable 
results. For example, in a study of 242 paroxysmal AF 
patients, three groups were compared; (1) standard pulmo-
nary vein isolation; (2) ablation of the main ganglion plexi of 
the left atrium; and (3) both pulmonary vein isolation and left 
atrial ganglion plexi ablation. Over a 2-year follow-up period 
freedom from AF or atrial tachycardia was achieved in 56%, 
48%, and 74% of the patients, respectively (P = 0.004) [65]. 
Although there was increased benefit with combining abla-
tion with ganglion plexi modification, success rates without 
pulmonary vein isolation were worse than the standard 
approach. The synergy noted with ablation of both targets 
may be explained in a study of 63 patients with paroxysmal 
AF. Ganglion plexi ablation alone before pulmonary vein 
isolation significantly decreased the occurrence of pulmo-
nary vein firing in 75% of patients and reduced the induc-
ibility of sustained AF in 68% [66].

 Focal Impulse and Rotor Modulation

Localized sources for AF were postulated by Garrey, Mines, 
and Lewis in the early twentieth century, and reported in 
seminal canine studies by Schuessler, Cox, and Boineau who 
showed that AF is often sustained by stable, relatively large 
drivers [67]. Narayan et al. hypothesized that human AF may 
be sustained by localized sources such as electrical rotors 
and focal impulses. Focal Impulse and Rotor Modulation 
(FIRM) mapping is a novel technique to identify patient- 
specific AF mechanisms, by recording AF electrograms in a 
wide field-of-view across the majority of both atria then 
using physiologically-directed computational methods to 
produce maps of AF propagation. FIRM records AF in both 
atria using direct contact electrodes, the gold standard par-
ticularly for low-amplitude AF electrograms, in the form of 
64-pole basket catheters each of 8 splines containing 8 elec-
trodes. Basket catheters are advanced from the femoral vein 
into the right atrium (RA) or, transseptally, to the left atrium 
(LA). Recordings are made sequentially using one basket in 
each atrium in turn. Electrodes are separated by 4–6 mm 
along each spline and by 4–10 mm between splines. Catheters 
are manipulated to ensure good electrode contact and elec-
trode locations are verified within the atrial geometry using 
fluoroscopy or electroanatomic mapping [68]. In an extended 
follow-up study, patients who underwent FIRM-guided abla-
tion maintained higher freedom from AF versus those who 

underwent conventional ablation [68]. Overall, FIRM map-
ping revealed AF rotors or focal sources in 98% of the 
patients, for 1.9 ± 1.1 concurrent sources per patient, 67% of 
which were in the left atrium and 33% in the right atrium 
[68]. Importantly, AF sources were analyzed to be coinci-
dentally ablated in 45% of conventional cases (e.g., at the LA 
roof or near the PVs). These data might help explain why 
wide area PVI is more effective than more distal PVI, and 
especially, why patients might remain free of AF recurrences 
despite PV re-connection. The encouraging results obtained 
by elimination of patient-specific rotors were recently con-
firmed in a multicenter study [69].

In the CONFIRM trial, these sources were detected in 
97% of 107 patients undergoing paroxysmal or persistent AF 
ablation [68]. The acute end point (AF termination or consis-
tent slowing) was achieved in 86% of cases guided by focal 
impulse and rotor modulation (FIRM) versus 20% of con-
ventional ablation cases (P < 0.001). During a median fol-
low- up of 273 days following a single procedure, 
FIRM-guided cases had higher freedom from AF (82.4% vs. 
44.9%; P < 0.001). Interestingly, a different group from 
Taiwan using a distinctive optical mapping system also dem-
onstrated the possibility of localizing rotors in the LA in a 
canine heart failure model in which AF was induced by 
infusing acetylcholine. Epicardial ablation of the rotor 
anchoring sites suppressed AF inducibility in 12 out of 13 
Langendorff-perfused left PV–LA preparations [70]. The 
use of rotor mapping and ablation should be considered 
investigational, and a large, multicenter, randomized con-
trolled trial comparing FIRM versus conventional ablation 
versus FIRM and PVI must be designed and conducted to 
validate the efficacy and safety of this technique.

 Balloon Based Technology

 Cryoballoon

Balloon-based ablation technologies have been developed 
with the aim of achieving PVI in shorter time and minimiz-
ing the operator dependency of manual procedures. The 
cryoablation balloon catheter (cryoballoon) has been evalu-
ated quite extensively in clinical studies. The cryoballon is 
available in two diameter sizes, namely, 23 and 28 mm. Once 
the balloon is inflated at the ostium of the PVs, it is capable 
of achieving PVI within few (usually 2) cryoablation. The 
most important clinical study evaluating the effectiveness of 
ablation of AF with the cryoballoon has been the Sustained 
Treatment of Paroxysmal Atrial Fibrillation (STOP-AF) 
trial, which has been recently published [71]. In this study, 
245 patients with at least two documented episodes of drug- 
refractory paroxysmal AF were randomized in a 2:1 ratio to 
the cryoablation group or the antiarrhythmic drug therapy 
group. Over 12 months of follow-up, 69.9% of patients 
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treated with cryoablation were free of AF, compared with 
only 7.3% of the antiarrhythmic drug group (P < 0.001 for 
comparison). Twenty-nine patients (11.2%) developed post-
procedural phrenic nerve palsy, which persisted beyond 12 
months in four patients [71]. More recently, Metzner and co- 
workers reported a 12% incidence of esophageal thermal 
lesions at routine esophagogastroduodenoscopy in patients 
who underwent cryoballoon PVI with the 28-mm device [72, 
73]. In addition, cases of atrioesophageal fistula have been 
reported with the cryoballoon technology [74–76]. This 
might reflect the higher power of the new cryoablation plat-
form, and would suggest routine esophageal temperature 
monitoring also with the cryoballoon device. Prospective 
and retrospective large study didn’t find any difference in 
freedom from AF when compared to radiofrequency energy 
[77, 78]. Further research is warranted to better evaluate the 
long-term arrhythmia-free survival and the safety profile of 
the cryoballoon device.

 Laser-Balloon Ablation

The balloon-based laser ablation system (CardioFocus, Inc., 
Marlborough, MA) is a 12-F balloon catheter with a 2-F 
endoscope at the proximal end of the balloon. The balloon is 
designed to be inflated at the ostium of the PV to occlude the 
blood flow and deliver circumferential ablation. The last 
generation of the laser-balloon catheter is a compliant and 
sizeable balloon that has the capacity of delivering spot laser 
lesions over a wider range of energies. Dukkipati and co- 
workers recently reported their clinical experience with the 
compliant laser-balloon system in 200 patients with drug- 
refractory paroxysmal AF [79]. Successful PVI was achieved 
in 78.4% of cases with a single encircling lesion, and in 
98.8% after an average of 1.3 attempts/PV. A total of 181 
patients completed the 12-month follow-up achieving an 
arrhythmia-free survival off antiarrhythmic drugs of 60.2% 
(95% CI 52.7–67.4%). Phrenic nerve injury occurred in five 
patients, and was permanent in only one case. In addition, 
pericardial effusion occurred in six patients, and required 
pericardiocentesis in four cases [79]. In conclusion, the clini-
cal experience with the laser-balloon catheter is very promis-
ing. It is important to emphasize that the reported results 
reflect the experience of high-volume institutions, and 
whether the reported safety and effectiveness can be general-
ized to less experienced operators and lower volume institu-
tions warrants further investigation.

 Complications

The specific risks of AF ablation reflect potentially extensive 
ablation as well as the proximity of atria to structures such as 
the esophagus, phrenic nerves, and other vasculature [14, 

16]. Awareness of these risks has improved procedural tech-
nique, e.g., eliminating PV stenosis by ablating widely out-
side PVs instead of close to the thin-walled PVs, while better 
sheath management and anticoagulation can reduce throm-
boembolic risk and use of esophageal temperature probe to 
prevent esophageal injury. Accordingly, AF ablation proce-
dural safety has increased with very low mortality in multi-
center survey and data from both the US and Europe [80–82]. 
Data have consistently shown and that procedural outcomes 
improve with center experience. US claims data from over 
93,000 patients in the U.S. national inpatient sample data-
base showed an in-hospital mortality rate of 0.42%, and an 
overall complication rate of 6.29% which were lower in 
high-volume centers [83]. The possibility that complication 
rates are trending higher in some studies (driven by hospital 
volumes), although not others, may reflect treatments in less 
experienced centers or more complex, older patients with 
persistent AF in whom widespread ablation and long proce-
dure times may cause complications. This again argues for a 
more targeted, mechanistic approach to AF ablation and per-
formed by experienced operators.

 Risk Factor Modification

Recently there has been interest in risk factor management to 
prevent recurrence of AF. Within the last decade, data on the 
relationship between AF and obesity, obstructive sleep apnea 
(OSA), alcohol consumption, and cardiometabolic risk fac-
tors have emerged [84–87]. Increased LA pressure and vol-
ume, and shortened ERP in the left atrium and PV are 
potential factors facilitating and perpetuating AF in obese 
patients with AF [88]. Furthermore, in a recently published 
randomized clinical study, weight reduction plus intensive 
general risk factor management (RFM) resulted in reduced 
AF symptom burden and severity. AF also has a genetic 
component, and a primary fibrotic atrial cardiomyopathy 
was described as a specific disease supplying substrates for 
AF, atrial tachycardia, sinus node disease, AV node disease, 
and thromboembolic complications [89]. Pathak et al. 
reported the results of the ARREST-AF Cohort Study 
(Aggressive Risk Factor Reduction Study for Atrial 
Fibrillation) and their implications for catheter ablation out-
comes [90]. This study comprised consecutive patients with 
body mass index ≥27 kg/m2 and ≥1 risk factor (hyperten-
sion, glucose intolerance/diabetes mellitus, hyperlipidemia, 
OSA, smoking, or alcohol excess) undergoing catheter abla-
tion for symptomatic AF, despite use of antiarrhythmic 
drugs. Patients in the RFM group (n = 61) attended an inten-
sive physician-directed program in a RFM clinic, according 
to American College of Cardiology/American Heart 
Association guidelines [91]. The control group subjects 
(n = 88) continued RFM under the direction of their treating 
physician. RFM resulted in significantly greater weight and 
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blood pressure reductions, and better glycemic control and 
lipid profiles. Reviews were every 3 months for the first year 
and then every 6 months thereafter, including ambulatory 
7-day monitoring at each review. At follow-up after catheter 
ablation, arrhythmia-free survival after single and multiple 
procedures was significantly greater in RFM patients com-
pared with control subjects. On multivariate analysis, RFM 
was an independent predictor of arrhythmia-free survival, 
with an impressive hazard ratio of 4.8 [90]. This confirms 
and extends the growing body of evidence that a variety of 
cardiac risk factors affect procedural outcomes in patients 
with AF undergoing catheter ablation. Prior trials assessing 
antiarrhythmic therapy and ablation typically left these car-
diometabolic risk factors untreated, these new data indicate 
that less invasive, lower risk, and beneficial interventions 
show substantial efficacy in treating AF.

Guidelines reserve ablation for patients with symptomatic 
AF and several studies show that ablation in such patients 
improves quality of life compared to pharmacologic therapy [6, 
32]. Metrics of success is measured by eliminating asymptom-
atic and symptomatic AF. If the results of major ongoing stud-
ies, including CABANA (Clinicaltrials.gov: NCT00911508), 
CASTLE-AF (Clinicaltrials.gov: NCT00643188), and EAST 
(Clinicaltrials.gov: NCT01288352), show improved survival 
from ablation compared to pharmacological therapy, then AF 
ablation may be potentially extended to patients with asymp-
tomatic AF.

Although cure rates remain disheartening, the remarkable 
success of ablation in many patients provides a foundation 
for future advancements. A mechanistic classification of AF 
will enable better guidance on how to tailor ablation in spe-
cific populations. Technical advances have already improved 
the ease of performing AF ablation, decreasing procedure 
times, and its safety profile. These trends are likely to further 
improve results from AF ablation in coming years as it 
becomes an increasingly important therapeutic option in 
many patients. Upstream and downstream risk factor modifi-
cation has emerged as an important factor in maintaining 
sinus rhythm. The next few decades are exciting times for 
AF ablation, as it evolves from improved mechanistic under-
standing to innovative technology.
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Ventricular Tachycardia Ablation
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Abstract

While catheter ablation (CA) of ventricular arrhythmias (VAs) was in the past often only 
considered after pharmacological options had been exhausted, substantial progress has 
occurred and CA is now an option that should be considered early when therapy of recur-
rent arrhythmia is needed. In patients with VAs without structural heart disease CA is highly 
successful with a low rate of complications. In patients with heart disease efficacy is deter-
mined by the nature of the arrhythmia substrate, most often an area of scar. The current 
ability of mapping to identify substrate during stable sinus rhythm makes CA an option 
even when multiple and unstable ventricular tachycardias (VTs) are present. Its major role 
is in controlling of incessant VT and recurrent symptomatic VT in patients with implanted 
defibrillators. Continued advances in mapping and ablation methods are anticipated to con-
tinue to improve efficacy and safety.
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 Introduction

In patients with structural heart disease (SHD) and implant-
able cardioverter defibrillators (ICDs) episodes of sustained 
ventricular tachycardia (VT) are associated with worsen-
ing heart failure, psychological morbidity and increased 
mortality [1–3]. In patients with no SHD ventricular 
arrhythmias can cause compromising symptoms and when 
very frequent may lead to decreased ventricular function  
[4, 5]. Antiarrhythmic medication can reduce arrhythmia 
burden and the frequency of ICD shocks but often are poorly 

 tolerated [6]. Some antiarrhythmic drugs increase mortality 
in patients with SHD [7].

While catheter ablation (CA) was in the past often only 
considered after pharmacological options had been 
exhausted, current guidelines suggest consideration of VT 
ablation earlier in the course of the disease [8]. This chapter 
will discuss current strategies for CA in patients with sus-
tained VT and will provide a perspective of potential future 
developments.

 Technical Aspects of Catheter Ablation

 Radiofrequency Ablation

The goal of catheter-based ablation therapy for VT is to 
create durable myocardial lesions at the ablation target. 
Radiofrequency (RF) ablation to treat cardiac arrhythmias 
was first introduced by Huang and coworkers in 1985 [9], 
and has revolutionized the treatment of cardiac arrhyth-
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mias. RF energy delivered between an electrode at the tip 
of the ablation catheter and a large grounding patch on the 
patient’s skin, results in resistive heating of a 1- to 2-mm rim 
of tissue adjacent to the catheter tip and conductive heating 
of surrounding tissue causing thermal damage. Because of 
the rapid reduction in heating with distance, lesions created 
by RF energy are typically small and well circumscribed 
[10]. The catheter electrode temperature must be kept below 
80° centigrade to avoid coagulum or char formation at the 
catheter tip. The development of RF catheters that cool the 
electrode with saline irrigation allows greater power deliv-
ery while minimizing heating of the catheter tip, and was a 
major technological advance. With cooling the zone of maxi-
mal heating is shifted deeper into the tissue, increasing the 
radius of resistive heating and resulting in larger and deeper 
lesions [11].

Lesion formation with RF ablation is critically deter-
mined by catheter–tissue contact. If the catheter is not in 
direct contact with myocardial tissue, virtually all energy 
will be dissipated in the blood pool without effective tissue 
heating. Newer ablation catheters incorporate contact force 
sensors to aid in catheter positioning [12, 13].

 Alternative Energy Sources

Cryoablation destroys tissue by freezing and is an important 
method for surgical ablation, but is not commonly used for 
CA [14]. Laser catheter, high intensity focused ultrasound, 
and microwave ablation techniques are all under develop-
ment and hold promise for increasing lesion size for scar- 
related VT.

 Access Considerations

Depending on the location of the arrhythmia substrate abla-
tion may require access of the right ventricle (RV), left ven-
tricle (LV), aortic root, epicardial coronary venous system, 
or the pericardial space. Access to the LV can be achieved 
using a retrograde approach across the aortic valve or using 
a transseptal approach via the left atrium and through the 
mitral valve. For patients with peripheral vascular disease, a 
mechanical aortic valve or when insertion of multiple map-
ping catheters is desired, the transseptal approach is pre-
ferred. Percutaneous pericardial access is needed to allow 
CA of arrhythmias arising from the epicardial surface of the 
heart and is often needed in patients with arrhythmogenic 
right ventricular cardiomyopathy (ARVC) and other non-
ischemic cardiomyopathies [15]. Access is usually accom-
plished by a subxiphoid pericardial puncture using an 
epidural needle or micropuncture needle [16, 17]. Access is 
often not possible if pericardial adhesions, as from prior 

 cardiac surgery, are present. Although epicardial access, 
mapping and ablation are commonly used in experienced 
centers it is associated with a 6–10% risk of complications, 
most frequently pericardial bleeding [15, 18].

 Initial Considerations and Pre-procedural 
Workup for Patients Presenting with VT

VTs considered to be a target for CA most frequently are 
monomorphic. The optimal ablation approach and expected 
success rates are dependent on the location of the arrhythmia 
origin or substrate, which can often be anticipated from the 
electrocardiographic characteristics of the arrhythmia as 
well as the presence and type of underlying heart disease. 
Patients with SHD and sustained monomorphic VT usually, 
but not always have scar related reentrant VT, while patients 
with structurally normal hearts usually have a focal VT ori-
gin consistent with automaticity or triggered activity. 
Documentation of the spontaneous VT (commonly referred 
to as the “clinical VT”) on 12-lead-ECG is helpful because 
the likely VT origin can be derived from the QRS morphol-
ogy. If VT is terminated by an ICD, at least the cycle length 
of the clinical VT should be obtained.

The type and severity of underlying heart disease is 
a major determinant of prognosis and risk. A careful car-
diac evaluation is therefore important and will influence the 
treatment approach. Pre-procedural planning is important 
to minimize risks. Transthoracic echocardiography gives a 
first impression regarding ventricular function, size and the 
location of areas of abnormal wall motion that could poten-
tially contain arrhythmogenic scars; and is also useful to 
assess the presence of mobile left ventricular (LV) thrombi, 
which would prevent endocardial LV mapping. Contrast 
enhanced magnetic resonance imaging (MRI) may be used 
to identify ventricular abnormalities including scar, evident 
as delayed gadolinium enhancement, that is likely to con-
tain the VT substrate which are areas that contain critical 
conduction pathways for reentry circuits (isthmus sites) that 
are targets for CA [19–21]. Images from MRI or cardiac CT 
can be imported into electro-anatomic mapping systems to 
help guide ablation procedures [22, 23]. Nuclear perfusion 
imaging may show areas of scar as perfusion defects [24]. 
Cardiac positron emission tomographic imaging (PET) with 
fluoro- deoxyglucose can reveal inflammatory disease, such 
as cardiac sarcoidosis.

In patients with coronary artery disease (CAD), the poten-
tial for ischemia, which could contribute to instability during 
the ablation procedure, should be addressed. Electrolyte dis-
turbances, heart failure and fluid balance should be opti-
mized, particularly because external irrigation catheters used 
for ablation administer additional volume with potential to 
aggravate heart failure. Discontinuation of antiarrhythmic 
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drug therapy is usually desirable to facilitate induction of VT 
and assessment of the ablation endpoint, but is not needed if 
VT is incessant or very frequent.

 Complications of Catheter Ablation

In a retrospective analysis of a large U.S.  administrative data 
base Palaniswamy et al. reported that the complication rate 
for CA has remained stable from 2001 to 2011 (total compli-
cations 11.2%; vascular: 6.9%, cardiac: 4.3%, and neuro-
logic: 0.5%) with in-hospital mortality rates (1.6%) in the 
United States during 2002–2011 [25]. Most larger trials 
however reported lower complication rates [26–28]. Cardiac 
tamponade is usually related to ablation in the thin-walled 
RV or epicardial access. AV block can occur when targeting 
basal septal VTs with RF energy. In patients with structural 
heart disease, procedure-related mortality is approximately 
2%, with most deaths being related to incessant, uncontrol-
lable VT and cardiogenic shock [8].

 Patients with Structurally Normal Hearts

In patients with idiopathic ventricular arrhythmias and no 
SHD, CA should be considered for symptomatic patients or 
those with frequent arrhythmia that is inducing cardiomy-
opathy, and is appropriate even as first line therapy [8]. 
Reported acute efficacy rates exceed 70% and complication 
rates are low and largely related to vascular access complica-
tions, although cardiac tamponade, coronary artery injury, 
and valvular injury can occur [29]. Efficacy and procedure 
risks are determined by the arrhythmia origin. Ablation fail-
ure is usually due to inability to induce the arrhythmia to 
allow mapping at the time of the procedure, often related to 
sedation, to the location of the arrhythmia focus in a location 
not accessible to the ablation catheter, or to the location of 
the focus adjacent to a coronary artery where CA attempted 
are precluded due to the risk of coronary injury.

 Outflow Tract Arrhythmias

Most idiopathic monomorphic VTs or PVCs have a focal 
origin from the RV outflow tract (RVOT) [30]. The cellular 
mechanism is likely related to intracellular calcium overload 
and c-AMP related delayed after-depolarizations that lead to 
triggered activity. The tachycardia can often be terminated 
with overdrive pacing; administration of intravenous 
β-blockers, calcium-channel blockers, or adenosine [31, 32]. 
The QRS shows a left bundle branch block (LBBB) mor-
phology in lead V1 with an inferior frontal plane axis and a 
precordial transition from rS to Rs typically at V3 or later. 

Because of an origin close to the conduction system, VTs 
coming from posterior sites of the RVOT usually show rela-
tively narrow QRS complexes (≤140 ms) [33]. Sleeves of 
myocardium often extend above the pulmonary valve and 
may be the source for up to 50% of all arrhythmias classified 
as RVOT tachycardia [34, 35].

These focal arrhythmias are approached by activation 
mapping, which shows centrifugal activation of the ven-
tricle emanating from the earliest site of activation, which 
typically precedes the surface QRS onset by 25–50 ms and 
shows a QS deflection on the unipolar recording. In addi-
tion, pacing at the source of the arrhythmia (pace-mapping) 
typically reproduces the morphology of the ventricular 
arrhythmia (Fig. 13.1); however the spatial resolution of 
pace-mapping is inferior to that of activation mapping and 
exact pace maps can be recorded up to 2 cm from the site 
of origin [36].

Less commonly VTs originate from the LV outflow tract 
(LVOT), most frequent from the left coronary cusp, fol-
lowed by the commissure between the right and the left 
coronary cusp, the right coronary cusp and rarely the non-
coronary cusp [37]. ECG algorithms have been proposed to 
identify the likely site of origin of outflow tract arrhythmias 
but exceptions occur [38–43]. LVOT VT usually shows a 
precordial transition with a prominent R wave at or before 
V3. Up to 15% of outflow tract arrhythmias have an epi-
cardial site of origin that may be approached for CA from 
within an epicardial cardiac vein, usually the great cardiac 
vein, although these sites can be close to a coronary artery 
precluding ablation attempts [44]. Others originate from 
myocardium extending above the aortic valve that requires 
ablation from within the right or left sinus of Valsalva. 
Ablation targeting isolated potentials preceding the QRS 
and pace-mapping is not reliable and can be misleading in 
this region [45].

 Other Idiopathic Ventricular Arrhythmias

Idiopathic focal arrhythmias can also arise from the LV or 
RV papillary muscles, the moderator band, sites along the 
mitral or tricuspid annulus, or the cardiac crux, an epicar-
dial region corresponding to the intersection of the atrio- 
ventricular groove and posterior interventricular groove [46].

A less common form of idiopathic VT that is due to reen-
try in or near the LV fascicles of the Purkinje system is 
verapamil- sensitive left fascicular VT. It can be induced by 
atrial pacing, has a RBBB like morphology and left superior 
frontal plain axis with relatively narrow QRS width, and can 
be terminated by intravenous verapamil administration [47, 
48]. Ablation targeting an area of presystolic Purkinje poten-
tials during VT or rounded diastolic potentials usually found 
in the mid LV septum is very effective.

13 Ventricular Tachycardia Ablation
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 Sustained Monomorphic VT in Structural 
Heart Disease

Most sustained monomorphic VT in patients with structural 
heart disease is due to reentry in regions of ventricular scar. 
Patients are subject to recurrent episodes and an ICD is usu-
ally warranted. The major role of CA is to prevent or reduce 
VT recurrences. In most series, CA has been used late, after 
repeated episodes of VT have failed to be controlled with 
antiarrhythmic drugs, often after the patient has experienced 
repeated painful shocks. In a retrospective analysis combin-
ing 2061 patients with heart disease undergoing ablation at 
multiple centers, Tung et al. reported that 70% of patients 
were rendered from of recurrent VT at 1 year and there was 
a strong association between VT recurrence and death or 
heart transplantation that was independent of heart failure 
severity and cardiomyopathy type [49]. Table 13.1 summa-
rizes selected clinical trials on CA scar related VT.

Recent guidelines recommend early consideration of CA 
when VT is recurrent and symptomatic [8]. Dinov et al. 
reported better acute and long-term success after CA of 

 scar- related VT performed within 30 days after the first doc-
umented VT, although a mortality benefit was not observed 
[50]. Bunch et al. reported a lower risk of death and heart 
failure hospitalizations in patients treated with CA after an 
ICD shock compared to patients managed medically only 
[51]. Two randomized trials of CA after the first arrhythmia 
episode, around the time of ICD implantation in patients 
with prior myocardial infarction showed that CA reduced 
VT recurrences, although the number of patients was too 
small to assess any mortality effect [27, 28]. Use of ablation 
also should consider the underlying heart disease, disease 
severity, and risks, as discussed earlier.

 Sustained Monomorphic VT due to Scar- 
Related Reentry

Poorly coupled surviving myofibers within scar regions cre-
ates an arrhythmia substrate characterized by slow conduc-
tion, areas of anatomically fixed or functional conduction 
block and unidirectional block required to support reentrant 

VT 
morphology 

Activation-mapping 
Pace-mapping 
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II 

III 
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Abl  
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V5 

Abl  
prox 
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Fig. 13.1 Mapping of idiopathic VT originating from the RVOT. VT 
shows a left bundle branch block like morphology in V1 with inferior 
frontal plane axis and precordial transition at V2. Earliest ventricular 
activation (29 ms before the onset of the surface QRS) was recorded 
from the ablation catheter at the posterior RVOT. Pacing at that site 
shows good, however not perfect match of the paced QRS with the VT 

QRS. At the left is the electroanatomic map of the RV. Colors indicate 
activation time during VT, with red earliest, followed by yellow, green, 
blue, and purple. RF applications, marked as red dots, at the early site 
terminated and abolished VT. Abbreviations: VT ventricular tachycar-
dia, Abl ablation catheter, prox proximal, dist distal, Uni unipolar 
recording
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Fig. 13.2 Entrainment mapping of scar-related reentrant VT. Panel (a) 
shows an electroanatomic voltage map of a patient with prior lateral 
myocardial infarction. Colors indicate bipolar electrogram amplitude, 
with purple being normal (>1.5 mv) and blue, green, yellow, and red, 
being progressively lower amplitude. Fluoroscopic images were inte-
grated in the mapping system. Panels (b–d) show a theoretic reentry 
circuit with areas of dense scar (gray) defining the circuit that has a 
protected isthmus, an exit site where the isthmus meets the border of the 
scar region, and an entrance region where the circulating wave front 
returns back into the isthmus. Colors indicate activation sequences with 
red being early and purple being late, relative to the exit site (b) or the 
pacing sites (c and d). (c) Pacing at a cycle length of 400 ms from a 
remote bystander site entrains the tachycardia and changes of the QRS 

morphology (overt fusion) because the paced, antidromic wavefront 
(black arrow) changes the ventricular activation sequence. The post-
pacing interval (PPI) is 550 ms, exceeding the VT cycle length by 
100 ms. (d) When pacing at 400 ms cycle length from a site within the 
protected isthmus during a VT with a slightly different QRS morphol-
ogy but the same cycle length of 450 ms, the tachycardia is entrained 
with no change in QRS morphology (concealed fusion) indicating that 
the ventricular activation sequence during pacing is the same as during 
VT. Capture is confirmed since the VT is accelerated to the paced cycle 
length. The PPI equals the VT cycle length. The short stimulus-to-QRS 
interval suggests a pacing site close to the exit. Abbreviations: VT ven-
tricular tachycardia, PPI postpacing interval

circuits [52–54]. Scars related to VT often border a valve 
annulus that forms a border segment for part of the circuit 
[55]. Reentry circuits often appear to have a protected isth-
mus where radiofrequency current lesions can interrupt 
 reentry, an exit site where the isthmus meets the border of the 
scar region and from which the excitation wave activates the 
ventricles, determining the VT QRS morphology, and an 
entrance region where the circulating wave front returns 
back into the isthmus (Fig. 13.2a, b) [56].

Multiple potential paths can be contained within the scar 
region that can give rise to multiple VT morphologies and 
changes in activation remote form the circuit due to regions 
of functional block can alter VT QRS morphology [57, 58]. 
Slow, stable VTs are often due to relatively large macroreen-
try circuits spanning several centimeters [59].

Mapping to identify reentry circuit sites is facilitated by 
the use of electroanatomic mapping systems that allow for 
three-dimensional reconstructions of heart chambers, incor-
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porating voltage and activation-time data and provide for 
non-fluoroscopic localization of electrophysiologic catheters 
within the heart. The area of scar is recognized as having a 
bipolar electrogram voltage <1.5 mV (using present map-
ping catheters with a large tip electrode and filtered at 
10–400 Hz) [58]. Correlation of voltage maps with MRI 
show that while, this is a reliable indicator of scar, a 2–3 mm 
rim of surviving endocardium can generate this voltage, and 
thus underlying intramural and epicardial scar is not delin-
eated [23]. No, or very low amplitude electrograms may be 
recorded at areas of dense fibrosis bordering conduction 
channels, and these areas may be electrically unexcitable, 
such that pacing (10 mA at 2 ms pulse width with unipolar 
pacing) fails to capture [60–62]. However, electrically unex-
citable scar cannot be detected reliably based on electrogram 
amplitude and morphology alone. Some abnormal electro-
grams suggesting a target site may be far-field signals from 
depolarization of a substantial mass of adjacent myocardium 
remote from the ablation [63]. Implementation of greater 
fidelity signal acquisition and processing methods may help 
differentiate far field from local electrogram sources [64].

If the patient is hemodynamically stable during induced 
VT, channels can be sought during VT using activation or 
entrainment mapping. Entrainment mapping tests the rela-
tion of a pacing site to the reentry circuit. Pacing at a rate 
slightly faster than the tachycardia continuously resets the 
reentry circuit, as confirmed by evidence of constant fusion 
between paced orthodromic and antidromic wave fronts. 
Pacing at increasing rates leads to greater activation of the 
ventricles by paced antidromic wavefronts, referred to as 
progressive fusion. Entrainment confirms reentry to be the 
tachycardia mechanism [65, 66]. The postpacing interval 
(PPI) following the last entrained beat indicates the prox-
imity of the pacing site to the reentry circuit provided that 
pacing does not alter conduction in the VT circuit [56]. The 
last stimulated wave front propagates orthodromically 
through the circuit, and returns to the pacing site. Thus the 
time from the last pacing stimulus to the next activation at 
the pacing site is equal to the tachycardia cycle length plus 
the time it takes for conduction from the pacing site to the 
circuit and then back to the pacing site. For sites that are in 
the circuit, this conduction time from pacing site to circuit 
and back equals zero, and the PPI equals the tachycardia 
cycle length (Fig. 13.2c), whereas at pacing sites remote 
from the circuit, the PPI exceeds the tachycardia cycle 
length (Fig. 13.2d).

If VT is unstable for mapping due to hemodynamic intol-
erance, inability to induce VT, or frequent changes of VT 
morphologies, ablation targets can be sought based on map-
ping during sinus or paced rhythm, known as substrate map-
ping. Late or abnormal potentials and sites, where pacing 
(pace-mapping) replicates the VT QRS morphology and pro-
duces long S-QRS delays, indicate potential critical sites 

[67–69]. When pacing in the exit region, the QRS resembles 
that of VT and the interval between the stimulus and QRS 
onset is typically short, which is consistent with its location 
in the infarct border [70]. Ablation then aims to eliminate 
abnormal or late electrograms within scar tissue [71, 72], or 
“homogenize” the scar area completely with RF lesions [73]. 
The optimal strategy resulting in effective ablation while 
minimizing unnecessary RF application and procedure dura-
tion has not been established and there are complexities.

Mapping during unstable VTs can be performed with the 
use of hemodynamic support using percutaneous Left 
Ventricular Assist Devices (pLVAD). This approach is fea-
sible, but it is not clear if it improves outcomes compared to 
substrate guided ablation approaches. In addition there is an 
increased risk of vascular complications [74–76]. A combi-
nation of mapping approaches is often used. Figure 13.3 
shows the approach for VT ablation at our center.

Absence of inducible VT is a desirable procedural end-
point, but is not always attainable, and is not a reliable indi-
cator of long-term freedom from VT. Non-inducibility has 
been suggested as an independent predictor long-term mor-
tality [77, 78], however VT recurrence is observed in 29% of 
patients that could initially be rendered non-inducible [79]. 
In some cases recurrences are due to healing of the initial 
ablation injury.

When endocardial ablation fails, it is often due to origin 
of the VT deep to the endocardium, either from the epicar-
dium or an intramural location. In patients with prior myo-
cardial infarction, the QRS morphology of the VT is not 
reliable in identifying VTs that require epicardial ablation 
[80]. In NICM however a relatively wide QRS complex with 
a slow upstroke and a QS complex in leads reflecting the 
region of initial activation in VT suggest an epicardial VT 
origin [81–83]. Epicardial ablation has become an essential 
part in the ablation strategy especially for VT due to dilated 
cardiomyopathy (DCM) and ARVC. However a target for 
epicardial ablation cannot always be identified and coronary 
arteries or the left phrenic nerve can protect critical sites 
[18]. Image integration is potentially useful to minimize 
risks of phrenic nerve and coronary artery injury [84]. The 
phrenic nerve can successfully be displaced with an epicardi-
ally placed steerable sheath/catheter combination, or a bal-
loon, allowing for targeting VT originating in close proximity 
to the phrenic nerve [85].

Transcoronary ethanol ablation or surgical cryoablation 
may be required to help control VT in patients in whom VT 
is refractory to anti-arrhythmic drugs and attempted endo- 
and epicardial CA, or in whom epicardial origin is suspected 
but access is prohibited due to adhesions from prior cardiac 
surgery [86]. Other methods to try to reach deep arrhythmia 
substrate are being assessed and developed including abla-
tion across two catheters in a bipolar mode as well as an 
intramural needle electrode ablation catheter [87, 88].
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 Ablation in Specific Disease

 Ischemic Heart Disease

In post-infarct VT the location of critical arrhythmia sub-
strate is governed by the infarct artery anatomy. VT circuits 
are typically located subendocardially, but can also be intra-
mural or subepicardial in location (Fig. 13.4a) [89]. Reports 
of recurrence rates after post-infarct VT ablation procedures 
vary widely but typically range between 30 and 50% in 
larger studies. The frequency of VT is reduced in over two-
thirds of patients.

 Dilated Cardiomyopathy

Sustained monomorphic VTs in patients with DCM are most 
commonly the result of reentry associated with scar [90], 

with about 20% due to other mechanisms including bundle 
branch reentry (BBR) or enhanced automaticity [91]. The 
scar patterns observed in DCM, however, are different from 
those in ischemic cardiomyopathy, although the size of the 
scar influences the risk of ventricular arrhythmias for both 
[92–94]. Necropsy studies in humans have shown that only 
14% of patients with DCM have grossly visible scars. 
Multiple patchy areas of replacement fibrosis are more com-
mon and involve the septum in the majority of cases [95]. 
The anatomic changes in DCM may occur as a continuous 
and progressive process, with increasing amounts of scarring 
over time [96]. Fibrosis most commonly affects the basal 
segments of the LV and is distributed predominantly in the 
mid-myocardium and epicardium (Fig. 13.4b) [97–100]. The 
pattern and extent of myocardial fibrosis is a predictor of 
both inducible and spontaneous VT independent of LV ejec-
tion fraction [101, 102]. Piers et al. showed that DCM 
patients exhibit two predominant scar patterns anteroseptal 
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Fig. 13.3 Work flow for VT ablation procedures in patients with SHD. Abbreviations: VT ventricular tachycardia, RF radiofrequency
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a

b

Fig. 13.4 VT substrate in patients with CAD and DCM. Shown are 
voltage maps with colors indicating bipolar electrogram amplitude, 
with purple being normal (>1.5 mv) and blue, green, yellow, and red, 
being progressively lower amplitude. Panel (a) shows a typical example 
of a patient with CAD and a large antero-septal and apical low-voltage 
region, consistent with infarct scar. At the right, recordings from the 
multispline catheter positioned in the scar show fractionated and late 

potentials, indicating poorly coupled myocardial tissue. Panel (b) 
shows endocardial (left) and epicardial (right) voltage maps from a 
patient with peri-aortic and peri-mitral scar, predominantly in the epi-
cardium as typically seen in patients with DCM. Fluoroscopic images 
were integrated with the electroanatomic map. Abbreviations: VT ven-
tricular tachycardia, CAD coronary artery disease, DCM dilated 
cardiomyopathy
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and inferolateral that count for 89% of arrhythmogenic sub-
strate in such patients. Anteroseptal scars were most effec-
tively approached from the LV endocardium, whereas 
inferolateral scars frequently required an epicardial approach 
for ablation [99]. Patients with apical VTs compared to non- 
apical VTs have a worse prognosis though to be due to a 
larger voltage abnormality extending from the base further 
toward the apex [103]. Success rates of CA in non-ischemic 
cardiomyopathy are lower than patients with CAD although 
the VT burden can often be significantly reduced [104].

 Arrhythmogenic RV Cardiomyopathy (ARVC)

ARVC can be a diagnostic challenge in its early phase because 
it may present as VT with a morphology similar to idiopathic 
outflow tract VT that can be triggered by adrenergic stimula-
tion [105]. A left ventricular dominant form also occurs [106]. 
The arrhythmia substrate involves both the epicardium and 
endocardium. Ablation on both endocardial and epicardial sur-
faces of the heart is usually required to abolish all VTs and is 
followed by a significant reduction in the burden of VT [107].

 Cardiac Sarcoidosis

Cardiac sarcoidosis can produce scar in any cardiac cham-
ber. It can preferentially involve the RV and be clinically 
indistinguishable from ARVC. CA is usually effective in ter-
minating VT storms and reducing VT in the majority of 
patients, but recurrences are common. Epicardial and endo-
cardial ablation is often required [108].

 Hypertrophic Cardiomyopathy

Sudden death in HCM is usually related to a polymorphic VT 
or VF. Sustained monomorphic VT is rare and usually related 
to reentry in a region of scar. CA has been shown to be helpful 
in reducing recurrences in these uncommon patients [109].

 Repaired Congenital Heart Disease

Sustained VT is an important cause of late morbidity and 
mortality in patients with repaired congenital heart disease, 
most commonly tetralogy of Fallot. The disorder and its 
repair create anatomically defined isthmuses bordered by 
unexcitable tissue [110]. Transecting these isthmuses by CA 
is safe and highly effective in abolishing VT acutely and dur-
ing follow up [111].

 Purkinje-Related Monomorphic VTs

Purkinje-related monomorphic VTs can be classified into 
four groups: (1) verapamil-sensitive interfascicular VT in 
patients with structurally normal hearts (see above), (2) 
Purkinje fiber participation in scar-related VT, usually after 
infarction, (3) BBR and inter-fascicular reentry VTs, and (4) 
focal Purkinje VT (often beta-blocker-sensitive automatic 
VT) [112].

BBR-VT is usually encountered in patients with advanced 
heart disease and evidence of a diseased Purkinje system. 
The VT is often rapid (>200 bpm). The sinus rhythm ECG 
usually shows an intraventricular conduction abnormality, 
typically complete or incomplete LBBB [113, 114]. The 
mechanism of BBR-VT is a circuit with propagation antero-
gradely over the right bundle and retrogradely over the left 
bundle; the His bundle is adjacent to but separate from the 
circuit. BBR-VT therefore usually shows typical LBBB 
QRS morphology with a normal frontal plane axis or left 
axis deviation. The reverse sequence of conduction can also 
occur, leading to VT with a RBBB appearance. During map-
ping, a His bundle potential before each QRS onset and a PPI 
of 30 ms or less when entraining the tachycardia form the RV 
apex suggests the possibility of bundle branch reentry [115].

BBR-VT is often resistant to antiarrhythmic drugs; in 
contrast CA of the right bundle branch effectively eliminates 
the tachycardia [114]. Many patients have a predilection for 
other, scar-related VTs and in addition often have significant 
ventricular dysfunction, and an ICD with or without cardiac 
resynchronization should usually be considered according to 
the current guidelines [116].

 Catheter Ablation for Polymorphic VT 
and Ventricular Fibrillation (VF)

Recurrent polymorphic VT or VF most commonly occurs 
during acute myocardial ischemia but can also occur early or 
late after a myocardial infarction as well as in the setting of 
idiopathic VF or an inherited arrhythmia syndrome, includ-
ing long QT syndromes, short QT syndrome, Brugada syn-
drome and catecholaminergic polymorphic VT. Polymorphic 
VT and VF are often initiated by short-coupled premature 
beats from one or a few foci that can be targeted for ablation 
when they are occurring with sufficient frequency. These 
triggering beats often arise from the His–Purkinje system 
[117]. Sharp potentials consistent with Purkinje activation 
can then often recorded at foci in the LV or RV. Less fre-
quently, triggers are located in the outflow tracts [118]. In 
selected patients, approximately 90% of patients are free 
from recurrences during follow-up [119–122].
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 Summary

CA in patients with idiopathic VTs with no SHD has a high 
efficacy and is reasonable to consider, even as first line ther-
apy for symptomatic patients or those who have a high den-
sity of arrhythmia that is reducing ventricular function. In 
patients with SHD CA remains more challenging, but is a 
useful therapy for patients with incessant VT or VT that has 
elicited ICD shocks and should be considered when suppres-
sive therapies, including antiarrhythmic drugs, are being 
considered. Advanced mappings strategies and image inte-
gration, and ablation technologies should continue to 
improve outcomes.
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Supraventricular Tachycardia

Ramanan Kumareswaran and Paul Dorian

Abstract

Supraventricular tachycardia (SVT) refers to any arrhythmia which involves a supraven-
tricular structure for arrhythmia maintenance. Paroxysmal supraventricular tachycardia 
(PSVT) refers to a clinical syndrome with abrupt onset of rapid regular tachycardia which 
also terminates abruptly. The most common types of PSVT are atrioventricular nodal reen-
trant tachycardia (AVNRT), atrioventricular reentrant (reciprocating) tachycardia (AVRT) 
and atrial tachycardia (Page et al., J Am Coll Cardiol 67:S0735–S1097, 2016). Atrial tachy-
cardia only requires the atrium for its maintenance. AVNRT maintenance is dependent on 
perinodal structures, and is independent of atrium and ventricle. AVRT requires both the 
atrium and ventricle for its maintenance. This chapter will discuss the clinical syndrome, 
typical scenarios of presentation, and then each type in more detail.
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 Supraventricular Tachycardia

Supraventricular tachycardia (SVT) refers to any arrhythmia 
which involves a supraventricular structure for arrhythmia 
maintenance. Paroxysmal supraventricular tachycardia 
(PSVT) refers to a clinical syndrome with abrupt onset of 
rapid regular tachycardia which also terminates abruptly. 
The most common types of PSVT are atrioventricular nodal 
reentrant tachycardia (AVNRT), atrioventricular reentrant 

(reciprocating) tachycardia (AVRT) and atrial tachycardia 
[1]. Atrial tachycardia only requires the atrium for its main-
tenance. AVNRT maintenance is dependent on perinodal 
structures, and is independent of atrium and ventricle. AVRT 
requires both the atrium and ventricle for its maintenance. 
This chapter will discuss the clinical syndrome, typical sce-
narios of presentation, and then each type in more detail.

Junctional tachycardia, inappropriate sinus tachycardia, 
sinoatrial reentrant tachycardia, nodofascicular or nodoven-
tricular reentrant tachycardias are rare forms of SVT. 
Detailed discussions of these arrhythmias are beyond the 
scope of this chapter. Atrial fibrillation and atrial flutter are 
common atrial arrhythmias which will be discussed in detail 
in other sections of this textbook.

 Clinical Presentation

The prevalence of PSVT in the United States is 2.25 per 
1000 person years and the incidence is 35 per 100,000 per-
son years. ANVRT is more frequent in women than men, and 
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is more common in people who are middle aged or older. 
AVRT is more prevalent in adolescents [2].

The presentation and documentation of arrhythmia varies 
between patients and occurs in different circumstances. 
Some patients are initially seen with symptoms highly sug-
gestive of SVT, but not documented, while others may be 
seen after an ECG has documented the arrhythmia, generally 
in an emergency room. In young patients (age less than 35 
years), atrial fibrillation as the documented arrhythmia on an 
ECG may represent SVT leading to AF, and should be con-
sidered as the initiating cause.

Palpitations (a sensation of rapid and forceful or unpleas-
ant awareness of cardiac action) is one of the most common 
presentations in cardiology. Taking a careful history can guide 
the clinician to the etiology of palpitations. First, a clinician 
should inquire if the symptom is continuous or intermittent, 
assessing if the etiology is likely sustained tachycardia as 
opposed to premature atrial, junctional or ventricular beats. 
Patients may describe sustained arrhythmia as sudden in 
onset, rapid, regular, lasting minutes to hours, often at rest, 
rarely recurring many times a day or lasting all day.

Other common symptoms experienced by patients 
include dizziness, shortness of breath, dyspnea on exer-
tion, fatigue, and chest pain. Syncope can occur with PSVT, 
usually with a vagal component (similar to reflex mediated 
or neutrally mediated syncope) as opposed to hypotension 
caused by a rapid heart rate alone. Syncope and presyncope 
are more common in older patients with SVT. Patients expe-
riencing these symptoms can also consider it as an obstacle 
for driving [3].

Patients may be aware of neck pounding or shirt ‘flap-
ping’ which suggests that the atrium is contracting while the 
AV valves are closed, similar to cannon A waves. This pre-
sentation suggests that arrhythmia mechanism is likely 
AVNRT [1, 4].Typical AVNRT causes atrial electrical activa-
tion to occur simultaneously during ventricular activation 
due to rapid retrograde conduction in the fast pathway. This 
leads to simultaneous atrial and ventricular contraction.

In the absence of ECG documentation, the next step is to 
consider whether symptoms are due to PSVT or VT. A his-
tory of structural heart disease should raise the suspicion of 
VT. PSVTs are usually well tolerated and have better prog-
nosis. However, patients with structural heart disease or 
other major comorbidities may not tolerate the rapid heart 
rates of PSVT leading to adverse events such as syncope, 
falls, and worsening heart failure. Infrequently, many hours 
(e.g. 6–12 h) of rapid PSVT, even in young individuals with 
a structurally normal heart, can lead to a troponin rise and 
transient left ventricular dysfunction.

Ultimately, obtaining symptom-rhythm correlation is par-
amount in making the correct diagnosis of palpitations. The 
ECG is the most valuable tool in the diagnosis of PSVT. Many 
patients may have an ECG recorded by emergency medical 

personnel or in the Emergency Department during initial 
presentation. However, arrhythmia in some patients may be 
transient and infrequent, which makes obtaining ECG during 
arrhythmia more difficult.

 Obtaining Symptom Rhythm Correlation

If a 12 lead ECG during tachycardia is not available, then 
the next step is to obtain symptom-rhythm correlation via 
other monitoring strategies. The frequency of symptoms will 
determine the ideal monitoring strategy. If symptoms occur 
daily to many times a week, a 48–72 h Holter monitor can 
shed light on the etiology of palpitations. Symptoms that 
are infrequent may necessitate longer monitoring periods. 
An external loop recorder, usually worn for 2–4 weeks, can 
assist if the symptoms are frequent enough. Episodes that 
happen few times a year may warrant an Implantable Loop 
Recorder (ILR). The ILR is a minor invasive procedure 
whose utilization is ever increasing. If the suspicion for SVT 
is high and patient preference is to undergo catheter ablation 
if SVT is identified, a diagnostic electrophysiologic study is 
a reasonable option to consider.

 Patterns of Presentation

 Presentation in the Emergency Department 
with Ongoing Tachycardia

Narrow complex tachycardia is a common presentation to 
Emergency Departments. Patients with palpitations may feel 
unwell and unsafe enough to call and arrive by ambulance. 
An ECG needs to be performed in a timely manner and inter-
preted by physicians taking care of the patient. Assessing 
hemodynamic stability of the patient is the first step. 
Hemodynamically unstable patients with SVT may need 
emergent electrical cardioversion [5].

If the tachycardia involves AV nodal tissue, i.e. AVNRT 
and AVRT, then vagal maneuvers that lead to AV nodal block 
are helpful to diagnose and treat the patient [6]. Vagal maneu-
vers include Valsalva performed by patient or carotid sinus 
pressure (CSP) applied by the physician. CSP needs to be 
performed cautiously in elderly patients or patients with high 
likelihood of having carotid disease due to the risk of causing 
a stroke. The carotid artery needs to be auscultated for bruit 
prior to applying CSP. It is advisable not to perform CSP if 
bruit is present. Intravenous adenosine, which blocks AV 
nodal tissue, can also be given to diagnose and treat SVT [7]. 
Adenosine will terminate AVNRT and AVRT 80–90% of the 
time [2]. The effect of adenosine lasts only a few seconds but 
patients generally feel very unwell (often describing chest 
pressure or a sense of “impending doom”) immediately after 
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administration. Ample warning to patients is recommended 
prior to administering adenosine.

Adenosine will help identify underlying atrial rhythm 
with AV block if the arrhythmia is atrial tachycardia or atrial 
flutter. The 12 lead morphology of flutter waves are more 
valuable than telemetry strips in terms of differentiating 
cavotricuspid isthmus dependent flutter vs other types of 
atypical flutter. The management of patients may differ 
depending on the type of flutter given the high success rate 
and low complication rate of catheter ablation for cavotricus-
pid isthmus dependent flutter.

Intravenous beta blockers or non-dihydropyridine cal-
cium channel blockers can terminate all forms of SVT but 
may take time to take effect. These drugs can be useful in 
patients with immediate recurrences after IV adenosine. 
Oral forms are needed to be added for long term preven-
tion. Antiarrhythmic medications are rarely needed to con-
trol incessant SVT acutely. Long term management is 
discussed below.

Further management is dependent on underlying medical 
condition of the patient. Patients who present with hemody-
namic instability, who have underlying structural heart dis-
ease or other important morbidities may need admission 
with in-patient monitoring and cardiology/electrophysiology 
consultation. Patients with a structurally normal heart who 
otherwise tolerated the SVT can be discharged home with 
arrangements for out-patient follow up with an electrophysi-
ologist. A rapid referral system to an electrophysiology 
clinic from the emergency department prevents loss to fol-
low up and repeated presentation to emergency departments 
by patients.

 Presentation to an Out Patient Clinic 
with Symptoms Suggestive of SVT

Careful history taking as detailed above will identify patients 
afflicted with SVT. Obtaining symptom rhythm correlation 
will be the first step. Occasionally, this may require multiple 
visits and ECG monitoring attempts. Some patients may 
have been misdiagnosed with sinus tachycardia, anxiety, or 
panic attacks, and suspicious symptoms should be followed 
closely until unambiguous symptom-rhythm correlation is 
obtained. Once symptom-rhythm correlation confirms SVT, 
the next step will be identifying the type of SVT, and man-
agement dictated by symptoms severity and frequency.

 A Patient with Prior Documented SVT 
Presenting for Consultation and Management

In general, most patients with SVT begin to have episodes at 
a relatively young age, often in the second or third decades of 

life. Occasionally episodes begin in middle age or later; in 
these situations, atrial tachycardia should be suspected as the 
latter often occurs in the presence of atrial enlargement or 
underlying structural heart disease.

The pattern of episodes is extremely variable. Many 
patients tend to associate behavioral or lifestyle events with 
the occurrence of episodes of SVT; for example, many 
patients believe that stress, caffeine, certain foods, alcohol, 
weather changes, or other lifestyle events cause or are asso-
ciated with SVT. It is useful to explain to patients that these 
associations are unlikely and their relation to arrhythmia fre-
quency or pattern is not established. In occasional patients, 
exercise may precipitate SVT episodes, but usually this asso-
ciation is inconsistent and variable. Patients also need to be 
reminded that most SVT is not heritable, and that their sib-
lings and children will not to be at particular risk.

It is useful, to reassure the patient, to explain that the trig-
gers for SVT are generally atrial premature beats which 
occur randomly in most patients. The frequency and pattern 
of events can be extremely variable within and between 
patients. Some have episodes once every several years, oth-
ers may have them daily. In general, AV nodal reentry tachy-
cardia occurs with a greater frequency than atrioventricular 
reentry.

Patients can “manage” their condition by attempting 
Valsalva maneuver or splashing cold water on their face as 
soon as SVT symptoms occur. Bearing down against closed 
glottis (Valsalva) is the most common maneuver that is easy 
to teach and perform. Importantly, this will terminate ongo-
ing SVT in at most 50% of patients. Cold water immersion 
of the face to elicit the diving reflex is very unpleasant and 
not recommended.

Many patients believe that a very rapid heart rate is imme-
diately life-threatening; it is useful to remind patients that 
heart rates of 200 per minute or faster can be well tolerated, 
in otherwise healthy individuals, for many hours. Thus, long 
airplane flights, or being in a setting out of immediate avail-
able emergency medical care (such as hiking, camping, out 
of country travel, etc.) are generally safe and not contraindi-
cated in patients with recurrent SVT. However, there are no 
well controlled studies of acute oral drug therapy that can be 
taken at the time of symptom occurrence (“pill in the pocket”) 
and such treatment cannot be relied on to terminate ongoing 
SVT which does not respond to vagal maneuvers. Quality of 
life is often impaired in patients with SVT because of anxi-
ety regarding the expectation of arrhythmia events, and con-
cerns about their consequence. Allaying these anxieties is 
very important in the care process.

If the arrhythmia does not terminate spontaneously after 
the patient maneuvers above or after a relatively brief period 
of time, depending on the degree of symptoms, patients can 
be reminded that emergency room treatment of SVT with 
adenosine is simple, safe, and almost invariably effective.
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Infrequent episodes of re-entrant arrhythmia that involves 
nodal tissue, most commonly AVNRT or AVRT, and which 
respond to vagal maneuvers, can be managed with a “watch-
ful waiting” approach. If symptoms are frequent or impair 
quality of life, then the next step in management will be 
dependent on patient preference. Initiation and uptitration of 
oral beta blockers or non-dihydropyradine calcium channel 
blockers is the preferred choice of medications. Physically 
active patients may not tolerate beta blockers well and cal-
cium channel blockers may be a better option for these 
patients [1]. Antiarrhythmic medications are rarely needed. 
Flecainide and propafenone are class Ic antiarrhythmic med-
ications that can be used for patients without structural heart 
disease and without coronary artery disease [8, 9]. Dofetilide 
or sotalol are class III agents that can be used in patients with 
structural heart disease [9, 10]. Amiodarone is an alternative 
antiarrhythmic drug whose risk of toxicity increases with 
cumulative doses over many years [11]. Most of the antiar-
rhythmic medications can be proarrhythmic or result in 
unpleasant side effects. Therefore, close monitoring of 
patients on antiarrhythmics is warranted.

If patients prefer definitive treatment, then electrophysi-
ology study with catheter ablation is the next step. Patients 
who fail medical therapy due to intolerance or ineffective-
ness may also benefit from ablative therapy. Catheter abla-
tion for SVT is relatively safe with high success rate (>95%) 
for AVRT and AVNRT [12]. It is nevertheless an invasive 
procedure, which can have serious but rare complications 
such as cardiac tamponade, emergent cardiac surgery, or 
stroke. Damage to the AV node, resulting in heart block and 
the need for a permanent pacemaker is not negligible with 
0.5–0.7% risk for AVNRT ablation and 0.3% for AVRT 
ablation. It is important for patients to understand that the 
procedure is undertaken for symptom control and to 
improve quality of life. Success rates of the ablation proce-
dures or atrial tachycardia are generally lower. Advent of 
three dimensional mapping systems has increased our abil-
ity to target focal and non-isthmus dependent reentrant 
atrial tachycardia.

 SVT with Pronged QRS Duration/Wide 
Complex SVT

Supraventricular tachycardia can be associated with wide 
QRS complexes in the setting of aberrancy, antidromic 
AVRT or bystander pre-excitation. Aberrant conduction 
generally involves His-Purkinje system and therefore has 
typical bundle branch block or fascicular block morphology. 
SVT with aberrancy is treated the same way as narrow 
 complex SVT.

 Mechanisms of SVT

 Atrial Tachycardia

The chamber of origin for atrial tachycardia is atrium and 
this arrhythmia is independent of other structures such as AV 
nodal tissue, His Purkinje system, or ventricles. The mecha-
nism of atrial tachycardia can be abnormal automaticity, trig-
gered activity, or micro-reentry. Atrial flutter is a special 
form of atrial tachycardia where macro-reentry is present in 
the atria, and is discussed elsewhere. Other forms of atrial 
tachycardia can involve any other structures of right atrium, 
left atrium, or venoatrial structures including pulmonary 
veins, coronary sinus, and superior venacava. Atrial tachy-
cardia related P waves can be missed if 2:1 conduction to 
ventricle is present with every other P wave is masked by 
QRS, and if the tachycardia has a right atrial origin, the 
resultant rhythm misdiagnosed as sinus in origin.

 AV Nodal Reentrant Tachycardia

AV nodal reentrant tachycardia involves reentry within AV 
nodal tissue. Fibers in AV nodal tissue and adjacent struc-
tures can exhibit longitudinal discontinuity to electrical 
propagation which can set up reentry. The most common 
dual properties of the fibers are called slow pathway and fast 
pathway. More than two pathways are also possible in AV 
nodal tissue due to multiple discontinuities. Slow pathway 
tissue is slow to conduct but fast to recover, i.e. shorter 
refractory period. Fast pathway tissue is fast to conduct but 
slow to recover. In a typical AVNRT circuit, premature atrial 
ectopy blocks in fast pathway which is slow to recover from 
previous atrial beat, but travels in slow pathway to reenter 
into fast pathway once it is ready to activate. This process 
starts a reentrant circuit that revolves around both slow and 
fast pathways. This form of activation is called typical or 
slow-fast ANVRT, to suggest that activation in the direction 
from atrium to ventricle is via slow pathway but from ven-
tricle to atrium is by fast pathway. Other forms of AVNRT 
circuits are possible such as fast-slow and slow-slow.

The triangle of Koch is an anatomical region in right 
atrium where AV node and its extensions are located. The 
triangle is bounded by the coronary sinus, the tendon of 
Todaro, the septal tricuspid leaflet attachment, and the cen-
tral fibrous body. The inferior extension of the AV node is 
located in anterior inferior margin of CS ostium in most 
patients. This is where slow pathway region is generally 
found. Slow pathway ablation cures AVNRT while leaving 
behind an intact fast pathway for normal atrioventricular 
conduction.
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 Atrioventricular Reciprocating Tachycardia

AVRT uses an accessory pathway between atrium and ven-
tricle as part of the reentrant circuit. Electrical activation 
travels from atrium to ventricle and back to the atrium to 
complete the circuit. If the activation travelling to the ven-
tricle is by AV nodal tissue but back to the atrium by acces-
sory pathway then the QRS will be narrow. This form of 
AVRT is called orthodromic AVRT. If the activation to the 
ventricle from atrium is by the accessory pathway but back 
to the atrium by AV nodal tissue then the tachycardia will 
exhibit wide QRS complexes. Rarely one may encounter two 
different accessory pathways completing the circuit. AVRT 
is there for dependent on parts of atrium, AV nodal tissue, 
His-purkinje system, ventricle, and accessory pathway.

 Junctional Tachycardia

Junctional tachycardia originates from AV nodal tissue or 
His bundle [13]. It is a very rare form of SVT. It is commonly 
encountered in post cardiac surgery, digitalis toxicity or 
other high catecholinergic states. The mechanism of this 
arrhythmia can be automaticity, triggered, or micro-reentry.

 ECG

The 12 lead ECG remains vital in any arrhythmia diagnosis 
including SVT. SVT can present as both narrow and wide 
complex tachycardia but a vast majority of them are narrow. 
Table 14.1 summarizes ECG clues to the type of narrow 

complex tachycardia. Figure 14.1 shows a general approach 
to the ECG diagnosis of SVT, and Figs. 14.2, 14.3, and 14.4 
illustrate typical examples of 12 lead ECGs recorded during 
various forms of SVT.

Narrow complex tachycardia is defined as heart rate more 
than 100 beats per minute and QRS duration of less than or 
equal to 120 ms. Attention to details while reviewing the 
ECG can give clues to chamber of origin of tachycardia and 
essential chambers in sustaining the tachycardia circuit if the 
mechanism is re-entry.

 P Wave Morphology

Identifying P waves during tachycardia provides very valu-
able information in terms of ruling in and/or ruling out 
mechanisms of tachycardia. Sinus tachycardia is expected to 
have atrial activation pattern that is consistent with sinus P 
waves. Negative P waves in inferior leads (lead 2, 3, aVF) 
with positive P waves in superior leads suggests that the acti-
vation of the atrium occurs in caudocranial fashion which 
rules out sinus tachycardia. Craniocaudal atrial activation, 
with positive P waves in inferior leads, rules out AVNRT.

 Ratio of P Waves to QRS

The presence of more P waves than QRS complexes rules out 
AVRT, since the AVRT circuit involves atrial activation to 
travel to the AV node, His-Purkinje system, ventricle, acces-
sory pathway and then back to the atrium in that order to 
maintain the reentry circuit. Any disruption along this circuit 
will terminate the tachycardia. Therefore it is impossible to 
have more P waves than QRS complexes in AVRT. Having 
more QRS complexes than P waves rules out AVRT for the 
same reason.

 Timing of P Wave to QRS

If atrial depolarization occurs simultaneously with ventricu-
lar depolarization (i.e. with a very short R-P interval), then 
AVRT can be ruled out. It takes time for the activation wave-
front in the ventricle to travel to the atrium via an accessory 
pathway given that these structures are being activated in 
series during AVRT. On the other hand, the AVNRT circuit 
is generally thought to be independent of majority of atrial 
tissue and all of ventricular myocardium. Thus the reentry 
circuit only involves AV nodal tissue, namely slow pathway 
and fast pathway; atria and ventricles are activated in paral-
lel fashion and near simultaneously during typical AVNRT 
via a rapidly conducting fast pathway as a retrograde limb. 
Therefore the P waves can be buried in QRS complexes and 

Table 14.1 ECG clues to SVT etiology

P wave 
morphology

Craniocaudal Rules out AVNRT

Caudocranial Rules out sinus 
tachycardia

P/QRS ratioa More P than QRS Rules out AVRT

More QRS than P Rules out AT and 
AVRT

P to QRS timing P is buried in QRS or 
Pseudo R′ in V1/aVR 
and/or S′ in inferior 
leads

Rules out AVRT

Tachycardia 
termination

Repeatedly terminates 
with non-premature p 
wave

AT is unlikely

Cycle length 
variations

Changes in RR cycle 
length precedes and 
predicts PP cycle length

Rules out AT

Development of bundle 
branch block slows 
down tachycardia by 
30 ms or more

AVRT utilizing 
accessory pathway 
on the same side as 
the blocked bundle

aNon-ectopic beats
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Narrow QRS tachycardia
(QRS duration <120 ms)

Regular
tachycardia

Yes

Visible
P waves

Atrial rate
greater than

ventricular rate

AVNRT or other
mechanism with

P waves not identified

Atrial fibrillation,
Atrial tachycardia/flutter with

variable AV conduction,
MAT

No

Yes No

Yes

Atrial flutter or
Atrial tachycardia

RP interval short
(RP <PR)

Yes

RP <90* ms Atrial tachycardia,
PJRT, or

Atypical AVNRT

AVNRT AVRT,
Atypical AVNRT, or
Atrial tachycardia

No

Yes No

(RP >PR)

No

Fig. 14.1 Algorithm for the interpretation of a 12 lead ECG in a patient 
with narrow complex tachycardia. Patients with junctional tachycardia 
may mimic the pattern of slow–fast AVNRT and may show AV disso-
ciation and/or marked irregularity in the junctional rate.  

* (asterisk) RP refers to the interval from the onset of surface QRS to 
the onset of visible P wave (note that the 90-ms interval is defined from 
the surface ECG, as opposed to the 70-ms ventriculoatrial interval that 
is used for intracardiac diagnosis)
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Fig. 14.2 AV node reentry tachycardia. Note small, high frequency deflections in the terminal portion of the QRS complex, most easily visible in 
leads V1, II

Fig. 14.3 Atrioventricular reentry tachycardia. Note retrograde P waves 120 ms after each QRS complex, most easily seen as small negative 
(inverted) P waves in the inferior leads
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could be invisible or can only be visible at the end of the QRS 
as a ‘pseudo S’ in the inferior leads and ‘pseudo R’ in V1.

 Initiation, Termination, and Cycle Length 
Variation

Catching initiation and termination of tachycardia can also 
yield clues to tachycardia etiology. Premature beats often ini-
tiate re-entry arrhythmia. A premature atrial ectopic beat that 
results in a markedly prolonged PR interval than expected, 
which then initiates tachycardia may suggest that the activa-
tion switched from fast pathway to slow pathway and may 
suggest typical AVNRT especially if the subsequent tachy-
cardia has no visible P waves or P waves at the end of QRS.

Tachycardia that repeatedly terminates with a non- 
premature P wave rules out atrial tachycardia. Atrial tachy-
cardia is independent of AV nodal conduction. The 
terminating P wave in tachycardia must have blocked in AV 

node to not have a QRS following it. It is extremely unlikely 
for the last P wave of atrial tachycardia to also repeatedly 
block in the AV node. However AVNRT and AVRT are both 
dependent on AV nodal conduction and therefore it is possi-
ble for both tachycardias to terminate with AV block (i.e. 
with non-premature P wave).

Changes in QRS that precede and predict the changes in 
atrial activation, i.e. R-R getting longer would then make P-P 
longer and R-R interval getting shorter then changes P-P to 
be shorter, suggest that atrium is not the site of origin of 
tachycardia and thereby rules out atrial tachycardia. If bun-
dle branch block develops during narrow complex tachycar-
dia and the cycle length of the tachycardia slows down by 
more than 30 ms, then the tachycardia is likely AVRT that 
utilizes accessory pathway on the same side as the blocked 
bundle [14]. The tachycardia rate is not expected to be 
affected by bundle branch block in atrial tachycardia, 
AVNRT, or JT given these arrhythmias are independent of 
ventricular activation.

a

b

Fig. 14.4 Atrial tachycardia. (a) Note P waves immediately following 
each QRS complex. Positive (upright) P waves in the inferior leads sig-
nify craniocaudal direction of depolarization; (b) shows the P waves 

more clearly (2:1 AV block in the same patient immediately after IV 
Adenosine administration)
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 VT vs. SVT with Aberrancy

Differentiating VT from SVT with aberrancy can sometimes 
be challenging. Hallmark of VT is AV dissociation. If dis-
cernible P waves have no association to wide complex QRS 
then VT is present. Fusion and capture beats are further evi-
dence of AV dissociation. Fusion beat occurs when QRS due 
to conducted P wave fuses with VT QRS. Capture beat occurs 
when P wave is timed in such a way that ventricular myocar-
dium is able to conduct it normally between VT beats. If AV 
dissociation is not evident then the morphology of QRS can 
suggest VT vs. SVT with aberrancy. Various morphologic 
criteria exist to identify VT but a simplified approach would 
be to determine whether the QRS complexes appear to be 
typical bundle/fascicular block pattern. If not, then the etiol-
ogy is usually almost always VT especially if the patient has 
advanced age or evidence of structural heart disease.

 Bystander Pre-excitation

Pre-excitation involves bypassing the native conduction sys-
tem and presents as delta waves in electrocardiogram. Delta 
waves represent the activation of the myocardium that occurs 
to activation via His-Purkinje system. Given that bypass 
tracts generally insert in ventricular myocardium which is 
not specialized conduction tissue, activation is slow. Delta 
waves therefore occur prior to activation over the His 
Purkinje system, and are slurred. SVT can occur with 
bystander activation of the ventricle by an accessory path-
way when the pathway itself is not needed for the initiation 
or maintenance of the tachycardia. An example of this would 
be an atrial tachycardia with bystander ventricular pre- 
excitation. Several localization algorithms exist in identify-
ing the location of the pathways [15].

 Accessory Pathways and Sudden Cardiac 
Death

Risk stratification for sudden cardiac death and management 
of reentrant arrhythmia are two different management aspects 
that need to be addressed in the presence of pre- excitation. 
Patients with pre-excitation are at risk for developing atrial 
fibrillation, possibly because of source-sink mismatch at the 
bypass tract insertion into ventricular tissue. Since antegrade 
bypass refractory periods can be short, thus permitting very 
rapid ventricular responses to atrial fibrillation or flutter, pre-
excited atrial fibrillation is associated with increased risk 
of sudden cardiac death. The shorter the bypass refractory 
period, the greater the likelihood for extremely rapid ven-
tricular rates during atrial fibrillation, which can degenerate 
into VF, causing sudden cardiac death. Shortest  pre-excited 

RR intervals (SPRRI) during atrial fibrillation less than 
250 ms are associated with increased likelihood of SCD 
[16]. Catheter ablation is recommended if SPRRI is less than 
250 ms. An ablation procedure is also recommended for 
patients in high risk occupations such as pilots [1].

Pathways that show intermittent pre-excitation are 
unlikely to result in very rapid ventricular rates and to induce 
ventricular arrhythmia. Abrupt loss in pre-excitation during 
exercise can also assist in identifying low risk accessory 
pathways [17]. Exercise increases sympathetic tone and 
pathways, being made of myocardial cells are sensitive to 
sympathetic input. Exercise can thus enhance pathway con-
duction, resulting in the gradual appearance of a smaller con-
tribution of activation over the bypass tract and a shorter or 
less clearly visible delta wave. It is important to distinguish 
this phenomenon from abrupt loss of pre-excitation, which 
occurs if the bypass tract becomes truly refractory at rapid 
rates during exercise.

During pre-excited tachycardia, it is important not to give 
medications that purely slow down AV nodal conduction or 
decrease blood pressure. These medications include calcium 
channel blockers, digoxin, and adenosine. Low blood pres-
sure leads to a reflex increase in sympathetic tone which can 
lead to an increase in ventricular rates during atrial fibrilla-
tion by shortening the bypass tract refractory period. 
Intravenous beta blockers in pre-excited tachycardia may 
lead to similar phenomenon, with an indirect effect greater 
than a direct antiadrenergic effect, and are best avoided in 
this setting.

Although the mechanism is not established with certainty, 
reducing the number of impulses conducted over the AV 
node may reduce concealed conduction into the area near the 
ventricular insertion of the bypass tract, and indirectly lead 
greater shorter refractoriness, leading to an increased risk of 
ventricular fibrillation. Adenosine has been reported to lead 
to increased ventricular rates by directly shortening bypass 
tract refractoriness.

Procainamide is a class IA antiarrhythmic agent with 
proven efficacy and safety in pre-excited tachycardia [1]. It 
can be given acutely as IV bolus. Amiodarone can also be 
considered during these tachycardias, although its direct 
hypotensive effect may be undesirable as noted above. Pre- 
excited atrial fibrillation can be life threatening and therefore 
immediate cardioversion, either chemically with close moni-
toring or electrically, is mandated.

For the long term treatment of preexcitation, catheter 
ablation is a relatively safe procedure with high success 
rate in patients at increased risk for SCD or symptomatic 
SVT in the presence of accessory pathway. Flecainide or 
propafenone can be considered in patients without structural 
heart disease. Amiodarone, dofetilide, and sotalol are other 
antiarrhythmics that can be tried for long term control of 
arrhythmia.
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 Wide Complex Tachycardia with Accessory 
Pathways

Orthodromic AVRT (antegrade activation over the AV node 
and retrograde over a bypass tract) is usually narrow com-
plex but can sometimes present as wide complex tachycardia 
due to aberrancy. AVRT can be antidromic when antegrade 
conduction, atrium to ventricle, is via an accessory pathway 
and retrograde conduction is via the AV node. Antidromic 
AVRTs are wide complex tachycardia given that they utilize 
non-specialized ventricular myocardium to activate the ven-
tricle. The retrograde conduction back to atrium can use the 
AV node, or occasionally use another accessory pathway.

 “Concealed” Bypass Tracts

Some accessory pathways may only conduct retrogradely, 
from ventricle to atrium.

In these patients, the ECG does not show preexcitation, 
but AVRT identical to that seen with manifest preexcitation 
can occur. Since there is no antegrade conduction over the 
bypass, there is no risk of life threateningly rapid rates dur-
ing atrial fibrillation.

Permanent junctional reciprocating tachycardia (PJRT) is 
a rare form of orthodromic AVRT, most often seen in chil-
dren and adolescents. The retrograde limb of the pathway is 
a concealed, slowly conducting retrograde pathway, most 
often located in the posteroseptal region; since the pathway 
conducts slowly, very long ‘RP interval’ is seen. This tachy-
cardia is often incessant in nature and therefore best treated 
with catheter ablation. Other rare forms of pathways which 
may lead to PSVT include decrementally conducting atrio-
ventricular pathways, atriofascicular pathways, nodofascicu-
lar or nodoventricular pathways, or fasciculoventricular 
pathways. These pathways are identified during EP study. 
All of these pathways except for fasciculoventricular path-
way can participate in SVT. Catheter ablation can be suc-
cessfully performed for all of these pathways.
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Clinical Management of Atrial 
Fibrillation

E. Kevin Heist, Moussa Mansour, and Jeremy N. Ruskin

Abstract

Clinical care of patients with atrial fibrillation (AF) is complex and highly individualized. 
The initial assessment of a patient with AF centers on determination of AF type (paroxys-
mal or persistent), burden, symptoms, and risk for thromboembolism and stroke. Treatment 
strategies can then be selected focusing on rate vs. rhythm control and stroke risk reduction. 
Rate control is typically achieved with medical therapy, but AV junctional ablation and pac-
ing are appropriate in selected patients. Rhythm control may involve cardioversion, antiar-
rhythmic drug therapy, catheter or surgical ablation, and, for some patients, a combination 
of these therapies. Stroke prevention has traditionally focused primarily on anticoagulation 
with warfarin, but novel oral anticoagulants and mechanical closure of the left atrial append-
age now offer alternative approaches. A thorough understanding of the risks and benefits of 
all of these treatment approaches, as well as of the clinical status and preferences of each 
patient, is necessary to provide optimal individualized care to patients with AF.
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 Introduction

Atrial fibrillation (AF) is the most common arrhythmia 
requiring treatment, and is frequently encountered and man-
aged by a variety of providers including internists, emer-
gency medicine physicians and geriatricians in addition to 
cardiac electrophysiology specialists. Specific topics related 
to AF are included as separate chapters in this book, includ-
ing AF pathophysiology, extended ECG monitoring, antiar-
rhythmic drugs, anticoagulation, and AF ablation. It is not 
the purpose of this chapter to summarize what is contained in 
these other sections, but rather to describe how an individual 
patient with AF is treated, taking into consideration the vari-
ety of ways in which AF can present and the large number of 
strategies available for AF management.

 Assessment of the Patient with AF

In some cases, the diagnosis of AF can be made with cer-
tainty at the time of initial presentation, for example a patient 
presenting with an irregular pulse and found to be in AF 
when an EKG is performed. In other cases, however, the 
diagnosis of AF is not immediately clear and prolonged 
EKG monitoring may be necessary to make the diagnosis; 
examples of this include patients presenting with rare epi-
sodes of palpitations or cryptogenic stroke later found to be 
due to paroxysmal AF [1]. Depending on the frequency and 
duration of AF episodes, AF may thereby be diagnosed by 
EKG, by 24 h Holter monitoring, by event monitoring (typi-
cally with automatic triggering for AF) lasting typically for 
2–4 weeks, or by implantable event monitoring with devices 
which may last for 3 or more years. The type of monitoring 
selected often depends on the symptom frequency, and lon-
ger duration monitors may be selected when shorter duration 
monitoring is not successful in identifying the relevant 
arrhythmia. The diagnosis of AF is typically straightforward 
when it is present on a monitor, but in some cases it can be 
difficult to differentiate AF from atrial tachycardia (particu-
larly multifocal atrial tachycardia), especially when the 
arrhythmia is not sustained.

Current AF guidelines separate AF type into paroxysmal 
(episodes lasting 7 days or less and generally not requiring 
cardioversion), persistent (lasting more than 7 days but less 
than 1 year) and long-standing persistent (AF present con-
tinuously for more than 1 year) [2]. The term “permanent” 
AF is now less frequently used, as techniques such as abla-
tion have been successful in restoring sinus rhythm in 
patients with very long-standing persistent AF [3]. 
Permanent AF generally implies very long-standing AF in 
which there is no plan for restoration of sinus rhythm. It 
should be noted that many patients will progress over time 

from paroxysmal to persistent AF, but in other patients AF 
can remain paroxysmal over decades while some patients 
will develop persistent AF with their first episode. The 
pathophysiologic bases for these differences are not yet elu-
cidated, but paroxysms of AF may relate to AF triggers 
(most frequently from rapid electrical discharges from the 
pulmonary veins), whereas persistence of AF may relate 
more to the presence of AF drivers in an abnormal atrial 
substrate [2].

In many patients who are found to be in persistent AF, it 
can be difficult to determine with certainty the duration of 
the arrhythmia. Some patients may describe symptoms 
potentially attributable to AF such as fatigue or palpitations 
which suggest the onset of the arrhythmia, while other 
patients are not able to identify any new or different symp-
toms compared to when they were last known to be in sinus 
rhythm. AF symptoms most frequently include palpitations 
and rapid heart action, but other common symptoms are less 
specific and may include dyspnea, fatigue, weakness, dizzi-
ness or chest discomfort. Patients with rapid ventricular rates 
during AF are more likely to suffer from AF-related 
 symptoms, although some patients are asymptomatic or min-
imally symptomatic despite high ventricular rates. These 
patients may be most likely to develop tachycardia-mediated 
cardiomyopathy [4], as they tend to come to medical atten-
tion only after developing symptoms of congestive heart fail-
ure. Other patients are severely affected by AF symptoms, 
despite well controlled ventricular rates. There are several 
major issues which must be addressed in each patient who is 
treated for AF (Table 15.1).

Table 15.1 Important considerations in the management of atrial 
fibrillation patients

1.  Assessment of AF type (paroxysmal, persistent, long-standing 
persistent)

    (a) EKG, Holter, event and device-based monitoring

    (b) Frequency and duration of symptomatic AF

2. Determination of rate vs. rhythm control strategy

    (a) Individualized risk/benefit assessment of each approach

    (b) Patient preference

3. Approach to rate control

    (a) Strict vs. lenient rate control

    (b) Pharmacologic vs. AV nodal ablation/pacing

4. Approach to rhythm control

    (a) Pharmacologic (antiarrhythmic drugs)

    (b) Catheter ablation

    (c) Surgical ablation

5. Determination of stroke and bleeding risk

    (a) Utilization of scoring systems (CHADS2-VAS, HAS-BLED, etc.)

    (b) Anticoagulation

    (c) Left atrial appendage closure or excision
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 Choice of Rate Vs. Rhythm Control

One of the major decision points in treating a patient with AF 
is the selection of a rate vs. rhythm control strategy. Clinicians 
treating patients with AF will readily identify some individu-
als as obvious candidates for a rate control strategy and oth-
ers as obvious candidates for rhythm control, while the 
decision can be quite difficult for some patients. Elderly 
patients with easily controlled AF rates and minimal AF 
symptoms are generally well served by a rate control 
approach. Conversely, patients with AF associated with dis-
abling symptoms despite attempts at rate control generally 
require strategies directed at restoration and maintenance of 
sinus rhythm. An initial decision in favor of either rate or 
rhythm control does not commit a patient to continuing that 
strategy if the results with regard to control of AF symptoms 
are not satisfactory. While it is reasonable to switch from rate 
control to rhythm control, or vice-versa, it is worth keeping 
in mind that long periods of continuous AF generally reduces 
the efficacy of currently available rhythm control 
techniques.

While maintenance of sinus rhythm is a desirable goal, 
the “cure” (whether antiarrhythmic drugs or AF ablation) 
may, for some patients, be worse than the disease. The 
AFFIRM and RACE trials randomized patients with AF to 
either a rhythm control strategy with antiarrhythmic drugs or 
rate control. Both studies failed to show a benefit of the 
rhythm control strategy when compared with rate control  
[5, 6]. Importantly, the AFFIRM trial demonstrated a trend 
toward increased mortality in the rhythm control arm [5]. It 
should also be noted, however, that sinus rhythm mainte-
nance (regardless of randomization arm) was associated with 
improved clinical outcomes in AFFIRM [7, 8], and that anti-
arrhythmic drugs were only modestly effective in maintain-
ing sinus rhythm [5]. One possible conclusion from these 
studies is that the modest efficacy and toxicities of antiar-
rhythmic drugs counterbalance the benefit with regard to 
maintenance of sinus rhythm. Catheter ablation of AF is an 
alternative strategy with uniformly greater efficacy than anti-
arrhythmic drugs and one which avoids the long term risks 
and toxicity of these agents, but is associated with procedural 
risks. At the current time there are no available data compa-
rable to AFFIRM and RACE with regard to rhythm control 
with catheter ablation vs. rate control; the ongoing CABANA 
trial is designed to answer this important question [9].

 Approach to Rate Control

When the decision is made to proceed with a rate control 
strategy, it is important to define a ventricular rate target for 
each patient. The goals of rate control include the elimina-

tion or minimization of AF-related symptoms such as palpi-
tations, rapid heart action, dyspnea, dizziness and chest 
discomfort, as well as the prevention of tachycardia- mediated 
cardiomyopathy [4]. Optimal ventricular rate targets have 
not been fully defined. The RACE 2 study randomized 
patients with persistent AF to lenient (resting heart rate 
<110 bpm) vs. strict (resting heart rate <80 bpm and heart 
rate during moderate exertion <110 bpm) rate control strate-
gies [10]. The average heart rates which were achieved in 
each group were 93 ± 9 bpm in the lenient group and 
76 ± 12 bpm in the strict group (p < 0.001). Over several 
years of clinical follow-up, there was no significant improve-
ment in the combined endpoint of cardiovascular death, heart 
failure hospitalization, stroke, systemic embolism, bleeding 
or life-threatening arrhythmia with strict vs. lenient rate con-
trol, and symptoms attributable to AF were similar in both 
treatment arms. In addition, the strict rate control strategy 
required a greater number of medical visits to achieve desired 
rate control targets compared with the lenient strategy [10]. 
Whether the lenient rate control strategy of a target resting 
heart rate <110 bpm is satisfactory over longer periods of 
time than was evaluated in RACE 2 has not yet been deter-
mined. In addition, patients with congestive heart failure 
may benefit from more aggressive rate control targets than 
patients with normal ventricular function, although optimal 
heart rate targets for patients with heart failure have not been 
well defined [11].

While some patients with AF have well controlled ven-
tricular rates due to the presence of underlying AV nodal dis-
ease, most patients require treatment to control their 
ventricular rates. For this latter group, the great majority are 
treated with AV nodal blocking drugs, most commonly beta- 
adrenergic receptor blockers, non-dihydropyridine calcium 
channel blockers (diltiazem and verapamil) and digitalis [2]. 
There is no clear consensus on whether beta blockers or cal-
cium channel blockers are more effective in controlling the 
ventricular rate in AF. The relative effectiveness of beta 
blockers vs. calcium channel blockers is highly dependent 
on the particular drugs and doses used as well as patient 
characteristics, and both classes of drugs are acceptable first- 
line agents for rate control in most patients with AF. For 
some patients, side effects such as worsening of asthma with 
beta blockers or peripheral edema with calcium channel 
blockers may dictate which drug class is best suited to a par-
ticular patient. In patients with particularly difficult to con-
trol rates, a combination of a beta blocker and a calcium 
channel blocker may be employed, but this can result in pro-
found bradycardia in some patients and should be used with 
caution in patients without the protection of a permanent 
pacemaker.

Digitalis, an extremely old drug first described more than 200 
years ago from the purple foxglove plant (digitalis purpurea), 
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was for many decades the most widely and commonly used drug 
to treat AF. However, in recent years its use for rate control in AF 
has been called into question based on studies suggesting a 
higher mortality rate among AF patients treated with digitalis 
compared to other rate controlling medications [12]. In addition, 
digitalis tends to be less effective than other rate controlling med-
ications, particularly during exertion or other states of high 
adrenergic tone. For these reasons, digitalis should rarely be used 
as a first line single agent for rate control in AF. Digitalis may 
have a role when added to another rate controlling agent, particu-
larly for patients with systolic heart failure in whom the inotropic 
properties of digitalis may be beneficial [13]. Although amioda-
rone is an effective rate controlling agent, it is rarely used chroni-
cally for this purpose given its risk of organ toxicity and the 
availability of many less toxic rate controlling agents. 
Amiodarone has been demonstrated to be useful for achieving 
rapid rate control in acutely ill patients with AF with less associ-
ated hypotension compared to beta blockers or calcium channel 
blockers [14]. Beta blockers such as pindolol with intrinsic sym-
pathomimetic activity may be considered for patients with tachy-
brady syndrome to provide heart rate control with less potential 
for bradycardia.

For some AF patients, adequate rate control cannot be 
achieved by pharmacologic means alone. This may occur 
for a variety of reasons including: (1) inability to achieve 
acceptable rate control despite high doses of rate controlling 
medications; (2) intolerable medication related side effects 
and (3) periods of bradycardia in addition to tachycardia 
which limit the doses of rate controlling medications which 
can be used safely. In these situations, permanent cardiac 
pacing, either with or without AV junctional ablation, may 
allow the use of adequate doses of AV nodal blocking drugs 
to achieve acceptable rate control. Patients with a combina-
tion of bradycardia and tachycardia can usually be effec-
tively treated with a combination of permanent cardiac 
pacing and rate and/or rhythm controlling medications. 
Patients with high ventricular rates which cannot be con-
trolled with medications may require AV junctional ablation 
in addition to pacemaker placement to definitively control 
the ventricular rate [15]. Although some patients may have 
a slow junctional or ventricular escape rhythm after AV 
junctional ablation, many become pacemaker-dependent as 
a result of this procedure, so this approach is typically 
undertaken only as a last resort when other approaches to 
rate and/or rhythm control have proven ineffective. Cases of 
sudden death have been described in the early period after 
AV junctional ablation and pacemaker placement, which 
may relate to a pro-arrhythmic effect of a sudden drop in the 
heart rate at the time of AV nodal ablation [16]. For this 
reason, pacing at high ventricular pacing rates (typically 
80–90 bpm) is now recommended in the initial weeks after 
AV junctional ablation, before more physiologic lower pac-
ing rates are programmed.

AV junctional ablation typically results in nearly 100% 
ventricular pacing, which may cause or exacerbate systolic 
heart failure in some patients. Implantation of a cardiac 
resynchronization therapy (CRT) device with resultant pac-
ing of both the left and right ventricles may ameliorate this 
problem as demonstrated in the randomized controlled PAVE 
study [17]. It is unclear whether CRT devices should be 
implanted in all patients undergoing AV junctional ablation, 
as left ventricular function remains preserved in many 
patients for long periods of time with right ventricular pacing 
alone and CRT devices carry additional implant complexity 
and risk and result in earlier battery depletion compared to 
conventional pacemakers. It seems reasonable to implant 
CRT devices initially at the time of AV junctional ablation in 
patients with pre-existing systolic heart failure (which is not 
believed to be caused by AF with rapid ventricular rates), 
and to upgrade to CRT devices in patients who develop sys-
tolic heart failure after a period of chronic right ventricular 
pacing following AV junctional ablation.

 Approach to Rhythm Control

When the decision has been made to achieve and maintain 
sinus rhythm, a variety of strategies are available to the clini-
cian for this purpose. Most commonly, these include electri-
cal cardioversion, antiarrhythmic drug therapy, and catheter 
or surgical ablation [2]. A simplistic approach would be to 
use these strategies in this order for all patients for whom a 
rhythm control strategy is selected. However, patients are 
generally best served by an individualized approach based 
on patient-specific characteristics and shared decision mak-
ing. It should also be noted that lifestyle factors can have a 
substantial impact on AF burden, and lifestyle modification 
can be an important element of AF treatment [18].

Modifiable factors such as obesity and sleep apnea can 
have a major impact on AF incidence, burden and progres-
sion, and a rhythm control strategy should address these fac-
tors as an integral part of the treatment plan in addition to 
whatever specific therapies are chosen to restore and main-
tain sinus rhythm. For some patients, an underlying condi-
tion such as sleep apnea may be a major trigger for AF and 
treatment of this condition may be all that is required to 
reduce or even eliminate AF. For many patients, however, 
treatment of obesity or sleep apnea may not be sufficient to 
prevent AF, but may enhance substantially success of other 
therapies used for sinus rhythm maintenance. Even after 
catheter ablation, a lifestyle modification program has been 
shown to substantially reduce AF recurrence [18].

Electrical cardioversion is a reasonable first line strategy 
for patients presenting with persistent AF when a rhythm 
control strategy has been selected. Although cardioversion 
alone in the absence of concomitant antiarrhythmic drug 
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therapy is rarely effective in achieving long-term mainte-
nance of sinus rhythm, there are patients with rare episodes 
of persistent AF for whom occasional cardioversion proce-
dures are sufficient to manage AF recurrences. Chemical 
cardioversion, most commonly with Class I antiarrhythmic 
drugs (which may also be used by the patient in combination 
with an AV nodal blocking agent as a “pill in the pocket” 
strategy) or IV ibutilide can also be used for patients with 
occasional episodes of persistent AF. In addition, for patients 
with persistent AF resulting from a well-defined and tran-
sient trigger (such as cardiac surgery), cardioversion may be 
sufficient to return the patient to sinus rhythm without the 
need for further long term therapy. Some patients present 
with persistent AF of unclear duration and with vague symp-
toms such as fatigue which may or may not be caused by the 
AF. For these patients, cardioversion can be extremely useful 
if it results in a sufficiently long period of sinus rhythm to 
determine whether symptoms are truly relate to AF and to 
thereby aid in the decision about a rhythm vs. rate control 
strategy if AF recurs following cardioversion.

Most patients with AF require more than cardioversion 
for sinus rhythm maintenance. For the majority of these 
patients, it is advisable to recommend a trial of antiarrhyth-
mic drug therapy prior to proceeding with catheter ablation 
therapy. The most commonly used antiarrhythmic drugs for 
AF include class IC agents (flecainide and propafenone), 
class III agents (sotalol, dofetilide, amiodarone and droneda-
rone). While amiodarone and dronedarone are classified as 
class III agents, they exert effects on multiple ion channels 
including sodium and calcium channels in addition to potas-
sium channels. Both drugs also have antiadrenergic effects. 
While notable exceptions exist in some patients, beta block-
ers and calcium channel blockers, the mainstays for rate con-
trol in AF, have not demonstrated substantial efficacy with 
regard to rhythm control. There are relatively few random-
ized head to head studies of rhythm control medications for 
AF patients. Amiodarone was found to be generally more 
effective than sotalol for maintenance of sinus rhythm in the 
SAFE-T study [19], and more effective than dronedarone in 
the DIONYSOS study [20], but the effectiveness of amioda-
rone must be counterbalanced with its greater risk for toxic-
ity. AF patients with structurally normal hearts without 
coronary artery disease and with normal renal function typi-
cally have a wide choice of antiarrhythmic drug options, 
while the options for patients with congestive heart failure, 
coronary disease or significant renal impairment are typi-
cally much more limited [2]. Specifics of individual antiar-
rhythmic drugs are described in detail in another chapter of 
this book.

The majority of AF patients treated with antiarrhythmic 
drugs take these agents on a daily basis to prevent recur-
rences of AF. For some patients with rare episodes of AF, 
however, a “pill in the pocket” approach, in which the drug is 

taken at the onset of symptomatic AF in an attempt to termi-
nate the episode within a short period of time, may be a prac-
tical and effective strategy. Most commonly this is done with 
the class IC agents, flecainide or propafenone, as their posi-
tive use dependent (greater drug effect at higher atrial rates) 
makes them more effective than most class III agents includ-
ing amiodarone for acute conversion of AF. The use of class 
IC agents does carry the risk of organization of atrial fibrilla-
tion to atrial flutter, which can in some cases result in 1:1 
conduction to the ventricles. For this reason, an AV nodal 
blocking agent (beta blocker or calcium channel blocker) is 
typically given in conjunction with the class IC agent.

In recent years, catheter and surgical ablation for AF have 
assumed an increasingly prominent role in the rhythm con-
trol approach to AF. As with ablative therapies for many 
other arrhythmias, the original approach to AF involved 
open cardiac surgical procedures (termed Maze procedures), 
but the discovery of triggering of AF from the pulmonary 
veins created a rational scientific basis for a catheter-based 
approach to ablation of AF [21]. Pulmonary vein isolation 
remains the cornerstone of most catheter-based AF ablation 
procedures (Fig. 15.1), although substrate-based ablation 
performed in addition to pulmonary vein isolation may 
improve the success of AF ablation, particularly for patients 
with persistent and long-standing persistent AF [2]. Strategies 
for AF ablation are described in detail in another chapter in 
this book and will not be repeated here.

Most randomized studies comparing catheter ablation to 
antiarrhythmic drug therapy have demonstrated significantly 
greater efficacy for ablation in the prevention of recurrent 
symptomatic AF. AF ablation carries procedural risks, how-
ever, and consensus guidelines suggest that therapy with at 
least one antiarrhythmic drug be attempted before proceed-
ing to AF ablation for most patients [2]. However, AF abla-
tion as first-line therapy is gaining increasing acceptance for 
some highly selected patients, particularly young patients 
with structurally normal hearts and highly symptomatic par-
oxysmal AF who are at low risk for procedural complica-
tions. If an antiarrhythmic drug is not effective or not 
tolerated, then AF ablation is a reasonable option, although 
some patients may prefer to try another antiarrhythmic drug 
or to transition to a rate control strategy rather than to 
undergo an ablation procedure. Although ablation is more 
effective than antiarrhythmic drug therapy, ablation efficacy 
for persistent, and especially for long-standing persistent AF, 
remains moderate when outcomes are analyzed over several 
years, and the need for repeat ablation procedures in these 
patients is relatively common [3]. Catheter or surgical abla-
tion for AF should generally not be offered with the primary 
goal of eliminating the need for anticoagulation, particularly 
in patients who are at high risk for stroke. While the safety of 
stopping anticoagulants in intermediate risk patients with no 
prior history of stroke after apparently successful ablation 
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procedures has not been established by randomized control 
trials, observational data from some investigators has pro-
vided suggestive evidence that this can be done with low risk 
of stroke over 1–2 years in carefully selected and monitored 
patients. No data exist over longer durations of follow up and 
it is important to emphasize that recurrences of AF can occur 
at any time post-ablation. These factors should be discussed 
in detail with each patient before a decision is made about 
whether or not to undergo ablation.

AF ablation can be performed using either catheter-
based or surgical techniques. Modern surgical approaches 
to AF ablation, when performed as a stand-alone proce-
dure, can often be performed with minimally invasive sur-
gical techniques (mini-thoracotomy or thorascopic 
approach). Even with minimally invasive techniques, surgi-
cal ablation of AF is a much more invasive procedure than 
catheter ablation, with longer hospital stays and recovery 
periods. There are relatively few randomized data compar-
ing surgical vs. catheter ablation of AF, but one small ran-
domized study demonstrated greater efficacy, and greater 
complication rates, with surgical vs. catheter-based AF 

ablation [22]. For patients who require cardiac surgery for 
another reason (e.g. valve repair or replacement) and who 
also have AF and desire a rhythm control approach, surgi-
cal AF ablation at the time of the cardiac surgery should be 
performed. For most patients who do not require cardiac 
surgery for other reasons, the lower morbidity of catheter 
ablation make this the preferred approach to AF ablation, 
particularly in the absence of robust evidence that one 
approach is more effective than the other. For patients with 
AF who are interested in ablation but likely to have a low 
success rate with catheter ablation (most commonly long-
standing persistent AF with marked atrial enlargement), 
stand-alone surgical ablation may be a reasonable option, 
although the long term success of surgical ablation in this 
population is not well defined. “Hybrid” AF ablation proce-
dures involving both catheter and minimally invasive surgi-
cal approaches have been described, although these do 
carry the additional morbidity of surgical access [23]. One 
advantage of surgical ablation compared to traditional cath-
eter-based ablation procedures is the ability to surgically 
excise the left atrial appendage (LAA), which may both 

Fig. 15.1 Catheter ablation procedure for atrial fibrillation (pulmonary 
vein isolation). The top portion of the figure shows a posterior-anterior 
projection of the left atrium. A lesion set (red dots) has been completed 
encircling and isolating the left pulmonary veins, and is nearly complete 
around the right pulmonary veins. The force-sensing radiofrequency 

ablation catheter is evident (yellow/green dot) at the posterior antrum of 
the right superior pulmonary vein. The lower portion of the figure shows 
surface and intracardiac electrograms, with right pulmonary vein isola-
tion occurring in the middle of the tracings (right pulmonary vein elec-
trograms are marked AFO D-2 through AFO 19–20)
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reduce the risk of recurrent AF related to the LAA as an 
arrhythmic trigger, and potentially reduce the risk of stroke 
related to LAA thrombus.

 Approach to Stroke Prevention

Stroke is among the most feared complications of AF, and is 
the major cause of morbidity and mortality resulting from 
AF. The risk of AF-related stroke is independent of AF 
symptoms, and stroke prevention strategies must be applied 
to patients with all types of AF regardless of the presence or 
absence of associated symptoms. In some cases of crypto-
genic stroke, AF is subsequently identified as the cause, 
increasingly with the use of long-term ECG monitoring. The 
risk of stroke is elevated in both paroxysmal as well as per-
sistent AF, although the AF burden that is required to elevate 
the risk of stroke has not been precisely defined. This is at 
least in part related to the difficulty in determining AF bur-
den in most patients over long periods of time in the absence 
of implanted monitors. One study of patients with pacemak-
ers, which can precisely determine AF onset, offset and bur-
den, detected a significant increase in stroke risk using a 
pre-specified cutoff of 6 min of atrial tachycarrhythmia [24].

AF-related cardioembolic stroke is believed to arise from 
thrombus in the LAA in large majority of patients. The risk 
of stroke in patients with AF can be estimated using the 
CHADS2 score (1 point each for congestive heart failure, 
hypertension, age ≥75, diabetes, and 2 points for prior stroke 
or transient ischemic attack). Because of its better perfor-
mance as a predictor of stroke risk in AF, the CHADS2 score 
has been widely replaced by the CHADS2-VASc score (1 
additional point for vascular disease, age 65–75, and female 
gender) [2]. For patients with AF but without other stroke 
risk factors (particularly for those with a CHADS2-VASc 
score of 0 or 1), the risk of AF-related stroke may be suffi-
ciently low that the benefits of anticoagulation may be out-
weighed by bleeding risk, and no anti-coagulation or aspirin 
may be reasonable options [25].

Anticoagulation with warfarin has formed the basis for 
stroke prevention in AF patients for decades, with over-
whelming data to support its use. Antiplatelet therapy with 
aspirin and/or clopidogrel is significantly less effective than 
warfarin for this purpose, and should not be considered an 
acceptable alternative for patients with AF and risk factors 
for stroke [26]. Warfarin is a challenging drug to manage, 
with a narrow therapeutic index and substantial food and 
drug interactions. In recent years, novel oral anticoagulants 
(NOACs) have been developed, including the factor Xa 
inhibitors rivaroxaban, apixaban and edoxaban, and the 
direct thrombin inhibitor dabigatran. These drugs have much 
more convenient dosing without the need for frequent blood 
monitoring and dietary restrictions required with warfarin, 

and have shown equivalent and in some cases superior effi-
cacy and overall safety compared to warfarin in large ran-
domized trials [27]. This has led to approval of these agents 
by the U.S. Food and Drug Administration. A more detailed 
description of these agents and the data supporting their use 
is contained in the chapter on anticoagulants in this book.

For most patients with a diagnosis of AF, anticoagulation 
with either warfarin or a NOAC should be initiated as soon 
as possible, regardless of whether an initial rate or rhythm 
control strategy is chosen. The choice of the individual agent 
should be a shared decision between the patient and clini-
cian, taking into account safety and efficacy, patient prefer-
ence and convenience, and cost. For patients with AF who 
are at very low (0.2–0.6%) risk for stroke (CHADS2-VASc 
score of 0 or 1), aspirin or no anticoagulation may be reason-
able options. Since the predictive value of current risk scores 
is not optimal, some patients with a CHADS2-VASc score of 
1 may be considered for anticoagulation, particularly in the 
presence of other risk factors such as marked left atrial 
enlargement, fibrotic atrial cardiomyopathy or renal dys-
function. Data from large trials of rate vs. rhythm control 
such as AFFIRM have demonstrated that apparent efficacy 
of antiarrhythmic drugs based on occasional ECGs does not 
allow for safe discontinuation of anticoagulation, likely 
related to the occurrence of undetected asymptomatic AF in 
these patients [5]. Some large registries of patients undergo-
ing catheter ablation for AF have suggested a very low stroke 
risk after successful AF ablation (as documented by outpa-
tient monitoring) when anticoagulation is discontinued  
[28, 29]. However, there are at the present time no random-
ized trial data to support this practice, and recurrence of AF 
many years after initially successful AF ablation is not 
uncommon.

Since the left atrial appendage (LAA) is the source of 
most cardioembolic events related to AF, closure or excision 
of the LAA has been targeted as an alternative strategy to 
anticoagulation for stroke prevention. Closure of the LAA 
as a stroke reduction strategy has been supported by data 
from randomized controlled trials including the 
PROTECT-AF and PREVAIL studies of a percutaneous, 
catheter-delivered LAA closure device. In these studies, 
patients randomized to LAA closure had comparable risk of 
all cause (ischemic and hemorrhagic) stroke compared to 
patients randomized to warfarin over several years of fol-
low-up [30]. The risk of procedural complications related to 
device placement was counterbalanced by a higher bleeding 
risk during follow-up in the warfarin group. This device was 
approved by FDA for clinical use in 2015, and multiple 
other percutaneous LAA closure devices are currently in 
clinical development. At the present time, the major advan-
tage of mechanical LAA closure appears to be in patients 
who are very high risk for major or life threatening bleeding 
on anticoagulant therapy.
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 Conclusions

The treatment of patients with atrial fibrillation requires 
careful decision making in multiple domains including: 
an assessment of the risk of and the need for prophylaxis 
against thromboembolic stroke; a detailed assessment of 
AF-related symptoms and an understanding of the sub-
strate in which AF is occurring [31]. A thorough knowl-
edge of the benefits, risks and limitations of all available 
treatment strategies allows the clinician and the patient to 
select an approach that is tailored to best address each 
patient’s individual needs and preferences.
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Ventricular Tachycardia and Fibrillation 
in Patients with Structural Heart 
Disease
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Abstract

Ventricular tachyarrhythmias are common in patients with structural heart disease and 
cause syncope and/or sudden cardiac death. Sudden cardiac death may represent the initial 
manifestation of structural heart disease in patients with ischemic or nonischemic cardio-
myopathy. In patients with ischemic cardiomyopathy due to coronary artery disease, ven-
tricular tachycardia often results from reentry involving areas of scar and peri-infarct 
myocardium. Similarly, reentry may occur in patients with nonischemic cardiomyopathy, 
involving areas of patchy fibrosis. During ischemia, or during the early phases of acute 
myocardial infarction, other mechanisms may play a role in promoting ventricular tachyar-
rhythmias. The combination of electrophysiology testing, electro-anatomic mapping, and 
magnetic resonance imaging, have expanded our knowledge of the substrate and mecha-
nism of ventricular arrhythmias in patients with structural heart disease. Prevention and 
treatment of ventricular tachyarrhythmias is based on firm understanding of the pathophysi-
ology, and epidemiology of ventricular tachyarrhythmias in patients with structural heart 
disease.
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 Epidemiology

The epidemiology of ventricular tachycardia (VT) and ven-
tricular fibrillation (VF) has been intertwined with epidemi-
ology of sudden cardiac death (SCD). Epidemiologic studies 
of SCD are difficult to interpret due to differing definitions, 
adjudication of SCD, indeterminate pathophysiologic mech-
anisms, and making distinctions between population risk and 
individual risk [1]. Furthermore, approximately half of all 
cases of SCD represent the initial presentation of ischemic or 
non-ischemic cardiomyopathy.

It is estimated that 350,000 out-of-hospital SCD’s occur 
each year in the United States, with approximately 250,000 
of these occurring in patients with coronary heart disease [2]. 
The second most frequent etiology associated with SCD 
includes patients with known or previously undiagnosed car-
diomyopathies (hypertrophic or dilated). The precise epide-
miology of SCD is difficult to determine because of the 
non-uniformity of various registries and definitions, and the 
absence of a national reporting system for collecting out-of- 
hospital cardiac arrest (OHCA) data [3]. Data from EMS 
attended out of hospital cardiac arrest may underestimate 
incidence of SCD while data from death certificates may 
overestimate it [4].

Additionally, it is difficult to quantify the incidence of VT 
not associated with cardiac arrest. Many patients with syn-
cope and structural heart disease may be presumed to have 
had a VT event based on clinical evaluation and/or electro-
physiologic testing. Patients may present with hypotensive 
VT and successfully cardioverted. These patients are not 
included in statistics of OHCA.

Patients with implantable defibrillators (ICD) have appro-
priate shocks or antitachycardia-pacing therapies for VT or 
VF and the annual incidence is difficult to quantify. In one 
meta-analysis, the incidence of appropriate ICD therapies in 
patients with ischemic cardiomyopathy who received ICDs 
for primary prevention indications ranged from 17 to 31% 
over mean follow-up of 22 months [5].

Appropriate ICD therapies may actually overestimate the 
incidence of sustained VT/VF since traditional detection 
algorithms responded within 5–15 s to an episode of VT or 
VF. Studies using delayed detection algorithms have shown 
decrease frequency of appropriate ICD therapies suggesting 
that traditional ICD detect/treatment parameters may have 
prematurely treated episodes of VT/VF that may have other-
wise spontaneously terminated had the detection algorithm 
delayed therapies for a few more seconds [6].

 VT/VF as the Mechanism of SCD

Overall survival rates are low for patients with out of hospital 
cardiac arrest; however survival rates are higher for patients 
presenting with VT/VF [1]. While VT/VF used to account 
for the majority of SCD events, recent data suggests that 
pulseless electrical activity and asystole account for an 
increasing proportion of SCD cases [7] (Table 16.1). 
Furthermore, the Resuscitation Outcomes Consortium has 
demonstrated that while the majority of out of hospital car-
diac arrests occur at home, the proportion of initial VF or 
pulseless VT was greater if the first responder contact 
occurred in a public venue [8] (Fig. 16.1).
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 Coronary Heart Disease

SCD is associated with coronary heart disease in the acute, 
subacute and chronic phases of the disease. The presence of 
acute ischemia during an acute myocardial infarction has 
been reported to be associated with VT and/or VF in up to 
4.5% of infarcts [9]. Approximately 15–25% of all unex-
plained SCD events are associated with an acute myocardial 
infarction.

After an acute myocardial infarction, the risk of SCD 
increases with a rate of 1.2–1.4% within the first 30 days post 
infarct [10, 11]. The risk is even higher in patients with con-
gestive heart failure or depressed ejection fraction (EF). In 
the Valsartan in Acute Myocardial Infarction Trial 
(VALIANT) [11], after the first months following MI, the 
risk of SCD progressively declined to approximately 1–2%/
year. Other studies confirm an incidence of SCD of approxi-
mately 1.2%/year after myocardial infarction lasting until 
approximately 5 years [10].

 Pathophysiology: Acute Ischemia

The pathophysiology and electrophysiological expressions 
of ventricular tachyarrhythmias during acute myocardial 
ischemia and the early evolution of myocardial infarction are 
complex and dynamic. The mechanisms that wax and wane 
during the first 24–48 h after the onset of ischemia (transient, 
or onset and progression of myocardial infarction) (Fig. 16.2), 
include re-entry, enhanced automaticity, and likely triggered 
activity [12] which can manifest as either monomorphic or 
polymorphic VT, accelerated ventricular rhythms, or ven-
tricular fibrillation. Generally, arrhythmias occurring during 
this early phase of an ischemic event are not predictive of 
future recurrences. However, the subgroup that evolves into 
a completed infarction with a permanent and significant left 
ventricular dysfunction has a significant risk of VT/VF in the 
future, as opposed to the acute event. Recently described 
familial clustering of cardiac arrest as the initial manifesta-
tion of an acute coronary syndrome [13], suggests that there 
is a genetic contribution to ischemia-based arrhythmia risk. 
It also raises the yet unanswered question whether such 
events are predictive of the recurrence of VT/VF at the onset 
of a later recurrent ischemic event.

 Transient Ischemia and the Onset 
on Myocardial Infarction

A few minutes of ischemia, whether transient or the initial 
part of the process heralding acute myocardial infarction, can 
create intense cellular electrophysiological changes in the 

Ischemic
Cardiomyopathy

Pathophysiology of Cardiac Arrest in Coronary Heart Disease

Stable
plaque

Cardiac Arrest / SCD

Scar
formation

Unstable
plaque

MINUTES MONTHS-YEARS

Chronic
closure

WEEKS

Transient
ischemia

Acute
occlusion

HOURS

Remodelin
g

A
cute M

I

Fig. 16.2 This schematic 
shows dynamic changes from 
acute ischemia to chronic 
ischemic cardiomyopathy that 
can lead to VT/VF and SCD 
at any stage

Table 16.1 VT/VF in patients with structural heart disease

Clinical context Incidence

Associated with out of 
hospital cardiac arrest

Approximately 25% of 
250,000–4,000,000

Associated with in-hospital 
cardiac arrests

Approximately 40–50%

Associated with syncope Unknown

Hypotensive VT not 
associated with cardiac arrest

Unknown

VT/VF resulting in 
appropriate ICD shocks

Approximately 6%/year of primary 
prevention (SCD-HeFT)
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region of ischemia. These include both slowing of the rate of 
depolarization and accelerated repolarization, the former 
slowing conduction velocity in the ischemic zone and the lat-
ter creating boundaries of heterogeneous recovery of excit-
ability during the repolarization process. The combination of 
regions of slow conduction and non-uniform recovery of 
excitability provide the substrate for re-entrant arrhythmias, 
leading to the potential for the onset of VT or VF. During this 
very early phase of ischemia, this mechanism is transient but 
intense, and contributes to the relatively high risk of fatal ven-
tricular tachyarrhythmias during this phase.

 Reperfusion After Transient Ischemia

When myocardium is reperfused after a period of approxi-
mately 5–30 min of ischemia, whether due to reversal of 
coronary artery spasm or vasodilatation of a partially 

 thrombosed lesion, another potential mechanism of arrhyth-
mogenesis is initiated. There are substantial data demon-
strating that reperfusion after short episodes of ischemia 
delays the time course of repolarization in the affected 
region, likely due to blunting of transmembrane potassium 
currents, in contrast to the acceleration of repolarization 
during acute ischemia. This sets the stage for Ca2+-mediated 
afterdepolarizations that lead to triggered activity, which in 
turn can initiate VT, polymorphic ventricular tachycardia 
and the potential for initiation of VF. This phenomenon is 
time-sensitive in respect to the duration of ischemia before 
reperfusion and the short time that this mechanism persists. 
Specifically, experimental data suggests that this mecha-
nism does not appear to be operative before 5 min of isch-
emia has elapsed and does not occur after approximately 
30 min of ischemia [14, 15]. Thus, during reperfusion as a 
consequence of PCI 60–120 min after onset of myocardial 
infarction, this form of reperfusion-associated ventricular 

Coronary artery spasm – ischemic phase

Coronary artery spasm – reperfusion phase

[MODIFIED FROM:  Myerburg RJ, et al; NEJM 1992]

Fig. 16.3 This is an example of coronary spasm causing salvos of VT, which degenerates into VF. The patient had spontaneous conversion and 
thus did not have a SCD event. Modified from Myerburg RJ et al. NEJM 1992
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tachyarrhythmia is not likely. In contrast, ischemia-reper-
fusion sequences associated with transient coronary artery 
spasm may trigger such events (see Fig. 16.3).

 Enhanced Automaticity and Accelerated 
Ventricular Rhythms Shortly After Onset 
of Myocardial Infarction

Tissues capable of generating spontaneous phase 4 depolar-
ization as a mechanism for normal automaticity, especially 
the specialized conduction tissue in the His-Purkinje system, 
are subject to enhanced impulse formation during ischemic 
injury. These tissues normally serve a backup subordinate to 
the normal sinus node rate. During an early phase of an isch-
emic event, particularly in the region of the inferior wall, 
these cells with subordinate pacemaker function may develop 
enhanced automaticity and usurp pacemaker function or an 
escape function interacting with sinus bradycardia due to an 
ischemia-mediated vagal reflex. When the latter occurs at a 
rate range of 60 to <100 per minute, it is termed an acceler-
ated ventricular rhythm. At a rate exceeding 100 per minute, 
they are labeled a ventricular tachycardia due to increased 
automaticity. In the setting of inferior wall ischemia or the 
onset of infarction, these rhythms generally present within 
the first 12 h and abate spontaneously within 24–36 h. Unless 
very rapid and/or associated with hemodynamic conse-
quences, they are best left untreated.

 VT/VF During the First 48 h After the Onset 
of Myocardial Infarction

The acute phase of myocardial infarction is usually defined 
from the onset of symptoms through the first 48 h. This time 
period is pathophysiologically dynamic, in that the ischemic 
substrate is changing. The patterns associated with the onset 
of ischemia through the first 12 h have been discussed above 
in the context of transient ischemia. In reality, it is a chal-
lenge to distinguish transient ischemia from the initial min-
utes of a true myocardial infarction. However, VT/VF that 
occurs after the first few minutes, up to 48 h, is largely asso-
ciated with slow conduction in the infarct zone, regional dif-
ferences in repolarization, and variations in conduction 
patterns in and around the infarct. This substrate is the basis 
for re-entrant mechanisms of initiation of VT/VF. As is the 
case for spontaneous VT/VF during the first 48 h of a myo-
cardial infarction, inducible VT during this period is not con-
sidered a reliable indicator of risk for VT/VF during the later 
healed or chronic phase of myocardial infarction (see below). 
If fact, lack of reliability of risk prediction of inducible VT 
after myocardial infarction may extend as far as 96 h after 
the onset [16, 17].

 Cardiac Arrest During Early Convalescence

The early convalescent phase after myocardial infarction 
refers to the period from the end of the 48-h acute phase, 
through the weeks during which healing and scar formation 
is evolving. Beyond the first 4–6 weeks, the late convalescent 
phase merges into the chronic state. It has long been sug-
gested that ventricular arrhythmias occurring during the con-
valescent phase predict the risk of SCD over time, in contrast 
to arrhythmias during the acute phase. The magnitude of 
arrhythmia-associated risk is greater when substantial myo-
cardial damage has occurred, as reflected by the left ventric-
ular EF. Studies from the early years of post–myocardial 
infarction risk assessment suggested that large anterior 
infarcts with low ejection fractions and new right bundle 
branch block indicated a 35% risk of SCD in 6 months. 
A more recent study has indicated that, despite modern ther-
apies, a high risk remains over time, although its incidence is 
likely lower because of percutaneous interventions during 
the early acute phase of myocardial infarction. It also appears 
that the early convalescent phase (i.e., the first 3 months) is a 
higher-risk period in susceptible individuals. Data from 
VALIANT [11] demonstrated that a large proportion of 
post–myocardial infarction SCDs occur during this period, 
and the expression of risk is associated with a number of 
variables, including the size of the myocardial infarction and 
the ejection fraction. Even though the increased mortality 
during the early convalescent phase includes substantial risk 
of SCD, two studies have failed to demonstrate all-cause sur-
vival benefit attributable to ICDs when prescribed during the 
earlier convalescent phase [18, 19]. However, there was a 
subgroup benefit for arrhythmic deaths. The increase in non- 
arrhythmic deaths in the ICD recipients, compared with the 
conventional therapy group, remains unexplained.

 Electrophysiologic Mechanisms
In patients with chronic CAD, the mechanisms for VT may 
involve reentry, triggered activity or enhanced depolariza-
tion. Patients with chronic CAD have areas of scar, and dys-
functional myocardium, which can lead to heterogeneous 
conduction and regions of slow conduction. Patients with 
greater degrees of left ventricular dysfunction and depressed 
EF are more likely to have greater scar burden and hence be 
at greater risk for VT/VF. Scarred myocardium intermingled 
with surviving cardiomyocytes leads to areas of anisotropic 
(nonuniform) conduction and dispersion of refractoriness. 
This leads to the substrate for reentry VT, which is the most 
common mechanism for VT.

In addition, other mechanisms come into play to promote 
VT. Enhanced sympathetic tone, regional sympathetic dener-
vation, recurrent transient ischemia, and electrolyte abnor-
malities from pharmacologic therapy, all can interact with 
the diseased substrate to promote VT.

16 Ventricular Tachycardia and Fibrillation in Patients with Structural Heart Disease
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The incidence of sustained monomorphic VT following 
myocardial infarction has been substantially reduced due to 
therapeutic advances in coronary intervention and pharma-
cologic therapy. Nevertheless, the growing survival rates of 
patients after MI signifies that there is still a large population 
at risk. For those patients who develop sustained monomor-
phic VT following MI, the VT event may occur from weeks 
to years after the index infarction.

The anatomic basis for VT in patients with chronic 
ischemic cardiomyopathy has been demonstrated with 
imaging studies as well as electroanatomic mapping. 
Echocardiograms and CT scans demonstrate areas of myo-
cardial thinning, and akinesis consistent with scar. MRI scan 
can delineate areas of scar with excellent spatial resolution 
(Fig. 16.4). Electroanatomic studies in humans have shown 
that areas of scar can be represented to correlate with endo-
cardial bipolar voltages <0.5 mV whereas healthy tissue has 
bipolar voltages >1.5 mV. High-density electroanatomic 
mapping can uncover potential channels through or around 
areas of scar that can serve as substrate for reentry. Targeting 
these channels during catheter ablation procedures has been 
shown to reduce the risk of recurrent VT.

Electrophysiology testing is often helpful in confirming 
the mechanism of VT [12] (Table 16.2). Reproducible induc-
tion of VT using programmed electrical stimulation is the 
hallmark of reentrant VT. The reentry circuits can be quite 
complex and can involve multiple loops within broad areas of 
scar and diseased myocardium (Fig. 16.5). Electrograms 
from these areas usually show low amplitude fractionated 
potentials. During normal sinus rhythm, there may be delayed 
activation of local tissue and these late ventricular electro-
grams are not visible on standard ECG. However, during 

sinus rhythm, these late potentials form the basis for the use 
of Signal Average ECG, which can detect low amplitude late 
potentials.

Fig. 16.4 This is an MRI coronal view with delayed enhancement 
using gadolinium contrast. It shows a subendocardial basal inferior 
scar. Courtesy, Dr. Joel Fishman, University of Miami, Miller School of 
Medicine
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(c). The presence of channels within the scar that may or may not be 
critical to reentry adds to the complexity of these reentry circuits in 
patients with ischemic cardiomyopathy. Reproduced with permission 
from Stevenson WG et al. Exploring Postinfarction Reentrant 
Ventricular Tachycardia with Entrainment Mapping. J Am Coll Cardiol 
1997; 29:1180–9

Table 16.2 Mechanisms of VT

Reentry
Triggered 
activity

Enhanced 
automaticity

Manifest entrainment Yes No No

Concealed entrainment Yes No No

Reproducible induction 
by PES

Yes Yesa No

Inverse relationship of 
coupling interval to the 
interval preceding 
tachycardia

Yes No Not applicable

Bradycardia dependent No Yes No

Warm up phenomena No Yes Yes
aTriggered activity has two components: that related to repetitive 
responses/polymorphic VT which is a triggering event, and that which 
is related to re-entry which is often the mechanism for a persistent 
tachycardia. Either or neither may be inducible in the EP laboratory
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The use of entrainment can be very useful in defining 
reentry mechanism of VT and also to guide catheter ablation 
[20, 21]. As shown in Fig. 16.5, the areas of scar, injured 
myocardium can be quite complex. Entrainment is a term 
that applies when there is external pacing during VT, which 
not only captures the ventricle, but also preserves conduction 
through the reentry circuit, and does not terminate VT. If 
pacing is done external to the reentry circuit, it is termed 
Manifest Entrainment, and the QRS complex would differ 
from the VT QRS complex morphology. If pacing is done 
within an area of slow conduction within the reentry circuit, 
it is termed Concealed Entrainment and the paced-QRS 
complex matches the VT QRS complex morphology. The 
use of concealed entrainment, in particular, can be used to 
guide catheter ablation of reentry VT.

Diseased myocardium can cause abnormal functioning of 
ion channels leading to other mechanisms of VT. Abnormal 
automaticity may arise from border zones during acute isch-
emia. Abnormal metabolism and increased oxidative stress 
can result in alterations of ion channels and be proarrhyth-
mic. Additionally, the same abnormal metabolism and oxi-
dative stress can affect vascular tone, and the autonomic 
nervous system which can interact with diseased myocar-
dium to produce an arrhythmogenic state [22].

VT due to triggered activity may also be induced by 
programmed extrastimuli, rapid pacing, or infusion of cat-
echolamines. However, on occasion trigged VT cannot be 
induced at all in the EP laboratory, particularly if patients 
are sedated. Triggered VT, like atrial tachycardia, gener-
ally demonstrates a ‘warm-up’ phenomenon. Additionally, 
there is a different response of triggered VT vs. reentry VT 
to differing coupling intervals during programmed extra-
stimuli [12] (Table 16.2). Triggered VT is described as a 
“focal” arrhythmia as opposed to the reentrant nature of 
scar-mediated VT.

After-depolarizations occur in calcium overload states, 
particularly in the case of delayed after-depolarization 
(DAD). Rapid rates exacerbate DADs, which can trigger VT. 
Early after-depolarization (EADs) have been linked with 
multiple channel abnormalities including L-type calcium, 
potassium rectifier currents and late sodium current as well 
as the Ca-Na exchange. EADs also may be bradycardia 
dependent (Table 16.2).

Action potential prolongation is a mechanism associated 
with initiation of life-threatening arrhythmias and cardiac 
arrest due to VT/VF in patients with heart failure from any 
etiology [23]. Reductions in potassium currents can lead to 
the prolonged action potential duration and be arrhythmo-
genic. Dispersion of refractoriness on a temporal and spatial 
basis may form the basis of arrhythmias. Alteration of cal-
cium homeostasis has been described in heart failure. 
Calcium overload states, coupled with other electrophysio-
logic abnormalities can predispose to ventricular arrhyth-
mias, particularly EADs.

The INa current is also disrupted in heart failure and may 
predispose to arrhythmias. It is known that patients with 
more advanced heart disease have abnormalities in conduc-
tion manifested by widened QRS complex. This may be a 
manifestation of delayed conduction due to alterations in INa 
current.

Myocardial infarction may cause areas of regional sympa-
thetic denervation resulting in denervated myocardium that 
may be supersensitive to catecholamines [24]. Sympathetic 
nerve sprouting and reinnervation occur after myocardial 
infarction. Moreover, hyperinnervation has been also shown 
to be linked with increased propensity for VT/VF [25].

Augmented adrenergic tone has been well described in 
coronary artery disease, particularly in patients with systolic 
dysfunction. Markers of enhanced sympathetic tone, such as 
reduced heart rate variability has been associated with 
increased risk for VT/VF [26]. Increase in adrenergic tone 
and circulating catecholamines may interact an infarcted 
heart with regional heterogeneity of sympathetic innerva-
tion/denervation. The denervated myocardium responds to 
enhanced sympathetic tone and catecholamines with exag-
gerated shortening of refractory periods leading to disparity 
of refractory periods across myocardial tissue. Furthermore, 
such tissue is susceptible to lower threshold for VF induc-
tion. Consistent with this notion was the finding that there 
were more ICD shocks for VT/VF after the 9/11/2001 
attacks; a time of heightened stress among the subjects 
 studied [27].

Many therapies aimed at preventing VT/VF are based on 
reducing adrenergic tone supplied to and within the ventri-
cles. Beta blockers have been shown in multiple studies to 
reduce VT/VF and SCD [28]. There is growing evidence that 
vagal stimulation is antiarrhythmic [29] although the precise 
role for muscarinic stimulation and mechanisms of action 
remain unclear. Lastly, bilateral sympathetic denervation has 
been shown to be effective in patients with VT storm refrac-
tory to pharmacologic and/or catheter ablation therapy [30].

 Onset of VT/VF
In patients with structural heart disease, the onset of VT gen-
erally requires premature ventricular complexes (PVCs). 
The PVCs often are due to triggered activity or abnormal 
automaticity and fall outside the area of the reentrant arrhyth-
mias. Sustained repetitive PVCs can lead to heterogeneous 
conduction and formation of reentrant circuits.

It is not uncommon for VT to degenerate to VF, particu-
larly with rapid monomorphic VTs or polymorphic VTs. 
Rapid rates can lead to wide dispersion of refractoriness, 
which in turn may cause formation of other reentry circuits 
and consequently VF. Ischemia, especially when non- 
uniform, often plays a central role in the initiation of VT or its 
transition to VF. The role of ischemia can work in two ways. 
Transient ischemia altering the electrophysiological state of a 
vulnerable scarred area can be responsible for the initiation of 
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monomorphic or polymorphic VT, or VF. Conversely, the 
encroachment on diastolic flow in a diseased coronary artery 
during a tachycardia can induce sufficient ischemia to transi-
tion a VT to VF, or initiate VT de novo. The initiation of 
ischemia during VT and particularly during VF enhances this 
transformation to VF. Other mechanisms such as dynamic 
wavelet reentry, rotor waves and Purkinje system activation 
likely play a role in the maintenance of VF [31].

 Treatment of VT

Treatment and prevention of VT in patients with ischemic 
cardiomyopathy should include optimal medical therapy and 
revascularization of the underlying coronary artery disease 
and left ventricular dysfunction, if present. Specific therapies 
for patients who have VT include antiarrhythmic drugs (see 
Chap. 8), implantable cardioverter defibrillator (Chap. 11), 
and/or catheter ablation (Chap. 12 ) [32, 33]. In general, the 
occurrence of VT and/or VF in patients with ischemic car-
diomyopathy in the absence of reversible causes is an indica-
tion for an implantable cardioverter defibrillator (ICD) [34, 
35]. Furthermore, many patients with low ejection fraction 
despite optimal pharmacologic therapy fulfill criteria for 
ICD [33, 34]. However, additional therapy may be indicated 
to prevent episodes of VT/VF that may cause the patient syn-
cope, ICD shocks or other symptoms.

The use of antiarrhythmic drugs is generally guided by 
the underlying heart disease and LV function. Since many of 
these patients have LV dysfunction and concomitant CHF, 
amiodarone is commonly used. Other potassium channel 
blocker such as sotalol or dofetilide may be considered if 
there exists contraindication, high risk or manifest side 
effects of amiodarone, or reluctance to initiate amiodarone. 
Although sotalol may not have the same level of efficacy as 
amiodarone for ambient arrhythmia or ICD therapy reduc-
tions, it does not share the same long term organ toxicity 
profile, and may be equivalent or preferred therapy for 
patients with low EFs without heart failure. When selecting 
a class III antiarrhythmic medication in patients with SHD, it 
is crtically important to ensure normal renal function in order 
to minimize the risk of torsades. The Class Ic drugs are con-
traindicated in patients with coronary artery disease as their 
use lead to increased mortality in the CAST trial [36]. 
However, class Ib agents like mexiletine, while not com-
monly used, may be combined with amiodarone to control 
patients with multiple recurrences of VT and/or 
VF. Nevertheless, the currently available antiarrhythmic 
drugs have not been shown to prolong survival or reduce 
mortality in multiple randomized controlled trials [33]. 
Therefore, the use of these drugs is generally intended to 

reduce ventricular arrhythmia burden, which may be causing 
symptoms and/or ICD therapies.

Catheter ablation for VT plays a useful role in treatment of 
VT in patients with ischemic cardiomyopathy [32]. Prospective 
studies have shown reduction of ICD shocks and ICD thera-
pies in patients with history of myocardial infarction who had 
received ICDs for secondary prevention [37, 38]. For patients 
with drug-refractory ventricular tachycardia in the presence of 
coronary artery disease, the use of catheter ablation may elimi-
nate or modify inducible VT in up to 80% of patients and 
eliminate VT during intermediate follow-up (approx. 3 years) 
in up to 60% of patients [39]. However, in one single site 
study, complication rates were noted to be 5.6% in patients 
>75 years and 2.3% in patients younger than 75 years [39].

 VT/VF in Patients with Nonischemic 
Cardiomyopathy

Nonischemic cardiomyopathy (NICM) comprises a broad 
spectrum of disorders, accounting for up to 15–20% of SCDs. 
Some of the disorders such as arrhythmogenic right ventricu-
lar dysplasia/cardiomyopathy (Chap. 20) or hypertrophic car-
diomyopathy (Chap. 20) are covered elsewhere. There are 
some similarities in diagnosis, pathophysiology, mechanism 
of VT and treatment between patients with history of CAD 
and those with nonischemic cardiomyopathy. Depending on 
the etiology of the NICM, patients may present at a younger 
age than those with ischemic heart disease as the basis of the 
VT/VF. Different terms, such as idiopathic dilated cardiomy-
opathy, NICM, dilated cardiomyopathy (DCM) have overlap-
ping definitions. For example, a patient with DCM presumed 
secondary to alcohol abuse may be characterized as having 
NICM or DCM but would not be characterized as having 
idiopathic DCM. Thus the use of different terms and defini-
tions needs to be accounted when examining statistics and 
epidemiology within the spectrum of DCM.

 Dilated Cardiomyopathy

DCM is notable for areas of patchy fibrosis, hypertrophy and 
myocyte necrosis, which can lead to an arrhythmia substrate 
[40]. Unlike fibrosis patterns in ischemic cardiomyopathy, 
which tend to be large and follow anatomic areas from coro-
nary occlusion, fibrosis in DCM tends to be characterized by 
patchy areas of fibrosis, that are generally not as large as that 
seen in ischemic cardiomyopathy. These regions of scarring 
are often clustered at the annuli, mid-myocardial, and epicar-
dial myocardium. The tendency for more mid-myocardial 
and/or epicardial scarring has implications for ablation 
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 therapy (Fig. 16.6). Additionally, fibrosis tends to be pro-
gressive in patients with DCM. Greater amounts of myocar-
dial fibrosis may be predictive of ventricular arrhythmias 
independent of LVEF [41, 42]. Thus, increasing myocardial 
burden of patchy fibrosis sets up the substrate for ventricular 
arrhythmias.

Patients who present with left ventricular dilatation in the 
absence of any other causes (i.e. valvular heart disease, 
known infiltrative heart disease) have been labeled as having 
idiopathic dilated cardiomyopathy (IDCM). In up to 50% of 
these patients, a familial component has been identified [43]. 
The prevalence of familial DCM is approximately 1:2000 in 
the US. Recent guidelines have recommended comprehen-
sive or targeted genetic testing of LMNA and SCN5A in 
patients with a familial pattern of DCM and conduction sys-
tem disorder, or a family history of sudden cardiac death 
[43]. Variants have been identified in >50 genes [44], and the 
identification of genetic mutations in patients with IDCM 
continues to grow. Thus, genetic testing in any patient with 
familial DCM should be considered. Because it is common 
to identify a variant of uncertain or unknown significance, 
suggesting a previously unreported variant in a relevant 
gene, interpretation of these findings can be challenging 
unless multiple family members carry the variant and are 
affected clinically.

The use of genetic testing has not advanced sufficiently to 
reliably identify those patients at high or conversely low risk 
for VT/VF. Nevertheless, mutations in the LMNA has been 
linked with electrical instability and conduction system dis-
ease such that patients may be at risk for SCD prior to the 
onset of heart failure [44].

 Pathophysiology

The pathophysiology of VT/VF in patients with DCM is 
similar to that in patients with ischemic heart disease. MRI 
may demonstrate patchy areas of scar that do not follow a 
typical distribution for coronary artery disease. Furthermore, 
patients with DCM are more likely to have areas of epicar-
dial and/or mid-myocardial scar as compared with patients 
with ischemic cardiomyopathy. Electroanatomic mapping 
may show corresponding areas of scar manifested by low 
voltage on the endocardial and epicardial surface of the 
heart. The presence of myocardial scar intermingled with 
areas of diseased myocardium set up the substrate for reen-
try. Because of this anatomic distribution of scar and fibrosis, 
patients with VT in the setting of DCM may be more likely 
to require an epicardial approach during catheter ablation.

Bundle branch reentry VT (BBR-VT) is a macroreentrant 
VT utilizing the His Purkinje system. This is also more com-
mon in patients with DCM. Typically, the patients with 
BBR-VT have reentry with antegrade conduction through 
the right bundle, and retrograde conduction through the left 
bundle with completion of the circuit in the His Bundle. 
Patients with BBR-VT typically present with left bundle 
branch block or nonspecific intraventricular conduction 
delay at baseline. During invasive EPS, the HV interval is 
prolonged. The use of entrainment and other techniques con-
firm the diagnosis. The confirmation of this type of VT in 
patients is important, as the therapy would be ablation of the 
right bundle branch [45].

The most common mechanism for VT in patients with 
DCM is reentry in and around the areas of scar and fibrosis. 
Electroanatomic mapping has demonstrated areas of low 
voltage and/or abnormal local electrograms in areas where 
VT was mapped and ultimately ablated [40, 46].

Similar to patients with ischemic cardiomyopathy, other 
mechanisms may play a role in VT in patients with DCM 
including enhanced automaticity and triggered activity. 
Regional cardiac sympathetic denervation has been described 
in patients with DCM with mismatches between I-123 MIBG 
scans and corresponding Thallium scans [47]. Thus areas of 
denervated myocardium may be supersensitive to circulating 
catecholamines resulting in heterogeneous repolarization.

 Predictors of VT/VF and SCD in Patients 
with DCM

As compared with patients with ischemic cardiomyopathy, 
there are some similarities and differences in terms of pre-
dictors of VT/VF and SCD. Similar to patients with ICM, 
left ventricular ejection fraction (LVEF) inversely correlates 

Fig. 16.6 This is an MRI coronal view with delayed enhancement 
using gadolinium contrast. It shows a thin line of delayed enhancement 
typical midwall septal enhancement of NICM as well as enhancement 
at the inferior right ventricular-septal insertion point which can also be 
present in NICM (as well as elevated R side pressures). Courtesy, 
Dr. Joel Fishman, University of Miami, Miller School of Medicine
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with overall survival. Clinical indicators, such as heart  failure 
and its severity and increased pulmonary pressure, also are 
predictive of SCD [48]. Development of atrial fibrillation has 
also been correlated with lower survival [49] among patients 
with DCM.

The presence of left bundle branch block (LBBB) is par-
ticularly ominous in patients with DCM. In one series, the 
presence of LBBB in patients with DCM identified a cohort 
with lower LVEF, and higher incidence of syncope, 
although the risk of spontaneous or induced VT was not 
increased [50].

Programmed ventricular stimulation, to induce VT, has 
not been shown to be as reliable or reproducible in patients 
with DCM as compared with patients with ischemic cardio-
myopathy [51]. Programmed ventricular stimulation is not 
sufficiently accurate in predicting future VT/VF events in 
patients with DCM to be incorporated into guidelines recom-
mending its use for risk stratification in these patients. The 
induction of polymorphic VT or VF may represent a nonspe-
cific response. However, in patients with DCM presenting 
with wide QRS complex tachycardia, an electrophysiology 
study would be reasonable to elucidate the mechanism of the 
tachycardia. 

A meta-analysis of 45 studies involving 6088 patients 
with DCM was performed to examine association between 
predictive tests and ventricular arrhythmia outcomes [52]. In 
this study, the odds of future SCD was greatest in the pres-
ence of fragmented QRS complexes and positive T wave 
alternans while none of the autonomic tests were significant 
predictors. Interestingly, the finding of LBBB or wide QRS 
complex was not a significant predictor in this meta-analysis.

 Therapy to Prevent and Treat VT/VF in Patients 
with DCM

Standard guideline directed therapy is quite effective in 
patients with DCM [33, 34, 53, 54]. The use of beta-blockers 
is recommended in all patients with DCM to reduce the risk of 
ventricular arrhythmia, SCD, and progression of heart failure.

The use of ICDs, should be considered for patients who 
fulfill criteria. Multiple studies have confirmed that patients 
with DCM derive similar benefit from ICD therapy, com-
pared with patients with ischemic cardiomyopathy. For 
patients who have had a VT/VF event, in the absence of 
reversible cause, an ICD is a Class 1 indication. Similarly, 
for patients with DCM and reduced LVEF, and syncope 
thought to be due to ventricular arrhythmia, ICD implanta-
tion is also reasonable. Additionally, based on the SCD-
HeFT [55], and other earlier trials, patients with DCM and 
LVEF ≤ 35%, despite optimal pharmacologic therapy bene-
fit from primary prevention ICD. However, the recently 
 published DANISH trial raised questions as to the survival 

benefit of primary prevention ICDs in patients with DCM, 
primarily idiopathic DCM, and low EF [56]. Although SCD 
rate was reduced by 50% in the ICD arm, there was no sig-
nificant mortality reduction over a mean of 6.7 years. A sub-
group of patients younger than 68 years did demonstrate 
survival benefit.

Patients with genetic abnormalities such as Lamin A/C 
mutations or patients with LV noncompaction, carry a suffi-
ciently high risk that ICD may be warranted.

Cardiac resynchronization therapy has been shown to be 
quite effective for reducing overall mortality and CHF symp-
toms in appropriately selected patients with wide QRS com-
plex, generally LBBB, and cardiomyopathy from any etiology 
[34, 53, 57]. The effect of CRT on ventricular tachyarrhyth-
mias is less certain. In a sub-study from the MADIT-CRT 
Trial, it was noted that normalization of LVEF was associated 
with a very low absolute and relative risk for VT/VF [58]. In 
this sub-study, the presence of NICM was one of the factors 
on multivariate analysis that predicted normalization of LVEF 
and consequently marked reduction of VT/VF. Other factors 
included LBBB, female gender, LVEF > 30% and absence of 
severe left ventricular or left atrial enlargement [58]. A recent 
meta-analysis of six studies including data on patients who 
underwent CRT therapy suggested that improvement of 
LVEF was associated with lower risk for appropriate ICD 
therapies for VT/VF [59]. Approximately half the patients in 
this meta-analysis had NICM.

 Special Populations

 Alcoholic Cardiomyopathy

Heavy and regular alcohol consumption is a known cause 
of nonischemic DCM [60]. In particular, daily and chronic 
consumption of over 90 g of alcohol can lead to a 
DCM. Alcoholic cardiomyopathy may account for up to 
35% of all cases of nonischemic DCM in Western coun-
tries [60]. Acute and chronic alcohol use and abuse has 
been associated with atrial arrhythmias, particularly atrial 
fibrillation. However, there is growing evidence that 
patients with alcoholic DCM are susceptible to ventricular 
arrhythmias. In one study comparing patients with alco-
holic DCM vs. those with idiopathic DCM, only the pres-
ence of LBBB and alcohol mediated DCM were associated 
with malignant ventricular arrhythmias [61].

 Left Ventricular Non-compaction (LVNC)

LVNC is a cardiomyopathy thought to result from lack of 
normal compaction process of myocardial fibers in utero. 
The clinical manifestations from LVNC include CHF, 
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 thromboembolism, VT, VF, and SCD [62]. From a patho-
physiologic standpoint, the myocardium is characterized by 
a spongy morphologic appearance. There are deep intertra-
becular recesses within the hypertrophied myocardium, 
which can serve as a substrate for macro or micro-reentrant 
VT. LVNC may comprise up to 9% of all newly diagnosed 
cardiomyopathies [63].

There are a number of mutations identified in LVNC [43, 
62, 63]. There have been reports of X-linked recessive gene 
inheritance, autosomal dominant, autosomal recessive, and 
mitochondrial inheritance patterns, although sporadic cases 
seem to predominate. Abnormalities have been identified in 
cytoskeletal, sarcomeric and ion channel genes. Despite the 
multiple possible abnormal mutations, genetic testing has 
not been shown to be useful in terms of individual risk pre-
diction or to guide therapy.

Ventricular arrhythmias are prevalent in patients with 
LVNC, expressing in 0 -47% of affected patients in pub-
lished series [63]. SCD may account for over 50% of the 
total mortality. Therefore, there is heightened concern that 
patients with LVNC may be at risk for ventricular arrhyth-
mias and thus require an ICD. There are no uniform guide-
lines for risk factors for VT/VF in patients with 
LVNC. Indications for an ICD are similar to other patients 
with dilated cardiomyopathy. The presence of syncope or 
VT would identify a higher risk cohort [62].

 Amyloid

Cardiac amyloidosis belongs to the category of infiltrative 
cardiomyopathies resulting from deposition of proteinaceous 
material in the heart [64, 65]. The most common types of 
amyloid include AL amyloidosis resulting from abnormal 
light changes produced by plasma cell dyscrasia, familial 
amyloidosis due to mutation in the transthyretin (TTR) gene, 
or wild type TTR that results in senile systemic amyloidosis. 
Amyloid cardiomyopathy associated with a TTR variant is 
generally a late-onset phenomenon—age generally 
>50 years—in contrast to those associated with proteinopa-
thies. Amyloid can cause atrial and ventricular tachyarrhyth-
mias and there exists increased risk for SCD. Traditionally, 
the prognosis for patients with cardiac amyloid has been poor, 
especially once heart failure has occurred. Furthermore, the 
mode of SCD was thought to be due to non VT-VF rhythms 
(atrioventricular block, asystole, and electro- mechanical dis-
sociation). Therefore, there was limited rationale for implant-
able cardioverter defibrillators [65]. However, a recent study 
from the Mayo Clinic showed 32% appropriate ICD therapies 
in the first year of after implant (2000–2009) in patients with 
amyloid, most notably in the patients with AL amyloid and in 
those with prior ventricular tachyarrhythmias [66]. However, 
despite the high rate of appropriate ICD therapies, there was 

no apparent survival benefit associated with ICD implanta-
tion. More recently, the overall treatment of amyloid has 
advanced with specific treatments geared towards the differ-
ent amyloid subtypes [67]. This has resulted in longer 
 survival. Furthermore, in a study from Stanford University, it 
was noted that patients with amyloid have a high prevalence 
of nonsustained VT (74%) as well as sustained VT/VF (19%) 
[68]. Based on their findings they proposed that patients with 
amyloidosis who do not have Class IV CHF and have >1 year 
expected survival should be considered for ICD if they have 
syncope or if they have findings of nonsustained VT on 
ambulatory monitoring [68].

 Sarcoid Cardiomyopathy

Sarcoid cardiomyopathy is a disorder of unknown etiology 
with pathologic findings of non-caseating granulomas in 
the myocardium. This disorder is seen more often in 
women and in African Americans. Although there is typi-
cally other organ involvement, particularly the lungs, iso-
lated cardiac Sarcoid is not rare. The hallmark of cardiac 
Sarcoid is conduction abnormalities, ventricular dysrhyth-
mias and heart failure [69, 70]. LV dysfunction is also a 
prominent feature of this disease. Diagnosis of cardiac 
Sarcoid may be difficult. Cardiac biopsies, although highly 
specific, have a low yield secondary to the patchy distribu-
tion of the granulomas. Imaging with MRI or PET may be 
helpful [69, 70]. Patients with Sarcoid cardiomyopathy 
should receive standard therapy for cardiomyopathy, par-
ticularly for LV dysfunction, if present. Furthermore, 
patients with Sarcoid generally are treated with immuno-
suppressive therapy.

Involvement of the cardiac conduction system can cause 
AV block. In fact, young patients (<60 years of age) with 
unexplained or high degree AV block should be worked up 
for cardiac Sarcoid [69]. Retrospective studies have sug-
gested that Cardiac Sarcoid may be diagnosed in 19–34% of 
such patients [70]. In patients with cardiac sarcoid and AV 
Block, consideration should be given to implant of a com-
bined dual chamber pacing-ICD device rather than a stan-
dard dual chamber pacemaker [69, 71].

Granulomas in either ventricle may make the patient sus-
ceptible to ventricular tachyarrhythmias Ventricular arrhyth-
mias are related to scar formation, and reentry is likely the most 
common mechanism [69–72]. The management of ventricular 
arrhythmias in patients with Cardiac Sarcoid is similar to that 
of patients with structural heart disease [32, 73]. The treatment 
of ventricular arrhythmias in patients with Cardiac Sarcoid 
include antiarrhythmic drugs, ICD and/or catheter ablation [32, 
69, 72, 73]. In addition, for patients in whom myocardial 
inflammation is documented with FDG- PET, immunosuppres-
sion can be useful to manage the ventricular arrhythmias [69]. 
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ICD would be recommended for patients with prior sustained 
ventricular arrhythmias or aborted SCD [69].

Recommendations for risk stratification in patients with 
Cardiac Sarcoid should follow general recommendations for 
patients with NICM [35, 74]. However, in contrast to patients 
with other NICMs, there may be a role for programmed ven-
tricular stimulation to assist in risk stratification [69, 71], 
particularly in patients who are perceived to be at increased 
risk for ventricular arrhythmias who do not meet standard 
criteria. An example would be a patient presenting with syn-
cope who has Cardiac Sarcoid and EF greater than 35%. A 
specific Class IIb recommendation for ICD unique to patients 
with Cardiac Sarcoid would include those patients with EF 
35–49% who have right ventricular dysfunction with 
RVEF < 40% [69].

 Conclusion

Patients with ischemic or nonischemic cardiomyopathy 
are prone to malignant ventricular tachyarrhythmias. 
There are diverse etiologies to cardiomyopathy. However, 
the pathophysiology of VT is similar. For many patients, 
there may be reentry in ventricular myocardium around 
areas of scar that can lead to VT. Furthermore, other 
mechanisms may also play a role such as triggered activ-
ity or enhanced automaticity. There has been advances in 
cardiac imaging with use of MRI scan and use of three 
dimensional electro-anatomical mapping that have 
increased our understanding of the mechanisms of VT as 
well as provide guide for catheter ablation. Genetic test-
ing is currently used to identify and categorize patients 
with nonischemic cardiomyopathy. In the future, genetic 
testing may enable us to provide patients with a more per-
sonalized approach in terms of risk prediction of VT/VF 
and therapeutic options. For now, there is no question that 
Guideline-directed therapy for patients with cardiomy-
opathy can prolong survival and reduce risk of sudden 
cardiac death. Other therapies such as antiarrhythmic 
drugs and implantable defibrillators play a crucial role in 
prevention and treatment of VT/VF.
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Ventricular Arrhythmias in the Absence 
of Structural Heart Disease

Juan Acosta and Josep Brugada

Abstract

Ventricular arrhythmia (VA) in structurally normal hearts can be classified as monomorphic 
or polymorphic. Monomorphic VA is common and generally carries an excellent prognosis. 
However, rare sudden cardiac death events have been reported. Very frequent ventricular 
ectopic beats may also result in a cardiomyopathy in a minority of patients. Suppression of 
VA may be achieved using calcium-channel blockers, beta-adrenergic blockers, and class I 
or III antiarrhythmic drugs. Radiofrequency ablation has emerged as an excellent option to 
eliminate these arrhythmias. Polymorphic ventricular tachycardia (VT) generally occurs in 
patients with genetic ion channel disorders including long QT syndrome, Brugada syn-
drome and catecholaminergic polymorphic VT. These arrhythmic syndromes are associated 
with sudden cardiac death. While the cardiac gross morphology is normal, suggesting a 
structurally normal heart, abnormalities exist at the molecular level and predispose them to 
arrhythmias. Finally, the early repolarization syndrome is associated with ventricular fibril-
lation episodes in the absence of structural heart disease or known channelopathies, and is 
characterised by the presence of J waves and ST-segment elevation in inferolateral leads.

Keywords

Idiopathic ventricular tachycardia • Idiopathic ventricular fibrillation • Outflow tract ven-
tricular arrhythmias • Long QT syndrome • Brugada syndrome

 Introduction

The evaluation and management of ventricular tachyarrhyth-
mias are uniquely challenging due to the unpredictable and 
potentially lethal nature of the events. Malignant arrhyth-
mias usually occur in the presence of significant structural 
heart disease (SHD). In this setting, ventricular arrhythmias 
carry a high risk of sudden cardiac death (SCD).

Less commonly, ventricular tachycardia (VT) and ven-
tricular fibrillation (VF) occur in hearts that appear normal. 
In many such cases, however, the heart is in fact not normal, 
but rather has less visible abnormalities including derange-
ments of cardiac ion channels or structural proteins. In these 
patients, ventricular arrhythmias also carry a high risk of 
SCD. Thus, a significant majority of patients with VT or VF 
have some form of underlying cardiac disease, are at 
increased risk for SCD, and require a thorough cardiac eval-
uation to exclude structural abnormalities and nonstructural 
disorders.

Although the term idiopathic VT/VF is widely used for 
the VT/VF syndromes described in this chapter, use of 
“idiopathic” can be misleading. Historically, both VT and 
VF that occur in the absence of apparent heart disease have 
been referred to as idiopathic. However, with continual 
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improvements in both the understanding of arrhythmia 
mechanisms and diagnostic methods, an increasing percent-
age of patients are now given a diagnosis (e.g., Brugada syn-
drome, arrhythmogenic right ventricular cardiomyopathy, 
and catecholaminergic polymorphic VT). The diagnosis, 
characterization, and management of these VT/VF syn-
dromes in the absence of SHD will be reviewed in this 
chapter.

 Monomorphic VT in the Absence 
of Apparent SHD

 Classification

Terminology and classifications vary, but most investigators 
acknowledge the existence of at least three syndromes of 
idiopathic monomorphic VT:

 – Repetitive monomorphic VT, also called right ventricular 
(RV) outflow tract (OT) VT, is a triggered arrhythmia that 
is characterized by frequent short “salvos” of nonsus-
tained VT. Less commonly, arrhythmias with similar 
characteristics and mechanisms originate from the LVOT, 
and these are considered a variant of RVOT.

 – Paroxysmal sustained VT, which also arises from the RV, 
and is sometimes considered a sustained variant of repeti-
tive monomorphic VT.

 – Idiopathic left ventricular tachycardia, which differs from 
the LVOT variant of RVOT VT in both the mechanism 
(reentry) and site of origin (inferoapex or midseptum).

These three syndromes effectively characterize the major-
ity of patients with idiopathic monomorphic VT and often 
unite clinical presentation, ECG morphology, and anatomic 
location into recognizable syndromes [1, 2].

Idiopathic VT has accounted for approximately 10% of 
all patients referred for evaluation of VT [1]. The mean age 
of patients with idiopathic VT is less than that of patients 
with VT secondary to underlying heart disease. It is impor-
tant to recognize that not all VT that occurs in the apparent 
absence of structural heart disease is idiopathic VT. 
Distinguishing idiopathic VT from other monomorphic VT 
syndromes is important for several reasons:

 – Idiopathic VT is generally considered to have an excellent 
prognosis in terms of freedom from both the development 
of structural heart disease and arrhythmic death [3–9]. 
There are several exceptions to this generalization, how-
ever, and episodes of SCD can occur.

 – Idiopathic VT often responds to antiarrhythmic drugs that 
would be unhelpful or even contraindicated in VT occur-
ring in the setting of coronary heart disease.

 – Most idiopathic VT syndromes are now amenable to cure 
with catheter ablation techniques.

 Diagnostic Evaluation

By definition, patients with idiopathic monomorphic VT 
have no detectable structural heart disease. Thus, the assess-
ment of these patients focuses upon establishing the pres-
ence of a normal heart.

 General Approach
 – The resting ECG is typically normal between arrhythmia 

episodes, although some patients have temporary ECG repo-
larization abnormalities immediately after VT termination.

 – The signal averaged ECG recorded during sinus rhythm is 
usually normal [5, 10].

 – Functional studies of left ventricular (LV) and RV perfor-
mance during sinus rhythm are normal, although segmen-
tal wall motion abnormalities may be seen immediately 
after VT termination. However, LV dysfunction can occur 
as a consequence of idiopathic VT, due to a tachycardia- 
induced cardiomyopathy. Such a myopathy can develop 
without persistent tachycardia if there are very frequent 
PVCs (i.e., >20,000 per day). This is a very important 
condition to recognize, as the LV dysfunction is reversible 
with treatment of the arrhythmia [11].

 – The exercise stress test should be normal. Coronary angi-
ography should also be normal.

 – Cardiovascular magnetic resonance imaging (CMR) may 
reveal mild structural abnormalities of the RV in patients 
with RMVT, primarily involving the free wall (focal thin-
ning, fatty infiltration, and wall motion abnormalities). 
The significance of these changes is unclear, since there is 
a poor correlation between the origin of the RMVT and 
the site of the CMR abnormalities unless they are also 
present in the RVOT.

 – RV biopsy, which is rarely performed, is usually normal, 
although a number of studies have reported abnormalities 
that are nonspecific and of no significant value [12].

 Repetitive Monomorphic VT

Repetitive monomorphic VT (RMVT) is characterized by 
frequent short “salvos” of monomorphic nonsustained VT 
[13]. Although RMVT is considered to occur in “normal” 
hearts, magnetic resonance imaging often reveal mild struc-
tural abnormalities of the RV, primarily involving the free 
wall (focal thinning, fatty infiltration, and wall motion abnor-
malities) [14]. The functional significance of these changes 
is uncertain. In the few cases studied, DNA from myocardial 
biopsies of ventricular muscle has been normal [15].
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 Epidemiology and Clinical Features
RMVT occurs almost exclusively in young to middle-aged 
patients without structural heart disease [1–8]. A surprising 
number of competitive athletes (particularly cyclists) are 
identified in many series of RMVT.

The most common associated symptoms are palpitations 
and lightheadedness during episodes. Most arrhythmias are 
nonsustained, but up to one-half of patients have some sus-
tained episodes, and some patients have only sustained 
VT. Bursts of nonsustained VT are typically provoked by 
emotional stress or exercise, often occurring during the 
“warm-down” period after exercise, a time when circulating 
catecholamines are at peak levels [4–7]. There may also be a 
circadian pattern, with prominent peaks between 7 and 
11 AM and 4 and 8 PM, correlating with periods of increased 
sympathetic activity [16]. In some patients, a critical “win-
dow” of heart rates (upper and lower thresholds) that result 
in occurrence of the arrhythmia can be defined.

The inducibility of RMVT by stress or catecholamine 
infusion is suggestive of an abnormality in cardiac sympa-
thetic function. Consistent with this hypothesis is evidence 
of regional cardiac sympathetic denervation in some patients 
with RMVT and structurally normal hearts.

 Site of Origin
The ouflow tract (OT)  regions have complex three- 
dimensional anatomic relationships, which make the recog-
nition of the ventricular arrhythmia origin particularly 
challenging. Different electrocardiographic algorithms have 
been proposed to predict LVOT vs RVOT origin of OT-VAs 
[17–22]. However, their accuracy has been recently ques-
tioned, especially when the transition in the precordial leads 
occurs in V3 [23] and/or the maximum electrogram (EG) 
precocity is located in the septal RVOT [24].

The most frequent site of origin of idiopathic VT described 
in literature is the RV outflow tract. However, sites of origin 
have been also recognised in the RV inflow tract, the free 
wall of the RVOT, the root of the pulmonary artery, the left 
and right aortic sinus of Valsalva, the left ventricle, the mitral 
annulus, and the papillary muscles.

 Electrocardiographic Features
 (a) RVOT. The majority of RMVT episodes have a character-

istic ECG appearance with left bundle branch block, infe-
rior axis and late precordial transition (>V3) (Fig. 17.1).

 (b) LV outflow tract. Two different patterns may be observed:
 – A right bundle, inferior axis morphology with a 

monophasic R wave in V1 that arose from the left 
fibrous trigone.

 – A pattern similar to typical RMVT from the RVOT 
(left bundle, inferior axis) except that the precordial 
transition was earlier (at V2 for the LVOT as com-
pared to V3 or later for the RVOT).

Although there is some interindividual variability, ven-
tricular premature complexes arising from the left aortic 
sinus tend to be negative in lead I and have a “w” pattern in 
V1, while ventricular premature complexes with a broad R 
wave in V1 is characteristic of a right aortic cusp origin [19].

 Electrophysiologic Features
RMVT can be induced in the EP laboratory, although usu-
ally not with programmed stimulation [4, 5]. In most 
patients, sustained or nonsustained episodes occur in 
response to burst atrial or ventricular pacing, and are greatly 
facilitated by isoproterenol or epinephrine infusion. These 
electrophysiologic observations suggest that triggered activ-
ity due to delayed afterpotentials, rather than reentry, is the 
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Fig. 17.1 Example of right ventricular outflow tract tachycardia
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mechanism of RMVT. The response to “pharmacologic 
probes” further strengthens this hypothesis. RMVT has 
been terminated with adenosine, verapamil and beta block-
ers, all of which  interfere with the cAMP-mediated slow 
inward calcium current. These observations are consistent 
with the hypothesis that RMVT results from triggered activ-
ity induced by cAMP- mediated delayed after depolariza-
tions (DADs) [25]. However, the lack of specificity of these 
probes and the absence of a uniform response supports the 
general consensus that the mechanism of RMVT is incom-
pletely characterized and may vary among individuals. 
Additional support for other mechanisms is based upon the 
observation that the tachycardia may, in some patients, ter-
minate with overdrive pacing, ventricular extrastimulation, 
or autonomic modulation using Valsalva maneuver or 
carotid sinus pressure.

 Prognosis
The prognosis of RMVT is almost uniformly good [26]. 
However, more recent studies in which these other syn-
dromes were unlikely have identified a malignant variant of 
RMVT. Polymorphic VT and VF, which are malignant 
arrhythmias, have been demonstrated in patients with RMVT 
[27–29]. In these patients, VPBs are more closely coupled to 
prior beats than is usual for RMVT [27]. It was postulated 
that relatively early triggered beats occurred in a vulnerable 
period during repolarization, resulting in VF.

 Medical Therapy
Medical therapy serves two roles in RMVT: termination of 
the arrhythmia; and prevention of recurrence. RMVT can 
be terminated with adenosine, verapamil and beta blockers, 
all of which interfere with the cAMP-mediated slow inward 
calcium current. For prevention of recurrence, verapamil 
and beta blockers are often used as first-line agents. In 
those cases refractory to verapamil and beta blockers, the 
combination of a beta blocker with a class I drug may be 
useful.

 Radiofrequency Ablation
There has been increasing use of radiofrequency (RF) 
ablation in patients with symptomatic RMVT. Success 
rates for RF catheter ablation range from 80 to 100% [30–
34]. The success rate depends in part upon the location of 
the focus; the success of catheter ablation for idiopathic 
VTs in atypical positions is generally not as high as for 
RVOT locations [31]. Radiofrequency ablation is gener-
ally associated with a low rate of procedural complica-
tions. However, recent studies have shown that a significant 
proportion of patients may present VT recurrence during 
long-term follow up, although with a lower burden [35]. 
The likelihood of successful ablation may be less when the 
site of origin is not endocardial or not definitively identi-
fied during mapping.

 Idiopathic Left Ventricular Tachycardia (ILVT)

Belhassen was the first to report the characteristic termina-
tion of this VT with intravenous verapamil [36], accounting 
for its two descriptive eponyms: Belhassen VT; and 
verapamil- responsive VT.

 Clinical Features
The typical patient with ILVT presents at age 20–40, but 
often reports symptomatic episodes dating back to adoles-
cence. The clinical characteristics of ILVT appear to be more 
uniform than those of the idiopathic RV tachycardias [9, 36].

 – It has a more variable association with physical activity, 
and is not usually provoked by exercise.

 – It frequently produces symptoms such as palpitations and 
presyncope; syncope is uncommon.

 – Cardiac arrest is rare, but isolated cases have been 
reported.

 – Tachycardia-related cardiomyopathy has been reported, 
but is unusual since episodes are typically infrequent.

 Site of Origin
Endocardial mapping during the VT demonstrates that the 
site of earliest activation is the inferoseptal region of the left 
ventricle in patients with a left frontal axis [9]. Mapping for 
catheter ablation also consistently localizes this VT to the 
inferior aspect of the midseptal region. In comparison, the 
anterosuperior left ventricle is the initial site in those patients 
with VT that has a right frontal axis.

 Electrocardiographic Features
Corresponding to its left ventricular origin, ILVT has a 
right bundle branch block morphology with a left superior 
frontal plane axis and a relatively narrow QRS duration 
(typically 0.12–0.14 s). A small subset of patients with 
ILVT has a right frontal plane. ILVT is often confused 
with supraventricular tachycardia because of its charac-
teristic ECG morphology, and the response to verapamil 
(Fig. 17.2).

 Electrophysiologic Features
ILVT is typically reproduced in the electrophysiology labo-
ratory using programmed stimulation employing extrastim-
uli and, on occasion, with rapid atrial or ventricular pacing. 
In contrast to RMVT, ILVT is not usually provoked by iso-
proterenol infusion.

The His bundle is commonly activated early in a retro-
grade fashion during ILVT, and a distinct Purkinje spike 
typically precedes the onset of the QRS. However, the retro-
grade His bundle deflection can be dissociated from the QRS 
complex by premature stimulation in the ventricle, atrium, or 
His region, implying that the reentrant circuit does not 
require the His bundle. These findings also suggest that the 
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posterior fascicle of the left bundle branch may be a part of, 
or at least in close proximity to the VT circuit. The terms 
fascicular ventricular tachycardia and fascicular tachycardia 
have been used to describe this arrhythmia.

 Treatment of ILVT

Verapamil is usually effective in the treatment of ILVT, both 
for the termination of acute episodes and the prevention of 
recurrence. Catheter ablation has been performed with effi-
cacy rates of 85–100% in patients with resistant or incessant 
ILVT or those intolerant of medications. Selection of ablation 
target sites focuses on pace mapping techniques and/or acti-
vation mapping, with particular attention to the mid- diastolic 
potential and/or presystolic Purkinje activation [37, 38].

 Polimorphic VT and VF in the Absence 
of Apparent SHD

In addition to monomorphic VT, both polymorphic VT and 
VF can occur in the absence of structural heart disease. In 
contrast to the generally good prognosis associated with 
idiopathic monomorphic VT, these syndromes are associated 
with an increased risk of SCD.

 Congenital Long QT Syndrome (LQTS)

The long QT syndrome (LQTS) is a disorder of myocar-
dial repolarization characterized by a prolonged QT inter-

val on the electrocardiogram (ECG) and an increased risk 
of sudden cardiac death [39]. This syndrome is associated 
with an increased risk of a characteristic life-threatening 
polymorphic ventricular tachycardia known as torsades de 
pointes [40].

While mutations in numerous genes have been identified 
in patients with congenital LQTS, two clinical phenotypes 
have been described that differ in the type of inheritance and 
the presence or absence of sensorineural hearing loss: the 
more common autosomal dominant form, the Romano-Ward 
syndrome, has a purely cardiac phenotype. On the other 
hand, the autosomal recessive form, the Jervell and Lange- 
Nielsen syndrome, is associated with LQTS and sensorineu-
ral deafness, and a more malignant clinical course.

 Epidemiology
Although it is difficult to determine accurately, the incidence 
of congenital LQTS has been estimated between 1 in 2500 
and 1 in 7000 in the general population [41].

 Clinical Manifestations
The clinical manifestations of congenital LQTS are highly 
variable. Many patients have no symptoms, while symptoms 
(generally resulting from an arrhythmia) can range from pal-
pitations to sudden cardiac death. Patients without symptoms 
typically come to medical attention because they have an 
affected family member or a prolonged QTc is identified on 
an electrocardiogram obtained for some other reason. 
Patients with arrhythmias may present with palpitations, pre-
syncope, syncope, or sudden cardiac arrest. Many times the 
arrhythmias are transient or self-terminating, resulting in 
palpitations or presyncope. Patients may present with 

Fig. 17.2 Electrocardiographic pattern of fascicular tachycardia
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 syncope or sudden cardiac arrest if the arrhythmia is sus-
tained or results in hemodynamic collapse.

Patients with LQTS frequently present with syncope and/
or an apparent seizure due to an arrhythmia, typically poly-
morphic VT. Syncopal episodes associated with ventricular 
arrhythmias due to LQTS may have tonic-clonic movements 
and may be misdiagnosed as a primary seizure disorder. 
Distinguishing between a primary seizure disorder and sei-
zures secondary to LQTS may be challenging, and the enti-
ties may overlap. In addition, patients with epilepsy and a 
recent seizure (within the preceding 2 years) as well as 
patients who are taking anti-epileptic medications with 
sodium channel blocker properties (e.g., phenytoin, carbam-
azepine, gabapentine, etc) appear to have an increased risk of 
sudden cardiac death. A screening ECG should be performed 
in all patients following a first afebrile seizure or unexplained 
syncope, including episodes consistent with neurocardio-
genic (vasovagal) syncope. Those with borderline or pro-
longed QT intervals should be referred to a cardiologist for 
further evaluation. Emotional stress or physical exertion pre-
ceding syncope or seizure may suggest the possibility of 
LQTS-associated arrhythmia.

The majority of arrhythmias in patients with congenital 
LQTS are ventricular tachyarrhythmias, although bradycar-
dia, atrioventricular block, and atrial arrhythmias are present 
in a minority of patients.

The classic arrhythmia associated with LQTS is a form of 
polymorphic VT called torsades de pointes. Polymorphic VT 
is defined as a ventricular rhythm faster than 100 beats per 
minute with frequent variations of the QRS axis, morphol-
ogy, or both [42]. In the specific case of torsades de pointes, 
these variations take the form of a progressive, sinusoidal, 
cyclic alteration of the QRS axis. The peaks of the QRS 
complexes appear to “twist” around the isoelectric line of the 
recording, hence the name torsades de pointes.

Arrhythmias in patients with LQTS are frequently trig-
gered by external events (e.g., noise, exercise, stress, etc.) 
and are often pause dependent (the beat triggering the 
arrhythmia is preceded by an ectopic beat and a subsequent 
pause). In addition, factors that contribute to the develop-
ment of acquired LQTS, such as medications known to pro-
long the QT interval and electrolyte disturbances, can 
provoke arrhythmias in patients with congenital LQTS which 
is “mild” or previously unknown to the patient.

While over one dozen genotypes have been described, the 
great majority of cases of LQTS are accounted for by three 
genotypes: LQT1 (40–55%), LQT2 (35–45%), and LQT3 
(8–10%). There is an association between the triggers that 
initiate arrhythmic events and the specific genotype of LQTS 
[43]. Arrhythmic events in patients with LQT1 are most 
often related to exercise. Acute arousal events (such as exer-
cise, emotion, or noise) are much more likely triggers in 
LQT1 and LQT2 than LQT3 [35]. Events triggered by audi-

tory stimuli, such as an alarm clock or telephone ringing, are 
most typically seen in LQT2 [44]. Pause-dependent torsades 
de pointes is common among patients with LQT2, but rare in 
patients with LQT1. Patients with LQT2 and LQT3 are at 
highest risk of events when at rest or asleep (68% of events), 
compared with LQT1 in which only 3% of events occurred at 
rest or when asleep.

 Diagnosis
The diagnostic approach to LQTS includes evaluation of the 
specific clinical setting (cardiac event, asymptomatic family 
member, or incidentally discovered QT prolongation) and 
assessment of the ECG features described above.

LQTS score: A weighted scoring system for the diagnosis 
of congenital LQTS, also called the Schwartz score, incorpo-
rates the measured QTc interval and other clinical and his-
torical factors [43]. An algorithm was developed in which 
diagnostic criteria were assigned points (Table 17.1).

The points are added to calculate the LQTS score. The 
probability of having LQTS is rated as low, intermediate, or 
high for scores of ≤1, 1.5 to 3, and ≥3.5, respectively.

Exercise testing. In most children and young adults, the 
QT interval shortens with exercise and increased heart rate. 
In contrast, in individuals with LQT1 or LQT2, the QT inter-
val may fail to shorten or may lengthen with exertion and 
higher heart rates and may be prolonged during the recovery 
phase after exercise.

In some patients, the diagnosis of LQTS may be uncertain 
after application of the diagnostic criteria outlined above. 

Table 17.1 Schwartz score for LQTS diagnosis

Diagnostic criteria Points

ECG findings

Corrected QT intervalo (ms)

    ≥480 3

    460–470 2

    450–460 1

Corrected QT at 4th minute after stress test ≥480 ms 1

Torsade de pointes (in the absence of drugs that prolong 
QT)

2

T-wave alternans 1

Notched T wave in three leads 1

Resting heart rate below second percentile for age 
(restricted to children)

0.5

Clinical findings

Syncope

    With stress 2

    Without stress 1

Family history

Family members with LQTS 1

Unexplained SCD in immediate family members 
<30 years of age

0.5
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Additional testing, including ambulatory monitoring or drug 
testing, may be helpful in such patients.

Drug testing. Evaluation of the QT interval after provoca-
tive testing with drugs may help differentiate patients with 
suspected LQTS from normal patients, and among those 
with LQTS may distinguish one genetic defect from another. 
The most commonly used drugs are beta-adrenergic ago-
nists, such as isoproterenol and epinephrine.

 Treatment
Cuurent guidelines recommend [45]:

 – Lifestyle modification is recommended for all patients 
with either a clinical or genetic diagnosis of LQTS: 
avoidance of drugs that prolong the QT interval or reduce 
the serum concentrations of potassium or magnesium; 
avoidance of competitive sports or strenuous activity.

 – Beta blocker therapy is recommended for patients with 
QT prolongation and suggested for patients with a molec-
ular diagnosis of congenital LQTS but a normal QT 
interval.

 – ICD implantation is recommended for survivors of a car-
diac arrest who have a reasonable expectation of survival 
with a good functional status for at least 1 year.

 – ICD implantation is suggested for patients who experi-
ence sustained VT and/or a syncopal event consistent 
with a tachyarrhythmia while on beta blocker therapy.

 – Beta blocker therapy should be initiated or continued in 
all patients who receive an ICD.

 Brugada Syndrome

The Brugada syndrome is an autosomal dominant genetic 
disorder with variable expression characterized by abnormal 
findings on the surface electrocardiogram in conjunction 
with an increased risk of ventricular tachyarrhythmias and 
sudden cardiac death. Typically, the ECG findings consist of 
a pseudo-right bundle branch block and persistent ST seg-
ment elevation in leads V1–V3 [46].

Two terms, distinguished by the presence or absence of 
symptoms, have been used. Patients with typical ECG fea-
tures who are asymptomatic and have no other clinical crite-
ria are said to have the Brugada pattern. Patients with 
typical ECG features who have experienced sudden cardiac 
death or a sustained ventricular tachyarrhythmia, or who 
have one or more of the other associated clinical criteria, are 
said to have the Brugada syndrome.

 Pathogenesis
Genetics. Genetic analysis has led to the identification of 
causative mutations in the SCN genes SCN5A and SCN10A, 
encoding subunits of a cardiac sodium channel.

Sodium channel genes. The defective myocardial sodium 
channels reduce sodium inflow currents, thereby reducing 
the duration of normal action potentials. In the right ventric-
ular outflow tract epicardium, there is a prominent transient 
outward current, called I(to), which causes marked shorten-
ing of the action potential in the setting of reduced sodium 
inflow [47].

The relationship between sodium channel abnormalities 
and ST segment elevation is not fully understood. The 
 ventricular myocardium is composed of at least three elec-
trophysiologically distinct cell types: epicardial, endocar-
dial, and M cells. The ST segment elevation and T wave 
inversions seen in the right precordial leads in Brugada 
syndrome are thought to be due to an alteration in the 
action potential in the epicardial and possibly the M cells, 
but not the endocardial cells [47]. The resulting dispersion 
of repolarization across the ventricular wall, which on 
noninvasive electrocardiogram mapping is isolated in the 
RV outflow tract, results in a transmural voltage gradient 
that is manifested in the electrocardiogram as ST segment 
elevation [48]. In addition, noninvasive ECG mapping has 
also shown evidence of an arrhythmogenic substrate in the 
RV outflow tract with delayed activation, slow conduction, 
and steep repolarization gradients between the RV outflow 
tract and the rest of the right ventricle [48]. This substrate 
may predispose to local reentry and ventricular 
arrhythmias.

SCN5A. Mutations in SCN5A, have been found in 
18–30% of families with Brugada syndrome [49, 50]. The 
SCN5A mutations seen in Brugada syndrome are “loss of 
function” mutations and result in a variety of abnormalities 
in sodium channel activity including failure of expression, 
alterations in the voltage and time dependence of activation, 
and accelerated or prolonged recovery from inactivation. In 
addition, mutations may explain the ability of sodium chan-
nel blockers to expose the ECG changes in some patients 
with this disorder [49].

SCN10A. Mutations in SCN10A have been reported in 
17% of Brugada syndrome probands, which is comparable to 
the 20 percent of probands found to have SCN5A mutations 
[51]. Coexpression of the mutant SCN10A gene with wild- 
type SCN5A causes a major loss of function of the sodium 
channel, with reduced current and slower recovery from 
inactivation. A longer PR interval, longer QS duration, and 
higher incidence of ventricular tachyarrhythmias and sudden 
death were noted in patients carrying mutations of SCN10A 
compared with gene-negative patients with Brugada 
syndrome.

Ventricular arrhythmias and phase two reentry. 
Ventricular arrhythmias may result from the heterogeneity 
of myocardial refractory periods in the RV. This heteroge-
neity arises from the presence of both normal and abnor-
mal sodium channels in the same tissue, and from the 
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differential impact of the sodium current in the three layers 
of the myocardium. Within the epicardium, the juxtaposi-
tion of myocytes with different refractory periods can pro-
duce the triggers that initiate sustained arrhythmias via a 
unique type of reentry called phase two reentry. In cardiac 
myocytes with defective sodium channels, initial depolar-
ization is blunted (phase zero), and the counterbalancing 
effect of I(to) (phase 1) may be more significant. This phe-
nomenon is more dramatic in the RV outflow tract epicar-
dium where I(to) currents are greater. In combination, this 
results in less initial depolarization and reduced activation 
of the calcium channels that maintain the depolarized state 
during phase two. Thus, phase two of the cardiac action 
potential can be dramatically shortened. The cells with 
impaired sodium channel function may fail to propagate 
the action potential, resulting in localized conduction 
block. However, due to the abbreviation of phase two, 
these same cells have a much shorter refractory period and 
recover excitability before the surrounding cells. The com-
bination of localized conduction block and a shortened 
refractory period provides the substrate for localized reen-
try, which, in this case, is referred to as phase two reentry. 
The closely-coupled ventricular premature beats that result 
from phase two reentry may precipitate sustained ventricu-
lar arrhythmias [52].

Autonomic tone. An imbalance between sympathetic and 
parasympathetic tone may be important in the pathogenesis 
of Brugada syndrome, as suggested by the nocturnal occur-
rence of the associated tachyarrhythmias and the alteration 
of typical ECG changes by pharmacologic modulation of 
autonomic tone [53–55].

Fever. Data from a retrospective review of 111 patients 
with Brugada syndrome suggest that fever is a trigger for 
ECG changes and cardiac arrest [56]. In patients with possi-
ble Brugada syndrome, obtaining an ECG during a febrile 
illness can be useful.

 Clinical Features
Most clinical manifestations of the Brugada syndrome are 
related to life-threatening ventricular arrhythmias. Sudden 
cardiac arrest may be the initial presentation of Brugada syn-
drome in as many as one-third of patients. Patients may also 
present with an episode of syncope with features suggestive 
of a tachyarrhythmic cause of the syncope. Palpitations 
related to ventricular tachyarrhythmia are not common in the 
Brugada syndrome, but patients may present with palpita-
tions related to atrial fibrillation, which is associated with 
Brugada syndrome and may be the first presentation of the 
disease. Nocturnal agonal respiration is also described and is 
part of the diagnostic criteria.

 ECG Patterns
There are two distinct patterns of ST elevation [57]:

• Type 1 ECG (coved type): the elevated ST segment 
(≥2 mm) descends with an upward convexity to an 
inverted T wave (Fig. 17.3).

• Type 2 pattern: the ST segment has a “saddle back” ST-T 
wave configuration, in which the elevated ST segment 
descends toward the baseline, then rises again to an 
upright or biphasic T wave.

Moving the right precordial chest leads superiorly to the 
second or third intercostal space may increase the sensitivity 
of detecting these abnormalities and should be performed 
when there is a doubt about the diagnosis.

 Diagnosis
Diagnostic criteria. Diagnostic criteria have been proposed 
by professional societies from both Europe and North 
America [58]. In practice, most patients are diagnosed using 
the following diagnostic criteria:

• Appearance of type 1 ST segment elevation (coved type) 
in more than one right precordial lead (V1–V3) in the 
presence or absence of a sodium channel blocker, plus at 
least one of the following:

• Documented ventricular fibrillation
• Polymorphic ventricular tachycardia (VT)
• Family history of sudden cardiac death at less than 

45 years of age
• Family history of type 1 Brugada pattern ECG changes
• Inducible VT during electrophysiology study
• Unexplained syncope suggestive of a tachyarrhythmia
• Nocturnal agonal respiration

 Diagnostic Testing and Risk Stratification
Once the diagnosis of Brugada syndrome is suspected based 
on the clinical presentation and electrocardiogram findings, 
additional testing may be considered to further confirm the 
diagnosis of Brugada syndrome and to provide an estimate 
of risk of ventricular arrhythmias and sudden cardiac death 
in the individual patient.

Drug challenge. Among patients with the type 2 Brugada 
ECG pattern, the type 1 Brugada ECG pattern can occasion-
ally be unmasked by sodium channel blockers (flecainide, 
ajmaline or procainamide). The importance of unmasking 
the type 1 Brugada ECG pattern relates to its relevance in 
confirming the diagnosis of Brugada syndrome, particularly 
in patients without symptoms.
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Electrophysiology testing. The value of the inducibility of 
VA by programmed electric stimulation (PES) remains con-
troversial. Several consensus documents have addressed this 
issue and the recommendation of PES for risk stratification 
has dropped from a IIa indication in the Second Brugada 
Syndrome Consensus Conference [49] to a IIb in the 2013 
Expert Consensus Statement [58]. In a recent study with 403 
patients presenting with spontaneous or drug-induced 
Brugada type I ECG, programmed ventricular stimulation 
was a good predictor of outcome in individuals with Brugada 
syndrome. This data suggests that electrophysiology testing 
might be of special value to guide further management when 
performed in asymptomatic individuals [59].

Genetic testing. Genetic testing for Brugada syndrome, 
which typically involves sequencing SCN5A, can be use-
ful in confirming the presence of a mutation in a patient 
with the suspected diagnosis of Brugada syndrome. In 
patients with a clinical diagnosis of Brugada syndrome, 
genetic testing may also allow family screening and risk 
stratification. However, the genetic and clinical heteroge-
neity of Brugada syndrome limit the utility of genetic test-
ing, as the absence of a mutation in SCN5A does not 
exclude Brugada syndrome, and the presence of a muta-
tion in SCN5A does not confirm the diagnosis of Brugada 
syndrome.

Fig. 17.3 Type 1 Brugada 
ECG pattern
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 Treatment
Treatment for patients diagnosed with the Brugada syndrome 
is primarily focused around termination of any ventricular 
arrhythmias with an implantable cardioverter-defibrillator 
(ICD). Current guidelines [58] recommend ICD implantation 
for: patients with Brugada syndrome who have survived SCA 
or who have documented spontaneous sustained ventricular 
tachycardia (class I); patients with spontaneous type I Brugada 
pattern ECG with a history of syncope likely caused by ven-
tricular arrhythmias (class IIa); patients with Brugada syn-
drome who develop ventricular fibrillation during programmed 
stimulation during electrophysiology testing (class IIb).

Initial pharmacologic therapy for arrhythmia prevention has 
been tried in the Brugada syndrome with relatively little suc-
cess, so ICD implantation should be the first line therapy for 
nearly all patients. However, patients with the Brugada syn-
drome who experience recurrent ventricular arrhythmias result-
ing in ICD shocks may require therapy with an antiarrhythmic 
drug in an effort to reduce the frequency of ICD shocks.

Isoproterenol has proved to be useful for treating electrical 
storm in BS. Quinidine has also proved to be useful for treat-
ing electrical storm in BS patients [60]. It prevents induction 
of VF and suppresses spontaneous ventricular arrhythmias, 
being used in patients with BS and multiple ICD discharges. 
It has been suggested that it also could be useful as a bridge to 
ICD, and as an alternative to it in children; however, it has a 

high rate of secondary effects. Finally, patients with only the 
Brugada ECG pattern do not require any specific therapy.

The use of RF ablation of the right ventricular epicardium 
has been initially advocated by Nademannee et al. [61] in 
patients with electrical storms and has now been extended to 
patients with a type I ECG and inducible arrhythmias in a 
very recent series published by Brugada, Pappone et al. [62]. 
Modifying the right ventricular epicardial layer by using RF 
ablation universally normalizes the ECG and prevents 
unmasking it by flecainide and inducibility of arrhythmias in 
patients with clear abnormal ECG’s and inducible arrhyth-
mias before the procedure. Follow-up at 6 months confirms 
persistence of normal ECG and negative drug challenging 
with flecainide. How this technique is going to influence the 
therapy in asymptomatic patients will require larger studies.

 Catecholaminergic Polymorphic Ventricular 
Tachycardia

Catecholaminergic polymorphic VT (CPVT) is a genetic 
disorder that generally presents as familial although some 
sporadic cases have been reported. Basal ECG is normal but 
adrenergic stimulus like exercise or mental stress can trigger 
ventricular arrhythmias, ventricular extrasystoles, bidirec-
tional tachycardia (Fig. 17.4) or polymorphic VT and 

Fig. 17.4 Bidirectional 
ventricular tachycardia in a 
patient with diagnosis of 
CPVT
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VF. Risk factors for sudden death include documented VF, a 
family history of sudden death, and onset of symptoms in 
childhood. More than 200 genetic abnormalities in different 
genes have been linked to the disease. The Ryanodine RYR2 
gene is the most often altered protein. The mutation produces 
an excess in the intracellular calcium resulting in late after 
depolarizations and finally ventricular malignant arrhyth-
mias. Other genes like CASQ2, KCNJ2, CALM1 and TRDN 
have been also linked to the same phenotypic behaviour. 
Beta blockers are often given for primary prevention and 
should be used for secondary prevention, although the 
response is not uniform. Flecainide has been added in cases 
with poor response [63]. The role of left cardiac sympathetic 
denervation in patients refractory to beta blocker therapy has 
not been clearly defined yet. Patients with risk factors for 
sudden death and no response to pharmacological therapy 
often receive an ICD.

 Early Repolarization

Early repolarization (ER) is defined as either a sharp well- 
defined positive deflection or notch immediately following 
a positive QRS complex at the onset of the ST segment, or 
the presence of slurring at the terminal part of the QRS 
complex. Most literature defines ER as being present on the 
electrocardiogram when there is J-point elevation of 
≥0.1 mV in two adjacent leads with either a slurred or 
notched morphology.

The ER pattern describes the patient with appropriate 
ECG findings in the absence of symptomatic arrhythmias. 
The ER syndrome applies to the patient with both appropri-
ate ECG findings and symptomatic arrhythmias.

Persons with either the ER pattern or ER syndrome can 
have identical findings on surface ECG. However, the mere 
presence of ER pattern on ECG should not lead to a classifi-
cation of ER syndrome in the absence of symptoms or docu-
mented VF.

The prevalence of ER ranges from 5 to 13%. The percep-
tion that ER was a benign finding devoid of clinical signifi-
cance has changed, with numerous studies suggesting a 
two- to threefold increased risk of death in those with ER 
versus those without ER. While ER appears to increase one’s 
risk of sudden cardiac death (SCD), the absolute risk of SCD 
remains exceedingly low in otherwise healthy people. 
Therefore the incidental identification of ER should not be 
interpreted as a high-risk marker for arrhythmic death due to 
the relatively low odds of SCD based on ER alone.

The purported mechanisms of ER and idiopathic VF all 
reflect an imbalance in the ion channel currents responsible 
for the terminal portion of depolarization and the early por-
tion of repolarization.

Given its relatively high prevalence in the general popula-
tion in comparison to the incidence of idiopathic VF, the ER 

pattern is almost always an incidental ECG finding. For patients 
with the incidental finding of the ER pattern on their ECG, 
observation without therapy is recommended. For patients with 
ER and ongoing acute VF (VF storm) requiring frequent defi-
brillation, intravenous isoproterenol is recommended.

For patients with ER syndrome with prior resuscitated 
SCD due to VF, an ICD should be implanted. In order to 
prevent recurrent ICD therapies due to VF, quinidine may be 
useful.

References

 1. Brooks R, Burgess J. Idiopathic ventricular tachycardia. A review. 
Medicine (Baltimore). 1988;67:271.

 2. Belhassen B, Viskin S. Idiopathic ventricular tachycardia and fibril-
lation. J Cardiovasc Electrophysiol. 1993;4(3):356–68. PubMed 
PMID: 8269305. Epub 1993/06/01.eng.

 3. Froment R, Gallavardin L, Cahen P. Paroxysmal ventricular tachy-
cardia; a clinical classification. Br Heart J. 1953;15(2):172–8. 
PubMed PMID: 13041996. Pubmed Central PMCID: PMC479483. 
Epub 1953/04/01.eng.

 4. Rahilly GT, Prystowsky EN, Zipes DP, Naccarelli GV, Jackman 
WM, Heger JJ. Clinical and electrophysiologic findings in patients 
with repetitive monomorphic ventricular tachycardia and other-
wise normal electrocardiogram. Am J Cardiol. 1982;50(3):459–68. 
PubMed PMID: 6810685. Epub 1982/09/01.eng.

 5. Buxton AE, Waxman HL, Marchlinski FE, Simson MB, Cassidy 
D, Josephson ME. Right ventricular tachycardia: clinical and elec-
trophysiologic characteristics. Circulation. 1983;68(5):917–27. 
PubMed PMID: 6137291. Epub 1983/11/01.eng.

 6. Deal BJ, Miller SM, Scagliotti D, Prechel D, Gallastegui JL, 
Hariman RJ. Ventricular tachycardia in a young population with-
out overt heart disease. Circulation. 1986;73(6):1111–8. PubMed 
PMID: 3698245. Epub 1986/06/01.eng.

 7. Lemery R, Brugada P, Bella PD, Dugernier T, van den Dool A, 
Wellens HJ. Nonischemic ventricular tachycardia. Clinical course 
and long-term follow-up in patients without clinically overt heart 
disease. Circulation. 1989;79(5):990–9. PubMed PMID: 2713978. 
Epub 1989/05/01.eng.

 8. Mont L, Seixas T, Brugada P, Brugada J, Simonis F, Kriek E, 
et al. The electrocardiographic, clinical, and electrophysiologic 
spectrum of idiopathic monomorphic ventricular tachycardia. Am 
Heart J. 1992;124(3):746–53. PubMed PMID: 1514503. Epub 
1992/09/01.eng.

 9. Ohe T, Shimomura K, Aihara N, Kamakura S, Matsuhisa M, Sato I, 
et al. Idiopathic sustained left ventricular tachycardia: clinical and 
electrophysiologic characteristics. Circulation. 1988;77(3):560–8. 
PubMed PMID: 3342487. Epub 1988/03/01.eng.

 10. Kinoshita O, Kamakura S, Ohe T, Aihara N, Takaki H, Kurita T, 
et al. Frequency analysis of signal-averaged electrocardiogram 
in patients with right ventricular tachycardia. J Am Coll Cardiol. 
1992;20(5):1230–7. PubMed PMID: 1401626. Epub 1992/11/01.
eng.

 11. Penela D, Van Huls Vans Taxis C, Aquinaga L, Fernández-Armenta 
J, Mont L, Castel MA, et al. Neurohormonal, structural, and func-
tional recovery pattern after premature ventricular complex abla-
tion is independent of structural heart disease status in patients 
with depressed left ventricular ejection fraction. J Am Coll Cardiol. 
2013;62(13):1195–202.

 12. Oakes DF, Manolis AS, Estes NA III. Limited clinical utility of 
endomyocardial biopsy in patients presenting with ventricular 
tachycardia without apparent structural heart disease. Clin Cardiol. 
1992;15(1):24–8. PubMed PMID: 1541071. Epub 1992/01/01.eng.

17 Ventricular Arrhythmias in the Absence of Structural Heart Disease



216

 13. Callans DJ, Menz V, Schwartzman D, Gottlieb CD, Marchlinski 
FE. Repetitive monomorphic tachycardia from the left ventricular 
outflow tract: electrocardiographic patterns consistent with a left 
ventricular site of origin. J Am Coll Cardiol. 1997;29(5):1023–7. 
PubMed PMID: 9120154. Epub 1997/04/01.eng.

 14. Carlson MD, White RD, Trohman RG, Adler LP, Biblo LA, 
Merkatz KA, et al. Right ventricular outflow tract ventricular tachy-
cardia: detection of previously unrecognized anatomic abnormali-
ties using cine magnetic resonance imaging. J Am Coll Cardiol. 
1994;24(3):720–7. PubMed PMID: 8077544. Epub 1994/09/01.
eng.

 15. Lerman BB, Stein K, Engelstein ED, Battleman DS, Lippman 
N, Bei D, et al. Mechanism of repetitive monomorphic ventricu-
lar tachycardia. Circulation. 1995;92(3):421–9. PubMed PMID: 
7634458. Epub 1995/08/01.eng.

 16. Hayashi H, Fujiki A, Tani M, Usui M, Mizumaki K, Shimono M, 
et al. Circadian variation of idiopathic ventricular tachycardia origi-
nating from right ventricular outflow tract. Am J Cardiol. 1999;84(1): 
99–101. A8. PubMed PMID: 10404862. Epub 1999/07/15.eng.

 17. Hutchinson MD, Garcia FC. An organized approach to the local-
ization, mapping, and ablation of outflow tract ventricular arrhyth-
mias. J Cardiovasc Electrophysiol. 2013;24(10):1189–97.

 18. Betensky BP, Park RE, Marchlinski FE, Hutchinson MD, Garcia FC, 
Dixit S, et al. The V(2) transition ratio: a new electrocardiographic 
criterion for distinguishing left from right ventricular outflow tract 
tachycardia origin. J Am Coll Cardiol. 2011;57(22):2255–62. 
PubMed PMID: 21616286. Epub 2011/05/28.eng.

 19. Ouyang F, Fotuhi P, Ho SY, Hebe J, Volkmer M, Goya M, et al. 
Repetitive monomorphic ventricular tachycardia originating from 
the aortic sinus cusp: electrocardiographic characterization for 
guiding catheter ablation. J Am Coll Cardiol. 2002;39(3):500–8. 
PubMed PMID: 11823089. Epub 2002/02/02.eng.

 20. Yang Y, Saenz LC, Varosy PD, Badhwar N, Tan JH, Kilicaslan 
F, et al. Using the initial vector from surface electrocardiogram 
to distinguish the site of outflow tract tachycardia. Pacing Clin 
Electrophysiol. 2007;30(7):891–8. PubMed PMID: 17584271.

 21. Bala R, Garcia FC, Hutchinson MD, Gerstenfeld EP, Dhruvakumar 
S, Dixit S, et al. Electrocardiographic and electrophysiologic fea-
tures of ventricular arrhythmias originating from the right/left coro-
nary cusp commissure. Heart Rhythm. 2010;7(3):312–22. PubMed 
PMID: 20097621. Epub 2010/01/26.eng.

 22. Yamada T, Yoshida N, Murakami Y, Okada T, Muto M, Murohara 
T, et al. Electrocardiographic characteristics of ventricular arrhyth-
mias originating from the junction of the left and right coronary 
sinuses of Valsalva in the aorta: the activation pattern as a ratio-
nale for the electrocardiographic characteristics. Heart Rhythm. 
2008;5(2):184–92. PubMed PMID: 18242537. Epub 2008/02/05.
eng.

 23. Yoshida N, Yamada T, McElderry HT, Inden Y, Shimano M, 
Murohara T, et al. A novel electrocardiographic criterion for dif-
ferentiating a left from right ventricular outflow tract tachycar-
dia origin: the V2S/V3R index. J Cardiovasc Electrophysiol. 
2014;25(7):747–53.

 24. Herczku C, Berruezo A, Andreu D, Fernandez-Armenta J, Mont L, 
Borras R, et al. Mapping data predictors of a left ventricular outflow 
tract origin of idiopathic ventricular tachycardia with V3 transition 
and septal earliest activation. Circulation. 2012;5(3):484–91.

 25. Farzaneh-Far A, Lerman BB. Idiopathic ventricular outflow tract 
tachycardia. Heart. 2005;91(2):136–8. PubMed PMID: 15657214. 
Pubmed Central PMCID: PMC1768719. Epub 2005/01/20.eng.

 26. Ritchie AH, Kerr CR, Qi A, Yeung-Lai-Wah JA. Nonsustained ven-
tricular tachycardia arising from the right ventricular outflow tract. 
Am J Cardiol. 1989;64(10):594–8. PubMed PMID: 2571287. Epub 
1989/09/15.eng.

 27. Viskin S, Rosso R, Rogowski O, Belhassen B. The “short-coupled” 
variant of right ventricular outflow ventricular tachycardia: a not- 

so- benign form of benign ventricular tachycardia? J Cardiovasc 
Electrophysiol. 2005;16(8):912–6. PubMed PMID: 16101636. 
Epub 2005/08/17.eng.

 28. Noda T, Shimizu W, Taguchi A, Aiba T, Satomi K, Suyama K, et al. 
Malignant entity of idiopathic ventricular fibrillation and polymor-
phic ventricular tachycardia initiated by premature extrasystoles 
originating from the right ventricular outflow tract. J Am Coll 
Cardiol. 2005;46(7):1288–94. PubMed PMID: 16198845. Epub 
2005/10/04.eng.

 29. Sadek MM, Benhayon D, Sureddi R, Chik W, Santangeli P, Supple 
GE, et al. Idiopathic ventricular arrhythmias originating from the 
moderator band: electrocardiographic characteristics and treatment 
by catheter ablation. Heart Rhythm. 2015;12(1):67–75. PubMed 
PMID: 25240695. Epub 2014/09/23.eng.

 30. Klein LS, Shih HT, Hackett FK, Zipes DP, Miles 
WM. Radiofrequency catheter ablation of ventricular  tachycardia 
in patients without structural heart disease. Circulation. 
1992;85(5):1666–74. PubMed PMID: 1572025. Epub 1992/05/01.
eng.

 31. Calkins H, Kalbfleisch SJ, el-Atassi R, Langberg JJ, Morady 
F. Relation between efficacy of radiofrequency catheter abla-
tion and site of origin of idiopathic ventricular tachycardia. Am 
J Cardiol. 1993;71(10):827–33. PubMed PMID: 8456762. Epub 
1993/04/01.eng.

 32. Wilber DJ, Baerman J, Olshansky B, Kall J, Kopp D. Adenosine- 
sensitive ventricular tachycardia. Clinical characteristics and 
response to catheter ablation. Circulation. 1993;87(1):126–34. 
PubMed PMID: 8418999. Epub 1993/01/01.eng.

 33. Timmermans C, Rodriguez LM, Crijns HJ, Moorman AF, Wellens 
HJ. Idiopathic left bundle-branch block-shaped ventricular tachy-
cardia may originate above the pulmonary valve. Circulation. 
2003;108(16):1960–7. PubMed PMID: 14530199. Epub 
2003/10/08.eng.

 34. Rodriguez LM, Smeets JL, Timmermans C, Wellens HJ. Predictors 
for successful ablation of right- and left-sided idiopathic ventricu-
lar tachycardia. Am J Cardiol. 1997;79(3):309–14. PubMed PMID: 
9036750. Epub 1997/02/01.eng.

 35. Baser K, Bas HD, LaBounty T, Yokokawa M, Good E, Latchamsetty 
R, et al. Recurrence of PVCs in patients with PVC-induced cardio-
myopathy. Heart Rhythm. 2015;12(7):1519–23.

 36. Belhassen B, Rotmensch HH, Laniado S. Response of recur-
rent sustained ventricular tachycardia to verapamil. Br Heart 
J. 1981;46(6):679–82. PubMed PMID: 7317238. Pubmed Central 
PMCID: PMC482717. Epub 1981/12/01.eng.

 37. Nogami A, Naito S, Tada H, Taniguchi K, Okamoto Y, Nishimura 
S, et al. Demonstration of diastolic and presystolic Purkinje poten-
tials as critical potentials in a macroreentry circuit of verapamil- 
sensitive idiopathic left ventricular tachycardia. J Am Coll Cardiol. 
2000;36(3):811–23. PubMed PMID: 10987604. Epub 2000/09/15.
eng.

 38. Nakagawa H, Beckman KJ, McClelland JH, Wang X, Arruda M, 
Santoro I, et al. Radiofrequency catheter ablation of idiopathic left 
ventricular tachycardia guided by a Purkinje potential. Circulation. 
1993;88(6):2607–17. PubMed PMID: 8252671. Epub 1993/12/01.
eng.

 39. Jackman WM, Friday KJ, Anderson JL, Aliot EM, Clark M, 
Lazzara R. The long QT syndromes: a critical review, new clini-
cal observations and a unifying hypothesis. Prog Cardiovasc Dis. 
1988;31(2):115–72. PubMed PMID: 3047813. Epub 1988/09/01.
eng.

 40. El-Sherif N, Turitto G. Torsade de pointes. Curr Opin Cardiol. 
2003;18(1):6–13. PubMed PMID: 12496496. Epub 2002/12/24.eng.

 41. Earle N, Crawford J, Smith W, Hayes I, Shelling A, Hood M, et al. 
Community detection of long QT syndrome with a clinical reg-
istry: an alternative to ECG screening programs? Heart Rhythm. 
2013;10(2):233–8. PubMed Epub 2012/11/06.eng.

J. Acosta and J. Brugada



217

 42. Khan IA. Clinical and therapeutic aspects of congenital and 
acquired long QT syndrome. Am J Med. 2002;112(1):58–66. 
PubMed PMID: 11812408. Epub 2002/01/29.eng.

 43. Schwartz PJ, Priori SG, Spazzolini C, Moss AJ, Vincent GM, 
Napolitano C, et al. Genotype-phenotype correlation in the long-
 QT syndrome: gene-specific triggers for life-threatening arrhyth-
mias. Circulation. 2001;103(1):89–95. PubMed PMID: 11136691. 
Epub 2001/01/04.eng.

 44. Moss AJ, Robinson JL, Gessman L, Gillespie R, Zareba W, Schwartz 
PJ, et al. Comparison of clinical and genetic variables of cardiac 
events associated with loud noise versus swimming among sub-
jects with the long QT syndrome. Am J Cardiol. 1999;84(8):876–9. 
PubMed PMID: 10532503. Epub 1999/10/26.eng.

 45. Epstein AE, JP DM, Ellenbogen KA, NAM E III, Freedman RA, 
Gettes LS, et al. ACC/AHA/HRS 2008 Guidelines for device-based 
therapy of cardiac rhythm abnormalities: a report of the American 
College of Cardiology/American Heart Association Task Force on 
practice guidelines (Writing committee to revise the ACC/AHA/
NASPE 2002 guideline update for implantation of cardiac pace-
makers and antiarrhythmia devices) developed in collaboration 
with the American Association for Thoracic Surgery and Society of 
Thoracic Surgeons. J Am Coll Cardiol. 2008;51(21):e1–62.

 46. Brugada R, Brugada P, Brugada J. Electrocardiogram interpretation 
and class I blocker challenge in Brugada syndrome. J Electrocardiol. 
2006;39(4 Suppl):S115–8. PubMed PMID: 16934827. Epub 
2006/08/29.eng.

 47. Yan GX, Antzelevitch C. Cellular basis for the Brugada syn-
drome and other mechanisms of arrhythmogenesis associated with 
ST-segment elevation. Circulation. 1999;100(15):1660–6. PubMed 
PMID: 10517739. Epub 1999/10/12.eng.

 48. Zhang J, Sacher F, Hoffmayer K, O’Hara T, Strom M, Cuculich 
P, et al. Cardiac electrophysiological substrate underlying the 
ECG phenotype and electrogram abnormalities in Brugada syn-
drome patients. Circulation. 2015;131(22):1950–9. PubMed 
PMID: 25810336. Pubmed Central PMCID: PMC4452400. Epub 
2015/03/27.eng.

 49. Antzelevitch C, Brugada P, Borggrefe M, Brugada J, Brugada 
R, Corrado D, et al. Brugada syndrome: report of the sec-
ond consensus conference: endorsed by the Heart Rhythm 
Society and the European Heart Rhythm Association. 
Circulation. 2005;111(5):659–70. PubMed PMID: 15655131. 
Epub 2005/01/19.eng.

 50. Priori SG, Napolitano C, Gasparini M, Pappone C, Della Bella P, 
Brignole M, et al. Clinical and genetic heterogeneity of right bundle 
branch block and ST-segment elevation syndrome: a prospective 
evaluation of 52 families. Circulation. 2000;102(20):2509–15. 
PubMed PMID: 11076825. Epub 2000/11/15.eng.

 51. Hu D, Barajas-Martinez H, Pfeiffer R, Dezi F, Pfeiffer J, Buch T, 
et al. Mutations in SCN10A are responsible for a large fraction 
of cases of Brugada syndrome. J Am Coll Cardiol. 2014;64(1): 
66–79. PubMed PMID: 24998131. Pubmed Central PMCID: 
PMC4116276. Epub 2014/07/07.eng.

 52. Aiba T, Shimizu W, Hidaka I, Uemura K, Noda T, Zheng C, et al. 
Cellular basis for trigger and maintenance of ventricular fibrillation 
in the Brugada syndrome model: high-resolution optical mapping 
study. J Am Coll Cardiol. 2006;47(10):2074–85. PubMed PMID: 
16697328. Epub 2006/05/16.eng.

 53. Mizumaki K, Fujiki A, Tsuneda T, Sakabe M, Nishida K, Sugao 
M, et al. Vagal activity modulates spontaneous augmentation of 
ST elevation in the daily life of patients with Brugada syndrome. 
J Cardiovasc Electrophysiol. 2004;15(6):667–73. PubMed PMID: 
15175062. Epub 2004/06/04.eng.

 54. Miyazaki T, Mitamura H, Miyoshi S, Soejima K, Aizawa Y, Ogawa 
S. Autonomic and antiarrhythmic drug modulation of ST segment 
elevation in patients with Brugada syndrome. J Am Coll Cardiol. 
1996;27(5):1061–70. PubMed PMID: 8609322. Epub 1996/04/01.
eng.

 55. Matsuo K, Kurita T, Inagaki M, Kakishita M, Aihara N, Shimizu 
W, et al. The circadian pattern of the development of ven-
tricular fibrillation in patients with Brugada syndrome. Eur 
Heart J. 1999;20(6):465–70. PubMed PMID: 10213350. Epub 
1999/04/23.eng.

 56. Amin AS, Meregalli PG, Bardai A, Wilde AA, Tan HL. Fever 
increases the risk for cardiac arrest in the Brugada syndrome. Ann 
Intern Med. 2008;149(3):216–8. PubMed PMID: 18678856. Epub 
2008/08/06.eng.

 57. Bayes de Luna A, Brugada J, Baranchuk A, Borggrefe M, Breithardt 
G, Goldwasser D, et al. Current electrocardiographic criteria for 
diagnosis of Brugada pattern: a consensus report. J Electrocardiol. 
2012;45(5):433–42. PubMed PMID: 22920782. Epub  2012/08/28.
eng.

 58. Priori SG, Wilde AA, Horie M, Cho Y, Behr ER, Berul C, et al. 
HRS/EHRA/APHRS expert consensus statement on the diagnosis 
and management of patients with inherited primary arrhythmia syn-
dromes: document endorsed by HRS, EHRA, and APHRS in May 
2013 and by ACCF, AHA, PACES, and AEPC in June 2013. Heart 
Rhythm. 2013;10(12):1932–63. PubMed PMID: 24011539. Epub 
2013/09/10.eng.

 59. Sieira J, Conte G, Ciconte G, de Asmundis C, Chierchia G-B, 
Baltogiannis G, et al. Prognostic value of programmed electrical 
stimulation in Brugada syndrome: 20 years experience. Circulation. 
2015;8(4):777–84. PubMed PMID: 25904495.

 60. Maury P, Hocini M, Haissaguerre M. Electrical storms in Brugada 
syndrome: review of pharmacologic and ablative therapeutic 
options. Indian Pacing Electrophysiol J. 2005;5(1):25–34. PubMed 
PMID: 16943940. Pubmed Central PMCID: PMC1502067. Epub 
2006/09/01.eng.

 61. Nademanee K, Veerakul G, Chandanamattha P, Chaothawee L, 
Ariyachaipanich A, Jirasirirojanakorn K, et al. Prevention of ven-
tricular fibrillation episodes in Brugada syndrome by catheter abla-
tion over the anterior right ventricular outflow tract epicardium. 
Circulation. 2011;123(12):1270–9. PubMed PMID: 21403098. 
Epub 2011/03/16.eng.

 62. Brugada J, Pappone C, Berruezo A, Vicedomini G, Manguso 
F, Ciconte G, et al. Brugada syndrome phenotype elimination 
by epicardial substrate ablation. Circ Arrhythm Electrophysiol. 
2015;8(6):1373–81. PubMed PMID: 26291334. Epub 2015/08/21.
eng.

 63. van der Werf C, Kannankeril PJ, Sacher F, Krahn AD, Viskin 
S, Leenhardt A, et al. Flecainide therapy reduces exercise- 
induced ventricular arrhythmias in patients with catecholamin-
ergic polymorphic ventricular tachycardia. J Am Coll Cardiol. 
2011;57(22):2244–54. PubMed PMID: 21616285. Pubmed Central 
PMCID: PMC3495585. Epub 2011/05/28.eng.

17 Ventricular Arrhythmias in the Absence of Structural Heart Disease



219© Springer International Publishing AG 2017
P. Kowey et al. (eds.), Cardiac Arrhythmias, Pacing and Sudden Death, Cardiovascular Medicine, 
DOI 10.1007/978-3-319-58000-5_18

Bradyarrhythmias/Heart Blocks

L. Brent Mitchell

Abstract

A cardiac bradyarrhythmia may be the result of disordered impulse formation, disordered 
impulse conduction, or both. Human anatomy and physiology of the cardiac electrophysi-
ological system are reviewed to provide a framework for an understanding of the patterns 
of sinus node, AV node, and His-Purkinje system dysfunction that result in clinical bradyar-
rhythmias. The important pathologic processes leading to these clinical bradyarrhythmias 
are discussed. The symptoms of the bradyarrhythmias are considered along with the details 
of treatment approaches with an emphasis on the indications for and appropriate selection 
of the platforms of implanted permanent cardiac pacemakers.
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 Introduction

Like other cardiac arrhythmias, bradyarrhythmias can be due 
to disorders of impulse formation, disorders of impulse con-
duction, or both. Many cell types in the heart are capable of 
generating electrical impulses by virtue of spontaneous 
phase 4 depolarization that reaches the threshold potential 
for creating an action potential (normal automaticity) [1]. 
Normal automaticity is most commonly expressed by the 
sinus node, by the AV node and surrounding regions (the 
junction), by AV ring atrial tissue, and by His-Purkinje cells 
with a hierarchy of rates in that order. Because the rate of 
normal automaticity in cells in the sinus node is the fastest, 
the sinus node is generally the heart’s dominant pacemaker. 
Nevertheless, under influences that slow the rate of normal 

automaticity in the sinus node, another region, that normally 
has a slower rate of normal automaticity, becomes the domi-
nant pacemaker—usually first the junction region (junctional 
rhythm), then the low atrial region (nonsinus atrial rhythm), 
and then the His-Purkinje system (idioventricular rhythm).

The sinus node is located on the anterolateral aspect of the 
junction of the right atrium and the superior vena cava 
(Fig. 18.1). It is a larger structure than is usually envisioned 
and may extend more than halfway down the crista termina-
lis on the lateral aspect of the right atrium [1]. The sinus node 
receives its blood supply from the sinus node artery, which it 
surrounds. The sinus node artery originates from the right 
coronary artery in 65% of individuals, from the circumflex 
coronary artery in 25% of individuals, and from both in 10% 
of individuals. During sinus rhythm, the site of the nodal cell 
with the fastest rate of normal automaticity may change from 
one moment to the next generating depolarizing wavefronts 
that may activate the right atrium from slight different direc-
tions manifest as sinus rhythms with slightly different 
P-wave morphologies (more so in the inferosuperior domain 
than in the anteroposterior or left-right domains).
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The depolarizing wave front exits the sinus node through 
tissue whose electrophysiological function, like that of the 
AV node, is dominated by calcium channel activation rather 
than by sodium channel activation [1]. Accordingly, the 
sinus nodal exit zones share characteristics with the AV node 
that include slow and decremental conduction and a 
 propensity to repeating cycles of gradually slowing conduc-
tion followed by conduction block (Wenckebach block).

There are preferential conduction pathways in the atria – 
the anterior, middle, and posterior internodal tracts that con-
duct the depolarizing wavefront from the sinus node to the 
AV node and Bachmann’s bundle that conducts the depolar-
izing wavefront over the roof of the right and left atria thereby 
enhancing interatrial synchrony [2]. Whether these tracts are 
structural or functional is still debated [1, 2]. Nevertheless, in 
almost all clinical circumstances atrial depolarization is more 
conveniently considered to result from radial spread of the 
depolarization wavefront from the upper lateral right atrium 
down and to the left until all atrial tissue has been activated. 
The one circumstance when consideration of the existence of 
the atrial preferential conduction pathways is important is the 
special case of sinoventricular rhythm [3]. The cells of atrial 
preferential conduction pathways are more resistant to the 
conduction blocking effects of hyperkalemia than are work-
ing atrial myocytes. Thus, in a narrow range of potassium 
concentrations during hyperkalemia, it is possible that the 
atrial preferential conduction pathways will be functional 
when the working atrial myocytes are no longer able to con-
duct electrical impulses. The result is sinus rhythm directing 
the AV node and subsequent structures through the atrial pref-
erential conduction pathways without atrial activation and 
without P-waves on the surface ECG. This rhythm is charac-
terized by a supraventricular rhythm without identifiable 
P-waves in the rate range of normal sinus rhythm (faster than 
junctional rhythm) that demonstrates the large rate variations 

in response to autonomic influences that are characteristic of 
sinus rhythm (but not of junctional rhythm) [3].

The atrial depolarizing wavefront is then presented to the 
AV node, a low septal right atrial structure that is posterior to 
and below the bundle of His at the apex of the triangle of 
Koch (Fig. 18.1). The conduction properties of the AV node 
described above make this portion of the AV conduction sys-
tem the dominant site of the physiologic atrioventricular 
delay [1]. The depolarizing wavefront then traverses the His 
bundle to reach the right and left bundle branches on the 
summit of the muscular interventricular septum. The subse-
quent near simultaneous delivery of the depolarizing wave-
front to both ventricles via this His-Purkinje system results 
in a narrow QRS complex (<120 ms) that is possible only 
with a rhythm that originates above the bifurcation of the His 
bundle and uses the rapidly conducting His-Purkinje system 
to activate both ventricles simultaneously. The left bundle 
functions as a broad “waterfall” of conduction fibers leaving 
the septal summit over its left side that provides the first evi-
dence of ventricular myocyte activation in the mid left por-
tion of the interventricular septum as a depolarizing 
wavefront travelling toward the right side of the septum. 
Because it is broad, the function of the left bundle may be 
compromised in either of its anterior portion (left anterior 
fascicular block) or it posterior portion (left posterior fas-
cicular block) or both (left bundle branch block). The right 
bundle functions more like a small insulated cable and does 
not provide evidence of ventricular myocyte activation until 
further down its length at the anteroapical portion of the right 
ventricle near the base of the anterior papillary muscle 
approximately 5–10 ms after activation of the left side of the 
interventricular septum [4]. Because of its small initial dia-
meter, the function of right bundle, when compromised, is 
usually altered as a unit (right bundle branch block), in con-
trast to the left bundle where isolated block of the left ante-
rior fascicle or of the left posterior fascicle can be observed.

 The Sinus Node-Related Bradycardias

 Patterns of Sinus Node Dysfunction

The normal sinus rhythm rate is 60 to 100 beats per minute 
in an awake and resting adult (the usual circumstances of a 
clinical examination or electrocardiogram). Of course, 
higher rates are expected under conditions of augmentation 
of sympathetic autonomic tone /withdrawal of vagal auto-
nomic tone associated with exercise or emotional stress. 
Similarly, lower rates are expected under conditions of with-
drawal of sympathetic tone/augmentation of vagal tone asso-
ciated with sleep or in conditioned athletes.
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Fig. 18.1 Anatomic representation of the electrical system of the heart
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Accordingly, simple sinus bradycardia is defined as a 
sinus rhythm with a rate less than 60 beats per minute in 
a resting, awake, non-athletic, adult individual (Fig. 18.2). 
Other patterns of sinus node dysfunction include chrono-
tropic incompetence, sinus arrest, and sinus node exit block.

 Chronotropic Incompetence
With respect to sinus node function, chronotropic incompe-
tence refers to exercise intolerance secondary to the inability 
of the sinus heart rate to increase adequately with activity. 
Chronotropic incompetence has no widely accepted defini-
tion. Some commonly used definitions include a maximum 
heart rate less than 75, 85, or 95% of the predicted maximum 
heart rate using the formula for predicted maximal heart rate 
of 220 minus age, an absolute maximum heart rate of less 
than 100 or 120 beats per minute, or a subnormal heart rate 

response to submaximal exercise normalized to metabolic 
equivalents (METS) workload [5, 6].

 Sinus Arrest
Sinus arrest is the consequence of failure of sinus node auto-
maticity such that an expected sinus nodal depolarizing 
wavefront does not occur. The subsequent pause in depolar-
ization may be terminated by resumption of sinus nodal 
automaticity (after a pause that is statistically unlikely to be 
a multiple of the underlying sinus nodal rate) (Fig. 18.3) or 
an expression of normal automaticity from a subsidiary 
pacemaker (often junctional).

 Sinus Node Exit Block
Sinoatrial (SA) exit block describes normal automaticity of 
the sinus node but failure of some or all of the resultant sinus 

Fig. 18.2 Marked sinus bradycardia. Simultaneously recorded leads 
V1, II, and V5. The vertical arrows denote sinus P-waves. When due to 
augmentation of vagal tone/withdrawal of sympathetic tone, the sinus 
bradycardia is often associated, as it is here, with sinus arrhythmia 

(gradual acceleration of heart rate with inspiration and corresponding 
gradual deceleration of heart rate with expiration) and with first-degree 
AV block

Fig. 18.3 Sinus arrest. Simultaneously recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. The PP interval spanning the 
pause (B) is not a multiple of the sum of the two previous PP intervals (A)
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nodal depolarizations to exit the sinus node. SA exit block 
may be first-degree SA block (expressed as a prolonged 
sinoatrial conduction time which has no ECG marker and is 
of no clinical consequence), Mobitz type I second-degree SA 
block (expressed as gradual shortening of PP intervals dur-
ing groups of PP cycles followed by a pause that is less than 
twice any PP interval immediately preceding block), Mobitz 
type II second-degree SA block (expressed as stable PP 
intervals during groups of PP cycles followed by a pause that 
is twice the PP intervals preceding block) (Fig. 18.4), high- 
grade second-degree SA block (in the case of 2:1 high-grade 
SA block expressed as a persistent halving of the PP inter-
vals preceding block), or third-degree SA block (expressed 
as the absence of evident sinus nodal activity).

 Causes of Sinus Node Dysfunction

Sinus bradycardia is not synonymous with sinus node dis-
ease in that many influences extrinsic to the sinus node may 
produce sinus bradycardia. The most common of these influ-
ences are augmentation of vagal tone, withdrawal of sympa-
thetic tone, hypothyroidism, and pharmaceutical agents that 
decrease the rate of normal automaticity of the sinus node 
including Vaughan William’s Class Ia antiarrhythmic drugs 
(disopyramide, procainamide, quinidine, tricyclic antidepres-
sants), Class Ic antiarrhythmic drugs (flecainide, propafe-
none), Class II antiarrhythmic drugs (beta- andrenergic 
blockers), Class III antiarrhythmic drugs (amiodarone, dofet-
ilide, dronedarone, sotalol), Class IV antiarrhythmic drugs 
(non-dihydropyridine calcium antagonists such as diltiazem 
and verapamil), and funny current blockers (ivabradine). 
Other such external influences are listed in Table 18.1.

In the absence of the external influences described above, 
sinus bradycardia, particularly when symptomatic, is ascribed 
to sinus node dysfunction. Essentially any structural heart dis-
ease may produce sinus node dysfunction. Nevertheless, the 

Fig. 18.4 Sinus exit block. Simultaneously recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. The PP interval spanning the 
pause (B) is a multiple of the sum of the two previous PP intervals (A), in this case the same interval

Table 18.1 Causes of sinus bradycardia

Extrinsic

Normal augmentation of vagal tone/withdrawal of sympathetic 
tone

1. Sleep

2. Conditioned athletes

3. Situational (coughing, defecation, micturition, vomiting)

Abnormal augmentation of vagal tone / withdrawal of sympathetic 
tone

1. Neurocardiogenic (vasovagal) reflex activation

2. Carotid sinus hypersensitivity

3. Raised intracranial pressure

4. Obstructive sleep apnea

Metabolic abnormalities

1. Hypothyroidism

2. Hypothermia

3. Hypokalemia/hyperkalemia

4. Hypoxia

Drugs/toxins

1. Class I and Class III antiarrhythmic drugs

2. Beta-adrenoreceptor blockers

3. Non-dihydropyridine calcium antagonists

4. Digoxin

5. Lithium

Intrinsic

1. Idiopathic sick sinus syndrome (usually with advancing age with 
or without a familial pattern)

2. Brady-tachy variant of the sick sinus syndrome

3. Sinus node ischemia

4. Myocarditis

5. Infiltrative disorders (amyloid, hemochromatosis, sarcoidosis)

6. Collagen-vascular diseases (RA, scleroderma, SLE)

7. Surgical trauma

8.  Sinus node remodeling in association with other structural heart 
diseases

9. Myotonic dystrophy

Abbreviations: RA rheumatoid arthritis, SLE systemic lupus 
erythematosis
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most common cause is age-related degenerative disease that 
likely results from either or both of fibrosis or ion channel 
dysregulation. When sinus node dysfunction is accompanied 
by symptoms, a diagnosis of sick sinus syndrome is made.

 Sinus Node Disease (Sick Sinus Syndrome)
Symptomatic sinus node disease (sick sinus syndrome) 
occurs with an annual incidence of approximately 1:1000 per-
sons [7]. Risk factors for its development include older age, 
obesity, congestive heart failure, renal disease, and hyperten-
sion [7]. Sinus node dysfunction is usually asymptomatic in 
its early phases but can lead to pronounced bradycardia in 
response to other external factors (Table 18.1). Subsequently, 
symptomatic sinus bradycardia and/or symptomatic sinus 
nodal chronotropic incompetence ensues. More advanced 
forms of sinus nodal dysfunction are typically symptomatic.

Many patients with sinus nodal disease also have evi-
dence of other conduction system disease (either AV nodal 
dysfunction or His-Purkinje system dysfunction) suggesting 
that their sinus node disease has an etiology that may also 
affect other portions of the conduction system (e.g. calcific 
degenerative disease). Finally, some patients with sinus node 
disease also have atrial tachyarrhythmias such as atrial fibril-
lation, atrial flutter, or atrial tachycardia. The co-existence of 
sinus node disease and atrial tachyarrhythmias is termed the 
brady-tachy variant of the sick sinus syndrome or, simply, 
the brady-tachy syndrome [8].

 The AV Conduction System-Related 
Bradycardias

 Patterns of AV Block

In first-degree AV block all atrial depolarizing events 
(P-waves) create ventricular depolarizing events (QRS com-
plexes) but the time required to traverse the AV conduction 

system (estimated by the PR interval) is longer than normal. 
In third-degree AV block no atrial depolarizing events 
(P-waves) create ventricular depolarizing events (QRS com-
plexes). In second-degree AV block some atrial depolarizing 
events (P-waves) create ventricular depolarizing events 
(QRS complexes) but some do not.

 First-Degree AV Block
First-degree AV “block” (better termed delay) is defined by a 
PR interval greater than 0.2 s (Fig. 18.5). Although the PR 
interval measures the time for conduction from the initial 
depolarization of atrial tissue to the initial depolarization of 
ventricular tissue, first-degree AV block is nearly always the 
result of delay in conduction though the AV node even when 
it occurs in association with other evidence of atrial or His- 
Purkinje system disease. Of course, delayed AV conduction 
does not slow the heart rate; nevertheless, first-degree AV 
block often co-exists with sinus bradycardia and with other 
AV conduction system dysfunction because of the substan-
tial overlap in the causes of these phenomena.

 Second-Degree AV Block
In second-degree AV block not all of the P-waves are con-
ducted to the ventricles. Second-degree AV block can result 
from either AV nodal dysfunction or from His-Purkinje system 
dysfunction. When due to AV nodal dysfunction, the AV block 
usually follows the pattern of Mobitz type I second- degree 
AV block that is also known as Wenckebach AV block 
(Fig. 18.6). Mobitz type I second-degree AV block is charac-
terized by groups of QRS complexes separated by pauses. 
Within each group, the first PR interval is the shortest and each 
subsequent PR interval gets longer until there is AV nodal 
block (an infinite PR interval) and a QRS complex is dropped. 
The sequence may then repeat. Because the RR interval across 
the pause includes the shortest PR interval, the RR interval 
across the pause is less than twice any other RR interval. 
During each cycle, the PR interval progressively prolongs but 

Fig. 18.5 First-degree AV block. Simultaneously recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. The PR interval is 
340 ms
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each increment in PR interval is less than the previous incre-
ment in PR interval. Accordingly, during each cycle, the RR 
intervals that are not spanning a pause are  actually getting pro-
gressively shorter. The rules of Wenckebach related to the PR 
intervals are termed the input rules as the PR interval repre-
sents the input to the tissue exhibiting Wenckebach conduc-
tion (in this case, the AV node). The rules of Wenckebach 
related to the RR intervals are termed the output rules as the 
RR interval represents the output of the tissue exhibiting 
Wenckebach conduction (in this case, the AV node). When 
other cardiac tissues exhibit Wenckebach block, there will be 
parallel input and output rules. Sinoatrial (SA) Wenckebach 
block, where only the output rules can be appreciated on the 
surface ECG, is described above under patterns of sinus node 
dysfunction. Wenckebach block is a characteristic of decre-
mentally-conducting tissues (the AV node and the sinus node). 
Nevertheless, other cardiac tissues, if partially depolarized by 

disease, may become decremental and exhibit Wenckebach 
block. Accordingly, although Mobitz type I second-degree AV 
block implies AV nodal block it is not pathognomonic of AV 
nodal disease.

When due to His-Purkinje system dysfunction, the AV 
block usually follows the pattern of Mobitz type II second- 
degree AV block (Fig. 18.7). Simplistically, type II block is 
an “all or none” block. Accordingly, Mobitz type II second- 
degree AV block is characterized by groups of QRS com-
plexes separated by pauses. Within each group, the PR interval 
is stable and, therefore, so is the RR interval until there is AV 
nodal block (an infinite PR interval) and a QRS complex is 
dropped. The sequence may then repeat. The absence of dec-
remental conduction and the consequent absence of gradual 
prolongation of the PR interval in Mobitz type II second-
degree AV block results in the RR interval spanning the 
pause being twice the other (stable) RR intervals.

Fig. 18.6 Mobitz type I second-degree AV block. Simultaneously 
recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. 
There is group beating with pauses between groups. The PR interval 
gradually increases through the group (PR interval 1 is 230 ms, PR 

interval 2 is 270 ms, PR interval 3 is 300 ms, PR interval 4 is 340 ms). 
The duration of the pause (B) is less than twice the sum of the preceding 
two RR intervals (A)

Fig. 18.7 Mobitz type II second-degree AV block. Simultaneously 
recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. 
There is group beating with pauses between groups. The PR interval is 
stable through the group (PR interval 1 and 2 are both 240 ms). The 

duration of the pause (B) is precisely twice the previous RR interval 
(A). As is often the case, there is underlying evidence of His-Purkinje 
system disease (in this case, bifascicular block in the form of RBBB 
and left anterior fascicular block)
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High-grade AV block is a special form of second-degree AV 
block in which the block ratio is every second beat or higher 
(Fig. 18.8). In such cases, there are never two or more con-
ducted P-waves in a row. Accordingly, the distinguishing fea-
tures of Mobitz type I and of Mobitz type II AV block cannot 
be identified. Furthermore, if the block ratio is stable during 
high-grade AV block there are not groups of QRS complexes 
separated by pauses but rather there is a marked ventricular 
bradycardia that may not be interpreted as being secondary to 
AV block if the blocked P-waves are not identified.

It is important to determine whether second-degree AV 
block is of the Mobitz type I or Mobitz type II variety in that 
the former is characteristic of AV nodal block while the latter 
is characteristic of His-Purkinje system block. Mobitz II 
second-degree AV block is a higher–risk condition and is 
generally treated with pacemaker implantation. When 
Mobitz type I second-degree AV nodal block progresses to 
third-degree AV block there will typically be a junctional 
escape rhythm in the rate range of 30 to 45 beats per minute 
that is reliable. When Mobitz type II second-degree His- 
Purkinje system block progresses to third-degree AV block 
there will typically be an idioventricular escape rhythm in 
the rate range of 20 to 40 beats per minute that is not reliable 
and may give way to ventricular asystole. Ancillary clues 
suggesting that high-grade second degree AV block is the 
result of Mobitz type I second degree AV block include prior 
evidence of AV nodal dysfunction, a narrow QRS complex 
associated with conducted beats, and improvement in the 
degree of AV block with sympathetic stimulation such as 
exercise. Ancillary clues suggesting that high-grade second 
degree AV block is the result of Mobitz type II second degree 
AV block include prior evidence of His-Purkinje system dys-
function, a wide QRS complex associated with conducted 
beats, and worsening in the degree of AV block with sympa-
thetic stimulation such as exercise.

The second-degree AV blocks are causes of pauses in an 
otherwise regular supraventricular rhythm that must be dif-
ferentiated from the most common cause of such pauses, a 
premature atrial depolarization that is not conducted by the 
normal AV conduction system because its depolarizing 
wavefront has impinged upon the refractory period of the AV 
node. Such premature atrial depolarizations are identified by 
searching for the premature P-wave in or near the T-wave of 
the preceding conducted event (Fig. 18.9).

 Third-Degree AV Block
In third-degree AV block no atrial depolarizations can 
reach the ventricles and ventricular depolarization is 
accomplished by a slower escape junctional or idioven-
tricular rhythm (Fig. 18.10). Third-degree AV block is 
one form of AV dissociation. The other form of AV dis-
sociation is third-degree VA block wherein ventricular 
depolarizations are faster than atrial depolarizations and 
the ventricular rhythm should, therefore, be driving the 
atrial rhythm but, because of VA block, is not. Third-
degree VA block is not necessarily abnormal as it is pres-
ent in nearly one-half of normal patients during an 
electrophysiologic study.

During third-degree AV block the ventricular rate is usu-
ally quite slow. Since the QT interval is determined, in part, 
by heart rate, very slow ventricular rates may produce very 
long QT intervals and may, in susceptible individuals, pro-
duce torsade de pointes ventricular tachycardia, which may, 
in turn, degenerate into ventricular fibrillation.

A peculiar form of third-degree AV block, termed parox-
ysmal AV block has been described. In paroxysmal AV 
block, the patient’s normal sinus rhythm is suddenly inter-
rupted by the abrupt onset of third-degree AV block that then 
persists for several seconds before reverting to normal sinus 
rhythm just as abruptly. There appear to be at least two vari-

Fig. 18.8 High-grade second-degree AV block. Simultaneously 
recorded leads V1, II, and V5. The vertical arrows denote sinus P-waves. 
There are never two conducted P-waves in a row precluding determina-
tion of whether the second-degree AV block is Mobitz type I or Mobitz 

type II. In this case, there is also bifascicular block in the form of LBBB 
suggesting, but not proving, that the block is in the His-Purkinje 
system
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Fig. 18.9 Pauses secondary to blocked premature atrial contractions. 
Panel (a). Simultaneously recorded leads V1, II, and V5. The vertical 
arrows denote sinus P-waves. The upward-facing arrow shows a change 
in the ST segment and T-wave that is the premature, abnormal P-wave. 
Provided the AV node refractory period exceeds the coupling interval of 
the premature P-wave to the previous P-wave, the premature P-wave is 
not conducted leading to a pause in the rhythm the cause of which can 

only be determined by careful inspection of the ST segment and T-wave 
preceding the pause. Panel (b). Simultaneously recorded leads V1, II, 
and V5. The vertical arrows denote sinus P-waves. The upward-facing 
arrows show changes in the ST segment and T-wave that are blocked 
premature abnormal P-waves occurring in a pattern of bigeminy. The 
resultant ventricular bradycardia could be mistaken for a sinus brady-
cardia if the blocked premature atrial contractions are not recognized

Fig. 18.10 Third-degree AV block. Simultaneously recorded leads V1, 
II, and V5. The vertical arrows denote sinus P-waves. There are more 
P-waves that QRS complexes and there is no relationship between the 
P-waves and the QRS complexes. The escape rhythm is either a junc-

tional rhythm with aberrant conduction (RBBB and left anterior fas-
cicular block) or a ventricular escape rhythm originating in or near the 
left posterior fascicle at a rate of 38 beats per minute
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ants of the phenomenon. In some, otherwise normal individ-
uals, paroxysmal AV block appears to be an unusual 
expression of the neuromediated (vasovagal) reflex wherein 
AV node dysfunction is sudden and complete in the absence 
of concomitant evidence of sinus node dysfunction [9]. In 
other individuals, most often in association with other evi-
dence of AV conduction system disease, paroxysmal AV 
block follows a premature supraventricular or premature 
ventricular beat and is terminated by an escape supraven-
tricular or ventricular beat (Fig. 18.11). This form of parox-
ysmal AV block has been ascribed to phase 4 conduction 
block and seems to be a harbinger of future more serious AV 
conduction disturbances [10].

 Incomplete His-Purkinje System Blocks
Although the incomplete forms of His-Purkinje system block 
do not lead to manifest bradycardia, they may be warning 
signs that herald the future development of complete block 
and severe bradycardia or asystole. Furthermore, the pres-
ence of an incomplete form of His-Purkinje system block is 
strongly associated with the presence of structural heart dis-
ease and, even in those patients with a structurally normal 
heart, the onset of His-Purkinje conduction defects is associ-
ated with an increased risk of developing structural heart dis-
ease in the future [11]. Although clearly an oversimplification, 
the incomplete forms of His-Purkinje system disease are 
grouped as unifascicular blocks, bifascicular blocks, and tri-
fascicular blocks (Table 18.2) [12].

The unifascicular blocks are isolated right bundle branch 
block, isolated left anterior fascicular block, and isolated left 

posterior fascicular block. In the absence of structural heart 
disease, the rates of progression of each of these unifascicu-
lar blocks to complete AV block are very low at less than 1% 
per year [11].

The bifascicular blocks are left anterior fascicular block 
with left posterior fascicular block manifest as left bundle 
branch block, right bundle branch block with left anterior 
fascicular block, and right bundle branch block with left pos-
terior fascicular block. In the absence of evident structural 
heart disease, the rates of progression of the bifascicular 
blocks to complete AV block are 1–2% per year [11]. Of 
course, the probabilities of progression to complete heart 
block for each of the unifascicular and bifascicular blocks 
are increased in patients with underlying structural heart dis-
ease and in patients who present with symptoms that may 
represent prior experience with transient complete heart 
block (e.g. syncope or near syncope).

The term trifascicular block is best avoided. When used 
correctly, the term refers to incomplete His-Purkinje system 
blocks that occur in combinations that indicate dysfunc-
tion of all of the His-Purkinje system—alternating periods 
of right bundle branch block and left bundle branch block 
or alternating periods of right bundle branch block with 
left anterior fascicular block and right bundle branch block 
with left posterior fascicular block. Patients with trifascicu-
lar block have a high probability of experiencing early pro-
gression to complete AV block such that urgent permanent 
pacemaker placement is recommended. Unfortunately, the 
term trifascicular block is also erroneously applied to one 
of the patterns of bifascicular block in association with a 

Fig. 18.11 Paroxysmal AV block. Simultaneously recorded leads V1, 
II, and V5. The vertical arrows denote sinus P-waves. The first and last 
QRS complexes on this strip are conducted from their respective pre-
ceding P-waves. In each instance, that QRS complex is followed by a 
nonconducted P-wave indicating underlying high-grade (2:1) AV block. 
A premature ventricular beat (denoted by the left facing horizontal 

arrow) initiates paroxysmal complete AV block. An escape ventricular 
beat (denoted by the right facing horizontal arrow) re-establishes the 
underlying high-grade (2:1) AV block. Even on the conducted beats 
there is bifascicular block in the form of RBBB and left anterior fas-
cicular block
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prolonged PR interval (first-degree AV block). In these cir-
cumstances, the first-degree AV block is almost always the 
result of AV nodal conduction delay rather than conduc-
tion delay in the His-Purkinje system fascicle that is still 
functioning and such individuals have a lower probability 
of experiencing progression to complete AV block than do 
patients with true trifascicular block. Determination of the 
site of AV conduction delay is possible with measurement of 
AV nodal conduction time (the atrium to His bundle, or AH, 
interval) and His- Purkinje system conduction time (the His 
bundle to ventricle, or HV, interval) at the time of a trans-
venous catheter  electrophysiologic study. Measurement of 

an HV interval greater than 100 ms (normal 35 to 55 ms) 
has been proposed as an indicator of a permanent pacemaker 
requirement  particularly in patients who have symptoms 
that may be compatible with covert transient complete AV 
block. Conduction delay in the His bundle itself is usually 
not expressed on the ECG or clinically. Nevertheless, in rare 
instances, very prolonged His bundle conduction delay may 
produce first- degree AV block.

 Causes of AV Node Dysfunction

The atrioventricular (AV) node is, in the absence of a ven-
tricular pre-excitation syndrome, the only pathway for an 
atrial depolarizing wavefront to reach the ventricles. The 
normal AV node transit time is 60 to 140 ms at rest [13] and 
the AV node will conduct atrial depolarizing wavefronts 1:1 
at atrial rates at least 130 beats per minute at rest [14]. Like 
the sinus node, the AV node is very sensitive to autonomic 
tone with its conduction velocity and 1:1 following fre-
quency increasing with augmentation of sympathetic tone /
withdrawal of vagal tone and its conduction velocity and 1:1 
following frequency decreasing with withdrawal of sympa-
thetic tone/augmentation of vagal tone.

Accordingly, AV nodal dysfunction is not synonymous 
with AV nodal disease in that many influences external to the 
AV node may alter its function. These extrinsic influences 
are essentially the same as those extrinsic influences that 
affect sinus nodal function (Table 18.1). One very common 
clinical scenario involves the simultaneous onset of sinus 
nodal dysfunction, AV nodal dysfunction, and suppression 
of other subsidiary pacemakers. The co-incident onset of 
sinus nodal and AV nodal dysfunction strongly suggests that 
the mechanism of the nodal dysfunction is extrinsic, most 
commonly a sudden vagal surge secondary to the Bezold- 
Jarisch reflex or secondary to neuromediated (vasovagal) 
presyncope or syncope (Fig. 18.12).

Many, if not all, structural heart diseases can lead to AV 
node dysfunction, although there are several circumstances 
that merit further discussion.

 Congenital Heart Block
Congenital heart block has an incidence of approximately 
1 in 20,000 births [15]. It is thought to result from a fetal 
inflammatory disorder of the cardiac conduction system as 
a consequence of the transplacental transmission of SSA/
Ro or SSB/La antibodies from mothers with an autoimmune 
disorder. The majority of these mothers are asymptomatic. 
Because mothers with anti-Ro antibodies are uncommon and 
because only a small minority of such mothers will bear a 
child with heart block, maternal screening is not performed 

Table 18.2 ECG diagnosis of uncomplicated incomplete His-Purkinje 
system blocks in adults

Complete RBBB

1. QRS duration ≥120 ms

2.  rsr′, rsR′, or rSR′ (less commonly broad, usually notched R) in 
leads V1 or V2.

3. S duration greater than R duration in leads I and V6

4. Normal R peak time in V5 and V6 but >50 ms in lead V1

Incomplete RBBB

1. QRS duration between 110 ms and 119 ms

2. Other criteria as for complete RBBB

Complete LBBB

1. QRS duration ≥120 ms

2. Broad notched or slurred R in leads I, aVL, V5, and V6

3. Absent q in leads I, V5, and V6 but narrow q may persist in aVL

4.  R peak time > 60 ms in leads V5 and V6 but normal in leads 
V1–V3

Incomplete LBBB

1. QRS duration between 110 and 119 ms

2. Other criteria as for complete LBBB

Left anterior fascicular block

1. QRS duration <120 ms

2. Mean frontal plane QRS axis between −45° and −90°

3. qR pattern in lead aVL

4. R peak time in lead aVL of ≥45 ms

Left posterior fascicular block

5. QRS duration <120 ms

6. Mean frontal plane QRS axis between 90° and 180°

7. rS pattern in lead aVL

8. qR pattern in leads III and aVF

Where q(Q) indicates an initial negative defection in the QRS complex, 
r(R) indicates a positive deflection in the QRS complex, s(S) indicates 
a negative deflection following a positive deflection in the QRS com-
plex, and r′(R′) indicates a positive deflection following an s(S) deflec-
tion in the QRS complex. In each instance, a lower case letter indicates 
a small deflection and an upper case letter indicates a large deflection. 
R peak time indicates the interval between the beginning of the QRS 
complex and the peak of the last r(R) deflection (normally <40 ms in 
leads V1 and V2 and <50 ms in leads V5 and V6. Adapted from Surawicz 
B et al. [12]
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for this purpose. Nevertheless, once a mother has had a child 
with congenital heart block, the risk in  subsequent pregnan-
cies may be as high as 25% [15]. In contemporary practice, 
the diagnosis of  congenital heart block is usually made in 
utero during fetal ultrasound or in childhood by routine 
surveillance or testing of symptomatic patients. Although 
congenital heart block may affect any portion of the AV 
conduction system, most such patients have block in the 
AV node with a reliable, narrow QRS complex, junctional 
escape rhythm in the 40 to 50 beat per minute range. When 
present, the symptoms of congenital heart block include any 
of the symptoms of bradycardia discussed below in children 
who can report such symptoms or pre-or post-natal growth 
retardation, failure to thrive, and abnormal tiredness in those 
who cannot report symptoms. Unfortunately, the symptom 
range also includes congestive heart failure and nocturnal 
sudden death. Finally, a few such patients are first identi-
fied as adults. In the patient population with congenital 
heart block, unique treatment considerations include the 

 technical difficulties of chronic pacing in small and growing 
children and surveillance for timing of a pacing interven-
tion in patients who are asymptomatic for, ultimately, essen-
tially all patients with congenital AV block will require a 
permanent pacemaker.

 Lyme Disease
Lyme disease is an inflammatory carditis with a predilection 
for the cardiac conduction system that is caused by Borrelia 
burgdorferi spirochete infection transmitted by an Ixodes 
tick in an endemic area [16]. After infection, the disease is 
usually first manifest after 1 to 4 weeks with a influenza-like 
illness and a characteristic erythema migrans rash. These 
symptoms pass over a similar period of time. Thereafter, evi-
dence of organ system involvement emerges at any time up 
to 7 months later (usually 2 to 5 weeks). Cardiac involve-
ment may include myopericarditis, acute heart failure, and 
supraventricular and ventricular tachyarrhythmias. However, 
the most common presentation is with AV block. The AV 

Fig. 18.12 Simultaneous onset of sinus node and AV node dysfunc-
tion characteristic of a neuromediated (vasovagal) extrinsic cause of 
nodal dysfunction. Simultaneously recorded leads II and V1. The two 
rhythm strips overlap at the point indicated on each with an X. The 
vertical arrows denote sinus P-waves. The numbers between the vertical 

arrows represent the instantaneous heart rate at that moment. The heart 
rate is initially 100 beats per minute. After the first three beats the heart 
rate begins to slow and, near simultaneously, high-grade (2:1) block 
develops at the X. Shortly thereafter, both sinus node and AV node 
function return to normal
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block may originate at any level of the AV conduction sys-
tem but is usually the result of AV nodal disease. The AV 
block is initially progressive but almost always resolves 
within six weeks of presentation. The diagnosis is made by 
suspicion in an individual who lives in or has visited an 
endemic area in the previous six months that is further 
assessed by a specific ELISA test that, if positive, is con-
firmed by B burgdorferi-specific IgM and IgG testing. 
Treatment is with antibiotics (typically IV ceftriaxone during 
a period of in-hospital monitoring). Temporary pacing is 
occasionally required [16] and may be needed for several 
weeks in which case temporary placement of a permanent 
pacemaker may be considered.

 Cardiac Sarcoidosis
Sarcoidosis has an incidence of approximately 1 in 40,000 
individuals per year. Cardiac involvement in systemic sar-
coidosis is relatively common (up to 25% in autopsy stud-
ies) but is not commonly symptomatic (estimated 2–5% 
incidence) [17]. Nevertheless, isolated, advanced, otherwise 
unexplained, AV conduction system disease in a young indi-
vidual is the result of a sarcoid granuloma in up to 35% of 
cases [18]. Any portion of the conduction system may be 
involved and the apparent severity of the conduction system 
block may wax and wane without apparent reason from one 
encounter to the next. In addition to conduction distur-
bances, cardiac involvement in sarcoidosis may result in 
congestive heart failure, atrial arrhythmias, ventricular 
arrhythmias, and sudden cardiac death. The diagnosis of sar-
coidosis is established by histology showing non-caseating 
granuloma with no alternative cause. Because myocardial 
involvement in cardiac sarcoidosis is patchy, endomyocar-
dial biopsy may be negative. Accordingly, diagnostic crite-
ria for cardiac sarcoidosis in the absence of a positive 
endomyocardial biopsy have been proposed [17]. The indi-
cations for pacemaker therapy in patients with cardiac sar-
coidosis parallel those in other settings but the choice of 
pacing platform is complicated by the possibility of life-
threatening ventricular rhythms in some patients with car-
diac sarcoidosis for whom an implantable cardioverter 
defibrillator may be the most appropriate pacemaker plat-
form. Patients with unexplained syncope, ventricular sys-
tolic dysfunction, biventricular involvement, inducible 
sustained ventricular tachycardia at a catheter electrophysi-
ologic study, or evidence of scar on cardiac magnetic reso-
nance imaging may benefit from ICD implantation [19]. 
Steroid and other immunosuppressant therapy has not been 
demonstrated to prevent or to reverse conduction system dis-
ease to an extent that permanent pacemaker therapy can be 
avoided when otherwise indicated.

 AV Block Associated with Ischemic Heart Disease
The AV node artery provides the blood supply to the AV 
node and arises from the dominant coronary artery (the right 
coronary artery in 80%, the circumflex coronary artery in 
10%, and both of these arteries in 10%) at the posterior crux 
of the heart. Acute inferior myocardial infarction may result 
in AV nodal dysfunction. Nevertheless, it is likely that this 
AV nodal dysfunction is the result of suppression of AV 
nodal function by posterior vagal plexus dysfunction as sug-
gested by the observation that post-mortem studies of such 
patients do not usually show structural abnormalities of the 
AV node and by the observation that essentially all patients 
whose acute inferior infarction is complicated by AV nodal 
dysfunction will recover AV nodal function within two 
weeks of the initial insult [20].

 Causes of His-Purkinje System Dysfunction

His-Purkinje system dysfunction can also be due to extrinsic or 
intrinsic causes. Extrinsic causes of His-Purkinje system dys-
function are much less common than extrinsic causes of sinus 
nodal or AV nodal system dysfunction and include Vaughan 
William’s Class Ia antiarrhythmic drugs (disopyramide, pro-
cainamide, quinidine, tricyclic antidepressants), Class Ib 
antiarrhythmic agents (lidocaine, mexiletine), Class Ic antiar-
rhythmic drugs (flecainide, propafenone), and Class III antiar-
rhythmic drugs (amiodarone, dofetilide, dronedarone, sotalol).

The shortest interval between two successive depolariz-
ing wavefronts that can be conducted normally by a particu-
lar tissue is termed its relative refractory period if conduction 
still occurs but with a slowed conduction velocity or its 
absolute refractory period if conduction does not occur at 
all. Different tissues in the AV conduction system His-
Purkinje system have different refractory periods and these 
refractory periods have different responses to changes in 
rate and autonomic tone. Under specific conditions in 
 normal individuals both the AV node and His bundle may 
have refractory periods shorter than that of the right bundle 
branch, the left anterior fascicle, the left posterior fascicle, 
or the left bundle branch leading to functional fascicular 
blocks or bundle branch blocks, alone or in combinations, 
that are not indicative of His-Purkinje system dysfunction 
[21]. With sudden shortening of the coupling interval 
between two successive depolarizing wavefronts the second 
wavefront may impinge on the refractory period of one of 
the bundle branches (usually that of the right bundle) pro-
ducing aberrant AV conduction and a wide QRS complex 
termed Ashman’s phenomenon [22]. Such rate changes are 
most common with premature atrial beats or during atrial 
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fibrillation. Sustained functional bundle branch block may 
occur at heart rates over 135 beats per minute (particularly 
when the heart rate is inappropriate for the current level of 
autonomic tone as in a supraventricular tachycardia) and 
tends to manifest right bundle branch block at lower fast 
heart rates and left bundle branch block at higher fast heart 
rates [21], conditions referred to as rate- dependent func-
tional bundle branch block (Fig. 18.13).

Other forms of His-Purkinje system dysfunction are 
ascribed to His-Purkinje system disease. Essentially any 
structural heart disease that affects the ventricles may pro-
duce intrinsic His-Purkinje system disease. Although 
 idiopathic and congenital forms of His-Purkinje system dis-
ease do occur (often referred to as Lev’s [23] or Lenègre’s 
disease [24]), new-onset His-Purkinje system disease should 
alert the clinician to the possibility of occult underlying 
structural heart disease, usually ischemic heart disease or 
nonischemic cardiomyopathy. In the former instance, it is 
noteworthy that the blood supply to the AV node arises from 
the dominant coronary artery that also serves the inferior left 
ventricle. The blood supply to the His bundle, the anterior 
portion of the left bundle branch, and the right bundle branch 
arises from the left anterior descending coronary artery that 
also serves the anterior left ventricle. The posterior portion 
of the left bundle branch receives a dual blood supply from 
both the dominant coronary artery and the left anterior 
descending coronary artery. As a consequence of these blood 
supplies, AV nodal dysfunction is associated with inferior 
myocardial infarction, His-Purkinje system dysfunction is 

associated with anterior infarction, and left posterior fascicu-
lar block is the least common form of His-Purkinje system 
dysfunction in patients with ischemic heart disease.

 Symptoms of the Bradycardias

Symptoms of bradycardia may include any symptom of car-
diac insufficiency (weakness, pre-syncope, syncope, dys-
pnea, or, rarely, chest discomfort) particularly when expressed 
as effort intolerance. Indeed, on occasion, the only objective 
evidence of sinus node disease is effort intolerance secondary 
to inability to mount an exercise-related sinus tachycardia 
(chronotropic incompetence). Of course, the more severe the 
bradycardia the more severe the symptoms might be expected 
to be, culminating, in the case of ventricular asystole, with 
sudden cardiac death. Sometimes symptoms of bradycardia 
can be more subtle including such cognitive difficulties as 
inability to concentrate.

Sudden cardiac death is the most worrisome conse-
quence of the bradycardias. Nevertheless, it should be 
noted that sudden death as a consequence of asystole is 
very rare in individuals who do not have severe underly-
ing structural heart disease manifest with severe congestive 
cardiomyopathy. In other individuals, sudden death related 
to a bradycardia is more likely to be the consequence of 
the bradycardia permitting the emergence of torsade de 
pointes ventricular tachycardia and ventricular fibrillation 
(Fig. 18.14).

a b c

Fig. 18.13 Functional AV block and functional left bundle branch 
block. Simultaneously recorded leads V1, II, and V5 from a patient with 
an atrial tachycardia. Panels (a), (b), and (c) were recorded hours apart. 
Panel (a): Atrial tachycardia with functional 2:1 AV block. The vertical 
arrows denote P-waves. At this time the atrial cycle length was 350 ms 
and was conducted 2:1. The site of functional AV block was the AV 
node. Panel (b): The atrial cycle length slows to 380 ms and 1:1 AV 

conduction can then occur (indicating that the AV node refractory 
period was >350 ms and <380 ms). Panel (c): The atrial cycle length 
accelerates slightly to 360 ms and, although 1:1 AV conduction can still 
occur (indicating that the AV node refractory period was >350 ms and 
<360 ms), functional left bundle branch block is now present (indicat-
ing that the left bundle branch refractory period was >360 ms and 
<380 ms)
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 Treatment of the Bradycardias

The goals of treatment of the bradycardias include acute 
therapy for stabilization, correction of reversible causes, 
reversal of symptoms, and prevention of serious subsequent 
events including syncope and sudden cardiac death.

Acute therapy for stabilization is required for severely 
symptomatic patients, for patients with unstable hemody-
namics, and for patients with evidence of impending torsade 
de pointes ventricular tachycardia (ventricular premature 
beats near the peak of the T-wave in the setting of a long QT 
interval, particularly when the ventricular premature beats 
are bigeminal, polymorphic, or display repetitive forms). On 
balance, the best of the acute therapies for stabilization in 
this setting is placement of a temporary transvenous pace-
maker. Nevertheless, in many instances, this therapy cannot 
be provided immediately. Alternative therapies that may 
be used until a temporary transvenous pacemaker can be 
placed include transcutaneous pacing and pharmaceutical 
agents that enhance normal automaticity and/or shorten the 
refractory periods of the tissues responsible for the brady-
cardia. With respect to the pharmaceutical approach, atro-
pine is frequently used. Nevertheless, in that this therapy 
only interferes with vagal traffic, it will likely be ineffective 
in situations other that of a vagal surge. The most effective 
agents are beta-1 sympathomimetic agents such as isopro-
terenol, dobutamine, dopamine, or epinephrine and adenos-
ine antagonists such as aminophylline or theophylline (the 
American Heart Association Advanced Cardiac Life Support 
guidelines specifically recommend IV epinephrine 2–10 μg/
min or IV dopamine 2–10 μg/kg/min [25]). Although the-
ophylline may be used orally for longer periods of time [26], 

pharmaceutical approaches to treatment of patients with 
 bradycardias are generally only temporary measures.

As soon as a patient presents with a bradycardia, efforts 
are made to identify any reversible or transient causes that 
may be reversed or outwaited. In the former category, it is 
important to modify extrinsic influences that slow normal 
automaticity or prolong the refractory periods of compo-
nents of the AV conduction system (most often correction of 
electrolyte, acid-base, and/or oxygenation abnormalities, the 
withdrawal of drugs with negative chronotropic or negative 
dromotropic effects, or the treatment of hypothyroidism). 
When AV nodal dysfunction is the result of acute insults 
such as an inferior myocardial infarction or immediately 
after cardiac surgery, recovery of AV nodal function is usual 
with in the subsequent 2 weeks.

Asymptomatic patients are followed for one of three out-
comes that recommend intervention—serial clinical assess-
ments for the development of symptoms, serial ambulatory 
electrocardiographic monitoring for severe and prolonged 
bradycardia (usually defined as daytime heart rates below 40 
beat per minute) or prolonged (usually nocturnal) pauses 
generally defined as greater than 3 s in the absence of atrial 
fibrillation and five seconds in the presence of atrial fibrilla-
tion, and serial echocardiographic examinations for adverse 
remodeling of the left ventricle generally defined as enlarge-
ment to abnormal left ventricular diameters or volume.

Patients who are symptomatic with a bradycardia that 
cannot be reversed or with bradycardia in a setting that 
requires drugs with negative chronotropic or negative 
dromotropic effects are treated with a permanent implanted 
pacemaker. Asymptomatic patients who display warn-
ing signs of serious subsequent events such as worrisome 

Fig. 18.14 Third-degree AV block leading to QT interval prolongation 
and torsade de pointes ventricular tachycardia. Vertical arrows denote 
visible sinus P-waves representing an underlying sinus rhythm at 120 
beats/min. The first two QRS complexes on this strip are of ventricular 
origin. They are followed by two nonconducted P-waves, which, in 
turn, are followed by a narrow QRS complex escape beat (N). Note the 
very prolonged QT interval of this beat, best seen as the subsequent 

positive undulation in leads II and V5 peaking at the asterix. Just after 
the peak of this T-wave there are a pair of polymorphic ventricular beats 
followed by another series of non-conducted P-waves and then another 
narrow QRS complex escape beat with marked QT interval prolonga-
tion. This beat is followed by a run of torsade de pointes ventricular 
tachycardia
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 bradycardia- dependent QT interval prolongation, prolonged 
pauses, or adverse left ventricular remodeling are also 
treated with a permanent implantable pacemaker. Selected 
guidelines for pacing are summarized in Tables 18.3, 18.4, 
and 18.5 and are detailed in multiple guideline documents 
[27, 28].

The most commonly used pacemaker systems are AAI (a 
single chamber atrial demand pacemaker that requires one 
lead), VVI (a single chamber right ventricular demand 
 pacemaker that requires one lead), VDD (a dual chamber 
pacemaker with electrodes in the body of a single lead that 
can sense right atrial activity and other electrodes at the tip of 
that lead that can sense and pace the right ventricle), DDD (a 
dual chamber pacing system that requires two leads), and 
CRT (a cardiac resynchronization pacemaker that paces both 
of ventricles and, often, also the right atrium and requires at 
least two leads; three leads if the right atrium is also paced 
and/or sensed). When an implantable cardioverter defibrilla-
tor (ICD) is indicated, ICD systems also come in VVI, DDD, 
and CRT pacing platforms.

Table 18.3 Selected indications for permanent pacing in sinus node 
disease

Class I recommendations

1. Permanent pacemaker implantation is indicated for SND with 
documented symptomatic bradycardia, including frequent sinus 
pauses that produce symptoms. (Level of Evidence: C)

2. Permanent pacemaker implantation is indicated for symptomatic 
chronotropic incompetence. (Level of Evidence: C)

3. Permanent pacemaker implantation is indicated for symptomatic 
sinus bradycardia that results from required drug therapy for 
medical conditions. (Level of Evidence: C)

Class IIa recommendations

1. Permanent pacemaker implantation is reasonable for SND with 
heart rate less than 40 bpm when a clear association between 
significant symptoms consistent with bradycardia and the actual 
presence of bradycardia has not been documented (Level of 
Evidence: C)

2. Permanent pacemaker implantation is reasonable for syncope of 
unexplained origin when clinically significant abnormalities of 
sinus node function are discovered or provoked in 
electrophysiological studies. (Level of Evidence: C)

Class IIb recommendation

1. Permanent pacemaker implantation may be considered in 
minimally symptomatic patients with chronic heart rate less than 
40 bpm while awake. (Level of Evidence: C)

Class III recommendations

1. Permanent pacemaker implantation is not indicated for SND in 
asymptomatic patients. (Level of Evidence: C)

2. Permanent pacemaker implantation is not indicated for SND in 
patients for whom the symptoms suggestive of bradycardia have 
been clearly documented to occur in the absence of bradycardia. 
(Level of Evidence: C)

3. Permanent pacemaker implantation is not indicated for SND with 
symptomatic bradycardia due to nonessential drug therapy.(Level of 
Evidence: C)

Adapted from Epstein et al. [27]

Table 18.4 Selected indications for permanent pacing in AV conduc-
tion system disease

Class I recommendations

1. Permanent pacemaker implantation is indicated for third-degree 
and advanced second-degree AV block at any anatomic level 
associated with bradycardia with symptoms (including heart failure) 
or ventricular arrhythmias presumed to be due to AV block. (Level 
of Evidence: C)

2. Permanent pacemaker implantation is indicated for third-degree 
and advanced second-degree AV block at any anatomic level 
associated with arrhythmias and other medical conditions that 
require drug therapy that results in symptomatic bradycardia. (Level 
of Evidence: C)

3. Permanent pacemaker implantation is indicated for third-degree 
and advanced second-degree AV block at any anatomic level in 
awake, symptom-free patients in sinus rhythm, with documented 
periods of asystole greater than or equal to 3.0 s or any escape rate 
less than 40 bpm, or with an escape rhythm that is below the AV 
node. (Level of Evidence: C)

4. Permanent pacemaker implantation is indicated for third-degree 
and advanced second-degree AV block at any anatomic level in 
awake, symptom-free patients with AF and bradycardia with one or 
more pauses of at least 5.0 s or longer. (Level of Evidence: C)

5. Permanent pacemaker implantation is indicated for second- 
degree AV block with associated symptomatic bradycardia 
regardless of type or site of block. (Level of Evidence: B)

6. Permanent pacemaker implantation is indicated for asymptomatic 
persistent third-degree AV block at any site with average awake 
ventricular rates of ≥40 bpm if cardiomegaly or LV dysfunction is 
present or if the site of block is below the AV node. (Level of 
Evidence: B)

Class IIa recommendations

1. Permanent pacemaker implantation is reasonable for persistent third- 
degree AV block with an escape rate greater than 40 bpm in 
asymptomatic adult patients without cardiomegaly (Level of Evidence: C)

2. Permanent pacemaker implantation is reasonable for 
asymptomatic second-degree AV block at intra- or infra-His levels 
found at electrophysiological study. (Level of Evidence: B)

3. Permanent pacemaker implantation is reasonable for first- or 
second-degree AV block with symptoms of pacemaker syndrome or 
hemodynamic compromise. (Level of Evidence: B)

Class IIb recommendations

1. Permanent pacemaker implantation may be considered for AV 
block in the setting of drug use and/or drug toxicity when the block 
is expected to recur even after the drug is withdrawn. (Level of 
Evidence: B)

2. Permanent pacemaker implantation may be considered in 
minimally symptomatic patients with chronic heart rate less than 
40 bpm while awake. (Level of Evidence: C)

Class III recommendations

1. Permanent pacemaker implantation is not indicated for 
asymptomatic first-degree AV block. (Level of Evidence: B)

2. Permanent pacemaker implantation is not indicated for 
asymptomatic type I second-degree AV block at the supra-His (AV 
node) level or that which is not known to be intra- or infra-Hisian. 
(Level of Evidence: C)

3. Permanent pacemaker implantation is not indicated for AV block 
that is expected to resolve and is unlikely to recur (e.g., drug 
toxicity, Lyme disease, or transient increases in vagal tone or during 
hypoxia in sleep apnea syndrome in the absence of symptoms). 
(Level of Evidence: B)

Adapted from Epstein et al. [27]
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The traditional choice of mode of permanent pacing has 
been between use of a VVI pacing system versus use of 
potentially more physiologic pacing systems such as a DDD 
pacing system (or an AAI pacing system if AV conduction is 
intact) that are also capable of pacing the atrium and provid-
ing AV synchrony. The major presumed advantage of VVI 
pacing is that the system is simple and should be associated 
with the lowest probability of a system-related complication. 
Such systems may be used for either patients with sinus node 
disease or for patients with AV conduction system disease. 
The major presumed disadvantage of VVI pacing is that 
atrioventricular synchrony cannot be achieved during pacing 
as the atria cannot be either sensed or paced. This may result 
in symptoms of cardiac dysfunction during pacing collec-
tively referred to as the pacemaker syndrome. The reported 
incidence of pacemaker syndrome with VVI pacing when 
rigorously defined using objective criteria is approximately 
7% [29] while the reported incidence of the ability to discern 

any symptomatic benefit of DDD pacing over VVI pacing is 
approximately 84% [30]. The major presumed advantage of 
DDD pacing is that physiologic AV synchrony is preserved 
in all patients. The major presumed disadvantage of DDD 
pacing is the increased probability of complications that will 
be associated with more complex pacing systems. The major 
presumed advantage of AAI pacing is that physiologic AV 
synchrony can be achieved with a single lead system. The 
major disadvantage of AAI pacing is that it will not meet 
the goals of pacing for patients with AV block or for those 
patients with sinus node disease who develop AV block after 
pacemaker placement (a risk estimated at 2% per year [31]). 
Each of the pacing systems that include right ventricular 
pacing have the potential disadvantage of inducing inter-
ventricular dyssynchrony wherein sequential right then left 
ventricular contraction during pacing diminishes ventricular 
systolic efficiency thereby worsening systolic left ventricular 
function and, perhaps, even causing left ventricular systolic 
dysfunction. Cardiac resynchronization therapy (CRT) pac-
ing re-establishes interventricular synchrony and is used to 
treat congestive heart failure in patients with electrical evi-
dence of interventricular dyssynchrony (typically patients 
with LBBB) and to prevent worsening interventricular dys-
synchrony in patients who are expected to be continually 
paced from the right ventricular and who are thought to be 
at risk of developing left ventricular systolic dysfunction. 
These presumed advantages and disadvantages of various 
pacing systems have been investigated in a number of large 
randomized clinical trials.

Five studies of ventricular based pacing (VVI) versus 
atrial based pacing (AAI or DDD), involving nearly 35,000 
patient years of follow-up, were summarized in an individual 
patient data meta-analysis published by Healey et al. [32]. 
This meta-analysis found that nearly all of the pre-specified 
outcome measures evaluated had a hazard ratio point esti-
mate that favored atrial based pacing (AAI or DDD) over 
ventricular based pacing (VVI). Some of these beneficial 
outcomes were statistically-significant (follow-up outcome, 
HR, 95% CI, p-value: atrial fibrillation, 0.80, 0.72 to 0.89, 
p = 0.00003 and stroke, 0.81, 0.67 to 0.99, p = 0.035) but 
others were not (follow-up outcome, HR, 95% CI, p-value: 
all-cause mortality, 0.95, 0.87 to 1.03, p = 0.19; stroke or car-
diovascular death, 0.94, 0.85 to 1.04, p = 0.18; and, heart 
failure hospitalization, HR, 0.89, 0.77 to 1.03, p = 0.12). A 
pre-specified subgroup analyses suggested greater benefit for 
atrial based pacing (AAI or DDD) over ventricular based 

Table 18.5 Selected indications for permanent pacing in chronic 
bifascicular block

Class I recommendations

1. Permanent pacemaker implantation is indicated for advanced 
second-degree AV block or intermittent third-degree AV block. 
(Level of Evidence: B)

2. Permanent pacemaker implantation is indicated for type II 
second-degree AV block. (Level of Evidence: B)

3. Permanent pacemaker implantation is indicated for alternating 
bundle-branch block. (Level of Evidence: C)

Class IIa recommendations

1. Permanent pacemaker implantation is reasonable for syncope not 
demonstrated to be due to AV block when other likely causes have 
been excluded, specifically ventricular tachycardia. (Level of 
Evidence: B)

2. Permanent pacemaker implantation is reasonable for an 
incidental finding at electrophysiological study of a markedly 
prolonged HV interval (greater than or equal to 100 ms) in 
asymptomatic patients. (Level of Evidence: B)

3. Permanent pacemaker implantation is reasonable for an 
incidental finding at electrophysiological study of pacing induced 
infra-His block that is not physiological. (Level of Evidence: B)

Class III recommendations

1. Permanent pacemaker implantation is not indicated for fascicular 
block without AV block or symptoms. (Level of Evidence: B)

2. Permanent pacemaker implantation is not indicated for fascicular 
block with first-degree AV block without symptoms. (Level of 
Evidence: B)

Adapted from Epstein et al. [27]
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pacing (VVI) for the outcome of the composite of stroke or 
cardiovascular death in patients with sinus node disease (HR, 
95% CI, p-value: 0.83, 95%, 0.72 to 0.97, p = 0.04). However, 
subgroup analyses of patient characteristics often considered 
to favor atrial based pacing (AAI or DDD) over ventricular 
based pacing (VVI), including left ventricular systolic dys-
function, hypertension, heart failure, and a low unpaced heart 
rate, did not show differences based on pacing mode [32].

Although there are data suggesting that atrial based pac-
ing (AAI or DDD) is associated with a better quality of life 
than that associated with ventricular based pacing (VVI) [30, 
33], especially in patients with sinus node disease [34, 35], 
the randomized clinical trial data summarized by Healey 
et al. [32] suggests that the outcome advantages of atrial 
based pacing (AAI or DDD) over ventricular based pacing 
(VVI) are small. Furthermore, this advantage comes with a 
cost. The meta-analysis of Healey et al. also found, as 
expected, that the complication rate of atrial based pacing 
(AAI or DDD) at 6.2% was nearly twice that of ventricular 
based pacing (VVI) at 3.2%. Of course, this difference will 
depend on the relative proportions of AAI versus DDD plat-
forms in the atrial based pacing group. In the Danish trial 
included in this meta-analysis, 225 patients with sinus node 
disease were randomly assigned to receive AAI versus VVI 
pacing platforms [36]. The follow-up device complication 
rates requiring re-operation were 3.7% in the AAI patient 
group annualized over a mean follow-up of 5.7 years and 
2.6% in the VVI patient group annualized over a mean fol-
low- up of 5.5 years. This difference was accounted for by the 
higher dislodgement rate of atrial leads (annualized 1.6%) 
compared to ventricular leads (annualized 0.4%).

A meta-analysis of eight randomized clinical trials of 
cardiac resynchronization therapy (CRT) in 3380 patients 
with symptomatic congestive heart failure secondary to sys-
tolic left ventricular systolic dysfunction with left ventric-
ular ejection fractions ≤0.35 and QRS durations >120 ms 
reported that CRT pacing reduced all-cause mortality (odds 
ratio 0.72, 95% CI 0.59 to 0.88), reduced heart failure related 
hospitalization (odds ratio 0.55, 95% CI 0.44 to 0.68), and 
improved quality of life [37]. These benefits were experi-
enced predominantly in patients in sinus rhythm, with a 
QRS duration ≥150 ms, and with typical left bundle branch 
block. The importance of these observations to patients with 
bradyarrhythmias relates to the concept that right ventricular 
pacing may be equivalent to left bundle branch block with 
respect to the creation of  interventricular  dyssynchrony. 

The BLOCK-HF trial [38]  studied 918 patients with NYHA 
Class I to Class III congestive heart failure, with a left ven-
tricular ejection fraction ≤0.50, and with a standard indica-
tion for a pacemaker because of high-grade AV block who 
received a CRT pacemaker or, if indicated, a CRT defibrilla-
tor (the platform also included atrial pacing in patients with-
out persistent atrial tachyarrhythmias). The patients were 
then randomized to have the CRT component of the pacing 
system activated or not. The primary outcome was time to 
first event of the composite of all-cause mortality, urgent 
care visit for worsening heart failure that included IV ther-
apy, or an increase in left ventricular end diastolic volume 
of ≥15%. Patients randomized to receive CRT pacing had 
fewer of these adverse outcomes (hazard ratio 0.74; 95% 
CI 0.60 to 0.90). Each of the individual components of the 
composite outcome also occurred statistically-significantly 
less often in patients randomized to receive CRT pacing 
except for all- cause death (hazard ratio 0.83; 95% CI 0.61 
to 1.14), an singular event that the study was not powered 
to detect. Whether or not CRT pacing is superior to other 
pacing modes in patients AV block was also evaluated by a 
meta-analysis of five randomized clinical trials comparing 
CRT pacing to RV pacing in either parallel-group or cross-
over trial designs involving 686 patients (most of whom had 
left ventricular systolic dysfunction) who had AV block sec-
ondary to purposeful AV junction ablation in the setting of 
atrial fibrillation [39]. This analysis suggested that patients 
randomized to receive CRT pacing had a lower probabil-
ity of admission to hospital for treatment of heart failure, 
an improvement in left ventricular ejection fraction, and a 
reduction in left ventricular end diastolic volume compared 
to patients randomized to standard RV pacing. The analy-
sis showed no statistically-significant difference between 
these two patient groups with respect to all-cause mortality, 
6-minute wall test distance, or quality of life as measured 
by the Minnesota Living with Heart Failure Questionnaire. 
Whether or not CRT pacing is superior to other pacing 
modes in patients without symptomatic left ventricular dys-
function has not been adequately studied.

Flow diagrams to assist in the selection of the most appro-
priate pacing mode for patients with isolated sinus nodal 
dysfunction (Fig. 18.15) and for patients with isolated AV 
conduction system dysfunction (Fig. 18.16) were suggested 
by the 2012 ACCF/AHA/HRS focused update incorporated 
into the ACCF/AHA/HRS 2008 guidelines for device-based 
therapy of cardiac rhythm abnormalities [27].
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Fig. 18.15 Selection of pacemaker mode for patients with sinus node dysfunction. Decisions are illustrated by diamonds. Shaded boxes indicate 
type of pacemaker. AV indicates atrioventricular. From Epstein et al. [27] with permission

L. Brent Mitchell



237

References

 1. Dobrzynski H, Anderson RH, Atkinson A, Borbas Z, D’Souza 
A, Fraser JF, Inada S, Logantha SJRJ, Monfredi O, Morris GM, 
Moorman AFM, Nikolaidou T, Schneider H, Szuts V, Temple IP, 
Yanni J, Boyett MR. Structure, function and clinical relevance of 
the cardiac conduction system, including the atrioventricular ring 
and outflow tract tissues. Pharmacol Ther. 2013;139:260–88.

 2. Anderson RH, Ho SY. The architecture of the sinus node, the atrio-
ventricular conduction axis, and the internodal atrial myocardium. 
J Cardiovasc Electrophysiol. 1998;9:1233–48.

 3. Liu R, Chen J. Sinoventricular conduction with Wenckebach block: 
danger signs of hyperkalemia. Herz. 2015;40:82–4.

 4. Durrer D, van Dam RT, Freud GE, Janse MJ, Meijler FL, Arzbaecher 
RC. Total excitation of the isolated human heart. Circulation. 
1970;41:899–912.

 5. Katritsis D, Camm AJ. Chronotropic incompetence: a proposal for 
definition and diagnosis. Br Heart J. 1993;70:400–2.

 6. Wilkoff BL, Corey J, Blackburn G. A mathematical model of exer-
cise cardiac chronotropic response to exercise. J Electrophysiol. 
1989;3:176–80.

 7. Jensen PN, Gronroos NN, Chen LY, Folsom AR, de Filippi C, 
Heckbert SR, Alonso A. Incidence of and risk factors for sick 
sinus syndrome in the general population. J Am Coll Cardiol. 
2014;64:531–8.

 8. Moss AJ, Davis RJ. Brady-tachy syndrome. Prog Cardiovasc Dis. 
1974;16:439–54.

 9. Brignole M, Deharo J-C, De Roy L, Menozzi C, Blommaert D, 
Dabiri L, Ruf J, Guieu R. Syncope due to idiopathic paroxysmal 
atrioventricular block: long-term follow-up of a distinct form of 
atrioventricular block. J Am Coll Cardiol. 2011;58:167–73.

 10. Lee S, Wellens HJJ, Josephson ME. Paroxysmal atrioventricular 
block. Heart Rhythm. 2009;6:1229–34.

 11. McAnulty JH, Rahimtoola SH. Bundle branch block. Prog 
Cardiovasc Dis. 1983;26:333–54.

 12. Surawicz B, Childers R, Deal BJ, Gettes LS. AHA/ACCF/HRS 
recommendations for the standardization and interpretation of 
the electrocardiogram: part III: intraventricular conduction distur-
bances. J Am Coll Cardiol. 2009;53:976–81.

 13. Akhtar M, Damata AN. Clinical uses of His bundle electrocardiog-
raphy. Am Heart J. 1976;91:520–6.

 14. Kerr CR, Tyers FO, Vorderbrugge S. Atrial pacing: efficacy and 
safety. PACE. 1989;12:1049–53.

 15. Bordachar P, Whinnett Z, Ploux S, Labrousse L, Haissaguerre M, 
Thambo J-B. Pathophysiology, clinical course, and management of 
congenital complete heart block. Heart Rhythm. 2013;10:760–6.

 16. Robinson ML, Kobayashi T, Higgins Y, Calkins H, Melia MT. Lyme 
carditis. Infect Dis Clin N Am. 2015;29:255–68.

 17. Birnie DH, Sauer WH, Bogun F, Cooper JM, Culver DA, Duvernoy 
CS, Judson MA, Kron J, Mehta D, Nielsen JC, Patel AR, Ohe T, 
Raatikainen P, Soejima K. HRS expert consensus statement on the 
diagnosis and management of arrhythmias associated with cardiac 
sarcoidosis. Heart Rhythm. 2014;11:1304–23.

 18. Nery P, Beanlands RS, Nair GM, Green M, Yang J, McArdle 
BA, Davis D, Ohira H, Gollob MH, Leung E, Healey JS, Birnie 
DH. Atrioventricular block as the initial manifestation of cardiac 
sarcoidosis in middle-age adults. J Cardiovasc Electrophysiol. 
2014;25:875–81.

 19. Kron J, Ellenbogen KA. Cardiac sarcoidosis: contemporary review. 
J Cardiovasc Electrophysiol. 2015;26:104–9.

 20. Clemmensen P, Bates ER, Califf RM, Hlatky MA, Aronson L, 
George BS, Lee KL, Kereiakes DJ, Gacioch G, Berrios E, Topol EJ, 
TAMI Study Group. Complete atrioventricular block complicating 
inferior wall acute myocardial infarction treated with reperfusion 
therapy. Am J Cardiol. 1991;67:225–30.

 21. Chilson DA, Zipes DP, Heger JJ, Browne KF, Prystowski 
EN. Functional bundle branch block: discordant response of right 
and left bundle branches to changes in heart rate. Am J Cardiol. 
1984;54:313–6.

 22. Alraies MC, Eisa NE, Alraies AH, Shaheen K. The long and short 
of it: Ashman’s phenomenon. Am J Med. 2013;126:962–3.

 23. Lev M. The pathology of complete atrioventricular block. Prog 
Cardiovasc Dis. 1964;6:317–26.

 24. Lenègre J. Eliology and pathology of bilateral bundle branch 
block in relation to complete heart block. Prog Cardiovasc Dis. 
1964;6:409–44.

 25. Neumar RW, Otto CW, Link MS, Kronick SL, Shuster M, Callaway 
CW, Kudenchuk PJ, Ornato JP, McNally B, Silvers SM, Passman RS, 
White RD, Hess EP, Tang W, Davis D, Sinz E, Morrison LJ. Part 8:adult 
advanced cardiovascular life support: 2010 American Heart Association 
Guidelines for Cardiopulmonary Resuscitation and Emergency 
Cardiovascular Care. Circulation. 2010;122(suppl 3):S729–67.

 26. Dixon WC, Bauch TD. Effects of theophylline on exercise indi-
ces in a patient with chronotropic incompetence. Clin Cardiol. 
2000;23:787–9.

 27. Epstein AE, DiMarco JP, Ellenbogen KA, Estes NA III, Freedman 
RA, Gettes LS, Gillinov AM, Gregoratos G, Hammill SC, Hayes 
DL, Hlatky MA, Newby LK, Page RL, Schoenfeld MH, Silka MJ, 
Stevenson LW, Sweeney MO, Tracy CM, Epstein AE, Darbar D, 
DiMarco JP, Dunbar SB, Estes NA III, Ferguson TB Jr, Hammill 
SC, Karasik PE, Link MS, Marine JE, Schoenfeld MH, Shanker 
AJ, Silka MJ, Stevenson LW, Stevenson WG, Varosy PD. American 
College of Cardiology Foundation; American Heart Association 
Task Force on Practice Guidelines; Heart Rhythm Society. J Am 
Coll Cardiol. 2013;61:e6–75.

 28. European Society of Cardiology (ESC), European Heart Rhythm 
Association (EHRA), Brignole M, Auricchio A, Baron-Esquivias 
G, Bordachar P, Boriani G, Breithardt OA, Cleland J, Deharo JC, 
Delgado V, Elliot PM, Gorenek B, Isreal CW, Leclercq C, Linde 
C, Mont L, Padeletti L, Sutton R, Vardas PE. 2013 ESC guide-
lines on cardiac pacing and cardiac resynchronization therapy: the 
task force on cardiac pacing and resynchronization therapy of the 
European Society of Cardiology (ESC). Developed in collaboration 
with the European Heart Rhythm Association (EHRA). Europace. 
2013;15:1070–118.

 29. Ausubel K, Furman S. The pacemaker syndrome. Ann Intern Med. 
1985;103:420–9.

 30. Heldman D, Mulvihill D, Nguyen H, Messenger JC, Rylaarsdam A, 
Evans K, Castellanet MJ. True incidence of pacemaker syndrome. 
PACE. 1990;13:1742–50.

 31. Kristensen L, Nielsen JC, Pedersen AK, Mortensen PT, Andersen 
HR. AV block and changes in pacing mode during long-term 
follow-up of 399 consecutive patients with sick sinus syndrome 
treated with an AAI/AAIR pacemaker. PACE. 2001;24:358–65.

 32. Healey JS, Toff WD, Lamas GA, Andersen HR, Thorpe KE, 
Ellenbogen KA, Lee KL, Skene AM, Schron EB, Skehan 
JD, Goldman L, Roberts RS, Camm AJ, Yusuf S, Connolly 
SJ. Cardiovascular outcomes with atrial-based pacing compared 
with ventricular pacing: meta-analysis of randomized trials, using 
individual patient data. Circulation. 2006;114:11–7.

 33. Link MS, Hellkamp AS, Estes NA 3rd, Orav EJ, Ellenbogen KA, 
Ibrahim B, Greenspoon A, Rizo-Patro C, Goldman L, Lee KL, 
Lamas GA. High incidence of pacemaker syndrome in patients 
with sinus node dysfunction treated with ventricular-based pac-
ing in the Mode Selection Trial (MOST). J Am Coll Cardiol. 
2004;43:2066–71.

 34. Lamas GA, Orav EJ, Stambler BS, et al. Quality of life and clini-
cal outcomes in elderly patients treated with ventricular pacing as 
compared with dual-chamber pacing. Pacemaker Selection in the 
Elderly Investigators. N Engl J Med. 1998;338:1097–104.

18 Bradyarrhythmias/Heart Blocks



238

 35. Fleischmann KE, Orav EJ, Lamas GA, et al. Pacemaker implanta-
tion and quality of life in the Mode Selection Trial (MOST). Heart 
Rhythm. 2006;3:653–9.

 36. Andersen HR, Nielsen JC, Thomsen PEB, Thuesen L, Mortensen 
PTM, Vesterlund T, Pedersen AK. Long-term follow-up of patients 
from a randomised trial of atrial versus ventricular pacing for sick- 
sinus syndrome. Lancet. 1997;350:1210–6.

 37. Freemantle N, Tharmanathan P, Calvert MJ, Abraham WT, Ghosh 
J, Cleland JGF. Cardiac resynchronisation for patients with heart 

failure due to left ventricular systolic dysfunction—a systematic 
review and meta-analysis. Eur J Heart Fail. 2006;8:433–40.

 38. Curtis AB, Worley SJ, Adamson PB, Chung ES, Niazi I, Sherfesee 
L, Shinn T, St. John Sutton M. Biventricular versus right ventricular 
pacing in heart failure patients with atrioventricular block (BLOCK 
HF) trial investigators. N Engl J Med. 2013;368:1585–93.

 39. Stavrakis S, Garabelli P, Reynolds DW. Cardiac resynchronization 
therapy after atrioventricular junction ablation for symptomatic 
atrial fibrillation: a meta-analysis. Europace. 2012;14:1490–7.

L. Brent Mitchell



239© Springer International Publishing AG 2017
P. Kowey et al. (eds.), Cardiac Arrhythmias, Pacing and Sudden Death, Cardiovascular Medicine, 
DOI 10.1007/978-3-319-58000-5_19

Syncope and Risk of Sudden Death

Wayne O. Adkisson, Balaji Krishnan, and David G. Benditt

Abstract

This chapter focuses on the potential risk of premature death, and in particular sudden car-
diac death (SCD), in patients who present with collapse and are presumed to have had 
syncope. However, before a clinician can attempt to assess mortality risk relative to an 
episode of syncope, it is first essential to determine that collapse was in fact due to syncope 
(i.e., transient self-limited loss of consciousness due to cerebral hypoperfusion) and not of 
other cause (e.g., seizure, trauma, etc.). This chapter provides an approach to establishing 
the accurate diagnosis of syncope. While this step may seem to be self-evident, the hectic 
pace of modern medicine can result in the diagnosis not being considered with sufficient 
care. Finally, we discuss the assessment of the risks of recurrence, mortality and sudden 
cardiac arrest associated with syncope of various etiologies.
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 Introduction

“You’ve got to be very careful if you don’t know where you are 
going, because you might not get there.” Lawrence “Yogi” 
Berra, 1925–2015

Recently, the Heart Rhythm Society (HRS), following pre-
vious efforts of the European Society of Cardiology’s (ESC) 
Syncope Task Force (2009), offered practitioners a consen-
sus statement which provides a definition of syncope which 
may be useful in the clinic: “Syncope is defined as a tran-
sient loss of consciousness, associated with an inability to 
maintain postural tone, rapid and spontaneous recovery, and 
the absence of clinical features specific for another form of 
transient loss of consciousness such as an epileptic seizure” 

[1]. This definition, while adequate for most settings, omits 
the key pathophysiologic feature of syncope emphasized in 
the ESC work [2]; namely, that ‘true syncope’ is caused by 
transient cerebral hypoperfusion. This crucial element, 
while being considered by some to be only important from 
an epidemiologic perspective, has clinical importance in 
eliminating other potentially confusing clinical conditions 
that may be inappropriately considered to be ‘syncope’, 
such as concussion, metabolic disturbances, or intoxications 
(Fig. 19.1).

Given the pathophysiologic definition cited above, loss of 
consciousness in syncope is triggered by transient insuffi-
ciency of oxygen delivery to the brain [2–4] most often due to 
a self-limited period of systemic hypotension with insufficient 
cerebral blood flow. A wide range of conditions may be 
responsible; in many instances the cause is relatively benign 
(e.g., assumption of upright posture in patients susceptible to 
orthostatic faints, emotional upset, or pain causing a vasovagal 
faint), but in other cases the trigger for the faint may be more 
serious (e.g., atrioventricular block, self- terminating ventricu-
lar tachyarrhythmias or bradyarrhythmias) (Fig. 19.2).

W.O. Adkisson, M.D. (*) • B. Krishnan, M.D. • D.G. Benditt, M.D. 
Cardiovascular Division, Department of Medicine, Cardiac 
Arrhythmia and Syncope Center, University of Minnesota 
Medical School, Mail Code 508, 420 Delaware St SE, 
Minneapolis, MN 55455, USA
e-mail: adki0004@umn.edu; kris0145@umn.edu; bendi001@umn.edu

19

mailto:adki0004@umn.edu
mailto:kris0145@umn.edu
mailto:bendi001@umn.edu


240

Transient Loss of Consciousness
(TLOC)

Trauma-Induced Not Trauma-Induced Not True TLOC
TLOC “mimics”

Concussion
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Seizures
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pseudo-syncope

Cataplexy
Drop Attacks

Psychogenic
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Fig. 19.1 Transient loss 
of consciousness (TLOC) 
may result from a vary of 
conditions. Traumatic TLOC, 
concussion, is rarely poses a 
clinical dilemma. However, 
the so-call “syncope mimics” 
can be difficult to distinguish 
from true syncope even with a 
carefully structured approach

Reflex
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Carotid Sinus
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•Post-mictruition
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ANS failure
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Pulmonary 
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Causes of Syncope:

Unknown Cause ≈10%

Fig. 19.2 A schematic representation 
of the common causes of syncope is 
provide. The approximate percentages 
included in the figure are summarized 
from a variety of sources. As noted in 
the text, these percentages may 
change depending on the population 
study. However, reflex syncope, 
specifically vasovagal syncope, 
remains the most frequent cause of 
syncope
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Whether the etiology of the syncopal event is benign or 
potentially life-threatening, syncope may lead to physical 
injury, accidents that put the affected individual and others at 
risk, and substantial economic loss. Consequently,  prevention 
is important. In this regard it is essential to identify the spe-
cific causes(s) of the faint(s), and thereafter, develop a treat-
ment plan designed to prevent recurrences [2].

The frequency with which syncope occurs has been 
assessed in a variety of studies. In general, the reported prev-
alence of syncope, which to be more precise reflects the per-
centage of individuals who have experienced a faint to that 
point in their life, varies from 15 to 25% [2, 4, 5]. In large 
part differences are attributable to the nature of the popula-
tion being evaluated. Nevertheless, it is clear that a substan-
tial segment of the population may experience a syncope 
event.

Emergency departments (and in recent years ‘Urgent 
Care’ clinics) are often the first places that fainters present 
for attention. In these settings syncope and collapse is esti-
mated to account for approximately 1% of visits in Europe, 
and from 1 to 6% in the United States [6–10]. In regard to the 
elderly, the reported frequency may well be an underestimate 
since many of these individuals exhibit various degrees of 
cognitive impairment that may affect memory of events; up 
to 20% of these individuals are believed to be amnestic for 
such episodes (i.e., retrograde amnesia) and often when que-
ried will deny that they ever lost consciousness [11].

 Assessment

 Initial Assessment

For syncope to have occurred there has to have been TLOC. If 
TLOC has not occurred the clinician must consider other 
diagnoses. As always, there are caveats. Patients, especially 
the elderly, may not be aware of the TLOC. One must beware 
of a history of unexplained falls. Falling can be diagnosed if 
the patient has full recollection of the event (although in 
some cases head trauma may account for a fall with loss of 
memory). If the patient has no memory of the fall, or how the 
fall occurred, the possibility of TLOC remains. Similarly, in 
conditions such as cataplexy or psychogenic pseudo-syncope 
consciousness is not lost, thought this may be difficult for the 
practitioner to determine during an initial encounter.

As outlined in Fig. 19.1, TLOC is a feature of many enti-
ties other than syncope. In the case of syncope, however, 
unless the patient is somehow restricted from assuming a 
gravitationally neutral position (i.e., prevented from falling 
such as might occur if wearing a seatbelt or being in a very 
confined space, or being held upright by well-meaning but 
ill-informed bystanders), the episode should be transient, 
rarely lasting longer than 30 s. Prolonged periods (greater 

than 1–2 min) of loss of consciousness (LOC), or perceived 
LOC, should prompt consideration of other explanations for 
the episode. In a syncope patient, recovery should be sponta-
neous and complete. A patient who requires defibrillation or 
a bolus of intravenous glucose before regaining conscious-
ness has not had syncope.

As already stressed, transient global cerebral hypoperfu-
sion is the essential feature of syncope pathophysiology that 
distinguishes syncope from other forms of TLOC [2–4]. In 
the vast majority of cases, diminished cerebral perfusion is 
due to a transient fall in systemic blood pressure. On occa-
sion, the victim may have jerky movements after onset of 
loss of consciousness; because of these muscle movements, 
true syncope may be mistaken for a seizure disorder or “fit” 
by untrained witnesses [4]. If the ‘jerky’ muscle movements 
begin prior to LOC, then the event was almost certainly an 
epileptic seizure and not syncope. Sometimes, non-skeletal 
smooth muscle function may be affected, resulting in loss of 
bladder (common) or bowel (rare) control and further rais-
ing concern that the patient had experienced an epileptic 
seizure [4].

 Determining the Etiology

Establishing the cause of syncope is crucial with regard to 
the assessment of risk. The most common causes of syncope 
are the reflex syncope syndromes, and within the category of 
reflex syncope (i.e., vasovagal, carotid sinus syndrome and 
situational reflex faints), vasovagal syncope is by far the 
most common [2, 3, 5]. However, the prevalence of a particu-
lar cause of syncope varies depending up the population 
studied. Thus, vasovagal faints account for almost all forms 
of syncope in otherwise healthy young persons but fewer 
than half the causes of syncope in patients >60 years of age 
(Fig. 19.3) [12, 13]. For example, Ungar et al. [14] found in 
a study of 242 older individuals aged 65–98 years, that the 
combination of neural-reflex and orthostatic faints accounted 
for 67% of diagnoses. Vasovagal, situational and carotid 
sinus syndrome (CSS) (i.e., the reflex faints) made up 62% 
of cases in patients ≤75 years of age and 36% in patients 
>75 years. More recently, among 200 patients ≥65 years of 
age who presented to the ED due to unexplained or acciden-
tal falls, Anapalahan and Gibson found that approximately 
25% of unexplained falls were due to reflex syncope [15].

Orthostatic faints and carotid sinus syndrome (CSS) tend 
to be more prevalent in the older (typically considered 
>60 years) patient [2, 9, 14]. In the case of orthostatic faints, 
age-related and/or disease related factors increase suscepti-
bility; for instance, neurological causes including subtle 
forms of Parkinson’s disease and/or autonomic failure 
 contribute to syncope risk. Similarly, drug-induced ortho-
static hypotension should not be over-looked as it is very 
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common and often readily managed by adjustment of medi-
cations and doses. In particular diuretics and antihyperten-
sive may substantially increase risk of orthostatic syncope in 
the older person.

CSS has been reported to account for ~20% of syncope in 
older individuals with vasovagal syncope amounting to a fur-
ther 15%. Although less frequent, cardiac causes become 
more important with increasing age and the inevitable greater 
concomitant prevalence of structural heart disease [2]. It is 
the cardiac causes that ultimately are associated with greatest 
mortality and sudden death risk.

Establishing the presence or absence of structural heart 
disease in a patient with syncope is of critical importance 
both in terms of defining the risk of premature death, as well 
as determining the best prevention/treatment strategy. The 
focus of the history, the physical exam and laboratory test-
ing, if needed, is not only to establish an etiology for the 
syncopal events but, of equal importance, to establish the 
presence or absence, and severity, of underlying cardiovas-
cular disease.

The association of syncope with subsequent mortality 
has been the subject of several studies. From a broad epide-
miologic perspective, Soteriades and colleagues reported 
observations from the Framingham database in 822 patients 
with syncope out of 7814 patients that had been followed 
for 17 years [8]. Despite the fact that the nature of the 
Framingham methodology inherently introduced impreci-
sion with regard to the etiologic diagnosis, several impor-

tant insights were provided. First, patients with apparent 
vasovagal syncope did not have an increased risk of mortal-
ity (or cardiovascular morbidity) when compared to indi-
viduals who did not have syncope. On the other hand, the 
hazard ratio for all-cause mortality in patients with an 
apparent cardiac cause of syncope was 2.01 compared to 
patients without syncope. The hazard ratio for myocardial 
infarction or death from coronary artery disease in these 
patients was even higher (2.66). It is important to note that 
while syncope may be a marker of increased concern, it is 
the underlying heart disease, not syncope, that is the cause 
of the increased risk [16].

The Framingham observation, that it is the underlying 
heart disease and not syncope that is the driver of increased 
mortality, has been demonstrated in other studies as well. 
This finding was illustrated in the Sudden Cardiac Death 
Heart Failure Trial (SCD-HeFT) data. Olshansky and co- 
authors (writing for the SCD-HeFT Investigators) looked at 
the effect of syncope on outcomes in the SCD-HeFT 
patients with ischemic and non-ischemic cardiomyopathy 
[17]. The relative risk (RR) of mortality for patient with 
syncope compared with those without syncope was not sig-
nificantly different across the randomization groups: amio-
darone, placebo, single-chamber shock-only ICD [17]. 
This finding, that while syncope is often a marker of risk it 
is the  underlying condition that results in poor outcomes, 
will be noted in many of the studies discussed later in this 
review.
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Fig. 19.3 The graph is 
constructed from data 
presented by Del Rosso [12]. 
In patients older than 65 years 
of age, cardiac causes of 
syncope become more 
common. In this age group 
orthostatic hypotension also 
becomes more common
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Younger patients without structural heart disease tend to 
be primarily affected by reflex faints, especially vasovagal 
syncope. However, although rare, in the absence of overt 
structural disease, the possibility of a so-called channelopa-
thy (e.g., long QT syndrome, Brugada syndrome, catechol-
aminergic paroxysmal ventricular tachycardia [VT], etc.) 
should not be overlooked in such patients. These possibilities 
are particularly important if the medical history of the 
patient’s symptoms is not typical for reflex syncope. 
Channelopathies are being recognized with increasing fre-
quency and have a worrisome prognosis; some remain as yet 
unidentified from a genetic perspective but nevertheless can 
cause life-threatening arrhythmias [2].

A 12-lead ECG should be obtained, and reviewed by an 
experienced ECG reader, in all patients with syncope. The 
ECG may suggest presence of underlying structural heart 
disease or provide evidence of a channelopathy. In addition, 
all the risk tools to be discussed below include assessment of 
the 12-lead ECG. Given that the ECG is a snapshot of a 
dynamic process, an ECG should be obtained as close in 
time to the event as possible. An ECG from months prior to 
presentation is not adequate for the evaluation of a patient 
being seen for new syncope.

A detailed review of the evaluation of the syncope patient 
is beyond the scope of this discussion. The most recent ESC 
report on the diagnosis and management of syncope [2] is 
an excellent general reference, as are several recent reviews 
[18, 19].

 Assessment of Mortality/Life-Threatening 
Risk

 Assessment of Long-Term Risk

The majority of patients presenting with syncope, especially 
young healthy patients, will have reflex syncope in which 
mortality risk is low, but potential for injury and adverse 
impact on quality-of-life are important. However, as alluded 
to earlier, the prognosis associated with syncope is not 
always benign. Those at increased injury and mortality risk 
typically have underlying structural heart disease or a disor-
der of ion channel function. In such cases, developing strate-
gies for prevention and/or protecting the patient from 
potentially life-threatening consequences is a high priority.

Many studies, have attempted to address the short term 
(1-week to 1-month) risks associated with syncope in order to 
provide practitioners, particularly ED and Urgent Care physi-
cians, guidance on which syncope patients merit immediate 
hospitalizations and/or urgent evaluation in a syncope clinic. 
However, fewer reports have focused on the ‘long- term risk’ 
of syncope, and even these studies are limited in usefulness as 
follow-up has generally been only one year, [8, 20, 21].

 Longer-Term Risk

In terms of ‘long-term’ risk, the Evaluation of Syncope 
Guidelines (EGSYS) and EGSYS-2 [22, 23] studies high-
lighted the importance of identifying patients with underling 
cardiac disease. The EGSYS study was a prospective cohort 
study of emergency department (ED) patients with the 
intended goal of both deriving and validating a clinical score 
that would identify patients in whom there was a high likeli-
hood that syncope was due to a cardiac cause. There were 
260 patients in the derivation cohort and 256 in the validation 
cohort. Six clinical variables (out of 52 in total) were assigned 
a score based on the regression coefficient. The mean follow-
 up was 614 days.

The EGSYS score is outlined in Table 19.1. The ECG was 
interpreted by the ED physician and considered abnormal if 
it demonstrated: sinus bradycardia, AV block more severe 
than first-degree, bundle branch block, acute or old MI, 
supraventricular tachycardia, left or right ventricular hyper-
trophy, long QT, ventricular pre-excitation or Brugada pat-
tern. Predisposing factors for syncope included: warm 
crowded place, prolonged standing, or pain/fear/emotional 
upset. Autonomic prodromal symptoms were limited to nau-
sea and vomiting.

In both the derivation and validation cohort, patients with 
an EGSYS risk score of ≥3 had increased risk of mortality 
when compared to patients with a score of <3. In the deriva-
tion cohort the mortality rate during a mean follow-up 
614 days in patients with a risk score ≥3 was 17% versus 3% 
in patients with a score <3. In the validation cohort those 
values were 21% versus 2% [22].

In the EGSYS-2 follow up study [23], 541 patients were 
evaluated for syncope in the EDs of 11 general hospitals in 
Italy. A total of 380 patients completed an average of 
614 days follow up. Death from any cause occurred in 35 
patients (9.2%). Among the deaths 82% of the patients either 
had an abnormal ECG and/or heart disease. Six deaths (3% 
of all patients, approx. 10% of all deaths) occurred in patients 
without heart disease and a normal ECG. Thus, the negative 
predictive value for mortality of the combination of absence 
of heart disease and a normal ECG in the overall population 
was 97% [23].

Table 19.1 EGSYS score

Clinical marker Risk score

Palpitations prior to syncope 4

Heart disease or abnormal ECG or both 3

Syncope during effort 3

Syncope while supine 2

Predisposing or precipitating factors of both −1

Autonomic prodromal symptoms −1

See text for details, adapted from Del Rosso et al. [22] and Ungar et al. [23]
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The cause of death was felt to be cardiovascular in 9 
patients (20%), non-cardiovascular in 10 patients (29%) and 
unknown in 16 (46%) [23].

Six deaths (17%) occurred within 1 month of the index 
ED visit. All were related to cardiovascular causes (four to 
cardiac causes, two to vascular). None of the 35 deaths were 
considered to be sudden in nature. Treatment of the cause of 
syncope had no effect on mortality risk in EGSYS- 2 during 
the follow-up period. The cause of death was not related to 
the cause of syncope in this study [23].

Syncope recurred in 63 patients (16.5%) but in only a 
single patient during the first 30 days. The EGSYS score did 
not correlate with the risk of syncope recurrence. Neither 
was recurrence related to the cause of syncope [23].

The Osservatorio Epidemiologico sula Sincope nel Lazio 
(OESIL) study [24] examined the risk of total mortality at 
12 months in 270 syncope patients presenting to two hospi-
tals in Rome. The 12-lead ECGs in each patient were inter-
preted by the ED physician with cardiology over-reading 
upon request [24]. Four clinical risk factors, Table 19.2, were 
identified (age > 65 years, clinical history of cardiovascular 
disease, syncope without prodromal symptoms and abnor-
mal ECG). Each risk factor was assigned a single ‘risk’ 
point.

An abnormal ECG was defined as: (1) abnormal rhythm 
(atrial fibrillation/flutter, supraventricular tachycardia, multi-
focal atrial tachycardia, frequent ventricular or supraventric-
ular ectopy, ventricular tachycardia or paced rhythm), (2) AV 
block (including Mobitz 1 AV block), (3) ventricular hyper-
trophy, either right or left, (4) left axis deviation, (5) old 
myocardial infarction or (6) ST segment or T wave changes 
consistent with, or possible related to, ischemia (non-specific 
repolarization changes were excluded. Total mortality 
increased with each additional risk factor. Patients with no 
risk factors had no mortality at one year. Patients with a risk 
score of 4 had a 57.1% mortality over the subsequent 
12 months [24].

Despite its title, the Short-Term Prognosis of Syncope 
Study (STePS) investigators examined both short-term and 
long-term risk in consecutive patients over the age of 18 with 
syncope at four hospitals in Milan, Italy [25].

This was a prospective study with pre-defined “severe 
outcomes” and “major therapeutic procedures”. STePS 
assessed predictors of ‘long-term’ risk (11 days to one year) 
of severe outcomes and major therapeutic procedures. 

Markers of long-term risk were: (1) age> 65 years, (2) neo-
plasms, (3) cerebrovascular disease, (4) structural heart dis-
ease and (5) ventricular arrhythmias (Table 19.3a). There 
were a total of 40 deaths. Of the 40 only 11 (3 sudden, 5 
cardiovascular and 3 cerebrovascular) were attributable to a 
cardiovascular cause. Hospitalized patients were more likely 
to have a major therapeutic procedure at 10 days (p < 0.01). 
The risk of death between 11 days and one year was signifi-
cantly higher in patients who were hospitalized following the 
index event than those not hospitalized, 14.7% versus 1.8%, 
p < 0.0001 [25].

At first, the finding that hospitalized patients had worse 
outcomes may seem surprising. However, regardless of the 
presenting complaint, it is not difficult to imagine it is better 
to be deemed healthy enough for discharge as opposed to ill 
enough to require admission. Indeed, the admitted patients in 
the STePs trial were more likely to have hypertension, under-
lying cardiovascular disease and nearly half were over 
65 years of age [25]. The results illustrate the larger point 
that it is likely the underlying disease not the syncope that 
confers risk. The admitted patients were more likely to 
undergo a major therapeutic procedure (pacemaker or ICD 
placement, intensive care unit admission or acute antiar-
rhythmic drug therapy). In other words, they were more 
likely to have the etiology of their syncope both identified 
and treated, yet this did not result in an improvement in out-
comes [25]. This is similar to the findings reported by the 
EGSYS2 investigators [23].

 Shorter-Term and Immediate Risk (7–30 days)

While potentially important, estimates of risk at one year are 
of limited value in the acute or sub-acute setting. As noted 
above, in the acute setting an estimate of short-term risk is 
helpful in weighing the urgency with which further evalua-
tion should be completed.

Table 19.2 OESIL risk score

Age > 65 years

Clinical history of cardiovascular disease

Syncope without prodromal symptoms

Abnormal ECG

See text for details, adapted from Colivicchi et al. [24]

Table 19.3 Short-term prognosis of syncope (STePS) study

Clinical marker Odds ratio 95% CI p Value

(a) Predictors of long-term risk (11 days–1 year)

Age > 65 years 3.4 1.6–7.4 0.001

Neoplasm 3.2 1.6–6.5 0.001

Cerebrovascular Disease 2.5 1.3–4.7 0.006

Structural heart disease 2.3 1.3–4.2 0.004

Ventricular Arrhythmia 3.9 1.0–15.3 0.049

(b) Predictors of short-term risk (0–10 days)

Abnormal ECG 6.9 3.1–15.1 0.000

Trauma 2.9 1.4–5.9 0.004

Absence of prodrome 2.4 1.2–4.8 0.016

Male gender 2.2 1.0–4.5 0.0037

See text for details, adapted from Constantino et al. [25]
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Quinn, et al., sought to establish a means of evaluating the 
short-term risk at 7 days using a population of patients seen 
at a large university-based teaching hospital emergency 
department (ED) [26]. They prospectively identified a cohort 
of 684 patients with syncope. The patients were assessed 
with a standardized tool of 50 variables felt to have possible 
benefit with regards to risk assessment and were followed up 
at seven days for the occurrence of pre-defined serious out-
comes. The outcomes chosen were broad-based, ranging 
from death to any condition likely to result in a return visit to 
the ED. A total of 79 serious outcomes occurred. Multivariate 
analysis allowed the identification of five variables (See 
Table 19.4) capable of predicting seven day major outcomes 
with a sensitivity of 96% and a specificity of 62%. These 
predictors were labeled the San Francisco Syncope Rule 
(SFSR).

The investigators later prospectively validated the SFSR 
in 760 patients seen for 791 visits to the ED [27]. They found 
that the rule had a 98% sensitivity for predicting serious out-
comes with a specificity of 56%. There were 108 serious out-
comes, half identified at the time of the index ED visit. The 
most common serious outcome was arrhythmia with 16 
bradyarrhythmia, five supraventricular tachycardia (SVT) 
and two ventricular dysrhythmia.

Despite the findings of Quinn et al. [27], two external 
validation studies found that the SFSR did not perform as 
well as had been previously reported. For instance, Sun et al. 
[28], prospectively enrolled patients presenting to a single 
academic emergency department (ED) in Los Angeles with 
syncope or near syncope. The SFSR risk factors were 
recorded and the patients later contacted by telephone for 
follow-up at 14 days. A panel of three physicians, blinded to 
the SFSR score, used the ED records, hospital records and 
telephone contact information to determine if a predeter-
mined serious clinical event had occurred within 7 days of 
being evaluated in the ED. The authors reported a lower sen-
sitivity, 89%, for identification of high risk patients using the 
SFSR [28].

Similarly, Birnbaum and colleagues [29] reported on a 
population of 713 patients presenting to a University hospi-
tal ED with syncope or near syncope. Inclusion criteria and 
serious clinical events were the same as those used in the 
SFSR trials [26, 27]. Sixty-one patients out of the 713 had 
a serious clinical event. Of these 61 patients, the SFSR 

failed to identify 16 (25%, 95% confidence interval (CI) 
16–39%) as high risk [29]. In their population the ability of 
the SFSR to predict a serious outcome had a sensitivity of 
74%, substantially less than the 98% sensitivity reported 
previously [26, 27].

Several other reports have offered insight into shorter- 
term risk of serious outcomes, need for intervention or all- 
cause mortality associated with syncope. In a collaborative 
study from Boston, Grossman and colleagues grouped signs 
and symptoms into eight different categories as found in 
Table 19.5. They found their rule was useful in predicting the 
risk of critical interventions or adverse outcomes at 30 days 
[30]. One could view their study as validation of the impor-
tance of obtaining a thorough history and physical examina-
tion when assessing risk related to a syncopal episode. 
Nonetheless, it does provide a framework for determining 
risk in a patient with syncope.

The ROSE (Risk Stratification of Syncope in the 
Emergency department) study was designed to establish a 
clinical decision rule to predict 1-month all-cause mortality 
and serious outcome risk in adult patients presenting with 
syncope [31]. It was a single center prospective observa-
tional study from Edinburgh, Scotland. The clinical decision 
rule was developed from a derivation cohort of 550 patients. 
It was then tested in a validation cohort of a further 550 
patients [31].

From the derivation cohort the ROSE rule was developed 
and included seven elements (Table 19.6). The investigators 
suggested the pneumonic BRACES:

Table 19.4 San Francisco Syncope Rule (SFSR)

Abnormal ECG (rhythm other than sinus or new ECG changes)

A complaint of shortness of breath

Hematocrit <30%

Systolic blood pressure at triage of <90 mmHg

History of congestive heart failure

See text for details, adapted from Quinn et al. [26, 27]

Table 19.5 The Boston rules

I. Signs or symptoms of acute coronary syndrome

II. Worrisome cardiac history

III. Family history of sudden cardiac death

IV. Significant heart murmur

V. Signs or symptoms of conduction system disease

VI. Volume depletion

VII. Persistence of abnormal vital signs

VIII. Primary central nervous system event

See text for details, adapted from Grossman et al. [30]

Table 19.6 The Rose Rule

B B-type natriuretic peptide ≥300 pg/mL

Bradycardia ≤50 bpm in ED or pre-ED

R Rectal exam showing fecal occult blood

A Anemia, Hbg ≤ 90 g/L

C Chest pain associated with syncope

E ECG with Q waves (excluding lead III)

S Saturation of oxygen ≤94% on room air

See text for details, adapted from Reed et al. [31]
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B BNP ≥ 300 pg/mL
 Bradycardia ≤50 bpm in ED or pre-ED
R Rectal exam showing fecal occult blood
A Anemia, hemoglobin ≤90 g/L
C Chest pain associated with syncope
E ECG with Q wave (excepting lead III)
S Saturation (oxygen) ≤ 94% on room air

When applied to the validation cohort the sensitivity was 
87%, and specificity was 66% for all-cause mortality and seri-
ous outcome risk. The positive predictive value was 16.5% 
and negative predictive value was 98.5%. The presence of any 
one of the seven elements noted above indicated high-risk and 
admission should be considered. The authors estimated that 
the use of the ROSE rule would result in avoiding 149 unnec-
essary admissions per 1000 patients presenting with syncope, 
at a cost of missing four high risk patients with no deaths [31].

In the STePS study [25] logistic multivariate regression 
revealed four key risk markers for severe outcomes in the 
short-term (within 10 days of index event): (1) abnormal 
ECG at admission, (2) trauma associated with the event, (3) 
absence of symptoms preceding event and (4) male gender 
(Table 19.3b). The risks markers for short-term risk differed 
from those for long-term (11 days to 1 year) risk. An abnor-
mal ECG at presentation conferred the greatest risk. An ECG 
was defined as abnormal if it disclosed: (1) atrial fibrillation 
or tachycardia, (2) sinus pauses >2 s, (3) sinus bradycardia 
ranging from 35 to 45 bpm, (4) conduction disorders (includ-
ing Mobitz I second-degree AV block), (5) evidence of prior 
myocardial infarction or ventricular hypertrophy and (6) 
multiple ventricular premature beats.

In the short-term (first 10 days) there were 41 (6.1%) 
severe outcomes, including five (0.7%) deaths. Four of the 
five deaths occurred within 48 h of the index ED visit, one 
each from: disseminated intravascular coagulation, acute 
pulmonary edema, aortic dissection, pulmonary embolus). 
One patient died of a stroke on day ten [25].

 Risk of Recurrence

In our review of the above studies we have focused on assess-
ing the risk of mortality and life-threatening complications. 
However, while these latter issues are undeniably important, 
patients are also concerned with the risk of recurrence of 
syncope and its potential impact on their lives. As with 
assessment of mortality risk it is critical to identify the cause 
of the syncope in order to both comment on the risk of recur-
rence and to discuss possible preventive measures.

In regard to the likelihood of recurrences, it is estimated 
that roughly one-third of patients with syncope will suffer a 
recurrence within three years [2, 8, 10]. Factors that predict 
a greater risk include: a prior history of recurrence, age less 

than 45 and a psychiatric diagnosis (although this last factor 
might include conditions that re not ‘true’ syncope such psy-
chogenic pseudosyncope). Patients with a positive tilt table 
study and a history of more than six syncope events have 
a > 50% recurrence rate over two years [2, 8, 10, 32].

 Specific Cardiac Conditions

 Ischemic Cardiomyopathy

There is a relative paucity of studies investigating the mecha-
nisms of syncope among heart failure patients with implantable 
cardioverter-defibrillators, and it is controversial whether non-
arrhythmogenic syncope is associated with increased mortality. 
Recent review of data from the MADIT- RIT [33] data has 
shown that the clinical risk factors associated with syncope are 
related to increased cardiovascular risk profile including isch-
emic origin (HR 2.48, CI 1.42–4.34, P = 0.002). Both arrhyth-
mogenic and non- arrhythmogenic syncope were significantly 
associated with an increased risk of mortality. While the HR for 
death attributable to arrhythmogenic syncope was higher than 
non- arrhythmogenic syncope, 4.51 versus 2.96 respectively, 
there was a large overlap in the 95% confidence intervals (CI). 
The investigators concluded that the clinical risk factors for 
syncope were related to markers of increased overall cardiovas-
cular risk and that syncope was associated with increased mor-
tality risk regardless of the etiology of syncope [33].

The AVID Registry followed patients who presented to 
centers participating in the AVID trial who had VT or VF 
regardless of the cause [34]. Patients who presented with 
“unexplained syncope” were also screened. A relatively high 
mortality rate was noted across all groups, including those 
with unexplained syncope. However, it needs to be empha-
sized that the patients with unexplained syncope, were only 
screened if they were found to have underlying heart disease 
AND had symptomatic VT induced at electrophysiology 
study [34]. Despite this, the patients with unexplained syncope 
had the highest two-year survival in patients with ejection 
fractions <35% at 83% [34]. Syncope in this selected group of 
patients was not associated with a higher risk of mortality.

 Non-ischemic Cardiomyopathy

Recall that patients with syncope, compared with those with-
out syncope, had a higher risk of all-cause mortality and of 
cardiovascular death but that the risk of sudden cardiac death 
was not significantly greater in patients with syncope com-
pared to those without syncope. Similarly, this study did not 
show a difference in syncope risk between heart failure eti-
ologies (Ischemic vs Nonischemic HR 1.05 (0.85–1.29) with 
p Value = 0.67 [17].
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 Arrhythmogenic Right Ventricular 
Cardiomyopathy (ARVC)

The role of implantable cardioverter-defibrillator (ICD) in 
patients with arrhythmogenic right ventricular cardiomyopa-
thy and no prior ventricular fibrillation (VF) or sustained 
ventricular tachycardia is an unresolved issue. Few prospec-
tive trials address this topic. A recent report [35] studied syn-
cope as a risk factor for arrhythmia independent of 
non-sustained ventricular tachycardia, familial sudden death, 
and inducibility of programmed ventricular stimulation. One 
fourth of patients with arrhythmogenic right ventricular car-
diomyopathy and no prior sustained ventricular tachycardia 
or VF had appropriate ICD interventions. Syncope signifi-
cantly predicted any appropriate ICD interventions (hazard 
ratio, 2.94; 95% confidence interval, 1.83 to 4.67; P = 0.013) 
and shocks for VF/ventricular flutter (hazard ratio, 3.16; 
95% confidence interval, 1.39 to 5.63; P = 0.005) [35]. 
Inducibility at electrophysiology study had a poor positive 
predictive value, 35% for appropriate ICD intervention and 
20% for ICD intervention for ventricular fibrillation (VF) or 
ventricular flutter (VFL). Asymptomatic patients with only 
family history of sudden cardiac death received no appropri-
ate ICD interventions. In this study syncope was the stron-
gest predictor of appropriate ICD therapy in patients without 
a history of cardiac arrest or sustained VT [35].

Two caveats should be kept in mind with regard to ICDs 
in ARVC. First, ICD placement was associated with inap-
propriate ICD interventions in 20 patients (19%) and 18 
patients (17%) had device related complications [35]. 
Second, the authors postulated that ICD therapies for VF/
VFL were “life-saving”, a conclusion that is open to debate.

 Hypertrophic Cardiomyopathy (HCM)

Syncope is a particularly worrisome clinical presentations in 
patients with HCM. To date one major study has assessed the 
prognostic significance of syncope systematically in hyper-
trophic cardiomyopathy, Spirito et al. assessed the relation-
ship between syncope and sudden death in patient with HCM 
[36]. The results showed patients with recent unexplained 
syncope (within 6 months before initial evaluation) showed a 
5-fold increase in risk compared with patients without syn-
cope (adjusted hazard ratio 4.89, 95% CI 2.19 to 10.94). 
Patients with recent unexplained syncope also demonstrated 
an increased sudden death risk throughout all age groups. It 
is important to note that the relative risk of sudden death was 
1.78 (95% confidence interval 0.88 to 3.51, P = 0.08) in 
patients with unexplained syncope while in those felt to have 
reflex syncope the relative risk of sudden death was not 
increased, 0.91 (95% confidence interval 0.00 to 3.83, 
P = 1.0). However, a recent validation trial of the 2014 

European Society of Cardiology Guidelines Risk Prediction 
Model for the Primary Prevention of Sudden Cardiac Death 
in Hypertrophic Cardiomyopathy [37] found, in a univariate 
analysis, that syncope was not a predictor of SCD (HR 1.6, 
95% confidence interval 0.47–5.51, p = 0.4).

 Long QT Syndrome (LQTS)

Syncope is highly predictive for future fatal arrhythmias in 
the LQTS. Data regarding risk stratification and manage-
ment strategies in the high-risk subset of LQTS patients pre-
senting with syncope was recently summarized by Jons et al. 
[38]. The risk stratification was divided into 3 categories. 
The lowest risk was found in patients with only 1 syncopal 
episode occurring before the start of beta-adrenergic recep-
tor blocker therapy. Intermediate risk was associated with 
patients with multiple syncopal episodes occurring before 
initiation of beta-adrenergic receptor blocker therapy (haz-
ard ratio: 1.8, p < 0.001). The highest risk was patients expe-
riencing syncope after starting beta-adrenergic receptor 
blocker therapy who had a 3.6-fold increase in the risk of 
severe arrhythmic events (p < 0.001) relative to the low-risk 
group. Patient who experienced syncope after starting beta- 
adrenergic receptor blocker had a risk of severe arrhythmic 
events similar to that of patients not treated with beta- 
blockers. The results also showed an important gender dif-
ference in the risk of experiencing syncope while being 
treated with beta-adrenergic receptor blockers. The risk 
associated with syncope is higher in women than in men 
(hazard ratio: 2.3, p < 0.001) [38].

Overall, in LQTS patients presenting with the first synco-
pal episode, fatal arrhythmic events are effectively prevented 
with beta-blocker treatment in those without recurrent syn-
cope. However, these observations apply predominantly to 
LQTS Type 1 and Type 2. The impact of beta-adrenergic 
blockers in other LQTS types is less clear.

 Brugada Syndrome

Fundamental questions remain regarding the best strategy 
for assessing the disease-associated arrhythmic risk in 
Brugada syndrome. The lack of data and recommendations 
regarding management the asymptomatic patient with an 
ECG demonstrating the Brugada pattern remains a perplex-
ing issue for clinicians. The evidence that VT/VF inducibil-
ity is not a useful risk indicator highlights the need to 
establish alternative risk stratification methods.

Probst et al. [39] examined the FINGER (France, Italy, 
Netherlands, Germany) Brugada syndrome registry to evalu-
ate the effect of unexplained syncope on the risk of SCD in 
Brugada syndrome patients. Asymptomatic patients had the 
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lowest cardiac event rate per year, 0.5%. Patients with prior 
aborted SCD had a yearly cardiac event rate of 7.7%. Patients 
with syncope had an intermediate risk of cardiac events at 
1.9% per year. In a multivariable analysis, syncope versus 
asymptomatic status (HR, 3.4; CI, 1.6 to 7.4; P = 0.002) was 
a predictor of a shorter time to first arrhythmic event [39].

Analysis of the data from the PRELUDE (PRogrammed 
ELectrical stimUlation preDictive valuE) registry showed a 
history of syncope and spontaneous type I ECG spontaneous 
HR: 4.20 (95% CI: 1.38 to 12.79, p = 0.012) were significant 
predictors of arrhythmia events (VF or appropriated ICD 
therapy) [40]. In a Kaplan-Meier analysis, patients with syn-
cope alone were also at higher risk for arrhythmic events, 
log-rank P = 0.011. The authors calculated that 12.4 ICD 
implantations would be needed to save one life if syncope 
was used as a sole risk factor. The number of implants need 
to save one life for the spontaneous type 1 ECG pattern was 
14.5. If a combination of history of syncope and spontaneous 
type I ECG pattern was considered, the number of ICD 
implants needed to save one life was 6.8 [40]. Similarly, in a 
large European large multicenter registry Sacher et al. [41] 
showed that syncope was predictive of appropriate device 
discharge(hazard ratio, 2.460; 95% confidence interval, 
1.169–5.174).

 Impact on Healthcare Costs

The soci costs of syncope are an important consideration. 
Many of the studies reviewed were conceived as a means of 
identifying which patients require urgent evaluation, includ-
ing admission and which could be evaluated less urgently. In 
a review of syncope economics Sun et al., estimated an 
annual burden in the US of 740,000 ED visits and 460,000 
hospital admissions at a cost of approximately $2.4 billion 
[42]. It is possible these costs could be reduced by more 
focused attention to practice guidelines. Several studies have 
already demonstrated the feasibility of using guide-line 
based evaluation strategies, such as the ones described above, 
to reduce hospital admissions and costs [43, 44]. The 
American College of Cardiology/American Heart 
Association/Heart Rhythm Society are expected to publish 
up-to-date syncope practice recommendations in 2016 which 
may further assist physicians to provide more cost-efficient 
care.

 Conclusions

At this point, a fair question would be: What system do 
the authors use for assessing risk when evaluating mortal-
ity and SCD risk a patient with syncope?

The answer is: none of them and all of them.
When there is a multiplicity of methods, all attempting 

to answer the same clinical question, one is justified in 

concluding that there is no single best method. The studies 
reviewed above were well conceived and all have increased 
our understanding of the issues involved in risk assess-
ment of the patient with syncope. Yet, none are sufficient 
to address all the questions facing the clinician and patient.

There are several recurring clinical threads that run 
through most of the risk assessment tools that merit con-
sideration when attempting to define patients at higher 
mortality risk related to syncope:

 1. Symptoms suggestive of acute coronary syndrome
 2. Heart failure on presentation or history of heart 

failure
 3. Abnormal ECG—this is often defined quite broadly
 4. Older patients—in this case the age range is ill-defined 

but perhaps >65 years
 5. Supine syncope

Red flags in younger, apparently healthy, patients include:

 1. Syncope during active exertion – in this case defined as 
collapse in “full flight” as opposed to collapse after 
completion of vigorous exertion.

 2. Abnormal ECG – more commonly in these patients the 
ECG may show ventricular pre-excitation, long or 
short QT, or Brugada pattern

It is commonly assumed that identification of the 
patient at risk implies the need for a device (pacemaker 
for bradyarrhythmias, implantable defibrillator for ven-
tricular tachyarrhythmias) or a procedure, such as an abla-
tion. It is worth noting that such interventions are only 
needed in a relatively few patients. More concerning, 
there is virtually no data indicating that such interventions 
impact mortality.

It is quite true that syncope in a patient with underlying 
heart disease is a marker of increased mortality risk but 
the mortality appears, with exceptions as noted above, to 
be primarily due to the underlying disease and not the 
syncope per se. In these patients, it may be more correct 
to view the episode of syncope as an opportunity to 
address and maximize therapy of the underlying cardiac 
condition, while also addressing evaluation and treatment 
of their syncope. However, in young patients with syn-
cope and recently identified hypertrophic cardiomyopa-
thy (HCM), the mortality risk appears to be more closely 
tied to the symptom of syncope and aggressive therapy, 
most often with an ICD, appears to be warranted [36]. 
Likewise, syncope in a patient with spontaneous type I 
Brugada ECG pattern may well warrant a more aggres-
sive approach [40].

Other factors beyond risk alone impact the decision to 
admit or not admit a patient to hospital after they present 
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with an apparent syncope episode. Specific consider-
ations that favor in-hospital care include:

 1. Are they likely to require an intervention?
 2. If there were associated injuries, do those injuries 

require inpatient treatment?
 3. Is the patient’s home environment safe?
 4. Do they have adequate support systems in place for 

outpatient management?

All these issues must factor into the decision of where 
to complete the evaluation of an individual patient.

As with all clinical encounters, it is neither possible 
nor desirable, to reduce the evaluation of syncope to a 
series of check boxes and scores. Algorithms, flowsheets, 
care pathways, and such are invaluable tools for organiz-
ing one’s approach to a patient. What they are not, is a 
substitute for clinical judgment.
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Management of Ventricular 
Arrhtyhmias in Nonischemic 
Cardiomyopathic Syndromes
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Abstract

The term “nonischemic cardiomyopathy” refers to a heterogeneous group of patients with 
nonischemic ventricular dysfunction characterized by impaired systolic function and dilata-
tion of 1 or both ventricles. An underlying etiology e.g. infiltrations or myocarditis can be 
identified in approximately 50% of patients, whereas the remaining 50% are considered 
idiopathic. Irrespective of the etiology the principles of management remain similar. Due to 
multiform presentation, we highlight the key nonischemic cardiomyopathies, discuss the 
substrate involved and review the current management strategies.
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 Dilated Cardiomyopathy

Idiopathic dilated cardiomyopathy (IDCM) is an important 
cause of heart failure, thromboembolism, arrhythmias, and 
sudden cardiac death. The pathogenesis of arrhythmias 
stems from the structural and electrophysiological changes 
occurring in the myocardium secondary to the disease pro-
cess. It is difficult to estimate the natural history of dilated 
cardiomyopathy alone, because establishing the etiology of 
heart failure from population-based studies is difficult and 
varies widely depending on diagnostic criteria, case ascer-
tainment, and geographic location. However, IDCM 
accounts for a substantial proportion of the population of 
patients with heart failure, with only 24% of women and 
32% of men having any documented coronary disease 
among a cohort of patients with heart failure in Olmsted 
County, Minnesota [1].

Reports focusing on the histologic findings in patients 
with dilated cardiomyopathy as well as conduction studies 
have demonstrated that the architecture, more than the 
amount of fibrosis, impacts conduction velocity [2].

Necropsy studies in IDCM patients demonstrate grossly 
visible scars in 14% of patients and histological examination 
reveals multiple patchy areas of replacement fibrosis in 35% 
and 57% of sections of the right and left ventricles, respec-
tively. Mid wall fibrosis was noted in 35% of patients is also 
common and is an independent predictor of all-cause mortal-
ity [3]. Hypertrophied and atrophic myocytes, myofiber dis-
array, nuclear changes, and cytoskeletal disorganization are 
also observed. Human tissue experiments have shown areas 
of fibrosis leading to fractionated electrograms and delayed 
myocardial conduction due to a change in activation around 
these regions of conduction block [2]. Further, Anderson 
et al. reported that greater extent of fibrosis correlated with a 
higher level of conduction abnormalities [4]. Based on these 
initial data, it is felt that the substrate for ventricular tachy-
cardia (VT) in patients with NICM includes fibrosis with 
creation of areas of conduction block, conduction slowing 
around these regions which leads to anisotropic conduction 
and creates the nidus for reentrant VT. Unlike ischemic 
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 cardiomyopathy, where regions of scar correlate with regions 
of prior infarction, NICM does not follow a physiologic pat-
tern. With the advent of electro-anatomic mapping, a rela-
tively non-invasive method could be used to assess regions of 
low voltage, which correlate with myocardial scar.

In 2003, Hsia et al. [5] described the endocardial sub-
strate in patients with NICM and monomorphic VT. All 19 
patients studied had evidence of basal, perivalvular low 
voltage consistent with scar. More importantly, 88% of all 
VT induced in this cohort emanated from the basal LV, sug-
gesting this low voltage region is the critical substrate for 
VT in this patient population. In 2004, Soejima et al. further 
described the arrhythmogenic substrate in patients with 
NICM undergoing VT ablation (Fig. 20.1). Twenty patients 
underwent endocardial mapping which revealed evidence of 
scar in all patients (bipolar voltage ≤1.5 mV), with the 
majority (63%) of patients having a basal, perivalvular 
extent of scar [6]. Furthermore, based on entrainment and 
pacemapping, 60% of patients had an identifiable endocar-
dial isthmus which was targeted for ablation. Seven patients 
in this series underwent epicardial access and mapping after 
failed endocardial ablation with evidence of epicardial scar 
from the basal/lateral LV, RVOT, or basal RV. This observa-
tion confirmed the predilection of endocardial basal LV 
scar, but also suggested that an equally important epicardial 
substrate may be present and should be considered as an 
ablation target in patients with VT and NICM. Haqqani 
et al. also found that in DCM with isolated septal substrate, 
the morphology of VT may exhibit a precordial transition 
pattern break in V2 with qR/Rs morphology in V1 and V3 
but reversal of this in V2, usually in the presence of an infe-
rior-axis RBBB configuration [7].

The importance of the epicardial substrate in NICM was 
further elucidated by Cano. 22 patients with either EKG cri-
teria suggesting an epicardial exit or failed prior endocardial 
ablation were evaluated. Based on electroanatomic map-
ping, 82% of patients had evidence of epicardial scar with 
77% having greater epicardial scar area compared to the 
endocardium. Of the 18 patients with an epicardial VT iden-
tified by entrainment mapping and/or pacemapping, 14/18 
patients were free from VT recurrence at followup of 
18 ± 7 months [8].

The presence of epicardial scars can be inferred without 
accessing the epicardium from the 12-lead ECG, unipolar 
endocardial electrograms, and imaging studies, including 
intracardiac echocardiography and MRI. The presence of a 
Q wave in lead I during VT can predict an epicardial origin 
in the basal superior or lateral aspect of the LV [9, 10]. The 
absence of Q waves in inferior leads also suggests an epicar-
dial VT. A 4-step algorithm combining morphology and 
interval criteria, which characterize delayed conduction in 

the initial portion of the QRS, has been proposed (Fig. 20.2). 
Unipolar electrograms, because of their “wider” field of 
view, are attenuated by the accumulation of electrically inert 
collagen fibers replacing excitable cardiac tissue. This is 
particularly useful when the scarring occurs in regions 
remote from the endocardium that are not detected by bipo-
lar electrograms. Studies from U Penn demonstrate that 
endocardial unipolar signals of less than 8.3 mV in the LV 
and less than 5.5 mV in the right ventricle (RV) are predic-
tive of epicardial and/or midmyocardial scars [11]. 
Intracardiac echocardiography can also identify the pres-
ence of non-endocardial substrates as increased echogenic 
regions (Fig. 20.3).

There are no prospective, randomized studies examining 
the role of catheter ablation in patients with NICM or right 
ventricular cardiomyopathies. Non-randomized studies have 
demonstrated that applying a substrate-based mapping tech-
nique combining pace-mapping and targeting late potentials 
for ablation appears to be less successful in patients with 
NICM than in patients with ischemic heart disease [12]. This 
is probably related to the progressive nature of the disease, 
remodelling of the substrate and the prevalence of epicardial 
and intramural reentry circuits. There are only a few single- 
center reports on acute outcome of VT ablation in the setting 
of nonischemic CMP, with short- to intermediate-term fol-
low- up in relatively small numbers of patients. The reported 
variability in ablation outcomes in these studies reflects the 
differences in the ablation approach, the definitions of short- 
and long-term success, and the use of antiarrhythmic medi-
cations after ablation [6, 13–16]. Acute success in eliminating 
inducible VT has varied from 56 to 74% with VT recurrence 
of 42–75% with endocardial ablation [17]. Satisfactory con-
trol of VTs previously refractory to medical treatment can be 
achieved in a majority of patients (60–70%) with continuing 
antiarrhythmic medications, if tolerated. Outcome appears to 
be somewhat improved with epicardial ablation, but long- 
term follow-up in a large cohort of patients is lacking [18]. 
At present there is no consensus as to the optimal ablation 
strategy and lesion set for patients with NICM. There is no 
evidence that catheter ablation of VT reduces mortality. A 
future, sufficiently powered, prospective randomized study 
using standardized ablation and follow-up protocols will 
need to answer this important question.

Since the inception of ICDs, patients with IDCM have 
had a significant improvement in mortality [19]. The 2008 
ACC/AHA/HRS guidelines offer an ICD for patients with a 
non-ischemic cardiomyopathy and LVEF ≤35% with NYHA 
class II/III as a class I indication. Yet, the same situation in a 
NYHA class I patient is relegated to a IIb ICD indication for 
no good reason except that data about this group of patients 
are not as extensive as in the ischemic group [20].
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Fig. 20.1 Epicardial and endocardial mapping data from a patient with 
nonischemic cardiomyopathy are shown. Top left, left anterior oblique 
(LAO) fluoroscopic image of a mapping catheter placed retrograde 
through the aorta into the LV (white triangles) at the earliest endocar-
dial site for VT. An epicardial catheter has been inserted by a subxi-
phoid puncture into the pericardial space (arrows). Top right, the LV 
endocardial voltage map viewed from a left posterior oblique position, 
showing relatively homogeneous normal voltage (purple) with no large 

areas of scar. Bottom right, the epicardial voltage map with a large low- 
amplitude region (lighter color) along the base of the LV. Bottom left, 
left coronary angiogram (right anterior oblique [RAO] projection) with 
the epicardial mapping catheter in the same location, revealing that no 
adjacent large coronary artery branches exist at risk of injury from abla-
tion at that site. Ablation through the epicardial scar abolished the 
inducible VTs. (William G. Stevenson, and Kyoko Soejima: Circulation 
115:2750, 2007)
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Fig. 20.3 (a), Intracardiac echocardiographic image with increased 
echogenicity in epicardium (black arrows) and midmyocardium (blue 
arrows) identified on the posterolateral wall. Pericardium is marked by 
the red arrow. (b), LV endocardial voltage map with normal voltage. 
(c), LV epicardial voltage map with area of low voltage on the postero-

lateral wall. The arrow points to a late potential identified in the epicar-
dial scar. (d), Epicardial late potentials on Abl D (arrows). Abl D 
ablator distal; Abl P ablator proximal, LA left atrium, LV left ventricle, 
mv mitral valve, RVA right ventricular apex. (Rupa Bala et al.: Circ 
Arrhythm Electrophysiol 4:667, 2011)

Probably Epicardial Origin (based on interval criteria)

Presence of inferior q waves?

Pseudo-delta ³ 75 ms?

MDI ³ 0.59?

Presence of q waves in lead I?

No EPI VT
Yes

No

No

No

EPI VT
Yes

EPI VT
Yes

EPI VT
Yes

SN = 96% SP = 93%

Fig. 20.2 Four-step algorithm for identifying EPI origin 
from basal superior and lateral LV in the setting of 
NICM. The three top steps have a high specificity and the 
last step is the most accurate. The total sensitivity and 
specificity of the algorithm in the study population for 
pace map localization reach 96 and 93%, respectively. 
(Ermengol Vallès et al.: Circ Arrhythm Electrophysiol 
3:63, 2010)
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ICDs have emerged as the major therapy for protecting 
patients from sudden death, but have created a cohort of 
patients with VT related shocks that reduce quality of life 
and are associated with increased mortality. Antiarrhythmic 
drug therapy only has been suboptimal. In view of these con-
siderations, catheter ablation, performed in an experienced 
centre, should be considered early in the management of 
patients with heart disease who suffer recurrent symptomatic 
monomorphic VT.

 Hypertrophic Cardiomyopathy

The identification of patients with hypertrophic cardiomy-
opathy (HCM) who are at risk of SCD has been challenging 
because of the relatively low disease prevalence and the low 
annual sudden death rates. ICDs are the mainstay of therapy 
for prophylaxis against sudden cardiac death. Although the 
occurrence of monomorphic ventricular tachycardia (VT) is 
rare in these patients, the mechanism of sudden death is more 
commonly ventricular fibrillation and polymorphic 
VT. There are multiple genetic variants that cause 
 pleomorphic disease characterized by myocardial disarray 
and myocardial hypertrophy. Throughout the history of 
understanding this disease, we have come to learn that these 
patients are at an increased risk of atrial and ventricular 
arrhythmias and these contribute to the prognosis and mor-
tality of the disease [21]. The mechanism of sudden death in 
HCM is ventricular tachyarrhythmia emanating from a struc-
turally abnormal myocardium, which often includes areas of 
fibrosis [22].

Five risk factors have been found to be associated with 
SCD: family history of sudden death, history of recent syn-
cope, massive wall thickness,(>30 mms NSVT during Holter 
monitoring, and abnormal blood pressure response to exer-
cise [23]. In addition, the same risk factors were found to be 
important even in a community-based cohort [24].

Family history of sudden death was found as a signifi-
cant risk factor for sudden death in patients with 
HCM. Alone, family history has a 1.9 (95% CI 0.8–4.5; 
P = 0.15) risk ratio. However, when taken with history of 
syncope, the combined risk ratio is 5.3 (95% CI 1.9–14.9; 
P = 0.002) [25]. Patients receiving ICDs for primary pre-
vention because of a family history of HOCM related sud-
den death, whether as an isolated risk factor or combined 
with other markers, experienced rates of appropriate ICD 
discharge comparable to that of other patient subsets with 
increased risk [26]. Syncope is found in approximately 
14% to 35% of patients suffering from HCM. Unexplained 
syncope is consistently found to be a predictor of SCD 
[27]. No increased risk is seen in patients older than 
40 years with distant episodes of syncope or with neurally 
mediated (vasovagal) syncope [27].

Maximum LV thickness ≥30 mm in young patients has 
been highly predictive of SCD [28, 29]. Maximum LV 
thickness <15 mm has consistently shown very low rates 
of SCD [28]. A more recent study including 157 patients 
with HCM undergoing 2D echocardiography evaluated the 
ventricular arrhythmia events over a median of 3.7 years. 
The study looked at maximal LV wall hypertrophy as well 
as regional hypertrophy such as basal anterior and equato-
rial inferior wall thickness. Maximal ventricular wall 
thickness and basal anterior thickness more than 15 mm 
was associated with a 4.5-fold increase in relative risk of 
ventricular arrhythmias. In addition, equatorial inferior 
thicknesses more than 19 mm had a 5.9-fold increase in 
relative risk. The two regional measures (basal and equato-
rial) were independently associated with arrhythmic 
risk [30].

Premature ventricular contractions occur in 80%–90% of 
patients, ventricular couplets in 30%–40%, and nonsustained 
ventricular tachycardia (NSVT) in 20–25%. While NSVT is 
common, the number of episodes is low in most (1–3 runs in 
24 h), bursts are usually short (3–5 beats), and episodes are 
typically asymptomatic [31]. Although a number of studies 
have reported an association between non-sustained ventric-
ular tachycardia (NSVT) and the risk of SCD in patients with 
HCM, its utility as a clinical risk marker remains controver-
sial [31–36].

Emerging evidence suggests that contrast-enhanced mag-
netic resonance imaging may be a useful risk stratification 
tool for SCD in HCM [37, 38]. Late gadolinium enhance-
ment (LGE) on cardiovascular magnetic resonance (CMR) 
represents areas of increased collagen deposition and myo-
cardial fibrosis [39].

Multiple studies have found associations between the per-
centage of myocardial fibrosis/scarring as seen by LGE and 
ventricular tachyarrhythmias [40–44] (Fig. 20.4). In the larg-
est study of 1293 patients undergoing CMR, fibrosis as found 
by LGE correlated linearly with risk of ventricular arrhyth-
mias [45]. LGE of 15% or greater of LV mass showed a two-
fold increase in SCD event risk. In addition, certain locations 
of scarring may be at an increased likelihood of ventricular 
arrhythmias. Patients with basal septal scarring on CMR 
were shown to have higher VT frequency than those patients 
without (27% vs. 5%, p = 0.03). Another study looking at 
signal intensities of LGE found that intermediate signal 
intensity was a better predictor of ventricular tachyarrhyth-
mias, including NSVT, ventricular couplets, and PVCs, com-
pared with high-intensity LGE [46]. Late enhancement is 
associated with other risk factors for sudden death, greatest 
in patients [38]. Asymptomatic or mildly symptomatic 
patients with late enhancement had a sevenfold higher risk of 
NSVT [47]. A recent study with a larger cohort of HCM 
patients and longer follow-up found late enhancement to be 
significantly associated with sudden cardiac death and 
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 appropriate ICD discharges, even after controlling for tradi-
tional risk factors [48].

Surface electrocardiographic (ECG) findings have been 
evaluated to assess risk for future arrhythmic events. Using 
appropriate ICD therapies as a surrogate, fragmented QRS 
(fQRS) as seen on surface ECG at ICD implant was found to 
predict arrhythmic events in patients with HCM along with 
history of VT/VF. fQRS in the lateral location increased the 
risk of appropriate ICD therapy (P < 0.0001) [49].

Medical management of HCM patients at high risk for 
SCD with antiarrhythmic agents has not been supported in 
the recent literature. Before the introduction of ICDs, drugs 
including amiodarone, β-Blockers, calcium antagonists, and 
type I-A antiarrhythmic agents were used prophylactically 
[50]. Although early reports suggested amiodarone as 
potentially protective, it is clear that amiodarone does not 
provide protection from sudden death in patients with HCM 
[51]. In addition, amiodarone is associated with significant 
cumulative toxicity, making it unsuitable for use in young 
patients [50].

ICD placement is recommended (class I recommenda-
tion) for patients with HCM and prior documented cardiac 
arrest, ventricular fibrillation, or hemodynamically signifi-
cant ventricular tachycardia [52]. For primary prevention of 
SCD in patients with HCM, the guidelines states that it is 
reasonable to recommend (class IIa recommendation) an 
ICD for patients with HCM with SCD presumably related to 
HCM in ≥1 first-degree relatives, or a maximum left ven-
tricular wall thickness ≥30 mm, or ≥1 recent unexplained 
syncopal episodes. An ICD can be useful in select patients 
with nonsustained ventricular tachycardia in the presence of 
other SCD risk factors or modifiers or with an abnormal 

blood pressure response to exercise in the presence of other 
SCD risk factors or modifiers. It is reasonable to recommend 
an ICD for high-risk children with HCM, based on unex-
plained syncope, massive left ventricular hypertrophy, or 
family history of SCD, after taking into account the rela-
tively high complication rate of long-term ICD implantation 
[52] (Fig. 20.5).

A simplified risk score has been developed to predict risk 
of sudden cardiac death [21]. However this has had mixed 
results to identify high risk cohort when independently 
applied in a retrospective cohort [53].

High risk patients with ICDs placed for primary or sec-
ondary prevention experience annual appropriate dis-
charge rates for ventricular arrhythmias of 4–7%/year, 
with appropriate treatment occurring more frequently 
when placed for secondary prevention (7–11%/year) com-
pared with primary prevention (3–5%/year) [54–57]. 
Unfortunately, inappropriate discharges are also common 
in HCM patients, with up to 25% receiving inappropriate 
shocks [56, 58]. Inappropriate discharge due to sinus 
tachycardia, AF, T wave oversensing or lead malfunction 
are the most common ICD complications in HCM, fol-
lowed by infection, hemorrhage/thrombosis, lead fracture, 
dislodgement, and oversensing, which are found at rates 
similar to the general population of patients with pacemak-
ers and ICDs [58]. The psychological and behavioral 
aspects of ICD therapy in patients with HCM warrants 
more investigation as many patients with HCM considered 
for ICD therapy are otherwise healthy and often asymp-
tomatic young individuals. There have been recent opti-
mistic reports on use of subcutaneous ICD in the patients 
with HCM [59].

Study Odds ratio (95% CI) P
Bruder 8.00 (1.04-61.87) 0.046
O’Hanlon 5.00 (0.61-40.73) 0.133
Maron 0.54 (0.08-3.29) 0.503
Rubinshtein 10.33 (0.58-184.51) 0.112
Pooled 2.92 (1.01-8.42) 0.047

Study Odds ratio (95% CI) P
Bruder 5.15 (0.65-41.00) 0.112
O’Hanlon 1.81 (0.19-17.64) 0.612
Maron 1.10 (0.24-5.03) 0.906
Rubinshtein 13.62 (0.78-237.55) 0.073
Pooled 2.39 (0.87-6.58) 0.091

Study Odds ratio (95% CI) P
Bruder 5.56 (0.30-101.90) 0.248
O’Hanlon 8.12 (0.45-146.04) 0.115
Rubinshtein 3.91 (0.19-81.83) 0.380
Pooled 5.68 (1.04-31.07) 0.045

Study Odds ratio (95% CI) P
Bruder 5.47 (1.24-24.08) 0.025
Rubinshtein 3.58 (0.76-16.78) 0.106
Pooled 4.46 (1.53-13.01) 0.006

Cardiac
Death
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Fig. 20.4 Prognostic value 
of late gadolinium 
enhancement in clinical 
outcomes for hypertrophic 
cardiomyopathy (J Am Coll 
Cardiol Img 5(4):370, 2012)
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Radiofrequency catheter ablation (RFCA) may be a suit-
able treatment strategy for selected HCM patients with VT, 
especially for those with VTs arising from an LV apical 
aneurysm [60–65]. A recent multi center experience sug-
gests catheter ablation of VTs in patients with hypertrophic 
cardiomyopathy refractory to medical therapy is safe, feasi-
ble, and successful in eliminating VT. Epicardial VT map-
ping and ablation should be considered as an important 
access option for the treatment of these patients to increase 
the success rate [66]. Thick ventricular wall and difficulty in 
catheter manipulation, septal circuits could be a plausible 
reason for inability to account for all the circuits.

Most people with HCM lead normal lives, but a small 
number experience significant symptoms and are at risk of 
disease-related complications and sudden cardiac death. 
Symptoms alleviation and prevention of sudden death 
remains the cornerstone for management.

 Sarcoidosis

There has been considerable interest in extrapulmonary 
involvement of sarcoidosis. Cardiac involvement has been 
noted in at least 2–7% of patients with sarcoidosis but occult 

involvement is much higher (>20%) [67]. Early autopsy 
studies suggest up to 25% of patients with sarcoidosis have 
myocardial involvement [68]. Cardiac involvement can pres-
ent with conduction abnormalities, ventricular arrhythmias, 
or heart failure. Initial presentation of cardiac sarcoidosis 
(CS) could be sudden death due to ventricular tachyarrhyth-
mias or bradyarrhythmias [69]. Patients with CS causing 
sudden death show extensive myocardial granulomas with a 
predilection for the subepicardium and ventricular septum 
[70]. The frequent absence of specific symptoms and lack of 
a diagnostic ‘gold standard’ pose challenges in the diagnosis 
of CS. Endomyocardial biopsy, although specific, has an 
unacceptably low sensitivity. There has been growing inter-
est in voltage mapping guided biopsy [71].

Multiple criteria’s have been proposed for diagnosis and 
risk stratification of CS [72]. A recent survey however under-
scored the lack of agreement for criteria for diagnosis or 
optimal treatment of CS [73]. Granulomatous inflammation, 
the hallmark of sarcoidosis, may involve myocardium, endo-
cardium, or pericardium. Nonnecrotizing granulomas, epi-
thelioid histiocytes, multinucleated giant cells, Schaumann 
bodies or asteroid bodies, patchy fibrosis, and lymphocytic 
infiltration may be observed [74]. The areas of involvement 
in descending order of frequency are the left ventricular free 

Recommended assessment:

History
2D/Doppler echocardiogram
48-hour ambulatory ECG

Primary Prevention

HCM Risk-SCD variables:

•  Age

•  Family history of sudden cardiac death

•  Unexplained syncope

•  Left ventricular outflow gradient

•  Maximum left ventricular wall thickness

•  Left atrial diameter

•  NSVT

Low risk

5-year risk <4%

Intermediate risk

5-year risk ³4-<6%

High risk

5-year risk ³6%

ICD generally not
indicated

ICD may be
considered

ICD should be
considered

ICD
recommended

Secondary Prevention

• Cardiac arrest due to
VT or VF

• Spontaneous sustained
VT causing syncope or
hemodynamic compromise

Life expectancy >1 year

HCM risk-SCD score

Fig. 20.5 Flow chart for ICD implantation. (N Engl J Med 364(26):2011)

20 Management of Ventricular Arrhtyhmias in Nonischemic Cardiomyopathic Syndromes



258

wall, interventricular septum (IVS), papillary muscles, right 
ventricle (RV), and atria [68, 70] (Fig. 20.6). In the series 
reported by Roberts et al., the following electrocardiogram 
(ECG) abnormalities were cited: complete heart block 
(22%); complete BBB (22%); VT (17%); PVCs (29%); and 
atrial arrhythmias (16%) [75]. Heart block of any degree can 
occur in cardiac sarcoidosis due to the predilection of granu-
lomas for the interventricular septum where the conduction 
system resides.

In general, the ACC/AHA/HRS 2012 guidelines for per-
manent pacing apply to patients with CS and high degree AV 
block [20]. The consensus document on sarcoid suggests, 
device implantation can be useful in CS patients with an 
indication for pacing even if the AV block reverses. 
Permanent pacing is recommended because CS may have an 
unpredictable course, and AV block that reverses with immu-
nosuppression may recur. In a recent systematic review, 27 
of 57 CS patients (47.4%) treated with steroids had improve-
ment in AV conduction [76]. ICD implantation can be useful 
in patients with CS and an indication for permanent pace-
maker implantation. CS patients with significant granuloma-
tous burden to have high degree AV block necessitating 
permanent pacing likely have the substrate for reentrant ven-
tricular arrhythmias and therefore should have a device for 
brady and tachy therapies. There are little data regarding car-
diac resynchronization in CS patients and general device 
selection recommendations apply to CS.

Ventricular arrhythmias (VA) in CS are most commonly 
due to macroreentry around granulomas; however, trig-
gered activity and automaticity can also play a role. 

Treatment of VT can involve a stepwise escalation of ther-
apy starting with immunosuppression, followed by antiar-
rhythmic drug therapy, and finally catheter ablation if 
immunosuppression and antiarrhythmic therapy have been 
unsuccessful [77].

The predictive value of programmed electrical stimulation- 
induced VA and guided antiarrhythmic medical therapy is 
limited in cardiac sarcoidosis. In one study, programmed 
ventricular stimulation was performed in 32 consecutive 
patients with cardiac sarcoidosis. ICDs were placed in all 12 
patients with spontaneous or inducible sustained VT; the 
other 20 did not receive ICD. All 32 patients were followed 
up for the combined arrhythmic event end point of appropri-
ate ICD therapies or sudden death. Mean length of follow-up 
to sustained VA or sudden death was 32 ± 3 months. Five of 
six patients with spontaneous sustained VA and four of six 
patients without spontaneous but with inducible sustained 
VA received appropriate ICD therapy. Importantly, no patient 
with an ICD died of a primary VA. Among patients with 
spontaneous or inducible sustained VA, mean survival from 
first appropriate ICD therapy or death or cardiac transplant 
was 60 ± 46 months; only 2 of 12 patients with ICD died or 
required cardiac transplant at study end. Unfortunately, 2 of 
20 patients (10%) with neither spontaneous nor inducible 
sustained VA who did not receive ICD experienced sustained 
VA or sudden death. Currently, Society Guidelines cited pri-
mary prevention ICD implantation as a class IIA recommen-
dation (level C) for patients with cardiac sarcoidosis [20]. In 
another study of 45 patients with cardiac sarcoidosis, the 
incidence of VA requiring ICD therapy was approximately 

Parasternal short-axis echocardiogram
showing right ventricular mass on
interventricular septum

Parasternal long-axis echocardiogram
showing right ventricular mass on
interventricular septum

Cardiac magnetic resonance imaging
bright blood sequence showed
hyperintense soft tissue mass on the
right ventricular side of interventrcular
septum (mirror image of parasternal
short-axis echocardiogram)

Fig. 20.6 Large granuloma on the interventricular septum (N Engl J Med 364(26):2011)
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15% per year. Longer follow-up, LV systolic dysfunction, 
and complete heart block were associated with serious VA. A 
recent multicenter study (13 sites) followed 235 patients 
with cardiac sarcoidosis post-ICD placement. Overall, 85 of 
234 (36.2%) patients received an appropriate ICD therapy 
(shocks and/or antitachycardia pacing) and 67 of 226 
(29.7%) received an appropriate shock at 4.2 ± 4.0 years. 
However, 57 patients (24.3%) received a total of 222 inap-
propriate shocks; further, 46 AE occurred in 41 patients 
(17.4%). Thus, patients with cardiac sarcoidosis and ICDs 
are a high risk for VA, but the rate of inappropriate shocks 
and device complications is not trivial [78].

Catheter ablation may be efficacious in patients with per-
sistent VT despite medical therapy [77]. In one study of 42 
patients with cardiac sarcoidosis, VT was not controlled 
despite medical therapy (CS, antiarrhythmics) and ICD in 9 
patients [77]. Endocardial or epicardial radiofrequency abla-
tion resulted in decreased (n = 4) or complete elimination 
(n = 5) of VT in all patients. Arrhythmic events decreased 
from a mean of 271 ± 363 episodes preablation to 4.0 ± 9.7 
postablation. However, radiofrequency ablation is not con-
sistently effective. Thachil et al. reported 14 patients with 
sustained monomorphic VT (SMVT), mediastinal adenopa-
thy, and abnormalities on PET-CT in the mid-myocardium 
consistent with scar ± inflammation [79]. Mediastinal lymph 
node biopsies revealed nonnecrotizing granulomas in all 14 
patients; 11 (79%) had TB (79%). All patients were treated 
with antiarrhythmics ± radiofrequency ablation, yet VT 
recurred in 92%. The addition of disease-specific therapy 
(for TB or sarcoidosis) ended further recurrences in 64%. 
The reduction/disappearance of VT correlated with resolu-
tion of myocardial inflammation on serial PET/CT scans. A 
recent report from Stevenson et al. suggests a mechanism 
consistent with scar-mediated re-entry in all VTs. Voltage 
maps showed widespread and confluent right ventricular 
scarring. Left ventricular scarring was patchy with a predi-
lection for the basal septum, anterior wall, and perivalvular 
regions. Elimination of all inducible VTs was difficult to 
achieve because of diffuse and heterogeneous RV involve-
ment, intramural scarring, or close proximity to critical epi-
cardial structures, such as the coronary arteries prohibiting 
ablation. The inability to abolish all inducible VTs, as well 
as the high risk of recurrence, death, or cardiac transplant 
emphasizes the need for better treatment options including 
the ICD in this high-risk group [80].

Cardiac Sarcoidosis Consortium (CSC) has been created 
to form international relationships with the unifying purpose 
of understanding more about cardiac sarcoidosis. Currently, 
there are more than 25 centers enrolled from the United 
States, Europe, India, and Japan. Long-term goals include 
creating a large prospective database and more collaboration 
to understand and treat the disease more effectively.

 Chagas Disease

Chagas disease (ChD) is a major healthcare issue in Latin 
America and affects 8–10 million people. More recently, 
with increased migration, it has also become a problem for 
developed countries, which now have hundreds of thousands 
of patients with this disease [81]. The US Centers for Disease 
Control and Prevention have reported more than 300,000 
immigrants living in the United States infected with T cruzi. 
ChD is a chronic parasitosis that affects the heart and other 
organs and is caused by the protozoan parasite Trypanosoma 
cruzi. T cruzi is transmitted to humans mainly through 
parasite- laden feces from a hematophagous insect vector 
(Triatoma infestans in South American Countries and 
Rhodnius prolixus in the Andean region and Central 
America). The triatomine vectors are only found in the South 
American continent, where the disease in considered 
endemic (also called American trypanosomiasis). The triato-
mine vectors live in the walls and roofs of houses built with 
vegetable materials, a practice that is common many poor, 
rural areas of Latin America. It is common for patients 
infected during childhood before moving from an endemic 
area to present as adults with clinical manifestations of the 
disease in nonendemic areas, leading to delays in timely 
diagnosis and treatment [82]. Most of the acute infections 
are subclinical with either no symptoms or a relatively mild 
and nonspecific febrile illness that resolves spontaneously in 
4–8 weeks. Most patients remain asymptomatic for lasting 
from several months to their entire lifetime [83].

The pathogenesis of cardiac injury is unclear. Potential 
mechanisms include: cardiac parasympathetic neuronal 
damage, immune-mediated myocardial injury, parasite per-
sistence in cardiac tissue with secondary antigenic stimula-
tion, and coronary microvascular abnormalities causing 
myocardial ischemia [84] (Figs. 20.7 and 20.8). The main 
arrhythmogenic substrates are necrotic and fibrotic lesions 
due to inflammation. The lesions are also associated with 
blood flow impairment secondary to microvascular lesions 
or autonomic changes that regulate blood perfusion of the 
injured myocardium. The lesions caused by inflammatory 
processes damage the intercellular junctions that are associ-
ated with changes in electrical potential and hamper conduc-
tion between cells. These changes cause electrical uncoupling 
those results in the slow conduction of stimuli and unidirec-
tional block. This process, coupled with the fibrotic areas, 
forms the reentrant circuit that causes VAs. It is postulated 
that cardiac dysautonomia, a typical finding in Chagas dis-
ease, may be related to the pathogenesis of and risk associ-
ated with ventricular arrhythmias in ChD [85]. The 
prevalence and severity of chagasic VAs correlates with the 
severity of the cardiomyopathy but can occur in patients with 
preserved LVEF. Frequent monomorphic or polymorphic 
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premature ventricular contractions (PVCs), couplets, and 
salvos of nonsustained VT (NSVT) are common on Holter 
monitoring in ChD. Sustained VT is considered a hallmark 
of ChD, the main cause of SCD, and the most frequently 
observed life-threatening ventricular arrhythmia in chagasic 
patients with ICDs [86].

SCD is most common cause of death in ChD (55%–65%), 
followed by CHF in 25–30% and cerebral or pulmonary 
embolism in 10% to 15% [87–89]. Most SCD cases are in 
patients with manifest chagasic cardiomyopathy and mainly 
between 30 and 50 years of age, being rare after the sixth 
decade of life. This wide range of presentations implies that 

the risk of SCD is not similar for every patient and thus iden-
tifying factors that increase risk becomes extremely 
important.

Rassi and colleagues developed and validated a risk score 
for predicting death in ChD based on a retrospective evalua-
tion of 424 outpatients who underwent routine noninvasive 
tests and were followed for a mean of 7.9 years [90]. They 
identified six independent prognostic factors: NYHA class 
III or IV (5 points), cardiomegaly on chest radiography (5 
points), segmental or global wall motion abnormality on 
echocardiogram (3 points), NSVT on Holter monitoring (3 
points), low QRS voltage (2 points), and male sex (2 points).

Fig. 20.7 The Life Cycle of Trypanosoma cruzi. The triatomine vector 
ingests circulating trypomastigotes in a blood meal from an infected 
mammalian host. Trypomastigotes differentiate into epimastigotes, 
which replicate in the vector midgut. The epimastigotes then migrate to 
the hindgut and differentiate into infective metacyclic trypomastigotes, 
which are excreted with the feces of the vector. Metacyclic trypomasti-
gotes enter through a bite wound or an intact mucous membrane of the 
mammalian host and invade many types of nucleated cells. In the cyto-

plasm, trypomastigotes differentiate into the intracellular amastigote 
form, which replicates, with a doubling time of about 12 h, over a 
period of 4–5 days. At the end of this period, the amastigotes are trans-
formed into trypomastigotes, the host cell ruptures, and the trypomasti-
gotes are released into the circulation. The circulating parasites can 
then invade new cells and initiate new replicative cycles, and they are 
available to infect vectors that feed on the host. (Bern C: N Engl J Med 
364:2527, 2011)
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This score classifies chagasic patients into 3 groups: low 
(0–6 points), intermediate (7–11 points), and high risk (12–
20 points), with 10-year mortalities of 10%, 44%, and 84%, 
respectively. Conveniently, the score is based on noninvasive 
clinical variables that are easy to use and inexpensive. In 

addition, this score identifies chagasic patients with increased 
risk who could potentially benefit from a more aggressive 
therapeutic approach (Fig. 20.9).

The most frequent VAs in patients with Chagas disease 
are ventricular, isolated and repetitive ectopic beats. 
Antiarrhythmic treatment is not required in asymptomatic 
patients with preserved ventricular function. In patients with 
ChD with LV dysfunction and frequent PVCs/nonsustained 
VT, the guidelines recommend amiodarone as the only safe 
drug available. However, there are no clinical trials support-
ing a role for amiodarone to reduce the risk for SCD and total 
mortality in this context. Scanavacca and colleagues reported 
the results of amiodarone used in 35 chagasic patients with 
sustained VT and a mean LVEF of 56% ± 14% [91]. After 
27 ± 20 months of follow-up, the probability of suppressing 
sustained VT was 0.62 at 12 months, 0.56 at 24 months, and 
0.44 at 36 months. Importantly, all patients in functional 
class III or IV and with LVEF less than 30% had recurrence 
of sustained VT. Thus, amiodarone seems to have limited 
efficacy to prevent sustained VT recurrence in patients with 
ChD, especially in patients with LV dysfunction and signifi-
cantly reduced functional class. Parasite persistence likely 
contributes to the pathogenesis of chagasic cardiomyopathy, 
which suggests that trypanocidal therapy may have a positive 
impact on the clinical course of patients with ChD. However, 
the currently available experimental and clinical evidence is 
insufficient to support the routine use of treatment in these 
patients. The results of the BENEFIT (Benznidazole 
Evaluation for Interrupting Trypanosomiasis) trial were 
expected to provide more insight [92]. Recently reported, 
they suggest reduced serum parasite detection but did not 
significantly reduce cardiac clinical deterioration through 
5 years of follow-up [93].

The use of ICDs appears to provide effective protection 
for Chagas patients and constitutes a safe procedure with low 
frequencies of inappropriate therapy and complications, 
despite having been assessed in only a few prospective and 
retrospective observational studies that examined limited 
numbers of patients. The guidelines for diagnosis and treat-
ment of ChD do not define recommendations about ICD 
implantation for primary prevention, reflecting the lack of 
clinical trials and observational studies in this area. Barbosa 
et al. and the ICD registry for patients with Chagas disease in 
Latin America found differences between the chagasic and 
non-chagasic populations. ChD groups had higher numbers 
of ventricular arrhythmias, a higher percentage of patients 
receiving appropriate therapy and increased numbers of 
shocks overall [94–97]. The groups did not differ in the out-
comes for mortality and the number of inappropriate shocks.

A recent study by Gali et al. [59] compared the outcomes 
of ChD patients with life-threatening ventricular arrhythmias 
who were treated either with ICD implantation plus amioda-
rone or with amiodarone alone [98]. Therapy with ICD plus 

Fig. 20.8 Phases and Forms of Trypanosoma cruzi Infection. The 
acute phase of Trypanosoma cruzi infection is characterized by micro-
scopically detectable parasitemia and lasts 4–8 weeks. Diagnosis dur-
ing the chronic phase of infection is based on serologic assays. Persons 
with chronic T. cruzi infection but without signs or symptoms of 
Chagas’ disease are considered to have the indeterminate form of the 
disease. An estimated 20–30% of people with the indeterminate form of 
Chagas’ disease have progression to clinically evident cardiac disease, 
gastrointestinal disease, or both over a period of years to decades. PCR 
denotes polymerase chain reaction. (Bern C: N Engl J Med 364:2527, 
2011)
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amiodarone resulted in a 72% reduced risk of all-cause mor-
tality (p = 0.007) and a 95% reduced risk of sudden death 
(p = 0.006) compared with amiodarone-only therapy. The 
survival benefit associated with ICD was greatest in patients 
with LVEF <40% (p = 0.01) and was not significant in those 
with LVEF ≥40% (p = 0.15). Appropriate ICD therapies 
occurred in 72% of patients, and the rates of interventions 
were similar across patients with LVEF <40% and those with 
LVEF ≥40%.

VT ablation in Chd poses unique issues and challenges. 
The reentrant circuit responsible for scar-related VT in these 
patients may be subendocardial, subepicardial, or intramyo-
cardial. Occasionally, these circuits exist in areas of the heart 
with thin walls and radiofrequency ablation may result in 
transmural injury effectively treating all portions of the myo-
cardium involved in the arrhythmia circuit. However, scar 
commonly exists intramyocardially and/or subepicardially in 
an area with an associated thick layer of subendocardial myo-
cardium. In these instances, endocardial radiofrequency abla-
tion may not effectively treat all of the involved myocardium. 
The initial attempts at endocardial ablation were associated 

with disappointing results. D’Avila reported on a series of 24 
consecutive patients who underwent endocardial ablation 
between 1991 an1996. After an average of 26 months of fol-
low-up, only 17% of patients remained VT-free [99]. One of 
the biggest lessons learnt from Chagas cardiomyopathy has 
been opening our horizon for epicardial access. In 1996 Sosa 
et al. pioneered the technique of percutaneous epicardial 
access and catheter ablation in patients with Chagas cardio-
myopathy; 2 years later the same group described the results 
of a combined endocardial and epicardial mapping and abla-
tion approach in ten patients with Chagas disease and recur-
rent VT [100, 101]. The epicardial surface presents three 
major anatomic challenges that may affect the efficiency and 
safety of ablation: epicardial coronary arteries, thick epicar-
dial fat, and potential injury to surrounding structures (phrenic 
nerve). To understand the utility and risks of epicardial access 
for the ablation of sustained VT in chagasic cardiomyopathy, 
prospective randomized studies are needed. In a subset of 
patient for whom catheter ablation can be useful; clinical out-
comes are favorable at short-term (83% acute success) and 
medium-term follow-up [102].
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Fig. 20.9 Kaplan–Meier Survival Curves for the Development Cohort 
(Panel (a)) and the Validation Cohort (Panel (b)), According to the 
Prognostic Classification. Because data for some variables were miss-
ing for some patients, the prognostic classification of the development 
cohort was based on a total of 331 patients rather than 424. Risk catego-
ries were determined by adding up the points for each of the following 

risk factors: male sex (two points), low QRS voltage on electrocardiog-
raphy (two points), nonsustained ventricular tachycardia on 24-hour 
Holter monitoring (three points), segmental or global wall-motion 
abnormality on echocardiography (three points), cardiomegaly on chest 
radiography (five points), and NYHA class III or IV (five points). 
(Rassi A Jr. et al.: N Engl J Med 355:799, 2006)
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The use of surgical resection (aneurysmectomy) for the 
treatment of recurrent ventricular arrhythmias in ChD has 
been described [103]. In one report, electrophysiologic 
mapping was performed of the area adjacent to the aneu-
rysm to identify abnormal potentials. These areas were 
excised along with the aneurysm. Pathologic examination 
revealed a chronic inflammatory reaction, myocytolysis, 
and fibrosis. In addition, interlaced fronts of healthy (nor-
mally conducting) and damaged (slowly conducting) myo-
cytes were observed, resulting in an ideal configuration for 
reentry [104].

The development of a collaborative approach to accu-
rately predict which patients are at a high risk of presenting 
with malignant cardiac arrhythmia would allow effective 
preventive actions and a more rational use of available funds 
for the treatment of Chagas cardiomyopathy especially in the 
developing world.

 Left Ventricular Non-compaction 
Cardiomyopathy

Left ventricular non-compaction cardiomyopathy (LVNC), 
which was first described by Grant in 1926, is a heteroge-
neous myocardial disorder characterized by prominent tra-
beculae, intratrabecular recesses, and a left ventricular 
myocardium with two distinct layers: compacted and non- 
compacted [105]. Although LVNC mainly affects the left 
ventricle, isolated right ventricular and biventricular non- 
compaction also occur. The American Heart Association for-
mally classified LVNC as a distinct cardiomyopathy in 2006.

During embryogenesis, the myocardium consists of a loose 
network of interwoven fibers separated by deep intertrabecular 
recesses linking the myocardium with the left ventricular cav-
ity. Between the fifth and eighth weeks of embryonic develop-
ment, this meshwork compacts, proceeding from the 
epicardium to the endocardium and from the base of the heart 
to the apex. Ventricular noncompaction results from intrauter-
ine arrest of this process, due to pressure overload or myocar-
dial ischemia preventing the normal compaction process and 
regression of the myocardial sinusoids [106].

The clinical manifestations of LVNC are highly variable, 
ranging from asymptomatic to progressive heart failure and 
recurrent or life-threatening arrhythmias. Therefore, great 
interest has developed in characterizing the natural history of 
this disease and its associated arrhythmias, in order to help 
guide the counseling and management of this heterogeneous 
patient population.

Early descriptions of LVNC point to three major clinical 
manifestations of the disease, including heart failure, embolic 
events, and arrhythmias [106]. It is commonly discovered 
through screening of family members of affected patients 
during early, nonsymptomatic stages [107].

Supraventricular and ventricular arrhythmias, and brady-
arrhythmias, many of which are life threatening, occur fre-
quently in LVNC. The LVNC subtype associated with 
early-onset rhythm abnormalities generally has a substantial 
risk of sudden death. ICDs are highly effective for the pre-
vention of sudden arrhythmic death in patients with LVNC, 
including those with severe left ventricular dysfunction, a 
previous history of sustained VT or VF, recurrent syncope of 
unknown cause, or a family history of sudden cardiac death. 
Ventricular tachyarrhythmias, including those in patients in 
whom ventricular fibrillation causes cardiac arrest, are 
reported in 38–47% of adult patients with LVNC and in 
13–18% of those who die suddenly [107]. A recent system-
atic overview of literature by Bhatia and colleagues, includ-
ing over 200 adults, found the prevalence of VT (both 
sustained and nonsustained) to be 38% [108]. This finding 
was thought to merit special attention because SCD 
accounted for greater than 55% of all LVNC-related mortal-
ity in their analysis. The key in the management of these 
patients is the EF and the indications for the ICD are similar 
to those in other patients with CHF in regard to the ED 
criteria.

Although the primary form of ventricular arrhythmia 
reported in studies remains sustained or nonsustained mono-
morphic VT, specific morphologic descriptions have not 
been carried out and series to date have emphasized the 
broad spectrum of presentation. Indeed, case reports have 
found a variety of ventricular arrhythmias in association with 
LVNC, including bundle branch reentry, right ventricular 
outflow tract (RVOT) origin, apparent idiopathic VT, left 
bundle branch and right bundle branch morphologies, fas-
cicular VT, bidirectional VT, polymorphic VT, and VF [109]. 
The precise mechanism for ventricular arrhythmias in 
patients with LVNC is not delineated. However, it is postu-
lated that developmental arrest of conduction and the pres-
ence of intratrabecular crypts may create pathways for 
reentrant circuits. In addition, relatively decreased perfusion 
and ischemia-related fibrosis at subendocardial noncom-
pacted regions can cause electrical inhomogeneity and 
microreentry resulting in ventricular arrhythmias.

There have been no controlled studies to determine effi-
cacy of antiarrhythmic treatment of ventricular tachyarrhyth-
mias in LVNC. β-Blockade as a single agent for nonsustained 
VT has been used; however, most reports suggest that com-
bination therapy or more potent antiarrhythmics may be nec-
essary, with amiodarone being the most frequently used 
medication among adults and in those with severely 
depressed function. Amiodarone seems to have good effi-
cacy in this scenario; however, incomplete control has also 
been described [110].

Small studies have demonstrated appropriate shocks in 
both secondary and primary prevention, suggesting the poten-
tial utility of ICDs in this cohort. Conversely, inappropriate 
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shock rates in this population have been reported to be 13% to 
20%.Therefore, because of the high prevalence of supraven-
tricular arrhythmias in this cohort of patients, dual- chamber 
devices with enhanced detection and discrimination algo-
rithms should be considered [111–114].

Monomorphic ventricular arrhythmias, particularly 
those that are sustained, have been successfully mapped 
and ablated using radiofrequency energy in patients with 
LVNC [109, 115]. Information and long-term follow-up of 
left cardiac sympathetic denervation in patients with LVNC 
is lacking. Based on short-term follow-up, sympathetic 
denervation may be an adjunct therapy if there are poorly 
controlled ventricular arrhythmias; however, further stud-
ies are needed [116].

 Peripartum Cardiomyopathy (PPCM)

PPCM is diagnosed when a woman develops heart failure in 
the last month of pregnancy or up to 5 months postpartum, 
with a left ventricular (LV) ejection fraction less than 45% 
and no other identifiable cause of heart failure [117, 118]. 
Data on arrhythmia associated specifically with PPCM are 
sparse, and underlying mechanisms are unclear. In a series of 
19 patients in Senegal with PPCM who underwent 24-h con-
tinuous electrocardiographic monitoring, 89% had sinus 
tachycardia, 37% had premature ventricular contractions, 
21% had nonsustained ventricular tachycardia (VT), and 1 
patient had first-degree atrioventricular block [119].

A recent study reported that 2.1% of women with PPCM 
in the United States suffered cardiac arrest in the period 
2004–2011 [120]. Some women who develop arrhythmias 
secondary to PPCM may require intravenous antiarrhythmic 
drugs (AADs) in the acute setting or oral AADs for chronic 
management. In women requiring AADs prior to delivery, 
consideration must be given to the effects of AADs on fetal 
heart rhythm, fetal growth, and uterine activity [121]. In a 
prospective cohort with PPCM, most women recovered; 
however, 13% had major events or persistent severe cardio-
myopathy. Black women had more LV dysfunction at pre-
sentation and at 6 and 12 months post-partum. Severe LV 
dysfunction and greater remodeling at study entry were asso-
ciated with less recovery [122].

There is lack of data on catheter ablation of arrhythmias 
associated with PPCM. One recent report described success-
ful mapping and ablation of sustained, unstable VT in a 
patient with PPCM [123]. Patients with PPCM are at risk for 
SCD, and, as with other cardiomyopathies, this risk is 
increased in patients with lower ejection fractions. Given 
that approximately half of women do not recover LV func-
tion, these data suggest that ICDs are underutilized in women 
with PPCM. In a series of 100 US women, 53 patients who 
did not recover LV function qualified for an ICD based on 

LV ejection fraction less than or equal to 35%, but only 7 
women (13%) in this group received an ICD [124]. The 
European Society of Cardiology guidelines advise that for 
women presenting with symptoms and severe LV dysfunc-
tion 6 months after initial presentation, despite optimal med-
ical therapy and QRS duration greater than 120 ms, cardiac 
resynchronization therapy or ICD treatment should be 
strongly considered. The guidelines do not comment on pre-
vention of SCD or the use of devices in the first 6 months 
after diagnosis [125].

Because some PPCM patients with depressed ejection 
fraction ultimately recover LV function, it is reasonable to 
consider Wearable cardioverter-defibrillators (WCD) as a 
bridge to LV recovery or to ICD [118]. Only two studies to 
date have examined WCDs in patients with PPCM; no 
patients died while using a WCD in either study [126, 127]. 
In the other study, 107 women with PPCM were followed for 
an average of 3 years; mortality in this cohort was low 
(2.8%), despite a mean baseline LV ejection fraction of 21%. 
No women with PPCM, however, received any appropriate 
or inappropriate shocks [126]. Further research is needed to 
elucidate the prevalence, underlying mechanism, and natural 
history of arrhythmias in this condition.

 Takotsubo Cardiomyopathy

Takotsubo cardiomyopathy (TCM) is a distinct, usually 
reversible, form of myocardial stunning occurring in the set-
ting of severe emotional or physical stress and is related to 
catecholamine-mediated myocardial toxicity [128]. 
Oxidative stress leading to dysregulation of calcium homeo-
stasis is also thought to contribute to myocyte dysfunction in 
addition to cardiac arrhythmias [129]. Despite the severe 
repolarization abnormalities observed in TCM and the 
heightened adrenergic milieu, the reported arrhythmic risk is 
surprisingly low. In a comprehensive literature review 
encompassing 816 cases, Syed and colleagues reported a 
range of arrhythmias including atrial fibrillation (4.7% of 
cases), sinus node dysfunction (1.3% of cases), and atrioven-
tricular nodal dysfunction (including heart block in 2.9% of 
cases) [130]. The frequency of life-threatening ventricular 
arrhythmias, including VF or sustained ventricular tachycar-
dia (VT), was 3.4% (28 of 816 cases). Analysis of data from 
16,450 patients with TCM in the Nationwide Inpatient 
Sample database established an overall arrhythmic burden of 
26% [131]. A QTc interval of greater than 500 milliseconds 
should alert physicians to arrhythmic risk, and has been dem-
onstrated to have sensitivity of 82% and specificity of 85% 
for the risk of TdP [132, 133]. Indications for ICD are con-
troversial and should be based on clinical judgment in the 
absence of class I indications, such as SCD. Life vest has 
also emerged as an attractive option [134].
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 Fabry’s Disease

Anderson-Fabry disease (FD) is a multisystem disorder 
caused by the deficiency of α-galactosidase A, which leads 
to abnormal lysosomal accumulation of glycolipids. Life 
expectancy is decreased by 20 years in men and 10 to 
15 years in women, and the principal cause of death is renal 
failure followed by cardiac and cerebrovascular causes [135]. 
Left ventricular hypertrophy is the most common cardiac 
manifestation related to abnormal lysosomal storage and is 
implicated arrythmogenesis [136]. Smaller holter studies in 
patients with FD showed 3.9% had persistent atrial fibrilla-
tion, 13.3% had paroxysmal atrial fibrillation, and 8.3% had 
nonsustained ventricular tachycardia [137].

A review of the 1448 untreated patients with FD showed 
a 13% incidence of ventricular arrhythmias in men and 20% 
in women, highlighting the significant arrhythmic risk in 
women [138]. The major mechanism of sustained VT in FD 
appears to be reentry related to myocardial fibrosis. 
Although diffuse myocardial hypertrophy is the characteris-
tic finding in FD, localized thinning and fibrosis, typically 
of the basal posterior or lateral wall, has been described 
[139]. There are no international guidelines for device ther-
apy specific to FD. The European Society of Cardiology 
Guidelines for Hypertrophic Cardiomyopathy include FD, 
with the explicitly stated caveat that there are no random-
ized trials or validated prediction models to guide ICD 
implantation [21].

 Arrhythmogenic Right Ventricular Dysplasia

VT management in Arrhythmogenic right ventricular cardio-
myopathy/dysplasia (ARVC/D) has remained a significant 
challenge since initial description in 1728. It is the current 
paradigm that ARVC results from gene mutations that 
encode desmosomal proteins, the organelle responsible for 
cell-cell adhesion. Desmosomal dysfunction results in inad-
equate cell adhesion and subsequent myocyte detachment 
and apoptosis [140]. ARVC is a leading cause of sudden car-
diac death (SCD) in young people, accounting for up to 10% 
of deaths from undiagnosed cardiac disease in patients less 
than 65 years old. The three most common locations of the 
disease are: the anterior infundibulum, RV apex and subtri-
cuspid infero-basal aspect of the RV, comprising the so- 
called “triangle of dysplasia”, considered a hallmark of 
ARVC [141]. ARVC leads to RV dilatation or aneurysms 
(Fig. 20.10). With disease progression, further involvement 
of the RV free wall, and left ventricular (LV) involvement 
and atrium can occur.

Clinical presentation is characterized by arrhythmias of 
right ventricular origin ranging from premature beats to sus-
tained VT or VF resulting in sudden death [142].

The natural history of ARVC, in its classic form, has been 
classified into four distinct phases with progressive develop-
ment of symptoms and structural abnormalities [1]. 
Concealed phase: a subclinical asymptomatic phase with 
mild or absence of identifiable structural RV abnormalities, 
however sudden death is still possible [2] overt electrical dis-
order: with palpitations, syncope and typically with symp-
tomatic ventricular arrhythmias of RV origin usually 
triggered by exertion [3]. RV failure: progressive loss of RV 
myocardium due to fibrofatty replacement impairs RV func-
tion and may result in pump failure; and [4] biventricular 
failure: an advanced stage with involvement of the interven-
tricular septum and LV causing congestive heart failure (HF). 
Endocavitary mural thrombosis may occur, especially within 
RV aneurysm or in the atria if atrial fibrillation is present.

The revised diagnostic criteria for ARVC are noted in 
Fig. 20.11.

Assessment of substrate: Advances in 3D electroanatomic 
mapping (EAM) enabled a more thorough understanding of 
the complex electrophysiologic substrate in patients with 
ARVD and VT. Abnormal RV endocardial regions can be 
localized with EAM by identifying regions of low bipolar 
RV endocardial voltage (< 1.5 mV) and long duration, low- 
amplitude, fractionated potentials. These areas have been 
correlated to relevant histopathologic findings (myocyte loss 
with fibrofatty replacement) and critical VT circuits confirm-
ing the involvement of these areas in the arrhythmogenesis. 
LV abnormalities have been documented with EAM and 
typically involve the basal perivalvular region, which is char-
acteristic of other non-infarct related cardiomyopathies. 
Consideration of endocardial LV involvement is of particular 
importance if right bundle branch block VTs with positive R 
waves in the precordial leads are seen as this suggests an LV 
VT exit site of interest.

Triangle of Dysplasia
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Fig. 20.10 Triangle of dysplasia
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The endocardial ablation approach provides modest long- 
term arrhythmia freedom. The epicardial to endocardial scar-
ring process associated with ARVD often results in a more 
extensive abnormal epicardial substrate that may not be 
amendable to endocardial ablation alone. Insights from per-
cutaneous epicardial mapping and ablation procedures in 
patients with ARVD and VT have demonstrated the impor-
tant role of the epicardium. Abnormal epicardial low-voltage 
areas are typically much larger than the corresponding endo-
cardial region [143–145]. Assessment of the epicardial volt-
age map should be performed with voltage threshold set to 
1.5 mV to identify abnormalities consistent with scar as 
opposed to epicardial fat. In addition, the dense mid- 
myocardial/sub epicardial fibrosis can create an effective 
barrier for endocardial to epicardial spread of activation. The 
resultant delayed epicardium to endocardium activation of 
the substrate predisposes to isolated VT circuit entirely con-
strained to the epicardium and requiring epicardial access 
and direct ablation for elimination. For these reasons, the 
operator should always anticipate a high likelihood of need-
ing epicardial access for mapping and ablation to achieve a 
successful outcome [143]. Although identification of abnor-
mal epicardial substrate is best achieved through a percuta-

neous pericardial puncture, analysis of unipolar endocardial 
voltage maps with the associated larger field-of-view, may 
suggest degree of epicardial abnormality present. Unipolar 
voltage abnormalities (< 5.5 mv) identified during RV endo-
cardial mapping that far exceed the bipolar endocardial sub-
strate is highly suggestive of a more extensive epicardial > 
endocardial substrate Additional clues to the requirement for 
epicardial mapping and ablation include surface ECG, pres-
ence of isolated epicardial scar on magnetic resonance or 
intracardiac echo imaging, and/or prior failed endocardial 
ablation.

 Risk Stratification

Poor outcome of ARVD patients were driven by referral bias 
[146] Data from autopsy series and observational clinical 
studies on ARVD have provided clinical predictors of 
adverse events and death. Apart from sustained VT or VF, 
other independent risk factors include nonsustained VT on 
24-h Holter monitoring, dilation/dysfunction of RV, left ven-
tricle (LV), or both, male gender; compound and digenic het-
erozygosity of desmosomal-gene mutations; young age at 

Repolarization abnormalities

Major
• Inverted T waves in right precordial leads (V1, V2, and V3) or

beyond in individuals >14 years of age (in the absence of
complete RBBB QRS ³120 ms)

Minor
• Inverted T waves in leads V1 and V2 in individuals >14 years of

age (in the absence of complete RBBB) or in V4, V5, or V6
• Inverted T waves in leads V1, V2, V3, and V4 in individuals >14

years of age in the presence of complete RBBB

Depolarization/conduction abnormalities

Major
• Epsilon wave (reproducible low amplitude signals

between end of QRS complex to onset of the T wave)
in the right precordial leads (V1-V3)

Minor

• Late potentials by SAECG in ³1 of the 3 parameters
in the absence of a QRS duration of ³110 ms on the
standard ECG

• Filtered QRS duration (fQRS) ³114 ms
• Duration of terminal QRS <40 mV (low amplitude

signal duration) 38 ms
• Root-mean-square voltage of terminal 40 ms £20 mV
• Terminal activation duration of QRS ³55 ms

measured from the nadir of the S wave to the end of
the QRS, including R’, in V1, V2, or V3, in the absence
of complete RBBB

Arrhythmias
Major

• Nonsustained or sustained ventricular tachycardia of
LBBB morphology with superior axis (negative or
indeterminate QRS in leads II, III, and aVF and
positive in lead aVL)

Minor
• Nonsustained or sustained ventricular tachycardia or

RV outflow configuration, LBBB morphology with
inferior axis (positive QRS in leads II, III, and aVF
and negative in lead aVL) or of unknown axis

• >500 ventricular extrasystoles per 24 hours (Holter)

Tissue characterization of wall
Major

• Residual myocytes <60% by morphometric analysis
(or <50% if estimated), with fibrous replacement of the
RV free wall myocardium in ³1 sample, with our without
fatty replacement of tissue on EMB

Minor
• Residual myocytes 60-75% by morphometric analysis

(or 50-65% if estimated), with fibrous replacement of the
RV free wall myocardium in ³1 samples, with out without
fatty replacement of tissue on EMB

Family history
Major

• ARVD/C confirmed in a first-degree relative who
meets current Task Force Criteria

• ARVD/C confirmed pathologically at autopsy or
surgery in a first-degree relative

• Identification of a pathogenic mutation y categorized
as associated or probably associated with ARVD/C in
the patient under evaluation

Minor
• History of ARVC/D in a first-degree relative in whom it

is not possible or practical to determine whether the
family member meets current Task Force criteria

• Premature sudden death (<35 years of age) due to
suspected ARVD/C in a first-degree relative

• ARVD/C confirmed pathologically or by current Task
Force Criteria in second-degree relative

Global or regional dysfunction and structural alterations
Major

By 2-D Echo:
• Regional RV akinesia, dyskinesia or aneurysm + one of the

following (end diastole):
• PLAX RVOT ³32 mm (PLAX/BSA ³19 mm/m2)
• PLAX RVOT ³36 mm (PLAX/BSA ³21 mm/m2)
• Or fractional area change £33%

By MRI
• Regional RV akinesia or dyskinesia or dyssynchronous RV

contraction + one of the following:
• RV EDV/BSA ³110 mL/m2 (male) or ³100 mL/m2 (female)
• Or RV ejection fraction £40%

By RV angiography
• Regional RV akinesia, dyskinesia or aneurysm

Minor
By 2-D Echo:
• Regional RV akinesia, dyskinesia + one of the following (end diastole):

• PLAX RVOT ³29-<32 mm (PLAX/BSA ³16-<19 mm/m2)
• PLAX RVOT ³32-<36 mm (PLAX/BSA ³18-<21 mm/m2)
• Or fractional area change >33-£40%

By MRI
• Regional RV akinesia or dyskinesia or dyssynchronous RV

contraction + one of the following:
• RV EDV/BSA ³100-<110 mL/m2 (male) or ³90-<100 mL/m2 (female)
• Or RV ejection fraction £40%

ARVD/C Revised TF Criteria

Fig. 20.11 ARVC revised taskforce criteria
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the time of diagnosis; proband status; inducibility at pro-
grammed ventricular stimulation; scar burden, extent of 
T-wave inversion across precordial and inferior leads; low 
QRS amplitude and QRS fragmentation [146].

The role of EP study for inducibility of sustained VT or 
VF for prediction of long-term arrhythmic outcome in 
ARVC/D patients is nebulous [147].

The aim of antiarrhythmic drug (AAD) therapy in patients 
with ARVC/D is to improve the quality of life by preventing 
symptomatic ventricular arrhythmias. There are no prospec-
tive and randomized trials on AAD therapy in ARVC/D and 
systematic comparison of treatment strategies. At best cur-
rently they are used as an adjunct along with ablation therapy 
and ICD.

ICD therapy is the most important therapeutic strategy 
for patients with ARVD, because the natural history is pri-
marily characterized by the risk of SCD. Prospective ran-
domized trials are unlikely to be performed for ethical 
reasons and because of practical limitations predominantly 
linked to relatively low disease prevalence and low event 
rate. Implantation of an ICD is recommended in ARVD 
patients who have experienced ≥1 episodes of hemodynam-
ically unstable, sustained VT or VF and in patients with 
severe systolic dysfunction of the RV, LV, or both, irrespec-
tive of arrhythmias (class I). Other considerations include 
ICD in patients who have experienced ≥1 episodes of hae-
modynamically stable, sustained VT, patients who have 
‘major’ risk factors such as unexplained syncope, moderate 
ventricular dysfunction, or NSVT (class IIa). Prophylactic 
ICD implantation is not recommended in asymptomatic 
ARVD patients with no risk factors or healthy gene carriers 
(class III) (Fig. 20.12).

Catheter ablation is an important therapeutic option for 
ARVC/D patients who have VT It is recommended in 
ARVC/D patients with incessant VT or frequent appropriate 
ICD interventions on VT despite maximal pharmacological 

therapy, including amiodarone (class I). An epicardial 
approach to VT ablation is recommended in patients who fail 
one or more attempts of endocardial VT ablation (class I). A 
combined endocardial/epicardial VT ablation approach as an 
initial ablation strategy should be considered, provided that 
the operator and electrophysiological laboratory are experi-
enced performing epicardial VT ablation in patients with 
ARVC/D (class IIa).

Reviewing the literature, the outcome of ablation in 
ARVDC has been studied with heterogeneous results, which 
were mostly explained by limited case numbers, the different 
ablation strategies, distinct disease stages, and variable fol-
low- up duration. Generally, in the era of endocardial abla-
tion, the long-term efficacy in prevention of VT recurrence 
could be achieved in only 25–53% of cases. Recent studies 
demonstrated a significant benefit of freedom from ventricu-
lar tachyarrhythmias or ICD therapy by 45–84.6% with the 
combination of endocardial and epicardial ablation. Current 
therapeutic and preventive measures are at best palliative, 
not curative.

 PVC Mediated Cardiomyopathy

The significance of premature ventricular contractions 
(PVCs) has been a controversial and conflicting topic for the 
last 50 years. However, there has been a resurgent interest in 
frequent PVCs led by the novel concept that they may be a 
potential cause of, or at least contribute to, cardiomyopathy. 
Although rare in the general population, frequent PVCs are 
more common among patients with left ventricular (LV) dys-
function and CHF. This growing interest in PVCs was insti-
gated by Duffee and colleagues, who described significant 
improvement in cardiac function among five patients with 
frequent PVCs (>20,000/24 h) and LV dysfunction, who had 
suppression of PVCs with amiodarone. This suggested, for 

³1 minor risk factors* • No risk factors
• Healthy gene carriers

• Aborted SCD
due to FV

• Sustained VT
• Severe

dysfunction of
RV, LV, or both

³1 major risk factors*:
• Syncope
• NSVT
• Moderate

dysfunction or
RV, LV or both

ICD may be
considered
(Class IIb)

ICD non indicated
(Class III)

ICD indicated
(Class I)

ICD should be
considered
(Class IIa)

Low riskHigh risk Intermediate risk

Fig. 20.12 Flow chart for 
ICD implantation
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the first time, that frequent PVCs might result in reversible 
LV dysfunction termed ‘PVC-induced cardiomyopathy’ 
[148]. PVC-induced cardiomyopathy was originally thought 
to be a type of tachycardia-induced cardiomyopathy, a phe-
nomenon that has been well described in the context of atrial 
fibrillation, supraventricular tachycardia, and ventricular 
tachycardia. However, this concept has been called into 
question because patients with frequent PVCs have overall 
heart rates similar to those of their normal counterparts on 
Holter monitoring. The cellular mechanisms of PVC-induced 
cardiomyopathy have as yet not been elucidated. Bogun pos-
tulated that ventricular dyssynchrony and increased oxygen 
consumption may be possible pathogenic mechanism. 
Ventricular dyssynchrony results in compromised global car-
diac mechanical efficiency, asymmetrically increased wall 
thickness in the late-activated regions, altered myocardial 
blood flow, and local changes in myocardial protein expres-
sion [149] (Fig. 20.13).

Approximately two thirds of idiopathic PVCs originate 
from the ventricular outflow tracts, primarily the right ven-
tricular outflow tract. The ventricular outflow tract muscula-
ture, and hence the anatomic source of the PVCs, may 
extend above the pulmonary or aortic valves. The remaining 
third of PVCs may have various ventricular origins, includ-
ing the ventricular free walls, LV fascicles, septum, and 
papillary muscles. Several studies have shown that the fre-
quency of PVCs correlates at least modestly with the extent 
of LV dysfunction and ventricular dilation at the time of ini-
tial clinical presentation. Patients with decreased LVEF had 
a higher mean PVC burden than their counterparts with nor-
mal LV function However, there are no clear-cut points that 
mark the frequency at which cardiomyopathy is unavoid-
able. Baman suggested that a PVC burden of >24% had a 

sensitivity and specificity of 79% and 78%, respectively, in 
separating the patient populations with impaired versus pre-
served LV function [150]. Nevertheless, the majority of 
patients presenting with frequent PVCs had preserved 
LVEF. Therefore, although significant, the PVC burden is 
not the only factor contributing to impairment of LV systolic 
function. The workup, treatment, and follow-up of patients 
with frequent PVCs are summarized in (Fig. 20.14). Catheter 
ablation is pursued with the intention of cure . However use 
of catheter ablation has brought to light some unique ana-
tomical, imaging, ablation and mechanistic insights. A 
number of randomized trials are currently in the design or 
recruitment phase and aim to establish whether therapy for 
frequent PVCs in patients with idiopathic LV dysfunction 
will alter clinical outcomes. NCT01757067 [Early 
Elimination of Premature Ventricular Contractions in Heart 
Failure (EVAC-HF)] is a prospective, randomized study that 
will compare the effects on LVEF in patients with nonisch-
emic cardiomyopathy with LVEF <= 45% and >20% PVCs 
following ablation or optimal medical therapy. These will 
undoubtedly help inform the optimal care for patients with 
frequent PVCs.

Management of constellation of non ischemic cardiomy-
opathies is complex. Complexity is increased by variable 
substrates, thus “all size fits all” approach is not likely to be 
successful. The overall improvement in survival is encourag-
ing with ICD therapy and improvement in arrhythmia burden 
by ablation. However still key fundamentals gaps in knowl-
edge exits in understanding of the substrate and methods to 
modify it to achieve more long lasting success. With improve-
ment in imaging and mapping along with improvement in 
energy delivery will probably help to overcome some of 
these impediments.
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intracellular calcium

and membrane
ionic currents

Hemodynamic
impairment

Alterations
in heart rate
dynamics

Myocardial and
peripheral vascular

autonomic
dysregulation

Increased
oxygen

consumption

Ventricular
dyssynchrony

Tachycardia-
induced

cardiomyopathy

PVC-induced
cardiomyopathy

Fig. 20.13 Putative 
mechanisms of premature 
ventricular contraction 
(PVC)-induced 
cardiomyopathy. (Yong-Mei 
Cha et al.: Circ Arrhythm 
Electrophysiol 5:229, 2012)
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Diagnosis and quantification of frequent PVCs
•  Symptoms: palpitations, presyncope, or decreased effort tolerance
•  Physical exam: Often normal, premature beats may be appreciated
•  ECG: To determine PVC morphology
•  Holter monitoring: to quantify PVC burden

Echocardiography
•  To assess for LVEF and LV structural abnormalities

Further cardiac evaluation 
• MRI, stress imaging and coronary angiography should be performed where indicated to

excluded structural etiologies for frequent PVCs
• Workup to excluded cardiomyopathies due to other causes,

such as drugs and endocrinpathies 

Suppression of PVCs
• If PVC-induced cardiomyopathy is presumed, physicians may proceed with a therapeutic

medical trial or catheter ablation

Follow-up
• Follow-up to between 3 and 12 months with repeat Holter monitoring and echocardiography 

Fig. 20.14 Flow chart for 
the diagnosis, treatment and 
follow-up of patients 
presenting frequent premature 
ventricular contractions 
(PVCs). Electrocardiography 
indicates electrocardiography. 
LV left ventricular, LVEF left 
ventricular ejection fraction, 
PVC premature ventricular 
contraction. (Yong-Mei Cha 
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Electrophysiol 5:229, 2012)
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Abstract

Patients with congenital heart disease (CHD) must contend with a high arrhythmia burden. 
In some instances these disorders are intrinsic to the structural malformation itself and 
begin to cause difficulties early in life, as in the case of Wolff-Parkinson-White syndrome 
in patients with Ebstein’s anomaly, or atrioventricular block in patients with “congenitally 
corrected” transposition of the great arteries. For most other patients with CHD, arrhyth-
mias represent an acquired condition related to the fibrotic and hypertrophied myocardial 
substrate created by surgical scarring in conjunction with abnormal pressure/volume loads 
of long duration, which may not surface until a decade or two after repair. The abnormal 
anatomy encountered in CHD has a major impact on treatment, especially the technical 
aspects of interventions such as catheter ablation and placement of pacemakers or implant-
able cardioverter defibrillators. This chapter will attempt to review the major rhythm diffi-
culties encountered in the CHD population, concentrating on those electrophysiologic 
features that distinguish this unique group from patients with more conventional forms of 
heart disease.

Keywords

Atrial tachycardia • Atrial flutter • Atrioventricular block • Catheter ablation • Congenital 
heart disease • Ebstein’s anomaly • Fontan operation • Intraatrial reentrant tachycardia • 
Sinus node dysfunction • Sudden cardiac death • Tetralogy of Fallot • Transposition of the 
great arteries • Ventricular tachycardia

Abbreviations

AV Atrioventricular
AVNRT Atrioventricular node reentrant tachycardia
CHD Congenital heart disease
IART Intraatrial reentrant tachycardia
ICD Implantable cardioverter defibrillator
L-TGA Congenitally corrected transposition of the great 

arteries
VT Ventricular tachycardia
WPW Wolff-Parkinson-White

E.P. Walsh, M.D.  
Cardiac Electrophysiology Division, Department of Cardiology, 
Boston Children’s Hospital, 300 Longwood Ave.,  
Boston, MA 02115, USA 

Harvard Medical School, Boston, MA, USA
e-mail: ed.walsh@childrens.harvard.edu

21

mailto:ed.walsh@childrens.harvard.edu


276

 Introduction

In years past, the management of patients with congenital 
heart disease (CHD) was viewed principally as a hemody-
namic challenge focused on operative solutions to extend 
life beyond infancy and early childhood. Thanks to a long 
series of innovations in surgical and interventional catheter 
techniques, it is rare nowadays to encounter a CHD lesion 
that cannot be corrected, or at least palliated, to permit 
patient survival well into adulthood [1]. However, this 
improved longevity has exposed a number of late complica-
tions for the survivors, central among which are cardiac 
arrhythmias that contribute substantially to morbidity and 
mortality for this rapidly expanding population [2]. A list of 
specific arrhythmias and the commonly associated congeni-
tal defects is provided in Table 21.1 to serve as an outline for 
this chapter.

 Tachycardias in CHD

 Accessory Pathways

The embryologic accidents responsible for congenital heart 
defects can have a direct impact on the specialized atrioven-
tricular (AV) conduction tissues. This may take the form of 
simple displacement of the compact node and His bundle 
away from the usual septal position in Koch’s triangle [3], 
but occasionally, the malformation results in accessory or 
duplicated AV connections with the potential for reentrant 
tachyarrhythmias. The most important example involves 
Ebstein’s anomaly of the tricuspid valve, which is compli-
cated by Wolff-Parkinson-White (WPW) syndrome in 20% 
or more of cases [4]. The accessory pathways in this condi-
tion are typically located along the posterior and septal 
aspect of the tricuspid ring where the valve leaflets are most 
displaced into the body of right ventricle [5]. Tachycardia 
events for Ebstein’s patients become especially problematic 
during adolescent and adult years when right atrial dilation 
increases the likelihood of recurrent atrial flutter or atrial 
fibrillation with potentially rapid anterograde conduction 
over an accessory pathway. Definitive therapy with catheter 
ablation is now viewed as the standard of care for Ebstein’s 
patients with WPW syndrome. However, compared to abla-
tion for accessory pathways in a structurally normal heart, 
the acute success rate appears lower, and the risk of recur-
rence higher, in Ebstein’s anomaly [6, 7]. These difference 
likely results from distorted anatomic landmarks, difficulty 
identifying the true AV groove, extremely fractionated elec-
trograms, and the high incidence of multiple pathways 
(Fig. 21.1).

 Atrioventricular Nodal Reentrant Tachycardia, 
and Twin AV Nodes

Patients with CHD can also have more simple forms of AV 
reciprocating tachycardia, including conventional AV nodal 
reentry (AVNRT). The electrophysiology is similar in every 
way to AVNRT in normal hearts, but anatomic distortion can 
obscure the usual landmarks of Koch’s triangle and make 
identification of safe and effective sites for slow pathway 
modification difficult. The experience with ablation for 
AVNRT in CHD is still somewhat limited, but there are a 
growing number of case reports and clinical series [8–11] 
that indicate the procedure can be accomplished safely if 
proper technical modifications and precautions are employed 
(Fig. 21.2). Most reported cases in CHD have employed 
radiofrequency energy, but cryothermal ablation can be used 
for its safety benefit whenever precise location of the com-
pact node is difficult to ascertain [11, 12].

Table 21.1 Specific arrhythmias and associated congenital heart 
defects

Tachycardias

Accessory pathways – Ebstein’s anomaly

– Some congenitally corrected 
TGA

Twin AV nodes – Heterotaxy syndrome

Intraatrial reentrant 
tachycardia

– Postoperative Mustard

– Postoperative Senning

– Postoperative Fontan

– Others

Atrial fibrillation – Mitral valve disease

– Aortic stenosis

– Unrepaired single ventricle

Ventricular tachycardia – Tetralogy of fallot

– Congenital aortic stenosis

– Others

Bradycardias

Congenital sinus node 
dysfunction

– Heterotaxy syndrome

Acquired sinus node 
dysfunction

– Postoperative Mustard

– Postoperative Senning

– Postoperative Fontan

– Postoperative Glenn

– Others

Congenital AV block – Atrioventricular canal defects

– Congenitally corrected TGA

– ASD (Holt-Oram syndrome)

Acquired AV block – VSD closure

– Aortic valve surgery

– AV valve replacement

ASD atrial septal defect, AV atrioventricular, TGA transposition of the 
great arteries, VSD ventricular septal defect
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More exotic disorders in AV conduction can occasionally 
be identified in patients with abnormalities of atrial situs and 
discordant relationships between the atria and ventricles, 
referred to as heterotaxy syndrome [13]. Heterotaxy can be 
broadly divided into two main categories. First is the poly-
spleenia variety (so-called left atrial isomerism) where the 
sinus node and AV node can be underdeveloped such that 
pacemaker implant is often required to address bradyar-
rhythmias early in life. In contrast, the aspleenia variety of 
heterotaxy (so-called right atrial isomerism) can actually 
have two sinus nodes and a duplicated AV conduction sys-
tem described as “twin AV nodes.” This arrangement  consists 
of two separate compact nodes with two discrete His bundles 
connected at the ventricular level with a bridge of conduction 
tissue known as a Mönckeberg sling. A wide assortment of 
reentrant tachycardias can arise within this complicated net-
work, most of which can be eliminated by strategic ablation 
of the less-robust of the two compact nodes [14, 15]. Though 
twin AV nodes are very rare, the condition epitomizes the 
peculiar conduction arrangements that are possible in CHD.

 Intraatrial Reentrant Tachycardia

The most common mechanism for symptomatic tachycardia 
in the CHD population is macroreentry within atrial muscle 
[16]. The location of these circuits varies according to the 
underlying heart defect and the method used for surgical 
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Fig. 21.1 Catheter ablation for an accessory pathway in a patient with 
Ebstein’s anomaly. Left Panel: Right atrial angiogram (right anterior 
oblique projection) with transit of contrast into the right ventricle (RV), 
highlighting the contours of the right atrium (RA) and the atrialized RV 
(yellow shading), separated by the true atrioventricular (AV) groove. 

The mobile edge of the tricuspid valve (TV) is displaced into the body 
of the RV. Right panel: Catheter position for successful ablation is at the 
level of the true AV groove. The AV groove in Ebstein’s can be identi-
fied using an angiogram such as this, by a right coronary angiogram, or 
by intracardiac echo
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Fig. 21.2 Slow pathway modification for atrioventricular nodal reen-
trant tachycardia (AVNRT) in a patient with complex congenital heart 
disease involving hypoplastic mitral valve (MV) with a large tricuspid 
valve (TV) and a double outlet right ventricle. An electroanatomic 
shell of the common atrium is shown. Positions of the aortic valve 
(AoV) and the His bundle recording site (orange dot, HBE) are marked 
for orientation. It was fortuitous in this case that fast-slow AVNRT 
could be induced so that the retrograde slow pathway insertion site 
could be mapped. Earliest retrograde atrial activation over the slow 
pathway (red zone) allowed accurate targeting of the slow pathway for 
ablation (red dots)
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repair [17]. They are usually restricted to right atrial tissue, 
and are defined by regions of surgical scar which function in 
combination with natural conduction barriers to channel a 
wavefront along a macroreentrant path. If a tricuspid valve is 
present, the isthmus between the valve ring and the inferior 
vena cava is a common component of such circuits (similar 
to conventional atrial flutter), but the true isthmus may be 
difficult to reach (Fig. 21.3), and less predictable paths 
related to incisional lines and septal patches also occur 
(Fig. 21.4). Quite often, multiple circuits can be present in 
the same patient which may conduct in a figure-of-eight or 
dual-loop manner. The term “intraatrial reentrant tachycar-
dia” (IART) has been adopted as a general term to describe 
all these circuits in CHD patients regardless of their precise 
location.

Most IART circuits are slower than typical atrial flutter 
seen in a normal heart [18], with atrial cycle lengths in the 
range of 250–320 ms (Fig. 21.5). This allows a relatively 
rapid ventricular response rate that can lead to hypotension, 
syncope, or possibly cardiac arrest in CHD patients with 
poor ventricular function [19]. Even when the ventricular 
response rate is safely controlled, IART may cause debilitat-
ing symptoms in CHD patients from loss of AV synchrony, 
and can contribute to thromboembolic complications if the 
duration is protracted. Usually, IART appears many years 
after operations that involved an atriotomy or other surgical 
manipulation of right atrial tissue. It can occasionally follow 
simple procedures such as closure of an atrial septal defect, 

but the incidence is highest among patients with advanced 
dilation, thickening, and scarring of their right atrium. Hence, 
IART is especially problematic for CHD patients who have 
undergone the Mustard or Senning operations for transposi-
tion of the great vessels, or the Fontan operation for single 
ventricle. Concomitant sinus node dysfunction is also com-
mon following these operations (tachy-brady syndrome) to 
further complicate matters.

The therapeutic options for IART include: (a) antiarrhyth-
mic drugs, (b) catheter ablation, (c) pacemaker implantation 
to support rate in tachy-brady syndrome, and (d) surgical 
intervention with a modified atrial maze operation. The 
choice must be tailored to the hemodynamic and electro-
physiologic status of the individual patient. Antiarrhythmic 
drugs are still prescribed occasionally, but the broad experi-
ence with pharmacologic therapy for this condition has been 
discouraging, even when using class I and class III agents 
[20]. Catheter ablation is now used at most centers as the 
preferred early intervention for IART [21]. The technique 
has evolved rapidly since the introduction of three- 
dimensional mapping for improved circuit localization, and 
irrigated-tip ablation catheters for more effective lesion cre-
ation [22]. When these technologies are combined with high- 
quality anatomic definition (MRI, CT, intracardiac echo, 
angiography) merged into an electroanatomic shell, acute 
success rates of nearly 90% can be achieved [16]. 
Unfortunately, later recurrence with a different circuit of 
IART is still disappointingly common. The recurrence risk is 
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Fig. 21.3 Ablation for intraatrial reentrant tachycardia in a patient 
who has undergone a Mustard operation for transposition of the great 
arteries. Left panel: Angiogram in the “right atrium” (“RA”) showing 
how the atrial baffle redirects blood return from the superior and infe-
rior vena cavae (SVC and IVC) towards the mitral valve (MV). Right 
panel: The tachycardia involved a counterclockwise circuit around the 

tricuspid valve (TV). In order to reach the cavo-tricuspid isthmus region 
for ablation (red dots), a transbaffle puncture technique was used to 
enter the “left atrium” (“LA”). The successful puncture site was just 
medial (arrow) to an occlusion device that had been placed several 
years earlier to address a large baffle leak
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particularly high among Fontan patients, who tend to have 
the largest number of IART circuits and the thickest/largest 
atrial dimensions. Though still imperfect, outcomes for cath-
eter ablation of IART continue to improve, and even now are 
far superior to the degree of control obtained with medica-
tions alone.

Pacemaker implantation may be reasonable to consider 
for patients with IART as part of the tachy-brady syndrome, 
since correcting slow atrial rates to a physiologic range often 
results in reduction of IART episodes. Pacemakers equipped 
with atrial antitachycardia pacing features can also be useful 
in select cases [19, 23]. If the above measures fail to prevent 
IART, and/or the patient is returning to the operating room 
for hemodynamic reasons, consideration can also be given to 
surgical ablation during a right atrial maze operation. This 
procedure is used most often for the Fontan population with 

the most refractory variety of IART, and is usually combined 
with revision of the Fontan connection from an older atrio-
pulmonary anastomosis to a modern cavopulmonary connec-
tion in the same setting. Results are encouraging [24, 25], 
with relatively low rates of IART recurrence, but surgical 
risks must be weighed carefully against the electrophysio-
logic benefit.

 Atrial Fibrillation

While IART remains by far the most common form of atrial 
tachycardia in CHD, atrial fibrillation is being encountered 
with increasing frequency as the CHD population survives to 
older ages. Most cases involve patients with hemodynamic 
derangements contributing to left atrial dilation and/or left 
ventricular diastolic dysfunction, such as congenital aortic 
stenosis, mitral regurgitation, or palliated single ventricle 
[26]. Medical management and techniques for acute conver-
sion are in accordance with ACC/AHA/HRS guidelines [27], 
but like IART, pharmacologic therapy has been only margin-
ally successful in preventing recurrences. There is now a 
small but growing literature describing transcatheter pulmo-
nary vein isolation for atrial fibrillation in CHD patients [28]. 
Most cases reported to date have involved fairly simple 
lesions such as atrial septal defects, though the technique is 
being cautiously expanded to more complex anatomy 
(Fig. 21.6). A surgical maze operation incorporating a 
biatrial lesion set can also be considered, especially if a 
patient is returning to the operating room to address other 
hemodynamic issues [29].

 Ventricular Tachycardia

Malignant ventricular arrhythmias are rare among CHD 
patients during their first decade or two of life, but once 
adulthood is reached [30, 31], the potential for ventricular 
tachycardia (VT) and sudden cardiac death begins to loom as 
a concern. Wolff et al. [32] were the first to sound the alarm 
in 1972 when they published observations on disrupted con-
duction patterns and VT associated with sudden unexpected 
death in postoperative tetralogy of Fallot patients. Since 
then, the topic of late postoperative sudden death and VT has 
occupied the attention of all cardiologists involved with the 
longitudinal care of CHD patients [33–39].

It is useful to consider two general categories of VT in 
CHD patients [40]. The first of these involves developmen-
tal and/or surgical abnormalities of ventricular geometry 
that can serve as a substrate for macroreentry, with central 
obstacles and narrow corridors of slow conduction capable 
of supporting one or more monomorphic VT circuits. 
Specific CHD lesions that best exemplify this anatomic 

Fig. 21.4 Unusual circuit for intraatrial reentrant tachycardia in a 
patient who has undergone a Fontan operation for single ventricle. The 
electroanatomic shell is focused on the anterolateral aspect of the right 
atrium. Pink dots mark sites of split potentials that likely represented 
scarring from an atriotomy, but there was a narrow channel between the 
pink dots that allowed the circuit to propagate in a figure-of-eight pat-
tern (arrows). Ablation at the blue dot site terminated tachycardia 
promptly, but multiple additional radiofrequency applications (red dots) 
were required before complete conduction block was established 
through this corridor
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Fig. 21.5 Surface ECG (leads I, aVF, V1, V6) and intracardiac elec-
trograms recorded from the mapping catheter (MAP) and an atrial ref-
erence catheter (Ref) during intraatrial reentrant tachycardia in a patient 
with repaired atrial and ventricular septal defects. The atrial cycle 

length is 277 ms, conducting in a 2:1 pattern. Entrainment pacing was 
performed from the distal MAP catheter at the cavo-tricuspid isthmus, 
and the postpacing interval (PPI) was identical to the tachycardia cycle 
length at this site. Ablation of the isthmus eliminated this circuit

Cryoballoon
In LUPV 

Fig. 21.6 Fluoroscopic view of catheter positions during a pulmonary 
vein isolation procedure for atrial fibrillation in a 44 year old who had 
undergone repair of tetralogy of Fallot as a child. This patient also had 
sinus node dysfunction and ventricular arrhythmias for which a transve-
nous dual chamber ICD had been placed. The inflated cryoballoon is 
positioned in the left upper pulmonary vein

 predisposition to monomorphic VT include: (a) tetralogy of 
Fallot, (b) Ebstein’s anomaly, and (c) other conditions 
repaired through a free-wall ventriculotomy incision. These 
are the patients most likely to benefit from catheter ablation 
therapy, and hence, are the source of most VT mapping data 
in the CHD population. A second category of VT seen in 
CHD involves less-organized polymorphic VT and ventric-
ular fibrillation that occur as a nonspecific response to fail-
ing myocardium, similar to arrhythmias encountered in any 
other form of hypertrophic or dilated cardiomyopathy. This 
myopathic substrate can be generated by a number of fac-
tors, including chronic pressure and volume loads, long-
standing cyanosis, injury from cardioplegia, and other 
myocardial insults. Examples of conditions associated with 
VT of this sort include: (a) chronic aortic valve or aortic 
arch obstruction, (b) transposition of the great arteries fol-
lowing Mustard or Senning operations where the right ven-
tricle has been recruited as the systemic ventricle, (c) 
unrepaired septal defects with Eisenmenger’s physiology, 
and (d) palliated single ventricle. The VT seen in these 
patients is less likely to respond to catheter ablation therapy, 
and usually must be managed with an implantable cardio-
verter defibrillator (ICD).
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Most clinical experience with VT in CHD has centered on 
tetralogy of Fallot. The prevalence of VT after tetralogy 
repair has been estimated in the range of 3–14% in large 
clinical series [33–37], with most cases involving patients 
who are more than 20 years removed from their surgical 
repair [30, 31]. A few may present with slow VT capable of 
generating a perfusing rhythm, but VT tends to be rapid for 
the majority, causing syncope or cardiac arrest as the pre-
senting symptom. Sustained VT appears to be the single big-
gest contributor to the sudden cardiac death risk in the 
tetralogy population (Table 21.2), and predicting such events 
has been a topic of intense investigation for over 4 decades 
[41]. To date, no perfect risk-stratification scheme has 
emerged, though several clinical variables with modest prog-
nostic value have been identified, including: (a) older age of 
time of definitive surgery, (b) history of palliative shunts, (c) 
nonsustained VT on Holter monitor, (d) inducible VT at 
electrophysiologic study, (e) severe pulmonary regurgitation 
with right ventricular dilation, (f) prolonged QRS duration 
(>180 ms), and (g) depressed left ventricular function. When 
viewed in aggregate, this long list of variables helps to define 
a clinical profile for the tetralogy patient at risk, but no single 
item can be viewed as completely independent, and none 
provides perfect predictive accuracy. Programmed ventricu-
lar stimulation can be used to refine risk prediction when 
multiple noninvasive risk factors are detected [42, 43]. 
Inducible VT may prompt a recommendation for a primary 
prevention ICD [44], or if stable monomorphic VT can be 
induced, catheter ablation of the VT circuit might be consid-
ered. Correctable hemodynamic issues may also be identi-
fied at catheterization that could shift therapy towards a 
surgical solution, such as relief of pulmonary regurgitation 
combined with formal intraoperative VT mapping and abla-
tion [45].

Catheter ablation has been applied to VT in select CHD 
patients since the early 1990s. The published experience is 
still somewhat limited [46–49], but the overall acute success 
rate is now approaching 90% with improved technology and 
a better appreciation for the common sites of the macroreen-
try circuits. In tetralogy (Fig. 21.7), mapping has verified 

that the right ventricular outflow region (including the conal 
septum between the ventricular septal defect and the pulmo-
nary valve) is nearly always a productive ablation area, 
allowing empiric ablation to be performed there even when 
the full VT propagation pattern cannot be mapped due to 
rapid rates and hemodynamic instability [50, 51]. The recur-
rence rate after acutely successful ablation is still roughly 
15%, which has prompted many centers to consider back-up 
ICD implant in these patients even if ablation is acutely 
successful.

Ebstein’s anomaly is another condition capable of sup-
porting monomorphic VT that may be amenable to ablation 
therapy. In this condition the common site for reentry is the 
thin and fibrotic right ventricular myocardium located above 
the displaced tricuspid valve (so-called “atrialized” ventri-
cle….see Fig. 21.1). Conduction through this tissue tends to 
be slow and inhomogeneous, and can be fertile ground for 
macroreentry. There are several reports now of successful 
VT ablation in this abnormal tissue [5, 52]. If ablation for 
monomorphic VT is ever contemplated in a patient with 
Ebstein’s anomaly, it is important that it be performed prior 
to any surgical reconstruction of the tricuspid valve since the 
target tissue may be very difficult to reach thereafter.

Recommendations for ICD placement in CHD patients 
largely reflect the established guidelines for adults with more 
conventional forms of heart disease. A recent joint consensus 
document from the Heart Rhythm Society and the Pediatric 
and Congenital Electrophysiology Society reviewed arrhyth-
mia management and ICD guidelines in adults with CHD 
[44], and offered ICD recommendations which can be 
abstracted as follows:

 1. ICD therapy is indicated in adults with CHD who are sur-
vivors of cardiac arrest after reversible etiologies have 
been excluded (Class I).

 2. ICD therapy is indicated in adults with CHD and sponta-
neous sustained VT after careful hemodynamic and elec-
trophysiologic assessment, though catheter ablation or 
surgery may be a reasonable alternative or adjunct in 
selected patients (Class I).

 3. ICD therapy is indicated in adults with CHD and a sys-
temic ventricular ejection fraction less than or equal to 
35%, biventricular physiology, and NYHA class II or III 
symptoms (Class I).

 4. ICD therapy is reasonable in selected adults with tetral-
ogy of Fallot and multiple risk factors such as LV dysfunc-
tion, nonsustained VT, QRS ≥ 180 msec, extensive RV 
scarring, or inducible sustained VT at EPS (Class IIa).

It is important to emphasize that ICD implant in CHD 
patients with distorted anatomy can involve unique technical 
challenges related to vascular access and lead positioning 
[53]. Epicardial implant or a subcutaneous system (Fig. 21.8) 
needs to be considered in patients who lack conventional 

Table 21.2 Estimates of the sudden death incidence following tetral-
ogy of fallot surgery

Study [reference] Findings Incidence

Murphy 1993 [33] 6% of 163 cases followed 
30 years

2.0% per 
decade

Nollert 1997 [34] 3% of 490 cases followed 
25 years

1.2% per 
decade

Silka 1998 [35] ~2 deaths per 1000 patient 
years

2.0% per 
decade

Norgaard 1999 
[36]

5.6% of 125 cases followed 
25 years

2.2% per 
decade

Gatzoulis 2000 
[37]

6% of 793 cases followed 
21 yrs

3.0% per 
decade
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venous access to the ventricle (e.g. following a Fontan opera-
tion for single ventricle) or who have residual intracardiac 
shunting that would put them at risk for thromboembolic 
complications if intravascular leads were used [54, 55]. It is 
reasonable to suggest that ICD procedures in patients with 
complex lesions only be attempted in experienced centers.

 Bradycardia in CHD

 Sinoatrial Node Dysfunction

Sinus node dysfunction in CHD patients can be either con-
genital or acquired. The congenital type is rare, but is seen 
occasionally in patients with the polysplenia type of hetero-
taxy syndrome (left atrial isomerism) who may lack a true 
sinus node [13], making atrial depolarization dependent 
upon slower atrial or junctional escape rhythms. Most 
patients with this unusual condition will ultimately require 
pacemaker implantation early in life.

A far more common cause of sinus node dysfunction 
in CHD is the acquired type that results from surgical 
trauma to the sinus node and/or its arterial supply. This is 
observed most often following the Mustard and Senning 
operations for patients with transposed great arteries, or 
following the Glenn and Fontan operations for patients 
with single ventricle [56]. The resulting chronotropic 
incompetence tends to be poorly tolerated in patients 
with such complex lesions. Furthermore, the likelihood 
of the patient developing IART or atrial fibrillation 
increases significantly in the setting of sinus node dys-
function [57].

The ACC/AHA/HRS guidelines for device-based therapy 
of cardiac rhythm abnormalities contained recommendations 
for pacemaker implantation in both children and adults with 
CHD and sinus node dysfunction [58]. The committee 

Fig. 21.7 Electrocardiogram from a woman with repaired tetralogy of Fallot during an episode of sustained ventricular tachycardia. The QRS has 
a pattern of left bundle branch block with an inferior axis, consistent with involvement of the right ventricular outflow region

Fig. 21.8 Subcutaneous ICD system in a young woman who has 
undergone a Fontan operation for double outlet right ventricle with 
straddling tricuspid valve and a small left ventricle. The Fontan connec-
tion prevents transvenous access to the ventricle. She also had a previ-
ously placed epicardial atrial pacing system for sinus node 
dysfunction
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offered recommendations which can be abstracted as 
follows:

 1. Pacemaker implant is indicated in CHD patients for sinus 
node dysfunction with correlation of symptoms during 
age-inappropriate bradycardia (Class I).

 2. Pacemaker implant is reasonable for CHD patients with 
sinus bradycardia for the prevention of recurrent IART: 
the bradycardia may be intrinsic or secondary to antiar-
rhythmic drugs (Class IIa).

 3. Pacemaker implant is reasonable for patients with com-
plex CHD with a resting heart rate < 40 bpm or pauses in 
ventricular rate longer than 3 sec (Class IIa).

 4. Pacemaker implant is reasonable for CHD patients and 
impaired hemodynamics due to sinus bradycardia or loss 
of AV synchrony (Class IIa).

 5. Pacemaker implant may be considered for patients with 
simple CHD with a resting heart rate < 40 bpm or pauses 
in ventricular rate longer than 3 sec (Class IIb).

 Atrioventricular Block in CHD

The AV conduction tissues may be congenitally abnormal in 
terms of both their location and function in specific forms of 
CHD, most notably, “congenitally corrected” transposition 
of the great arteries (L-TGA), and atrioventricular canal 
defects [3]. In the former condition, the AV node and His 
bundle are displaced away from the usual position in Koch’s 
triangle to an anterior location near the right-sided atrial 
appendage, while in the latter, the AV node and His bundle 
are displaced posterior to Koch’s triangle to a site that is 
beneath the mouth of coronary sinus. The functional proper-
ties of these displaced conduction systems are often subopti-
mal. In L-TGA, for example, it is estimated that 3–5% of 
patients will have complete heart block at birth, and an addi-
tional 20% will spontaneously progress to complete AV 
block by adulthood [59, 60]. Patients with displaced conduc-
tion tissues also seem to be more susceptible to traumatic AV 
block during surgical or catheter procedures. Congenitally 
impaired AV conduction can also be observed in simple 
cases of atrial septal defect among patients with Holt-Oram 
syndrome [61], a hereditary disorder characterized by atrial 
defects and upper-limb deformities that involves a mutation 
on the TBX5 gene.

Even when the conduction tissues are not congenitally 
abnormal, surgery can result in inadvertent trauma to the AV 
conduction tissues during closure of some ventricular septal 
defects, relief of left-heart outflow obstruction, and replace-
ment or repair of an atrioventricular valve. Fortunately, in 
roughly two-thirds of such cases, this injury is a transient 
affair related to myocardial stretch or edema rather than 
physical severing of the conduction tissues, and AV conduc-

tion recovers within several days [62]. But, for any patient 
with postoperative AV block that persists after surgery, per-
manent pacemaker implant is considered an absolute require-
ment. The ACC/AHA/HRS guidelines [58] for pacemaker 
placement for AV conduction disorders in CHD can be 
abstracted as follows:

 1. Pacemaker implant is indicated in CHD patients for post-
operative advanced second- or third-degree AV block that 
is not expected to resolve or that persists at least 7 days 
after cardiac surgery (Class I).

 2. Pacemaker implant may be considered for CHD patients 
with transient postoperative third-degree AV block that 
reverts to sinus rhythm with residual bifascicular block 
(Class IIb).

Similar to the decisions involved with ICD implants, 
pacemaker implantation is never a casual exercise in CHD 
patients (Fig. 21.9). Epicardial implants may be required in 
those with distorted venous access and those with intracar-
diac shunting [63–65].

Fig. 21.9 Epicardial ICD system in a child with complex single ven-
tricle, poor ventricular function, complete heart block, and ventricular 
arrhythmias. Hardware consists of an ICD shock coil positioned in the 
posterior pericardial space. Bipolar pacing leads are positioned on the 
right atrium (RA), with dual-site ventricular leads on the anterior and 
posterior aspects of the single ventricle (V) to provide resynchroniza-
tion pacing
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 Summary

Patients with CHD have a unique myocardial substrate capa-
ble of generating unusual arrhythmias due to both develop-
mental and acquired abnormalities (Table 21.3). Improved 
outcomes from childhood surgery have created a rapidly 
expanding population of adult survivors who require inven-
tive solutions for these disorders. Successful navigation of 
the distorted anatomy during catheter ablation procedures 
and device implant requires clear unerstanding of the indi-
vidual defect and the techniques used for surgical repair.
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Arrhythmias in Special Populations
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Abstract

The occurrence of cardiac arrhythmias is dependent on the cellular, structural, autonomic, 
and hormonal environment in which the heart functions. Stressors such as pregnancy, com-
petitive athletics, and surgery serve to modulate this arrhythmogenic environment. The 
altered cardiac physiology that results from these stressors can lead to new and recurrent 
arrhythmias. When these occur, they may have significant implications with respect to 
patient management, morbidity, and mortality. Mitigation of these consequences depends 
on the understanding and treatment of pathological rhythms, and on an appreciation of 
issues particular to these unique populations. The following chapter discusses arrhythmias 
in the groups comprised of patients in competitive athletics, pregnancy, heart transplant, 
and after major surgery.
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 Arrhythmias in Pregnancy

Though the impact of cardiac arrhythmias on pregnancy- 
related hospital admissions appears modest, arrhythmias in 
pregnancy are not rare and have important implications for 
mother and child when they occur [1]. Improved treatment 
strategies have had positive effects on long-term survival in 
women with congenital heart disease, a group of patients 
who carry their risk of arrhythmias into pregnancy. Rising 
maternal age permits progression of chronic arrhythmogenic 
disease processes, including congenital valvular and isch-
emic causes, and the increased cardiac output of pregnancy 
and delivery may disrupt homeostasis and precipitate 

arrhythmias. Often a dysrhythmia in a healthy woman is the 
first sign of peripartum cardiomyopathy. Finally, with the 
hypercoagulable state of pregnancy, pulmonary embolus 
may present as a rhythm change and/or hemodynamic dete-
rioration. Equally important are the possibilities of amniotic 
fluid embolus and acute aortic or coronary dissection. Up to 
date drug safety information, FDA cautions, and teratogenic-
ity guidelines should always be consulted given the risk- 
benefit ratios of all medications, including anti-arrhythmic 
agents, in pregnancy.

 Mechanisms

Pregnancy is associated with a host of hemodynamic, hor-
monal, and autonomic changes which may have arrhythmo-
genic consequences. Blood volume increases between 30 
and 50%, peaks at approximately 34 weeks, and remains 
high for the last month of gestation. Cardiac output increases 
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by 6.7 L/min during the first trimester and by up to 8.7 L/min 
during the third trimester [2]. Expanded plasma and stroke 
volumes place tension on stretch-activated ion channels, pre-
disposing the mother to new or recurrent arrhythmias [2, 3]. 
The increased oxygen consumption by 30% and physiologic 
anemia of pregnancy, may contribute to a mileu in which 
previously benign arrhythmias become symptomatic [4].

Increased progesterone and estradiol levels are proar-
rhythmic in animal models, and estrogen is thought to pro-
mote autonomic responsiveness through stimulation of 
adrenergic receptors [2, 5]. Additionally, arrhythmias 
often parallel resting sinus tachycardia seen in the third 
trimester [6].

Fortunately, most dysrhythmias during pregnancy can be 
managed medically and cardioversion can be used safely in 
most urgent situations [1, 7].

 Supraventricular Tachycardia

Supraventricular tachycardia (SVT) is responsible for 24 out 
of 100,000 hospital admissions in pregnant women [1]. 
Pregnancy may precipitate recurrent SVT in up to 50% of 
previously diagnosed patients [8]. AV node reentrant tachy-
cardia (AVNRT) is most frequent, followed by AV reentrant 
tachycardia (AVRT), which is maybe found in patients with 
Wolff-Parkinson-White syndrome (WPW) [9] or with con-
cealed accessory pathways.

Adenosine is relatively safe and effective for the acute 
management of both AVNRT and AVRT [10]. Intravenous 
metoprolol or propranolol may be used if adenosine is inef-
fective [11]. Verapamil is considered a third-line drug for 
PSVT during pregnancy, although it should be avoided in 
patients with WPW due to the risk of rapid conduction dur-
ing atrial fibrillation (AF) [2, 11]. Prophylaxis may be 
achieved using AV nodal blocking agents such as beta- 
blockers, calcium channel blockers and digoxin [11].

While medical therapy is the preferred form of therapy, 
SVT ablations can be performed successfully in pregnant 
women if required. Ablation is advised only after the first tri-
mester and radiation exposure should be limited [12]. The 
theoretical safe limit for maternal exposure is 50 mGy, but 
always with radiation, the “as low as reasonably achievable” 
(ALARA) goal should be observed. When radiation was 
assessed in patients undergoing ablation for SVT, exposure to 
the fetus with shielding can reach as low as <1 mGy, much less 
than the minimum threshold for concern (50 mGy) [2, 13, 14].

 Wolff-Parkinson-White and Preexcitation

Patients with WPW and concealed bypass tracts have 
increased risk of manifesting these during pregnancy [15]. 

As always, the management of preexcitation syndromes, par-
ticularly with atrial fibrillation, is aided by understanding the 
antegrade refractory period of the accessory pathway. DC 
cardioversion should be performed in setting of rapid con-
duction in atrial fibrillation. Orthodromic reciprocating 
tachycardias, which are the most commonly seen rhythms in 
pregnant women with pre-excitation, can usually be treated 
medically [2].

 Atrial Fibrillation and Flutter

Like most dysrhythmias in pregnancy, studies of AF and flutter 
in this setting are limited, but the ACCF/AHA/HRS Guidelines 
do make Class I and Class IIb recommendations [16].

New-onset AF and atrial flutter are unusual in the 
absence of structural heart disease or hyperthyroidism and 
should prompt evaluation to include cardiomyopathy, val-
vular disease, and pulmonary embolus [2]. AF recurrence 
occurs in over half of women with previously diagnosed 
AF [17].

As mentioned above, electrical cardioversion is effective 
with hemodynamically unstable AF or flutter, and has been 
performed safely in all three trimesters [18]. Reduction in 
fetal blood flow is not seen [2]. Rate control with β-blockers, 
calcium channel blockers, or digoxin may be effective in 
both acute and long-term settings. Rhythm control with 
sotalol or flecainide is also an option for patients refractory 
to rate control drugs, but should be avoided during the first 
trimester [19].

The standard approach to reducing stroke risk is gener-
ally applied in pregnancy, particularly given the prothrom-
botic tendency in pregnancy. There is the risk of cerebral 
embolization with the relatively lowered left-sided intra-
cardiac pressures in the setting of patent foramen ovale or 
atrial septal defect. Non Vitamin K dependent of novel 
agents for anticoagulation are generally not recommended 
in pregnancy. Low molecular weight heparin may be used 
for all but final weeks of pregnancy. Warfarin should gen-
erally be avoided in the first trimester due to its teratoge-
nicity [20].

 Ventricular Tachycardia

Clinically significant ventricular dysrhythmias are uncom-
mon without other pathology. Quinidine and procainamide 
are quinidine levels in the fetus mimic maternal blood lev-
els, but quinidine can be used with caution. Procainamide 
is generally used only after quinidine failure because 
of the common lupus-like syndrome and antibody forma-
tion [21]. In the absence of structural heart disease fle-
cainide may be used.
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 Arrhythmias in Athletes

While athletes represent many of the most fit and healthiest 
individuals in our society, heart rhythms problems such as 
atrial, supraventricular, and ventricular arrhythmias can 
occur. A small proportion of athletes may be at risk for sud-
den cardiac death. In older athletes, the most common cause 
of ventricular tachycardia (VT) or ventricular fibrillation 
(VF) is known or occult CAD. On the other hand, in younger 
athletes, significant arrhythmias are more likely to be inher-
ited, due to conditions such as channelopathies, arrhythmo-
genic right ventricular cardiomyopathy, and hypertrophic 
cardiomyopathy [22].

 The Athletic Heart

Physiological changes in the athlete’s heart vary by frequency, 
duration, and type of exercise (dynamic vs. isometric) [22]. 
Exercise may produce adaptive increases in chamber size and 
wall thickness, some of which may be reversible [23]. 
Hypertrophy may depend on chronically elevated cytosolic 
calcium, which has been shown to stimulate cardiac hypertro-
phy in animal models [24]. Marked wall thickening (>13 mm), 
however, occurs in only 2% of athletes. Physical training may 
result in LV enlargement (usually <60 mm but up to 70 mm) 
and increased stroke volume, with ejection fractions measur-
ing as low as 45% [25]. Intense exertion may trigger troponin 
release and BNP elevation, though the significance of this 
phenomenon is unclear [26–28].

In this section we will discuss assessment of risk of arrhyth-
mias and management of arrhythmias in athletes [29, 30].

 Sinus Node Dysfunction

Resting sinus bradycardia (SB) is common in athletes, and 
results from increased vagal tone. Thus, SB with heart rates 
as low as 30 bpm is generally benign and does not signifi-
cantly blunt chronotropic response, the ability to increase 
heart rate with exertion [31, 32]. On the other hand a small 
number of athletes may present with symptomatic SB, such 
as sinus pauses longer than 3 s, sinoatrial exit block, or sick 
sinus syndrome, which are not benign adaptations and should 
be evaluated [33], sometimes necessitating permanent pace-
maker implantation.

 Atrioventricular Node Dysfunction

While athletes can have increased vagal tone, athletes with 
first-degree AVB, Mobitz I with PR intervals greater than 
300 ms [34], or AV nodal block during exercise, should be 

evaluated carefully [33]. Some patients may require electro-
physiologic study (EPS) to rule out intra- or infra-Hisian 
block with exercise [30].

Evidence of A-V block should prompt an evaluation for 
underlying structural disease. In addition ECG, Holter, or 
loop monitoring may be valuable [34].

Congenital complete heart block is uncommon, but pres-
ents a number of management challenges, particularly in ath-
letes. Most patients with congenital complete heart block 
have junctional QRS duration <120 ms and ventricular rates 
greater than 40 bpm with adequate chronotropic response 
and no history of ventricular arrhythmias. When the junc-
tional rhythm during exercise is insufficient, pacemaker 
implantation may be needed. Patients with acquired CHB 
will receive permanent pacemaker implantation. Athletes 
with complete A-V block and permanent pacemakers will 
likely regain ability to create adequate heart rate response 
with exercise.

 Supraventricular Tachycardia

Paroxysmal supraventricular tachycardia (PSVT) due to 
AVNRT, AV tachycardia over accessory pathways, or ecto-
pic atrial tachycardia occur in the general population and do 
not appear more frequent in athletes. Exercise may trigger 
PSVT and increase ventricular rates, potentially increasing 
the hemodynamic consequences [32, 33]. Exercise-induced 
SVT are frequently managed pharmacologically. Patients 
who develop SVT during exercise should stop exercise and 
seek treatment [34, 35].

Ventricular pre-excitation is seen in <0.5% of individuals 
[36]. Patients with ventricular pre-excitation may be asymp-
tomatic or present with SVT, AF or rarely sudden cardiac 
arrest. A small percentage of patients, likely less than 1%, 
may have extremely rapid, anterograde conduction via the 
accessary pathway sometimes greater than 250 bpm. 
Extremely rapid conduction can result in deterioration of 
atrial fibrillation into ventricular fibrillation [37, 38].

Current guidelines for athletes with symptomatic WPW 
recommend that competitive athletes undergo electrophysi-
ology testing to determine the ability to conduct rapidly 
and identify patients with short anterograde periods  
(< or = 250 ms) or short pre-excited intervals in AF [30].

 Atrial Fibrillation/Flutter

AF is the most common arrhythmia in athletes and non- 
athletes. The incidence in athletes may vary based on age, 
years of exercise training, co-morbidities, and sport (endur-
ance vs. non-endurance). Causation of AF in the athletic heart 
is probably multifactorial, including atrial and ventricular 
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remodeling [30]. Increased vagal tone may shorten the atrial 
refractory period, facilitating reentry and AF [39, 40]. An 
exertion-related inflammatory response with elevated mark-
ers (interleukin-6 and C-reactive protein) may increase AF 
risk [41, 42]. Inflammation may stimulate fibrosis at the cel-
lular level, producing an AF substrate [43]. Evaluation should 
include thyroid studies and queries regarding alcohol and 
illicit drug use. Patients with low CHA2DS2-VASC score do 
not need anticoagulation [30]. Anticoagulation when indi-
cated may add to the bleeding risk involved in sports due to 
impact. The sports that are lowest in risk for impact include 
golf, swimming, track, and weight lifting [44]. When rate and 
rhythm control are insufficient to prevent impaired exercise 
performance, AF ablation may be considered. In patients with 
paroxysmal AF, AF ablation is generally successful [45, 46]. 
Most athletes may resume sports 4–6 weeks after ablation 
[34, 35]. Antiarrhythmic agents such as flecainide and 
propafenone may be used for rhythm control when AF abla-
tion is not performed. The experience with dronedarone in 
athletes is more limited [33].

Atrial flutter is often treated using catheter ablation and 
most patients remain free of arrhythmias [34].

 Premature Ventricular Contractions

Premature ventricular contractions (PVCs) commonly origi-
nate in the right ventricular outflow tract (RVOT) and are 
frequent in healthy athletes. Athletes should be free to exer-
cise unless they are found to have structural disease or 
become symptomatic [34].

 Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is a primary disease 
of the myocardium. Responsible for 36% of all SCD, it is the 
most common cause of SCD in young athletes [47]. 
Echocardiogram, cardiac MRI and genetic testing are helpful 
[25]. Patients with a family history of SCD, prior syncope, 
nonsustained VT, sustained VT/VF, increased wall thick-
ness > 3 cm, hypotension with exercise, should receive an 
ICD [23].

Current guidelines recommend that athletes with HCM 
should be excluded from most competitive sports, with the 
possible exception of low intensity (class IA) sports [25].

Current guidelines also state that it is reasonable to allow 
competitive sports in genetically positive patients without 
symptoms or morphologic abnormalities on echo and car-
diac MRI, or dysrhythmia, especially without prior 
familial SCD.

 Commotio Cordis

Commotio cordis consists of immediate VF resulting from 
impact to the chest, generally seen in young athletes (average 
age, 15 years) who still have chest wall elasticity [48]. Impact 
is usually from a projectile such as a baseball, lacrosse ball, 
or hockey puck, but may be seen with other localized fist or 
kick blows [49]. VF is triggered only if the impact occurs 
during the upstroke of the T wave. Impact results in activa-
tion of stretch-sensitive ion channels in the myocyte cell 
membrane at time of maximal dispersion of repolarization 
[22, 50]. Increased recognition has coincided with improved 
survival (now >50%), which is due in part to safety base-
balls, education, and automatic external defibrillators 
(AEDs). Survivors of commotion cordis after a negative 
evaluation, may resume exercise [49] since they are not felt 
to be at increased risk of another event.

 Anomalous Coronary Arteries

Abnormal origin of coronary arteries from the aortic trunk 
can lead to exertional hypoperfusion and SCD. Since ECG 
and echocardiography are usually normal, direct imaging 
such as by coronary CT angiography is required. Surgical 
reimplantation of abnormal coronaries is curative [23]. 
Guidelines prohibit competitve sports if an anomalous coro-
nary passes between the great arteries [34]. Myocardial 
bridges, when they cause SCD, may be successfully treated 
by surgical unroofing.

 Arrhythmogenic Right Ventricular Dysplasia

Arrhythmogenic right ventricular dysplasia/cardiomyopathy 
(ARVDC) is characterized by right ventricular (RV) dysfunc-
tion, enlargement and fibro-fatty infiltration [23]. Myocyte 
loss results in wall thinning, and there may be RV segmental 
wall motion abnormalities and LV involvement [25]. SCD is 
usually exertional, and prevalence in SCD patients is as high 
as 25% [51]. T-wave inversion in leads V1–3 is seen in >85% 
of cases, and the ECG changes persist during exercise [52]. 
Cardiac MRI and less frequently endomyocardial biopsy may 
be very important in diagnosis. Patients with borderline find-
ings should be followed for development of the disease over 
time [53]. β-blockers, antiarrhythmic agents and catheter 
ablation are options, but recurrent arrhythmias are common 
[54]. ARVDC patients based on risk factors are usually con-
sidered for primary prevention ICDs [23]. However, competi-
tive activity should be prohibited except for perhaps 
low-intensity sports [25, 34, 35].

P.J. Wang and W.B. Joe



291

 Catecholaminergic Polymorphic Ventricular 
Tachycardia

Catecholaminergic polymorphic ventricular tachycardia 
(CPVT) is a disease caused by mutations in the gene for the 
Ryanodine receptor, resulting in calcium loading and VT/VF 
during physical stress [55]. Patients with CPVT have normal 
ECGs and echocardiograms. Diagnosis is made with cardiac 
stress (either by exercise or isoproterenol infusion), and can 
be confirmed with genetic testing. Patients with CPVT 
should be evaluated for ICD placement, and may be treated 
with β-blockers [23, 34]. Flecainide is often helpful [56]. 
European Society of Cardiology (ESC) guidelines exclude 
all genetically positive patients from competitive sports 
while Bethesda Conference (BC) guidelines permit them if 
the athlete does not show the CPVT phenotype [34, 35].

 Idiopathic Ventricular Tachycardia

Idiopathic tachycardias such as right ventricular outflow 
tract tachycardia may occur in athletes [23]. Athletes may 
undergo VT ablation and return to competitive sports 
2–4 weeks later, so long as VT is not inducible by 
EPS. Patients treated medically may compete after several 
months so long as VT is not inducible during exercise and 
does not recur [34].

 Long QT Syndromes

With a prevalence of 0.4% in athletes, the long QT syn-
dromes (LQTS) result from abnormalities of cardiac repolar-
ization [57]. The genetic mutations causing many of these 
syndromes have been identified, and they have variable pre-
sentation depending on genotype and penetrance. There are 
three most common forms, each derived from a chromo-
somal mutation. LQTS-1 involves a slow outward delayed 
rectifier potassium current abnormality, and is associated 
with SCD upon exertion. LQTS-2 is a rapid component out-
ward delayed rectifier potassium current abnormality with 
SCD associated with autonomic hyperactivity. LQTS-3 is a 
sodium channel abnormality with SCD associated with rest 
and bradycardia [23].

The diagnosis of LQTS is challenging as many cases 
show fairly normal ECGs since QT prolongation may be 
only intermittently observed. Identification of paradoxical 
prolongation of QT intervals upon challenge with epineph-
rine, isoproterenol, or adenosine may unmask 
LQTS. Genetic testing may be very helpful [23]. LQTS 1 
and 2 are treated with β-blockers, whereas LQTS-3 may be 

treated with sodium channel blockers. Patients with recur-
rent syncope despite medical therapy or cardiac arrest are 
generally recommended to have ICD implantation [34]. 
ESC guidelines prohibit genotypically positive athletes 
from competitive sports, while BC guidelines allow athlet-
ics so long as they are phenotypically negative (except for 
patients with any form of LQTS-1, who are barred from 
watersports) [34, 35].

 Short QT Syndrome

Short QT syndrome (QT intervals <300–320 ms), associated 
with potassium channel mutations, is a serious abnormality 
in athletes [58]. Genetic evaluation should follow any sug-
gestive ECG findings. Although ICD implantation may be 
effective in these patients, guidelines prohibit competitive 
sports [23, 34].

 Brugada Syndrome

Brugada syndrome (BS) results from various mutations 
yielding impaired sodium ion channel function. Diagnosis 
can be made by ECG, with coved ST segment elevation 
(>2 mm) in the right precordial leads followed by negative 
T-waves. Fever and sodium channel blockers, usually pro-
cainamide or flecainide, may unmask the ECG findings and 
trigger the dysrhythmia. Failure to respond to challenge with 
sodium channel blockers is suggestive of benign ST-elevation 
rather than BS [23]. Inducibility in EPS remains controver-
sial [59]. BS patients should be prohibited from vigorous 
exercise [60].

 Arrhythmias Following Heart Transplant

Orthotopic heart transplantation (OHT) is an indispensable 
therapeutic option for selected patients, with end-stage heart 
failure [61]. Advancements in surgical technique and care 
have enhanced survival rates, bringing the median duration 
of cardiac transplant survival to over 10 years [62].

Cardiac arrhythmias occur at a frequency of 23–79% and are 
important mediators of morbidity in this population [63, 64].

 Sinus Bradycardia and Conduction System 
Disease

Relative bradycardia as a result of sinus node dysfunction 
(SND) occurs with a prevalence of 14–50% in OHT patients 
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[61, 65]. While not clearly associated with mortality [65], 
SB compromises cardiac output and may confer patient 
morbidity [66, 67]. Mechanisms of SND include surgical 
trauma to the sinus node, perinodal atrial tissue, or sinoatrial 
artery; pretransplant amiodarone use; and in some cases 
reactive processes such as transplant rejection [61]. The 
relationship between graft ischemia and SND remains con-
troversial [67, 68].

SND associated bradycardia fails to spontaneously 
resolve in up to 21% of transplanted patients during the first 
three months [67], although pacemaker implantation is 
required occurs in only 7–16% of recipients [61, 66, 68]. 
Permanent pacemaker due to SND most commonly is per-
formed in the early post-operative period [69]. A large analy-
sis of the United Network for Organ Sharing/Organ 
Procurement and Transplantation Network database has 
demonstrated that cardiac transplant recipients with 
pacemaker- requiring bradyarrhythmias have an excellent 
long-term prognosis [66]. A general trend towards the bica-
val surgical technique and the use of positive chronotropic 
drugs such as theophylline or terbutaline have helped miti-
gate the need for permanent pacemaker implantation in many 
patients [65, 66, 70].

Right bundle branch delay, which occurs in up to 70% of 
patients, is the most frequently observed conduction abnor-
mality after OHT. Causal mechanisms include right ventric-
ular hypertrophy from elevated pulmonary pressures, and 
damage to the right bundle from biopsy of the right ventricu-
lar septal wall [61]. Late onset complete AV block has also 
been reported following OHT with multiple possible causes 
including postoperative injury, progressive conduction sys-
tem disease associated with CAD, LV dysfunction, chronic 
rejection, and tissue damage during biopsy [71]. High-grade 
or complete AV block observed in the setting of late trans-
plant rejection is associated with particularly poor prognosis 
[72, 73].

 Atrial Fibrillation

There is a lack of consensus concerning the frequency of AF 
in OHT patients [71]. With a fairly wide range in reported 
incidence, AF usually occurs during the early post-operative 
period. Possible causative factors include manipulation of 
the heart, pericardial inflammation, use of positive inotropic 
agents, and post-surgical autonomic changes [71]. Late- 
onset AF after OHT is rare, and its low incidence may be due 
to pulmonary vein isolation and denervation associated with 
surgery. However because it has been associated with trans-
plant failure and increased mortality, patients experiencing 
episodes of late-onset AF should be evaluated for LV dys-
function, cardiac allograft vasculopathy, and acute rejection 
[74, 75].

Treatment with amiodarone for AF during the early post- 
operative period is effective, and the need for prolonged anti-
arrhythmic therapy (>3 months) is uncommon. However, 
because of possible drug interactions between amiodarone 
and cyclosporine or tacrolimus, immunosuppressant levels 
should be monitored closely during and shortly after therapy. 
Adenosine for control of rapid atrial rhythms should gener-
ally be avoided, since supersensitivity associated with the 
transplanted heart greatly increases the risk of profound 
drug-induced bradycardia or asystole [71, 76].

Need for anticoagulation to reduce stroke risk in patients 
with AF presents a challenge, since these patients require 
frequent endomyocardial biopsies. Treatment with subcuta-
neous low-molecular-weight heparin is a good option for 
these patients, although costly and requiring injection. Large 
studies of direct thrombin inhibitors in these patients are 
needed; these drugs might become warfarin alternatives due 
to their relatively rapid mechanism of action permitting 
wash-out before endomyocardial biopsies [71].

 Atrial Flutter

Atrial flutter has been described in 12–15% of OHT patients 
[64, 77]. This is both the most common late-onset atrial 
arrhythmia and the most common arrhythmia associated 
with rejection [71]. Suture lines are felt to serve as substrates 
for reentrant circuits, predisposing the transplanted heart to 
atrial flutter [74]. Case reports and small trials indicate that 
flutter ablation is highly effective in OHT patients [78–80]. 
In addition, overdrive pacing at the time of endomyocardial 
biopsy is also useful, with a short-term success rate greater 
than 90% [81].

 Ventricular Arrhythmias

During the early post-operative period, nonsustained ven-
tricular tachycardia (NSVT) and PVC’s are not uncommon. 
Studies have suggested a link between early NSVT and poor 
prognosis, but current evidence is inconclusive [71]. Late- 
onset NSVT, although uncommon, is associated with severe 
allograft vasculopathy or rejection. Sustained VT is rare but 
may indicate hyperacute rejection [71].

 Sudden Cardiac Death

SCD accounts for approximately 10% of all-cause mortality 
after heart transplantation [62]. Among SCD patients, termi-
nal rhythms included asystole (34%), pulseless electrical 
activity (20%), and VF (10%) [74]. Acute ischemia resulting 
from allograft vasculopathy is the most common underlying 
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cause of SCD in these patients. Sympathetic denervation 
may explain why VF, the most common manifestation of 
ischemia-related SCD in the general population, occurs 
infrequently in OHT patients [71]. Data supporting the use 
of ICD therapy in OHT patients are limited, but these devices 
may be considered for select patients with elevated SCD risk 
due to graft vasculopathy [82]. Whether SCD reduction with 
ICD implantation translates to a reduction in total mortality 
has yet to be determined [62].

 Post-operative Arrhythmias

Cardiac arrhythmias following surgery have been associated 
with increases in length of stay, stroke risk, healthcare costs, 
and mortality [83]. As such, understanding arrhythmias 
associated with surgery is an important aspect of post- 
operative care. New-onset arrhythmias occur in up to 36% of 
patients following cardiac surgery [84]. Major non-cardiac 
surgery is also associated with new-onset arrhythmias, 
although the incidence is significantly lower (7%) [85, 86]. 
Arrhythmias are associated with other post-operative com-
plications such as myocardial infarction, pulmonary edema, 
and sepsis [85–87].

Risk factors vary slightly between patients undergoing 
cardiac versus non-cardiac surgery, particularly in the inci-
dence of postoperative AF (POAF). These are summarized 
in Table 22.1 [83, 85–87].

Recognition of multifocal atrial tachycardia is important 
due to its diagnostic and therapeutic implications, namely, 
alleviation of causative factors first rather than treating the 
rhythm. Finally, the possibilities of drug interactions, periop-
erative myocardial infarction (MI), pulmonary embolus, 
intraoperative stroke, and suture failure with bleeding should 
be considered in any catastrophic setting.

 Bradycardias

Bradycardia in the post-operative period typically manifests 
as sick sinus syndrome and varying degrees of AV block 
[88]. These arrhythmias may occur as a result of spinal or 
epidural anesthesia, laryngoscopy, or the surgical interven-
tion itself. Bradyarrhythmias, are typically transient and do 
not require treatment. Persistent post-operative bradycardia 
is treated the same as bradycardia in the non-surgical setting 
[88, 89]. High-degree AVB persisting for 1–2 weeks post- 
operatively is generally an indication for permanent pacing. 
Transient recurrence of AV block in the setting of valve sur-
geries or transcatheter aortic valve replacement (TAVR) is 
associated with a high risk of AV block [90, 91]. Permanent 
pacing may be needed to treat peri-operative atrial arrhyth-
mias in the presence of underlying sinus node dysfunction 
[92, 93].

 Supraventricular Arrhythmias

Supraventricular arrhythmias are common after surgery, and 
when associated with cardiac surgery, confer higher morbid-
ity. Patients with post-operative atrial arrhythmias have been 
shown to require longer ICU stays, more ventricular arrhyth-
mias, and more permanent pacing [94].

 Atrial Fibrillation/Flutter

POAF is the most common atrial arrhythmia encountered in 
patients regardless of surgical category (cardiac vs. non- 
cardiac) [86, 88, 95, 96]. In cardiac surgery, it is seen in as 
many as 25–50% of patients. Age seems to be the strongest 
risk factor in this setting. A large series found that in cardio-
vascular surgery patients with persistent POAF, the risk of 
stroke was more than doubled, although underlying comor-
bidities may have also contributed [94]. An additional retro-
spective study identified substantially greater in-hospital and 
4-year mortality in patients who developed AF after coro-
nary artery bypass grafting (CABG) [97]. Generally, POAF 
occurs in the first few days after surgery, with peak incidence 
at 2–3 days post-op [95, 96]. POAF is typically self-limiting, 
with a spontaneous conversion rate of up to 80% in the early 
post-op period [86, 98].

Rate control therapy with β-blockers or calcium channel 
blockers is recommended. Pharmacologic or DC cardiover-
sion are reasonable for persistent AF [99]. 2014 guidelines 
suggest that preoperative amiodarone may serve as a prophy-
lactic agent in cardiac surgery patients at high risk for POAF, 
and preoperative sotolol may be useful as well. When surgi-
cally permissible, there is no difference in antithrombotic 
management of these patients from nonoperative cases [99].

Table 22.1 Risk factors for development of postoperative atrial 
fibrillation

Risk factors in cardiac surgery Risk factors in non-cardiac surgery

Age Age

Structural heart disease Male gender

Obesity Congestive heart failure

Surgical inflammation Valvular heart disease

Ischemic injury during 
surgery

Asthma

Perioperative drugs History of Supraventricular 
Arrhythmias

Electrolyte disorders Preoperative PVCs

Preservation of anterior fat 
pads

ASA Class III or I

OHS for congenital heart 
disease

Hypertension

History of stroke or COPD Low preoperative serum potassium
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To address the microvascular and inflammatory causes of 
postoperative atrial fibrillation, preoperative administration 
of a statin and also of magnesium sulfate has shown reduc-
tions in POAF [100, 101].

 Ventricular Arrhythmias

Serious ventricular arrhythmias are rare following surgery 
[86]. Ventricular ectopy occurs more frequently than VT and 
VF [102]. Sustained VT/VF has a reported incidence of 
1.2% following CABG [103]. Risk factors associated with 
ventricular arrhythmias after cardiac surgery include hemo-
dynamic instability, electrolyte imbalances, hypoxia, hypo-
volemia, myocardial ischemia and infarction, acute graft 
closure, reperfusion rhythms after cardiopulmonary bypass, 
and the use of ionotropic or antiarrhythmic agents. No ther-
apy is required for asymptomatic and hemodynamically sta-
ble ventricular ectopies. Management of sustained ventricular 
arrhythmias following surgery is not different from the non- 
acute setting [88].
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