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Siew Yen Ho, José Angel Cabrera, Damian
Sánchez-Quintana

4 Principles of Noncontact Endocardial Cardiac
Mapping 37
Kim Rajappan, Richard J. Schilling

5 Principles of Nonfluoroscopic
Electroanatomical and Electromechanical
Cardiac Mapping 49
Yitzhack Schawrtz, Shlomo A. Ben-Haim

6 Principles of NavX Mapping 71
Christopher Piorkowski, Gerhard Hindricks

7 Magnetic Navigation: Catheter Ablation 80
Sabine Ernst

8 CT Angiography: Cardiac Anatomy for
Mapping and Ablation of Arrhythmias 86
Jerold S. Shinbane, Daniel Goodwin, Leslie A.
Saxon, Matthew J. Budoff

9 MRI Anatomy for Cardiac Mapping and
Ablation 101
Aravindan Kolandaivelu, Henry R. Halperin,
Albert C. Lardo

10 Challenges and Limitations of
Electroanatomical Mapping Technologies 117
Jeff M. Hsing, Paul Zei, Henry H. Hsia, Paul J.
Wang, Amin Al-Ahmad

Part III Mapping in Experimental
Models of Cardiac Arrhythmias 127

11 Mapping of Atrial Neural Stimulation and
Implications in Atrial Fibrillation 129
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Hôpital Cardiologique Du Haut-Lévêque
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Hôpital Cardiologique Du Haut-Lévêque
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Preface to the Third Edition

Since the publication of the second edition of
Cardiac Mapping, which stood as the only compre-
hensive textbook in the field, substantial achieve-
ments and breakthroughs have been made in the
fields of interventional electrophysiology and imag-
ing technologies. Today, mapping technology is no
longer an investigational research tool; rather, it is
an essential part of the clinical electrophysiology
laboratory. The mapping of complex arrhythmias
such as atrial and ventricular fibrillation introduces
a new era in the management of these arrhythmias.

We are privileged that leading experts have
accepted our invitation and provided a contem-
porary state-of-the-art reference work in the field.
The third edition is somewhat different from its
preceding editions in that it is focused on new de-
velopments in fields such as mapping of complex
arrhythmias, stereotaxis, image integration, and fu-
ture directions in cardiac mapping and imaging.

We hope that this new edition will remain a use-
ful source for basic scientists and clinical electro-
physiologists to understand mechanisms and im-
prove patient outcomes by more accurate and safer
mapping. In the introduction to the first edition

we stated that cardiac mapping is an integral part
of cardiac electrophysiology, which remains true;
however, at this point, cardiac mapping and imag-
ing are integrated, and we focus on the impact of
new imaging technology and mapping.

The last chapter of this edition discusses new de-
velopments and future trends in cardiac mapping.
A special chapter is also devoted to the limitations of
each mapping technology. Paradoxically, in the re-
cent AHA/ACC/ESC updated guidelines on clinical
cardiac electrophysiology and ablation, very little
was mentioned about mapping procedures: In view
of the impressive progress in mapping techniques,
a comprehensive review of the latest results is war-
ranted.

As the field of interventional electrophysiology
continues to evolve, cardiac mapping will remain an
integral part of the science and practice of complex
rhythm management.

Mohammad Shenasa, MD
Gerhard Hindricks, MD

Martin Borggrefe, MD
Günter Breithardt, MD
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Preface to the Second Edition

The first edition of Cardiac Mapping stood out as the
only textbook in the field with outstanding contri-
butions from world-renowned authors. The book
was well received and indeed sold out. Since the re-
lease of the first edition, there have been areas of
significant progress and even major breakthroughs
in the field of cardiac mapping and catheter ab-
lation of arrhythmias. In particular, the technical
advancements in noncontact and nonfluoroscopic
mapping improved our understanding of the mech-
anism and thus the appropriate treatment of many
arrhythmias, particularly atrial and ventricular fib-
rillation. The second edition offers a unique source
for the latest developments in cardiac mapping of
arrhythmias.

This new edition of Cardiac Mapping provides
an important resource of the interventional elec-
trophysiologist, rhythmologist, and those who are
interested in understanding the mechanism of car-
diac arrhythmias.

As the field of interventional electrophysiology
continues to evolve, cardiac mapping will remain
an integral part of the science and practice of elec-
trophysiology.

The Editors
San Jose, CA, USA;

Mannheim and Münster, Germany
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Preface to the First Edition

Cardiac mapping has always been an integral part
of both experimental and clinical electrophysiol-
ogy. Indeed, Sir Thomas Lewis systematically inves-
tigated the activation of the dog ventricle as early
as 1915. The detailed activation map from that ex-
periment is shown in Figure 1. Since then, cardiac
mapping has evolved from single sequential probe
mapping to very sophisticated computerized three-
dimensional mapping. By the time cardiac mapping
began being used in the surgical management of
ventricular as well as supraventricular tachycardias,
a large body of literature had already been collected.

Despite this significant progress, a collective text-
book that attempted to discuss all aspects of cardiac
mapping did not exist. When we first considered
working on such a project, we were not sure if our
friends and colleagues who have paved the road to
this point would think it necessary to join us in
this effort, especially in the era of implantable de-
vices. We were surprised and encouraged by their

unanimous positive support to go ahead with this
text. (Many of the contributors have already asked
about the second revised edition!) The contribu-
tors unanimously agreed to prepare manuscripts
that discussed their latest work and that would sub-
sequently be published in this, the only compre-
hensive book to present the state of the art on all
aspects of cardiac mapping from computer simula-
tion to online clinical application. Thus, we would
like to thank all the contributors for presenting their
best work here. Without them, this book would not
have been possible.

A unique feature of this book is that the chapters
are followed by critical editorial comments by the
pioneer of that specific area, so that the state of the
art is discussed. We hope this book will serve as an
impetus to stimulate new ideas for cardiac mapping
in the future.

The Editors

xix
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Foreword

The Merriam-Webster online dictionary defines a
map as “a representation . . . of the whole or a part of
an area.” Indeed, reading maps is the fundamental
process by which one navigates uncharted or un-
known regions. The goal of such navigation may be
simply to get from one point to another using the
location of major structures such as mountains and
rivers. For example, Lewis and Clark in 1803-4 ex-
plored the uncharted western United States, which
allowed subsequent settlers to travel the same geog-
raphy more easily, safely, and quickly. Maps can also
be used to understand the composition of the un-
derlying terrain, such as geologic maps of the earth’s
crust. Finally, maps can be employed to compre-
hend functional changes superimposed on the var-
ious fixed structures, such as weather and geother-
mal maps. To be used effectively, the functional map
must be interpreted in light of the topography and
composition.

Fundamental to all maps is the ability to create an
image. Lewis and Clark imaged the Missouri River
through the Rocky Mountains to the Pacific Ocean.
Later maps represented the composition of the soil,
while still later maps, the functional terrain. And
this is the general development of maps and their
corresponding images, from noting fixed structures,
to drilling down (literally and figuratively) into the
fixed structures, to understanding functional events
unfolding on top of, and within, the structures.

Mapping in medicine has followed the same gen-
eral concepts. Initially, anatomists such as Virchow
and Rokitansky noted the gross anatomy, while
Purkinje, His, Tawara, and Watson and Crick, ex-
plored the cellular and subcellular composition.

Starling, Harvey, and Einthoven composed func-
tional maps of muscle contraction, blood flow, and
electrical activation.

In fact, mapping and image generation have
reached unprecedented importance in modern
medicine. Molecular and autonomic imaging, car-
diac CT, MRI, echo, electrocardiographic and elec-
trophysiologic imaging, PET, along with image in-
tegration to superimpose functional images on
stationery ones, have revolutionized our tools and
capabilities to diagnose and treat in unparalleled
ways. While satellite mapping confers precise im-
ages of the earth’s terrain, its composition, and func-
tional events, so, too, the advances in medical imag-
ing explore the body’s every nook and cranny. Joe
Louis (world heavyweight boxing champion, 1937–
49) said, when facing a title bout against Billy Conn
in 1941, “He can run, but he can’t hide.” There is no
longer any hiding in medicine.

The present book admirably captures the latest
electrophysiologic advances in cardiac mapping and
imaging, transporting the reader from the struc-
ture (e.g., left ventricular anatomy), to composition
(e.g., areas of scar), to functional interplay on and
within its surface (e.g., activation sequence of ven-
tricular tachycardia). In today’s world, such knowl-
edge is fundamental to delivering the latest diag-
nostic and therapeutic advances to our patients and
makes reading this book mandatory.

Douglas P. Zipes, MD
Distinguished Professor

Krannert Institute of Cardiology
Indiana University School of Medicine

Editor-in-chief, Heart Rhythm
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1 CHAPTER 1

Cardiac Activation Mapping: The
Amsterdam Years

Hein J. Wellens, MD

University of Maastricht, Maastricht, The Netherlands

Summary

Starting in the late fifties of the last century

professor Durrer and his cardiology group in

Amsterdam developed a very strong base to expand

our knowledge of electrocardiography and

electrophysiology. It resulted in major

accomplishments such as the unraveling of the

complete excitation of the isolated perfused human

heart and the introduction of programmed

stimulation of the heart to induce and study

clinically occurring cardiac arrhythmias.

Deciding factors in these advances were the

presence of a brilliant leader, an interested and

motivated group of coworkers, and the constant

support from the department of medical physics.

Introduction

Essential for our understanding of cardiac function
in health and disease is knowledge about the way,
and in what sequence, the muscle cells of the dif-
ferent parts of the heart are activated. We require
insight into the time course and instantaneous dis-
tribution of the excitatory process of the heart, and
how this is represented in the electrocardiogram
(ECG), which is a global representation of the acti-
vation process.

Already in 1918, Boden and Neukirch understood
that in order to obtain data about total excitation
of the heart the beating isolated heart should be
studied [1]. It would take 50 more years, however,
before epicardial and transmural activation of the
isolated intact human heart would be accomplished
by Dirk Durrer and colleagues in Amsterdam.

In the 1950s, Durrer, a cardiologist, started to
study the cardiac activation process in the mam-
malian heart. He recognized from the beginning
the necessity, especially in the ventricle, to study
not only the activation process on the epicardium
but also intramurally, in order to clearly delineate
cardiac excitation and to correlate this excitation
with the ECG.

Together with the physicist Henk van der Tweel,
head of the department of medical physics at
the University of Amsterdam, instrumentation was
developed to study the activation in the ven-
tricular wall. Needles were constructed allowing
accurate measurements of transmural activation
(Figure 1.1). Essential in this process was demon-
stration of the physico-mechanical basis of the in-
trinsic deflection of the electrogram indicating the
timing of myocardial activation at the recording
electrode. The outcomes of these 2D and 3D stud-
ies were published in four articles in the American
Heart Journal in 1953–1955 [2–4]

3

Cardiac Mapping, Third Edition    Edited by Mohammad Shenasa,
Gerhard Hindricks, Martin Borggrefe, and Günter Breithardt

© 2009 Blackwell Publishing. ISBN: 978-1-405-17572-2



BLBK050-Shenasa September 19, 2008 11:0

4 PART I Historical Perspectives

Figure 1.1 The so-called Durrer needle
with 10 or 20 electrodes, allowing
accurate transmural activation
mapping.

Total Excitation of the Isolated
Human Heart

The observations discussed above were made in
the dog heart. But Durrer wanted to know how
global electrical activation takes place in the intact
human heart to help us understand its relation to
the ECG. He assembled a group of investigators ex-
perienced in keeping the heart beating after being
removed from the body, recording from multiple
intramural terminals, and careful offline measure-
ments of the recorded signals. Apart from Dur-
rer, the group consisted of Rudolf van Dam, Gerrit
Freud, Michiel Janse, Frits Meijler, and an American
engineer, Robert Arzbaecher.

After control experiments in canine hearts had
shown that isolation and perfusion of the heart
outside the body did not affect mode and speed of
excitation as measured in situ, human hearts were
studied. With informed consent of family members,
hearts were obtained from individuals who had died
from various cerebral conditions without a previous
history of heart disease. This was at a time before
cardiac transplantation! ECGs taken several hours
before death showed no evidence of cardiac disease.
The hearts were removed within 30 min after death,
the criterion being cessation of cardiac activity.

The aorta was cannulated and attached to a Lan-
gendorff perfusion apparatus. The hearts were per-
fused with an oxygenated, heparinized, modified
Tyrode solution, with washed bovine erythrocytes.
Most hearts resumed beating spontaneously within
the first 5 min of perfusion; in a few cases electri-
cal defibrillation was needed because of ventricular
fibrillation. The hearts continued beating in a spon-

taneous sinus rhythm for periods ranging from 4 to
6 hr.

The electrical activity of the heart was recorded
from epicardial (hand-held) and intramural (nee-
dle) electrodes. Unipolar and bipolar leads were
recorded on a 14-channel Ampex tape recorder.
Data quality was controlled online using a 14-
channel Elema inkwriter. For measuring activation
times the tapes were played on the Elema inkwriter
at a paper speed of 960 mm/sec, giving a time reso-
lution of better than 1 msec.

All activation times were expressed in millisec-
onds following the onset of left ventricular depolar-
ization. Measurements were made from as many
as 870 intramural terminals. Figures 1.2 and 1.3
are from the publication in Circulation [6] show-
ing both a 2D and 3D isochronic representation of
ventricular activation of an isolated human heart
using epicardial and intramural activation times.
The figures beautifully illustrate early activation at
the exits of the bundle branches and the spread of
activation thereafter.

The Wolff–Parkinson–White
syndrome

Starting in the 1930s, Holzman and Scherf [7]
and Wolferth and Wood [8] postulated that in
patients with the Wolff–Parkinson–White (WPW)
syndrome, two connections between atrium and
ventricle were present, and that they could be in-
corporated in a tachycardia circuit with the impulse
going from atrium to ventricle over one connection
and from ventricle to atrium over the other.



BLBK050-Shenasa September 19, 2008 11:0

CHAPTER 1 Cardiac Activation Mapping: The Amsterdam Years 5

Figure 1.2 Isochronic representation of ventricular activation of an isolated human heart, using measurements at 870
intramural electrode terminals. Each color represents a 5-msec interval.
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Figure 1.3 Three-dimensional isochronic representation of the activation of the same heart as in Figure 1.2. Color scheme
identical to the one in Figure 1.2.

The author remembers discussions in Amster-
dam in the early 1960s about this possibility, es-
pecially during visits from Howard Burchell of the
United States. Around that time, a unique opportu-
nity presented itself to obtain more information. In
1966, at Leiden University Hospital, A. G. Brom was
scheduled to operate on a 21-year-old woman with
an atrial septal defect of the secundum type. But the
patient also had ECG changes that met the criteria
for a diagnosis of WPW syndrome, and Brom con-
sented to an epicardial map in the patient during
sinus rhythm. So, Durrer and Jan Roos travelled to

Leiden to map the epicardium of the heart prior to
surgery

Figure 1.4 shows the 12-lead ECG of the patient
before the operation. Figure 1.5 shows the ventric-
ular epicardial map during sinus rhythm. It is clear
that in this patient, in contrast to epicardial, ven-
tricular activation in a person with a normal ECG
did not start in the area pretrabecularis, close to the
descending left coronary artery. The earliest epi-
cardial activation was found in the anterolateral
part of the right ventricle very close to the tricuspid
annulus [9].

Figure 1.4 The electrocardiogram of the
patient whose epicardial activation map
is shown in Figure 1.5. At that time it
was called WPW type B. Now we would
say that the patient has a right free wall
accessory AV pathway located
anterolaterally.
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Figure 1.5 The epicardial excitation map of the patient whose ECG is shown in Figure 1.4. Note early right ventricular
activation anterolaterally close to the tricuspid annulus.

That observation clearly demonstrated an abnor-
mal ventricular activation pattern that was very sug-
gestive of a connection between the right atrium and
the right ventricle. Then the question arose of how
to prove that such a connection could play a role
in the tachycardias that are so often present in the
WPW patient. Again, an important contribution
came from the department of medical physics.

Already in the early 1950s, experiments had been
performed to study cardiac excitability in dogs. This
required a special stimulator. This stimulator, and
several more versatile ones thereafter, was devel-
oped in close collaboration with van der Tweel
and his group. To study WPW patients, however,
a stimulator was required not only able to syn-
chronize to the patient’s rhythm and to give timed
premature beats, but also able to perform basic
pacing and induce premature stimuli at selected
intervals.

Such a device was built by a young engineer, Leo
Schoo, after long discussions between the medical
physicists van der Tweel and Strackee, and the cardi-
ologists Durrer and Reinier Schuilenburg. With this
stimulator, stimuli with a regular rhythm could be
produced by two basic pulse generators. The cycle
length of these pulses could be varied with an ac-
curacy of 1 msec from 9999 to 100 msec. Instan-

taneous changes in driving rate could be achieved
by switching from one stimulator to the other. Two
(in a later version, three) independent test pulses
could be delivered during the spontaneous rhythm
or during regular driving, with a selected interval
accurate to 1 msec. The basic pulses and the two
(or three) test pulses could be applied to one pair
of stimulating electrodes or to separate pairs in any
desired combination (Figure 1.6).

In the fall of 1966, this versatile stimulator was
used in a patient with WPW syndrome. With
catheters in the right atrium and right ventricle it
was shown for the first time that by giving accurately
timed stimuli, the properties of the two connec-
tions between atrium and ventricle differed, result-
ing in the initiation of a circus movement tachycar-
dia using one connection for atrioventricular and
the other one for ventriculo-atrial conduction. It
was also demonstrated that these tachycardias could
be terminated from atrium and ventricle by giv-
ing appropriately timed stimuli [10]. A registration
from such a study is shown in Figure 1.7.

These observations, also the one by Coumel et al.
[11], rapidly led on both sides of the Atlantic to
the use of programmed electrical stimulation of the
heart to study patients suffering from supraven-
tricular tachycardias [12]. By placing catheters at
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Figure 1.6 Photo of the sophisticated
stimulation and registration equipment
used in Amsterdam during the early
studies in patients with tachycardias.

Figure 1.7 Example of the initiation and
termination of a circus movement
tachycardia by high right atrial stimuli.
The intracardiac catheter is located in the
coronary sinus. RK = retrograde Kent; sa
= stimulus artefact.
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different sites in the atrium, the ventricle, and the
coronary sinus it soon became possible to map the
site of origin or pathway of the tachycardia. This
opened the door to new therapies for supraven-
tricular tachycardias. The reproducible initiation
and termination of ventricular tachycardia by pro-
grammed stimulation followed rapidly thereafter
[13]. It took a while, however, before Mark Joseph-
son and colleagues showed the importance of car-
diac mapping in those patients [14]

In retrospect the advances made in Amsterdam
were based on the presence of a brilliant, inspiring
leader, a hard-working, motivated, interested group
of coworkers, and the constant support from the de-
partment of medical physics. The Amsterdam years
will always be remembered as an exciting journey
into a new discovered land!
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2 CHAPTER 2

Construction and Interpretation of
Endocardial Maps: From Basic
Electrophysiology to 3D Mapping

Lars Eckardt, MD, & Günter Breithardt, MD, FECS, FACC, FHRS

Hospital of the Westfälische Wilhelms–University of Münster, Münster, Germany

Summary

Cardiac mapping aims at characterizing and

localizing the substrate of arrhythmias. It involves

recording of electrical signals at multiple sites in the

heart. This can be achieved by a variety of different

techniques, which differ in their complexity, and

usually mirror the complexity of the target

arrhythmia. In recent years, advances in mapping

technology and signal interpretation have

significantly contributed to the understanding of

cardiac electrophysiology. While conventional

endocardial mapping remains the gold standard for

the majority of supraventricular reentrant

tachycardias 3D mapping techniques are

increasingly used for understanding and guiding

catheter ablation of complex arrhythmias.

Introduction

Mapping implies the recording of electrical activity
from numerous electrodes positioned on or within
the heart, or on or within the thorax, in order to
characterize the substrate and the propagation of
arrhythmias. Detailed mapping of electrical events
is crucial for successful catheter ablation. Endocar-
dial mapping involves recording of electrical sig-
nals at multiple sites in the heart. This is achieved
by a variety of different methods, which differ in
their complexity. With the increase in complexity
of catheter technology and the recent appearance of
very sophisticated “modern” or “novel” computer-
ized mapping techniques, the classical endocardial

electrogram recording via a relatively small num-
ber of strategically positioned catheters now ap-
pears almost old-fashioned. The “novel” mapping
tools have been developed to target arrhythmias that
seemed out of reach years ago. The aim of this chap-
ter is to review the potential of the available classical
and “modern” mapping technologies.

Conventional Contact Catheter
Mapping

Contact catheter mapping is the most widely ap-
plied mapping technique because it predominately
employs information obtained from catheter elec-
trodes that are placed under fluoroscopic control
for the diagnostic portion of an electrophysiology
study. Nowadays, mapping and ablation of tachy-
cardias are usually performed in a single procedure.
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We routinely place bipolar or quadripolar catheters
in the high right atrium, right ventricular apex, and
His bundle area. In addition, we often insert a multi-
polar catheter into the coronary sinus. This catheter
marks the position of the coronary sinus ostium as
well as the mitral annulus. To convert data obtained
from mapping catheters into an understanding of an
arrhythmia requires some experience and coordina-
tion with imaging for localization. This approach is
adequate for arrhythmias in normal hearts when
the substrate tends to be simple.

Using X-ray, the frontal projection is particularly
useful for advancing catheters from the femoral or
jugular/subclavian access site to the heart. It allows
good visualization of the right ventricular outflow
tract. In the right anterior oblique (RAO) view, the
mitral, tricuspid, and aortic valves are seen side-
on and can thus be easily crossed. The RAO view
can also be used for positioning the His bundle
catheter, which is located at the superior margin
of the tricuspid ring. In the left anterior oblique
projection, the mitral and tricuspid valve rings are
seen face on-next to each other, with the septum
between. The lateral tricuspid annulus anteriorly
forms the right heart border, whereas the lateral
mitral valve annulus posteriorly forms the left heart
border.

Unipolar and Bipolar Electrograms

Potentials generated by current sources in the heart
are always recorded with respect to a potential at a
fixed reference site. Most electrophysiologists use
a combination of multipolar recording catheters
with the ablation catheter. We routinely use closely
spaced (2 mm) recording bipoles separated by
6–10 mm in bi-, quadra-, deca-, or duodecapo-
lar catheters for classical recording sites such as
high right atrium, His bundle area, right ventricular
apex or outflow tract, coronary sinus, or tricuspid
annulus (the so-called “Halo” catheter). Steerabil-
ity of a catheter is not required for standard po-
sitions although it brings comfort and allows rela-
tively easy systematic coronary sinus catheterization
via a femoral approach as well as recordings from
virtually anywhere used by an experienced inves-
tigator. If the coronary sinus catheter is positioned
via a jugular/subclavian access, steerability is almost
never required.

One may choose to display unipolar or bipolar
signals from a contact catheter. Bipolar recording
is still far more popular than unipolar recording,
as it allows clear identification of endocardial po-
tentials separated by a flat baseline. In the case of
unipolar signals, the recording is taken between the
relevant pole of the catheter as the positive input
and an extracardiac reference as the negative one.
An intravascular rather than an extracardiac ref-
erence reduces sensing of electrical noise. Simulta-
neous recordings of intra- and extracellular electro-
grams have shown that the downstroke of a unipolar
electrogram, the intrinsic deflection, coincides with
the upstroke of the action potential beneath the ex-
ploring electrode [1, 2].

Sites at which an activation wave arises reveal
themselves by an initially negative deflection in the
unipolar recording. The use of bipolar and unipolar
recording during catheter mapping in a patient with
WPW syndrome is shown in Figure 2.1. The bipolar
electrogram shows early activation before the onset
of the delta wave in the surface ECG. However, this
electrogram provides no information concerning
the presence or absence of other sites with earlier
activation. The synchronous unipolar signal shows
the absence of an initial positivity of the ventricular
signal at the mitral annulus indicating the spread of
ventricular activation away from the recording site.
This means that the recording electrode is precisely
at the site of the pathway.

Unipolar recordings are also useful for catheter
ablation procedures in patients with atrial tachy-
cardias. Although the intrinsic deflection is a reli-
able marker of local activation, its detection may be
hampered by large, remote components. Because
the timing of signals at various sites is important,
many clinical electrophysiologists prefer the bipo-
lar recording mode, which reduces far-field effects.
In the case of bipolar signals, the recording is made
between two closely spaced poles of a multipolar
catheter, both of which are either in contact with,
or close to the endocardium. Because far-field ef-
fects will induce the same potential at both poles,
remote effects will be cancelled.

In summary, unfiltered unipolar recording is su-
perior to the usual bipolar recording mode in acti-
vation mapping procedures. Unipolar signals pro-
vide exact localization of target sites for ablation
and a characteristic morphology at specific sites.
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Figure 2.1 ECG recordings from a patient with
Wolff–ParkisonWhite syndrome and a posterior pathway.
Leads I, II, V1, and V6, as well as intracardiac signals from
the right ventricular apex (RVA), the high right atrium
(HRA), and the ablation catheter at the successful ablation

site at the posterior mitral annulus are displayed. The
unipolar (MAP uni) and the bipolar (MAP bi) mapping
signals reveal the exact ablation site. A few milliseconds
after starting the RF ablation (*), the block in the pathway
occurs.

However, low-amplitude local signals may be buried
in remote components in the unipolar mode so that
bipolar recording may be favourable in such situa-
tions.

Classical Methods of Contact
Catheter Mapping

Activation Sequence Mapping
Activation sequence mapping compares the timing
of electrograms recorded from the roving catheter
during tachycardia with the timing of a reference
signal in order to either identify the earliest pos-
sible signal or a progression of activation around
a macro-reentrant circuit. This technique is ideal
for focal arrhythmias arising in structurally normal
hearts such as focal atrial tachycardia or right ven-
tricular outflow tract tachycardia.

Pace Mapping
Pace mapping is especially helpful in identifying the
source of a focal tachycardia. The principle of the
technique is that the cardiac activation sequence
generated by a particular arrhythmia can be re-
produced by pacing at its origin at a similar cy-
cle length. In the case of VT arising in structurally
normal hearts such as idiopathic outflow VT or fas-
cicular VT, comparison of surface QRS morpholo-
gies at pacing sites can be seen to exactly match
the QRS morphology generated by the tachycardia.
However, the area with excellent pace map criteria
may be relatively large, so that additional criteria for
a successful ablation site are often required.

Entrainment Mapping
This technique may be used to map macro-
reentrant circuits that have an excitable gap. The
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ability to entrain a tachycardia by pacing confirms a
reentrant mechanism. Because an excitable gap is a
prerequisite for reentry, it is possible to induce stim-
uli from sites within or outside the reentrant circuit
that capture myocardium. If pacing is performed
within the reentrant circuit, two wave fronts are
produced: one travels antidromically and collides
with the returning orthodromic wavefront, while
the other travels orthodromically within the circuit
resetting the tachycardia.

If pacing is successfully performed outside the
circuit, the wavefront propagates through the inter-
vening myocardium, reaches the circuit, and prop-
agates in both orthodromic and antidromic direc-
tions again resetting the tachycardia. If a train of
stimuli is applied at a cycle length just below the
tachycardia rate, it is possible to continuously re-
set, or entrain, the tachycardia [3] . To confirm that
pacing has occurred within the tachycardia circuit,
the result is examined for the following criteria:
1 The activation sequence of the chambers paced
should be identical to that seen during tachycardia
(concealed entrainment).
2 The interval between the pacing stimulus and a
fixed reference point should be identical to the in-
terval present during tachycardia between the elec-
trogram recorded at the pacing site and the same
reference point.
3 The return cycle at the pacing site should be equal
to or less than 30 msec to the tachycardia cycle
length.

“New” Mapping Technologies

Classical catheter mapping methods rely on electri-
cal information from a relatively small number of
electrodes of catheters and from anatomic informa-
tion gathered from fluoroscopic images, in which
the endocardial contours cannot actually be visu-
alized. Activation sequence mapping with the clas-
sical catheter technology is time-consuming, tech-
nically difficult, not perfectly reproducible, and not
suitable for hemodynamically unstable patients or
spontaneous arrhythmias of short duration. The
limitations of catheter ablation have been reduced
by the development of complex computerized map-
ping systems, which have also increased our under-
standing and successful treatment of complex ar-
rhythmias.

A new method for nonfluoroscopic catheter-
based endocardial mapping that enables the gen-
eration of 3D electro-anatomical maps of the heart
chambers was first introduced in 1997 [4]. Novel
mapping technologies generally provide electrical
information from a large number of sources, thus
markedly increasing mapping resolution. Most sys-
tems can localize catheters or electrodes in 3D space.
They are capable of reconstructing 3D endocardial
activation maps as well as accurately localizing and
guiding mapping catheters to sites that are suitable
for ablation. The accuracy of the systems has re-
cently been enhanced by the computerized incor-
poration of previously acquired computed tomog-
raphy (CT) or magnetic resonance (MR) images
of cardiac structures acquired prior to the map-
ping session to guide catheter navigation with fur-
ther precision. The combination of precise 3D/CT
or MRI guidance based on actual pulmonary vein
anatomy has a tremendous potential in optimizing
efficacy and safety of ablation.

Although the “new” systems may be better at con-
firming that a chosen target is, indeed, an appropri-
ate site for ablation with reduced fluoroscopy and
often but not always reduced procedure time, use
of these systems is cost-intensive, relies on a sta-
ble position of the reference catheter, may be time-
consuming, and requires a lot of operator experi-
ence.

The “new” mapping technologies can be subdi-
vided into methods that combine electrophysiolog-
ical data with anatomic information, which include
CARTO (Biosence-Webster, Baldwin Park, CA) and
more recently CARTOMerge (Biosence-Webster,
Baldwin Park, CA), Realtime Position Management
(RPM) (Cardiac Pathways–Boston Scientific EP
MedSystems, Sunnyvale, CA), and NavX (St. Jude
Medical, Inc., St. Paul, MN) and methods that
provide continuous and complete data of all elec-
trophysiological events within a cardiac chamber,
including basket maps (Cardiac Pathways, EP Tech-
nologies, Sunnyvale, CA) and noncontact mapping
(Ensite 3000, St. Jude Medical, Inc., St. Paul, MN).
Noncontact mapping also combines anatomic and
electrophysiologic information.

The first group of techniques localizes catheter
position in space by sensing changes in its position
within a magnetic field (CARTO; see below), assess-
ing the relative position of catheters with ultrasonic
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transducers (RPM), or by sensing impedance
changes between the catheter and reference points
(NavX; see below). In the cases of CARTO and RMP,
this information is allied to the electrograms at each
catheter site. In the case of RMP, the electrogram
recorded at every catheter position can be recalled
for later analysis and comparison. In addition, these
systems require specific catheters, whereas NavX
data can be obtained with any catheter and the data
applied to any rhythm. With all these systems, a
picture of the rhythm is built up from sequentially
acquired points. In contrast, the second group of
methods acquires global data so that a rhythm can
be characterized from only one single beat. The ac-
curacy of the maps created by a basket system de-
pends on the number of splines on the basket, the
number of electrodes on each spline, and the per-
centage of both that achieve endocardial contact.

The noncontact system (see below) is based
around a midcavity sensor [a special multielectrode
array (MEA)] that detects far-field endocardial ac-
tivity. This far-field information is transformed via
inverse-solution mathematical coronary sinus into
computed equivalents of over 3300 contact “near-
field” points on a “virtual” endocardium. The defi-
nition of the map is thus influenced by the size of the
chamber and the distance between the MEA and the
endocardium. All of the various mapping methods
have successfully created maps of all four cardiac
chambers, guiding successful ablation in each.

The CARTO system serves as an endocardial
mapping system that allows the creation of 3D elec-
troanatomic maps of cardiac chambers and can help
navigate the roving catheter, reducing the need for
fluoroscopy, and guiding it to target sites suitable
for ablation. This method is based on using a special
catheter connected to an endocardial mapping and
navigation system. The system comprises a minia-
ture passive magnetic field sensor located at the tip
of the catheter, an external ultralow magnetic field,
and a processing unit. The system uses the magnetic
technology to accurately determine the location and
orientation of the catheter in space. It simultane-
ously records intracardiac local electrograms from
the catheter tip.

The 3D geometry of the chamber is reconstructed
in real time with the electrophysiological informa-
tion, which is color-coded with red representing the
earliest and purple the latest points of activation

and superimposed on the reconstructed 3D geom-
etry of the chamber. Besides activation maps, the
voltage of the electrograms can be displayed in a
color-coded fashion, which enables the 3D visual-
ization of areas with high amplitude signals (i.e.,
normal myocardium) and of those with reduced or
loss of amplitude (i.e., fibrosis, scarring) [5].

The resolution of the map depends on the num-
ber of contact points. For activation mapping, at
each endocardial point, the local activation time
is calculated as the interval between a reference
point (e.g., fixed point on a surface ECG or intrac-
ardiac electrogram) and the unipolar electrogram
recorded from the mapping catheter. For atrial or
ventricular arrhythmias, we routinely use an atrial
reference of a coronary sinus recording or a right
ventricular apex catheter, respectively.

The system has become a useful tool for map-
ping VT or areas of scarring and guiding the forma-
tion of linear lesions in all chambers. Facilitation of
mapping and ablation of focal atrial tachycardias,
as well as atrial reentrant circuits related to scarring
late after repair of congenital heart disease, have also
been reported [6]. In patients with atrial fibrillation,
the system is used not only to guide linear lesions
in the left atrium, but also to create circumferen-
tial lesions around pulmonary vein ostia and thus,
electrically disconnect the pulmonary veins from
the left atrium. Electroanatomic mapping has also
been shown to be effective in reducing fluoroscopy
times and facilitating ablation of typical atrial flutter
[7]. More recently, fusion of 3D CT or MR images
with an electroanatomic map has been developed
(CARTOMerge) [8]. This technique seems particu-
larly valuable in complex anatomic structures such
as the left atrium where we use it for visualization
of left atrila and PV anatomy.

The NavX (former LocaLisa) system is also a
nonfluoroscopic catheter-positioning system that
allows localization of a catheter in 3D space. The
system has the significant advantage that no special
catheters or arrays need to be used. It measures the
voltage drop that occurs between electrodes placed
on opposite sites of the chest wall and the catheter in
three orthogonal planes. Three low-current (1 mA)
fields, each with a characteristic frequency of ap-
proximately 30 kHz, are applied at right angles to
each other through pairs of skin electrodes. Elec-
trode position is determined by dividing each of
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the three amplitudes by the corresponding electri-
cal field strength and is averaged over 1–2 sec. The
resulting voltage is recorded via standard catheter
electrodes and is used to determine electrode posi-
tion [9]. Additionally, the system has been shown
to be helpful in reducing patient and operator ex-
posure to radiation during mapping [10].

The real-time position management system mea-
sures the time required for conduction of ultra-
sound from reference points to a mapping catheter.
With the conduction velocity in blood as a constant,
the system calculates the distance as time multiplied
by velocity. Special reference catheters are equipped
with four ultrasound transducers, whereas a de-
flectable catheter used for mapping and ablation
has three transducers. Ablation sites and other land-
marks can be marked on the display, helping map-
ping, targeting ablation sites, and the creation of lin-
ear lesions. The system has been successfully used,
for example, to aid mapping and ablation of atrial
flutter, VT, and accessory pathways [11].

The nonsustained character and the poor hemo-
dynamic tolerability of VT significantly reduces the
number of patients with structural heart disease and
reentrant VT suitable for catheter ablation by use of
conventional techniques. In such a situation, the
noncontact mapping system may be of particular
value. It uses a multielectrode array, which is po-
sitioned in the chamber being mapped. This array
consists of a 9F catheter with a 7.5 ml ellipsoid bal-
loon. The balloon is surrounded by 64 electrically
insulated wires, each with one small laser-etched
break in insulation, allowing them to function as
unipolar electrodes.

Far-field electrocardiographic data from the ar-
ray are fed into an amplifier system. A ring electrode
on the proximal shaft of the array catheter is used as
a reference for unipolar electrogram recordings. Be-
cause the far-field electrogram recordings detected
by the array are of low amplitude and frequency,
the potentials are enhanced and resolved mathe-
matically [11]. A low-current locator signal is used
to locate the mapping catheter in space. By mov-
ing a catheter the system records the position in 3D
space by recording a number of points on the en-
docardial surface. These points are used to recon-
struct the endocardium of any chamber. The ge-
ometry matrix defines the relationship between the
location of the 64 electrodes on the array and more

than 3000 points on the endocardium where the
reconstruction is computed, thus allowing the re-
construction of high-resolution endocardial isopo-
tential and isochronal maps.

Using the same locator signal the system can also
guide the mapping catheter without the need for
X-ray. In contrast to the CARTO system, NavX, and
RPM, the noncontact system can analyze the pat-
tern of endocardial activation from a single beat of
tachycardia [12]. Information can be displayed as
reconstructed virtual electrograms, series of isopo-
tential maps, or isochronal maps. Validation of the
accuracy of the reconstructed electrogram has been
published for all heart chambers [13–15]. The sys-
tem has been used to map macro-reentrant VT
complicating ischemic heart disease, where it has
proven valuable in identifying and guiding abla-
tion to the region of the diastolic pathway [16], as
well as other VTs [17]. With the array deployed in
the left atrium, the noncontact system can iden-
tify not only the arrhythmogenic pulmonary vein
but also other origins of focally initiated atrial fib-
rillation. Noncontact mapping has also been used
to guide mapping and ablation of tachyarrhyth-
mias due to intra-atrial reentry, for example, af-
ter Fontan surgery [18]. Difficult arrhythmia sites
for ablation may be more precisely localized allow-
ing for new procedural strategies. In right ventricu-
lar outflow tract VT, noncontact mapping may as-
sist in differentiating pericardial and endocardial
sites as well as ablation of single extra beats [12]
(Figure 2.2).

The need to simultaneously map a high number
of endocardial sites in 3D space has prompted in-
troduction of the basket catheters. They are consti-
tuted of flexible, elliptic, basket-shaped recording
catheters incorporating 5–8 splines, on which up
to 10 electrodes are arranged as bipolar pairs. The
most commonly used catheter (Cardiac Pathways,
EP Technologies, Sunnyvale, CA) has 64 electrodes
on eight highly flexible splines and is capable of
acquiring electrophysiological data from multiple
sites simultaneously. Electrograms and color-coded
activation maps are reconstructed online and are
displayed on a monitor. Thus, tachycardia mapping
is improved although with relatively limited resolu-
tion. The system has been successfully used to aid
mapping of human VT [19], atrial tachycardias, and
atrial flutter [20], and even inside pulmonary veins
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Figure 2.2 Noncontact mapping of a ventricular
bigeminus with left-bundle branch block inferior axis
morphology originating from the right ventricular outflow
tract in a highly symptomatic patient (a). The
multielectrode array catheter (MEA) is part of the
noncontact mapping system (EnSite 3000; Endocardial
Solutions, Inc.). The system permits mapping of a single
QRS complex. The MEA, which is filled with a
contrast–saline medium, is positioned in the right
ventricular outflow tract (RAO/LAO: right/left anterior

oblique views). The system calculates electrograms from
3000 endocardial points simultaneously by reconstructing
far-field signals. Nondepolarized myocardium is shown in
purple in this three-dimensional isopotential map (b). The
map also shows the site of earliest depolarization (white
circle). At this site the extrasystoles were successfully
ablated using radiofrequency ablation. The ablation
catheter (ABL) is located at the successful ablation site. RA:
diagnostic catheter in the right atrium (c).

to map and ablate foci that initiate atrial fibrilla-
tion [21].

Which Technique for Which
Tachycardia?

AV Nodal Reentrant Tachycardia
When typical AVNRT is induced, there is syn-
chronous atrial and ventricular activation with long
A-H and short H-A intervals. This reflects an-
terograde conduction via the slow and retrograde
conduction occurring via the fast pathway as well
as simultaneously with anterograde His–Purkinje
conduction causing ventricular activation. In many
centers, including our own, catheter modification
of the slow pathway is performed by a combina-
tion of local electrograms and fluoroscopic position.
The mapping catheter is positioned in the infero-

posterior part of Koch’s triangle on the tricuspid
annulus, such that atrial electrograms are small in
amplitude (about one-third to one-fourth of the
ventricular electrogram) and long in duration. If
there is no response to ablation in this region,
the more superior midseptal tricuspid annulus is
mapped and treated in a similar fashion.

Junctional rhythm during energy delivery is as-
sociated with successful ablation. More recently,
catheter cryo-mapping and ablation have been pro-
posed to overcome the small yet real risk of ra-
diofrequency ablation–induced AV block. Unlike
radiofrequency ablation, cryo-thermal ablation cre-
ates a lesion that is initially reversible and may obvi-
ate the occurrence of severe and definite complica-
tions in sensitive areas such as the slow pathway but
also in anteroseptal/parahisian pathways and the
pulmonary veins. Therefore, cryo-ablation seems
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promising in unusual cases of AV nodal reentrant
tachycardia.

Atrioventricular Reentrant Tachycardia
Catheter ablation of accessory pathways usually im-
plies the introduction of several mapping catheters
into the heart. In the case of left-sided accessory
pathways, a coronary sinus catheter is helpful even
in patients with antegrade conduction over the
pathway. The coronary sinus catheter may have to
be advanced during the procedure so that electrode
poles lie on both medial and lateral sides of the
pathway, thus enabling identification of the earliest
atrial or ventricular activation. In some patients,
this can only be achieved by placing the coronary
sinus catheter via the jugular or subclavian vein.
Nevertheless, a single catheter approach to ablation
of overt left-sided free wall accessory pathways has
been introduced by Kuck et al. as early as 1991 [22]

Despite its apparent benefits, this technique has
not gained widespread acceptance because it re-
quires enormous physician experience and does not
allow a clear identification of the actually occurring
clinical arrhythmia. In patients with accessory path-
ways, we perform programmed stimulation sequen-
tially from the right ventricle and atrium to assess
retrograde and antegrade conduction, localize an
accessory pathway, and induce tachycardia.

In patients with preexcitation, mapping of the tri-
cuspid or mitral annulus with a deflectable catheter
may be performed during sinus rhythm, atrial pac-
ing, orthodromic or antidromic tachycardia, or ven-
tricular pacing. Because of the electrophysiological
properties of concealed accessory pathways, map-
ping of such accessory pathways may be performed
only during orthodromic tachycardia or ventric-
ular pacing. The site showing the shortest atri-
oventricular conduction time or earliest ventricu-
lar activation is sought with the mapping catheter
(Figure 2.1).

In the case of left free wall pathways, the coronary
sinus bipole showing earliest ventricular activation
can be used to guide the mapping catheter. It is
important to note that because left-sided accessory
pathways may have multiple atrial and ventricu-
lar attachments, the ablation site may need to be
on a different radial point adjacent to the AV ring
depending on whether the atrial or ventricular at-
tachments of the accessory pathways are mapped

and targeted. In the case of a right-sided accessory
pathways, the procedure may be more difficult due
to a number of factors including the lack of a coro-
nary sinus equivalent that provides anatomic and
electrophysiological guidance and difficulties in ob-
taining a stable position at the tricuspid annulus.
Moreover, right-sided accessory pathways are more
often multiple and are occasionally associated with
structural abnormalities such as Ebstein’s anomaly,
in which AV nodal reentrant tachycardia are only
rarely seen [23].

The retrograde atrial activation sequence during
ventricular pacing can be helpful in distinguishing
between anteroseptal and midseptal pathways. Ret-
rograde atrial activation is often recorded simulta-
neously in the His bundle catheter and a bipole at
the coronary sinus ostium in the case of midseptal
accessory pathways, whereas it is earlier in the His
bundle catheter signals in the case of anteroseptal
accessory pathways [24].

Accessory atrioventricular connections may be
found within the coronary sinus system, either
within normal structures such as the coronary sinus
or middle cardiac vein, or in abnormal structures,
such as a coronary sinus diverticulum [25]. The ear-
liest atrial activation during tachycardia may be at
the coronary sinus OS either during atrioventricular
reentrant tachycardia due to an inferoseptal acces-
sory pathway, or during atypical AV nodal reentrant
tachycardia. Introduction of ventricular extrastim-
uli synchronous with, or slightly earlier than the
His spike during tachycardia, when the His bundle
is refractory, may be useful in differentiating be-
tween the two. In the case of atrioventricular reen-
trant tachycardia, atrial activation is significantly
advanced by the extrastimulus.

Atrial Flutter
Typical atrial flutter is defined as a macro reentrant
tachycardia that depends on the cavotricuspid isth-
mus. In our opinion, the classical multiple catheter
technique appears to be the most reliable to assess
the presence of a complete bidirectional isthmus
block [26]. Thus, we perform mapping of atrial flut-
ter with deflectable multielectrode catheters posi-
tioned circumferentially around the tricuspid annu-
lus, an ablation catheter, and a catheter positioned
in the coronary sinus. In typical atrial flutter, the
activation pattern demonstrates counterclockwise
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or clockwise activation around the tricuspid
annulus.

Concealed entrainment during pacing at the
cavo-tricuspid isthmus confirms it as a critical area
in the circuit that can be targeted for ablation. Abla-
tion can be performed during atrial flutter or dur-
ing pacing from the coronary sinus OS or low lat-
eral right atrium. After a conduction block across
the isthmus has been created, while pacing from the
coronary sinus, the pattern of activation around the
tricuspid annulus shows exclusively counterclock-
wise activation, with the distal pole of the circum-
ferential mapping catheter showing the latest acti-
vation.

If the block is not complete, the ablation line may
be mapped for double potentials [27]. An electrode
close to the gap will record a relatively short inter-
val between the two components of the double po-
tential. This interval increases as the distance from
the break in the line increases. Ablation to the site
recording the double potential with the closest spac-
ing (or even continuous activity between the two
components) may complete the line of the conduc-
tion block.

In atypical atrial flutter, reentry occurs around
other anatomic obstacles created in the right or left
atrium by previous cardiac surgery. These include
atriotomy scars and patches. Although the tech-
niques of atrial flutter mapping including activa-
tion, entrainment, and linear mapping principles
may provide useful information that helps define
the reentrant circuit, it is usually helpful to use one
of the “new” mapping systems.

Atrial Tachycardia
Atrial tachycardias may be of focal or reentrant ori-
gin. In some cases of atrial tachycardia, a classical
technique using two catheters approaching a focus,
one serving as a reference while the ablation one is
sequentially moved, provides a reasonably effective
approach. In complex cases, a sophisticated com-
bination of entrainment mapping and activation
mapping using the CARTO, NavX, or Ensite system
leads to successful ablation

Atrial Fibrillation
The pulmonary veins are known to be the pre-
dominant source of left-sided atrial tachycardia,
and focally initiated atrial fibrillation [28]. Linear

left atrial ablation to isolate the septal and lateral
pulmonary veins is performed on the assumption
that isolated focal activity can no longer initiate
atrial fibrillation [29]. During sinus rhythm, elec-
trogram recordings taken inside pulmonary veins
show a low-frequency potential reflecting adjacent
atrial activation, followed by a high-frequency com-
ponent reflecting local activation of PV muscular
sleeves.

Many left-sided pulmonary veins require pacing
from the distal coronary sinus to reveal the PV po-
tential [30]. During ectopy, an endocardial activa-
tion time 75 msec earlier than the HRA signal has
a sensitivity and specificity for identifying arrhyth-
mogenic pulmonary veins of approximately 80%
[31].

Lack of sufficient ectopic activity to allow the
accurate identification of the arrhythmogenic pul-
monary veins is the most common and important
difficulty encountered during mapping of focally
initiated atrial fibrillation. A number of manoeu-
vres can be performed in order to provoke ectopy.
These include carotid sinus massage, the Valsalva
manoeuvre, slow- and high-rate pacing, DC car-
dioversion, and drug administration. In patients
with no or infrequent ectopy during the mapping
procedure, use of 3D mapping can greatly facilitate
the ablation procedure for electrical isolation of all
pulmonary veins.

To aid in this goal, we place a circumferential
pulmonary venous mapping catheter sequentially
at the ostium of the pulmonary veins. This greatly
facilitate the identification of the muscular sleeves
electrically connecting the foci to the left atrium
[32]. The more ostial PV ablation is performed, the
lower is the risk of PV stenosis. Elimination of PV
potentials, or their electrical disconnection from the
left atrium, can then be used as endpoints for suc-
cessful ablation, irrespective of the presence or ab-
sence of AF [30].

Mapping of Ventricular Tachycardia
Monomorphic ventricular tachycardia is the most
common form of sustained VT and usually occurs
after myocardial infarction. Reentry accounts for
the majority of these VT. Endocardial catheter map-
ping and intraoperative mapping have shown that
these arrhythmias originate within or at the border
zone of the diseased myocardium. The size of the
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reentrant circuit may be large, especially in patients
with a left ventricular aneurysm, or may be confined
to a small area. Briefly, the conditions necessary for
reentry to occur may be summarized as follows:
(i) a zone of unidirectional block must be present,
and (ii) the impulse must travel around the zone of
unidirectional block, activate the tissue distal to it
with delay, invade the zone of the block retrogradely,
and reexcite the tissue where the impulse originated.
For reentry to occur, the impulse that is conduct-
ing around the reentrant circuit must always find
excitable tissue in the direction it is propagating.
Initiation and termination of VT by pacing stimuli,
the demonstration of electrical activity bridging di-
astole (Figure 2.3), and a variety of other clinically
used techniques are consistent with reentry.

Mapping of the reentrant circuit with conven-
tional techniques in human infarct-related VT is

often difficult because it is usually not possible to
identify complete VT circuits. The areas of slow con-
duction have been shown to be desirable targets of
ablation. Slowly conducting tissue may be identi-
fied during endocardial catheter mapping by frac-
tionated and/or mid-diastolic electrograms (Figure
2.3), continuous electrical activity, or a long delay
between a stimulus and the resulting QRS complex.
Pacing from within the diastolic pathway during VT
will generate QRS complexes of identical morphol-
ogy to those seen in VT, and the interval between
the pacing stimulus and QRS will be identical to
that between the diastolic potential during VT and
the onset of the VT QRS. Moreover, pacing at sites
within the reentrant circuit or near its exit site can
entrain the tachycardia, which appears to be accel-
erated to the pacing rate, without a change in QRS
morphology [33].
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Figure 2.3 ECG where the VT terminated a few seconds
after starting radiofrequency (RF) ablation recorded
during VT in a patient with previous anterior myocardial
infarction and recurrent sustained ventricular tachycardia
(a). Catheter mapping and subsequent catheter ablation
were performed. (b) Leads I, III, V1, and V6, as well as

intracardiac signals from the right ventricular apex (RVA),
and the ablation catheter at the successful ablation site
(ABL) anteroseptal at the left ventricular base are
displayed. Note the fragmented diastolic potential (c) at
the successful ablation site (for further details, see text).



BLBK050-Shenasa September 25, 2008 16:25

CHAPTER 2 Construction of Endocardial Maps 23

The post-pacing interval is within 30 msec of the
VT cycle length when pacing is performed within
the circuit, but it increases progressively with in-
creasing distance between the pacing site and the
circuit [34]. The described pacing results can be
particularly helpful when used in combination. A
combination of three criteria such as an exact QRS
match during tachycardia, a return cycle within 30
msec of the VT cycle length, and the presence of
diastolic potentials has been reported to terminate
a VT with a single radiofrequency lesion [35].

In many patients, mapping of ventricular tachy-
cardia (VT) remains challenging because of a com-
bination of factors that include the frequent pres-
ence of multiple VT morphologies, the hemody-
namic instability of the VT, especially in patients
with impaired ventricular function, and, in the case
of ischemic heart disease–related VT, the frequent
existence of functional as well as anatomic areas
of block that make mapping during sinus rhythm
unreliable—although regions of low-amplitude po-
tentials and fractionated electrograms indicate sites
more likely to be critical to generating VT.

Because of the complexity of the reentrant cir-
cuit of VT in ischemic heart disease and the lack of
reliable diagnostic mapping criteria for identifying
the circuit, multiple mapping techniques are often
required to identify critical parts of the macro reen-
try, which can subsequently be targeted for ablation.
Moreover, full delineation of the reentrant circuit
may not be possible during endocardial mapping
because parts of, or occasionally the complete cir-
cuit, may have an intramural or epicardial location.

A technique that allows access to the pericardial
space for mapping of epicardial VT circuits has been
described for patients with Chagas’ disease [36] but
also for patients with VT related to previous my-
ocardial infarction [37]. Epicardial identification of
the circuit is based on techniques described above
for endocardial mapping. Epicardial mapping can
also be performed through the coronary sinus
tributaries. Using standard mapping techniques,
including activation sequence mapping, and pace
mapping techniques, the location of pericardial
electrodes can help guide roving endocardial
catheters to sites of successful ablation [38].

For hemodynamically unstable VT, a predomi-
nately anatomical approach for conventional map-
ping in patients with coronary heart disease has

been reported. The procedure involves defining
areas of scarring by means of left ventricular an-
giography and the presence of low-frequency, low-
amplitude, and fragmented electrograms. Linear
lesions are then created with serial energy appli-
cations, which aim to connect the presumed exit
regions to scars or anatomic structures, such as the
mitral annulus [39] (Figure 2.4). In a report of post-
ischemic VT in 20 patients, the noncontact mapping
system has proven usefulness in showing exit sites in
99% of the studied VTs with complete VT circuits
traced in about 20% of cases. Successful ablation
was achieved by 77% of RF applications to relevant
diastolic activity identified by the system, and was
significantly more likely than at the VT exit or re-
mote from diastolic activation [16].

The term idiopathic VT refers to tachycardias
that arise from ventricles without apparent struc-
tural abnormalities. The group consists of several
distinct entities, including the most common form
originating from the right ventricular outflow tract
(RVOT), which accounts for up to 80% of cases of
idiopathic VT. Other idiopathic VT include idio-
pathic left VT, which often arises from the region of
the left posterior fascicle, and an autonomic form
that may originate from either ventricle. Activation
sequence and pace mapping during tachycardia are
used to identify the origin of the tachycardia. How-
ever, if these VT are only poorly inducible, the use of
3D mapping systems such as the noncontact system
is extremely valuable (Figure 2). Basket catheters
have also been used in a small series [19].

Noteworthy, in the presence of heart failure due
to idiopathic dilated cardiomyopathy, reentry in
the His–Purkinje system (bundle branch reentry;
Figure 2.5) accounts for a substantial number of
monomorphic VT. The reentry wavefront precedes
down one bundle branch (mostly the right bundle
branch), and up the contralateral bundle. This cre-
ates a QRS complex that has a LBBB contour and
a normal or leftward frontal plane axis. Its signifi-
cance lies in the fact that it can be easily cured by
catheter ablation of the right bundle branch.

Conclusion

During recent years numerous advances in car-
diac mapping have been obtained due to the in-
troduction of complex recording techniques and
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Figure 2.4 (a) Episode or ventricular tachycardia (cycle
length ∼400 msec) detected and terminated by an
implanted cardioverter–defibrillator in a patient with a
remote inferior myocardial infarction who experienced
recurrent VT episodes. (b) Twelve-lead ECG of the VT in the
same patient. (c) Posterior view of an electroanatomic
voltage map (CARTO) of the left ventricle. Electroanatomic

mapping can be used to define isthmus boundaries and
thus guide successful ablation. The color range represents
the voltage amplitude. Gray denotes dense scar tissue. A
linear ablation lesion was placed from the mitral annulus
to the edge of the scar tissue to prevent mitral “isthmus”
reentrant tachycardias around the mitral valva and/or
around the posterior scar.
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Figure 2.5 ECG recording in a patient with dilated
cardiomyopathy and recurrent sustained ventricular
tachycardia (a). A sustained bundle branch reentry
tachycardia with a left bundle branch block morphology is
displayed. Intracardiac signals (b) reveal ventriculo-atrial

dissociation (RA: right atrial catheter; RVA: right
ventricular apex) and activation of the right bundle branch
(RBB) from proximal (RBB prox) to distal (RBB dis). The
tachycardia was successfully ablated at the distal right
bundle branch using radiofrequency current.
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algorithms for presentation and evaluation of the
multitude of signals. All these advances have con-
tributed to a more and more complete understand-
ing of cardiac electrophysiology and high success
rates of catheter ablation.
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Summary

Understanding of cardiac anatomy in 3D

perspectives underscores interventional

electrophysiology and mapping. This chapter

provides an overview of the location and spatial

relationships of cardiac chambers and

neighbouring structures such as the phrenic nerves

and esophagus. Consideration is given to the

internal aspects of the atrial chambers and

ventricular chambers, highlighting significant and

salient anatomical landmarks so as to reduce risks

of damage to important structures during

interventions.

Introduction

Although the anatomy of the heart has remained
more or less static since its earliest descriptions, our
understanding of its anatomy as applied to various
clinical fields has evolved. In recent decades, car-
diac anatomy has become an integral part of inter-
ventional cardiac electrophysiology and mapping,
especially with regard to developments in imaging
of real anatomy for clinical procedures. Neverthe-
less, even with highly sophisticated imaging, there
is still a need to understand some of the more subtle

features of cardiac anatomy. Of paramount impor-
tance is understanding cardiac structures in atti-
tudinal orientation [1, 2]. In this chapter, we will
highlight the aspects that are of practical relevance
when interrogating or intervening in the normally
structured heart.

General Overview: Location and
Spatial Relationships of Chambers

In his outstanding monograph, McAlpine [1]
stressed the importance of the attitudinal approach
that underscores understanding of cardiac anatomy
in the clinical setting. Surrounded by the four car-
diac chambers, the aortic root forms the centerpiece
of the heart. Furthermore, the right ventricular out-
flow tract overlaps the left ventricular outflow tract,
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reflecting the ventricular arrangement, but this will
be discussed later.

Lying between the lungs, the heart is nearer to
the front of the thorax than to the back. The base
of the heart lies anterior to the spine from the fifth
to eighth thoracic vertebrae. Anteriorly, the heart is
separated from the thoracic wall by the pleura and
the thin anterior parts of the lungs. It is enclosed
by the fibrous pericardium that separates it from
neighboring structures. One-third of the heart lies
to the right of the midline of the chest and two-
thirds lie to the left. The phrenic nerves accompa-
nied by phrenic vessels descend bilaterally onto the
pericardium (Figure 3.1). The right phrenic nerve
descends almost vertically, first along the right bra-
chiocephalic vein, then along the right anterolat-
eral surface of the superior caval vein and continues
its descent immediately in front of the right pul-
monary veins in the lung hilum before reaching the
diaphragm [3]. Its upper course along the superior
cavoatrial junction and proximity to the right supe-
rior pulmonary vein makes it vulnerable to damage
when ablations are carried out for inappropriate or
reentrant sinus tachycardia or during pulmonary
vein isolation in atrial fibrillation [4, 5]. It may also
be put at risk if a lateral right atrial isthmus is ab-
lated for typical atrial flutter because the inferior
course of the nerve is adjacent to the lateral border
of the entrance of the inferior caval vein to the right
atrium [3].

On the other side, the left phrenic nerve descends
behind the left brachiocephalic vein, continues over
the aortic arch and pulmonary trunk onto the peri-
cardium overlying the left atrial appendage, and
then descends either anteriorly or anterolaterally
over the area of the left ventricle to insert in the di-
aphragm behind the cardiac apex. The course of the
left phrenic nerve on the fibrous pericardium brings
it into the vicinity of the left atrial appendage, which
may be relevant in terms of ablating ectopic foci in
the appendage or in device closure of the appendage
OS (Figure 3.1). Its inferior course may overlie the
great cardiac vein or obtuse marginal vein, a feature
worth noting when implanting pacing leads in these
veins.

The fibrous pericardium enclosing the heart is
lined on the inside by the serous pericardium (the
parietal layer), which also covers the surfaces of
the heart as the epicardium (the visceral layer) and

partly ensheaths the great vessels so as to form a
closed sac containing a small amount of pericar-
dial fluid. The aorta and pulmonary trunk are en-
sheathed together, whereas the veins are enclosed
in another sheath. This arrangement leaves a re-
flection of the serous pericardium in between—the
transverse sinus—which passes behind the great ar-
teries and in front of the atriums. Another sinus, the
oblique sinus, is bordered by the reflections at the
veins. Its superior border at the transverse reflection
lies at the level of the right pulmonary artery.

The pericardial space can be accessed via a subx-
iphoid puncture and it allows relatively free manip-
ulation of catheters around the epicardial surface of
the heart except in cases with pericardial adhesions.
This portal is particularly useful for the ventricles. At
the atrial level, pericardial reflections at the veins,
particularly the pulmonary veins, are varied and
they can restrict maneuvers, precluding complete
encirclement for drawing ablation lines around the
veins, for example [6, 7].

Following removal of the pericardium and view-
ing the patient from the front, it is apparent that
the right margin of the heart is formed by the right
atrium. Viewed from the front, the cavity of the right
atrium is right and anterior, while the left atrium is
situated to the left and mainly posteriorly. The front
of the left atrium lies just behind the transverse peri-
cardial sinus, while its posterior wall is just in front
of the tracheal bifurcation and is therefore related
to the course of the esophagus. Related posteriorly
and inferiorly to the left atrium is the coronary si-
nus, which is the continuation of the great cardiac
vein. The oblique vein, or ligament (of Marshall)
passes between the left atrial appendage and the left
superior pulmonary vein, along the postero-lateral
atrial wall, to join the coronary sinus.

Traced from the inferior cardiac border, the right
ventricular cavity can be seen to curve from inferi-
orly to pass cephalad over the left ventricular cavity.
This results in the right ventricular outflow tract
overlapping and crossing that from the left ventricle
when the heart is viewed from the front [8], which
is an important feature to note when ablating in
the ventricular outlets (Figure 3.2). The pulmonary
trunk passes to the left of the ascending aorta and
branches into the right and left pulmonary arter-
ies. The right pulmonary artery courses rightward
over the antero-superior wall of the left atrium to
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Figure 3.1 Parts (a) and (b) show views of a specimen from
the right and from the left, respectively. The heart is
enclosed by the fibrous pericardium. The arrows indicate
the right and left phrenic nerves accompanied by arteries.
Part (c) shows a window made in the fibrous pericardium
of the specimen to reveal the relationship of the left
phrenic nerve to the left atrial appendage (LAA) and the
obtuse marginal artery and vein (asterisk). Part (d) shows

the heart exposed following removal of the entire fibrous
pericardium. The esophagus (E) is visible between the left
atrium and the descending thoracic aorta. KEY: B =
bronchus; LL = left lower pulmonary vein; LPA = left
pulmonary artery; LU = left upper pulmonary vein; RL =
right lower pulmonary vein; RPA = right pulmonary artery;
RU = right upper pulmonary vein.
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Figure 3.2 Part (a) is a dissection viewed from the front to
show the location of the aortic valve between the right
atrium and the right ventricular outflow tract. The curved
arrow is the inner heart curvature or supraventricular crest
separating tricuspid from pulmonary valves (pulmonary
valve represented by oval). The small arrows point to the
wall of the right atrium that lies behind the aorta but may
be mistaken for being septal. The dotted line marks the
course of the terminal crest, and the area of the sinus node
is depicted by the red shape. Part (b) is a magnification
with the borders of the triangle of Koch marked. The

broken line represents the tendon of Todaro and the
dot-and-dash line is the hingeline of the tricuspid valve.
The atrioventricular node (oval) is at the apex. The solid
red line marks the paraseptal isthmus and the dotted red
line marks the cavotricuspid isthmus. The latter often
passes through a pouch (asterisk). KEY: Ao = aorta; ev =
Eustachian valve; mb = moderator band; mp = medial
papillary muscle; OF = oval fossa; SCV = superior caval
vein; TV = tricuspid valve. Open arrow indicates entrance
of inferior caval vein.

pass behind the ascending aorta (Videoclip 1 ).
The pulmonary valve is the most superiorly sited of
the four cardiac valves. It lies almost horizontally
behind the second and third costal cartilages. The
plane of the aortic valve is tilted inferiorly at an an-
gle posterior and to the right of the pulmonary valve
(Figure 3.2).

The Chambers of the Heart

The Right Atrium
Anatomically, an atrial chamber is considered as
having four components: the appendage, the ve-
nous part, the vestibule and the septum. The latter is
shared by the two atriums. The right atrium is dom-
inated by its large, triangular-shaped appendage
which is located anterior and laterally. Character-
istically the appendage is lined by an array of pecti-
nate muscles on its endocardial aspect. In between

the frond-like branches of the pectinate muscles,
the wall of the appendage is exceptionally thin, with
very little myocardial thickness. The branching and
overlapping arrangement of the pectinate muscles
may play a role in initiating intra-atrial reentry [9].
The pectinate muscles arise from the terminal crest
(“crista terminalis”), which is a smooth muscle band
that runs from the medial aspect anterior to the
entrance of the superior caval vein, then sweeps
rightward and posteriorly to descend toward the
entrance of the inferior caval vein before branching
into multiple small muscles bundles and branches
(Figure 3.2) [10].

The crest may be a source of atrial tachycar-
dias [11]. The pectinate muscles and the ramifica-
tions from the terminal crest stop short of reach-
ing the tricuspid valve. They are separated from
the valve by a circumferential region of smooth
atrial wall that is the vestibule to the valve. The
portion of the vestibule between the orifice of the
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inferior caval vein and the tricuspid is the anterior
part of the cavo-tricuspid isthmus (inferior isth-
mus), which is ablated in patients with common
atrial flutter. It has a variable morphology but is
usually composed of a fibrous posterior part, a fi-
bromuscular middle part, and a smooth anterior
part that is the vestibule [12, 13]. It is common
to find a pouch-like formation in the middle part
(Figure 3.2).

The vestibule between the orifice of the coronary
sinus and the tricuspid valve is known as the “septal”
isthmus that is used in slow-pathway ablation (Fig-
ure 3.2). Owing to the deep incursion of epicar-
dial fat in the atrioventricular groove, this isthmus
actually overlies the inferior pyramidal space and
is paraseptal in location rather than “septal” [14].
The inferior extensions of the atrioventricular node
have been implicated in atrioventricular nodal reen-
trant tachycardia [15]. The landmark for the com-
pact atrioventricular node is the apex of a triangle
bordered anteriorly by the hingeline of the septal
leaflet of the tricuspid valve, posteriorly by the ten-
don of Todaro that is buried within the musculature
of the Eustachian ridge (also known as the sinus
septum), and inferiorly by the paraseptal isthmus
(Figure 3.2).

In RAO projection the node and His bundle are
superior and the coronary sinus is inferior. The sizes
of the nodal triangle vary, and it has been suggested
that hearts with small nodal triangles may have a
more inferiorly located atrioventricular node that
reaches toward the coronary sinus [16, 17]. The
rightward margin of the compact node lies approx-
imately 1 mm or so from the endocardial surface of
the right atrium. The central fibrous body (includ-
ing the membranous septum) abuts the apex of the
nodal triangle and carries within it the penetrating
bundle of His that extends from the compact node
and normally is the only bridge of muscular con-
tinuity between atrial and ventricular myocardium
[18].

Importantly for modifications of the sinus node
for “inappropriate” sinus tachycardia [19], the
anatomic landmark for the sinus node is the ter-
minal groove close to the superior cavo-atrial junc-
tion (Figure 3.2). In most individuals the node is
located anterolaterally in a comma shape with the
head nearest the junction and the tail penetrating
into the musculature of the terminal crest [20]. In
approximately 10% of cases, the node is horse-shoe

shaped and located medially as well as laterally in
the terminal groove [21]. Prongs of nodal tissues
often interdigitate with musculature of the termi-
nal crest and may even extend into the muscular
sleeves that surround the superior caval vein [20].
Between the sinus and atrioventricular nodes, the
internodal myocardium does not show histologi-
cally specialized characteristics but is composed of
atrial musculature arranged around the venous and
valvar orifices [22].

The venous component of the right atrium lies
between the entrances of the superior and inferior
caval veins. It is characterized by its smooth wall.
The Eustachian valve guarding the entrance of the
inferior caval vein is variably developed (Figure 3.2).
Usually it is a triangular flap of fibrous or fibromus-
cular tissue, but in some cases the valve is particular
large and muscular, posing an obstacle to passage
of catheters from the inferior caval vein to the infe-
rior part of the right atrium. Occasionally, the valve
is perforated, or is an extensive filigree sometimes
described as a Chiari network.

The valve guarding the coronary sinus is usually a
small crescentic flap that, frequently, is fenestrated.
An imperforate valve or a band completely covering
the orifice is very rare.

The Atrial Septum and Interatrial
Connections
Accessing the left atrium from the right requires
an appreciation of the extent of the true atrial sep-
tum. From the right atrial aspect, the true septum
is marked by the valve of the oval fossa (Figure 3.2).
This is the true septal structure that can be perfo-
rated without risk of exiting the heart or damaging
the arterial supply to the sinus node [23]. Surround-
ing the valve of the fossa on the right atrial side is a
raised muscle rim (“limbus”) that is an infolding of
the atrial wall. Importantly, the antero-medial wall
of the right atrium appears to be “septal” but trans-
gressing it leads to the back of the aorta (Figure 3.2).
On the left atrial side, the septum lacks the crater-
like feature of the right side. The valve itself is usu-
ally thin, approximately 1–3 mm thick, and in some
cases it can be anuerysmal, herniating into the atrial
chambers. Probe patency of the oval fossa is found
in about 25% of the normal population (Figure 3.3).

Muscular continuity between atriums peripheral
to the septum is frequently found as bridges in the
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Figure 3.3 Part (a) is a longitudinal cut through the left
atrium and left ventricle viewed from the left side. The
aortic valve is behind the right ventricular outflow tract
(RVOT) but in front of the left atrium (LA). The dotted
lines represent the location of the atrioventricular
conduction bundle together with the left bundle branch.
The small arrow indicates the opening of the patent
foramen ovale and proximity to location of the transverse

pericardial sinus (ts). Part (b) is a histological section
through the inferior wall of the left atrium in similar
orientation to part (a) with the myocardium stained red
and fibrous tissue stained green. It shows muscle bridges
between the wall of the coronary sinus (cs) and the left
atrium. KEY: Ao = aorta; LV = left ventricle; MV = mitral
valve; m = membranous septum.

subepicardium [23, 24]. The most prominent inter-
atrial bridge is Bachmann’s bundle. This is a broad
muscular band that runs in the subepicardium from
the anterior wall of the superior caval vein into the
anterior walls of both atriums. The muscular fibers
in Bachmann’s bundle, as in the terminal crest, are
well aligned, allowing for preferential conduction.
Smaller bridges are often present, giving the po-
tential for macro reentry. Further bridges are often
found posteriorly and inferiorly [23, 24].

The Left Atrium
The atrial appendage is characteristically a small
finger-like cul-de-sac in human hearts. Owing to
its tubular shape, its junction with the left atrium
is narrow and well defined. In contrast to the right
atrium, virtually all the pectinate muscles in the
left atrium are confined within the appendage, and
they form a complicated network of muscular ridges
lining the endocardial aspect.

The major part of the atrium, including the septal
component, is smooth-walled. The smoothest parts
are the superior and posterior walls that make up
the large pulmonary venous component and the
vestibule. Externally, the posterior wall is related
to the esophagus and its nerves (vagal nerves) and
the thoracic aorta (Figure 3.1). The coronary sinus
tracks along the postero-inferior part (Figure 3.3).

The anterior wall just behind the aorta ranges
from 1.5 to 4.8 mm thick, but there is usually a
small area inferior to Bachmann’s bundle that is ex-
ceptionally thin. In close proximity to the right pul-
monary artery, the superior wall, or dome, ranges
from 3.5 to 6.5 mm in thickness, but it tends to
be thinner near to the left pulmonary veins. The
thickness of the lateral wall is between 2.5 and 4.9
mm [25]. Postero-laterally, between the os of the left
atrial appendage and the left pulmonary veins, the
atrial wall folds upon itself and appears like a ridge
when viewed from within the chamber. The rem-
nant of the vein of Marshall lies in this fold. This so-
called ridge has variable widths; the narrower ridges
can make it tricky to achieve a complete ablation line
for encircling the left pulmonary veins [26].

Clinical imaging studies using magnetic reso-
nance and multislice computed tomography have
demonstrated the complex anatomy of the pul-
monary veins with significant variability in dimen-
sions, shape and branching patterns [27–30]. The
orifices of the right pulmonary veins are directly
adjacent to the plane of the atrial septum. The
transition between atrium and vein is smooth. In-
side the atrial chamber, it is often difficult to define
entrances, or ostia, of the veins. Not infrequently,
the ipsilateral veins coalesce into a short antrum
(or vestibule) before entering the atrial chamber
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proper (Videoclip 2 ). Musculature of the atrial
wall extends into the veins to varying lengths, with
the longest sleeves along the upper veins [31–33].
Close to the venous insertions, the sleeves are thicker
and tend to surround the entire epicardial aspect of
the vein. The distal margins of the sleeves, however,
are usually thinner and irregular as the musculature
fades out [31, 32].

The Right Ventricle
The inflow and outflow tracts of the right ventri-
cle make an obtuse angle with the supraventricular
crest marking the inner “bend” of the angle. The
crest is a muscular fold that separates the tricus-
pid valve orifice from the pulmonary valve. It is not
septal but continues into the subpulmonary mus-
cular infundibulum cephalad and it also extends
parietally (Figure 3.2). When mapping the right
ventricular outflow tract, for example, in some
cases of idiopathic right ventricular tachycardia,
some forms of arrhythmogenic right ventricular
cardiomyopathy, or some scar-related ventricular
tachycardias, the operator should be aware that the
area usually termed septal or high septal is not septal
at all but is part of the muscular subpulmonary in-
fundibulum that supports the pulmonary valve and
also elevates the valve away from the septum [34].
More appropriately termed the paraseptal area, this
part of the infundibulum lies anterior to the aortic
root (Figure 3.3) and is related to the right and the
left coronary aortic sinuses and, therefore, is close
to the courses of the main coronary arteries [35, 36].
The semilunar hingelines of the pulmonary leaflets
cross the ventriculo-arterial junction, thereby en-
closing in the nadirs of the hingelines, small areas
of ventricular myocardium that form the inferior
portions of the pulmonary sinuses.

The atrioventricular junction provides the insu-
lating tissue plane between atrial and ventricular
myocardium. Breaches of this plane by accessory
atrioventricular connections allow the cardiac
impulse to bypass the normal atrioventricular con-
duction system. When mapping and ablating these
pathways, it can be very difficult to distinguish be-
tween those that are so-called septal in location and
those that are paraseptal according to the nomen-
clature proposed by Cosio and colleagues [2]. The
“septal pathways” (also known as mid-septal) [37]
are located in the area of the triangle of Koch and

are inferior to the His bundle but may be close to
the atrioventricular node. The inferior paraseptal
pathways are related to the inferior pyramidal
space, but because the pyramidal space can extend
to the epicardial aspect of the triangle of Koch,
“septal” may encroach upon inferior paraseptal.
Pathways that have ventricular insertions into the
supraventricular crest are in the superior paraseptal
region (previously known as anteroseptal) (Figure
3.4). Being away from the septum, theoretically
they are less risky to ablate than peri-Hisian
pathways.

The His bundle is encased by the central fibrous
body as it passes from right to left to emerge as
the atrioventricular conduction bundle that is sand-
wiched between the membranous septum and the
muscular septum. The bundle tends to remain on
the left side of the septal crest for a short distance
before separating into the left and right bundle
branches that remain ensheathed in fibrous tissue in
their proximal courses [18]. From the left of the sep-
tum, the right bundle branch passes through septal
musculature to emerge at the base of the medial
papillary that arises from the septal aspect of the
right ventricle (Figure 3.2). Occasionally, the right
bundle branch is visible in heart specimens as a thin
white line that descends along the septal surface to-
ward the insertion of the moderator band.

The Left Ventricle
Apart from its thicker muscular wall, the left ven-
tricle has a different configuration from the right
ventricle. The aortic and mitral valves are hardly
ever separated by muscle (Figures 3.3 and 3.4). The
inflow and outflow tracts form an acute angle, and
they overlap each other when the heart is viewed
from the front. Owing to the central location of the
aortic valve in the heart, the left ventricular out-
flow tract lies between the ventricular septum and
the aortic (or anterior) leaflet of the mitral valve
(Figure 3.3). Because there is no supraventricular
crest, it is exceedingly rare to find accessory path-
ways coursing through the area of fibrous continuity
between aortic and mitral valves at this quadrant of
the left atrioventricular junction. The hingeline of
the mitral valve to the septum is considerably less
compared to the tricuspid valve and it is located
further from the cardiac apex. Owing to the “off-
set” between tricuspid and mitral insertions at the
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Figure 3.4 Parts (a) and (b) are basal and apical views,
respectively, of a heart displaying the locations of the
cardiac valves and the atrioventricular junctions. Part (a)
shows the oblique orientation of the atrial septum,
extensive pectinate muscles in the right atrium and the
narrow left atrial appendage. Part (b) simulates an LAO
view. The septal component of the atrioventricular
junction is limited. Musculature is lacking between aortic
and mitral valves (between triangles). The small arrow
indicates the location of the atrioventricular conduction
bundle and the membranous septum. Part (c) displays a
heart cut through its four chambers revealing the parietal

atrioventricular junctions and the inferior paraseptal
junction. Part (d) is a magnified view showing the offset
levels of attachments of the mitral (m) and tricuspid (t)
valves. Part of the right atrial wall (arrows) overlies the
inferior pyramidal space (dark area). KEY: Ao = aorta; cs =
coronary sinus; ICV = inferior caval vein; LA = left atrium;
LL = left lower pulmonary vein; LU = left upper pulmonary
vein; M = mitral valve; P = pulmonary valve; RA = right
atrium; RL = right lower pulmonary vein; RU = right upper
pulmonary vein; SCV = superior caval vein; T = tricuspid
valve; ∗ = supraventricular crest.
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septum, the right atrial wall bearing the triangle of
Koch overlies the submitral portion of the ventric-
ular septum (Figure 3.4).

The atrioventricular conduction bundle emerges
from the central fibrous body to appear in between
the membranous septum and the muscular ventric-
ular septum [18]. From here, the left bundle branch
cascades down the subendocardium toward the api-
cal portion. The membranous septum adjoins the
interleaflet area between the right and noncoronary
leaflets (Figure 3.3).

While half of the aortic valve is in fibrous con-
tinuity with the mitral valve, the other half con-
sisting of the right coronary sinus and the medial
part of the left coronary sinus contains ventricular
myocardium that can be important in some cases
of ventricular ctachycardia [38, 39]. Significantly,
these are also the sinuses that abut the subpul-
monary muscular infundibulum externally. Map-
ping and intervention of ventricular tachycardia in
the outlets require distinguishing the so-called high
septal right ventricular outflow tract types from
those arising from the aortic sinuses [34].

Because of the lack of musculature between the
left cardiac valves, the potential for accessory atri-
oventricular connections are primarily in the infe-
rior paraseptal and the parietal portions of the left
atrioventricular junction. The course of the coro-
nary sinus and its continuation into the great cardiac
vein can be a guide, but it is worth noting that the
veins seldom course adjacent to the mitral annulus.
Frequently, they run a centimeter or so proximally
(Figure 3.3) [40].

Conclusion

The convoluted arrangement between the right and
left sides of the heart makes it challenging to un-
derstand and interpret spatial relationships of the
various cardiac chambers and their valves. Imaging
tools with the facility to reconstruct the heart and its
surrounding structures in three dimensions can be
helpful, especially for the beginner. Owing to con-
straints on the length of the chapter, we are not able
to discuss all the cardiac structures or to provide
a detailed account, but we have aimed at covering
the most salient points relevant to intervention and
mapping.
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Principles of Noncontact
Endocardial Cardiac Mapping
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Summary

Identification and treatment of hemodynamically

unstable or nonsustained arrhythmias remains a

challenge to electrophysiologists. Noncontact

mapping has been used and validated in a number

of such settings, including hemodynamically

unstable or nonsustained ventricular tachycardia

(VT), atypical atrial flutters, and other

nonsustained atrial arrhythmias. Although

electrogram reconstruction with noncontact

mapping is accurate, this accuracy decreases as the

distance between the multielectrode array and the

endocardium increases (becoming significant when

this distance is greater than 34 mm). Despite this

limitation, success has been demonstrated not only

in identification of the mechanism of these

arrhythmias, but also in ablation of their critical

components. Thus, noncontact mapping is a useful

tool in the management of a significant number of

patients.

Introduction

Accurate mapping is the cornerstone to successful
ablative therapy of cardiac arrhythmias because it
provides insight into the arrhythmia mechanism
and identifies the location of a suitable target for
ablation. Reentry is the mechanism responsible for
the majority of sustained arrhythmias in humans
[1–9]. Ablation of these arrhythmias is critically de-
pendent on locating the narrowest part of the reen-
try circuit, which is usually the diastolic pathway
[10, 11].

Using conventional mapping techniques, it has
been possible to treat a wide range of arrhythmias
with high success and low complication rates. There

remain some arrhythmias that are difficult to treat
with catheter ablation because of a number of fac-
tors that include the small lesion sizes produced
by radiofrequency energy and difficulties with pre-
cise localization of the arrhythmia substrate. For
this reason, developments in mapping techniques
are fundamental to the success of catheter ablation
of complex cardiac arrhythmias such as ventricular
tachycardia (VT) in structural heart disease, as well
as complex atrial arrhythmias.

Systems for 3D electroanatomical reconstruction
of sequentially acquired contact catheter data are
limited by the time available to acquire data points,
and they are less useful in cases of nonsustained or
hemodynamically unstable arrhythmias. Noncon-
tact mapping techniques now allow collection of
data simultaneously from the entire cardiac cham-
ber. High-resolution maps can be produced, on
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which the position of mapping catheters can be
shown, and the catheters can be guided to sites of in-
terest. This facilitates mapping of nonsustained and
hemodynamically unstable arrhythmias such as VT.

Background Theory

Body Surface Mapping
Body surface mapping is a method for improving
the resolution and sensitivity of recordings of sur-
face electrograms. It involves the recording of two
or more electrograms from the subject’s body sur-
face and using these data to interpret the underlying
cardiac activation patterns. The data acquired from
each electrode is related to the distance of a point
from the electrode and the nature of the tissue inter-
posed between the two [12]. If this geometry and
the nature of the thoracic tissues are known, it is
theoretically possible to determine myocardial po-
tentials from the body surface potentials. In elec-
trocardiography this process is known as solution
of the inverse problem.

The clinical application of body surface mapping
has been limited by the resolution of the data pro-
vided. Solutions developed mathematically describ-
ing the “forward” relationship between a defined
experimental model of cardiac activation and the
resulting body surface potentials were constructed
so that they produced body surface maps similar to
those seen in clinical practice [13–16]. The result-
ing solutions, however, were not unique. A variety
of electrical generators (i.e., myocardial potential
fields) could have produced identical body surface
maps.

Using animal hearts suspended in electrolytic
tanks the complex potential field generated by the
heart is equivalent to that in vivo, and the geom-
etry between the heart and the body surface (i.e.,
the surface of the electrolytic tank) can be mea-
sured accurately [17]. However this model does not
account for the nature of structures between the
cardiac surface and the body surface such as lung
or bone, and correction for this is highly complex
and thus increases the time taken to construct body
surface maps.

Endocardial Noncontact Mapping

An alternative “noncontact” concept was intro-
duced by Taccardi [18] in which intracavitary

potentials were measured from electrodes on an
“olive”-shaped probe introduced through the LV
apex of animal hearts. Taccardi noted that the pat-
tern of endocardial activation was not precisely
reflected in the raw cavity potentials recorded by
the probe, which exhibit spatially averaged, lower-
amplitude distributions.

This phenomenon closely resembled the noncon-
tact recordings made during body surface maps.
It was therefore a logical progression to conceive
a mathematical inverse-solution to these noncon-
tact endocardial potentials in a manner similar to
that applied to body surface maps. This approach
has several advantages over inverse solution of body
surface potentials. Firstly, the noncontact probe is
in closer proximity to the source than is achieved
by body surface electrodes, thus reducing distance-
related blurring of the endocardial potentials. Sec-
ondly, the space between the intracavitary probe
and the endocardium is filled with a medium that
may be treated as uniform and electrically inert (e.g.
blood). This also means that development and val-
idation of solutions to the inverse problem is easier
because in vitro studies may be performed in a tank
without having to account for the complexities of
extracardiac thoracic tissues. Furthermore, valida-
tion of such techniques is feasible both in vitro and
in vivo because it is possible to percutaneously ac-
cess the endocardium in order to make recordings
of contact endocardial electrograms with which to
compare the reconstructed electrograms.

Noncontact Mapping System

The noncontact mapping system used clinically
(EnSite Array, St. Jude Medical, St. Paul, MN)
consists of a catheter-mounted multielectrode ar-
ray (MEA), a custom-built amplifier system, and a
workstation to run specially designed system soft-
ware. The MEA (a woven braid of 64 0.003-in.-diam
wires) is mounted on a 7.6-mL balloon on a 9F
catheter (Figure 4.1).

Each wire has a 0.025-in. break in insulation,
producing a noncontact unipolar electrode. The
raw far-field electrographic data from the MEA
are acquired and fed into a multichannel recorder
and amplifier system, sampled at 1.2 kHz, and fil-
tered with a bandwidth of 0.1–300 Hz. The ampli-
fier also has 16 channels for contact catheters and
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Figure 4.1 The noncontact mapping
catheter is shown with its braided
microelectrode array and 7.5-ml balloon
deployed on the left of the panel.
Generation of a virtual endocardium is
also shown. The virtual endocardium is
created by tracing the endocardial
surface with a conventional catheter
while the system tracks its position. The
geometry has been partially defined at
the top left; then completed and
smoothed in the middle; and finally
converted into an anatomically
contoured, wire-frame 3D model at the
bottom right. The multielectrode array
is displayed by the system as a yellow
wire-frame ellipsoid (MEA) in relation
to the geometry created.

12 channels for the surface ECG. A ring electrode
located on the proximal shaft of the MEA catheter
in the descending aorta is used as a reference for
both noncontact and contact unipolar electrogram
recordings. The electrical activity detected by the
MEA is generated primarily by the electrograms on
the endocardial surface and is of lower amplitude
and frequency than the source on the endocardium.

A technique to enhance and resolve these far-
field potentials has been devised based on an inverse
solution to Laplace’s equation by use of a bound-
ary element method. The potential field at any one
electrode is influenced to a degree by the poten-
tials from the entire endocardium, the degree of
influence being inversely proportional to the dis-
tance between the electrode and each endocardial
point. This finding makes it is possible to recon-
struct >3300 unipolar endocardial electrograms si-
multaneously. The system is also able to locate any
conventional catheter in space with respect to the
MEA by passing a 5.68-kHz, low-current “locator”
signal between the catheter being located and alter-
nately between ring electrodes proximal and distal
to the MEA on the noncontact catheter.

The MEA detects and determines the locator sig-
nal angles and thus positions the source. This lo-
cator signal serves two purposes. Firstly, it is used
to provide measured samples for the geometry ma-
trix of the inverse solution by constructing a 3D
computer model of the endocardium (a so-called

“virtual endocardium”) which is required for the
reconstruction of endocardial electrograms and
isopotential maps (Figure 4.1). This model is ac-
quired by moving a conventional catheter around
the cardiac chamber, building up a series of co-
ordinates for the endocardium, and generating a
patient-specific, anatomically contoured model of
its geometry.

To accomplish this, the system automatically
stores only the most extreme points visited by the
roving catheter in order to ignore those detected
when the catheter is not in contact with the en-
docardial wall. The total time required to define
the contoured geometry is typically between 5 and
10 min. Secondly, the locator signal can then be
used to display and log the position of any catheter
on the endocardial model. During catheter abla-
tion procedures, the locator system is used to guide
the catheter to sites of interest identified from the
isopotential color maps and to log the position of
radiofrequency energy applications on the virtual
endocardium. Because the geometry of the cardiac
chamber is taken with reference to the MEA, and is
used to produce the inverse solution, it is critical that
once geometry is established the MEA should not
move. If the MEA is moved, then cardiac geometry
has to be re-established.

The stiffness of the MEA catheter shaft and weight
of the balloon means that after it has been sited,
its position usually remains stable unless sited in a
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very dynamic chamber such as the apex of a nor-
mal ventricle. Validation of the MEA in the human
LV was first performed in patients in sinus rhythm
[19]. This demonstrated that the system can accu-
rately reconstruct electrograms at distances of at
least 50 mm from the center of the MEA, but ac-
curacy decreases with distance, and significantly so
>34 mm from the MEA center. There was no sig-
nificant difference in timing of maximum –dV/dt
between contact catheter and reconstructed electro-
grams 34 mm from the MEA center, but the timing
of reconstructed electrogram maximum –dV/dt be-
comes earlier than that of contact electrograms >34
mm from the MEA center.

Clinical Use

Ventricular Arrhythmias: Ischemic or
Scar Related
Patients are studied in the postabsorptive state
under local anaesthesia. A standard quadripolar
catheter at the right ventricular apex is used for
programmed stimulation. For mapping the LV, two
mapping and ablation catheters (trans-septal and
retrograde approach) may be used. This has the
advantage of allowing access to areas of the endo-
cardium that may be restricted by the MEA from
either approach. In general, the LV septum may be

reached more easily from the trans-aortic approach,
while the trans-septal route provides better access
to the lateral wall.

Continuous systemic (and sometimes pulmo-
nary artery) pressures are monitored throughout
the study. Before deployment of the MEA, patients
are given 10,000 IU heparin with later boluses to
maintain activated clotting time at 300–400 sec.
The MEA catheter is deployed via the retrograde
transaortic route over a 0.032-in. J-tipped guidewire
advanced to the LV apex (Figure 4.2). With the pig-
tail of the MEA in the LV apex, the guidewire is
withdrawn and the balloon is inflated.

It is important to carefully position the MEA in
dilated LVs, because an eccentric position may re-
sult in poor reconstruction of electrograms on car-
diac walls >34 mm from the MEA center [19]. With
the aid of the locator signal the mapping/ablation
catheter is dragged around the endocardial surface
to collect a large series of points and construct a
geometric model representative of the LV. Trabecu-
lations may limit catheter manipulation, and it can
be helpful to use a catheter inversion technique to
access some parts of the LV to complete the recon-
struction (Figure 4.2).

The electrograms derived from the reconstruc-
tion process are then superimposed onto the endo-
cardial model to produce dynamic high-resolution

Figure 4.2 Fluoroscopic image
demonstrating the noncontact
multielectrode array filled with contrast
medium/saline (A). This has been
deployed in a retrograde fashion across
the aortic valve (AV) in the left ventricle.
A trans-septal mapping catheter (B) and
a retrograde transaortic mapping
catheter (C) are also shown. Note that
this patient also has a dual chamber
implantable cardioverter defibrillator
with a lead (D) in the right ventricle and
(E) in the right atrial appendage. The
mapping catheter (in this case the
transaortic mapping catheter) can be
inverted to reach the basal parts of the
left ventricle.
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Figure 4.3 Isopotential maps recorded during mapping of
a ventricular tachycardia (VT) circuit. The virtual
endocardium may be rotated and the orientation in 3D
space is depicted by the torso in the top left corner of the
image. In this case the ventricle is orientated in a steep
RAO view. The sequence of panels is shown as isopotential
maps for a VT with cycle length 380 msec, in reverse order,
as one would do if mapping this VT. Therefore, panel 1
shows the end of the systole and panel 8 the beginning of
diatole. In panel 1 the virtual endocardium is translucent
and the multielectrode array position can be seen. The

translucency has been removed in the rest of the panels.
Systolic activation is shown during VT in panels 1 and 2.
The VT is then mapped backwards in time. Panels 3 and 4
show the probable exit site of the VT. Panels 4–8 show
slow conduction (inferred from the small distance covered
by the activation on the isopotential maps during a time
period of 150 msec). This presumably represents part of the
diastolic pathway for the VT circuit. Ablation at the exit
site (marked by a red dot on panel 4) terminated VT and
rendered it noninducible. KEY: MVA = mitral valve annulus.

isopotential maps (Figure 4.3). Isopotential maps
are color-coded to represent changes in potential
difference on the endocardium. Maximum –dV/dt
with endocardial activation is seen as a spectral
change from resting purple to white color on the
isopotential map.

After the basic geometry has been configured, VT
is induced and mapping is undertaken as follows:

(i) Identification of diastolic pathways (Fig-
ure 4.3) is started by identification of the VT exit
site which is defined as a rapidly spreading focus of
activity coincident with onset of the QRS complex
on the surface ECG, leading to systolic activation
of the ventricle. Diastolic activity during VT is then
defined as activity progressing in a continuous fash-
ion to the VT exit site. In practice the exit site can
be seen as a white spot of activation when an isopo-
tential map is displayed at the onset of surface ECG
QRS complex. Diastolic activity is then identified by
moving the isopotential map display back in time.
When a discrete spot of diastolic activity can no
longer be seen on the map, then the limit of the

diastolic pathway identified by the system has been
reached and all diastolic activity identified before
this is ignored.

(ii) Ablation catheters are navigated to the targets
of interest identified by noncontact mapping.

(iii) Complimentary conventional mapping tech-
niques are then used to assess and reconfirm target
sites before ablation.

(iv) Ablation is performed during VT if possible.
If VT is terminated then attempts are made to re-
induce tachycardia. The clinical endpoint used to
determine success of ablation is defined as rendering
inducible VT noninducible.

Results with noncontact mapping techniques in
patients with postmyocardial infarction VT have
been reported by a number of groups. Initial expe-
rience in noncontact mapping and guiding ablation
of sustained monomorphic VT was described in 24
patients [20], most of whom had poor LV function
(mean ejection fraction 39%). Twenty-one of these
patients had structural heart disease, of whom 19
had infarct-related VT.
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In this study, repeat cross-correlation during VT
between reconstructed and contact electrograms
recorded from the same endocardial location, con-
firmed that almost all comparisons gave a correla-
tion coefficient of greater than 0.8. Most patients
had multiple VT morphologies with a total of 81
different VTs mapped, of which 24 were identified
as clinical morphologies. A further 15 VTs were
recorded prior to deployment of the MEA. Based on
noncontact data, 80 (99%) exit sites were mapped
and diastolic activity continuous to the point of en-
docardial breakout was identified in 54 (67%) VTs.
Complete VT circuits were mapped in 17 (22%) VT
morphologies, and partial diastolic pathways were
seen in 37 VTs that constituted 36% ± 30% of the
diastolic pathway.

Using a total of 154 radiofrequency energy ap-
plications (mean of four per VT), 38 target VTs
were successfully ablated, 15 of which were clinical.
Four VTs that shared complete diastolic pathways
in contrarotation were ablated with only two ra-
diofrequency energy applications. The importance
of identifying diastolic activity for ablation is re-
flected in the highest success rate (80%) achieved at
target sites where at least part of the diastolic activity
was identified. This compares favorably to the poor
results that were achieved at exit sites (21%) and
regions remote from the diastolic pathway (9%).

Long-term follow-up has since been reported in
40 patients, all with infarct-related VT refractory to
drug therapy [21]. The mean ejection fraction was
36%. Twelve patients had anterior infarction, eight
inferior, three posterior, one lateral, and sixteen had
multiple sites of infarction.

Patients took a variety of drugs including amio-
darone, beta-blockers, mexiletine, and flecainide.
Thirteen patients had ICDs (32.5%) in situ. Abla-
tion was performed in 12 of these patients to reduce
unacceptable frequency of device therapy and in one
to enable discontinuation of amiodarone therapy.
One-hundred and forty morphologies of VT were
mapped (CL 400.75 ± 89.8 msec, mean 3.5 VTs
per patient, range 0–13). Thirty-six of the mapped
tachycardias (25.7%) were clinical VT morpholo-
gies (CL 415.4 ± 93.0 msec). One-hundred and
four morphologies were either previously not doc-
umented or only induced at previous EP studies.

Noncontact mapping identified endocardial acti-
vation that preceded or was synchronous with QRS

onset in all patients. Endocardial diastolic activa-
tion was seen in 55% of VT morphologies, with
a complete reentrant circuit identified in 17% of
cases. Diastolic activity could not be identified in
45% of tachycardias. An acute success rate of 82.7%
was achieved, which is comparable to results of pre-
vious series using this technology [22], with stud-
ies of substrate mapping to guide linear ablation
lines at infarct border zones [23–26] and with se-
ries using conventional mapping techniques alone
[27–31].

The overall success rate might have been higher if
irrigated-tip ablation catheters had been used rou-
tinely. Ablation was successfully completed in 33
patients. No patient suffered a cardiac complica-
tion as a result of MEA deployment. A total of 26
patients subsequently had ICDs in situ, with ther-
apy histories available in 24 patients. Recurrence
of an ablated VT occurred within the first week in
four patients, of whom two required intracoronary
ethanol injection at repeat procedures. Importantly,
only 7.5% of patients following successful ablation
had a documented recurrence of an ablated VT over
a total mean 3-yr follow- up.

Despite the initial and long-term success rates for
ablated VTs, however, both new nontargeted VTs
and VF were seen in 45% of patients during follow-
up. The estimated survival probabilities for all pa-
tients at 1, 2, 3, and 5 years were 0.85, 0.82, 0.72, and
0.60, respectively. Inducibility of VT immediately
following the procedure did not predict probability
of survival. The group with ICD histories prior to
and following ablation provide a unique and more
complete account of ablation success with this tech-
nique. Although ICD therapies were reduced in all
patients, only 64% of patients in this group were
completely free of device therapies after an average
of 2 years; 27% received shocks, although only one
patient had a recurrence of an ablated VT.

Similarly, despite a complete absence of recur-
rence of an ablated VT, 77% of patients who under-
went ICD placement after ablation received thera-
pies, including 62% who received shocks. New VTs
seen after ablation may reflect the evolving nature of
the underlying substrate in patients with ischemic
heart disease and settles the question of whether
all patients with infarct-related VT should be con-
sidered for an ICD prognostically as a matter of
safety, irrespective of VT inducibility, because of the
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long-term risk of developing malignant ventricular
arrhythmias.

Ventricular Arrhythmias: Nonischemic
The use of noncontact mapping for ventricular ar-
rhythmias is not limited solely to postinfarct VT.
Several reports have been published on the use of
the MEA in patients with right ventricular outflow
tract (RVOT) ectopy and tachyarrhythmia [32] in-
cluding children [33].

Ablation of the arrhythmia, which usually arises
from abnormally triggered activity in the RVOT
with characteristic left bundle inferior axis VT and
a structurally normal heart, can be problematic. Al-
though RF ablation can eliminate tachycardia in
83–100% of patients with frequent ectopy or VT
[34], the absence of VT or clinical ectopy despite
adrenergic and electrical stimulation in the elec-
trophysiology laboratory limits localization of the
arrhythmogenic substrate.

The noncontact mapping system permits gen-
eration of a potential map from a single prema-
ture ventricular complex, which can be valuable in

patients with infrequent VT. In these cases the MEA
is advanced through the vasculature in low profile
to the RVOT over a 0.035-in. guidewire. A standard
deflectable ablation catheter may be placed in the
pulmonary artery and slowly withdrawn until sharp
bipolar electrograms are recorded on the distal elec-
trodes, signifying the pulmonary valve–RVOT junc-
tion. Using this position as a fluoroscopic landmark,
the MEA is then deployed at least 1 cm below the
valve (Figure 4.4). A geometry of the RV can then
be created by sweeping a mapping catheter along
the RV endocardium. Upon geometry completion,
isopotential maps are generated and virtual electro-
grams are reconstructed to identify the earliest site
of activation when the morphology of the recorded
complexes matches the clinical arrhythmia.

After the earliest activation has been identified,
the site may be ablated either during tachycardia
or during normal sinus rhythm when nonsustained
(Figure 4.4; Videoclip 3 ). In one series [32] non-
contact mapping was used in a particularly difficult
group of ten patients with RVOT VT. Of these, 70%
had failed previous ablation, 30% had received ICD

Figure 4.4 The fluoroscopic image on the left shows the
noncontact multielectrode array (MEA) deployed in the
right ventricular outflow tract (RVOT). The guidewire
(arrow) is extended out of the MEA catheter and into the
pulmonary artery to give stability. A mapping catheter (A)
in the RVOT, and a diagnostic catheter (B) in the right
ventricular apex (RVA) are also shown. Panels 1–3 on the
right show the activation maps during a single beat of
RVOT tachycardia, in two different views (torso denotes

orientation). Panel 1 shows activation as a colored patch
originating from the RVOT, and spreading to the rest of
the right ventricle in panels 2 and 3. These maps could also
have been generated from a single ventricular ectopic
with a morphology matching that of the clinical
tachycardia, and then used to guide ablation. In this
particular case a cluster of ablation lesions in the RVOT
(shown as red markers) rendered the arrhythmia
noninducible with disappearance of any RVOT ectopy.
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Figure 4.5 Isopotential maps depicting a macro-reentrant
right atrial tachycardia following atriopulmonary Fontan.
The right atrium (RA) is seen from the right posterior
oblique view (torso denotes orientation). At the inferior
aspect of the posterolateral wall an area of dense scar
defined by simultaneous contact mapping (CARTO,
Biosense Webster, Diamond Bar, CA) has been annotated
to the noncontact reconstruction (red diamond outline).
The possible position of the crista terminalis (CT) running
from the scar to the superior aspect of the posterolateral
wall has similarly been annotated (green line). During
sinus rhythm activation was seen to proceed across the
crista terminalis from the upper lateral to posterior wall.
Amplitude of the local noncontact electrograms (EGM) are

denoted by colors (see color bar on left of image); white
denotes areas with lowest amplitude; clear areas are
nondepolarized tissue and the spectrum of colors indicate
EGM in between. During tachycardia conduction block as
defined by double potentials separated by >50 msec were
noted along the length of the CT. Activation is seen to
break out from a gap in the line of block between the
inferior scar (fixed block) and superior CT (functional
block) and progress onto the lateral atrial wall (panels
1–2). The wave front rotates around the RA in an
equatorial fashion (panels 3–5), ultimately returning to the
crista gap which allows the circuit to perpetuate (panel 6).
(Image kindly provided by Dominic J. Abrams.)

therapy before referral, and 50% had no sustained
VT to guide mapping. Despite this, noncontact-
guided ablation was acutely successful in 90% of this
population, with no recurrence in 78% of acutely
successful patients during a mean follow-up of 11
months.

Other nonischemic ventricular arrhythmias
where the MEA has been used successfully include
patients with arrhythmogenic right ventricular car-
diomyopathy, idiopathic dilated cardiomyopathy
[35], and idiopathic ventricular fibrillation [36].

Atrial Arrhythmias
The noncontact mapping system may be used to
map any form of atrial arrhythmia, although its use
is particularly suited to those forms that are nonsus-
tained. When used in the right atrium the MEA is
deployed over a 0.035-in. guidewire, which is usu-
ally advanced to the superior vena cava with the wire
left in situ to support the balloon, and the rest of its
use is similar to that in the ventricle with genera-

tion of a virtual endocardium onto which the isopo-
tential maps are superimposed (Figure 4.5; Video-
clip 4 ).

Patients are anticoagulated with 10,000 IU hep-
arin and later boluses to maintain activated clotting
time at 300–400 sec. The use of noncontact map-
ping in identification and treatment of focal atrial
tachycardias (ATs) has been validated [37]. In 13
patients with 14 focal ATs, the noncontact mapping
system was used to map and guide ablation of AT. AT
origins were in the crista terminalis (n = 8), right
atrial (RA) free wall (n = 3), Koch triangle (n = 1),
anterior portion of RA–inferior vena cava junction
(n = 1), and superior portion of tricuspid annulus
(n = 1). Breakout sites were in the crista terminalis
(n = 5), RA free wall (n = 5), middle cavotricuspid
isthmus (n = 2), and RA–superior vena cava junc-
tion (n = 2). After applications of RF energy on the
earliest activation site or the proximal portion of
preferential conduction from the AT origin, 13 ATs
were eliminated without complication. During a
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follow-up period of 8 ± 5 months), 11 (91.7%) of
the 12 patients with successful ablation were free of
focal ATs.

Radiofrequency ablation of the cavotricuspid
isthmus (CTI) is highly effective in eliminating typ-
ical right atrial (RA) flutter, but in contrast, the
mechanisms of nonincisional atypical RA flutters
is limited. Noncontact mapping has been used to
demonstrate that atypical RA flutters can arise from
single-loop or double-loop figure-of-eight reen-
try. During single-loop reentry, the activation wave
front circulates around a central obstacle composed
of a functional block area and the RA appendage.
During figure-of-eight reentry, simultaneous up-
per and lower loop reentry through a crista termi-
nalis gap, or simultaneous upper loop and free-wall
reentry through the common channel between the
crista terminalis and a central obstacle was found.
Radiofrequency ablation of the free-wall channel
and/or the crista terminalis gap is effective in elim-
inating these atrial flutters [38].

Use is not limited to the RA with respect to atrial
arrhythmias. Left atrial tachycardias may also be
successfully mapped and ablated using the MEA via
a trans-septal route [39]. Use in patients with atrial
fibrillation may be limited by proximity of the MEA
to all of the left atrium [40], but arrhythmogenic
pulmonary veins can still be identified successfully
[41] and as a research tool the noncontact system
may help to elucidate mechanisms of atrial fibrilla-
tion initiation and maintenance [42].

Arrhythmias in Patients with
Congenital Heart Disease
The properties of noncontact mapping described
may make it attractive for use in patients with con-
genital heart disease who often have complex ar-
rhythmia substrates and multiple nonsustained ar-
rhythmias. In one early series it was possible to
identify and successfully ablate both macro reen-
trant and micro reentrant arrhythmias in patients
after surgical correction of congenital heart disease
in over 90% of cases [43]. Also, although it has been
possible to demonstrate success in certain congen-
ital heart disease patients, such as those after the
Fontan procedure [44], limitations in this group
of patients have recently been demonstrated, due
to the size of the chambers being studied and hence
inaccuracy at the limits of the MEA capabilities [45].

Potential Nonarrhythmic
Applications of Noncontact
Mapping

Cardiac resynchronization therapy (CRT) can help
to improve left ventricular function in patients
with heart failure, but only if those regions of my-
ocardium that are mostly compromised by elec-
tromechanical desynchronization can be identified
and effectively stimulated. Failure of CRT to pro-
duce clinical benefits may reflect left ventricular lead
placement in regions of slow conduction that can
be overcome by pacing in more normally activating
regions. Noncontact mapping can be used to iden-
tify regions of slow conduction and hence guide the
site of left ventricular pacing [46].

Similarly, for heart failure patients with right
bundle branch block (RBBB), noncontact mapping
has demonstrated significant LV activation delay in
addition to that of the right ventricle, forming the
electrophysiologic basis for recommending CRT in
heart failure patients with RBBB [47]. It is even pos-
sible to use noncontact mapping in complex con-
genital heart disease patients to help define sites of
late activation [48], although all of these applica-
tions require proper prospective evaluation.

Special Features and Limitations
of Noncontact Mapping

Dynamic Substrate Mapping
It may be possible to address some of the limitations
of mapping VT itself by using dynamic substrate
mapping [49]. This technique allows identification
of low voltage areas that may be the substrate for the
arrhythmia and can be performed in sinus rhythm.
As with isopotential mapping, the array may be used
to acquire surface voltage characteristics during a
single cardiac cycle. It is then possible to identify po-
tential voltage barriers, such as scar tissue, and the
threshold for low-voltage detection may be manu-
ally adjusted. The same limitations as for isopoten-
tial mapping are seen with this technique, that is,
reduced accuracy with increasing distance from the
MEA and alterations of the voltage map according
to the filter settings. Ultimately, the technique has
yet to be validated in ischemic VT, but may give ad-
ditional guidance when diastolic potentials cannot
be identified.
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Difficulties in Demonstrating the
Diastolic Pathway/Diastolic Potentials
Although the ability to map the entire tachycardia
cycle length within a single cycle is clearly an in-
herent advantage when mapping unstable VT, it is
not always possible to accurately demonstrate the
diastolic pathway. Several factors contribute to this.
Previous studies have demonstrated that although
the exit point may be identified in almost all post-
MI VT, and diastolic pathways may be identified in
up to 80% of cases, an average of only 40% of the
diastolic interval itself can be traced [20, 35, 50].

The entire reentry circuit can be mapped in up
to 20% of post-MI VT using this technique [20].
It is possible that the reentry circuit is not entirely
confined to the endocardial surface, with intramu-
ral or subepicardial areas of slow conduction. This
has been previously demonstrated by surgical map-
ping [22]. Also, the volume of the tissue forming the
diastolic component of the circuit may be insuffi-
cient to produce electrograms that can be identified
by the noncontact mapping system. Identification
is further hampered by saturation of the isopoten-
tial maps occurring with repolarization of the LV,
as this may lead to similarities between the lower-
frequency and amplitude diastolic potential electro-
grams detected by the system, and those of repolar-
ization [51].

Filter Settings
Changing the filter settings used to display virtual
electrograms can have a profound effect on the mor-
phology of the electrogram (as it also can for con-
tact electrograms). Although the focus shift with
high-pass filter changes has little impact on the
electrograms [52], when trying to identify and dis-
play the low-amplitude unipolar signals associated
with diastolic potentials, adjustment of filtering may
be necessary to differentiate true electrical activity
from noise. Although definitions vary slightly, it is
widely accepted that the maximum –dV/dt defines
local activation on a unipolar electrogram.

The effect on the inverse solution and noncontact
reconstruction of electrograms appears to some-
what lower the frequency of low-amplitude poten-
tials. It can therefore be difficult to distinguish the
deflections of a unipolar virtual electrogram from
baseline wander. Increasing the high-pass filter can
help to distinguish such noise from true electrical

activation on the ispotential maps, but it should
be remembered that it may also filter out the vir-
tual electrograms associated with true activation for
this reason. A number of different filter settings may
therefore need to be tried with the operator looking
at the electrograms produced at the region of inter-
est on the isopotential map, rather than relying on
the isopotential map alone to guide ablation.

Conclusion

Noncontact mapping has been validated in a num-
ber of clinical settings including hemodynamically
unstable or nonsustained ventricular tachycardia.
The ventricular tachycardia and atrial flutter reen-
try circuits identified by the noncontact mapping
system have also been validated by examining the
outcome of application of RF energy on portions of
the circuits critical to maintenance of the arrhyth-
mias.

Electrogram reconstruction has been demon-
strated to be accurate, but this accuracy decreases as
the MEA–endocardial distance increases, and this
becomes significant when this distance is greater
than 34 mm. Noncontact mapping has also been
able to provide new insights into the mechanisms
of some arrhythmias, and may have potential for use
in nonarrhythmic settings such as guiding cardiac
resynchronization lead placement. Although there
are limitations to the technique, noncontact map-
ping remains a useful tool in the management of a
significant number of patients.

References

1 Allessie MA, Lammers WJEP, Smeets JRLM, Bonke

FIM, Hollen J. Total mapping of atrial excitation dur-

ing acetylcholine-induced atrial flutter and fibrillation in

the isolated canine heart. In: Kulbertus HE, Olsson SB,

Schlepper M, eds. Atrial Fibrillation. Lindgren and Soner,

Mölndal, Sweden, 1982: 44–62.

2 Allessie MA, Lammers WJEP, Bonke FIM, Hollen J. Exper-

imental evaluation of Moe’s multiple wavelet hypothesis

of atrial fibrillation. In: Zipes DP, Jalife J, eds. Cardiac

Arrhythmias. Grune & Stratton, New York, 1985: 265–76.

3 Cauchemez B, Haissaguerre M, Fischer B, Thomas O,

Clementy J, Coumel P. Electrophysiological effects of

catheter ablation of inferior vena cava–tricuspid annu-

lus isthmus in common atrial flutter. Circulation 1996;

93: 284–94.



BLBK050-Shenasa September 25, 2008 16:46

CHAPTER 4 Noncontact Endocardial Cardiac Mapping 47

4 Cosio FG, Lopez-Gil M, Arribas F, Palacios J, Goicolea

A, Nunez A. Mechanisms of entrainment of human com-

mon flutter studied with multiple endocardial recordings.

Circulation 1994; 89: 2117–25.

5 Josephson ME, Horowitz LN, Farshidi A, Kastor JA. Re-

current sustained ventricular tachycardia. I. Mechanisms.

Circulation 1978; 57: 431–39.

6 Karagueuzian HS, Fenoglio JJ, Weiss MB, Wit AL. Pro-

tracted ventricular tachycardia induced by premature

stimulation in the canine heart after coronary artery oc-

clusion and reperfusion. Circ Res 1979; 44: 833–46.

7 de Bakker JMT, Coronel R, Tasseron S, et al. Ventricular

tachycardia in the infarcted, Langendorf-perfused human

heart: role of the arrangement of surviving cardiac fibres.

J Am Coll Cardiol 1990; 15: 1594–1607.

8 Wellens HJJ, Schuilenberg RM, Durrer D. Electrical stim-

ulation of the heart in patients with ventricular tachycar-

dia. Circulation 1972; 46: 216–26.

9 Stevenson WG, Friedman PL, Kocovic D, Sager PT, Saxon

LA Pavri B. Radiofrequency catheter ablation of ventric-

ular tachycardia after myocardial infarction. Circulation

1998; 98: 308–14.

10 Stevenson WG, Khan H, Sager P, et al. Identification

of reentry circuit sites during catheter mapping and ra-

diofrequency ablation of ventricular tachycardia late af-

ter myocardial infarction. Circulation 1993; 88: 1647–

70.

11 El-Sherif N, Mehra R, Gough WB, Zeiler RH. Reentrant

ventricular arrhythmias in the late myocardial infarction

period: interruption of reentrant circuits by cryothermal

techniques. Circulation 1983; 68: 644–56.

12 Gulrajani R, Roberge F, Savard P. The inverse problem

of electrocardiography. In: Macfarlane P, Veitch Lawrie

T, eds. Comprehensive Electrocardiology. Pergamon Press,

New York, 1989: 237–88.

13 Frank E. Absolute quantitative comparison of instanta-

neous QRS equipotentials on a normal subject with dipole

potentials on a homogenous torso model. Circ Res 1955;

3: 243–51.

14 Savard P, Roberge FA, Perry JB, Nadeau RA. Representa-

tion of cardiac electrical activity by a moving dipole for

normal and ectopic beats in the intact dog. Circ Res 1980;

46: 415–25.

15 Ideker RE, Brody DA, Cox JW, Keller FW. Examination

of a multiple dipole inverse cardiac generator based on

accurately determined model data. J Electrocardiol 1973;

6: 197–209.

16 Arthur RM, Geselowitz DB, Briller SA, Trost RF.

Quadrupole components of the human surface electro-

cardiogram. Am Heart J 1972; 83, 663–77.

17 Oster HS, Taccardi B, Lux RL Ershler PR, Rudy Y. Non-

invasive electrocardiographic imaging: reconstruction of

epicardial potentials, electrograms, and isochrones, and

localization of single and multiple electrocardiac events.

Circulation 1997; 96: 1012–24.

18 Taccardi B, Arisi G, Macchi E, Baruffi S, Spaggiari S. A

new intracavitary probe for detecting the site of origin of

ectopic ventricular beats during one cardiac cycle. Circu-

lation 1987; 75: 272–81.

19 Schilling RJ, Peters NS, Davies DW. A noncontact catheter

for simultaneous endocardial mapping in the human left

ventricle: comparison of contact and reconstructed elec-

trograms during sinus rhythm. Circulation 1998; 98: 887–

98.

20 Schilling RJ, Peters NS, Davies DW. Feasibility of a non-

contact catheter for endocardial mapping of human ven-

tricular tachycardia. Circulation 1999; 99:2543–52.

21 Segal OR, Chow AW, Markides V, Schilling RJ, Peters NS,

Davies DW. Long-term results after ablation of infarct-

related ventricular tachycardia. Heart Rhythm 2005; 2:

474–82.

22 Kaltenbrunner W, Cardinal R, Dubruc M, et al. Epicar-

dial and endocardial mapping of ventricular tachycardia

in patients with myocardial infarction: is the origin of

the tachycardia always subendocardially localized? Circu-

lation 1991; 84: 1058–71.

23 Varanasi S, Dhala A, Blanck Z, Deshpande S, Akhtar M,

Sra J. Electroanatomic mapping for radiofrequency ab-

lation of cardiac arrhythmias. J Cardiovasc Electrophysiol

1999; 10: 538–44.

24 Kautzner J, Cihak R, Peichl P, Vancura V, Bytesnik

J. Catheter ablation of ventricular tachycardia follow-

ing myocardial infarction using three-dimensional elec-

troanatomical mapping. Pacing Clin Electrophysiol 2003;

26: 342–47.

25 Reddy VY, Neuzil P, Taborsky M, Ruskin JN. Short-term

results of substrate mapping and radiofrequency abla-

tion of ischemic ventricular tachycardia using a saline-

irrigated catheter. J Am Coll Cardiol 2003; 41: 2228–

36.

26 Soejima K, Suzuki M, Maisel WH, et al. Catheter ablation

in patients with multiple and unstable ventricular tachy-

cardias after myocardial infarction: short ablation lines

guided by reentry circuit isthmuses and sinus rhythm

mapping. Circulation 2001; 104: 664–69.

27 Morady F, Harvey M, Kalbfleisch SJ, el-Atassi R, Calkins

H, Langberg JJ. Radiofrequency catheter ablation of ven-

tricular tachycardia in patients with coronary artery dis-

ease. Circulation 1993; 87: 363–72.

28 Gonska BD, Cao K, Schaumann A, Dorszewski A, von

zur Muhlen F, Kreuzer H. Catheter ablation of ventricular

tachycardia in 136 patients with coronary artery disease:

results and long-term follow-up. J Am Coll Cardiol 1994:

24: 1506–14.

29 Rothman SA, Hsia HH, Cossu SF, Chmielewski IL,

Buxton AE, Miller JM. Radiofrequency catheter ablation



BLBK050-Shenasa September 25, 2008 16:46

48 PART II Methodological and Technical Considerations

of postinfarction ventricular tachycardia: long-term suc-

cess and the significance of inducible nonclinical arrhyth-

mias. Circulation 1997; 96: 3499–3508.

30 Strickberger SA, Man KC, Daoud EG, et al. A prospective

evaluation of catheter ablation of ventricular tachycardia

as adjuvant therapy in patients with coronary artery dis-

ease and an implantable cardioverter–defibrillator. Circu-

lation 1997; 96: 1525–31.

31 O’Donnell D, Bourke JP, Simeonidou E, Furniss SS.

Radiofrequency ablation for postinfarction ventricular

tachycardia. Report of a single center experience of 112

cases. Eur Heart J 2002; 23: 1699–1705.

32 Friedman PA, Asirvatham SJ, Grice S, et al. Noncon-

tact mapping to guide ablation of right ventricular out-

flow tract tachycardia. J Am Coll Cardiol 2002; 39: 1808–

12.

33 Paul T, Blaufox ATD, Saul JP. Noncontact mapping and

ablation of tachycardia originating in the right ventricular

outflow tract. Cardiol Young 2002; 12: 294–97.

34 Flemming MA, Oral H, Kim MH, et al. Electrocardio-

graphic predictors of successful ablation of tachycardia

or begeminy arising in the right ventricular outflow tract.

Am J Cardiol 1999; 84: 1266–68.

35 Della Bella P, Pappalardo A, Riva S, Tondo C, Fassini G,

Trevisi N. Noncontact mapping to guide catheter ablation

of untolerated ventricular tachycardia. Eur Heart J 2002;

23: 742–52.

36 Betts TR, Yue A, Roberts PR, Morgan JM. Radiofrequency

ablation of idiopathic ventricular fibrillation guided by

noncontact mapping. J Cardiovasc Electrophysiol 2004; 15:

1–3.

37 Higa S, Tai C-T, Lin Y-J, et al. Focal atrial tachycardia: new

insight from noncontact mapping and catheter ablation.

Circulation 2004; 109: 84–91.

38 Tai C-T, Liu T-Y, Lee P-C, Lin Y-J, Chang M-S, Chen S-

A. Noncontact mapping to guide radiofrequency ablation

of atypical right atrial flutter. J Am Coll Cardiol 2004; 44:

1080–86.

39 Cohen TJ, Juang G, Daggubati R. Utility of noncontact

three-dimensional mapping of the left atrium for ablation

of left atrial tachycardia. J Invasive Cardiol 2004; 16: 100–

01.

40 Earley MJ, Abrams DJ, Sporton SC, Schilling RJ. Valida-

tion of the noncontact mapping system in the left atrium

during permanent atrial fibrillation and sinus rhythm.

J Am Coll Cardiol 2006; 48: 485–91.

41 Hindricks G, Kottkamp H. Simultaneous noncontact

mapping of left atrium in patients with paroxysmal atrial

fibrillation. Circulation 2001; 104: 297–303.

42 Earley MJ, Abrams D, Sporton SC, Schilling RJ. High-

frequency reentry circuits driving permanent AF: evi-

dence from global left atrial mapping in humans. Heart

Rhythm 2005; 2: S105.

43 Paul T, Windhagen-Mahnert B, Kriebel T, et al.

Atrial reentrant tachycardia after surgery for congenital

heart disease: endocardial mapping and radiofrequency

catheter ablation using a novel, noncontact mapping sys-

tem. Circulation 2001; 103: 2266–71.

44 Betts TR, Roberts PR, Allen SA, et al. Electrophysiological

mapping and ablation of intra-atrial reentry tachycardia

after Fontan surgery with the use of a noncontact mapping

system. Circulation 2000; 102: 419–25.

45 Abrams DJ, Earley MJ, Sporton SC, et al. Comparison of

noncontact and electroanatomic mapping to identify scar

and arrhythmia late after the Fontan procedure. Circula-

tion 2007; 115: 1738–46.

46 Lambiase PD, Rinaldi A, Hauck J, et al. Noncontact left

ventricular endocardial mapping in cardiac resynchro-

nization therapy. Heart 2004; 90: 44–51.

47 Fantoni C, Kawabata M, Massaro R, et al. Right and left

ventricular activation sequence in patients with heart fail-

ure and right bundle branch block. J Cardiovasc Electro-

physiol 2005; 16: 112–19.

48 Michael KA, Veldtman GR, Paisey JR, et al. Noncontact-

mapping-guided cardiac resynchronization therapy for a

failing systemic right ventricle. Europace 2007; 9: 880–83.

49 Jacobson JT, Afonso VX, Eisenman G, et al. Charac-

terization of arrhythmogenic substrate and ventricular

tachycardia circuits with noncontact unipolar mapping

in a porcine model of myocardial infarction (abstr).

J Am Coll Cardiol 2005; 45: Suppl 106A.

50 Strickberger SA, Knight BP, Michaud GF, Pelosi F, Morady

F. Mapping and ablation of ventricular tachycardia guided

by virtual electrograms using a noncontact, computerized

mapping system. J Am Coll Cardiol 2000; 35, 414–21.

51 Schilling RJ, Peters NS, Davies DW. Mapping and ablation

of ventricular tachycardia with the aid of a noncontact

mapping system. Heart 1999; 81: 570–75.

52 Schneider MAE, Ndrepepa G, Weber S, Deisenhofer I,

Schömig A, Schmitt C. Influence of high-pass filtering on

noncontact mapping and ablation of atrial tachycardias.

Pacing Clin Electrophysiol 2004; 27: 38–46.



BLBK050-Shenasa September 25, 2008 16:28

5 CHAPTER 5

Principles of Nonfluoroscopic
Electroanatomical and
Electromechanical Cardiac
Mapping

Yitzhack Schwartz, MD1 & Shlomo A. Ben-Haim, MD, DSc2

1Rambam Healthcare Campus Haifa, Israel
2Caesarea, Israel

Summary

The novel CARTO and NOGA 3D cardiac mapping

systems have revolutionized the fields of

therapeutic electrophysiology and interventional

cardiology. This chapter summarizes more than a

decade of intensive research and substantial clinical

experience. It provides updated essential

information for basic scientists and active clinicians

and suggests foreseeable future developments.

Introduction

Conventional cardiac mapping entails recording
electrograms from a multiplicity of sites within the
heart, the result of which are presented as an activa-
tion map. A typical cardiac map is usually made up
of several data points, each having two values: (i)
the local information (i.e., activation time in elec-
trophysiological maps, local shortening in mechan-
ical maps), and (ii) the location coordinates within
the heart. In the earlier years of cardiac electrophys-
iological tracking, as the recording electrodes were
hard fixed to a recording array (e.g., epicardial sock),
the location error was relatively small and thus dis-
regarded. Until 1997, localization of the mapping

electrode within the patient’s heart was rather in-
accurate as it was based solely on 2D fluoroscopic
images. Determination of location using 2D fluoro-
scopic images is extremely limited and impeded the
development of new ablation therapies for treating
certain arrhythmia.

The nonfluoroscopic mapping system, first de-
scribed in 1996 [1], simultaneously recorded the
exact location and local electrograms sensed with
the mapping electrode and facilitated the rapid
development of diagnostic and therapeutic inter-
vention in which the knowledge of relative lo-
cation within the heart is essential. This chapter
describes the method for cardiac electroanatom-
ical and electromechanical mapping using an
intrabody, real-time, high-resolution, nonfluoro-
scopic location and navigation system. Several well-
established applications of the technology in both
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electrophysiology and interventional cardiology are
presented. We also review the impact of an inte-
grated mapping approach and will suggest several
paths for its development in the future.

Method

Concept
The nonfluoroscopic electroanatomical cardiac
electrophysiology mapping system is composed of
an electrophysiologic recording catheter with an in-
corporated location sensor at its tip. This new “lo-
catable” catheter enables automatic and simultane-
ous acquisition of the local electrograms sensed at
the tip electrode together with the 3D location coor-
dinates. The mapping system acquires the location
of the catheter tip electrode (a single location at a
fixed time during the cardiac cycle), together with
its local electrogram (throughout the cardiac cycle),
and reconstructs the 3D electroanatomical maps of
the heart in real-time without the use of X-rays. In
this manner, 3D electroanatomical maps of the hu-
man heart disclose, for the first time, the complex
relationship between cardiac chamber anatomy and
electrophysiological properties.

The nonfluoroscopic, elctromechanical, cardiac
mapping system is similar to the electroanatomical
mapping system. However, in the electromechanical
mapping system the catheter locations are sampled
throughout the cardiac cycle.

System Components
The mapping and navigation system (CARTO r©

Biosense Webster, Diamond Bar, CA) comprises a
miniature passive magnetic field sensor (location
sensor), an external ultralow magnetic field emitter
(location pad), and a processing unit (Figure 5.1a).
The location sensor is integrated into a regular elec-
trophysiological deflectable catheter. The location
pad is located beneath the patient table and gener-
ates an ultralow magnetic field (0.05–0.5 G). The
emitted field possesses well-known temporal and
spatial distinguishing characteristics that “code” the
mapping space around the patient’s chest. The sens-
ing of the magnetic field by the location sensor en-
ables determination of the location and orientation
of the sensor in 6 degrees of freedom (X, Y, Z, and
roll, yaw, and pitch).

Mapping Procedure

Electroanatomical Mapping
A locatable mapping catheter is introduced under
fluoroscopic guidance and positioned inside the
heart to be mapped. The mapping system deter-
mines the location and orientation of the mapping
catheter, gated to a fiducial point in the cardiac cy-
cle. The tip electrograms are recorded throughout
the entire cardiac cycle and automatically associ-
ated with the catheter tip location. The mapping
procedure typically involves sequentially dragging
the catheter tip over the endocardium and acquir-
ing multiple tip locations, together with their re-
spective electrograms. The set of gated catheter tip
locations is used to reconstruct the 3D endocardial
surface. The local activation times (LAT) at each
site are determined and presented as a color-coded
graphic and incorporated into the endocardial sur-
face reconstruction.

To correct for patient movement, a second lo-
catable catheter is also utilized and positioned ei-
ther within the heart or on the patient’s back. The
mapping system subtracts the location of the map-
ping catheter from that of the reference probe, thus
compensating for any motion of the patient. When
sufficient anatomical data are acquired, the opera-
tor may navigate the catheter without using fluo-
roscopy. Data may be acquired during the mapping
procedure to delineate anatomical structures, local
electrophysiological properties, or a combination of
both. The stability of the catheter–endocardial con-
tact is verified before data are added to the map by
comparing the distance between consecutive end-
diastolic locations (location stability, mm) and the
time difference between consecutive LATs (LAT sta-
bility, msec). The reconstruction is updated in real-
time with the acquisition of each new site.

Several maps are generated from the data ac-
quired at each site, and they are as follows:
1 Activation map: Describes the dispersion of acti-
vation times in the mapped region.
2 Propagation map: A dynamic graphic represen-
tation of the activation wavefront throughout the
cardiac cycle.
3 Voltage maps: Graphic representation of the
peak-to-peak voltage of the local electrograms
recorded.
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4 Geometrical maps: Present graphic representa-
tions of the mapped anatomy.

Furthermore, the operator can mark an anatom-
ical site with a colored tag. These tags can be used
in designing the trajectory of complex ablations or
as markers for the specific electrophysiological in-
formation.

Electromechanical Mapping
The basic electromechanical mapping procedure
(NOGA r© Biosense Webster) is identical to that
described for the CARTO r© system. However, as
catheter tip locations are continuously obtained, the
complete endocardial location trajectory through-
out the cardiac cycle is acquired along with the local
electrogram.

At each location, before data are added to the
map, the stability of the catheter–endocardial sur-
face contact throughout the cardiac cycle is tested by
comparing the distance between consecutive loca-
tion trajectories (loop stability, mm), and the time
difference between consecutive LATs (LAT stability,
msec). The reconstruction is updated in real-time
with the acquisition of each new site.

Several maps are generated that from the data
acquired at each site, and they are as follows:
1 Voltage map: Depiction of the peak-to-peak volt-
age of the local electrograms as recorded. In the
normal heart, the maximal voltage map indicates
a rather homogeneous dispersion of endocardial
voltages (usually above 1 mV); however, the basal
area of the mitral and aortic annuli has a typical low
voltage signature in all maps.
2 Local shortening maps: The distance between ad-
jacent endocardial sites throughout the cardiac cy-
cle usually increases during diastole and decreases
during systole. The local shortening index calcu-
lates the weighted average of endocardial distances
around each site. Paradoxical shortening (i.e., in-
creased distances during systole and decreased dis-
tances during diastole) are colored red, while highly
contractile sites are colored purple. Local shorten-
ing mechanical maps in normal LVs demonstrate a
typical homogenous endocardial shortening.

Accuracy and Reproducibility
The location capabilities were extensively tested in
both in vitro and in vivo studies [2–8].
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Figure 5.1 Main components of the mapping system and
its mapping volume: (a) The CARTO is connected to the
patient interface unit (PIU) through which the locatable
catheter and the reference patch are connected. CARTO is
also connected to the ultralow magnetic field generator

(location pad). The communication unit (COM unit) is a
processing unit for determining all location and ECG
calculations and connection to the CARTO workstation.
(b) The effective mapping zone where maximal accuracy is
guaranteed is depicted in green (side view).
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Electroanatomical Mapping

In Vitro Testing

The reproducibility of repeated-location in vitro
measurements of the tip of the catheter, using dif-
ferent orientations at various sizes, was 0.16 ± 0.02
mm (mean ± SEM), and the maximal range of the
standard deviation of the location error was 0.05 ±
0.07 mm [2]. Similarly, relative distances measured
by the system between alternative sites with known
locations were highly accurate (mean error 0.42 ±
0.05 mm) [2].

In Vivo Testing

The location error of repeated in vivo location de-
termination of the catheter while in contact with a
single site on a porcine left ventricular endocardium
was 0.54 ± 0.05 mm, with a maximal range of 1.26
± 0.08 mm [2, 3]. The relative distances measured
by the system while sequentially withdrawing the
mapping catheter inside a long sheath at 10-mm
intervals inside the heart were also determined.
The average location error for this was 0.73 ±
0.03 mm [3].

Repeated electroanatomical activation and prop-
agation maps during sinus rhythm and pacing were
similar and enabled accurate identification of the
pacing site for all animal studies [4]. Accuracy was
also tested by repeatedly applying radiofrequency
(RF) energy to a site on the endocardium that was
tagged on the electroanatomical map [2–4]. These
studies indicated that the location accuracy could
guide delivery of RF energy to create single and
multiple lesions [5–7]. Furthermore, this naviga-
tion and tagging method can be used to direct repet-
itive applications of RF energy to adjoining sites
in order to create a long and continuous lesion. A
high correlation between the computer record of the
length, location, and shape of linear atrial longitu-
dinal lesions and the actual acute histopathological
findings has been demonstrated [7].

Recently, a rare case was published of a patient
who had ablation for VT storm and who died re-
motely from nonarrhythmic causes. The tagged ab-
lation line in the electroanatomical CARTO r© map
highly correlated with the PM findings [8]. Maximal
accuracy is guaranteed within an ample volume for
practical unlimited cardiac mapping (Figure 5.1b).

Electromechanical Mapping
The capability of the system to reconstruct chamber
morphology and then to calculate its volume was
tested in both in vitro and in vivo studies.

In Vitro Testing

The average deviation in calculating the volume of
an ellipsoid phantom was 2.23% [3, 9]. The volu-
metric measurement of 6 LV casts correlated well
with their actual volume (r = 0.94) [3].

A dynamic jig was used to test the system capabil-
ity to acquire multiple locations throughout the car-
diac cycle. Comparison of the measured data to that
of the calculated data indicated that the system had
an average error of 1.43%, 0.69%, and 0.29% when
calculating the end-diastolic volume, end-systolic
volume, and ejection fraction, respectively.

In Vivo Testing

The mapping procedure was evaluated in vivo by
measuring the inter-observer variability in deter-
mining the LV volumes, as well as by testing the
correlation between the calculated stroke volumes
to cardiac output measured with thermodilution
[3]. The interobserver error of determining end-
diastolic volume, end-systolic volume, and ejection
fraction were 5.9%, 7.5%, and 11.3%, respectively.

The capability to measure myocardial viability
was tested in animal models with infarcted LVs by
comparing the calculated infarct locations and size
to the actual pathology [10–12]. Results indicated a
high correlation between the measured and calcu-
lated variables.

Continuous catheter tip stability during the
cardiac cycle is essential and was confirmed by
comparing its trajectory to that of a catheter fixed
in place by an extended needle [13].

Multielectrode Mapping
One limitation of the classic electroanatomical and
electromechanical mapping approaches described
above was that maps were acquired on a point-by-
point basis. To overcome this limitation a multielec-
trode catheter was introduced to enable simultane-
ous mapping in multiple sites. This catheter has a
total of 26 electrodes, a single 4-mm tip, ring elec-
trode, and six rows of four orthogonal electrodes.
Two location sensors, one near the tip electrode and
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the other proximal to the sixth set of orthogonal
electrodes, enable the on-screen display of the shaft
of the catheter. This reconstruction combines the
accurate contact mapping with collected near-field
electrical information via multiple electrodes.

The resolution of the image is continuously re-
fined and updated as new points are acquired. After
acquiring four tip locations, a true representation
of the chamber’s shape appears. A reconstruction of
only 8–10 tip points is equivalent to a standard 50
contact points map [14]. Mapping of typical atrial
flutter using this technique required 22 min com-
pared to 45 min with contact mapping [14]. In-
tegrated tip and shaft point mapping requires less
catheter manipulation and results in much faster
LA and PVs mapping and geometrical rendering
[15]. Furthermore, the greater number of points
obtained allows for a more precise geometric ren-
dering of LA and PVs with clearer demarcation of
PV ostia. This technique can generate a scout map
that, in patients with structural heart disease and
large macroreentrant or focal arrhythmias, accu-
rately guides complete electroanatomic mapping
using fewer point-by-point acquisitions than the
bipolar catheter [16, 17]. It is also useful in epi-
cardial mapping [18].

Inherent Limitations
Catheter mapping using a roving catheter is essen-
tially a sequential, beat-by-beat mapping approach.
This imposes two requirements on the mapping
process: a stable rhythm and a fixed reference point.
Furthermore, because the localization methodol-
ogy is based on recording low-level magnetic fields,
large ferromagnetic materials can affect the mag-
netic field scanned by the sensor in the catheter
(usually when large objects are in the range of 1
cm from the tip).

Minimizing Radiation Exposure
Cardiac catheterization laboratories remain mostly
X-ray suites. All cardiac interventions, even with
modern digital X-ray equipment, are thus asso-
ciated with a significant exposure to X-ray radi-
ation. Increased concern over potential ionizing
radiation effects has especially been raised regard-
ing lengthy electrophysiology studies, usually fol-

lowed by catheter ablation [19–25]. The risk for
patients, especially children and young adults, can-
not be underestimated. Even though radiation risk
from the cardiac ablation procedure is moderate in
comparison to other complications, it may highly
exceed radiation risk from other common radio-
logical procedures. For medical personnel with a
heavy workload, especially in high-volume centers
with dedicated therapeutic EP suites, the total expo-
sure may lead to a significant cumulative radiation
dose [26].

Nonfluoroscopic mapping has dramatically min-
imized patient and personnel radiation risk by
reducing both overall procedure and fluoroscopy
times as well as by decreasing the number of neces-
sary repeated ablations [27, 28].

Clinical Utilization

Electroanatomical Mapping
Since the introduction of electroanatomical map-
ping to the clinical arena more than a decade ago,
diverse modes of clinical use have been reported.
The reported clinical applications include:
1 Activation mapping to identify the insertion of
an accessory pathway [29–35].
2 Activation mapping for detection of foci of atrial
tachycardia [36–48].
3 Identifying the location of the slow pathway dur-
ing the treatment of atrioventricular nodal reentry
[49–51].
4 Local cardiac anatomy mapping for guiding
anatomically based atrial flutter ablation proce-
dures [52–63].
5 Treatment of ventricular tachycardia [64–81].
6 Atrial fibrillation mapping and ablation [82–
103].
7 Mapping and ablation of post surgical arrhyth-
mia especially in structural heart disease [16, 17,
104–117].

Electromechanical Mapping

Electromechanical maps are highly correlated
with echocardiography [118–122], LV angiogra-
phy [123–126], dobutamine stress echocardiogra-
phy [127, 128], SPECT [129–136], PET [122, 137,
138], and delayed enhanced MRI [139].
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Electromechanical mapping is evidently a valu-
able online viability-testing tool [122, 126–136].
In patients with ischemic heart disease it is
highly correlated with radionuclide perfusion and
metabolism studies. Specifically, there was corre-
lation between the location and size of areas with
reduced electrical and mechanical function, indi-
cating infarcted tissue, with fixed perfusion defects
on radionuclide images. Furthermore, a high cor-
relation was also demonstrated between the lo-
cation and size of areas with preserved electrical
but reduced mechanical activity, indicating elec-
tromechanical uncoupling of hibernating viable tis-
sue, with areas of reversible defects and preserved
metabolism on radionuclide images. Impedance
mapping has indicated the transmurality of the
infarct [141,142]. Electromechanical mapping can
thus facilitate clinical decision making in the
cath lab.

Epicardial and Hybrid Endocardial
and Epicardial Mapping

In selected clinical scenarios, transthoracic epicar-
dial mapping [143–146] and even concomitant hy-
brid endocardial and epicardial mapping [18, 147,
148], are valid valuable options.

Guidance of Interventional
Procedures

Direct Myocardial Revascularization
Direct myocardial revascularization (DMR) has
been examined as an attractive alternative treatment
for patients with chronic refractory myocardial is-
chemic syndromes who are not candidates for con-
ventional coronary revascularization. Although the
exact mechanism was poorly understood it was hy-
pothesized that the laser injury will induce a favor-
able angiogenic response.

The combination of a fiber optic carrying
Ho:YAG laser radiation into the locatable catheter
has enabled safe and accurate lasing of the endo-
cardium. The accuracy and safety of the system were
proved in both animal and human studies [149,
150]. The encouraging nonrandomized results have
paved the way to a large-scale blind, random-
ized, placebo-controlled trial, the direct myocar-
dial revascularization (DMR) in regeneration of en-

domyocardial channels (DIRECT) [151]. Some 298
patients from 14 centers were randomized to receive
either the DMR procedure in which they received
a low- or high-dose treatment (10–15 and 20–25
channels per zone, respectively) or a mock proce-
dure in a blinded fashion.

DIRECT has showed unequivocally that treat-
ment with percutaneous myocardial laser revascu-
larization provides no benefit beyond that of a sim-
ilar sham procedure. An improvement across all
study groups clearly suggested a possible significant
placebo effect. This observation has settled a long
and fierce controversy, and percutaneous DMR has
consequently been abandoned.

Direct Guided Myocardial Injection

Ischemic Heart Disease
Better understanding of the natural complex heal-
ing processes of cardiac regeneration, growth of
endothelium-lined vessels (angiogenesis), and ex-
pansion of preexisting collaterals (arteriogenesis),
have raised hopes that gene- and cell-based thera-
pies are finally a viable option. Various novel thera-
peutic applications have accordingly been suggested
for patients with ischemic heart disease. Many ques-
tions regarding these evolving therapies remain
unanswered, including the fundamental issue of
whether the myocardial scar boundaries or ischemic
regions should be targeted. These new directions
call for the ability to directly and accurately deliver
drugs, factors, or genes into the myocardium. Al-
though many routes of delivery exist, transendo-
cardial intramyocardial injection seems an attrac-
tive choice because specific myocardial regions can
be targeted, and higher local concentrations of an
agent can be achieved.

A locatable injection catheter coupled with non-
fluoroscopic electromechanical mapping system
has thus been developed as the platform of choice
for local intramyocardial delivery (Figure 5.2a).
NOGA r©-guidance enables online characterization
of the myocardium, equally spacing the planned in-
jections, and refraining from injecting twice in the
same location or into strategic regions (Figure 5.2b).
The accuracy and safety of the system were tested in
animals [152, 153]. There was no significant loss or
adverse effects to the cells when delivered through
the injection catheter [154]. Unlike incomplete
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(a)

(b)

Figure 5.2 Guided intramyocardial injection: (a)
MyoStar R© locatable injection catheter with extendable
27G needle. (b) Preplanning of intramyocardial injection
therapy can be facilitated by NOGA viability mapping. In
this unipolar voltage map (anteroseptal view with a slight
craniocaudal angle) the red zone with voltage values <4.5
mV indicates truly nonviable myocardium, as

demonstrated by PET, whereas the green zone (4.5–6.0 mV)
indicates viable myocardium that may benefit from cell- or
gene-based therapy. The evenly spaced injection points are
thus planned on the grid mesh on the boundaries of the
green zone. Each point can then be reached accurately
with MyoStar and the therapy executed as planned.

retention encountered with other injection cathe-
ters [155], delivery of FGF2 to the target myocar-
dium is comparable to transepicardial delivery, both
providing markedly higher myocardial deposition
and retention and lower systemic recirculation of
FGF2 than intracoronary, intrapericardial, or in-
travenous delivery [156].

The largest experience with preclinical and clini-
cal intramyocardial gene delivery, including Euroin-
ject ONE study, has consequently been gained by
NOGA r©-guidance [157–163].

Other published and ongoing cell transplanta-
tion studies, including endothelial progenitor cells,
skeletal muscle cells, and bone marrow–derived
cells, involve NOGA r©-guidance [164–173]. Fur-
thermore, electromechanical mapping was used
to assess the cardioprotection effect of injected

Erythropoietin [174] and the effect of a tissue-
engineered patch [175].

Due to its inherent advantages electromechanical
mapping will continue to play an integral part in
fully developing these therapies.

Gene- and Cell-Based Therapies for
Arrhythmia and Conduction Block
Management
Innovative methods for focally modifying the elec-
trical conduction in the heart via site-specific gene
transfer (e.g., delivering adenovirus encoding Gαi2
subunit mimicking beta-adrenergic antagonists
into AV nodal branch of the right coronary artery)
[176], transplanting transfected fibroblasts express-
ing potassium channel Kv1.3 [177], calcium channel
blocking by targeted Gem gene transfer [178] and
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gene transfer of connexin43 mutants [179], have all
been proposed lately.

Catheter-based modification of the AV node was
successfully accomplished via CARTO-guided local
injection of autologous fibroblasts with transform-
ing growth factor-ß1 [180].

Furthermore, developing a biological pacemaker
is currently being actively pursued. Several groups
have reported encouraging results with Kir2.1AAA
gene transfer [181], HCN2 overexpression [182,
183], expressing a synthetic pacemaker channel
[184], gene transfer via transplanted human mes-
enchymal stem cells (MSC) [185, 186], and trans-
plantation of cells derived from human embryonic
stem cells (h-ES) [187].

CARTO-guidance is best suited for testing the
feasibility and applicability of these solutions and
would readily serve as a platform for performing
these therapies in human patients.

Image Integration
Fusing multimodality imaging technologies into a
single coherent display has long been advocated in
order to facilitate intracardiac guidance especially
in complex arrhythmia. The dramatic recent im-
provement in cardiac imaging technologies has co-
incided with the realization of the dependence of
arrhythmias on their underlying anatomy and the
limitations of contemporary mapping systems to
reflect that anatomy. The last 5 years have thus wit-
nessed the rapid development of image-integrated,
anatomy-based mapping and ablation.

Integration of preacquired imaging with nonflu-
oroscopic cardiac mapping is already commonly
used, whereas integration with real-time imaging
is yet to be fully realized (Figure 5.3).

Preacquired Imaging
Attempts at PV identification and ostia location in
the absence of previous PV imaging are subject to a
broad error margin [188]. Only preacquired imag-
ing can provide relevant data regarding PV anatom-
ical variability and dynamic changes throughout the
cardiac cycle [189–191] as well as the variable prox-
imity of the esophagus to different areas of the pos-
terior LA [192] and other data critical for successful
atrial fibrillation ablation. Accordingly, the utiliza-
tion of merged CT/MR electroanatomical mapping
(CARTOMERGE) has a favorable impact on clini-

cal outcome especially in atrial fibrillation ablation
[193–200]. The merging process requires segment-
ing out of the chamber of interest from the entire
CT/MR axial image set either on a radiology work-
station or directly on the mapping system in the EP
lab. A variety of landmark and surface registration
techniques allow the processed image to be merged
with the electroanatomical data. Clinical validation
during the procedure with a visual representation
of the distance between the map and the preac-
quired image shows high accuracy. However, fur-
ther minimization of errors in integration and op-
timization of registration strategy are still required
[201, 202].

Real-Time Imaging
Intracardiac echocardiography (ICE) has emerged
as the mainstay of real-time imaging in the EP lab
[203]. It provides highly focused real-time images
of the endocardial surfaces critical for catheter po-
sitioning, establishment of catheter/tip tissue con-
tact, and for monitoring energy delivery by depict-
ing changing tissue echogenicity and microbubbles
formation [204–206]. ICE capabilities have been ac-
cordingly successfully harnessed mainly for step-
by-step guidance of atrial fibrillation ablation pro-
cedures [207–210]. ICE can even accurately localize
the esophagus during LA ablation and decrease the
risk of atrioesophageal fistula [211].

Integrating ICE imaging with electroanatomical
mapping would open up new useful ways of using
ICE. A recently launched novel SOUNDSTAR r©

catheter (Biosense Webster), combining an
ACUNAV r© (Siemens Medical Solutions, Malvern,
PA) ICE catheter with a location sensor, enables
acquiring real-time ultrasound images that are fully
registered with the electroanatomical map and are
thus displayed on the mapping system (Figure 5.3a)
or on the ICE workstation.

In addition to the established ICE advantages,
anatomical landmarks can be marked and contours
of the desired anatomy can be drawn on frozen gated
ultrasound frames. This information can be added
to a 3D reconstruction. Typically the ICE catheter
is positioned in the RA and the chamber of inter-
est, LA or LV, is swiftly reconstructed from far. As
traditional mapping with a probing catheter ensues
the reconstruction is updated further. Preacquired
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(a)

(b)

Figure 5.3 Enabling multimodality
fusion: (a) An ultrasound-based cardiac
reconstruction of a canine heart. All
four chambers were reconstructed from
real-time locatable ICE catheter
(CartoSound) images. The fan depicts
the orientation of the real-time
ultrasound beam. The RA was then
electrically mapped (LAT shown) and an
ablation line was carried out. (b) An
imported preacquired image
(CartoMerge), segmented LA with the
pulmonary veins, was fused on to a
registered real-time ultrasound-based
reconstruction.
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CT/MR can optionally be imported (Figure 5.3b).
Very early limited clinical experience is promising.

The feasibility and superior potential of 3D ICE
has already been reported using two distinct ap-
proaches [212, 213]. Further development of this
would eventually enable accurate 3D/4D integrated
intracardiac echocardiographic and electrophysio-
logic imaging. This would theoretically benefit not
only guided EP procedures but also optimization of
cardiac resynchronization therapy (CRT) via mea-
surement of area of left ventricular regional con-
duction delay, preserved myocardium, and regional
wall motion [214], as well as facilitate monitoring
of guided injection therapy or percutaneous valve
repair procedures.

Remote Magnetic Navigation
As long as fluoroscopy remains the primary tool
in the catheterization laboratory, the interventional
cardiologists and electrophysiologists are not only
exposed to radiation but are also at increased risk
of spinal injury due to the use of lead aprons [215–
217]. This, as well as the ability to access difficult
locations regardless of the user’s manual skills, was
the major incentive for developing remote naviga-
tion systems.

As an example, the Stereotaxis Niobe r© Magnetic
Navigation System (Stereotaxis Inc., St. Louis, MO)
utilizes a magnetic field of specified direction and
magnitude, positioned externally to the patient, and
multiple minuscule magnets in the tip and on the
shaft of the interventional catheter. Integration of
the Niobe r© with the CARTO r© RMT system (Fig-
ure 5.4a) has enabled closed-loop navigation from
the control room of magnetically steered catheters.
High accuracy and reproducibility [218] have re-
sulted in satisfactory clinical performance [219–
221], particularly in atrial fibrillation [222–223]
and in scar-related ventricular tachycardia [224,
225]. The soft flexible NaviStar r© RMT catheter,
with available 4-mm tip and imminent 8-mm tip
(Figure 5.4a), further contributes to the reduced
complication rate. Interestingly, automatic map-
ping using a preprogrammed algorithm can safely
be carried out with 100+ point chamber map cre-
ated usually under 10 min. Aside from the high cost
of the system, the only inherent limitation is the

(a)

Figure 5.4 Remote magnetic navigation: (a) Soft and
steerable NaviStar RMT catheter. (b) A typical
electroanatomical map (bipolar voltage) of the LA (AP
view) during AF therapy. Arrows indicate the Niobe
magnet vectors; green arrow indicates the desired vector
and the yellow arrow indicates the actual vector. (c) A
characteristic CartoMerge-based remote magnetic
navigation for AF therapy (PA view). Note the additional
contact bar information provided by Navigant.
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(b)

(c)

Figure 5.4 (Continued)

inability to simultaneously move more than one
catheter.

The feasibility and early clinical experience with
a different and much cheaper portable approach

utilizing a robotic arm with tactile sensing tech-
nology, the SenseiTM Robotic Catheter System
(Hansen Medical, Inc., Mountain View, CA), is
also promising [226–228]. Similarly encouraging



BLBK050-Shenasa September 25, 2008 16:28

60 PART II Methodological and Technical Considerations

are the preliminary results of yet another system,
the CorPath r© Robotic System (Corindus, Inc.,
Auburndale, MA) [229].

Electroanatomical Cardiac
Mapping in the Next Decade

Therapeutic EP is the fastest growing field in cardi-
ology mainly because of the large pool of patients
and the recent development of ablative therapies.
Certain developments will further expand our abil-
ities to treat patients.

Future Image Integration
Automatic segmentation and registration will un-
doubtedly continue to evolve, and multimodality
image fusion will improve. Integration with real-
time 3D imaging, ICE, or CT-like fluoroscopy [230],
will soon become available. Ultra rapid CT imaging,
multiple image sets in a single cardiac cycle, will also
be available for integration into the mapping system
and will allow an even higher anatomic resolution
down to the submillimeter level.

Advanced Parametric Analysis
Mapping capabilities demonstrating fractionation
of electrograms are already being used successfully
[231–234]. In the future many other measurable pa-
rameters will be displayed. For instance, mechanical
assessment will be comprised of local endocardial
area shortening, regional area shortening, radial and
circumferential shortening, twist and torsion, and
endocardial deformation.

Preplanning, Simulation, and
Automatic Execution
With fully integrated capabilities it will be possible
to perform preplanning and simulation by mark-
ing the exact locations of the desired intervention
on the surface anatomy and predicting the clinical
outcome [235–238].

Automatic execution of the desired therapeu-
tic plan will be utilized; some may use robotic-
steering systems. Therapeutic EP and guided inter-
ventional cardiology will hence become safer, more
predictable, and less user-dependent.

Summary

For the first time, nonfluoroscopic 3D cardiac map-
ping enabled a new integrated look into cardiac

electrophysiology and electromechanics, and
opened a novel dimension for diagnosis and treat-
ment of various disease states. Electroanatomical
and electromechanical mapping have currently
gained wide acceptance.

As predicted [239–242], within a single decade
the use of a location system during interventional
electrophysiologic procedures has indeed become
common practice. The easily understood coher-
ent color-coded maps and nomenclature have been
fully adopted by the global EP community and have
become the standard in other mapping systems as
well. Reading 3D cardiac maps is already an integral
part of professional EP training. Our understand-
ing of normal conduction and arrhythmia has ben-
efited enormously from the diagnostic capabilities
of electroanatomical maps, which enabled viewing
the interrelationship between cardiac anatomy and
electrical activity. Effectively treating complex ar-
rhythmias such as atrial fibrillation and ventricular
tachycardia would not have been possible without
the knowledge gained by electroanatomical maps
and the ability to plan and accurately execute the
complex ablative procedures.

In electromechanical mapping the interventional
cardiologist, as never before, is afforded a clini-
cally validated online method for determining the
electromechanical coupling of the myocardium.
Furthermore, it is a platform for guiding novel
minimally invasive evolving gene- and cell-based
therapies.
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Principles of NavX Mapping

Christopher Piorkowski, MD, & Gerhard Hindricks, MD, PhD

University of Leipzig, Heart Center, Leipzig, Germany

Summary

Modern catheter intervention treatment concepts

require 3D navigation systems for catheter

orientation, anatomy reconstruction, and 3D

linkages between anatomical and electrical

information in a variety of complex arrhythmias.

Next to the CARTO system the NavX technology

has evolved into a second widely used

representative of 3D nonfluoroscopic cardiac

mapping systems. The system is built on the basic

concept of transthoracic low-power electrical

currents to enable localization of intracardiac

electrodes. After initial validation of that basic

principle, NavX has been designed to function as a

3D mapping system with the ability to reconstruct

several chamber surface anatomies, to perform

sequential activation mapping, to perform voltage

mapping, to display color-coded electrical

information projected to the chamber surface, and

to import true anatomical images derived from CT

or MRI scans. Most recently the fusion technology

to superimpose a CT/MRI image and a NavX map

has been introduced. As a unique feature the NavX

technology enables nonfluoroscopic visualization

of multiple intracardiac electrode catheters from

different catheter producers in real time and with a

respiratory compensation algorithm.

Clinical experience with the use of NavX

mapping is broad ranging from the treatment of

simple arrhythmias such as AV-nodal-reentrant

tachycardia, tachycardia resulting from accessory

pathways, and typical isthmus-dependent right

atrial flutter, up to the treatment of complex

arrhythmias such as atrial fibrillation or atrial

macro-reentrant tachycardia other than typical

right atrial flutter. Clinical data concordantly report

efficacious treatment results at significantly

reduced radiation exposure. Following that path,

the first patient cohorts exist, where mapping and

ablation were performed while using NavX

technology without any fluoroscopy.

Introduction

During the last decade invasive electrophysiol-
ogy has paced the development of 3D cardiac
mapping systems. The need for that development
resulted from the desire to obtain and combine
accurate anatomical positions with local electrical

information (e.g., local activation time, local elec-
trogram amplitude, special electrogram character-
istics, and local entrainment information) in a 3D
fashion. Two-dimensional fluoroscopy was insuffi-
cient to provide such an accurate spatial anatomical
and spatial electrical orientation, which in return
limited the ability to treat arrhythmias with a com-
plex 3D substrate (e.g., atrial fibrillation, atrial
macroreentrant tachycardia other than typical right
atrial flutter, or ventricular tachycardia of myocar-
dial origin).
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In 1996, the CARTO system was introduced as the
first nonfluoroscopic electroanatomical catheter–
based 3D cardiac mapping system [1]. In sub-
sequent years, other technologies for 3D non-
fluoroscopic real-time localization of intracardiac
catheters have been developed. The concept of using
transthoracic low-power electrical currents to en-
able localization of intracardiac electrodes was first
published in 1999 [2]. Based on that principal idea,
the nonfluoroscopic mapping system NavX (Endo-
cardial Solutions, Inc., St. Paul, MN) has been de-
veloped to support 3D intracardiac electroanatom-
ical mapping. This chapter describes the method of
the NavX technology in conjunction with its clin-
ical applications under the perspective of current
developments in the field of 3D mapping.

Method

Concept and Components
The methodology of NavX is based on the principle
that when an electrical current is applied across two
electrodes, a voltage gradient can be measured along
the electrode axis. With a pair of electrodes placed
on the thorax, NavX generates a low-power 5.7-kHz
electrical potential across the body, to create a volt-
age gradient along the axis. Using any intracardiac
electrode, NavX measures the local voltage on the
electrode and calculates the electrode position along
the axis. When three pairs of electrodes are placed on
the body in orthogonal directions (neck-leg, front-
back, left-right), NavX alternately creates and mea-
sures a voltage gradient on each axis, to create a 3D
navigation field [3].

Up to 64 electrodes can be located simultane-
ously. All intracardiac electrodes connected to NavX
are located 93 times per second and can be dis-
played in real time. Having entered known catheter
parameters such as electrode length and interelec-
trode spacing, the catheter shaft between visualized
electrodes is accurately extrapolated and added as
an animation (Figure 6.1a). In catheters with multi-
ple electrodes added to the shaft, direct visualization
not only of the catheter tip but also of longer parts
of the whole distal catheter is possible.

A respiration compensation algorithm, based on
the identification of gradual changes in transtho-
racic impedance, can be applied to help to reduce
artefacts caused by patient respiration. Hardware

filters allow navigation to continue during radiofre-
quency ablation. Reconstruction of cardiac cham-
ber anatomy can be performed by moving any cho-
sen catheter (also multipolar catheters) along the
endocardial surface and collecting the visited 3D
locations manually or through an automatic point
collection mode (Figures 6.1b and 6.1c). Anatom-
ical positions can be marked as projections onto
the reconstructed chamber surface or as indepen-
dent 3D lesion spheres (Figure 6.1a). Apart from
geometry reconstruction the system offers sequen-
tial point-by-point mapping with recording of the
local activation time or recording of the local voltage
amplitude. The system allows 3D CT or MRI images
of cardiac chambers to be imported, automatically
synchronizes map and image to an AP view, and
rotates map and image synchronously (Figure 6.2).
Most recently the software has been implemented
to allow fusion of map and image (Figure 6.3).

The NavX methodology results in an open sys-
tem, where all kinds of electrode catheters (e.g.,
steerable catheters, nonsteerable catheters, map-
ping catheters, ablation catheters, Lasso catheters,
Halo catheters, even pacemaker leads) from many
companies can be used and visualized nonfluoro-
scopically (Figure 6.1a). The NavX system in itself
only comprises the three pairs of single-use skin
patches placed in orthogonal planes, a breakout
box. and a computer unit to process the delivered
signals.

Evaluation and Validation
Evaluation and validation of the general principle of
nonfluoroscopic intracardiac catheter visualization
through low-power transthoracic electrical currents
had been performed with the LocaLisa system [2].
During initial testing effects of the externally ap-
plied field, influences of cardiac and respiration cy-
cle, localization stability, and localization accuracy
were evaluated in 74 patients [2]. While mapping
the major portion of the right atrium, right ventri-
cle, and left ventricle, and covering distances of over
50 mm, nonfluoroscopic measurements of inter-
electrode distances highly correlated with the true
distances for each of the chambers [2].

During a time interval of 128+/−82 min the
electrode localization was stable with an average
change in position of 0.2+/−1.7 mm for the X,
0.1+/−0.3 smm for the Y, and 0.2+/−0.6 mm for
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Figure 6.1 (a) Lasso and CS catheter visible in NavX.
Pulmonary veins and mitral annulus have been tagged for
general orientation. (b) Anatomical 3D reconstruction of
the left upper pulmonary vein: Lasso is slowly withdrawn

and opened to map the whole pulmonary vein funnel.
(c) Anatomical 3D reconstruction of the left atrial septum:
Lasso catheter is wiped over the septum from the right
lower pulmonary vein to the mitral annulus.

the Z direction [2]. In the NavX system the field
frequency of the external current is chosen near
the geometric mean of biopotentials and radiofre-
quency ablation frequencies, which allows separa-
tion of the potentials, does not interfere with local
electrogram quality, and enables catheter tracking
during ablation [4]. The transthoracic current did
not create any patient discomfort.

An early report on the clinical use of the NavX
system for 3D reconstructions of cardiac cham-
ber anatomy and for nonfluoroscopic visualization

of intracardiac catheter positions was published
in 2004. Among 16 patients, 20 arrhythmias were
mapped and targeted for ablation, among them sim-
ple arrhythmias such as AVNRT or typical right
atrial flutter, but also 11 cases of left atrial ablation
for the treatment of atrial fibrillation already [4].
At that time the system still provided only anatomi-
cal information. Three-dimensional distribution of
electrical information such as activation or voltage
maps were implemented later, but are now routinely
available (Figure 6.4).
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Figure 6.2 Left atrial 3D anatomy reconstructed on NavX using a multipolar (Lasso) catheter for automatic point
acquisition, compared to the CT scan of the same patient from a LL, PA, and RPO view.
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Figure 6.3 Complete integration of a preacquired 3D CT
image (NavX fusion algorithm) of the left atrium. The
surface of the four pulmonary veins has been
reconstructed using a Lasso catheter for automatic
acquisition of anatomical points. Each pulmonary vein was
reconstructed in a separate anatomy (blue: left upper PV,
yellow: left lower PV, red: right upper PV, brown: right
lower PV). These reconstructed anatomies served as
landmark surfaces for alignment and integrating of the CT
image. The anatomy of the body of the left atrium was not
reconstructed.

Three-Dimensional Mapping with
NavX

Current electrophysiological catheter interven-
tional treatment concepts require the availability of
three distinct types of mapping procedures to be
incorporated in a 3D mapping system that can be
used in clinical routine. Depending on the type of
arrhythmia, its inducibility, its stability, and the pa-
tient’s hemodynamic response activation mapping,
voltage mapping, or purely anatomical maps are
needed.

Just like other 3D mapping systems NavX allows
to acquire anatomical points with local activation
time during sequential activation mapping. The ac-
tivation time is calculated according to a fixed in-
tracardiac reference signal. The points can be pro-
jected onto a pre-acquired 3D chamber anatomy,
or the chamber anatomy can be reconstructed to-
gether with the point acquisition. Points of similar
activation time are connected through color-coded
isochronal lines, which are superimposed onto the
anatomy and help to visualize the electrical infor-
mation (e.g., earliest activation site, spread of ac-
tivation) in a 3D fashion. Currently, sequential ac-

tivation mapping is a preferred approach to study
inducible, sustained, and hemodynamically tolera-
ble arrhythmias.

For arrhythmias not meeting those criteria se-
quential activation mapping is of limited value. Si-
multaneous activation mapping offers the possibil-
ity to derive electrical information (e.g., exit point,
earliest activation site, and spread of activation)
from single beats of noninducible, nonsustained,
or hemodynamically unstable arrhythmias. The En-
Site balloon (Endocardial Solutions, Inc., St. Paul,
MN) is the main representative for simultaneous
non-contact activation mapping [5].

The 8-ml ellipsoid balloon is surrounded by 64
electrically insulated wires, each with a small laser-
etched break in insulation, allowing them to func-
tion as unipolar electrodes. When the balloon is
positioned in the target chamber, far-field elec-
trographic data are fed into an amplifier system
and a workstation. Based on mathematical mod-
els the spread of activation is calculated and pro-
jected onto the surrounding chamber surface. In-
accurate chamber anatomy with the lack of exact
spatial orientation has been one of the limitations
for a widespread use of the EnSite balloon. Today,
with the EnSite technology being one of the compo-
nents of the EnSite-NavX system, both technologies
are integrated in one workstation and can be easily
combined. The accurate anatomical reconstruction
acquired through the NavX technology can be used
as a surrounding chamber anatomy for the EnSite
balloon. Larger clinical experiences with a simul-
taneous activation mapping approach through the
combined use of EnSite and NavX are still awaited.

A different approach toward patients with non-
inducible, nonsustained, or hemodynamically un-
stable arrhythmias is to use information on the local
electrogram amplitude to delineate diseased or even
scarred myocardium and to plan an ablation strat-
egy during sinus rhythm—so-called “voltage map-
ping.” Using this concept, the NavX system allows
us to describe larger areas of electrically diseased
or even scarred myocardium serving as arrhythmia
substrate in a 3D fashion.

The third type of mapping commonly required
for ablation procedures is the pure reconstruction
of a 3D chamber anatomy. This type of mapping
procedure is needed for mainly anatomically based
ablation concepts, such as the treatment of atrial
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Figure 6.4 Patient presented for ablation
with an atrial macroreentrant
tachycardia. Complete integration of a
pre-acquired 3D CT image (NavX fusion
algorithm) of the right atrium was used
for anatomical orientation. No
anatomical surface reconstruction was
performed. Registration, alignment, and
integration of the CT scan was achieved
solely through seven landmark points at
the tricuspid annulus, one landmark
point in the inferior isthmus, one
landmark point in the fossa ovalis, and
one landmark point in the right atrial
appendage. Superior caval vein (SVC)
and inferior caval vein (IVC) were
marked through anatomical 3D points.
The registered CT was the basis for 3D
navigation and orientation. At different
points within the right atrium,
entrainment mapping was performed.
The time difference between the
post-pacing-interval and the tachycardia
cycle length (= return cycle) was
color-coded and projected onto the CT
surface. Red areas indicate points with a
short return cycle, therefore, being close
to the reentrant circuit.
Three-dimensional distributions of the
entrainment properties reveal a
reentrant circuit around the superior
caval vein (= upper loop reentry).
Placement of an ablation line between
the superior tricuspid annulus and the
SVC terminated the tachycardia and left
the patient noninducible. The incisions
on the CT surface (especially in the PA
projection) resulted from artefacts
within the CT scan caused by the leads of
a dual chamber ICD.
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fibrillation or isthmus-dependent right atrial flut-
ter. For 3D anatomical maps the focus lays on the
accuracy and the resolution of the map to enable a
realistic anatomical orientation, which is crucial to
reach ablation target sites and to prevent collateral
damage toward sensitive neighboring structures. In
the NavX system reconstruction of cardiac cham-
ber anatomy can be performed by moving any cho-
sen catheter (also multipolar catheters) along the
endocardial surface and collecting the visited 3D
locations manually or through an automatic point
collection mode (Figure 6.1). The latter algorithm
in conjunction with a multipolar mapping catheter
(e.g. a Lasso catheter, which can acquire anatomical
points through all of its electrodes) offers a fast ac-
quisition of a high density of anatomical locations
resulting in a highly accurate 3D anatomy, especially
in the region of the PV funnels and the LA–PV junc-
tion (Figures 6.1 and 6.2).

Special Features of 3D NavX
Mapping

The need to three-dimensionally combine anatom-
ical and electrical information to understand and
successfully treat complex cardiac arrhythmias cre-
ates the need to use 3D nonfluoroscopic mapping
systems. Accurate electrical and accurate anatom-
ical information are mandatory for this purpose.
The quality of the electrical signal is influenced
by factors such as tissue contact, signal quality of
the catheter electrode, and the presence of electrical
noise.

Nowadays, most catheter companies and EP
recording systems provide sufficient signal qual-
ity to allow for an accurate signal interpretation.
The quality of the anatomical information is in-
fluenced by the accuracy and the resolution of the
3D reconstruction. The high density of anatomical
points acquired during automatic NavX surface re-
construction algorithms provides the basis for the
visualization of small details within the 3D cham-
ber anatomies (Figure 6.2). Further improvement
in anatomical orientation can be achieved through
visualization of the patient’s true anatomy obtained
from 3D images. For this purpose NavX allows 3D
CT or MRI images of cardiac chambers to be im-
ported, automatically synchronizes a map and im-

age to an AP view, and rotates the map and image
synchronously (Figure 6.2).

Most recently, software has been released to al-
low complete fusion of map and image. In this way,
catheter navigation, collection of electrical informa-
tion, and ablation can be performed within the 3D
CT/MRI image. Early experiences with the fusion
technology are promising (Figure 6.3). The qualities
of the registration and alignment process provide a
highly accurate superimposition of the image over
the map. It appears possible to limit the amount
of anatomical chamber surface reconstruction and
simply work within a highly accurate registered CT
anatomy (Figure 6.4). For left atrial procedures,
experience does exist to only reconstruct the pul-
monary vein anatomy to be used as the landmark
surface for the registration of the whole left atrium
(Figure 6.3). Only using the 3D CT/MRI anatomy
for the analysis and treatment of complex cardiac
arrhythmias, such as atrial macroreentrant tachy-
cardia, offers the charm that the electrical informa-
tion obtained from the tip of the ablation catheter
can be directly linked to its exact anatomical loca-
tion of acquisition. NavX supports that approach by
projecting electrical information such as activation
or voltage maps onto the surface of the registered
CT/MRI image (Figure 6.4).

Common catheter interventional treatment ap-
proaches require the placement of linear ablation
lines within the target areas. Line continuity and
transmurality appear to be critical points influenc-
ing the long-term success after the ablation pro-
cedure. Differential pacing is an electrophysiologi-
cally based approach to find and close gaps within
the ablation line and to eventually verify line con-
tinuity. This approach requires at least two intrac-
ardiac electrodes to be positioned near to the abla-
tion line in order to document bidirectional block.
Fluoroscopically, this appears difficult given the
3D fashion of ablation line placement. As initially
described, NavX allows us to nonfluoroscopically
visualize multiple intracardiac electrode catheters.
This enables accurate electrode positioning on both
sides close to the ablation lesion and, therefore, rep-
resents a simple approach for differential pacing and
testing of line continuity. In the same context the
advantages of nonfluoroscopic 3D Lasso catheter
visualization for achieving and assessment of com-
plete pulmonary vein isolation have to be seen.
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Clinical Experience with NavX
Mapping

In 2004 and 2005, reports were published to use
NavX for nonfluoroscopic anatomical orientation
for ablation of simple arrhythmias such as AV-
nodal-reentrant tachycardia, accessory pathways, or
isthmus-dependent right atrial flutter [4, 6]. Be-
cause activation mapping was not yet available, the
utility of the NavX system was limited to 3D nonflu-
oroscopic catheter orientations. Due to the known
pathophysiology, the clearly defined treatment ap-
proach and procedural endpoint, and the excel-
lent cure rates with conventional fluoroscopically
guided catheter ablation for the treatment of these
simple arrhythmias, NavX could not improve the
clinical outcome; however, concordantly through all
publications it significantly reduced radiation expo-
sure.

In a study comparing CARTO and NavX against
a conventional fluoroscope-guided ablation of AV-
nodal-reentrant tachycardia, accessory pathway,
and isthmus-dependent right atrial flutter, both
nonfluoroscopic mapping systems significantly re-
duced fluoroscopy time at similar procedure du-
rations but at the expense of higher procedural
costs. The effect on radiation reduction exerted by
NavX was significantly higher when compared to
CARTO (median fluoroscopy time: 13 min conven-
tionally, 6 min with CARTO, 4 min with NavX) [7].
The ability to dramatically reduce radiation expo-
sure during electrophysiological procedures by us-
ing NavX technology has been further supported by
two studies describing complete mapping and ab-
lation of supraventricular arrhythmias without any
fluoroscopy in an infant population [8, 9].

Soon after the initial clinical reports on the NavX
system case series had been published, the technol-
ogy was applied for ablation of complex left atrial
arrhythmias such as atrial fibrillation as well. In a
study using Lasso-guided PV isolation for AF treat-
ment the system helped to reduce procedure and
fluoroscopy time at similar success rates [10]. From
today’s perspective NavX technology represents an
established nonfluoroscopic cardiac mapping sys-
tem that is able to guide complex left atrial ablation
procedures.

Other areas of possible clinical use have been
shown by case publications reporting on nonfluo-

roscopic pacemaker implantation using NavX [11].
However, more clinical data are necessary to be able
to fully judge that approach.

Summary

The need for accurate location information is be-
coming more and more important for success-
ful treatment of arrhythmias originating from a
complex 3D substrate. Nonfluoroscopic cardiac
mapping systems are designed to provide the re-
quired spatial anatomical information in combina-
tion with local electrical information, thereby cre-
ating a 3D understanding and visualization on the
mechanism of the tachycardia. During recent years
the NavX technology has evolved as one of the ma-
jor representatives of those nonfluoroscopic cardiac
mapping systems. The ability to nonfluoroscopi-
cally visualize multiple electrode catheters, together
with accurate anatomy reconstructions and an ad-
vanced image/map fusion technology have made
NavX a helpful tool to understand and successfully
treat simple and complex cardiac arrhythmias at
shorter procedure times and a significantly reduced
rate of radiation exposure.
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Magnetic Navigation: Catheter
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Summary

More than four years after the introduction of the

remote-controlled navigation system Niobe

(Stereotaxis, Inc.), this new platform has established

its role in electrophysiologic (EP) laboratories

worldwide. While most of the experience has been

in SVT ablation procedures, recent reports have

featured successful application of this technology to

more complex arrhythmias such as ventricular

tachycardia and atrial fibrillation. However,

awaiting the availability of an irrigated magnetic

catheter to perform more complex ablation

procedures, electroanatomical 3D mapping has

been successfully integrated into the system

already.

Introdution

For more than four years. magnetic navigation has
been available as a novel tool for catheter ablation
procedures [1–2]. Small magnets are integrated into
the tip of a very soft ablation catheter which can be
moved by using a well-defined outer magnetic field
(0.08 Tesla) [1, 2]. By changing the orientation of
the outer magnets, the small magnets in the catheter
tip arrange parallel to the outer magnetic field lines.
The combination with a mechanical motor drive al-
lows operating the magnetic mapping and ablation
catheter fully remote-controlled [3].

Available Ablation Catheters

The first-generation ablation catheter equipped
with a single magnet (1M) consisted of a 4-mm tip

and a single-ring electrode (2 mm) allowing sin-
gle bipolar recordings only. It was mostly used in
supraventricular tachycardia (SVT) ablations [3–
7]. The second-generation catheter had a total of
three magnets embedded (3M) in the distal shaft,
but still only two electrodes. Because all embed-
ded magnets will parallel out in the outer magnetic
field, the ability of this catheter to respond to more
acute vectors was much improved. Further develop-
ment led to the implementation of two additional
ring electrodes to allow two bipolar recordings (3M
quad). Subsequently, the catheter tip was extended
to a total length of 8 mm (3M 8 mm) to achieve
larger lesion formation. And, finally, an irrigated
tip is supposed to become available shortly.

Compatibility with 3D Mapping
Systems

Initially, only the LocaLisa system (Medtronic, Min-
neapolis, MN) and the NAVx mapping system
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Figure 7.1 Example of the Navigant workstation with CARTO maps of both right (RA) and left atrium (LA) displayed in
the corresponding fluoroscopy reference pictures.

(St. Jude Medical, St. Paul, MN) were compatible
with the magnetic navigation system. Both work
on the same principle which enables us to locate
all catheters positioned in the thorax between the
condensator-like patches.

Recently, a fully integrated 3D electroanatomical
CARTO system (CARTO RMT, Biosense Webster,
Bruessels, Belgium) was introduced that works with
its ultralow electromagnetic field (10−12 T) with the
permanent magnetic field of the navigation system
(0.08 T). In addition, cross-talk between the flu-
oroscopy system, the magnetic navigation system,
and the CARTO RMT system is enabled, such that
the information is displayed superimposed on the
fluoroscopic reference pictures (Figure 7.1). Figure
7.2 depicts an example of a fully remote-controlled
reconstruction of the right and left atrium during
sustained ectopic atrial tachycardia.

Tachycardia Substrates

After the first report on remote-controlled catheter
ablation of AV nodal reentrant tachycardia, most of

the reports have dealt with supraventricular tachy-
cardia substrates [3–8]. However, several reports
have focused on focal ventricular outflow tract ar-
rythmias with excellent success rates [9–11]. Using
the CARTO RMT system, an idiopathic left ventric-
ular tachycardia has been successfully treated [12].
Theoretically, the soft catheter shaft should reducd
the risk of mechanical block during mapping of the
left ventricular septum.

Recently, remote-controlled mapping and subse-
quent ablation of scar-related left ventricular tachy-
cardia has been reported [13]. Despite the need
to switch to irrigated tip conventional ablation in
several cases, mapping of the LV was mostly done
remote-controlled. Accuracy of the acquired map
was reported to be sufficient to identify the scar
areas and to guide the potential reentrant circuits.
Interestingly, the authors solved the problem of ex-
posure of the mostly ICD wearing patients to the
permanent magnetic field. Apparently, this did not
cause any permanent losses or damages of the de-
vices, but the authors did not go into details about
this effect.
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Transseptal Versus Antegrade
Approach for Left-Sided
Substrates

Several groups have meanwhile reported on their
experiences addressing left-sided substrates [7, 14–
15]. Some disagreement seems to exist on the most
practical approach to achieve stable and effective
catheter positioning (e.g., for a left lateral pathway.
Surely, a remote-controlled retrograde passage of
the aortic valve is doable; however. due to the papil-
lary muscles and mitral valve tendons, in addition to
the LV contraction pushing the soft catheter shaft,
mapping along the mitral annulus is somewhat
challenging [14–15]. Using the transseptal route,
mapping along the smooth left atrial aspect of the
mitral annulus is easily enabled using the target nav-
igation mode of the system [7]. In the largest series
published so far, success rates were dramatically im-
proved when the investigators chose the transsep-
tal access as the primary strategy. As an additional
side effect, the total fluoroscopy exposure was sig-
nificantly reduced in comparison to the retrograde
approach.

Reduced Catheter Approach to SVT

In a recent report, a further strategy to use the mag-
netic navigation system was proposed. In contrast
to the conventional diagnostic approach in electro-
physiology (EP) studies, with several catheters dis-
playing the electrical information simultaneously, a
sequential diagnostic approach has been introduced
into clinical practice [16]. Using the feature of preset
vectors for specific sites such a the His recording site
or coronary sinus ostium, the magnetic catheter is
sequentially steered to multiple sites to record local
activation in relation to a single diagnostic catheter
positioned in the right ventricular apex (but with
additional proximal electrodes).

Success rates in simple SVT substrates are excel-
lent with a need to introduce additional catheters
in only ∼15% of cases. However, facing more
than a single SVT substrate or unusual cardiac
anatomy, this strategy should be abandoned, but
allows easy addition of additional conventional di-
agnostic catheters. In comparison to the conven-
tional 5-catheter approach (but still using magnetic
navigation for ablation), all procedural parameters

were significantly reduced with a large emphasis on
total radiation exposure [17].

Further Advantages of Remote
Magnetic Navigation

One of the most obvious advantages of a remote-
controlled catheter navigation system is the reduced
fluoroscopy exposure for the investigator. After all
catheters are inserted and positioned in the specific
locations, mapping and subsequent ablation will be
performed from the control room without further
exposure to scattered radiation [18]. However, if
this comes at the expense of increased radiation ex-
posure for the patients, this remote position of the
investigator would not be very beneficial because
it would demonstrate the poor orientation of the
investigator.

The outer magnetic field is permanent because it
is formed by magnetic metals called “rare earthers,”
which have magnetic properties, so the position of
the magnetic catheter is only changed when the
field vector is altered. Therefore, the catheter po-
sition is stable, and good contact is ascertained by
little beat-to-beat variation of the distal bipolar sig-
nal. When accustomed to being “remote,” reduction
of the overall fluoroscopy exposure can be demon-
strated (Figure 7.3). This might potentially be of
even greater interest in arrhythmias that require in-
creased levels of fluoroscopy exposure, such as atrial
fibrillation (AF) ablation.

Remote-Controlled Ablation of
Atrial Fibrillation (AF)

Despite initial reports of a single center in their ex-
perience using the solid 4-mm tip, the majority of
groups have not yet touched on this most inter-
esting, but also most challenging, substrate [19].
Lately, a second group has published their experi-
ence using the 8-mm tip catheter in conjunction to
the CARTO RMT system, and they have reported
good success during short-term follow-up [20]. The
urgently awaited irrigated-tip catheter will certain
encourage more centers to apply their AF ablation
strategy via remote control. So far, mostly mapping
and ablation in re-procedures have been published.
However, switching to a handheld irrigated catheter
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Figure 7.3 Effect of the learning curve based on the total fluoroscopy exposure in first 100 pts undergoing
remote-controlled magnetic catheter ablation of AV nodal reentrant tachycardia (including a calculated linear trendline).

certainly reduces the effect on radiation exposure
for the investigator.

Conclusion

The magnetic navigation system is, more than 5
years after its introduction into clinical practice,
able to successfully perform all varieties of tachy-
cardia substrates including ventricular tachycardia
and even AF ablation. However, the irrigated tip
catheter, expected to be available shortly, will fur-
ther broaden the spectrum of addressable arrhyth-
mias and will allow entering the arena of complex
arrhythmias with fewer risks of potential side ef-
fects. A significant reduction of radiation exposure
can be demonstrated for the investigator, in par-
ticular, but also for the patient, using the remote-
controlled navigation system after fulfilment of a
learning curve.
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Summary

Advanced imaging techniques have revolutionized

approaches to mapping and ablation of

arrhythmias in the electrophysiology laboratory.

Technological advancements in cardiovascular

computed tomographic angiography (CCT) have

produced a level of temporal and spatial resolution

that enables an accurate and detailed evaluation of

cardiac anatomy and function. The ability to image

and reconstruct the heart and thoracic structures

allows for mapping and ablation referenced to an

individual patient’s 3D anatomy, with reconstructed

images depicting coronary vasculature, cardiac

chambers, and thoracic anatomy. The optimal use

of CCT for electrophysiologic applications requires

an understanding of the actual imaging techniques,

as well as the strengths and limitations relevant to

electrophysiologic procedures. This chapter will

highlight the use of CCT for identification of

cardiac substrates associated with arrhythmias,

visualization of specific structures relevant to

mapping and ablation, facilitation of mapping and

ablation procedures, and post-procedural

follow-up.

CCT Techniques: Special
Considerations in Patients with
Electrophysiological Issues

The indication for CCT is extremely important to
decisions relating to the techniques used in the per-
formance of a CCT scan. Most patients have under-
gone previous imaging as part of a cardiovascular
work-up, usually with echocardiography, with an

advanced imaging study such as CCT or cardio-
vascular magnetic resonance imaging (CMR) per-
formed to answer questions not answered by other
studies or specifically for use with electroanatomic
image integration as part of an electrophysiologic
procedure.

Although a noninvasive imaging technique, CCT
requires intravenous iodinated contrast; therefore
renal function and contrast allergy can contraindi-
cate study. As radiation is used for imaging, the age
of the patient as well as the need for other procedures
that require radiation must be taken into account

86

Cardiac Mapping, Third Edition    Edited by Mohammad Shenasa,
Gerhard Hindricks, Martin Borggrefe, and Günter Breithardt

© 2009 Blackwell Publishing. ISBN: 978-1-405-17572-2



BLBK050-Shenasa September 25, 2008 16:31

CHAPTER 8 CT Angiography 87

to minimize the cumulative dose over time. A typ-
ical radiation exposure is in the range of 10 mSv
[1, 2]. Techniques are present to lower the exposure
from an individual study such as dose modulation
techniques at certain points in the cardiac cycle and
prospective gating, but these techniques are chal-
lenging to use in the setting of atrial and ventricular
ectopy as well as atrial fibrillation.

Most MDCT scanning necessitates heart rates of
50–60 beats per minute to decrease motion arti-
fact. Beta-blocker therapy is the method of choice
for achieving this goal, with both oral and intra-
venous protocols used, although effective control of
the heart rate can still be challenging [3]. In contrast
to CMR, patients with pacemakers and defibrillators
can be routinely studied [4]. CT has been shown to
potentially cause pacing oversensing although this is
a transient phenomenon [5]. Programming of pac-
ing features to regularize ventricular rates may be
useful. These devices and leads can lead to bloom-
ing artifacts that may obscure anatomic structures.
The use of appropriate filters during analysis can
minimize these artifacts.

The patient should have abstained from solid
food, but kept well-hydrated prior to the procedure.
Image acquisition time is less than 10–12 sec, and
an equally short breath hold is needed. The optimal
time in the respiratory cycle for breath hold has not
been clarified, although avoidance of extremes of
the respiratory cycle is thought to be helpful when
the images are to be used for registration with other
mapping techniques in the electrophysiology labo-
ratory. Effective imaging techniques require a 60–
100 cc iodinated contrast bolus, which can be given
via peripheral intravenous access. An initial timing
run must be performed to estimate the circulation
time, the transit time required for the contrast to
reach the critical structures.

In order to image the beating heart while mini-
mizing a motion artifact, the images are gated to
the specific segments of the cardiac cycle. With
retrospective gating, data are acquired throughout
the cardiac cycle and specific reconstructions per-
formed based on the percentage of the RR inter-
val. Optimal images are usually obtained during the
phase of the diastole when the heart is most quies-
cent. Often, 3D reconstructions are performed at
70–80% of the RR interval, although this may vary
by patient and underlying heart rhythm and rate,

with some studies demonstrating different optimal
images during atrial fibrillation [6]. The most ac-
curate images of the coronary vessels are obtained
when the patient has a regular rhythm due to the
motion of the coronary arteries, but this issue is
not as significant when evaluating the left atrial and
pulmonary venous anatomy. Sublingual nitroglyc-
erin at the time of scanning is also recommended to
optimize coronary artery visualization.

The specific goals of the study are important to
making decisions relating to the field of view and
contrast administration. The field of view must ex-
tend cranially enough to visualize the entirety of
the left atrial appendage and left upper pulmonary
vein and should additionally include thoracic arte-
rial and venous vasculature when this is important
for diagnosis or procedural facilitation.

For studies focusing on the left-sided structures,
the timing of contrast administration and imag-
ing is similar to that for coronary artery studies.
When right-sided structures and/or thoracic vas-
cular structures need to be well visualized, this may
require greater amounts of contrast and contrast
injection protocols to ensure adequate timing for
arterial and venous visualization. The visualization
of right atrial and right ventricular structure is fur-
ther complicated by the fact that venous return from
the contralateral arm, superior vena cava, and in-
ferior vena cava provide noncontrast blood, which
admixes with contrast, making use of virtual en-
docardial imaging more limited. These issues high-
light the importance of communication with the
cardiac imager to ensure that the patient param-
eters have been optimized and that the structures
of importance are visualized given the individual
clinical scenario and procedural plans.

Substrate Characterization:
Specific Structural Analysis
Relevant to Mapping and Ablation

Underlying structural abnormalities of the cardio-
vascular anatomy that predispose to arrhythmia and
sudden death can be identified and characterized
with CCT. As opposed to other imaging technolo-
gies requiring multiple imaging views, the serial ax-
ial slices of a CCT are reconstructed into a single
3D data cube that is available for analysis within
minutes of the time of scanning.
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For use in electroanatomic mapping with image
integration, the actual DICOM files are imported
into the mapping system with reconstruction, seg-
mentation, and editing performed on this system
at the time of study (Figures 8.1 and 8.2, discussed
later in this chapter). The specific characterization
of cardiovascular structures and their relation to
thoracic structures is described below.

Left Atrium and Pulmonary Veins

CCT provides an accurate volumetric method of
assessing the size of the left atrium [7]. Assess-
ment of posterior left atrium and pulmonary veins
is comparable to CMR [8]. Detailed analysis of
the pulmonary venous anatomy has significant im-
plications for the mapping and ablation of many
supraventricular arrhythmias, including atrial fib-
rillation, atrial flutter, and focal atrial tachycardia.
Because pulmonary vein isolation techniques are es-
sential to atrial fibrillation ablation, detailed charac-
terization of the pulmonary venous anatomy prior
to the procedure is required through creation of
anatomic roadmaps (Figure 8.3).

CCT is an established and accurate means of per-
forming this evaluation. Comprehensive analysis of
the pulmonary veins requires analysis of 2D and 3D
views as well as virtual endocardial assessment of
the pulmonary veins. The number, size, shape, and
location of the pulmonary venous ostia are easily
visualized on CCT and reconstructed accurately in
a 3D rendering [9].

Quantification of veins with measurement of vein
os maximum and minimum diameter, as well as ec-
centricity, can be performed. In order to accurately
measure these parameters, the interface of the pul-
monary vein os and the left atrium must be de-
termined using multiple planes to define the long
axis of the vein at the os and the true interface of
the pulmonary vein os with the left atrium. The 3D
spatial relationships of the pulmonary veins to the
left atrium and other thoracic structures can also be
characterized.

In addition to the pulmonary venous anatomy,
data on other atrial characteristics are available in
the 3D data cube provided by CCT and should be
assessed for these findings. The atrial septum can
be analyzed for evidence of a patent foramen ovale,
assessment of the morphology of the atrial sep-

tum, the presence, size, and location of atrial septal
defects, and assessment for atrial masses [10–13].
Evaluation of the atrial appendage for thrombus is
important prior to atrial flutter and atrial fibrilla-
tion ablation procedures. The left atrial appendage
is a complex structure due to the morphology and
trabeculations of the appendage. CCT can provide
detailed assessment of the left atrial appendage and
can identify thrombi [14, 15].

Given the complexity of the appendage, though,
contrast flow can mimic thrombus, and false posi-
tive studies can occur. Until further data are avail-
able, transesophageal echocardiography, and in
some labs intracardiac echocardiography, remain
the modalities of choice to rule out thrombus [16].
The preprocedure CCT should still be thoroughly
assessed for possible evidence of left atrial throm-
bus.

Imaging studies can assess for evidence of fibro-
sis associated with atrial myopathy as well as fibrosis
caused by radiofrequency catheter ablation lesions.
CMR-delayed gadolinium images have been able to
visualize fibrosis with radiofrequency catheter ab-
lation for atrial fibrillation [17]. Delayed contrast
enhancement should theoretically be able to visu-
alize fibrosis associated with atrial myopathy or ra-
diofrequency ablation, but is currently limited by
technological issues including strategies to decrease
radiation exposure which would allow delayed en-
hancement imaging.

Coronary Vasculature:
Relationships to the Left Atrium
and Other Cardiac Chambers

One of the main strengths of CCT is the ability to
visualize the coronary arterial system. CCT has been
useful for its value in ruling out coronary artery dis-
ease, and with newer techniques has demonstrated
additional value in assessing the degree of coro-
nary artery disease [18–22]. Additionally, coronary
artery anomalies, some of which can be associated
with sudden cardiac death, can be identified [23].
The assessment for significant coronary artery dis-
ease is extremely important to procedures that re-
quire ventricular stimulation protocols leading po-
tentially to ventricular tachycardia or ventricular
fibrillation.
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(a)

(b)

Figure 8.1 Three-dimensional
reconstruction of a cardiovascular CT for
electroanatomic mapping with image
integration. (a) Three-dimensional
image demonstrating all vascular and
skeletal structures. (b) Editing of
skeletal structures and aorta (green)
with anterior view of pulmonary
arteries (orange), right atrium and right
ventricle (yellow), with the left atrium
(purple). (c) Editing of pulmonary
arteries. (d) Editing of right atrium and
right ventricle. (e) Left atrium (posterior
view).
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(c)

(d)

Figure 8.1 (Cont.)
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(e)

Figure 8.1 (Cont.)

The techniques used to visualize the coronary
arteries also visualize the coronary venous system
including identification and quantification of the
coronary sinus os, coronary sinus, great cardiac
vein, and branch veins [24–27]. Evaluation of the
cardiac venous anatomy has become increasingly
important because it provides venous access routes
to map ablate or pace the left ventricle, left atrium,
and posterior septum. Given the ability to visual-
ize the coronary vasculature, the 3D relationships
between the coronary arteries, coronary veins, mi-
tral annulus, left atrium, and left ventricle can be
visualized three-dimensionally.

Although coronary sinus catheters are used to ap-
proximate mapping of the left atrium, the distance
between the coronary sinus/great cardiac vein and
annulus is variable, often with a course along the
atrium rather than along the true AV groove [28].
CCT provides 3D assessment of this relationship,
which is important to the interpretation of electro-
grams for left-sided accessory pathways, left atrial
tachycardia, atypical atrial flutter, and atrial fibril-
lation mapping and ablation procedures. Addition-
ally, abnormalities of the coronary venous anatomy
such as diverticula and Thebesian valves obstruct-
ing access to cannulation with catheters or leads can
be identified [29].

The position of the coronary arteries relative to
potential ablation positions in the left atrium can
be identified. The relationship between the coro-
nary arteries and coronary veins in relation to the
atrium and ventricles are variable in overlapping ar-
eas of these structures with the vein more lateral to
the artery in many cases (Figure 8.4) [24]. Under-

standing of a patient’s individual anatomy in this
regard is important to avoid coronary artery com-
plications with the application of radiofrequency or
other energy source applications.

Extracardiac Thoracic Structures:
Relationships to the Left Atrium

An understanding of the 3D relationships of extrac-
ardiac thoracic structures is essential to the perfor-
mance of electrophysiology procedures. The impor-
tance of the relationship of the esophagus to the thin
posterior wall of the left atrium was made apparent
by the reporting of fatal atrial esophageal fistulas
associated with atrial fibrillation ablation [30, 31].
CCT can define the course of the esophagus in re-
lation to the left atrium as well as the location and
presence and characteristics of the tissues between
the left atrium and the esophagus, such as a layer
of adipose tissue that may provide some protection
from thermal injury [32–34].

In addition to the variable course of the esoph-
agus in relation to the left atrium, identification of
location is made more complex by factors such as
the timing of the CCT to the ablation procedure, pa-
tient position, peristalsis, and potential movement
by catheters placed in the esophagus such as NG
tubes and temperature probes. Measures to provide
greater characterization of this relationship have
included swallowing barium at the time of CCT
with additional tagging of the esophagus during an
electroanatomic map [35]. Given these limitations,
additional modalities of monitoring have included
temperature probes in the esophagus as well as the
use of intracardiac echocardiography to identify the
real-time relationship between the ablation catheter
and esophagus prior to the application of radiofre-
quency energy [36].

The same concerns related to the esophagus have
now become apparent with other structures poste-
rior to the left atrium, including bronchi and the
aorta [37]. Fatal broncho-atrial fistulas have been
reported and therefore special attention needs to
be given to the relationship between these struc-
tures when ablation in the posterior left atrium is
considered [38]. Filtering techniques now allow the
neurovascular sheath housing the phrenic nerve to
be visualized, which may have great importance for
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(a)

(b)

Figure 8.2 Electroanatomic mapping
with image integration during atrial
fibrillation ablation. (a) Anterior view
demonstrating radiofrequency energy
applications (red spheres). (b) Posterior
left atrial view. (c) Endocardial view
demonstrating circumferential
radiofrequency energy applications
around the left upper pulmonary vein.
(d) Linear lesions along the “roof” of
the left atrium.
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(c)

(d)

Figure 8.2 (Cont.)
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Figure 8.3 Three-dimensional posterior view of the left atrium (center) and axial images of the pulmonary veins. The
relationship of the posterior left atrium and esophagus (red circle) is noted.

ablation or placement of chronic coronary venous
pacing leads [39]. In addition to these thoracic
structures mentioned above, thoracic veins and ar-
teries can be assessed for anomalies such as per-
sistent left superior vena cava to coronary sinus
connections and significant aortic pathology which
may limit or contraindicate catheter approached
used for mapping and ablation of arrhythmias [40,
41].

Figure 8.4 The relationship between the coronary arteries
and coronary veins in overlapping areas of these structures
with the great cardiac vein lateral to and overlapping the
circumflex coronary artery.

Left Ventricle

Both CCT and CMR provide reproducible volu-
metric assessment of ejection fraction and can as-
sess wall thickness, as well as regional wall motion,
and are therefore useful in the characterization of
cardiomyopathies including ischemic and nonis-
chemic dilated cardiomyopathy and hypertrophic
cardiomyopathy [42–45]. The ability to visualize
coronary arteries with CCT is useful to the differen-
tiation of ischemic versus nonischemic cardiomy-
opathy [44].

The use of delayed enhancement imaging with
CMR has revolutionized imaging of areas of my-
ocardial fibrosis. This technique allows defining
borders between viable myocardium and areas of fi-
brosis important to risk stratification for ventricular
arrhythmias, with studies demonstrating increased
sudden death risk in dilated and hypertrophic car-
diomyopathy associated with degree and pattern of
delayed gadolinium enhancement [46, 47]. With
CCT, characteristics such as myocardial hypoatten-
uation may be useful in defining areas of infarction
[48]. Delayed enhancement imaging can be per-
formed to identify areas of fibrosis with CCT, but
technical issues and additional radiation associated
with the need to rescan currently limit its practical
application [49, 50].
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Right Ventricle

The right ventricle can be quantified with CCT, with
assessment of volumes, ejection fraction, wall mo-
tion, and wall thickness. Although CMR has histori-
cally been the gold standard for assessment of struc-
tural and functional changes with arrhythmogenic
right ventricular cardiomyopathy, CCT can image
for right ventricular structural and functional ab-
normalities [51]. CCT is particularly helpful in pa-
tients with preexisting devices who have not been
given a diagnosis or are being followed for func-
tional changes with a known diagnosis, although
some artifact due to the device may be present. CCT
can be useful in defining the relationship of the right
coronary artery to the right ventricular outflow tract
important to ablation of right ventricular outflow
tract tachycardias [52].

Right Atrium

CCT can be used to image the right atrium and
can characterize venous return to the right atrium
including anomalous connection to right atrium,
atrial septal defects, and right atrial masses [11, 53–
55]. CCT can visualize the cavotricuspid isthmus,
including the length of potential ablation lines to
span the isthmus, the size of the isthmus, and the
distance between the tricuspid valve and inferior
vena cava important to atrial flutter ablation [56].
As opposed to visualization of the left atrium, the
visualization of the right atrium is complicated by
the fact that venous return to the right atrium in-
cludes contrast administration through an upper
extremity vein admixed with other noncontrast ve-
nous return to the right atrium.

Image Integration for Procedural
Facilitation

In addition to preprocedure assessment of vascular
roadmap and detailed assessment of cardiac sub-
strate, CCT and CMR allow for the use of the un-
processed DICOM images for import into mapping
systems for intraprocedure electroanatomic map-
ping with image integration [57–61]. The process
involves:
1 Importation of the unprocessed DICOM images
into the mapping system.

2 Use of edge detection software to delineate and
segment cardiac vascular structures (Figure 8.1),
and the esophagus in cases where it has been imaged
with barium.
3 Editing of structures relevant to the specific abla-
tion type. In atrial fibrillation ablation this includes
the left atrium and in some laboratories the aorta
and esophagus.
4 Creation of a separate catheter-based anatomic
map, using landmark points. These points include
points with minimal motion and vary according to
electrophysiology laboratory. One example would
be the most cranial aspect of the interface of the
pulmonary veins and left atrium.
5 Registration of endocardial surface points delin-
eating the chamber to be studied. This catheter-
based map is integrated with the CCT edited
3D reconstruction with assessment of markers of
successful integration defined by an acceptable
best surface to surface fit to the electroanatomic
map [59].

For registrations, catheter-based points that do
not define the endocardial border are deleted and
new points are registered to ensure that the atrial
endocardial surface has been adequately mapped.
Registration issues may occur and depend on a va-
riety of factors. Although heart rhythm was ini-
tially thought to affect issues related to registration,
some studies have shown this not to be a significant
factor [59, 62, 63]. The number of days between
imaging and ablation in one study did not affect
registration. Left atrial size was a factor affecting
registration with atrial sizes greater than or equal
to 110 cc causing greater integration error [63].
With regard to respiratory cycle issues, an expira-
tory breath hold during imaging is most consistent
with maps obtained with electroanatomic mapping
[64, 65].

Electroanatomic mapping with image integra-
tion utilizes a system in which mapping and ablation
can be performed on a 3D map of the cham-
ber analyzed, with current use predominantly for
left atrial applications. Catheter position can be
tracked in real time on this map with the ability
to assess electrical activation and propagation, de-
fine electrically silent areas, assess catheter contact
with endocardium, document radiofrequency en-
ergy application location, and repeat this process
postablation.
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With regard to atrial fibrillation ablation, the re-
lation of the catheter tip to the pulmonary vein
os can be visualized to avoid radiofrequency ap-
plications within the pulmonary veins or os. As-
sessment of contact and relation to the pulmonary
vein os can be additionally enhanced with use of in-
tracardiac echocardiography. The systems allow for
tracking of the placement of contiguous ablative le-
sions around anatomic structures such as the ostia
of the pulmonary veins. They can facilitate place-
ment and documentation of catheter-based energy
applications for segmental complete circumferen-
tial electrical isolation of the pulmonary veins, ab-
lation of other ectopic atrial foci or abnormal sig-
nals in the atrium, and long linear ablation lesions
(Figure 8.2).

The use of these techniques has been reported to
decrease procedural fluoroscopy time, decrease re-
currence of atrial fibrillation, and increase restora-
tion of sinus rhythm compared to electroanatomic
mapping alone [58]. Additional techniques using
segmented CCT images to integrate with fluo-
roscopy systems are being investigated and have
been shown to be feasible [6]. Initial studies demon-
strate decreased procedure and fluoroscopy times
compared to electroanatomic mapping alone, and
will require further development.

Although the use of electroanatomic mapping
with image integration has been primarily used
for atrial fibrillation ablation, other arrhythmias
are being mapped and ablated using this technol-
ogy. These techniques are being used for facilita-
tion of atrial flutter ablation in scenarios with com-
plex anatomy and complex circuits [66–68]. The
mapping and ablation of ventricular tachycardia
is in evolution, as electroanatomic mapping with
image integration may facilitate epicardial abla-
tion approaches to ventricular tachycardia with re-
gard to identification of anatomy and scar [69, 70].
Quantification epicardial fat—which may inhibit
adequate ablation with epicardial approaches to
ventricular tachycardia ablation—can also be per-
formed [71].

Postablation Assessment

Pulmonary vein stenosis is a potential complication
of atrial fibrillation ablation [72, 73]. The incidence
of stenosis depends on ablation technique, the cri-

teria used to define a “significant” stenosis, degree
of follow-up surveillance for evidence of stenosis,
and operator experience. The preprocedure CCT is
a useful template to assess for postprocedural pul-
monary vein stenosis and can identify preexisting
pulmonary vein stenoses. It is often difficult to iden-
tify the precise boundary separating the ostia of the
pulmonary veins and the posterior atrial wall, espe-
cially without the use of imaging in addition to flu-
oroscopy. Using current techniques, severe stenosis
is rare; however, some level of change to the atrial
and pulmonary venous anatomy is often found fol-
lowing ablation [74].

Symptoms are usually pulmonary and can mimic
a host of common illnesses. They are generally of
mild severity, unless multiple veins are in involved
[73]. Postprocedure CCT evaluation is a reliable
means of making this otherwise difficult diagno-
sis. Given that there is radiation exposure related
to preprocedure study and procedural fluoroscopy,
techniques such as dose modulation or use of an-
other technology such as CMR should be consid-
ered to limit overall radiation exposure. CCT can
also provide comprehensive postprocedure assess-
ment of chest pain or shortness of breath, including
pulmonary embolus, aortic dissection, pericardial
effusion, and coronary artery complications.

Future Directions

The use of advanced imaging techniques has en-
hanced the understanding of anatomic factors rel-
evant to the assessment and treatment of patients
with electrophysiologically related issues. CCT pro-
vides patient-specific 3D characterization of cardiac
anatomy, which has transformed approaches to ar-
rhythmia mapping and ablation in the electrophys-
iology laboratory. The imaging techniques and ap-
plications in the electrophysiology laboratory will
continue to evolve through multidisciplinary ef-
forts.
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Summary

Cardiac MRI has emerged as a useful imaging

technique for peri and intra operative anatomical

delineation and effectiveness of complex ablation

procedures particularly atrial fibrillation and

ventricular tachycardia. MRI’s were initially used as

pre procedure imaging with image integration to

the electroanatomical mapping systems. However,

recent system are capable of using MRI during

ablation procedures to visualize and monitor

ablation lesion. Future application and direction of

MRI in interventional electrophysiology is

discussed.

Introduction

Since its initial description in 1978, catheter-based
radiofrequency ablation has evolved from an ex-
perimental procedure to the first-line therapy for
a number of cardiac arrhythmias including atri-
oventricular nodal reentrant tachycardia, accessory
pathway associated tachycardias, and typical atrial
flutter [1, 2]. Conventional cardiac mapping directs
ablation based on the timing of intracardiac electro-
grams and response to pacing maneuvers from con-
tact electrode catheters positioned on standardized
fluoroscopic views.

The anatomic variation of some cardiac arrhyth-
mias, such as focal atrial tachycardia, and the com-
plex arrhythmogenic substrate underlying atrial
fibrillation and scar-based monomorphic ventric-

ular tachycardia have led to more sophisticated and
time-consuming mapping and ablation strategies.
Fluoroscopy, however, is poor at delineating details
of the underlying cardiovascular anatomy and car-
ries the risk of ionizing radiation and radio-opaque
contrast agents. These limitations have accelerated
the adoption of more sophisticated electrospatial
mapping techniques. These techniques track the 3D
position of mapping and ablation catheters to create
surface maps of intracardiac electrograms and abla-
tion attempts. Three-dimensional mapping has ex-
tended the potential of ablative cure to most cardiac
tachyarrhythmias while reducing the need for x-ray
exposure.

With the application of more sophisticated ab-
lation procedures to a broader patient population,
electrophysiologists remain faced with suboptimal
cure rates and prolonged procedure times for some
arrhythmias, a risk of serious complications, and
an increased awareness of normal and pathologic
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anatomic variants that influence procedure diffi-
culty. Modern imaging techniques such as MRI,
intracardiac ultrasound, and CT are increasingly
used to approach the shortcomings of current map-
ping and ablation systems. Cardiac MRI is a partic-
ularly flexible imaging modality offering excellent
soft tissue contrast, 3D imaging of complex cardio-
vascular anatomy, real-time 2D imaging along ar-
bitrary imaging planes, and the ability to quantify
cardiac motion and blood flow. This chapter will
discuss the current and future applications of MRI
for improved pre-procedural understanding of the
arrhythmia substrate as well as the interventional
use of MRI for procedure guidance and ablation
lesion assessment.

Applications of MRI to
Preprocedural Planning

MRI has been applied in a number of ways to un-
derstand the anatomic substrate and plan catheter
ablation of atrial and ventricular arrhythmias. MR
angiography (MRA), with and without the adminis-
tration of gadolinium contrast, can provide detailed
3D atrial and venous anatomy. Delayed contrast-
enhanced MRI has been used extensively to delin-
eate regions of myocardial “scar” in ischemic and
nonischemic cardiomyopathies that form part of
the arrhythmogenic substrate in these conditions.

Myocardial tagging and phase-based motion
tracking techniques permit the creation of 3D my-
ocardial strain maps over the cardiac cycle that may
be related to regional myocardial electrical activ-
ity through the process of electromechanical cou-
pling. While MRI may assist procedure planning
for arrhythmias such as typical atrial flutter and ac-
cessory pathway-mediated tachycardia [3–5], atrial
fibrillation and monomorphic ventricular tachycar-
dia have been the focus of MRI research and appli-
cations because they remain challenging to manage
with current mapping and ablation techniques

Atrial Fibrillation

Atrial fibrillation (AF) is the most common clini-
cally relevant arrhythmia, occurring in 0.4% of the
general population [6]. Recognition that trigger-
ing foci for AF frequently arise from the pulmonary

veins has led to catheter ablation strategies to isolate
these triggers from atrial tissue.

In segmental pulmonary vein (PV) isolation, a
mapping catheter is used to locate electrical activ-
ity originating from muscle strands within the PVs,
and RF energy is applied to eliminate all detected
PV potentials. Generally, 20–60% of the PV circum-
ference is ablated in this process, introducing the
risk of pulmonary vein injury and stenosis. Meta-
analysis of studies using this technique demonstrate
freedom from symptomatic AF in around 70% of
patients with paroxysmal atrial fibrillation, but only
30% for persistent or permanent atrial fibrillation.
A 6% major complication rate including significant
PV stenosis in 3.6%, stroke in 0.8%, and tamponade
in 1.7% has also been noted [7].

Circumferential PV ablation is an alternative ap-
proach in which RF energy is delivered around the
entire circumference of each PV or pairs of PVs until
local atrial electrogram voltage is reduced by 80% or
to <40.1 mV. Pooling results from different centers,
success rates of around 70% for paroxysmal AF and
50% for persistent AF have been achieved [7]. With
this technique the risk of significant PV stenosis
was reduced to around 1%; however, the rare but
potentially lethal complication of atrioesophageal
fistula has been reported. Hybrid techniques that
combine focal ablation of PV triggers with circum-
ferential PV ablation and linear ablation of the mi-
tral isthmus and posterior LA have evolved with
reports of improved outcomes. However, such pro-
cedures currently have similar efficacy when con-
sidering pooled results from available studies 7.

MRI for Preprocedure Planning of
Atrial Fibrillation Ablation
Pulmonary vein anatomy is complex and poorly
assessed by fluoroscopy alone. With the effort to
improve the success and reduce complications of
AF ablation, the use of 3D imaging to delineate
left atrial (LA) and PV anatomy has become more
widespread. MRA has been used to assess the size,
shape, and anatomy of PVs in paroxysmal AF pa-
tients and normal subjects. One study identified
LA anatomic variants in 38% of people including
a common trunk to the left PVs, additional right
middle and right upper PVs, and early branching
of the PVs [8] (Figure 9.1). Some of these anatomic
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Figure 9.1 Examples of variant
pulmonary vein anatomy depicted by
MR angiography. (a) AP view of a long
left common trunk; (b) axial view of a
long left common trunk; (c) AP view of a
right middle pulmonary vein; and (d)
cardiocentric 3D surface view of the
right middle pulmonary vein ostium.
Figure reprinted with permission from
Circulation [8].

variants have implications for procedure planning.
Tsao et al. described the potential for right middle
PVs to be a focus for AF initiation [9]. The com-
mon presence of an extra right middle pulmonary
vein in 18–29% of patients referred for atrial fibril-
lation ablation has been confirmed in a number of
3D imaging studies [6].

Knowledge of LA and PV anatomy can also af-
fect technical aspects of the ablation procedure. A
right middle PV can make stable ablation device
positioning at the PV ostia difficult because of the
narrow tissue ridges separating it from the adjacent
right PVs. Such atrial ridge anatomy has been as-
sessed by MRA [10]. Other variants such as PVs with
large funnel-shaped ostia or small ostia may make
mapping catheter selection and positioning diffi-
cult for the segmental isolation approach, and abla-
tion within small or early branching PVs increases
the risk of stenosis in that vessel [10]. Recognition
of such variants may favor the use of circumferen-
tial ablation and can help determine the applica-
bility of non-RF based ablation modalities such as
cryothermy, ultrasound, and laser, which may have
particular PV geometry considerations.

One atrial region that poses technical difficulty
for stable ablation catheter positioning during cir-

cumferential ablation is the tissue ridge separating
the left PA from the left atrial appendage. Mansour
et al. used MRA to show that this ridge was 5 mm
or less in 92% of 50 patients undergoing circumfer-
ential PV ablation, clarifying the difficulty of stable
catheter positioning in this area [10]. Merging 3D
atrial anatomy from CT or MRA with catheter posi-
tion determined by electrospatial mapping is being
investigated and may assist in completing lines of
ablation in such technically challenging areas [11].
The topic of using MRI to guide procedures will be
discussed further below.

MRI for Improving Safety of Atrial
Fibrillation Ablation
Three-dimensional imaging also has implications
for improved safety of AF ablation procedures by
delineating the relationship of the LA to the esoph-
agus and adjacent vascular structures.

The potentially lethal complication of atrioe-
sophageal fistula has motivated assessment of the
relationship of the esophagus to the posterior LA
and PVs. Two studies using CT demonstrated the
ubiquitous contact of the esophagus with the pos-
terior LA [12, 13]. Both studies found that the
esophagus tends to course closer to the left inferior
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pulmonary vein, but can have significant individual
variation of positioning, suggesting another poten-
tial value of preprocedural 3D imaging. MRA has
also been used to define the position of the esoph-
agus and can similarly be used to guide reduction
of ablation power around the esophagus and direct
ablation away from this area when possible [14].
Variation of esophageal position due to peristalsis
has been noted, but its impact on the reliability of
using preprocedural imaging to define esophageal
position requires further evaluation.

The proximity of adjacent vessels to the LA and
PVs may be useful to consider particularly when
using ablation technologies that are capable of cre-
ating deeper lesions such as irrigation-cooled RF
ablation, ultrasound, cryothermy, and laser. In ad-
dition to directing ablation away from the PV ostia,
3D imaging can identify the position of the descend-
ing aorta which was noted to contact the posterior
LA wall or left PVs in 77% of 65 subjects in one
study [13]. Imaging can also delineate the right pul-
monary artery course along the LA roof and the left
circumflex coronary artery position adjacent to the
anterior base of the LA appendage orifice [6]. Acute
occlusion of the left circumflex coronary artery has
been reported in an AF ablation procedure during
completion of a mitral isthmus ablation line from
the coronary sinus [15].

Scar-Based Monomorphic
Ventricular Tachycardia

Ventricular tachycardias with repetitive uniform
morphology arise from an anatomically fixed ar-
rhythmia substrate that can be targeted for ablative
modification and cure [16]. Some of these rhythms,
including right ventricular outflow tract (RVOT),
ventricular tachycardia (VT), left ventricular (LV)
outflow tract VT, and LV reentrant VT, occur in
structurally normal hearts and typically respond
well to current ablative treatment techniques. Bun-
dle branch reentry monomorphic VT is relatively
common among nonischemic cardiomyopathy-
associated VTs and responds well to ablation of
the right bundle branch. However, myocardial scar-
ring due to infarction, cardiomyopathy, sarcoidosis,
ARVD, or cardiac surgery are common causes of

monomophic VT that are difficult to treat medi-
cally or with ablation [16].

Scar-related VT is typically a reentrant arrhyth-
mia that depends on critical isthmuses of conduc-
tive tissue bounded by nonexcitable scar or a valve
annulus [17]. In contrast to the anatomic substrate
for other monomorphic VTs, scar morphology and
associated arrhythmia circuits are highly variable
between patients. Such arrhythmias are often poorly
tolerated hemodynamically limiting the use of tra-
ditional mapping techniques during the tachycar-
dia. Substrate-based approaches utilizing electro-
spatial mapping of scar regions, pace mapping to
reproduce VT morphology, and assessment of lo-
cal electrogram characteristics such as isolated di-
astolic potentials have been used to identify pos-
sible isthmus and exit site regions of the arrhyth-
mia circuit to target ablation [16, 18]. Still, the
time-consuming nature of these procedures, the
dependence of certain VT on epicardial pathways
that require additional epicardial mapping or in-
tramural pathways that are inaccessible to map-
ping, and suboptimal cure rates on the order of
70% or less even in experienced hands, make bet-
ter targeted and alternative strategies for ablation
attractive.

MRI for Ventricular Tachycardia
Substrate Imaging and Risk
Prediction

Using MRI to assess the arrhythmia substrate in
scar-based VT is still in the investigational stages,
but shows promise. Delayed gadolinium-enhanced
MRI (DEMRI) has been used extensively to identify
regions of myocardial scar in ischemic and a number
of nonischemic cardiomyopathies [19, 20]. More re-
cently, MRI scar characteristics have been correlated
with the risk and electrical morphology of inducible
monomorphic ventricular tachycardia.

The relationship of monomorphic VT to myocar-
dial scar depicted by MRI has been most extensively
established for myocardial infarction. Bello et al.
used DEMRI to study the relationship of LV scar
size to inducible VT in 48 coronary artery disease
patients referred for electrophysiologic study (EPS).
In this population, sustained monomorphic VT was
induced in 18 patients. Infarct surface area and
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Figure 9.2 Example of the correlation
between the isthmus of an induced VT
circuit detected by epicardial activation
mapping to an anatomic channel of viable
myocardium depicted by very high
resolution delayed enhancement MRI. (Left
upper figure) High-resolution activation
map obtained during induced VT. (Right
lower figure) once slice through a 3D high
resolution MRI image of myocardial scar.
(Right upper figures) Visual correlation of
the VT circuit isthmus with a channel of
viable myocardium on a 3D surface
reconstruction of the infarct scar. Figure
reprinted with permission from Circulation
Research [26].

infarct mass were found to be significant predic-
tors of inducible VT while LV ejection fraction was
not [21].

Schmidt and colleagues recently reported on the
value of more detailed scar morphology assessment
for ischemic VT prediction. They used an image
intensity threshold method to quantify regions of
dense scar and “scar border zone” (SBZ) hypothe-
sizing that the SBZ regions correspond to potential
regions of slow conduction, which could lead to
reentrant VT [22]. In 47 patients with ischemic car-
diomyopathy referred for primary prevention ICD
placement, they found the amount of tissue classi-
fied as SBZ was significantly associated with VT in-
ducibility [22]. Interestingly, the amount of dense
scar, identified as a VT predictor in the previous
study, and the transmural extent of scar, which has
been identified as a risk factor for VT in nonischemic
cardiomyopathy (CM), were not significantly asso-
ciated with VT in this population [21, 23]. This
points to the limitation of extrapolating findings of
gross scar morphology association studies to differ-
ent study populations and different CMs. However,
there may be a more direct connection between scar
morphology and specific reentrant VT circuits in
individual patients. Several early reports suggest a
relationship of DEMRI scar location to VT location

based on surface EKG morphology for a number
of cardiomyopathies including dilated CM, ARVD,
and sarcoid [23–25].

Experimental Use of MRI for
Ventricular Tachycardia Circuit
Prediction
The potential for DEMRI to more directly assist in
VT ablation planning has been assessed in recent an-
imal studies. Ashikaga et al. used an epicardial sock
with 300– 380 simultaneous recording sites to ob-
tain high-resolution activation maps of inducible
monomorphic VT in a pig infarct/reperfusion
model [26] (Figure 9.2). The activation maps were
then registered to very high-resolution ex vivo 3D
DEMRI images (0.39 mm × 0.39 mm × 0.39 mm
resolution) to assess the relationship of electri-
cal propagation to scar morphology. Detailed scar
imaging revealed numerous previously unseen fea-
tures including 3D tracts of viable myocardium
within scar and scar within viable myocardium that
visually correlated with epicardial exit sites and isth-
mus pathways identified on epicardial activation
mapping. The study also confirmed the limitations
of assessing 3D VT circuits with 2D mapping on
one surface of the myocardium and pointed to the
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Figure 9.3 Example of VT isthmus site prediction using a
model of wave front geometry based on regional scar
thickness determined from high-resolution delayed
enhancement MRI. The black lines represent the isthmus
detected from activation mapping of an induced VT; the
green lines represent the isthmus predicted from the

model. (Left upper figure) Activation maps during sinus
rhythm and VT. (Right upper figure) Regional scar
thickness determined from 3D MR images. (Right lower
figure) Model prediction of wave front geometry and
resulting isthmus site prediction. Figure reprinted from
permission from Heart Rhythm [27].

adjunctive potential of MRI for identifying intra-
mural correlates of VT propagation [26].

Ciaccio recently reported use of high-resolution
SBZ geometry determined by DEMRI to predict VT
isthmus ablation sites in a canine transmural in-
farct model [27]. (Figure 9.3). Their analytic model
used 2D scar thickness maps measured from his-
tology sections and 0.4 mm × 0.4 mm × 0.4 mm
pixel resolution ex vivo DEMRI to predict VT ex-
citation wavefront propagation. Observed lines of
block from epicardial activation maps during in-
ducible VT were compared with model predicted
block lines. Though the results were not divided
into those from histology (n = 4) and those from
DEMRI (n =3) the results were qualitatively similar
between techniques. The overall mean distance be-
tween the actual and estimated block lines was 6.5
± 3.7 mm, and the estimated ablation target line
through the center of the predicted isthmus over-
lapped the actual isthmus width by 91.8% ± 4.6%
[27]. Techniques that use more detailed biodomain

models incorporating ion channel physiology and
structural characteristics obtained from 3D MRI are
also being investigated.

Though these experimental studies use signifi-
cantly higher resolution DEMRI maps than the typ-
ical 1.5 mm × 2.5 mm × 8 mm pixel resolution used
clinically, methods to obtain higher-resolution scar
maps in patients are being developed [28]. Together
with studies to identify safe MR imaging procedures
for patients with implanted defibrillators [23] and
clinical correlation of DEMRI scar morphology to
successful VT ablation sites, the role of MRI for clin-
ical VT ablation will be better defined.

Applications of MRI for Ablation
Procedure Guidance and Lesion
Assessment

Using the detailed anatomic and functional infor-
mation provided by MRI for preprocedural plan-
ning has been a preliminary step toward using the
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information for intraprocedure guidance. The ba-
sic requirement for MR guidance of procedures
is for the ablation device position to be accu-
rately depicted relative to MR imaged anatomy. This
would provide an ability to target arrhythmogenic
anatomic regions while avoiding areas such as near
the PV ostia and esophagus that could lead to com-
plications. The initial step bringing this goal to clin-
ical practice has been to register position data from
electrospatial mapping to image based landmarks
on pre-acquired 3D MRI or CT so that subsequent
electrospatial mapping locations can be translated
to corresponding 3D image locations. The devel-
opment and applications of this technique will be
discussed first.

Other potential benefits of MRI require updated
imaging during the procedure. The orientation and
stability of ablation device contact with the my-
ocardium is known to be an important factor in
lesion formation and could be directly visualized
during catheter manipulation [29]. Additionally,
direct visualization of ablation location and extent
during the procedure would be helpful to confirm
desirable positioning and to avoid complications.
Finally, recovery of conduction through transient
postprocedure regions of block appears to be a fac-
tor in arrhythmia recurrence [30, 31]. Imaging of
ablation lesion continuity would provide a quan-
tifiable measure for gauging outcomes and could
be an important procedural endpoint if found to be
useful for predicting arrhythmia cure. The past and
current preclinical work toward bringing intrapro-
cedure and “real-time” MRI to clinical practice will
also be discussed.

Registration of Electrospatial
Position Data with Preacquired 3D
MRI for Procedure Guidance

Dickfeld et al. first reported the feasibility of us-
ing 3D MR angiogram images registered to a mag-
netic field–based catheter position tracking system
to target and create cardiovascular RF ablation le-
sions without the use of fluoroscopy [32, 33]. Us-
ing multiple MR visible skin makers for registration
with the electrospatial mapping system, they were
able to ablate the center of the fossa ovalis with
an accuracy of 3.9 ± 2.1 mm, and repeatedly ab-
late a right ventricular (RV) and inferior vena cavae

(IVC) site with a precision of 3.9 ± 0.5 mm 4.4 ±
2.4 mm, respectively. They were also able to consis-
tently manipulate a catheter from an internal jugu-
lar sheath to ablate within the left atrial appendage
using only electrospatial mapping position and the
preacquired MRA for guidance.

Imageguided electrospatial mapping has since
been applied clinically for pulmonary vein isolation
procedures [11, 34]. One group reported their tech-
nique for registering CARTO electrospatial map-
ping position to preacquired 3D MR and CT images
in 16 patients undergoing circumferential PV abla-
tion combined with segmental PV isolation [11].
After adequate registration was achieved, LA and
PV anatomy depicted by 3D imaging was felt to be
helpful for guiding the procedure. Of the patients
studied, 47% exhibited variant PV anatomy, and the
placement of circumferential lesions around pairs of
left and right PVs could be tailored to the imaged
anatomy [11] (Figure 9.4) Also, difficulty in stable
catheter positioning at the LAA/PV junction cor-
responded to narrow ridge anatomy on 3D imag-
ing. and lesion placement could be guided to the
anterior portion of the left PV ostia. In line with
previous results, freedom from AF recurrence at 6
months was noted in 80% in patients with parox-
ysmal AF, two of four patients with persistent AF,
and zero of two patients with permanent AF [11].
As use of such image-guided electrospatial mapping
becomes more widespread, the effect of this tech-
nology on AF ablation outcomes, safety, and ease
will become more apparent.

Reddy and colleges have extended similar tech-
niques to evaluate the feasibility of VT substrate
ablation in a pig mid-LAD infarct model [35]. With
a registration scheme using manual segmentation
of the aorta from 3D imaging and minimizing the
distance of this surface to nonspecific electrospatial
mapping points placed within the aorta they were
able to reduce the dependence of registration on
time consuming high-density LV mapping. Using
this system, they report targeting of sites in the LV
with an accuracy of 1.8 ± 0.5 mm and confirmed
that ablation lesions guided to the infarct edge on
preacquired DEMRI were situated at the scar border
zone area on gross pathology [35]. Use of this tech-
nique to guide clinical VT ablation has been slowed
by the safety concerns of MR imaging in patients
with ICDs and the lack of equivalent scar imaging
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Figure 9.4 Example of tailored
circumferential RF ablation around
pulmonary vein ostia guided by
electrospatial mapping registered to 3D
surface anatomy obtained by MR
angiography. Circumferential ablation
(a) around a normal pattern of
pulmonary veins, (b) around a left
common trunk, (c) navigating a narrow
ridge separating left-sided pulmonary
veins from the left atrial appendage,
and (d) placing lesions along a wide
ridge separating left side pulmonary
veins from the left atrial appendage.
Figure reprinted with permission from
The Journal of Cardiovascular
Electrophysiology [11].

by CT. The possibility of MR scanning in this group
of patients will be addressed below in the discussion
of future directions.

While registering real-time device position from
electrospatial mapping to preacquired 3D imaging
is an improvement over the simple surface geom-
etry constructed by electrospatial mapping alone,
it suffers from the potential for registration error
and it still does not depict the actual results of abla-
tion. Even with careful attempts at coordinating the
cardiac and respiratory phase of imaging with elec-
trospatial mapping position through cardiac gating
and reference catheter-based motion correction, the
anatomy depicted by preacquired images routinely
deviates from the intraprocedural anatomy. This is
due in part to changes in chamber size associated
with variations in heart rate, rhythm, and volume
status [35].

In clinical practice additional errors can result
from variations in patient positioning between the
preacquired scan and procedure, and inadvertent
subject motion during the procedure. From their
initial 3D image registration experience, Dong et
al. reported a PV isolation rate of only 32% af-
ter anatomic circumferential ablation [11]. They
resorted to additional segmental mapping and
ablation to achieve full PV isolation. Using

irrigation catheters to produce more extensive abla-
tion lesions, other groups still report only a 50–60%
PV isolation rate after circumferential ablation [36,
37]. These results may reflect inherent limitations of
electrospatial mapping for assessing the complete-
ness of ablation lines.

Intraprocedure MRI for Guidance
and Lesion Assessment

Real-time imaging during electrophysiology proce-
dures has the potential to visualize device contact
with moving local anatomy and evaluate the tis-
sue response to ablation therapy [38, 39]. Intracar-
diac echocardiography (ICE) has brought some of
the benefits of real-time imaging to current clinical
practice [40]. However, ICE currently requires ma-
nipulation of a separate imaging catheter and phys-
ical limitations on image plane orientation and a
restricted field of view limit the ability of ICE to
evaluate lesion extent and characterize extended re-
gions of ablation.

Intraprocedure high-resolution MRI together
with real-time MRI can combine the de-
tailed anatomic information useful for procedure
planning with direct visualization of device posi-
tion in relation to complex moving anatomy and
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Figure 9.5 Real-time MRI visualization of atrial septal
puncture. Stepwise images include (a) visualization of the
fossa ovalis, (b) placement of an automatically highlighted
needle at the fossa with observed tenting of the atrial
septum, (c) controlled puncture of the atrial septum, and
(d) passage of a floppy wire into the left atrial appendage

through the puncture needle. The floppy wire appears
highlighted due to electrical coupling with the needle. The
yellow arrow points to the dilator sheath tip intentionally
designed to create image distortion for improved
visualization. Figure reprinted with permission from
Catheterization and Cardiovascular Interventions [43].

flexible imaging of the response to ablation ther-
apy including lesion extent and ablation line conti-
nuity. The high static magnetic field environment,
strong oscillating electromagnetic fields generated
during MR scanning, physical limitations to patient
access within the scanner bore, and prior require-
ment for ECG gating and breath holding have made
interventional MRI guidance of cardiac procedures
challenging. However, technical advances over the
last 20 years including the development of MR safe
device construction techniques, short-bore high-
field MRI scanners, and faster imaging capabilities
are bringing the potential benefits of performing
electrophysiology procedures under real-time MRI
guidance closer to reality.

Lardo et al. reported the use of real-time MRI
for performing all the basic steps involved in an EP
procedure [41]. MR imaging with interactive im-
age plane manipulation was used to guide a catheter
constructed from nonferromagnetic materials from
an internal jugular sheath to points in the right
atrium and right ventricle in six dogs. The catheter
was directed to the inferior lateral wall of the right
atrium (RA) with visualization of catheter contact
against the atrial wall and visual confirmation of
various surrounding anatomic references including
the vena cavae, coronary sinus, Eustachian ridge,
fossa ovalis, and tricuspid valve. The catheter could
also be advanced to the RV apex and RV lateral wall
and RF power was applied to these sites while arti-
fact free real-time imaging was performed.

Low-pass filtering was required to suppress ab-
lation generator noise that would otherwise inter-

fere with MR image acquisition. The lesions could
be seen for 2 min after ablation using T2-weighted
imaging without contrast as well as for 60 sec after
the administration of contrast. The ablation lesion
length, width, and depth derived from MR imaging
correlated well with gross pathology examination
[41]. Intracardiac electrograms were recorded dur-
ing imaging using a shielded band-pass filter and
confirmed a roughly 9-fold decrease of local IEGM
magnitude after ablation. We have since extended
these results to record simultaneous RA, His bundle,
and RV electrograms from catheters maneuvered to
the high right atrium, AV junction, and RV apex un-
der real-time MR guidance.

Other techniques relevant to EP procedures have
also been performed using real-time MRI guidance.
Transseptal catheterization is the standard method
for left atrial access during AF ablation. However,
the procedure can be challenging to perform un-
der fluoroscopy, particularly in the setting of dis-
torted atrial anatomy, and carries the risk of se-
rious complications including cardiac perforation.
Real-time MRI has successfully been used to guide
transeptal punctures in animal models under di-
rect visualization of the needle, atria, fossa ovalis,
and surrounding vasculature [42, 43] (Figure 9.5)
Retrograde catheterization of the left ventricle from
the femoral artery has also been performed under
real-time MRI guidance [44].

Translation of real-time MR-guided EP studies
to human subjects has been appropriately cautious
due to concerns about the potential for catheter
tip heating from current induction during MR
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Figure 9.6 Example of noncontrast T2-weighted MR
imaging of right ventricular epicardial RF ablation lesions
with pathologic correlation. Stability of the imaged lesion

size is demonstrated from 30 min to 12 hr after ablation.
Figure reprinted with permission from Heart Rhythm
[46].

imaging. Safe application of this technique to more
general EP procedures in patients will require re-
liable induction current suppression techniques
which will be further described below in the dis-
cussion of future directions.

Perhaps the most valuable advantage of MRI-
guided ablation therapy is the unique ability to vi-
sualize and monitor ablation lesion formation with
high temporal and spatial resolution. RF ablation
lesions can be visualized because MRI is able to de-
tect specific changes to proton precession and relax-
ation properties resulting from heating and heat-
induced biophysical changes in cardiac tissue in-
cluding interstitial edema, hyperemia, protein con-
formational changes, cellular shrinkage, and tissue
coagulation [41].

Acute interstitial edema is most likely responsible
for the hyperintense regions representing the area
of damage observed by T2-weighted FSE imaging
[41]. Changes in protein structure and temperature
sensitivity of the T1 parameter allow lesions to be
visualized by imaging protocols like SPGR [41, 45].
T1- and T2-weighted imaging of ablation lesions
have been carefully evaluated in canine open-chest
epicardial ablation studies [46]. Though the qual-
ity of T1-weighted lesion imaging was felt to be less
consistent than T2-imaging, lesion size depicted by
both T1- and T2-weighted imaging correlated well
with gross pathology. Gaps between ablation lesions

could also be visualized using both T1- and T2-
weighted imaging. The imaged lesion characteris-
tics were stable over the 30-min to 12-hr follow-up
period, making MRI a tool to evaluate lesions over
the course of an ablation procedure (Figure 9.6).

Gadolinium contrast DEMRI has also been used
to visualize ablation lesions. The time to achieve
full enhancement of RF ablation lesions, 1–2 hr, is
longer than for myocardial infarct scar. However,
good correlation with pathologic lesion size was
noted for intermediate enhancement patterns from
1 min to 2 hr after contrast injection, allowing lesion
extent to be assessed before full enhancement [39].
The 1–2 hr interval required for renal clearance be-
tween repeated dosing of gadolinium and the ceiling
on total allowable gadolinium dose limits the use of
this technique for serial lesion assessment during a
procedure [45]. However, because it provides supe-
rior lesion visualization compared to noncontrast
imaging, this technique may be useful for evaluat-
ing gaps in ablation lines after completion of a pro-
cedure. DEMRI of ablation lesions may also have a
role in outpatient follow-up after catheter ablation
procedures. DEMRI has recently been applied to
noninvasively characterize lesions around the PVs
after AF ablation.

Peters et al. described their initial patient expe-
rience with a technique permitting high-resolution
DEMRI images of the LA to be obtained over 10 min
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using image-based respiratory gating to avoid the
need for repeated breath holds [47]. While currently
in the proof-of-concept stage, this technique shows
promise for being able to relate AF ablation proce-
dure outcomes to postablation characteristics such
as lesion continuity. The ability to noninvasively de-
tect ablation lesions in the thin-walled atrium also
supports the possibility of imaging atrial lesions
noninvasively during MR-guided electrophysiology
procedures. Transesophageal coils and intravascu-
lar coils may also be used to enhance visualization
of lesions in the atria.

Though T1-weighted imaging is sensitive to tem-
perature, proton resonance shift thermography is
a more quantifiable temperature-sensitive imaging
technique that has been used to follow tumor ab-
lation in the uterus, liver, prostate, and brain using
diverse energy sources including RF, high-frequency
ultrasound, laser, and microwave [48–53]. Its use for
following RF ablation in the beating heart is cur-
rently being investigated. More exotic techniques
such as RF current–vector mapping are also being
studied for monitoring the extent of tissue power
deposition during RF ablation [54].

Future Directions

Taking real-time MRI guidance of electrophysiology
procedures from the investigational stage to clinical
use is within reach, but depends largely on the de-
velopment of clinical-grade interventional devices
that are designed to be safe in the MR imaging en-
vironment. Additional technologies such as device
tracking with closed-loop scan plane control, 3D
visualization software, parallel imaging techniques
to improve imaging speed, and high-resolution free
breathing imaging techniques for imaging patients
without a need for breath hold cooperation are
currently under development. Current progress in
these areas will be surveyed.

Interventional MRI Device Safety
The most important consideration for any new di-
agnostic or therapeutic approach is safety. While a
number of studies have been performed to deter-
mine the safety of conventional MRI with regard to
electromagnetic energy exposure and internal heat-
ing [55, 56], interventional procedures present ad-

ditional parameters and raise new safety concerns
[57–60].

The most straightforward aspect to MRI device
safety is the avoidance of ferromagnetic materials
that could experience significant translation and
torsion forces when brought close to the scanner.
The strength of this force can become significant at
the 5 Gauss line and increases exponentially closer to
the scanner. A plan for methodical tracking and re-
moval of ferromagnetic objects before approaching
the scanner and clear marking of high magnetic field
areas is mandatory [61].

Defibrillation is associated with an electric cur-
rent that can also lead to strong displacement forces
in high magnetic fields and should be performed
with the defibrillator pads maintained outside the
scanner bore [62]. Similar attention and safety mea-
sures are needed to address the ferromagnetic prop-
erties and electromagnetic compatibility of other
equipment associated with electrophysiology pro-
cedures including physiology monitoring equip-
ment, ablation and pacing sources, and anesthesia
apparatus.

In addition, long conductive objects such as
guidewires, wired electrodes, and metal braided
catheters are subject to inductive heating, partic-
ularly when portions of the device are located close
to the high-power radiofrequency transmit coil
housed within the edge of the scanner bore [58,
59]. The safest way to avoid this problem is to con-
struct devices from nonmetallic components such
as Dacron for catheter braiding and glass fiber rein-
forced plastics for guidewires [41, 63]. Several ap-
proaches have also been developed to reduce current
induction in signal-carrying structures such as elec-
trode wires and intravascular imaging coils. These
techniques include incorporation of RF chokes,
transmission line transformers, decoupling circuits,
and fiber optics into conductive catheter compo-
nents [23, 64–72]. Now that several academic and
industry research centers are focusing on heating
safe device development, more rapid progress in
this area is expected.

The compatibility of MRI with implanted devices
such as pacemakers and ICDs is an important con-
sideration for performing interventional MRI stud-
ies in the electrophysiology patient population. Spe-
cific concerns include static magnetic field induced
movement of the device and scanning-induced
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Figure 9.7 Example of using automatic catheter
highlighting and reference image planes to navigate
complex 3D anatomy using real-time MRI. The anatomic
location of the catheter position on the image labeled

LAX2 is better appreciated when overlaid with long- and
short-axis images of the heart. Figure reprinted with
permission from The Journal of Magnetic Resonance
Imaging [79].

programming changes, device inhibition, activa-
tion of tachyarrhythmia therapies, and lead cur-
rents leading to heating or cardiac stimulation [73–
76]. Modern devices address some of these con-
cerns with the use of less ferromagnetic material
and improved resistance to electromagnetic inter-
ference [77]. Experience is now growing for safe car-
diac MRI scanning in patients with selected devices
under controlled scanning conditions [23, 77, 78].
This experience includes use of sequences relevant
to modern cardiac MR, including DEMRI, opening
the possibility of substrate imaging in patients with
VT who have ICDs. Still, the number of patients
and devices studied thus far is limited and further
work is needed to develop manufacturer protocols
for establishing conditional MRI safety of pacemak-
ers and ICDs. Carefully designed protocols for pa-
tient selection, monitoring, and scanning also need

to be developed before imaging of patients with de-
vices can be more routinely performed.

Other Directions for Research
Real-time MRI differs from fluoroscopy in that MRI
typically generates an image from a 5–10 mm thick
slice through the body as opposed to a typical X-
ray projection containing the entire body thick-
ness. While this allows for high-resolution depiction
of structures in the imaging plane, it poses some
difficulties for visualizing curved devices such as
catheters which may not fall entirely within a single
imaging plane. Several techniques have been devel-
oped to approach this problem including thick slab
MR imaging that simulates fluoroscopy and active
device tracking to detect the device tip position and
automatically move the scan plane to the device po-
sition [79–81] Active device position tracking can
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also be used to tag local IEGM data to the device po-
sition for constructing electroanatomic maps. An-
other difficulty posed by MR thin slice imaging is the
ability to intersect anatomy in unfamiliar ways lead-
ing to user disorientation. Three-dimensional visu-
alization tools are being developed that plot real-
time thin slice images oriented relative to reference
2D and 3D images [32, 79] (Figure 9.7).

Finally, recent advances in scanning techniques
are making their way to commercial MRI sys-
tems extending the potential of interventional MRI
beyond specialized research centers. Fast scan-
ning using coherent steady-state imaging sequences,
parallel image reconstruction, and more efficient
data sampling are pushing “real-time” MRI frame
rates from the one frame per second reported in the
initial MR guided EP study to 3–8 frames per second
on many currently available scanners to 20 frames
per second and the potential for real-time 3D imag-
ing using speed optimized techniques on specialized
hardware [41, 79, 82, 83]. The more general avail-
ability of parallel image reconstruction and image-
based respiratory gating sequences is also opening
the way for higher resolution 3D imaging in patients
who cannot cooperate with breath holds during an
interventional study [28].

Conclusion

MRI has demonstrated a number of uses for preab-
lation planning, particularly for treatment of atrial
fibrillation. The use of DEMRI for planning VT ab-
lation procedures shows promise but requires fur-
ther investigation of the safety of MRI in patients
with ICDs. While in its infancy for guiding elec-
trophysiology procedures, interventional MRI has
been used to guide clinical procedures in other fields
cost-effectively and with reductions in X-ray expo-
sure [61, 84]. Available solutions for the remaining
clinical safety barriers offer the possibility for more
robust intraprocedure visualization of the moving
arrhythmia substrate, interventional device place-
ment, and adequacy of ablation in the near future.
The ability to accurately guide devices and establish
completeness of ablation lines without concern for
radiation exposure could improve the way current
ablation procedures are performed and open the
way to ablative cure of arrhythmias such as perma-

nent atrial fibrillation that currently respond poorly
to minimally invasive approaches [85].
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Summary

The use of electroanatomical mapping for the

ablation of cardiac arrhythmias has increased

greatly over the last decade. These technologies

have aided in expanding our understanding of

cardiac arrhythmias. Despite the great utility of

these technologies, electroanatomical mapping

systems have limitations that can impact the success

of mapping and ablation procedures. A better

understanding of these limitations can aid the

clinician in avoiding pitfalls and understanding

how best to utilize and interpret the maps created

by these systems. This chapter highlights the

limitations of both contact and noncontact

mapping systems and illustrates how these

limitations can impact the accuracy of mapping

cardiac arrhythmias.

Introduction

Over the past decade, mapping technologies
have made significant enhancements moving from
fluoroscopy-guided catheter positioning to non-
fluoroscopic 3D mapping. Prior to the advent of
advanced mapping systems, fluoroscopy in multi-
ple views was used to assess catheter position and
to help determine tissue contact. The use of fluo-
roscopy alone has significant limitations and may be
more time consuming and less accurate when map-
ping complex arrhythmias or coping with difficult
cardiac anatomy. Detailed anatomical characteris-

tics are often not well appreciated using standard
fluoroscopy since the 3D structure is displayed as a
2D image. In addition, there is increased radiation
exposure from prolonged fluoroscopy.

The ability to generate electroanatomical maps
that couple voltage or activation information with
the underlying anatomy has become an invalu-
able tool for the ablation of complex arrhythmias.
However, electroanatomical mapping technologies
should not substitute for traditional mapping ap-
proaches such as activation mapping, pace map-
ping, entrainment, and substrate mapping. While
electroanatomical mapping systems can be used
with conventional mapping methods, their utmost
utility resides in defining the spatial relationships
between electrophysiologic information and the
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underlying anatomy, as well as data registration
in spatial and temporal domains. Electroanatom-
ical mapping systems can tabulate and pinpoint
locations of best pacemap, or areas with promis-
ing presystolic activities. Complex reentrant circuits
with isthmus, entrance, and exit sites can be de-
lineated using entrainment and sites depicted over
a 3D anatomical construct created by the system.
Additionally, underlying substrate voltage can be
evaluated and putative arrhythmia circuits may be
characterized based on this information.

Recently, cardiac mapping has become a multi-
imaging modality with the integration of com-
puter tomography (CT), magnetic resonance imag-
ing (MRI), and ultrasound (US). Despite the ad-
vancements achieved by the new mapping technolo-
gies, there are limitations to the current mapping
systems. In this chapter we will examine the chal-
lenges and limitations of contact and noncontact
mapping systems.

Challenges and Limitations of
Contact Mapping Systems

For a contact mapping system, the mapping catheter
must make direct contact with the tissue. Incorpo-
rated into such mapping system is a mechanism to
locate the catheter in 3D space and the ability to si-
multaneously acquire electrogram data. The system
acquires and keeps track of the 3D spatial coordinate
of the catheter tip while it makes contact with the
cardiac tissue and creates a 3D anatomic construct.

A 3D electroanatomical map can be constructed
in real time without significant fluoroscopic expo-
sure. Electrophysiologic information from the un-
derlying cardiac tissue is recorded and overlaid on
the anatomical surface. There are currently three
main systems in use: Biosense Webster (CARTOTM),
St. Jude Medical (EnSite NavXTM), and Boston Sci-
entific Realtime Position Management (RPMTM)
(no longer being manufactured). Each of these sys-
tems utilizes a different technology and may have
limitations that are unique to their technology in
addition to limitations that are shared by all contact
mapping systems. For example, the electromagnetic
CARTO mapping system utilizes an ultra-low mag-
netic field (between 5 × 10−6 and 5 × 10−5 Tesla)
generated by a three-coil external magnetic field
emitter located under the patient’s torso. A magnetic

field sensor incorporated in the tip of the deflectable
quadripolar mapping catheter (NAVI-STARTM) de-
tects and codes both temporal and spatial informa-
tion around the patient’s chest [1]. Spatial informa-
tion is encoded in the decaying magnetic field as a
distance from the coil. Magnetic field sensors mea-
sure the strength of the field from each coil which
is used to calculate the distance from each coil. The
exact catheter location (pitch, roll, yaw) is based on
a known decaying magnetic field from the source
located beneath the patient.

While unlikely, in theory, any disturbance to the
magnetic field strength may lead to inaccurate dis-
tance and position measurements. This limits the
ability of using devices in the procedure room that
may affect the magnetic field around the patient
in an unpredictable way (such as the magnetic pro-
gramming wand for implantable devices). While the
CARTO system can currently work in a magnetic
environment with the Stereotaxis system by taking
the magnetic field generated by the fixed magnets
into account, an unpredictable field may cause inac-
curacies in the positioning of the electroanatomical
map. It is, however, not likely given the fact that
the majority of electrophysiology laboratories are
well shielded to prevent disturbance of the mag-
netic field.

Another issue related to the magnetic field is re-
lated to the finite range of the magnetic field. As
the catheter moves further away from the magnetic
field source, the accuracy of the system can de-
crease. If the catheter moves out of range of the mag-
netic field, the catheter itself will disappear from the
CARTO mapping screen. This may become an issue
during epicardial mapping or endocardial mapping
in a large left ventricle, in particular if the reference
patch was placed too far from the chamber of inter-
est.

Another example is the Realtime Position Man-
agement (RPM) system that was first described by
de Groot et al. in 2000 [2]. This mapping system
uses ultrasound to measure the distance between
the ultrasound transducers located on the refer-
ence and ablation catheters. Assuming the speed
of sound in blood is 1550 m/sec, the time delay be-
tween the ultrasound transmitter and the receiver is
used to calculate the distance between any two ref-
erence points. When a 3D reference frame is created
using two reference catheters, triangulation can be
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Table 10.1 Summary of Limitations of Electroanatomical Mapping

Limitations and Challenges of

Electroanatomical Mapping Solutions to Overcome the Limitations and Challenges

Contact Mapping

Alterations to the magnetic

field or ultrasound

Eliminate the source of interference or change to a system that does not utilize a

magnetic field or ultrasound.

Poor tissue contact Ensure tissue contact; change catheter size.

Nonmappable arrhythmias Substrate mapping in sinus rhythm; consider noncontact mapping system.

Fractionated electrogram Manual adjustment of electrogram timing.

Reference catheter motion Position reference catheter in stable position that is unlikely to move. Monitor

catheter for movement during procedure.

Cardiac motion Use proximal coronary sinus as reference.

Respiratory motion Use end-expiration dataset for image registration.

Image registration Use surface registration and end-expiration dataset.

Noncontact Mapping

Distance Know that accuracy is reduced for distances >34 mm; reposition array catheter or

change to a contact mapping system.

Signal-to-noise ratio Reposition array to minimize; may need to change to a contact mapping system.

Chamber size May need multiple array repositioning.

used to track the position of additional transduc-
ers. Because the system utilizes ultrasound as the
localization method, interference from other ultra-
sound devices can occur if the wavelength used is
similar. This limits the utility of this mapping sys-
tem in procedures where intracardiac ultrasound is
used routinely such as atrial fibrillation ablation.

Additionally, because contact mapping systems
require direct contact with the endocardium, there
are challenges in talking multiple points at the same
time. In the CARTO system, only a single point can
be taken simultaneously with the mapping catheter.
With the NavX system, mapping can be done with
any catheter, not just the ablation catheter as with
CARTO. A multipolar catheter can be used to take
simultaneous points from locations that are in con-
tact with the poles of the catheter. While this may
allow faster mapping, care should be taken to ensure
adequate contact (as will be discussed later) with the
endocardial tissue when utilizing these simultane-
ous points to generate a map.

Lastly, although not a limitation per se; with
the exception of the EnSite NavX system, propri-
etary catheter designs are often required for elec-
troanatomical mapping. This limits the available
catheter selection to the operator while using the

mapping system. Limitations of contact mapping
systems are summarized in Table 10.1.

Nonmappable Arrhythmias
In order to create an electroanatomical activation
map during an arrhythmia, it is optimal that the
arrhythmia be inducible, sustainable, and hemo-
dynamically stable. However, a significant subset
of atrial or ventricular arrhythmias is considered
“unmappable,” either due to arrhythmia nonin-
ducibility, inconsistent response to catheter ma-
nipulation/stimulation, nonsustained episodes, or
hemodynamic intolerance.

While it may be difficult to obtain activation maps
of these arrhythmias, the electroanatomical map-
ping system may still be helpful in keeping track
of pacemap sites or determining the underlying
substrate of the arrhythmia. In fact, a paradigm
shift that focuses on the detailed characterization
of the underlying electroanatomical substrate may
overcome these limitation for the majority of “un-
mappable” arrhythmias [3]. Creating an underlying
voltage map in a stable baseline rhythm, either sinus
rhythm or ventricular paced rhythm may provide
clues to scar tissue locations that are prone to de-
velop arrhythmia circuits.
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Applying radiofrequency (RF) energy lesions
along the dense scar to the normal myocardium
or anatomic boundary have been shown to control
unmappable ventricular tachycardia [4]. In a study
of sixteen patients with cardiomyopathy (nine is-
chemic and seven nonischemic) with drug refrac-
tory unmappable VT, an electroanatomical map was
generated during the baseline rhythm. Radiofre-
quency lesions were made to extend from “dense
scar,” as defined by a voltage amplitude <0.5 mV,
to anatomic boundaries or normal myocardium. A
mean of 55 RF lesions producing a mean of four lin-
ear lesions averaging 3.9 cm in length were created.
Follow-up showed that 75% (12/16) of the patients
were free of VT and 25% (4/16) still had VT. Only
one patient had frequent VT.

By mapping scar tissue and performing pace
mapping along the low voltage border, one may be
able to locate the reentry circuit isthmus. During
pace map, the site that the QRS morphology most
closely matched to the VT and had conduction de-
lay from stimulus to QRS >40 msec was considered
to be the site of reentry circuit isthmus and was
ablated [5]. Thus, while noncontact mapping sys-
tems may be able to map a single beat, the contact
mapping systems can still be very useful in these
scenarios.

Tissue Contact
Contact mapping is based on a sequential point-
by-point and beat-by-beat acquisition of electro-
grams. In order to create an accurate electroanatom-
ical voltage and activation map, stable contact must
be maintained between the catheter tip and the tis-
sue when a point is recorded. Although electrogram
timing is less affected by poor catheter–tissue con-
tact during activation mapping, poor contact may
result in low electrogram voltage measurements
or false positional information, leading to a false-
identification of low-voltage scar areas and a mis-
representation of the chamber size and geometry.

This may be of particular concern in areas with
poor catheter stability, such as the valve planes, ven-
tricular apex, and aneurysms. Catheter contact is
dependent on the operator’s skill, catheter design,
as well as the sampling density. For example, large
chambers may be difficult to map in cases when too
small of a curve catheter is selected. The operator
should interpret the electroanatomical maps with

caution if adequate catheter contact can not be as-
certained (Figure 10.1).

Electrogram Interpretation
Activation maps are created by tabulating the tim-
ing of a recorded local electrogram as compared to
a stable electrogram reference (either endocardial
or surface) during a stable rhythm. The local acti-
vation time is displayed as a color gradient over the
anatomical construct to create an activation map.
The mapping software can automatically select and
label the timing of the electrograms either at the on-
set, signal peak/nadir, or the maximum/minimum
slope. Such software may not be reliable when frac-
tionated, multicomponent, or low-amplitude elec-
trograms are encountered and the timing of the elec-
trograms may be incorrectly labeled (Figure 10.2).
This is particularly critical when mapping a reen-
trant arrhythmia, when “early” versus “late” electro-
gram signals must be accurately measured. In these
situations, the timing of the electrograms may need
to be manually adjusted in order to create an accu-
rate representation of the overall activation pattern
of the cardiac chamber. Relying too heavily on the
automated timing detection of the electrogram may
introduce a significant amount of error in the map,
and lead to a failure to localize the earliest activa-
tion for effective treatment of a focal arrhythmia
with ablation.

Movement of the Patient or Reference
Electrode
For activation mapping, the timing of the individ-
ual local electrogram recording is compared to a
fixed electrical reference in order to determine the
“relative” activation pattern of the cardiac chamber
during a stable rhythm. The selection of an appro-
priate, stable timing reference is therefore of the ut-
most importance. Positioning a reference electrode
with a stable spatial location within the mapping
chamber of interest is essential. Movement of the
reference electrode results in a change in its timing of
reference electrogram during the arrhythmia, and
introduces timing errors in all other electrogram
recordings relative to the reference. This will lead
to shifts in the map and introduce inaccuracies that
may confuse and delay the procedure. Therefore,
problems with inappropriate selections of timing
reference electrograms can have a significant impact
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Egm Amplitude = 0.27 mV

Egm Amplitude = 8.82 mV

(a)

(b)

Figure 10.1 The effect of poor catheter tissue contact. An
area of low voltage that can be misidentified as scar is
seen in (a). Although the voltage is low on the EGM, it
appears to be somewhat far-field. Improved contact in the
same area (b) shows normal voltage, a sharp deflection,

and appropriate color on the voltage map. (Reprinted with
permission from Electroanatomical Mapping: An Atlas for
Clinicians. Al-Ahmad A, Callans DJ, Hsia HH, Natale A, eds.
Blackwell, London, 2008.)

on the accuracy of the electroanatomical map. Ad-
ditionally, if the amplitude and waveform of the se-
lected reference vary significantly, either on a beat-
to-beat basis or during respiration, the map may be
similarly affected and inaccurate (Figure 10.2).

V5

(a) (b)

Figure 10.2 Selection of a surface reference for ablation of
a RVOT VT. The selected reference causes the
autodetection of the peak (selected in this case) to select
the first peak in some beats (a) and the second peak in
other beats (b). This leads to a significant error in the map.
An electrogram with a single discrete peak would have
been a better choice.

In addition to the instability of the timing ref-
erence catheter, accuracy may also be limited by
cardiac motion due to movements of the position
reference electrode. In one study of the NavX sys-
tem, investigators calculated the relative motion of
cardiac structures during the beating heart to assess
positional errors and guide the choice of an op-
timized spatial reference during atrial fibrillation
ablation [6]. For all left atrial structures, reference
to the proximal coronary sinus resulted in the least
mean displacement of 4.0 ± 1.1 mm, compared to
an external static reference on body surface (4.9 ±
0.7 mm). Furthermore, the authors found no ben-
efit in choosing distal coronary sinus or right atrial
appendage as reference positions.

For the cavotricuspid isthmus, the best location
for the reference catheter in decreasing order is
proximal coronary sinus (3.8 ± 2.2 mm), azygos
vein (4.6 ± 2.0 mm), right atrial appendage (5.0 ±
2.3 mm), and finally an external static reference
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Figure 10.3 In this case of RVOT VT ablation, movement
of the position reference catheter (timing reference was
based on the surface QRS) led to an activation map that

had two areas of early activation. A remap with the
catheter stable led to appropriate ablation of the
focus.

(5.5 ± 3.4 mm). The authors concluded that for left
atrial procedures, the proximal coronary sinus pro-
vided the best electrogram reference in reducing lo-
cation error. The right atrial appendage and azygos
vein were also reasonable alternatives, although the
risk of dislodgement was higher in the appendage.

This study highlighted the importance of select-
ing an appropriate reference catheter in minimiz-
ing error created by cardiac motion. Therefore, for
activation mapping of atrial arrhythmias, it is com-
mon to select an electrogram in the coronary sinus
catheter as the timing and/or position reference as
this catheter tends to be more stable compared to
other catheters located in the atrium. It is crucial
to ensure stability of the reference electrode and
monitor for movement during the procedure. With
the CARTO system, the position reference is placed
on the patient’s back; therefore, patient movement
will also result in reference patch movement with
respect to the magnetic field. For this reason, the
CARTO system is more sensitive to patient move-
ment in terms of anatomical accuracy, whereas the
NavX system is more sensitive to movement of the

internal position reference catheter. If there is sig-
nificant reference catheter/electrode movement or
patient movement in the case of CARTO, the map
may be inaccurate and a remap may be warranted
(Figure 10.3).

Another type of motion that can affect spatial
accuracy and referencing of the electroanatomical
map is respiratory motion. Respiratory effects were
assessed during atrial fibrillation ablation by the
shift of the motion curve during inspiration and
expiration. A study by Klemm et al. found that the
pulmonary veins shifted on average 5.0 ± 0.5 mm
as a result of expansion and contraction of the left
atrium during respiration [6]. The study concluded
that respiratory variations were less for left-sided
pulmonary veins (4.7±0.4 mm) compared to right-
sided pulmonary veins (5.4 ± 0.1 mm). The infe-
rior pulmonary veins (4.9 ± 0.6 mm) also moved
less with respiration compared to the superior pul-
monary veins (5.3 ± 0.4 mm) (Figure 10.4).

In another study, MRI angiography of the left
atrium and pulmonary veins was acquired at both
end-inspiration and end-expiration. After aligning
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Figure 10.4 A shift in cardiac geometry,
in particular the pulmonary veins, is
demonstrated by the change in angle of
the pulmonary veins during inspiration
(a) and expiration (b). Reprinted with
permission from Ref. 7.

the two surface datasets, the respiration variations
were able to be calculated. The measured surface-to-
surface distance between pulmonary veins ranged
from 1.99 mm to 3.79 mm, and inferior pul-
monary veins varied more than the superior pul-
monary vein [7]. Registration of the electroanatom-
ical model with the MRI models was better for
the end-expiration dataset (2.30 ± 0.73 mm) com-
pared to the end-inspiration dataset (3.03 ± 0.57
mm). Therefore, for ideal spatial accuracy, respira-
tory variations must be taken into consideration.

Image Registration
With the recent introduction of CARTO-Merge
software, the integration of real-time catheter-based
electroanatomic mapping with a previously ac-
quired MRI and CT image set is now possible. The
integration of these images has been used to as-
sist catheter ablation where anatomical variations
may be important to the ablation strategy such
as in atrial fibrillation. The integration allows in-
creased anatomic detail provided by MRI and CT
to be superimposed on real-time mapping and
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visualization of the ablation catheter in relation to
relevant cardiac structures. However, there are limi-
tations to the accuracy of the merged maps. A recent
study evaluated 61 patients for atrial fibrillation ab-
lation who underwent either MRI (n = 50) or CT
(n = 11) scans prior to ablation.

Factors that influenced the overall accuracy of
integrating electroanatomic points with CT and
MRI reconstruction were evaluated using CARTO-
Merge software [8]. The investigators found the only
significant positive correlation for integration error
was left atrial size, with a larger left atrial size having
a less accurate registration. In this study, no signif-
icant differences in integration error were found
between MRI and CT images, left ventricular ejec-
tion fraction, or paroxysmal versus persistent atrial
fibrillation. Another recent study examined 30 pa-
tients undergoing atrial fibrillation ablation using
the CARTO-Merge system and registered CT scan
data. When pulmonary veins were selected as the
cardiac landmark structures for registration, a po-
sitional error of 6.4 ± 2.8 mm was achieved with re-
peat registration required in some patients. When
the CT data was registered by best fit to the elec-
troanatomic surface geometry, an error of 2.3 ±
0.4 mm was achieved with the anterior wall most
prone to error. It is hypothesized that this region
of the left atrium has the greatest mobility resulting
in error during CT segmentation. Cardiac rhythm
at the time of the CT imaging, atrial fibrillation or
normal sinus rhythm, did not show a significant dif-
ference in registration error (2.5 ± 0.3 mm for AF
vs. 2.3 ± 0.5 mm in SR) [9]. The authors concluded
that surface registration was more reliable than
pulmonary vein registration and that the cardiac
rhythm at the time of CT did not alter registration
accuracy.

As mentioned previously, respiration variations
can affect image registration accuracy with the end-
expiration dataset resulting in less error than the
end-inspiration dataset [7]. Although automatic
image registration and integration sounds promis-
ing, the user must be aware of the limitations in
terms of its accuracy, selection of registration points
and respiratory phase of MRI/CT image to register
against. Ideally, 3D images should be obtained at
the time of the procedure and in the same rhythm
and hemodynamic loading conditions to minimize
registration error.

Limitations of Noncontact
Mapping Systems

The concept of noncontact mapping eliminates
the need for sequential point-by-point acquisition
of a local electrogram using a mapping catheter.
It was first described by Schilling et al. in 1998
[10]. This allows rapid generation of a complete
map on a single beat without endocardial contact.
While there is an advantage in terms of speed of
mapping and the ability to map nonsustained or
nontolerated rhythms, the mapping system utilizes
“virtual” electrograms rather than recorded elec-
trograms from direct contact with the endocardial
surface. At the current time there is only one system
that is a noncontact mapping system, the St. Jude
EnSite ArrayTM). The mapping system consists of a
7.6 ml (18 × 40 mm) ellipsoid balloon surrounded
by 64 multielectrode array (MEA), which allows for
simultaneous recordings from multiple sites within
a single cardiac chamber. The MEA records far-field
unipolar electrograms generated by the activation
of the endocardial surface. By solving the reverse
Laplace equation on the far-field electrograms, 3360
“virtual” endocardial electrograms of a single beat
can be generated for activation mapping. In addi-
tion, the location of the roving electrode can also
be determined by emitting an electrical signal from
the roving catheter. Table 10.1 summarizes the lim-
itations of a noncontact mapping system.

Distance
Limitations of the noncontact mapping system in-
clude the loss of accuracy of virtual electrograms
as the endocardial surface moves further away from
the recording electrodes on the balloon surface. This
was first evaluated in vitro in an ellipsoid chamber
that had good accuracy when the surface is less than
50 mm away from the center of the balloon. Within
a range of 50 mm, the EnSite Array was able to lo-
cate a roving electrode to 0.33 ± 0.45 mm, whereas
if the range was greater than 50 mm, the Array’s
precision was reduced to 0.75 ± 1.13 mm [11]. This
was confirmed in humans by examining the cross-
correlation morphology and timing of maximum
−dV/dt between contact and reconstructed electro-
gram of the left ventricle.

Cross-correlation of contact and noncontact vir-
tual electrograms was 0.87 ± 0.12 for a center of
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multielectrode balloon array to endocardial surface
(M-E) distance of <34 mm and 0.76 ± 0.18 for dis-
tances>34 mm. The timing difference of maximum
−dV/dt was −1.94 ± 7.12 msec for M-E < 34 mm
and significantly worse at −14.16 ± 19.29 msec for
M-E >34 mm [10]. Thus, as the endocardial sur-
face is further away from the center of the balloon
Array, the less accurate the virtual electrogram is
compared to the contact electrogram (both in ac-
curacy of spatial localization and activation timing).
The authors concluded that although the Array can
reconstruct electrograms >50 mm, accuracy signif-
icantly decreases at distances >34 mm.

In another study, left atrial mapping was exam-
ined for patients undergoing atrial fibrillation abla-
tion which showed significant decrease in accuracy
when the endocardial surface was >40 mm away
from the balloon Array [12]. For endocardial sites
<40 mm the correlation was 0.87 compared to 0.73
for sites >40 mm away. So when using the Array, the
chamber size must be taken into consideration be-
cause as the distance between the endocardial sur-
face and the MEA increases, the less accurate the
generated “virtual” electrograms will be.

Signal-to-Noise Ratio
Factors that reduce the signal-to-noise ratio will
also reduce the accuracy of the virtual electrograms.
During noncontact mapping, if the signal ampli-
tude is low or when the level of noise is increased,
the accuracy of the generated virtual electrograms
needs to be scrutinized. This was shown in a study
examined mapping of the left atrium for atrial fibril-
lation. When comparing the morphology and tim-
ing by cross-correlation of the direct contact electro-
grams to the virtual electrograms, the far-field ven-
tricular electrograms correlated much better than
the atrial electrograms, 0.96 vs. 0.87 [12]. This held
true even at distances >40 mm. This was attributed
to larger signal amplitudes of ventricular compared
to atrial electrogram recordings.

One factor that affects the signal-to-noise ratio
is slow conduction within scar tissue, which can
generate very low voltage signals that may not be
detected by the MEA [13]. Another factor is that be-
cause the MEA is composed of unipolar electrodes,
it is susceptible to far-field signals that may interfere
with the near-field signals of interest [14]. An ex-
ample would be mapping 1:1 atrial arrhythmias that

originated from areas close to the tricuspid or mitral
annulus because the atrial amplitude may be lower
than that of the ventricular amplitude. This may
make the electrogram timing difficult to discern.

Chamber Size
Chamber size, both large and small, may limit non-
contact mapping. As discussed earlier, for distant
endocardial borders within a large chamber vol-
ume, it may require multiple MEA repositioning
to collect adequate virtual electrogram data. In ad-
dition, because spatial resolution is decreased with
distance away from the MEA balloon, the accuracy
of the anatomical construct may be less reliable for
larger chamber of interest. This makes mapping of
ventricular tachycardia in a large left ventricle po-
tentially difficult. In addition, the EnSite Array has
a volume of about 8–10 mL, and positioning of the
MEA in small areas may limit the movement of the
ablation catheter [15].

Conclusion

Electroanatomical mapping systems have become
an indispensable tool in the mapping and ablation
of cardiac arrhythmias. These systems have pro-
vided insights into the mechanisms of arrhythmias
as well as enhanced our understanding of the re-
lationship between cardiac electrophysiology and
substrate anatomy. While there are still challenges
and limitations about which the practicing electro-
physiologist should be aware, a better understand-
ing of these limitations and where the accuracy
of the electroanatomical map diminishes will help
with procedural success and the selection of appro-
priate mapping technology for each specific case.
The electrophysiologist must still be a master of all
the traditional tools to map and ablate arrhythmias
so as not to be limited by any technical inaccuracies
encountered.
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Summary

To investigate the influence of the thoracic

autonomic nerve hierarchy on arrhythmia

formation, we compared, in canine preparations,

the characteristics of atrial tachyarrhythmias

induced by electrical stimulation of (i) the right

vagosympathetic nerve complex at the cervical level

and (ii) the more caudal juxta-cardiac mediastinal

nerves located on the anterior surface of the

superior vena cava. The effects of chemical

activation of the right atrial ganglionated plexus on

ventricular events were also investigated by

ventricular repolarization mapping.

The sites of origin of atrial tachyarrhythmias

were investigated by analyzing atrial activation

maps of the early beats at the onset of arrhythmias.

Neural effects on repolarization were determined

by computing the integral surface subtended by

unipolar recordings under basal conditions and at

maximum neurally induced bradycardia, The mean

area affected by nerve stimulation in all animals

was significantly greater in response to

vagosympathetic rather than to mediastinal nerve

stimulation. Atrial cycle length prolongation prior

to tachyarrhythmia onset was more pronounced in

response to vagosympathetic than mediastinal

nerve stimulation. The earliest epicardial activation

in early tachyarrhythmia beats were localized in the

right atrial free wall and the Bachmann bundle

region in both cases, but with a higher incidence of

double breakthroughs from septal sites of origin in

response to vagosympathetic than mediastinal

nerve stimulation.

Sites of early activation were identified in

association with areas of neurally induced

repolarization changes. Ventricular events induced

by juxta-atrial ganglia were found in overlapping

regions. Thus, differential contributions are made

to the electrophysiologic substrate of neurally

induced atrial tachyarrhythmias depending on the

pattern of engagement of the intrathoracic

autonomic neuronal hierarchy. Neurons located at

multiple intrathoracic levels as well as in several

cardiac ganglionated plexuses will have to be

considered for therapeutic strategies. In fact, the

concept of ablating cardiac ganglia for the

treatment of atrial arrhythmias must be considered

as one possible modality among a wide range of

neuromodulatory approaches.
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Introduction

Recent developments in ablative procedures for the
treatment of atrial fibrillation, which include neural
targets [1–6], have fostered renewed interest for the
role of the intrinsic cardiac nervous system in the
pathophysiology of atrial arrhythmias [7–10]. It has
been known for many years that atrial tachyarrhyth-
mias can be induced in anaesthetized canines by
electrical stimulation of the cervical vagosympa-
thetic nerve complex [11–13] or by localized elec-
trical stimuli delivered to small mediastinal nerve
branches of the thoracic vagosympathetic nerve
comple [14–16].

Recently, we have reported that atrial tach-
yarrhythmia/fibrillation can be induced by deliv-
ery of electrical stimuli during the atrial refractory
period to discrete mediastinal nerves that course
over the extra- or intrapericardial portions on the
ventral aspect of the superior vena cava [16]. This
consistently induced a sequence of events consisting
of bradycardia followed by spontaneous atrial pre-
mature depolarization, atrial tachycardia, and atrial
fibrillation.

An analogous sequence of events has been previ-
ously reported for arrhythmias that are induced, al-
beit less readily, when the cervical vagosympathetic
nerve complex is subjected to continuous, intense
electrical stimulation [17]. Dispersion of atrial re-
fractory periods is of fundamental importance in

the mechanism of atrial fibrillation [18, 19]. Earlier
experiments in our laboratory suggested that elec-
trical activation of discrete intrinsic cardiac nerves
induce more localized changes in atrial repolariza-
tion than the more widespread biatrial effects in-
duced by stimulating the vagosympathetic nerve
complex at the cervical level [20].

In this chapter, the differential influence of the
peripheral autonomic neuronal hierarchy on atrial
tachyarrhythmia formation is reviewed. For this
purpose, the sites of origin of atrial tachyarrhyth-
mias and spatial distribution of repolarization
changes, both induced by neural stimulation, were
compared when electrical stimulate was applied at
the cervical versus the mediastinal level, specifically,
to the cervical right vagosympathetic nerve complex
(RVSC) or to mediastinal nerves coursing over the
superior vena cava (SVCN). The latter were selected
on the basis of the recent characterization of their
arrhythmogenic potential by Armour et al. [16].
Moreover, the influence of local delivery of pharma-
cological agonists (e.g., nicotine) on the ventricular
myocardium was explored in an attempt to docu-
ment interaction between different nexuses of the
intrinsic cardiac nervous system.

Mapping Methodologies

The mapping techniques in use in our labo-
ratory have been described in details elsewhere

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 11.1 Multielectrode mapping grids (right upper
panel). Atrial surfaces unfolded and viewed from a
posterior projection. Dots indicate the location of 191
unipolar recording contacts. Projection of anatomic orifices
is indicated by circles. KEY: CSO = coronary sinus orifice; FO
= fossa ovalis; IVC = inferior vena cava; LAA = left atrial
appendage; PVs = pulmonary veins; RAA = right atrial
appendage; SVC = superior vena cava; TV = tricuspid valve.

(a) Typical arrhythmia response to electrical stimulation
of the right vagosympathetic nerve complex (RVSC). The
blue dotted line at the top indicates vagal stimulation. The
upper tracing (unipolar electrogram) indicates a marked
bradycardia induced by nerve stimulation (CL 3150 msec).
The double slash indicates tracing interruption due to
space limitation, vagal stimulation outlasting this mark.
Dissociated ventricular depolarization complexes are
identified (V). Color-coded maps (a–c) show isochronal
activation patterns for selected beats (isochronal lines
drawn at 10-msec intervals).The site of the earliest
epicardial activation (asterisk) and region of earliest
10-msec activation (red) shifted from a superior right atrial

location in basal (“sinus”) beats (map a) towards inferior
regions during bradycardia (map b). In the escape beat
(ESC, map c) the region of earliest 10-msec activation was
localized to the Bachmann bundle region and spread
radially to both atria.

(b) Typical arrhythmia response to electrical stimulation
of a mediastinal nerve coursing over the superior vena
cava (SVCN). Upper tracing illustrates a slight bradycardic
response (cycle length increased from 460 to 490 msec)
followed by an atrial premature depolarization complex
(P) giving rise to atrial tachyarrhythmia (AT). Electrical
stimuli (blue bars) were applied intermittently to a
right-sided, extrapericardial mediastinal nerve during the
atrial refractory period. The region of earliest 10-msec
activation (red) was localized in a superior right atrial
location in basal (“sinus”) beats (map a). The region of
earliest 10-msec activation shifted to the right lateral free
wall during AT beats. Map b illustrates the existence of a
wave front circulating around an area of functional
dissociation in the right atrial free wall (orange arrow).
(Modified from Ref. 22.)
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Figure 11.1

[16, 20–22]. In brief, silicone plaques carrying 191
unipolar recording contacts (4.6–5.9 mm spacing)
are positioned epicardially over the right atrial free
wall, the postero-inferior wall of the left atrium
and coronary sinus, the posterior aspect of the left
atrium between the pulmonary vein ostia, the lateral
left atrial free wall and the interatrial band (Figure
11.1a, right upper panel). To map the distribution of

neural effects on the ventricles, a sock electrode ar-
ray (carrying 127 unipolar recording contacts with
5–10 mm spacing) was positioned over the entire
biventricular surface [23].

The mapping electrodes and lead II ECG are con-
nected to a multichannel recording system (EDI
12/256, Institut de Génie Biomédical, École Poly-
technique de Montréal) controlled by custom-made
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software (Cardiomap III: www.crhsc.umontreal.ca/
cardiomap) using a PC computer. Activation times
are identified as the moment at which the slope of
the negative potential displacement (–dV/dt max)
in the activation complex of unipolar electrograms
was maximal [24].

Isointegral Mapping of Repolarization
Changes
The spatial distribution of neural effects on repolar-
ization is assessed using isointegral difference maps
[20–22]. Neurally mediated changes are caused,
predominantly, via effects on the repolarization
phase of unipolar electrograms. The net area sub-
tended by the activation and repolarization com-
plexes of each unipolar electrogram is computed by
integration using a modified Simpson’s technique
and custom-made software [20, 25, 26]. The differ-
ence between prestimulation electrogram integral
value and the one measured during nerve stimu-
lation is calculated at each site and plotted on the
atrial grid to generate isointegral distribution maps.
The incidence, among preparations, of specific re-
gional effects are assessed by counting the number
of preparations that display integral changes beyond
a threshold of ± 60 mV/msec corresponding to
two standard deviations of changes obtained when
measurements are repeated under basal conditions.
Such results are displayed in cumulative incidence
maps.

Atrial Arrhythmia Formation

Experiments were performed in 13 canine prepara-
tions by means of bilateral thoracotomy under anes-
thesia with Na thiopental and α-chloralose [22].
The right vagosympathetic nerve complex (RVSC)
stimulation was maintained continuously, through-
out the induction of bradycardia, until 10 sec after
the initiation of atrial tachyarrhythmias.

In separate trials, electrical stimuli were delivered
to individual right-sided mediastinal nerves cours-
ing over the ventral and ventrolateral surfaces of the
superior vena cava (SVCN) either within, or 1–2 cm
craniad to the pericardial reflection. These small-
diameter nerves can be identified by their accom-
panying vessels [16]. Five to seven active sites asso-
ciated with these nerves can be identified such that,
when stimulated electrically, atrial tachyarrhyth-
mias occurs shortly thereafter. (Trains of 5 electrical
stimuli, 1–2 mA, 1 msec duration, 5 msec pulse in-
terval, delivered during the refractory period of the
closest atrial regions.)

A total of 102 episodes were initiated in the 13
animals in response to intermittent (1–4 sec) stim-
ulation of the multiple active sites identified in the
SVCN. Only 20 episodes were induced in response
to cervical RVSC stimulation as this required con-
tinuous (∼10 sec), intense stimulation of the nerve
(2.6 ± 1.1 mA, 17.9 ± 4.7 Hz). All atrial tachycar-
dia episodes were preceded by a bradycardic phase,
whether they were induced in response to RVSC or
SVCN stimulation (upper tracings in Figures 11.1a
and 11.b, respectively), indicating the presence of
parasympathetic neuronal elements in both. The
maximum cycle length prolongation was signifi-
cantly greater in response to RVSC than SVCN stim-
ulation, and the latency from the beginning of RVSC
stimulation to atrial tachyarrhythmia initiation was
significantly longer (Table 11.1).

Activation Patterns of Neurally
Induced Atrial Arrhythmias
Epicardial maps determined in basal beats (“sinus”
rhythm) displayed classical activation patterns con-
sisting of a monofocal early breakthrough localized
in the middle right atrial free wall adjacent to the
superior vena cava ostium (map A, in Figure 11.1a).
Bradycardic beats preceding tachycardia onset

Table 11.1 Induction Characteristics of Neurally Induced Atrial Tachyarrhythmias.

Protocol AT (N) Basal CL (msec) Longest pre AT CL (sec) Latency (sec) (median) Duration (sec) (median)

RVSC stimulation 20 420 ± 67 2923 ± 2499∗ 8.9 ± 8.6∗ (4.8) 196 ± 504§ (27.2)

SVCN stimulation 102 443 ± 60 509 ± 84∗ 2.5 ± 3.1∗ (1.5) 42 ± 90§ (14.3)

KEY: AT = atrial tachyarrhythmias; RVSC = right vagosympathetic complex (cervical); SVCN = superior vena cava nerve

(mediastinal). Mean ± SD. ∗ p < 0.0001, §< 0.004, RVSC vs. SVCN, ANOVA. (Reproduced with permission from Ref. 22.)
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usually displayed a downward shift in pacemaker—
75% (31 ± 16 mm) and 40% (18 ± 10 mm) of the
maximal bradycardic beats obtained in response to
RVSC and SVCN stimulation, respectively (Figure
11.1a, map B), in accordance with the previously
reported cholinergically mediated displacements of
the pacemaker site within the right atrial subsidiary
pacemaker complex [27, 28].

All atrial tachyarrhythmia episodes degenerated
after 3–4 cycles into atrial fibrillation, during which
time it was no longer possible to define separate
activation cycles. In episodes induced in response
to SVCN stimulation, the early epicardial break-
through pattern that was most frequently identi-
fied, that is, in 70% of the initial tachyarrhyth-
mia beats, was one in which the earliest 10-msec
activation was localized in the right atrial free
wall, similarly to basal beats, suggesting an origin
within the right atrial subsidiary pacemaker com-
plex [28]. In the other beats (30%) epicardial maps
displayed a Bachmann bundle breakthrough pat-
tern, as previously reported for atrial tachyarrhyth-
mias induced by mediastinal nerve stimulation
[16].

Patterns of early epicardial breakthrough in the
right atrium were also identified in the initial beats
of atrial tachyarrhythmia episodes induced by RVSC
stimulation but with a significantly lower inci-
dence (35%) than in responses to SVCN stimulation
(Table 11.2). Patterns of early epicardial break-
through in the Bachmann bundle region were iden-
tified with a slightly higher incidence in RVSC
trials (35% of early beats), but early epicardial
breakthroughs were also identified in the left atrial

Table 11.2 Spatial Distribution of Epicardial Breakthroughs
During the First AT Complex.

Region SVCN stimulation RVSC stimulation

RAFW 71/102 (69.6%) 7/20∗ (35%)

BB 31/102 (30.4%) 7/20 (35%)

LAFW/LAA 0 6/ ∗∗ (30%)

SVCN vs. RVSC stimulation by Pearson Chi-square test:
∗ p = 0.013, ∗∗ p < 0.0001. KEY: BB = Bachmann’s bundle;

BT = breakthrough; LAA = left atrial appendage; LAFW =
left atrial free wall; RAA = right atrial appendage; RAFW

= right atrial free wall. (Reproduced with permission

from Ref. 22.)

free wall or left atrial appendage in 30% of early
atrial tachycardia beats in RVSC trials.

Such early breakthrough locations were never ob-
served in SVCN trials (Table 11.2). Another differ-
ence between atrial tachyarrhythmia episodes in-
duced by SVCN and RVSC stimulation was the oc-
currence of a line of block and circulating wave front
in the right atrial free wall 41/102 initial beats (40%)
in SVCN trials (Figure 11.1, map B), whereas this
type of activation pattern was never identified in
any AT episode induced by RVSC stimulation. The
lines of block were functionally determined, corre-
sponding to dispersion of repolarization intervals
during neural stimulation as shown below. Double
potentials or fractionated electrograms were never
detected in basal beats (sinus rhythm).

Dual epicardial breakthrough patterns (not
shown) indicated a septal origin of the first tachy-
cardia beat, as confirmed by mapping the endo-
cardial surface of the right atrium. Such dual break-
through patterns were identified in both series in the
form of early activations arising within 10 msec of
each other from both the Bachmann bundle region
and lower RAFW, leading to impulse propagation
in distinct directions. Such dual breakthrough pat-
terns occurred more frequently in RVSC-induced
than in SVCN-induced AT episodes (45% vs. 8%,
respectively; p < 0.001).

Distribution of Neurally Induced
Repolarization Changes
When the spatial distribution of neurally induced
changes in the repolarization phase of atrial elec-
trograms was mapped in bradycardia beats preced-
ing atrial tachyarrhythmia induction, the changes
were found to be predominantly localized in the
right atrial free wall and Bachmann bundle region,
whether they were induced in response to RVSC
or to SVCN stimulation. In maps displaying cumu-
lative incidences of significant changes in all ani-
mals, the changes were more widely distributed in
response to RVSC than in response to SVCN stim-
ulation (Figure 11.2). Accordingly, the mean area
affected by nerve stimulation in all animals was sig-
nificantly greater in response to RVSC than SVCN
stimulation (2071 ± 550 mm2 versus 574 ± 257
mm2, p < 0.001), particularly in the RAFW re-
gion (1029 ± 225 mm2 versus 290 ± 103 mm2,
p < 0.0001).
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Figure 11.2 Cumulative regional incidence of atrial
repolarization changes in response to RVSC (left-hand
maps) vs. SVCN stimulation (right-hand maps). Maps show
cumulative incidences, among preparations, of the ones
showing significant neurally induced repolarization
changes at each recording site. Data show the number of

preparations that displayed, at each site, integral changes
beyond the threshold for significance (2 × SD). Color code
from 0 to 13. Note that the areas in which a high incidence
of neurally mediated changes was noted are more
extensive in response to RVSC than to SVCN stimulation.
(Reproduced with permission from Ref. 22.)

Spatial Relationship Between
Repolarization Changes and
Arrhythmia Site of Origin
In all atrial tachycardia episodes induced by either
form of neural stimulation, the sites of earliest acti-
vation identified in the early tachyarrhythmia beats
were associated with areas of neurally induced re-
polarization changes (Figure 11.3, comparing panel
a to panel b for each nerve stimulated). The tachy-
cardia breakthroughs (white stars in those figures)
were localized either next to the border line be-
tween affected and unaffected areas (RVSC: 44%,
SVCN: 64%) or within 10 mm beyond this border
line (RVSC: 38%, SVCN: 36%). In cases in which
the origin of RVSC-tachyarrhythmia beats was lo-
calized to the septum by endocardial mapping (not
shown), the earliest activity was identified at sites
next to border lines determined by isointegral map-
ping of repolarization changes.

Ventricular Repolarization Changes
In addition to atrial changes, ventricular repolariza-
tion changes also occur in response to pharmaco-
logical activation of neurons within the right atrial
ganglionated plexus (RAGP) by local nicotine injec-
tion. In the trial illustrated in Figure 11.4, increases
in T-wave amplitude or changes in wave form po-

larity from negative to positive T-waves were iden-
tified, at ∼ 90 sec after nicotine injection, through-
out the anterobasal wall of the left ventricule
as illustrated with electrograms. Concomitantly,
activation–recovery intervals shortened at similar
locations. Such changes were reproducibly identi-
fied with repeat nicotine injection at the same RAGP
locus (not shown). Interestingly, the data showed
that, among preparations, repolarization changes
occurred infrequently at the time of the negative
atrial chronotropic responses (early: ∼ 20 sec after
nicotine injection), but rather during positive atrial
chronotropic responses (later phase: ∼ 90 sec after
nicotine injection) and were identified in various
ventricular regions in different preparations (most
frequently in the posterior right ventricular wall).

Discussion

Our findings confirm previous reports that atrial
tachyarrhythmias/fibrillation can be induced, in
all animals, by localized electrical stimulation of
small right-sided mediastinal nerves as well as
by intense electrical stimulation of the cervical
right vagosympathetic nerve complex [12–18]. In
our studies, electrical stimulation was performed,
in turn, at these two levels of the intrathoracic
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Figure 11.3 (Upper panel) Atrial unipolar electrograms
recorded from selected sites (a and b) during basal state
(black) and neural stimulation (red) are shown in upper
and lower tracings. Right-hand diagrams illustrate the
superimposed electrograms and the difference between
the areas (integrals) subtended by the electrograms
recorded under the two conditions. The area differences,
which represent the magnitude of neurally induced
changes, are plotted on the grid for each recording site to
create an isointegral difference map as shown in the lower
left-hand panels (differences of 60 mV · msec between
lines; see also the color-coded scale of integral changes.
(Lower panels) Differential distribution of atrial
repolarization changes in response to RVSC (left-hand

maps) vs. SVCN stimulation (right-hand maps). Isointegral
difference maps (panel a, isocontour lines drawn at 100
mV · msec intervals) show that the regions of significant
neurally induced changes (circumscribed within the orange
line) were more extensive in response to RVSC than SVCN
stimulation. Note the spatial proximity between the
border of neurally induced repolarization changes (orange
line) and the sites of origin of AT beats (white stars)
identified by activation mapping (panel b, isochronal lines
drawn at 10-msec intervals). The region of earliest 10-msec
activation (red) was localized to a lower right atrial area in
RVSC-induced AT (left-hand map) and to the mid right
atrial free wall in SVCN induced AT (right-hand map).
(Modified from Ref. 22.)
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Figure 11.4 Ventricular repolarization changes induced in
response to pharmacological activation of an atrial
ganglionated plexus. Regional changes in QRST area
(left-hand maps) or activation-recovery intervals
(right-hand maps) are depicted on a polar representation
of the ventricular surface in response to a first (a) and to a
repeat (b) injection of nicotine (500 μg) into the RAGP
(caudal component). In the polar representation, the base
of the right and left ventricles (RV, LV) are along the
circumference, and the LV apex at the center; the left
anterior descending (LAD) and posterior descending (PDA)
coronary arteries are indicated coursing from the basal to
the apical regions. Ventricular repolarization changes were

identified as regional increases in QRST area (red: >50 mV:
msec, blue: >150 mV: msec) localized mainly to the
anterior-basal RV and LV regions. Reciprocal changes were
identified at most of these locations, shortening of the
activation-recovery intervals were also identified (red: −5
ms, blue: −15 ms). Such changes were reproducibly
identified at the base of the anterior LV wall and LV apex
in response to both injections. Reciprocal changes
consisting of QRST area reduction was identified in the
posterolateral LV wall (green). The atrial cycle length
remained stable at 445 msec in basal states and following
the nicotine injections.



BLBK050-Shenasa September 19, 2008 11:35

CHAPTER 11 Atrial Neural Stimulation in Atrial Fibrillation 137

autonomic nerve hierarchy in each animal. In both
cases, the general sequence of events leading to AT
consisted of cycle length prolongation and a brady-
cardia beat or escape beat that is followed by a spon-
taneous atrial premature depolarization and sub-
sequent tachyarrhythmia beats. Mild bradycardia
that was rapidly followed by tachyarrhythmia was
induced in response to brief periods of mediastinal
nerve stimulation, whereas vagosympathetic nerve
complex stimulation had to be delivered more per-
sistently, thereby leading to marked bradycardia be-
fore inducing tachyarrhythmias.

The efferent axonal content within the cervical
vagosympathetic trunk is mainly parasympathetic.
But there is a smaller sympathetic efferent axonal
population that has been functionally identified to
represent about 10% of the total cardiac sympa-
thetic efferent neural population [29]. In contrast,
there is a relatively greater sympathetic efferent ax-
onal content in the mediastinal nerves being stim-
ulated. The different sympathetic efferent axonal
content of these two structures might entail mech-
anistic differences with regard to the generation
of the premature beat initiating the tachyarrhyth-
mias considering that they might be associated with
after-depolarizations. In response to stimulation of
the RVSC (predominant parasympathetic efferent
axons), the escape beat preceding the premature
beat arose after a prolonged pause (median of 5
sec duration) which is consistent with early after-
depolarization as the putative mechanism of the
premature beat [30]. On the other hand, delayed
after-depolarizations enhanced by β adrenorecep-
tor activation have been demonstrated in cardiomy-
ocytes from various atrial location [18, 31]. Armour
et al. reported in 2005 that atrial tachyarrhythmias
induced by mediastinal nerve stimulation are mod-
ulated by β-adrenoreceptor blockade and are com-
pletely suppressed by atropine, suggesting mixed
sympathetic and parasympathetic efferent neuronal
influences in the SVCN paradigm [16].

It is important to note that the majority of early
epicardial breakthroughs were localized in the right
atrial free wall in tachyarrhythmia beats induced
by SVCN stimulation, whereas the breakthrough
patterns were equally distributed between the right
atrial free wall and the Bachmann bundle region
in tachyarrhythmia beats induced by RVSC. More-
over, dual breakthroughs in the inferior right atrial

free wall and Bachmann bundle region, which have
been shown by endocardial mapping to indicate a
septal origin, occurred much more frequently in
tachyarrhythmias induced by RVSC. Similar epicar-
dial dual breakthrough patterns were also shown
by Sharifov et al. to correspond to a septal origin
[17]. In fact, early epicardial breakthrough patterns
were localized to other areas in the left atrium in
25% of tachyarrhythmia beats induced by RVSC
stimulation. Such findings are consistent with a
more widespread distribution of neural effects in
response to RVSC than SVCN stimulation.

Neurally Induced Repolarization
Changes
In our studies, there was a relationship between the
sites of origin of tachyarrhythmia beats and spatial
distribution of effects on repolarization in response
to activation of cervical vagosympathetic vs. me-
diastinal nerves. In SVCN stimulation trials, neu-
rally induced repolarization changes, as detected by
isointegral mapping, were spatially distributed to
significantly smaller areas in the right atrial free wall
than with RVSC stimulation.

In contrast, repolarization changes frequently ex-
tended to the Bachmann bundle region, the in-
ferior right atrial wall, and the inferior left atrial
wall in response to RVSC stimulation. No repolar-
ization changes were identified in the pulmonary
vein region with the present protocol (restricted to
right-sided nerve stimulation) and no early break-
through was localized to this region in tachyarrhyth-
mia beats. This does not exclude the possible in-
volvement of pulmonary veins in the mechanism
of arrhythmias induced with other modalities (e.g.,
left-sided mediastinal nerves). In both SVCN and
RVSC trials, there was a strong association between
tachyarrhythmia sites of origin and the areas of re-
polarization changes. Sharper borders between af-
fected and unaffected areas might explain the obser-
vation that, in the atrial tachyarrrhythmias induced
by SVCN stimulation, lines of block and circulating
wave fronts were identified in the right atrial free
wall.

On the other hand, early activity foci with radial
spread were mapped during RVSC-induced tach-
yarrhythmias. That repolarization changes were
detected in a discrete portion of the atrium in re-
sponse to SVCN activation might explain why this
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nerve appeared to be more readily arrhythmogenic
than the cranial cervical vagosympathetic nerve
complex that produced more widespread atrial re-
polarization changes. This mechanism also appears
to apply to tachyarrhythmias of septal origin, in
which we have documented septal repolarization
changes in response to RVSC stimulation [22].

It is commonly assumed that the severity and
duration of the bradycardia phase preceding atrial
tachyarrhythmia onset is a useful indication of the
intensity of parasympathetic efferent neuronal tone
leading to induction of atrial fibrillation [19, 32, 33].
However, the data reported herein are not consis-
tent with a straightforward relationship between the
susceptibility to atrial tachyarrhythmia/fibrillation
and the severity of neurally induced bradycardia
because the spatial distribution and extent of neu-
rally mediated regional repolarization changes also
contributed to the primary electrophysiologic sub-
strate of atrial tachyarrhythmias in this study. Fur-
thermore, differential contributions are made to
the electrophysiologic substrate of neurally induced
atrial tachyarrhythmias depending on the pattern
of engagement of the intrathoracic autonomic neu-
ronal hierarchy with, for instance, a varying degree
of recruitment of sympathetic efferent neuronal
elements.

Ventricular Effects of Atrial Ganglia
The most straightforward interpretation of distant
effects between atrial ganglia and ventricular my-
ocardium may be the result from activation of effer-
ent autonomic neurons projecting from each atrial
or ventricular ganglionated plexus to both atrial
and ventricular muscle. Alternatively, local nico-
tine injection into individual ganglionated plexuses
may activate local circuit neurons mediating inter-
actions between atrial and ventricular ganglionated
plexuses, similarly to interactions among the atrial
ganglionated plexuses that have been postulated to
explain redundant control of sinus node and AV
nodal functions [10, 34]. That neurons in each ma-
jor ganglionated plexus have the capacity of influ-
encing widely dispersed cardiac regions is not sur-
prising given recent anatomical [35] and functional
data [36, 37] indicating that neurons in different in-
trinsic cardiac ganglionated plexuses are in constant
communication with one another.

Conclusion

Data derived from this study indicate that the dif-
ferential arrhythmogenic potential related to the in-
trathoracic autonomic nerve hierarchy represents
an important consideration with respect to de-
vising arrhythmia therapies. Neurons distributed
throughout the intrathoracic autonomic nervous
system as well as the entire intrinsic cardiac nervous
system exert widely dispersed effects overlapping
several cardiac regions. Intrinsic cardiac neurons,
when excessively activated, can initiate ventricular
[38] and atrial [16, 22] tachyarrhythmias as well as
exacerbate ventricular ischemia [39].

That they exert redundant control over diverse
cardiac regions suggests that it may be possible
for ablation strategies to target neurons to atten-
uate their influence without, however, completely
suppressing autonomic regulation. These data also
indicate, however, that ablating or activating an
anatomically discrete sector of the autonomic hier-
archy will not necessarily result in definitive control
of one specific type of cardiac event [40]. Neurons
located at multiple intrathoracic levels or multiple
cardiac ganglionated plexuses will have to be con-
sidered. In fact, the idea of ablating cardiac gan-
glia in the treatment of atrial arrhythmias must be
considered as one possibility among a wide range
of neuromodulatory approaches. These may in-
clude pharmacological as well as nonpharmacolog-
ical therapies such as catheter ablation of juxta-
cardiac nerves [8] or even spinal cord stimulation
[39, 41, 42].
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Summary

In the last half of the twentieth century,

experimental studies by several groups of

investigators described the anatomic and functional

aspects of the intrinsic cardiac autonomic nervous

system. This system, as distinct from the autonomic

inputs to the heart from the brain and spinal cord

(extrinsic autonomic nervous system), consists of

clusters of ganglionated plexi (GP) localized in the

vicinity of the pulmonary veins and on the great

vessels adjacent to the heart. Extending from these

GPs are axonal fields that not only project

throughout the atria but also constitute an

interconnected neural network. Together with the

extrinsic autonomic inputs, they serve to modulate

numerous cardiac functions.

Only in the past decade have basic and clinical

studies revealed the critical role played by the GP in

the initiation and maintenance of atrial fibrillation

(AF), particularly, the focal form that is resistant to

drugs and cardioversion. In the present study, we

used a multielectrode balloon array to map the

activation patterns associated with sudden

occurrence of AF arising from the pulmonary

veins (PVs) or from non-PV sites. These maps

allowed the delineation of activation via

nonmyocardial connections in the initiation of

focal sources of AF. Both electrical and chemical

methods were used acutely to induce sustained AF

(≥10 min) via putative neural pathways. Ordinarily

the normal dog heart will not sustain AF in

response to burst pacing at high rates; AF lasts but a

few seconds.

We also mapped the onset of inappropriate sinus

tachycardia induced by the injection of the

adrenergic neurotransmitter, epinephrine, into the

GP adjacent to the sinus node to induce prolonged

periods (≥30 min) of heart rates over 200/min.

Mapping showed the origin of this tachycardia

from a specific portion of the sinus node. Previous

animal studies have shown that stimulation of

autonomic nerves in the pulmonary artery can

induce and closely simulate the clinical patterns

seen in right ventricular outflow tract tachycardias.

Future studies are contemplated for targeting other

neural pathways suspected in the initiation of

various atrial and ventricular arrhythmias.
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Historical Background

Amory and West in 1962 [1] and West and Toda in
1969 [2] demonstrated that direct stimulation of the
sinus node and the A-V junction in the isolated rab-
bit heart induced slowing of the heart rate and AV
conduction, respectively. These authors suggested
that this low-level electrical stimulation, which did
not excite the myocardium, involved stimulation of
cholinergic and adrenergic nerves and ganglia. In
1973, Lazzara et al [3] described the ability to slow
the heart rate and A-V conduction in the in situ dog
heart by similar low-level electrical stimulation of a
fat pad containing autonomic ganglia at the caudal
end of the sinus node and another fat pad at the
junction of the inferior vena cava and left atrium,
respectively. Histological sections of these fat pads
showed that they were populated with clusters of
ganglia. These isolated reports were systematically
investigated by Randall and his associates [4–7] over
the next 30 years, culminating in a concept of the in-
trinsic autonomic cardiac nervous system as delin-
eated by Ardell in the publication Neurocardiology
in 1994 [8].

Two seemingly unrelated clinical reports ap-
peared recently [9, 10] which revealed that patients
with paroxysmal atrial fibrillation (AF) who were
resistant to drugs and cardioversion showed ectopic
firing from the pulmonary veins (PVs) that trig-
gered the AF episodes. On the basis of these singu-
lar findings, the now widely accepted strategy of PV
isolation, electrically disconnecting the PVs from
the atria, was instituted in major clinical electro-
physiological centers around the world to “cure” AF
[9–12]. However, this empirical approach did not
address the fundamental issue, that is, what mecha-
nisms were responsible for the ectopic firing arising
from the PVs and even non-PV sites [13–15] trig-
gering AF. Several basic studies suggested that the
PVs were particularly sensitive to autonomic neuro-
transmitters, both cholinergic and adrenergic [16].

More direct evidence for the relationship between
PV ectopy and autonomic neurotransmitters re-
leased from the ganglionated plexi (GP) located at
the entrances of the PVs was provided by recent
experimental studies [17, 18]. Clinical studies have
also been forthcoming implicating the critical role
of the GP, in the initiation and maintenance of AF in
patients resistant to drug and cardioversion therapy
[19–21].

The Intrinsic Cardiac Autonomic
Nervous System

The intrinsic cardiac autonomic nervous system
consists of the ganglia and nerves found on the
heart and large vessels adjacent to the heart (su-
perior vena cava, inferior vena cava, pulmonary
artery, and aorta) all within the confines of the peri-
cardium. There are five major clusters of ganglia
(GP) on the dog heart [22] and two located on ves-
sels within the pericardial space. Those on the heart
are found in fat pads at the PV–atrial junctions [7,
8, 23]. The noncardiac GP are located on the sur-
face of the right pulmonary artery [24–27] or in
the fibrofatty interface tissue located between the
proximal portions of the aorta and the pulmonary
artery [28].

A variety of terms have been applied to these car-
diac GP. We have designated them as follows: The
anterior right (ARGP) at the entrance of the right
superior (RS) PV; the inferior right (IRGP) found at
the junction of the inferior vena cava and the right
and left atria; the superior left (SLGP) located at
the juncture of the left pulmonary artery and left
superior (LS) PV; and the inferior left (ILGP) at
the entrance of the left inferior (LI) PV. A smaller
number of GP can be found within the lower end
of the ligament of Marshall (see Figure 12.1). As
for the noncardiac GP (not shown in Figure 12.1)
there is the right pulmonary artery fat pad which
has been called the posterior atrial fat pad (PAFP)
[25], the third fat pad [26], and the right pulmonary
artery fat pad (RPAFP) [27]; and the GP in the fibro-
fatty tissue between the proximal pulmonary artery
and aorta which has been referred to as the cra-
nial medial ventricular GP [28] or the intertruncal
plexus [29].

Mapping the Onset of Focal Atrial
Fibrillation from a Pulmonary
Vein (PV)

Jais and Haissaguerre [9, 10] provided a seminal
observation that triggering beats arising in the PVs
were the initiators of AF in those patients with drug
and cardioversion-resistant AF. Our basic studies
sought to establish experimental models that would
closely simulate paroxysmal AF arising from PV
and non-PV sites allowing insights into the mecha-
nism(s) responsible for this form of AF.
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Figure 12.1 A schematic representation of the right atrium
and portions of the left atrium seen via a right
thoracotomy. The major clusters of ganglionated plexi are
found in fat pads at the entrances of the pulmonary veins.
The anterior right (ARGP) at the entrance of the right
superior (RS) PV; the inferior right (IRGP) found at the
junction of the inferior vena cava and the right and left
atria; the superior left (SLGP) located at the juncture of the
left pulmonary artery and left superior (LS) PV; and the
inferior left (ILGP) at the entrance of the left inferior (LI)
PV. A smaller number of GP are located in the inferior part
of the ligament of Marshall (LOM). The noncardiac GP are
not shown; see text.

In a series of studies in the pentobarbital anes-
thetized dog [18], the heart was exposed through a
right thoracotomy. The mapping system consisted
of a 9Fr catheter with a multielectrode array in-
corporated into a 7.5-mL balloon mounted toward
its distal end (EnSite 3000, Endocardial Solutions,
St. Paul, MN). Heparin (1000–2000 IU) was admin-
istered intravenously to prevent thrombus forma-
tion on the array. The array catheter was introduced
via the right external jugular vein over a 0.035-in.
guidewire and passed into the atrium (RA). The tip
of the catheter was stabilized in the inferior vena

cava. The balloon was inflated with 7.5 mL saline
when it was situated subtending the mid-portion
of the RA. The array uses 5.68-kHz signal to locate
another electrode catheter, which was moved to dif-
ferent positions in RA, thereby allowing the EnSite
system to construct a virtual geometry in three di-
mensions of the chamber, the venous inputs, and the
RA appendage. With mathematical algorithms, the
system can provide more than 3000 virtual unipo-
lar electrograms. Both static and video images of
local activation during dynamic processes such as
AF can be displayed on the system’s monitor as well
as the virtual electrograms from selected sites on the
constructed endocardium.

Octapolar electrode catheters were attached by
sutures to the RSPV and RIPV. Another multielec-
trode catheter was sutured to the right atrium (RA).
Acetylcholine (0.5 cc, 10 mM) was injected into the
ARGP fat pad through a 26 gauge needle. Within 2–5
min, four of eleven animals manifested spontaneous
and sustained AF (≥10 min). Figure 12.2 shows
the site of the onset of AF recorded by the EnSite
mapping system (RAO view). AF was triggered by a
spontaneous premature beat (arrow head) localized
in the area of the RIPV by four virtual electrograms
as indicated by the unipolar recordings displaying
primary negativity, particularly, virtual electrodes
showing the earliest site of activation. The EnSite
mapping image reveals that the area at the RIPV is
the earliest site of activation (white color) associated
with the location of the virtual electrograms [8–11]
shown in panel a. Color spectrum from white to
blue represents a 0.5-mV voltage gradient.

Mapping the Onset of Focal AF
from a Non-PV Site: Electrical
Induction

Although most of the patients undergoing ablation
manifest triggering beats arising from the PVs, some
show focal firing arising at non-PV sites such as the
superior vena cava [30], the ligament of Marshall
[31, 32] as well as the free walls of the atria [33].
Figure 12.3 shows the EnSite maps resulting from
a strong premature stimulus (12 ma) delivered at
the RAA. The EnSite maps were made in the right
lateral view.

The premature beat activated the RAA, and the
myocardial wavefront started to traverse the atrium.
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(a)

(b)

Figure 12.2 The onset of AF minutes after the injection of
Ach into the fat pad, containing the ARGP, as recorded by
the EnSite mapping system (RAO view). (Panel a) AF
triggered by a spontaneous premature beat (arrow head)
was localized by four virtual electrograms in the area of
the RIPV, unipolar electrograms displaying primary
negativity. (Panel b) EnSite mapping reveals that the distal
electrode head at the RIPV is the earliest site of activation

(white color) associated with the location of the virtual
electrograms [8–11] shown in panel (a). Color spectrum
from white to blue represents a 0.5–mV voltage gradient.
KEY: SVC = superior vena cava; SN = head of the sinus
node; RAA = right atrial appendage; TV = tricuspid
annulus; His = His bundle area; Crista = area of the crista
terminalis; IVC = inferior vena cava.

However, the endocardium at the ARGP was acti-
vated prior to the propagated wavefront reaching
that area. In the lower panel another such inci-
dent is shown. The leading edge of the wavefront
was outlined by the black dots. The white line indi-
cates the distance (2 cm) between the leading edge
of the depolarization and the edge of the ARGP.
The right-sided image shows the actual activation
(arrow) of the endocardium subtending the ARGP,

5 msec after the left map was recorded. The cal-
culated conduction velocity across the myocardial
activation gap was 4 mm/msec, much faster than
the range of atrial conduction, 0.5–0.8 mm/msec
but more consistent with neural conduction
(>2 mm/msec).

The possibility that neural conduction from a pe-
ripheral (non-PV) site could play a role in the initi-
ation of AF arising from the PV led us to investigate
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Figure 12.3 EnSite maps showing the initiation of AF by
strong premature stimuli delivered to the right atrial
appendage (RAA). (Upper panel) The endocardium,
underlying the fat pad containing the ARGP, was activated

while the propagating wavefront was just starting to
traverse the RA. Abbreviations are the same as described
in legend for Figure 12.2. See text for further details.

other experimental means to induce AF at non-PV
sites.

Chemical Induction of AF from a
Non-PV Site

In order to induce spontaneous, sustained AF from
a non-PV site we used a modification of the tech-
nique described by Scherf et al. [34] who applied
a high concentrations of acetylcholine (Ach) to the
atria. Multipolar electrodes were attached to record
electrograms at the superior and inferior PVs, the
right atrial free wall (RA), and the right atrial ap-
pendage (RAA). In addition, a polyethylene tube su-
tured across the RAA and sealed on the appendage
side with tissue glue provided a leak proof barrier
when a gauze pad moistened with Ach (100 mM)
was applied on the RAA.

Of the dogs studied, 15 of 19 showed sponta-
neous, sustained (≥10 min) AF in response to the
topically applied Ach at the RAA. Figure 12.4 illus-
trates an example of the onset of spontaneous AF,
as depicted with the EnSite mapping technology.
Note that the initial unipolar electrograms show a
QS pattern, indicative of the earliest site of activa-

tion arising in the vicinity of the RIPV. This pattern
persists for several beats at a cycle length of 50 msec
prior to switching over to a QS pattern arising at
the RAA (Figure 12.4) at a shorter cycle length of 30
msec. Thus, the application of a high concentration
of Ach on the RAA provides a chemical counterpart
to the previously described electrical initiation of AF
by a strong stimulus applied at the RAA (see above).
Neural mediation by the GP in the induction of AF
arising from adjacent PV as well as from non-PV
sites remains a viable explanation for these finding
and awaits the results of ongoing investigations in
our laboratory.

Neural Mechanisms Underlying
Paroxysmal AF

In a previous study, we determined the extent to
which ARGP stimulation would affect the atrial re-
fractory period (ARP) and inducibility of AF at
measured distances in the atria and adjacent PV
[35]. For completeness, we also determined the in-
ducibility for AF by delivery of premature beats to
a peripheral site, the RAA, over a wide range of
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Figure 12.4 EnSite map and electrograms showing onset
and continuation of sustained AF induced after application
of Ach, 100 mM, on the right atrial appendage (RAA).
(Panel a) The first 12–14 atrial electrograms (cycle length =
50 msec) show the initial onset of AF arising from the right
inferior pulmonary vein RIPV. Note the QS pattern at the
cursor and the late activation of RAA electrograms (RS
pattern). (Panel b) After the initial atrial electrograms

arising at the RIPV, the earliest activation switches to the
RAA. Note the abrupt occurrence of the QS pattern as the
RIPV site breaks down into fractionated electrograms. The
cycle length has markedly shortened to 30 msec. The
images show activation originating from the RAA, where
the QS patterns were being recorded. See text for further
details.

coupling intervals down to the ARP. The inducibil-
ity for AF was quantitated by determining the
longest minus the shortest coupling interval that
induced AF. The difference represented the window
of vulnerability (WOV). At increasing voltage lev-
els of stimulation of the ARGP, there was consis-
tent gradient of ARP and WOV from close to the
GP and moving away into the PV or towards the
atrial appendage. Specifically, the ARPs were gen-
erally shortest close to the GP and lengthened at
the more peripheral sites. On the other hand, there
was a consistent decrease in the WOV along the
same gradients at any voltage level. Furthermore,
the WOVs were significantly increased as the volt-
age was increased. These studies suggested that GP
activation and associated release of the choliner-
gic (ARP shortening) and adrenergic (triggering
early after-depolarizations, EADS) neurotransmit-
ters may play a critical role in the initiation of

paroxysmal AF arising from PV as well as non-PV
sites. Findings from other studies supported this hy-
pothesis by showing that stimulation of local nerve
ending in the PVs, studied in vitro, could induce
both marked action potential duration shortening
(ARP reduction) as well as EADs which triggered
rapid PV firing. The same effects could be achieved
by addition of acetylcholine or norepinephrine
to the superfusing solution. These electrical and
chemical actions could be completely inhibited
by the addition of specific autonomic blocking
agents [16].

Chemical Induction of
Inappropriate Sinus Tachycardia

Inappropriate sinus tachycardia (IST) is considered
a vexing clinical problem not effectively treated
by either pharmacological agents or other means.
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Table 12.1 The Effects of Electrical Stimulation of ARGP on
Heart Rate (HR)

Voltage applied to ARGP

Study # Baseline 0.6 V 1.5 V

1 164 137 127

2 150 128 94

3 131 130 106

4 176 143 148

5 158 140 88

6 142 86 81

7 126 121 89

8 130 103 62

9 143 132 77

Average 147 126 97

STD 17 20 26

P value 0.004∗ 0.05∗

∗ P -values calculated for the comparison of the average

HRs during ARGP stimulation and the baseline.

Radiofrequency catheter ablation of the sinus node
(SN) in patients has had variable success [36]. We
hypothesized that IST is a dysautonomia affecting
the intrinsic cardiac neurons innervating the SN
and adjacent areas by releasing excessive amounts
of neurotransmitters, specifically, catecholamines
[37].

Nine dogs, each weighing 20–25 kg, were anes-
thetized with Na-pentobarbital prior to perform-
ing a right thoracotomy. A 26-gauge needle with
a polyethylene tube attached was inserted into the
fat pad (FP) containing the ARGP at the entrance of
the right pulmonary veins (PVs). A plaque electrode
was sutured over the FP for electrical stimulation of
the ARGP at incremental voltages 0.6–4.0 volts (V).
ECG leads, right atrial electrograms, blood pres-
sure (BP), and core temperature were continuously
monitored.

Table 12.1 shows that the baseline heart rate (HR)
averaged 147 ± 17/min and consistently decreased
with ARGP stimulation: 0.6 V, 126 ± 20/min∗;
1.5 V, 97 ± 26/min∗ (∗ p < 0.05 compared to base-
line). To induce IST, Epi 200 μg was injected into
the FP causing a significant increase in HR (average:
211 ± 11/min, p < 0.05 compared to control) but
little change in SBP, 151 ± 17 mmHg versus con-
trol 149 ± 10 mmHg, p = NS (Table 12.2). The

tachycardia lasted >30 min. Ice mapping on the
atrial surface in conjunction with P -wave morphol-
ogy revealed that the tachycardia originated at the
head of the sinus node in 7/9 and in the lower end
of the sinus node-crista terminalis junction in 2/9.
Injection of 0.4 cc of formaldehyde into the FP re-
stored the heart rate toward the baseline (150 ±
10). These results in our experimental model are
consistent with the dysautonomia hypothesis.

A recent case report by Taketani et al. [38] de-
scribed a surgical approach, through a small tho-
racotomy, to expose the superior vena cava–sinus
node area in a patient with IST. The application
of radiofrequency energy to ablate the tissues in
and around the sinus node including the fat ad-
jacent to the node, the site of the ganglionated plexi
at the pulmonary vein entrance. This patient had
previously failed a catheter based procedure to re-
duce her resting (110–130 beats/min) and exercise
(160–200 beats/min) heart rate. Six months follow-
ing the surgical procedure, the patient’s heart rate
in sinus rhythm, with normal P -waves, was 70–80
beats/min. The authors ascribe these salutary effects
to partial denervation of the sinus node. Further re-
ports targeting the GP, particularly the ARGP adja-
cent to the sinus node, may determine the feasibility
of a new approach, either surgical or by endocardial
catheter ablation for treating IST.

Table 12.2 The Effect of Epinephrine (Epi) Injected Into the
Fat Pad Containing the Anterior Right Ganglionated Plexi
(ARGP) on Heart Rate (HR) and Systolic Blood Pressure (SBP)

Study # Control HR Epi-HR Control SBP Epi-SBP

1 166 203 148 153

2 158 232 134 140

3 150 212 141 137

4 148 208 155 158

5 141 202 141 161

6 176 206 179 154

7 173 223 173 148

8 122 199 138 144

Average 154 211 151 149

STD 18 11 17 10

P value 0.003∗ 0.8∗

∗ Indicates the p-values for the average HR and SBP caused

by epinephrine injection compared to their control levels.
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(a)

Figure 12.5 The effect of electrical stimulation of the
interganglionic nerve (IGN) connecting the stellate
ganglion and the ARGP, on heart rate acceleration. (Panel
a) During sinus rhythm the EnSite map shows the onset of
atrial activity at the head of the sinus node, at the
confluence of the superior vena cava and the right atrial
appendage. The heart rate was 150/min. (Panel b) IGN

electrical stimulation (at 6 V) induced an acceleration of
the heart rate to 186/min with little change in the earliest
site of activation at the head of the sinus node. However,
when the voltage was raised to 8 V, (panel C) the heart
rate increase (211/min) was associated with a leftward and
slightly inferior shift of the earliest site of activation. See
text for further discussion.

Electrical Induction of
Inappropriate Sinus Tachycardia

Previous investigators described a slender nerve
bundle running from the stellate ganglion’s ven-
tral ansa to the ARGP located at the caudal end
of the sinus node. Initially this nerve was desig-
nated as the right stellate cardiac nerve, but then
was renamed the right interganglionic nerve (IGN)
[39; p. 22]. Electrical stimulation of the IGN caused
sinus, that is, heart rate, acceleration [39, p. 30].
In the pentobarbital anesthetized dog, we localized
the IGN as it coursed along the innominate vein
and down the vena cava toward the heart. High-
frequency stimulation (20 Hz, each stimulus = 0.1
msec in duration, voltages from 4.5 to 9.3 V) ap-
plied to the IGN above the myocardial sleeve of the
superior vena cava induced progressive acceleration
of the heart rate with incremental changes in volt-

age. However, there were no significant changes in
the A-H interval on the His bundle electrogram and
no change in average blood pressure in a series of
19 studies.

Using the EnSite mapping system, we found that
the sinus node pacemaker showed a slight shift
leftward during IGN stimulation (Figure 12.5c)
compared to the position of the earliest activation
recorded during sinus rhythm (Figure 12.5a). Mod-
erate increases in the heart rate with IGN stimula-
tion caused little shift in the site of origin of the
pacemaker at the sinus node (Figure 12.5b). Ra-
diofrequency ablation of the ARGP markedly atten-
uated the ability of electrical stimulation to cause si-
nus acceleration, although the highest voltages were
still able to cause a slight but significant increase in
heart rate compared to control [40], indicative of
postganglionic that bypass the IGN connection to
the ARGP.



BLBK050-Shenasa September 25, 2008 16:34

CHAPTER 12 Mapping of Neurally Based Atrial Arrhythmias 149

(b)

(c)

Figure 12.5 (Continued )
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Other Experimental Models and
Their Clinical Correlates

Studies from our laboratory have focused on other
neurally based cardiac arrhythmias including focal
atrial tachycardia (AT) [41] and right ventricular
outflow tract tachycardia (RVOT-VT) [42]. In our
experimental models, we used chemical and elec-
trical means to activate GP or nerves of the intrin-
sic cardiac autonomic nervous system to induce the
clinical characteristics of these arrhythmias. Specifi-
cally, the injection of atropine into the ARGP caused
suppression of cholinergic activity, because electri-
cal stimulation to the GP no longer slowed the heart
rate or AV conduction; but higher voltages resulted
in sustained AT (≥5 min). Ice mapping allowed the
localization of a focus mostly at the crista terminalis
[41]. Clinically, the most likely right atrial sites for
focal AT was shown to be the crista terminalis [43].
Similarly, we used electrical stimulation of sympa-
thetic nerves at the proximal pulmonary artery to
induce and beta blockade to suppress the character-
istic ECG patterns of RVOT-VT [42]. Recent clinical
reports [44, 45] have found the earliest ventricular
activation in the proximal pulmonary artery, in pa-
tients with RVOT-VT. Furthermore, both in the ex-
perimental [42] and in the clinical studies [44, 45]
an unusual electrical potential preceding the abnor-
mal QRS complexes was reported.

Acknowledgments
This work was supported in part by Grant 0650077Z
from the American Heart Association to Dr. Po;
Grant K23HL069972 from the National Heart,
Lung, and Blood Institute to Dr. Po; a grant from
the Helen and Wil Webster Arrhythmia Research
Fund of the University of Oklahoma Foundation to
Dr. Scherlag; and support from St. Jude Medical, AF
Division, Endocardial Solutions, Inc.

References

1 Amory DW, West TC. Chronotropic response following

direct stimulation of the isolated sinoatrial node: a phar-

macologic evaluation. J Pharmacol Exp Therap 1962; 137:

14–23.

2 West TC, Toda N. Response of the A-V node of the rabbit

to stimulation of intracardiac cholinergic nerves. Circ Res

1967; 20: 18–31.

3 Lazzara R, Scherlag BJ, Robinson M J, Samet P. Selec-

tive in situ parasympathetic control of the canine sinoa-

trial and atrioventricular nodes. Circ Res 1973; 32: 393–

401.

4 Randall WC, Ardell JL, Wurster RD, et al. Vagal postgan-

glionic innervation of the canine sinoatrial node. J Auton

Nerv System 1987; 20: 13–23.

5 Randall WC. Neural Regulation of the Heart. Oxford Uni-

versity Press, New York 1977: Chapter 2.

6 Randall WC. Nervous Control of Cardiovascular Function.

Oxford University Press, New York, 1984: Chapter 3.

7 Armour JA, Murphy DA, Yuan B-X, et al. Gross and mi-

croscopic anatomy of the human intrinsic cardiac nervous

system. Anat Rec 1997; 247: 289–98.

8 Ardell JL. Structure and function of the mammalian in-

trinsic cardiac neurons, In: Neurocardiology. Armour JA,

Ardell JL, eds. Oxford University Press, New York, 1944:

Chapter 5.

9 Jais P, Haissaguerre M, Shah DC et al. A focal source of

atrial fibrillation treated by discrete radiofrequency abla-

tion. Circulation 1997; 95: 572–76.

10 Haissaguerre M, Jais P, Shah DC et al. Spontaneous initi-

ation of atrial fibrillation by ectopic beats originating in

the pulmonary veins. N Engl J Med 1998; 339: 659–66.

11 Pappone C, Oreto F, Rosario S et al. Atrial electroanatom-

ical remodeling after circumferential radiofrequency pul-

monary vein ablation: efficacy of an anatomic approach

in a large cohort of patients with atrial fibrillation. Circu-

lation 2001; 104: 2539–44.

12 Verma A, Marrouche NF, Natale A. Pulmonary vein

antrum isolation: intracardiac echocardiography-guided

technique. J Cardiovasc Electrophysiol 2004; 15: 1335–

40.

13 Tsai CF, Tai CT, Hsieh MH, et al. Initiation of atrial fib-

rillation by ectopic beats originating from the superior

vena cava: electrophysiological characteristics and results

of radiofrequency ablation. Circulation 2000; 102: 67–

74.

14 Hwang C, Wu T-J, Doshi RN et al. Vein of Marshall cannu-

lation for the analysis of electrical activity in patients with

focal atrial fibrillation. Circulation 2000; 101: 1503–5.

15 Chen SA, Tai CT, Yu WC et al. Right atrial focal atrial fib-

rillation: electrophysiologic characteristics and radiofre-

quency catheter ablation. J Cardiovasc Electrophysiol 1999;

10: 328–35.

16 Patterson E, Po S, Scherlag BJ, Lazzara R. Triggered firing

in pulmonary veins initiated by in vitro autonomic nerve

stimulation. Heart Rhythm 2005; 2: 624–31.

17 Scherlag BJ, Yamanashi WS, Patel U et al. Autonomically

induced conversion of pulmonary vein focal firing into

atrial fibrillation. J Am Coll Cardiol 2005; 45: 1878–86.

18 Po SS, Scherlag BJ, Yamanashi WS, et al. Experimen-

tal model for paroxysmal atrial fibrillation arising at the



BLBK050-Shenasa September 25, 2008 16:34

CHAPTER 12 Mapping of Neurally Based Atrial Arrhythmias 151

pulmonary vein–atrial junctions. Heart Rhythm 2006; 3:

201–8.

19 Platt M, Mandapati R, Scherlag BJ, et al. Limiting the

number and extent of radiofrequency applications to ter-

minate atrial fibrillation and subsequently prevent its in-

ducibility (abstract). Heart Rhythm 2004; 1: S11.

20 Pappone C, Santinelli V, Manguso F, et al. Pulmonary

vein denervation enhances long-term benefit after cir-

cumferential ablation for paroxysmal atrial fibrillation.

Circulation 2004; 109: 327–34.

21 Lemery R, Birnie D, Tang AS, Green M, Gollob M. Fea-

sibility study of endocardial mapping of ganglionated

plexuses during catheter ablation of atrial fibrillation.

Heart Rhythm 2006; 3: 387–96.

22 Yuan B-X, Ardell JL, Hopkins DA, et al. Gross and micro-

scopic anatomy of the canine intrinsic cardiac neurons.

Anat Rec 1994; 239: 75–87.

23 Pauza DH, Skripka V, Pauziene N. Morphology of the

intrinsic cardiac nervous system in the dog: a whole-

mount study employing histochemical staining with

acetyl cholinesterase. Cells Tissues Organs 2002; 1721:

292–320.

24 Cooper TB, Hageman GR, James TN, Waldo AL. Neu-

ral effects on sinus rate and atrioventricular conduction

produced by electrical stimulation from a transvenous

electrode catheter in the canine right pulmonary artery.

Circ Res 1980; 46: 48–57.

25 Mick JD, Wurster RD, Duff M, Weber M, Randall WC,

Randall DC. Epicardial sites for vagal mediation of sino-

atrial function. Am J Physiol 1992; 262: H1401–6.

26 Chiou CW, Eble JN, Zipes. Efferent vagal innervation of

the canine atria and sinus and atrioventricular nodes. Cir-

culation 1997; 95: 2573–84.

27 Schauerte P, Scherlag BJ, Pitha J, et al. Catheter ablation

of cardiac autonomic nerves for prevention of vagal atrial

fibrillation. Circulation 200; 102: 2774–80,

28 Ardell JL. Structure and function of the mammalian in-

trinsic cardiac neurons. In: Neurocardiology. Armour JA,

Ardell JL, eds. Oxford University Press, New York, 1994:

96.

29 James TN. Combinatorial roles of the human intertruncal

plexus in mediating both afferent and efferent autonomic

neural traffic and in producing a cardiogenic hypertensive

chemoreflex. Prog Cardiovasc Dis 2004; 46: 539–72.

30 Tsai CF, Tai CT, Hsieh MH, et al. Initiation of atrial fib-

rillation by ectopic beats originating from the superior

vena cava: electrophysiological characteristics and results

of radiofrequency ablation. Circulation 2000; 102: 67–

74.

31 Hwang C, Wu TL, Doshi RN, et al. Vein of Marshall can-

nulation for the analysis of electrical activity in patients

with focal atrial fibrillation. Circulation 2000; 101: 1503–

8.

32 Lin WS, Tai CT, Hsieh MH, et al. Catheter ablation of

paroxysmal atrial fibrillation initiated by nonpulmonary

vein ectopy. Circulation 2003; 125: 3176–83.

33 Chen S-A, Tai CT, Yu WC, et al. Right atrial focal atrial fib-

rillation: electrophysiologic characteristics and radiofre-

quency catheter ablation. J Cardiovasc Electrophysiol 1999;

10: 328–35.

34 Scherf D, Morgenbesser LJ, Nightingale EJ, Schaeffler KT.

Further studies on the mechanisms of auricular fibrilla-

tion. Proc Soc Exptl Biol NY 1950; 73: 650–54.

35 Zhou J, Scherlag BJ, Edwards J, Jackman WM, Lazzara R,

Po SS. Gradients of atrial refractoriness and inducibility

of atrial fibrillation due to stimulation of ganglionated

plexi. J Cardiovasc Electrophysiol 2007; 18: 83–90.

36 Shen WK, Low PA, Jahangir A, et al. Is sinus node mod-

ification appropriate for “inappropriate” sinus tachycar-

dia with features of postural orthostatic syndrome? PACE

2001; 24: 217–30.

37 Scherlag BJ, Yamanashi WS, Amin R, Lazzara R, Jack-

man WM. Experimental model of inappropriate sinus

tachycardia: Initiation and ablation. J Intervent Cardiac

Electrophysiol 2005; 13: 21–9.

38 Taketani T, Wolf RK, Garrett JV. Partial cardiac denerva-

tion and sinus node modification for inappropriate sinus

tachycardia. Ann Thorac Surg 2007; 84: 652–54

39 Randall WC. Neural Regulation of the Heart. Oxford Uni-

versity Press, New York, 1977: Chapter 2, pp. 22 and 30.

40 Zhou J, Scherlag BJ, Yamanashi WS, Po SS, Jackman WM,

Lazzara R. Anatomy and physiology of the right inter-

ganglionic nerve: implications for the treatment of inap-

propriate sinus tachycardia. Circulation 2006; 112: II–189

(abstract).

41 Lin J, Scherlag BJ, Hou Y-L, Zhang Y, Lazzara R, Po SS.

Focal atrial tachycardia mediated by activation of gan-

glionated plexi. J Cardiovasc Electrophysiol 2007; 18: 129

(abstract).

42 Zhou J, Scherlag BJ, Yamanashi W, et al. Experimental

model simulating right ventricular outflow tract tachy-

cardia: a novel technique to initiate RVOT-VT. J Cardio-

vasc Electrophysiol 2006; 17: 771–75.

43 Kistler PM, Roberts-Thomson KC, Haqqani HM, et al.

P-wave morphology in focal atrial tachycardia: develop-

ment of an algorithm to predict the anatomic site of ori-

gin. J Am Coll Cardiol 2006; 48: 1010–17.

44 Timmermans C, Rodriguez L, Medeiros A, Crijns H,

Wellens HJJ. Radiofrequency catheter ablation of idio-

pathic ventricular tachycardia originating in the main

stem of the pulmonary artery. J Cardiovasc Electrophysiol

2002; 13: 281–84.

45 Whitwam W, Rule S, Narayan SM. Noncontact mapping

of small pulmonary artery potentials preceding ectopy

from right ventricular outflow tract. Heart Rhythm 2007;

4: 959–63.



BLBK050-Shenasa September 25, 2008 16:36

13 CHAPTER 13

Electrophysiological Mapping of
the Right and Left Ventricle in
Animals

Jacques MT de Bakker, PhD,1 Jérôme GM Jungschleger, MD,2

Marc A. Vos, PhD1

1University Medical Center, Utrecht, The Netherlands
2Maastricht University, Maastricht, The Netherlands

Summary

Due to differences in structure and ion channel

composition between the right (RV) and left (LV)

ventricle, electrophysiological characteristics of the

two ventricles differ. Still, conduction parameters

are not that different, and repolarization appears

equal for the two ventricles. Only under

pathological circumstances, when conduction and

repolarization are challenged to the limit, do the

intrinsic differences become evident and possibly

result in ventricular arrhythmias. Structural factors

that influence these properties are: (i) fiber

direction, (ii) wall thickness, and (iii) cell size.

Transmural and apico-basal gradients for ion

channel expression have been described for RV and

LV. In addition, interventricular differences in ion

channel expression exist.

ITO1 and IKr densities are significantly higher in

cells isolated from RV than LV, resulting in shorter

action potentials and more outspoken spike and

dome characteristics of action potentials of RV

myocytes. In addition, pathology may result in an

asymmetric down-regulation of ion channels. In

the chronic AV block dog down-regulation of IKr

occurs in both ventricles, but IKr was only

significantly reduced in RV. Several clinical and

experimental studies suggest that RV has the

weakest conduction reserve, whereas LV has a more

sensitive repolarization reserve. Animal models

with global alterations in only one

electrophysiological parameter (decreased

connexin or sodium channel expression) indeed

show that the alteration affects conduction in RV

more than in LV. Only under such limited

pathological circumstances does it become possible

to quantify these differences between RV and LV by

mapping and, more importantly, relate them to

arrhythmogenesis.

Introduction

At first glance, conduction and repolarization
parameters do not differ between RV and LV in
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normal, nonremodeled, hearts. Still, RV and LV
show considerable differences in structural and
electrical characteristics. Functionally, these differ-
ences can lead to ventricular arrhythmias, but only
under pathological circumstances do they become
manifest. The epicardial activation pattern of the
right (RV) and left (LV) ventricle shows an elliptical
configuration in case the ventricle is paced from the
center of an epicardial recording grid. This pattern
is caused by the anisotropic nature of the ventri-
cles and allows determination of conduction veloc-
ity parallel and perpendicular to the fiber direction.
Although the elliptical axis differs between RV and
LV, conduction velocity in longitudinal and trans-
verse direction is similar in both ventricles. It sug-
gests that the electrophysiological parameters that
determine conduction velocity are comparable in
LV and RV.

This is the case during normal propagation in
the healthy heart, but differences may arise between
both ventricles in case of cardiac disease or abnor-
mal activation. An inherited cardiac disease such as
Brugada syndrome, which is suggested to be caused
by a sodium channel mutation, and arrhythmo-
genic right ventricular dysplasia (ARVD), which
involves a desmosomal mutation, are expected to
effect RV and LV in the same way. However, they
appear to be predominantly a right ventricular dis-
ease and cardiac arrhythmias preferentially occur in
the right ventricle.

In addition, it has been shown that LV and RV do
differ in regard to ion channel properties that gov-
ern cardiac repolarization. In regard to repolariza-
tion reserve and arrhythmogenic susceptibility the
LV seems more vulnerable to repolarization-related
ventricular tachycardias, including drug-induced
torsade de pointes. Also, with regard to ventricular
fibrillation (VF), differences exist between RV and
LV. This arrhythmia has been shown to be more
complex in LV than in RV.

These observations suggest that there are elec-
trophysiological differences between the two ven-
tricles that are preferentially manifested when the
heart is challenged. In this chapter the structural
and electrical differences between RV and LV will
be outlined as obtained from mapping studies and
the electrophysiological and arrhythmogenic con-
sequences will be discussed.

Structural Differences Between RV
and LV

Fiber Orientation and Cell-to-Cell
Coupling

Fiber orientation plays an important role in prop-
agation of the electrical impulse and is responsible
for the difference in conduction velocity parallel and
perpendicular to the fiber direction. Anisotropy re-
sults from the spatial alignment of elongated car-
diomyocytes and the preferential sites where cell-to-
cell coupling arises. Isotropic myocardium results
in circular activation patterns if stimulation is per-
formed from the center of the recording area. This
was nicely demonstrated by Bursac and co-workers,
who used cardiomyocyte cultures with controlled
anisotropy [1]. Control of anisotropy was obtained
by growing cells on micro-abrading PVC cover slips.
Activation patterns were circular if cells were cul-
tured on untreated cover slips and myocytes were
randomly oriented. Patterns became elliptical if the
cell cultures were grown on micro-abraded cover
slips. Coarser structures (wider and deeper abra-
sion grooves) increased the eccentricity of the el-
lipse. Conduction velocity in longitudinal direction
increased with eccentricity, whereas transverse con-
duction decreased.

In the same study the investigators used the
micro-abrasion technique to produce monolayers
with sharp but continuous changes in fiber direc-
tion. Sites with a sudden change in fiber direction
have been shown to favor conduction block [2]. Dis-
ruption of myocyte orientation giving rise to my-
ocardial disarray occurs in hypertrophic cardiomy-
opathy (HCM) [3]. This disruption of the normal
alignment of myocardial cells is only found sporad-
ically in the other types of heart disease. In HCM,
focal and widespread interstitial fibrosis are present
as well, whereas the distribution pattern of gap
junctions exhibiting connexin 43 are randomly dis-
tributed rather than being confined to intercalated
discs. Lateralization of connexins occurs between
adjacent myocytes. In addition, the gap junction
surface area was reduced despite a normal number
of intercellular contact points. HCM is the most
common cause of sudden cardiac death (SCD) in
healthy young individuals. Fiber disarray, disorien-
tation of connexins, increased fibrosis, and reduced
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Figure 13.1 Epicardial activation pattern before (a) and
after (b) freezing of the subendocardial and intramural
layers of the left ventricular wall. Maps show an elliptical
pattern with fast conduction parallel and slow conduction
perpendicular to the fiber direction. Longitudinal
conduction was similar before and after freezing.

Transverse conduction times were, however, significantly
prolonged after freezing. Lines are isochrones at intervals
of 10 msec. Numbers indicate activation times in
milliseconds. (Adapted from Schalij MJ, Anisotropic
conduction and ventricular tachycardia, Thesis, Elinkwijk,
Utrecht, page 52.)

excitability all favor conduction delay and form an
electrically unstable myocardial substrate support-
ing the occurrence of arrhythmias.

In the heart, the effect of fiber direction is further
complicated by rotation of fibers from epicardium
to endocardium. A gradual counterclockwise rota-
tion of fibers occurs and range from 120 degrees
in the dog to 180 degrees in the pig [4, 5]. Using
transmural electrodes, Frazier and co-workers de-
termined activation patterns in planes of record-
ing electrodes parallel to the epicardium and en-
docardium during stimulation from the epicardial
center of the electrode grid [6]. Activation patterns
were elliptical in each plane.

The ellipses rotated with respect to each other, but
the twist of the long axis of the ellipses was less than
that of the corresponding transmural rotation of
the fibers. This was caused by the fact that in deeper
layers activation will run faster in a direction that
is transverse at the epicardium. This implies that
rotation of fibers with depth affects the epicardial
activation pattern and that thickness and degree of
rotation can affect determination of conduction ve-
locity from epicardial activation patterns. This was
demonstrated in a study by Schalij and co-workers,
who reduced the wall thickness of the left ventri-
cle of a rabbit heart using a cryo procedure [7].

Langendorff-perfused rabbit hearts were immersed
in a tissue bath containing perfusion fluid of 30◦C.
A cryo probe with liquid nitrogen was inserted into
the left ventricular cavity, and coronary circulation
was interrupted while the heart was frozen for 7 min.
After this period, coronary circulation was restored.
In this way the endocardial and intramural parts of
the left ventricular free wall and the interventricular
septum were destroyed. Only a thin left ventricular
epicardial layer about 1 mm thick remained. The
epicardium was stimulated from the center of the
mapping electrode consisting of a 13 × 15 grid with
an interelectrode distances of 1 mm.

Propagation along the epicardial fiber axis was
not affected by the cryo procedure and activation
times of electrograms in longitudinal direction were
unaltered. In contrast, activation times in the trans-
verse direction were significantly prolonged (Figure
13.1). The initial transverse epicardial wave front
is interrupted after about 3–4 mm by epicardial
breakthrough of deeper longitudinal running wave
fronts. The “shortcut” effect of activation running
in deeper layers was absent after freezing. Fiber rota-
tion may therefore lead to an overestimation of the
transverse conduction velocity if determined from
epicardial activation maps. At distances greater than
3 mm local differences in transverse conduction
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Figure 13.2 Rotation of the fiber direction with depth
from epicardium (epi, zero degrees) in the right ventricle
of a swine heart. (Adapted from Vetter et al., Circ Res 2005;
96: 244–51.)

times were significantly shorter in control hearts
compared to frozen hearts. In the same study the
authors showed that freezing and hence wall thick-
ness did not affect the epicardial refractory period.
The maximal pacing rate was also not affected by
the freezing procedure.

Vetter and co-workers reported that in the
subepicardium of the right ventricle of the swine,
an abrupt [8] change of 64 degrees in fiber angle
was observed at a mean depth of 500 μm under-
neath the epicardium (ranging from 110 to 928 μm)
(Figure 13.2). The depth at which the abrupt change
in fiber direction occurred had a profound effect
on the epicardial activation pattern during epicar-
dial stimulation. In preparations where the depth
of transition was small (110 μm) and magnitude
of transition large (72 degrees), the pattern was
diamond-shaped. Rectangular activation patterns
were associated with intermediate values of depth
and magnitude, whereas the classical elliptical pat-
tern occurred at largest depth and small magnitude
of transition (900 μm and 50 degrees, respectively).
Most often, the rectangular pattern was observed.

Observations made by Streeter and Bassett
showed that qualitatively similar patterns with sud-
den fiber rotation were observed in LV of swine
hearts [4]. Both ventricles have a subepicardial layer
with virtually no fiber rotation followed by a region
of rapid fiber rotation. Then a region with constant
rotation per millimeter occurs. Close to the endo-
cardium the value of rotation increases. Because of
the larger wall thickness of LV the maximal rate
of fiber rotation is significantly less in LV than in
RV. As a consequence of this geometric scaling the

diamond- and rectangular-shaped patterns on the
epicardium of LV are less likely during epicardial
stimulation. There are indications that also in other
species a thin outer layer with significantly different
fiber orientation exists [9, 10].

Ventricular Wall Thickness
Wall thickness is supposed to affect abnormal
rhythms such as VF. Rogers and co-workers pro-
posed that increased ventricular wall thickness
destabilizes VF wave fronts and therefore is an im-
portant determinant of VF activation patterns [11].
They determined epicardial activation simultane-
ously from RV and LV in open chest pigs. Each elec-
trode array contained 504 unipolar electrode termi-
nals (arranged in a 21 × 24 grid) at interelectrode
distances of 2 mm. Activation maps showed that VF
was more organized in RV than LV and contained
fewer and larger wave fronts. In RV activation fronts
followed fewer distinct pathways and fragmented
or collided less frequently with other wave fronts
compared to LV. The size and cycle length of reen-
trant circuits were similar in the two ventricles, but
RV reentry persisted for more cycles. These results
could not be attributed to the differences in elec-
trophysiologic properties between LV and RV. The
authors concluded that the geometry of the ventric-
ular wall, particularly wall thickness, is an important
determinant of VF activation patterns.

However, other studies suggest that fiber direc-
tion is at least as important in determining complex-
ity of VF activation patterns and continuation of VF.
Ikeda et al. hypothesized that the structural com-
plexity of septal tissue influences the maintenance
of reentrant wavelets in the ventricle [12]. Endo-
cardial activation patterns were determined during
VF in isolated perfused canine RV free wall, the in-
terventricular septum, and the LV free wall. Each
tissue sample was cut progressively to reduce tissue
mass until VF terminated. More wavelets were seen
during VF in the septa than in the RV and LV free
walls. Furthermore, VF cycle length was shorter in
the septa than in the RV and LV free walls.

At reduced tissue mass, VF became successively
more organized in all regions. Immobile solitary
and “figure-of-eight” reentrant wavelets were often
observed after tissue mass reduction in the RV free
walls but rarely in LV free walls. In contrast, such
fixed circuits were not observed in the septa. The
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amount of tissue required to maintain VF in the
septa was much less than in the RV and LV free
walls. Anatomic and histologic examinations indi-
cated that the tissue structure of the septa is more
complex than that of the RV and LV free walls. Thus,
the authors concluded that the structural complex-
ity of tissue is important for the maintenance of VF.

Cell Size of RV and LV
Although cell-to-cell coupling and excitability are
major parameters for determining conduction ve-
locity, tissue architecture including cell size and
morphology play an important role as well. During
cardiac pathology these parameters for conduction
are usually all remodeled. Therefore it is difficult
to estimate the effect of cell size, gap junction ex-
pression/distribution, and excitability separately on
conduction in an experimental setting.

Spach et al. have used computer models to ad-
dress the role of cell size on transverse and longitu-
dinal conduction [13]. These simulations suggested
that cell size may be as important as gap junction
expression and distribution. Because in pathology
the effects of changed cell size and cell-to-cell cou-
pling on conduction may strengthen or weaken each
other, both an increase or decrease in conduction
velocity may result. In animal studies unchanged as
well as decreased and increased conduction veloci-
ties have been reported in the setting of heart failure
[14–16]. In addition, time aspect of remodeling may
play a role. For instance, in a guinea pig model of
heart failure conduction velocity was decreased at
day 50 after aortic banding, but was increased at
day 150 [17]. Different types of remodeling for the
various models and the dynamic behavior in time
may explain the differences in remodelling-induced
conduction velocity changes.

In rats and hamsters, myocytes from the RV had
smaller cell volume and cross-sectional area values
compared to any region of the LV [18]. A trans-
mural gradient of cellular dimensions existed in the
LV of the rat, but not in hamster, with cell size dif-
ferences of endocardium being the largest and epi-
cardium the smallest. Endocardial volume and the
cross-sectional area of cells were larger than at all
other regions in the hamster heart, but the differ-
ence was not significant compared to the epicardial
cell volume. In the guinea pig, no significant differ-
ences in cell volume existed between RV and LV or

between the three LV regions. No pattern of regional
differences was seen between ventricular cross sec-
tional area values in the guinea pig.

In the study by Shimada, cell length and width of
RV were shorter than of LV, but the difference was
not significant [19]. Only after aorta constriction
did differences become statistically significant (cell
length 139.2 ± 1.2 vs. 130.2 ± 1.2 μm, cell width
40.9 ± 0.6 vs. 31.4 ± 0.5 μm). In mouse hearts mea-
surement of cell size showed that myocytes originat-
ing from the RV have a smaller cross-sectional area
than those originating in the LV. Aging of mice re-
sulted in a significant decrease in cell size in the aged
ventricles compared to the young ones and this dif-
ference is also present between the aged right and
left ventricle [20].

Volders and co-workers determined myocardial
cell size in chronic AV block dog hearts and con-
trols. They compared myocytes from RV free wall
and LV mid-myocardium [21]. In control hearts,
RV myocytes were of equal length and width com-
pared to left mid-myocardial myocytes. In chronic
AV block (AVB) hearts, myocytes from both RV and
LV were significantly longer than in control hearts.
Additionally, a significant difference in cell length
of right versus left ventricle in chronic AVB hearts
occurred. In contrast, the width of myocardial cells
from chronic AVB dogs was not different from the
control hearts.

Functional Differences Between
RV and LV

Electrophysiological Composition of RV
and LV in Normal Hearts
Heterogeneity in electrophysiological parameters
plays an important role in arrhythmogenicity. Both
dispersion in refractoriness and conduction have
been shown to favor reentrant arrhythmias [22–24].
Differences in the refractory period between adja-
cent areas may block conduction of a premature
impulse in the region with the longest refractory
period, while continuing in regions with short re-
fractory periods. Under normal conditions, the dif-
ferences between longest and shortest refractory pe-
riod and/or action potential duration in the ventri-
cles is in the order of 40 msec. The intrinsic electrical
heterogeneities in ventricular myocardium are re-
sponsible for the dispersion in repolarization.
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Figure 13.3 Basal-apical gradient of potassium channels in
the dog heart. (Adapted from Szentadrassy et al.,
Cardiovasc Res 2005; 65: 851–60.)

Both transmural and apico-basal gradients have
been observed in the heart. The transmural
gradient arises because the different cell types
involved—epicardial, mid-myocardial and endo-
cardial myocytes—reveal differences in the expres-
sion of the various potassium currents. These dif-
ferences have been described for LV by the group of
Antzelevitch [25].

Although the transmural gradient has gained
much attention, there is also an apico-basal gradient
of ion channels in LV, which probably plays an equal
or even more important role in arrhythmogenic-
ity. Studies in the mouse, dog, and human hearts
show that the action potential duration at the base
is longer compared to the apex. Szentadrassy and
co-workers showed that in basal cells of LV, Kv1.4
(encoding the α-subunit of the ion channel for ITO),
and KvLQT1 (encoding the α-subunit for the ion
channel for IKS) are expressed to only 40% of the
amount expressed in apical cells (Figure 13.3) [26].

Double transgenic mice, lacking both the fast
and slow component of the transient outward cur-
rent have action potential prolongation and spon-
taneous ventricular arrhythmias [27]. Conduction
velocity did not differ from control hearts, but ac-
tion potential duration was prolonged and disper-
sion of refractoriness between apex and base of LV
was enhanced compared to the control hearts. A sin-
gle premature pulse elicited a reentrant ventricular
tachycardia. In the ITO knock out mice, reentrant
arrhythmias were induced due to enhanced disper-
sion of repolarization.

Electrophysiological Heterogeneities
The role of APD heterogeneities as a substrate for
unidirectional block and reentry has been sup-
ported by simulation studies from Viswanathan
and Rudy [28]. In hypertrophied and failing my-
ocardium the inherent differences may be enhanced
by changes in density, distribution or properties of
the potassium currents [29–30].

Other studies have shown that in the healthy heart
heterogeneous expression of repolarizing voltage-
gated potassium currents is not limited to the left
ventricle, but that interventricular differences ex-
ist as well. Whole-cell voltage-clamp recordings
showed that mean peak ITO1 densities are signifi-
cantly higher in cells isolated from mouse RV than
LV [31]. In contrast, the densities of IK,slow and Iss

in murine RV, LV apex, and LV base cells are not
significantly different.

Myocardial cells isolated from RV and LV mid-
myocardium of the canine heart revealed that ITO1

density was significantly larger in RV than LV, while
steady-state inactivation and rate of recovery were
similar [32]. IKs currents were considerable larger
in RV, but IKr and IK1 were not different. The higher
values of ITO1 and IKs may well explain the shorter
action potentials in RV compared to LV. The dif-
ferences in expression of ITO1 and IKs corresponded
with the observed different expression levels in the
right ventricle (RV) and left ventricular (LV) free
wall of KChIP2 and KCNQ1, respectively [33].

Also sodium channels seem to be distributed
heterogeneously throughout the heart. Cardiomy-
ocytes isolated from subendocardial and subepi-
cardial layers of the rat heart show that a trans-
mural gradient of sodium current is present in
the left ventricle [34]. Sodium current in the LV
subendocardium was significantly larger than at the
subepicardium (−49.7 ± 2.5 pA/pF vs. −32.9 ±
3.2 pA/pF). The sodium current in RV was simi-
lar to that of that at the left subendocardium of LV
(−49.7±3.7 pA/pF). Functional studies on the con-
sequence of this difference have to be performed.

Different Repolarization Reserve
Between RV and LV in the Pathological
Conditioned Chronic AV Block Dog
Heart
The dog with chronic AV block (AVB) is an ani-
mal model of acquired torsade de pointes (TdP).
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Clinical and experimental studies suggest that ac-
tion potential prolongation and/or increased re-
gional dispersion of repolarization are underlying
factors for the arrhythmia. Analysis of potassium
currents in both RV and LV revealed that a signifi-
cant down regulation of the delayed rectifier current
IKs occurred in both ventricles. IKr was only signifi-
cantly reduced in RV. ITO1 and IK1 were not different
between chronic AVB and control [32].

Schreiner and co-workers studied the mechanism
of polymorphic ventricular tachycardia in chronic
AVB dog after exposure to almokalant [35]. Record-
ings were made with 240 needles each containing
four electrode terminals at interelectrode distances
of 2.5 mm. The needle electrodes were evenly dis-
tributed over the left and right ventricular wall.
Mapping studies were carried out in vivo at day 5
(acute AVB) or day 62 (chronic AVB) following AV
nodal ablation. Application of almokalant did not
result in arrhythmias in acute AV block animals, but
resulted in tachycardias in 9 out of 14 chronic AVB
dogs.

Arrhythmias originated predominantly from an
LV endocardial focus. Centrifugal spread of activa-
tion, suggestive for a focal origin, was also observed
in consecutive beats of the arrhythmias. Reentry
was observed in two episodes only. In the chronic
AVB dog a significant increase in effective refrac-
tory period (280 ± 28 msec vs. 260 ± 37 msec)
and QT interval (339 ± 16 vs. 288 ± 12 msec) oc-
curred. Dispersion of an effective refractory period
was similar for acute and chronic AV block. Thus,
the authors concluded that the arrhythmias in this
model were primarily linked to prolonged repolari-
zation.

QT prolongation and a high incidence of spon-
taneous TdP were also observed in a rabbit heart
with chronic AV block [36]. QT prolongation in AV
block rabbits was caused by action potential dura-
tion increase. This was related to down regulation
of both IKr and IKs in association with altered ICa,L

activation kinetics.
In a study carried out in our lab on chronic AV

block dogs, characteristics of TdP arrhythmias were
similar to those found in the study of Schreiner et al.
[35]. During Ibutilide induced TdP, premature acti-
vation originated from an endocardial focus. Con-
secutive beats continued to reveal centrifugal acti-
vation patterns in the majority of the cases, but the

origin shifted if morphology changed. Reentrant ac-
tivation was found only sporadically.

An example of TdP is illustrated in Figure 13.4.
Panel A shows surface electrograms of short runs of
ectopic beats of which the one marked by the red
rectangle reveals the characteristic ECG feature of
TdP. The first ectopic complex, which has a nega-
tive deflection in lead II, arises from the subendo-
cardium of the mid/apical free wall (panel B). Latest
activation occurs 100 msec later at the antero-septal
wall.

The sixth complex has turned to a positive de-
flection and arises from the septal region. More
recently, similar results (LV predisposition) have
been reported in a canine model of long-QT1, in
which pharmacological block of IKr (HMR 1556) in
combination with β-adrenergic stimulation (iso-
prenalin) led to EAD in LV but not in RV [37].

Results obtained from a mapping study carried
out in an anthopleurin-A canine model of LQTS
yielded another mechanism for TdP [38]. In this
study by El-Sherif and co-workers, needle electrodes
were used to record intramural electrograms to con-
struct activation maps. In 26 episodes of nonsus-
tained TdP, VT activation maps were constructed
during QRS-axis transitions in the surface ECG
leads. The first beat of all VTs arose at the subendo-
cardium by focal activity. Subsequent beats, how-
ever, proved to be caused by reentrant excitation
in the form of rotating scrolls and VT ended when
reentrant excitation was terminated.

The common mechanism for initiation or ter-
mination of bifurcation was the development of
functional conduction block between the anterior
or posterior right ventricle free wall and the ven-
tricular septum. Recently, we have introduced an
electrical marker that may be indicative for repo-
larization reserve [39]. This arrhythmic parameter
“beat-to-beat variability of repolarization” did in-
crease in LV but not in RV prior to drug-induced
TdP. This suggests that the LV subendocardium has
the weakest repolarization reserve and is the loca-
tion for EAD dependent TdP.

Different Conduction Reserve Between
RV and LV in Mice Hearts with Reduced
Connexin43 or SCN5A Expression
Clinical studies suggest that global alterations in
electrophysiological parameters may affect RV more
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Figure 13.4 (Panel a) Surface ECG of Ibutilide-induced
runs of ectopic beats in a chronic AV-block dog. The red
rectangle marks a mapped short run of TdP. (Panel b)
Activation patterns of the first beat of TdP at five different
cross-sections of the heart (panel c). Earliest activation

arises subendocardially in the IV slice. (Panel d) Activation
patterns of the sixth beat of TdP at five different
cross-sections of the heart. Earliest activation arises
subendocardially in the septal area. Note that the
electrograms of beats 2 and 6 have opposite deflection.

than LV. Brugada syndrome, which is supposed to
be a sodium channel mutation, may give rise to car-
diac arrhythmias that preferentially originate from
RV [40]. Arrhythmogenic right ventricular dyspla-
sia, which seems to be related to a desmosomal mu-
tation and affects ventricular myocytes from both
RV and LV, also induces arrhythmias that preferen-
tially arise in RV [41].

We studied the effect of mutation on activa-
tion in RV and LV in conditional Cx43 knockout
and heterozygous SCN5A mice [42, 43]. Activation
maps and conduction parameters were compared
between wild-type and mutated animals. Epicardial
mapping of RV and LV of isolated, Langendorff-
perfused murine hearts from wild-type animals
showed similar, elliptical activation patterns. The
long axis of the ellipse has a different direction for
LV and RV because of the different fiber direction.

Conduction velocity determined from the acti-
vation maps was similar for LV and RV both, in
both transverse and longitudinal directions. There
was, however a difference in the refractory period,
which was shorter in RV than in LV, albeit not sig-
nificant (54.6 ± 1.9 vs. 71.4 ± 4.04. In the connexin
43 knockout (KO) mice differences between RV and
LV activation maps were present (Figure 13.5).

Longitudinal (CVlong) and transversal (CVtrans)
conduction velocity was significantly reduced in
RV of the Cx43 knock out mice compared to con-
trol (38.0 ± 1.5 vs. 31.6 ± 1.7 and 24.4 ± 2.4 vs.
10.1 ± 1.1, respectively). In LV, however, CVlong

was not different between KO mice and controls;
only for CVtrans did the conduction velocity reduce
from 16.8 ± 1.5 to 11.3 ± 1.4 cm/sec. In the het-
erozygous SCN5A mice the conduction velocity was
only reduced in RV. In LV, both CVlong and CVtrans
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Figure 13.5 Epicardial activation maps of RV and LV of a
wild-type (upper panels) and a Cx43 knock out (lower
panels). The knock out mouse revealed 10% Cx43

expression compared to the wild-type mouse heart.
Reduced Cx43 expression reveals crowding of isochrones in
RV only, indicating reduced conduction velocity in RV.

were not changed in the SCN5A heterozygous mice.
Similar results were obtained in an SCN5A mutant
mouse carrying the equivalent mutation of human
SCN5A-1795insD [44].

The experimental observations, outlined earlier,
indicate that there are various differences between
RV and LV, both structural and functional, which af-
fect electrophysiological characteristics of the ven-
tricles in a different way. Conduction reserve in RV
appears to be less compared to LV, whereas LV has
more sensitive repolarization reserve. Although the
differences are small under normal conditions, they
may be greatly enhanced if the heart is challenged
by abnormal activation or cardiac disease.
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Summary

Since the first description of radiofrequency (RF)

catheter ablation of an atrioventricular accessory

pathway (AP) in 1987 [1], RF ablation has become

curative treatment of first choice in patients with

APs with excellent success and low complication

rates [2–4]. This chapter provides an overview of

mapping techniques for the common APs as well as

the variants of preexcitation.

Catheter Mapping in Patients with
Wolff–Parkinson–White (WPW)
Syndrome

Anatomical Findings
Anatomically, the common APs are muscular fibers
that cross the atrioventricular grooves and create
anomalous conduction pathways between the atria
and the ventricles outside the specialized conduc-
tion tissue [5]. These pathways are remnants of the
embryological continuity between the atrial and
ventricular myocardium, are almost always com-
posed of working myocardial fibers, and can be
found anywhere within the atrioventricular junc-
tions which surround the orifices of the mitral and

tricuspid valve [6] with the exception of the aor-
tomitral continuity. Apart from these common APs,
there are special variants such as the Mahaim path-
ways which are discussed in the second part of the
chapter.

For the description of the pathway location, a
new, anatomically accurate nomenclature was in-
troduced in 1999 [7]. The criterion used by the
nomenclature is the AP position along the left
and right atrioventricular junction, as assessed in
the electrophysiological laboratory by the fluoro-
scopic images in the left anterior oblique (LAO)
projection. APs are classified as left, right, and sep-
tal/paraseptal. Left-sided APs, that is, APs located at
the parietal side of the left atrioventricular junction,
are further subclassified into superior, superoposte-
rior, posterior, inferoposterior, and inferior. Right-
sided APs, located at the parietal side of the right
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atrioventricular junction, are subclassified into su-
perior, superoanterior, anterior, inferoanterior, and
inferior. Septal and paraseptal pathways are subclas-
sified into superoparaseptal, inferoparaseptal, and
septal.

Left-sided APs are the most frequent pathways,
representing approximately 55% of all pathways fol-
lowed by the paraseptal APs (∼15–20%), the right-
sided APs (∼12%), and the septal ones (∼10%)
[8, 9]. Multiple APs are present in ∼5% of the pa-
tients [8].

Principles of the Mapping Procedure
For successful ablation, a stable catheter posi-
tion providing good tissue contact is crucial. The
catheter approach depends on the location of the
targeted AP.

For left-sided APs, the mapping catheter is usu-
ally introduced through the femoral artery and then
advanced retrogradely across the aortic valve into
the left ventricle to the ventricular aspect of the mi-
tral annulus. Electrograms at these sites are char-
acterized by a small atrial and a large ventricular
potential. An alternative approach is to advance the
catheter via the femoral vein into the right atrium
and transseptally, either through a patent foramen
ovale or most commonly with transseptal puncture,
into the left atrium and the atrial aspect of the mitral
annulus.

These sites are characterized by a larger atrial po-
tential compared with the ventricular aspect of the
annulus, which may reach or exceed the amplitude
of the ventricular potential. Mapping at the atrial
side of the atrioventricular groove is facilitated by
the smooth atrial endocardium, which stands in
contrast with the heavily trabeculated ventricular
side. As the experience of electrophysiologists with
the technique of transseptal puncture grows due
to the rising number of atrial fibrillation ablation,
the transseptal approach is increasingly used for AP
ablation. Of note, advancing the retrogradely po-
sitioned catheter further over the mitral valve into
the left atrium allows targeting of the atrial insertion
site of the AP.

Clockwise rotation in the left ventricle brings
the catheter to more posterior/superior positions;
counterclockwise rotation to more inferior posi-
tions of the mitral annulus. For right-sided APs,
the mapping catheter is introduced into the right

atrium, almost always via the femoral veins. The
ablation normally takes place at the atrial site of the
tricuspid annulus. Catheter position at this site is
in general less stable, and the contact area between
the ablation electrode and the tissue surface smaller
than at the ventricular site of the mitral annulus.
Therefore, longer procedure and fluoroscopy times
and more RF applications may be needed at these
sites and the success rate is slightly lower compared
with APs located at the mitral annulus [4, 9]. Al-
though the femoral approach is the rule for right-
sided APs, a jugular or subclavian approach is also
reported to be preferred in some cases, especially
for right superior or superoparaseptal pathways be-
cause of the poor catheter stability provided by the
femoral approach in these positions [10]. Alterna-
tively, a long preshaped venous sheath, which may
be advanced via the femoral vein up to the infe-
rior caval vein or the right atrium, may also provide
significant assistance in these cases.

The mapping technique depends on the conduc-
tion properties of the AP: approximately 60–70% of
all APs have both antegrade conduction properties
leading to manifest preexcitation on the resting ECG
and retrograde conduction, whereas the remaining
30–40% show only retrograde conduction and are
termed concealed [8, 9]. Mapping can be performed
focusing on the antegrade, if present, and/or the ret-
rograde conduction over the AP. Of note, the term
Wolff–Parkinson–White syndrome is correct only
when used for patients with preexcitation, that is,
with manifest APs.

Mapping of Antegradely Conducting APs

In the presence of preexcitation on the resting ECG,
mapping can be performed during sinus rhythm or
during fixed atrial stimulation. During atrial stimu-
lation, preexcitation is usually enhanced due to the
fact that the antegrade conduction of the great ma-
jority of APs is not decremental in contrast with
the decremental conduction of the atrioventricular
node. Thus, the balance between ventricular activa-
tion over the atrioventricular node and over the AP
is shifted during atrial stimulation in favor of the
AP.

Both the bipolar and the unipolar electrogram
of the mapping catheter are evaluated. The bipo-
lar electrogram is recorded between the two elec-
trodes of the distal electrode pair of the catheter,
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Figure 14.1 Surface ECG leads and intracardiac recordings
during mapping of the antegrade conduction of a
left-sided accessory pathway at an optimal ablation target
site. The ablation catheter is placed at the parietal mitral
annulus. The bipolar electrogram of the ablation catheter
demonstrates an early onset of the local ventricular
activation, which is simultaneous with the start of the
delta wave on the surface ECG (dashed vertical line) as well
as a very short local atrioventricular interval that gives the
impression of an almost continuous electric activity with
fusion of the local atrial (A) and local ventricular (V)
potential. The unipolar electrogram shows a PQS pattern
(arrow) with an atrial activation followed by a solely
negative ventricular deflection without an isoelectric
interval between atrial and ventricular activation. RF
application at this site successfully abolished accessory
pathway conduction. Note that the shortest local
atrioventricular interval in the coronary sinus is recorded in
the distal electrode pair (CS 1/2), which is consistent with a
left-sided pathway. KEY: Abl uni = unipolar electrogram of
the ablation catheter; Abl bi = bipolar electrogram of the
ablation catheter; CS = coronary sinus; RVA = right
ventricular apex.

whereas the unipolar electrogram is recorded be-
tween the single distal electrode of the catheter and
the Wilson Central Terminal (Figure 14.1). Several
characteristics of the bipolar and unipolar electro-
cardiograms have been found to predict successful
RF applications and may be used for mapping pur-
poses [11–17]. These are:

1. The earliest preexcited local ventricular activa-
tion. This is identified by measuring the time inter-
val between the onset of the local ventricular acti-
vation on the mapping catheter and the onset of the
delta wave on the ECG (V-delta interval) at differ-

ent sites along the mitral or tricuspid annulus. The
ECG lead with the earliest begin of the delta wave
should be used for this purpose. Successful ablation
sites are characterized by a local ventricular activa-
tion that precedes the onset of the delta wave by
several milliseconds. The V-delta intervals that are
reported for successful sites range mostly between
−2 and −20 ms.

2. The recording of an AP activation potential.
This is a sharp deflection recorded between the
atrial and the ventricular activation on the map-
ping catheter.

3. The shortest local atrioventricular interval.
This is the interval between the onset of the atrial
and the onset of the ventricular activation on the
mapping catheter. At successful ablation sites, this
interval is minimized (∼40 ms) and the local elec-
trogram often gives the impression of a continuous
electric activity.

4. A unipolar electrogram with a PQS pattern.
Three different patterns of unipolar electrograms
can be recorded which are characterized as (i) P-rS:
an atrial activation followed by an isoelectric inter-
val and then a small positive and a larger negative
ventricular deflection; (ii) P-QS: an atrial activation
followed by a solely negative ventricular deflection,
separated from the atrial deflection by an isoelectric
interval; and (iii) PQS: an atrial activation followed
by a solely negative ventricular deflection without
the recording of an isoelectric interval between the
atrial and ventricular activation. As shown previ-
ously, the success rate grows progressively as we
move from sites with a P-rS pattern to P-QS and
PQS. Hence, the PQS pattern is considered to be a
significant independent predictor of successful RF
application, whereas sites with a P-rS pattern have
a very low success rate.

It should be noticed that none of these criteria
alone allows an absolutely correct discrimination
between successful and unsuccessful ablation sites.
Thus, a positive V-delta interval, an AP potential,
a short atrioventricular interval, or a PQS pattern
may be found at several unsuccessful sites. For the
evaluation of target sites during mapping, a combi-
nation of these criteria should be applied.

Apart from all these criteria, catheter stability is
important and represents an independent predictor
of successful ablation [12, 13]. Catheter stability can
be judged by the stability of the amplitude of the
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recorded potentials and by the lack of appearance
or disappearance of new deflections. The catheter
moves in the fluoroscopic image may also provide
useful information in this regard.

In addition to these criteria which are used for
mapping of the antegrade AP conduction, ablation
of manifest APs may also be performed by mapping
of the retrograde AP conduction, as described in the
following for concealed pathways.

Mapping of Retrogradely Conducting
APs

Mapping of retrograde activation can be performed
during either orthodromic atrioventricular reen-
trant tachycardia or during ventricular stimulation.
Atrial activation during ventricular stimulation re-
sults from a fusion of retrograde activation via the
atrioventricular node and via the AP. In contrast,
atrial activation during tachycardia occurs only via
the AP and allows more accurate mapping, espe-
cially in the presence of an atrioventricular (AV)
node with fast retrograde conduction or in a great
distance of the AP from the septal area.

Mapping is performed by searching for the site
with the earliest local atrial activation. This is iden-
tified by measuring the time between the onset of
the ventricular activation on the ECG and the atrial
activation on the mapping catheter (VA interval) at
different sites along the mitral or tricuspid annulus.
Only the bipolar mapping electrograms are evalu-
ated for this purpose. An AP activation potential
may also be recorded between the ventricular and
the atrial activation on the mapping catheter.

Like mapping, RF application may occur either
during tachycardia or during ventricular stimula-
tion. It should be considered that successful AP ab-
lation during tachycardia may lead to catheter dis-
lodgement due to abrupt tachycardia termination.

Specific Mapping Considerations in
Relation to the AP Location
In addition to the general mapping principles out-
lined above, particular points must be considered
in relation to the location of the targeted AP.

Left-Sided APs

For mapping of left-sided APs, the placement of a
multielectrode catheter in the coronary sinus (CS) is
performed routinely and may offer significant help.

The CS is located in the left atrioventricular groove.
In most cases, it is situated closer to the atrial than
to the ventricular myocardium, and therefore atrial
potentials on the CS catheter have usually higher
amplitudes than the ventricular ones.

The electrode pair that fulfils in best way the map-
ping criteria described above indicates the location
of the AP along the parietal side of the mitral an-
nulus and guides the ablation to this area. How-
ever, the successful ablation site is often slightly
different from the optimal position as suspected
from the electrograms of the CS catheter. This is
due to the fact that the majority of the APs do not
have a perpendicular course over the atrioventric-
ular groove but an oblique one with the atrial in-
sertion site located up to 30 mm more distal or
more proximal than the ventricular insertion site
[18, 19]. A direct alignment of atrial and ventricular
insertion sites is present only in the minority of the
cases.

Right-Sided APs

Due to the course of the right coronary artery in
the right atrioventricular groove, the placement of
a thin electrode catheter in the right coronary artery
has been described for mapping of right-sided APs
similar to the placement of a CS catheter for map-
ping of left-sided APs [20, 21]. This may be espe-
cially helpful in patients with Ebstein’s anomaly.
These patients have a high incidence of APs and
ablation is hindered by the anomalous position of
the right atrioventricular groove, by the frequent in-
cidence of multiple APs and by the presence of frag-
mented local electrograms which may prevent the
distinction between atrial and ventricular potentials
or the identification of AP potentials. Overall, right
coronary artery mapping is performed very rarely
and only on special occasions.

Septal/Paraseptal APs

Mapping of the septal/paraseptal space deserves a
separate description due to the complex anatomy
of this region.

Septal APs
According to the new nomenclature, septal APs are
the APs that were classified previously as “mid-
septal.” These are located in the area between the
His bundle recording and the CS ostium which is
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the only truly septal region of the atrioventricular
junctions. Septal APs can be in most cases success-
fully targeted from the right atrial side; in 15–20%
of septal APs, ablation has to be performed from
the mitral side approached either by the retrograde
transaortic approach or by transseptal puncture
[8, 9].

A small His bundle potential is frequently
recorded on the mapping catheter at the optimal
target site. Due to the close vicinity of this region to
the AV node, ablation of these APs carries a signif-
icantly increased risk of induction of AV block and
particular attention is required with a reduction of
RF generator power and target temperature [4, 8, 9,
22, 23]. At the occurrence of junctional beats or an
increase of the amplitude of the His bundle record-
ing on the mapping catheter, the RF pulse should
be interrupted in order to avoid AV block. After
unsuccessful ablation attempts, pacing maneuvers
should be performed for the evaluation of AV nodal
conduction before proceeding with additional RF
pulses. In view of the fact that the compact AV node
has a close subendocardial location, whereas the His
bundle is relatively protected within the central fi-
brous body, some authors suggest to begin ablation
with RF application at the ventricular side of the
tricuspid annulus [22].

Superoparaseptal APs
Superoparaseptal APs are the APs that were clas-
sified previously as “anteroseptal.” These pathways
are located anteriorly and superiorly to the His bun-
dle recording and are characterized by the simulta-
neous recording of an AP activation potential and
a His bundle potential on the His catheter [24].
Anatomically, this area lies anterosuperiorly in re-
lation to the septum, does not belong to the septum
itself, and is part of the parietal right atrioventricu-
lar junction [5].

The increased risk of AV block induction, which
was described above for the ablation of septal path-
ways, also applies to the superoparaseptal path-
ways due to the close vicinity to the AV conduc-
tion system. Therefore, the same precautions must
be taken. The APs are almost exclusively ablated
from the right atrial side. As already indicated, a
His bundle potential is often recorded on the abla-
tion catheter at sites with otherwise good mapping
electrograms. To reduce the risk of AV block, RF ap-

plication should be performed at sites with either no
or only very small His bundle recording. Although a
jugular or subclavian approach is preferred by some
investigators [10], most of these pathways can be
successfully targeted with the femoral approach [22]
with or without the use of long preshaped venous
sheaths advanced up to the right atrium. Because of
the close course of the right bundle, the induction
of right bundle branch block is also observed as a
complication [24].

Inferoparaseptal APs
Inferoparaseptal APs are the APs that were classi-
fied previously as “posteroseptal.” This area does not
belong anatomically to the true septum, is located
inferiorly to it, and is actually the muscular floor
that overlies the superior extension of the poste-
rior atrioventricular groove [5]. It corresponds to
the inferior pyramidal space, which is bounded
by the central fibrous body, the ventricular mass,
and the convergence of the right and left atrial
walls [25]. The CS passes through the base of this
area and has a myocardial coat extending along
the middle cardiac vein and the posterior coronary
vein. This myocardial coat has extensive connec-
tions to the left and right atria [26, 27]. Thus, APs
in this region may directly connect the atrial and
ventricular myocardium, or arise from this mus-
cular connection between the CS sleeve and the
ventricle.

Given this complex anatomical situation and the
fact that the pathways may pass transversely, tangen-
tially, or directly across the inferoseptal space, it is
not surprising that the ablation of inferoparaseptal
APs poses particular difficulties. These APs can be
approached from the right side, the left side, from
within the CS, or from within the middle cardiac
vein and their ramifications [28]. The majority, ap-
proximately 60%, are successfully approached from
the right atrial side, whereas the remaining portion
are to an almost equal extent ablated from the mitral
side, from within the CS and from within the middle
cardiac vein [28]. A CS diverticulum is observed in
a minority of the cases [27] and the diagnosis can
be set by a CS venogram. In these cases, the AP
is usually located in the neck of the diverticulum
(Figure 14.2).

Although some features of the preexcited ECG,
in particular, the polarity of the QRS complex
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Figure 14.2 Findings in a patient with an accessory
pathway located in a coronary sinus diverticulum. (a) The
12-lead ECG during sinus rhythm shows almost no
preexcitation. (b) During atrial stimulation with constant
rate, preexcitation becomes visible with an almost
isoelectric delta wave in II and negative delta waves in III
and aVF. (c) Surface ECG leads and intracardiac recordings
at the successful ablation site. Mapping is performed
during atrial stimulation. The unipolar electrogram of the
ablation catheter shows a PQS pattern. An activation
potential of the accessory pathway is recorded in the

bipolar electrogram (arrow). (d) Coronary sinus
angiography in the right and left anterior oblique views
showing the diverticulum in the proximal part of the
coronary sinus. (e) Fluoroscopic image of the successful
ablation site in the right and left anterior oblique views.
The arrow indicates the tip of the ablation catheter. The
pathway is located in the neck of the diverticulum. KEY:
Abl uni = unipolar electrogram of the ablation catheter;
Abl bi = bipolar electrogram of the ablation catheter;
HRA = high right atrium; RVA = right ventricular apex.

and the delta wave in leads II, aVR, and V1, have
been described to offer assistance for the location
prediction of inferoparaseptal APs [28], the diagno-
sis is set by mapping and successful ablation. Most
investigators suggest to begin mapping on the right
atrial side and to move then to the left side or to the
CS, if ablation is not successful or if mapping results
with application of the conventional criteria for
evaluation of mapping electrograms as described
above are not satisfactory. Due to the induction of
deeper lesions, ablation catheters with irrigated tip
may allow successful ablation from sites that would
fail with conventional catheters. Naturally, the elec-
trograms on the CS catheter are helpful for a first
evaluation of AP location.

Permanent Junctional Reciprocating
Tachycardia
The permanent junctional reciprocating tachycar-
dia (PJRT) has distinct characteristics and deserves
particular mentioning. It is an incessant or almost
incessant tachycardia with long RP interval due to
an AP that is usually located in the inferoparaseptal
area [29–31]. These APs have a decremental, slow
retrograde conduction and an absent or very slow
antegrade conduction resulting in the absence of a
delta wave or the presence of only minimal preex-
citation in the ECG.

Characteristically, the RP interval is longer than
the PR interval, the P -waves are negative in the
inferior leads, and the conduction over the AP is
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Figure 14.3 Findings in a patient with an accessory
pathway with atrial insertion in the right atrial appendage.
(a) The 12-lead ECG during atrial stimulation with constant
rate shows preexcitation with left bundle-branch block
morphology and negative QRS complexes up to lead V3.
(b) Surface ECG leads and intracardiac recordings at the
successful ablation site in the right atrial appendage. The
unipolar electrogram of the ablation catheter shows a PQS
pattern (arrow); the bipolar electrogram shows an almost
continuous electric activity with fusion of the large local

atrial potential and the small local ventricular potential. (c)
Three-dimensional reconstruction with use of the CARTO
electromagnetic mapping system in the right and left
anterior oblique views. The successful ablation site in the
right atrial appendage is indicated by the arrow. KEY: Abl
uni = unipolar electrogram of the ablation catheter; Abl
bi = bipolar electrogram of the ablation catheter; HBE =
His bundle recording site; HRA = high right atrium; RVA =
right ventricular apex. TA = tricuspid annulus.

adenosine-sensitive and also influenced by auto-
nomic changes which can be evident as changes
of the VA interval during the course of the map-
ping procedure. The differential diagnosis in-
cludes an atrial tachycardia from this region or
an atypical AV nodal reentrant tachycardia. Al-
though the PJRT usually does not cause significant
symptoms, it is mostly refractory to antiarrhyth-
mic therapy, may lead to tachycardia-induced car-
diomyopathy and should therefore be treated with
ablation.

As stated above, the great majority of these APs,
approximately 75%, lie in the inferoparaseptal area
and may be ablated either from the right atrial side
or, in some cases, from within the CS [30, 31]. The
remaining APs may be located in the septal area
(commonly ablated from the right atrial side), or
more seldom on the right or left free wall.

Atypical Atrioventricular Accessory
Pathways
In very rare cases, accessory pathways may connect
the right atrial appendage with the underlying right
ventricular myocardium (Figure 14.3).

Outcome
Many studies have consistently shown the excellent
outcome of RF ablation of APs. In recent reports,
success rates exceeding 95% have been documented
for left-sided APs, whereas ablation of right-sided,
septal, and paraseptal APs is characterized by lower
success rates of approximately 90% [4, 9, 32].

The greater difficulty posed by right-sided, septal
and paraseptal APs is also reflected in a higher rate of
patients requiring a second procedure for achieving
success and in a higher recurrence rate for these APs
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compared with the left-sided ones. Thus, in a recent
large multicenter clinical trial, left-sided APs had a
recurrence rate of 3% compared with 12–17% for
right-sided, septal, and paraseptal APs [4]. Interest-
ingly, recurrence may affect only the retrograde or
the antegrade conduction leading to orthodromic
tachycardia with retrograde conduction over the AP
without evidence of a recurrent delta wave on the
ECG or to the recurrence of the delta wave without
evidence for retrograde conduction.

Major procedural complications are rare and in-
clude perforation of the atrial or ventricular my-
ocardium leading to tamponade requiring emer-
gency drainage, stroke, induction of high-grade
atrioventricular block necessitating pacemaker im-
plantation, pulmonary emboli, aortic dissection, or
retroperitoneal haematoma. These complications
occur with a frequency of approx. 1% [8]. Death
caused by one of these is extremely rare [33].

As described above, atrioventricular block with
pacemaker implantation is observed mainly during
ablation of septal or paraseptal pathways, due to the
close vicinity of the target area to the AV node [4,
8, 9]. Coronary artery lesions following RF ablation
have also been reported but are extremely rare [32,
34]. Minor complications are more frequent and
include vascular complications, such as pseudoa-
neurysm, arteriovenous fistula, haematoma at the
puncture site, but also transient and spontaneously
reversible AV conduction abnormalities when abla-
tion is performed in the septal or paraseptal area.
These minor complications normally resolve with-
out need for treatment.

Obviously, specific invasive techniques such as
transseptal puncture or puncture of the jugular
veins may have their own well-known complica-
tions.

Heparin Administration During the
Procedure
To avoid thrombus formation with possible embolic
complications, heparin should be administered in
all cases of mapping on the left side with the usual
initial dosage being 5,000 IU. In cases of prolonged
mapping, a second dose should be given, for exam-
ple, an additional 2,500 IU. For procedures on the
right side, most centers administer heparin only in
cases of prolonged mapping time.

Alternative Energy Sources
Due to the high success rate and its wide availability,
RF current is the generally preferred energy source
for ablation of APs. The use of alternative energy
sources such as cryoenergy is reported [35–37] but
has not gained wide application in daily practice for
AP ablation.

Catheter Mapping in Patients with
Mahaim and Other Variants of
Preexcitation

Introduction
At the end of the nineteenth century, Kent and His
sought to find the normal conduction system be-
tween atria and ventricles [38, 39]. His discovered
the penetrating AV bundle; Kent reported on mus-
cular connections in the left and right lateral walls
of mammalian hearts. Later, Tawara described the
human specialized functional area including the
AV node, the penetrating AV bundle, the bundle
branches and their ramifications [40]. A special-
ized node-like structure in the lateral atrial aspect
of the right AV sulcus was later described by Kent
in a human heart [41–45].

In 1930, the WPW syndrome was described [46]
and an accessory AV connection, such as the ones
described by Kent, was considered to be the corre-
late for this syndrome [47, 48]. Later, an accessory
AV connection was demonstrated histologically in
a patient with WPW syndrome [49, 50]. However,
the muscular connections identified histologically
did not resemble the node-like structure reported
by Kent. In contrast, the AV ring specialized tis-
sue described by Anderson strongly resembled this
node-like structure [51, 52].

In contrast to the AV connections in patients
with WPW syndrome, functional–morphological
correlations do not exist to the same extent for
the variants of preexcitation, that is, for atriofascic-
ular, nodofascicular, and fasciculoventricular con-
nections. Mahaim described connections of the AV
node to the myocardial septum and connections of
the origin of the left bundle branch to the upper part
of the interventricular septum [53–56]. Since then,
the role of so-called “Mahaim pathways” in tachy-
cardias with the typical left bundle branch block
morphology as well as their characteristics has been
controversial.
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Figure 14.4 Surface ECG leads and intracardiac
recordings during antidromic atrioventricular
reentrant tachycardia (AVRT) involving an
atriofascicular pathway as the antegrade limb and
the AV node as the retrograde limb of the circuit.
The AVRT is reset with a late atrial extrastimulus (S2)
delivered from the high right atrium (HRA) without
anterograde penetration into the normal AV node
and without a change in the QRS morphology and
the ventricular activation sequence indicating the
“extranodal” origin of the atriofascicular pathway.
KEY: His = His bundle; RBB = right bundle branch:
RVA = right ventricular apex; CS = coronary sinus.

Originally, APs were designated as “Mahaim
pathways” when they were thought to originate
within the AV node and to insert into the distal
right bundle branch (“nodofascicular” pathways) or
into the right ventricular myocardium (“nodoven-
tricular” pathways) [57–63]. This concept was chal-
lenged when Gillette reported surgical interruption
at the right parietal tricuspid annulus of APs that
had been believed to be nodoventricular because
of their electrophysiological properties [64]. The
atrial insertion of these APs was identified at a dis-
tance from the AV node at the lateral free wall of
the tricuspid annulus [65–67]. Overall, the concept
of nodofascicular and nodoventricular pathways as
correlates of this preexcitation subset has been re-
placed by the concept of atriofascicular pathways.
The existence of nodoventricular and fasciculoven-
tricular pathways—or at least their functional role
in preexcited tachycardias—remains controversial.

In the following, we describe the findings in pa-
tients with different variants of preexcitation and
the results of catheter ablation.

Specialized Atriofascicular and AV
Pathways
In 1981, Gallagher et al. observed that right atrial
pacing resulted in greater degrees of preexcitation
compared with coronary sinus pacing at compa-
rable pacing cycle lengths, and suggested that the
atrial insertion of these APs was functionally related
to the right atrium. They suggested that an alter-
native explanation to the old concept of so-called
nodoventricular pathways would be an accessory

AV node [62]. Tchou et al. also demonstrated that
late atrial extrastimuli delivered during antidromic
AV reentrant tachycardia (AVRT) could advance the
ventricular activation despite their inability to enter
the AV node (Figure 14.4), suggesting that the atrial
pathway insertion originated directly from the right
atrium remote from the normal AV node [67].

McClelland et al. observed conduction time pro-
longation of atriofascicular pathways during atrial
extrastimulation and adenosine, a Wenckebach pe-
riodicity proximal to the recording of the AP ac-
tivation potential, and an intrinsic pathway auto-
maticity (Figure 14.5) [73]. The earliest ventricular
activation during maximal preexcitation was usu-
ally found remote from the tricuspid annulus at
the apical third of the right ventricular free wall
[73–75].

The relative late ventricular activation at sites
close to the tricuspid annulus and the relative early
ventricular activation at sites close to the right ven-
tricular apex during preexcited QRS complexes sug-
gested an insulated pathway course. The recording
of a high-frequency potential at the ventricular in-
sertion during antidromic AVRT and during sinus
rhythm indicated the pathway insertion in the distal
segments of the right bundle branch. Further evi-
dence for the insulated connection of atriofascicular
APs to the right bundle branch system came from
arrhythmia surgery [80, 81]. The loss of AP conduc-
tion resulting from light catheter-exerted pressure
suggests an endocardial course [73–75]. However,
in some patients, the distal pathway insertion was
found close to the tricuspid annulus indicating atri-
oventricular pathways [73, 80].
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Figure 14.5 Surface ECG leads I, II, and V1, and
intracardiac recordings in a patient with an atriofascicular
pathway during sinus rhythm (SR) and high right atrium
pacing (HRA) at cycle lengths (CLs) of 550, 500, and 450 ms,
respectively. During sinus rhythm, the interval from the
atrial potential to the atriofascicular potential measured
90 ms. During HRA stimulation, this interval increased to
120, 140, and 160 ms, respectively. Note that the interval
between the atriofascicular potential and the onset of the
QRS complex remained constant at 50 ms. On the other

hand, the atrium–His interval at the His bundle catheter
(HBE) increased from 120 ms to 170, 230, and 280 ms,
respectively. Note, that during stimulation at a cycle length
of 450 ms, the His bundle is activated retrogradely (distal
HBE 1/2 before proximal HBE 3/4). KEY: Abl uni = unipolar
electrogram of the ablation catheter placed at the parietal
tricuspid annulus; Abl bi = bipolar electrogram of the
ablation catheter; RBB = right bundle branch; CS =
coronary sinus; RVA = right ventricular apex.

In a report by Guiraudon et al., examination of
the right atrial attachment of atriofascicular APs
showed AV nodal cells within AV nodal tissue orga-
nization [82] confirming the hypothesis that atrio-
fascicular pathways represent an accessory AV node
and connecting AV conduction system. Thus, the
correlate for these APs has nothing to do with Ma-
haim’s descriptions [53–56] but rather with Kent’s
[41–45].

Later, Anderson et al. described a complete ring
of specialized tissue around the tricuspid orifice and
in the posterior margin of the mitral orifice in fetal
specimens [52]. In infant hearts, specialized tissue
was found at various points around the tricuspid
valve attachment. In this stage, the specialized tissue
was separated from the ventricular myocardium by
the developed annulus fibrosus [52]. Contiguities of
the specialized tissue with ventricular myocardium
were often observed during the early stage of on-
togenesis through gaps of the developing fibrous
skeleton [52]. In a later series from the same group,
the specialized ring tissue was confined to the right
AV junction [84].

Anderson et al. described the arrangement of the
atrial fibers around the specialized tissue areas as
reminiscent of the transitional cells of the AV node
[52]. The specialized ring tissue is also a remnant of
the inlet–outlet ring, which, at the inner curve, has
an AV location and, according to recent analysis, is
true nodal tissue [85]. In adult hearts, remnants of
AV ring specialized tissue were found in 15% of the
cases [52]. These remnants were most frequently
observed in the anterolateral area but also in the
lateral to posterolateral region and, in a single case,
on the left side of the heart posterior to the mi-
tral orifice. The AV ring specialized tissue was con-
fined to the atrial myocardium and separated from
the ventricular myocardium by the fibrous skele-
ton. Anderson et al. suggested that in abnormal sit-
uations, the AV ring specialized tissue might form
a specialized substrate for ventricular preexcitation
besides the more often observed AV accessory con-
nections in WPW syndrome composed of ordinary
myocardium [52].

Thus, atriofascicular pathways seem to originate
from remnants of the specialized ring tissue from
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which a connecting AV conduction system might
arise. The predilection of the atrial insertion of elec-
trophysiologically defined atriofascicular fibers for
the antero- to posterolateral aspect of the tricuspid
annulus represents further evidence for this hypo-
thesis. Becker et al. reported a patient who had,
in addition to an accessory AV pathway composed
of working myocardium, a second connection in
a right anterolateral position arising from a node-
like structure [88] and coursing caudally to be-
come contiguous with the ventricular myocardium.
It seems very likely that this accessory AV pathway
represented a specialized atriofascicular or AV path-
way. Definitive pathological assessment of a com-
plete atriofascicular pathway including the ventric-
ular course of the connecting conduction system to
the distal ramifications of the normal right bundle
branch, however, is still missing.

In an attempt to add to the commonly used
nomenclature [85, 89], a descriptive name for these
accessory AV nodes and AV bundles could be spe-
cialized atriofascicular and specialized AV pathways.
The term “specialized” would clearly differentiate
these pathways from the accessory AV connections
composed of working myocardium in the WPW
syndrome.

An atriofascicular pathway is now suggested if
preexcitation is minimal or absent and the PR in-
terval is within normal limits during sinus rhythm,
and if incremental atrial stimulation or atrial ex-
trastimuli reveal preexcitation with a left-bundle
branch block-like morphology that is identical to
the configuration during tachycardia. Atriofascicu-
lar fibers exhibit long conduction times, decremen-
tal conduction properties by atrial extrastimuli, or
incremental atrial pacing, and conduction only in
the anterograde direction. The earliest retrograde
conduction during ventricular pacing or tachycar-
dia is found at the fast or slow pathway of the AV
node or via an accessory AV pathway remote from
the atriofascicular pathway. Late extrastimuli that
are delivered at the high or lateral right atrium re-
veal advancement of the tachycardia (“reset”) with-
out changing the QRS configuration and without
anterograde penetration into the AV node indicat-
ing the extranodal atrial origin of the atriofascicular
pathway and participation of the right atrium in the
reentrant circuit.

Ablation of Specialized Atriofascicular
and AV Pathways
Stimulus to delta wave mapping during constant-
rate atrial pacing was performed in the initial ab-
lation studies [71, 72, 75]. A shortcoming is the
variability of the conduction time through the AV-
node-like proximal portion of the specialized atrio-
fascicular fibers. This might be avoided by applying
atrial extrastimuli during antidromic AVRT when
constant AV intervals usually are present.

Ablation of the retrograde route during an-
tidromic AVRT, that is, ablation of the fast path-
way of the AV node, has been described after failed
ablation of the atriofascicular pathway [76]. How-
ever, this cannot be recommended. First, successful
selective fast pathway ablation might not be dis-
tinguished from complete anterograde block in the
normal AV node. Second, the retrograde route dur-
ing antidromic AVRT must be carefully investigated
because the slow pathway of the AV node as well as
additional accessory AV pathways with retrograde
conduction capabilities might serve as the retro-
grade limb. Third, even when the fast pathway is
identified during catheter mapping as the retro-
grade limb, the slow pathway might also be capable
of conducting retrogradely.

In contrast, catheter ablation guided by the
recording of atriofascicular pathway activation po-
tentials as target sites is highly successful [73–79].
RF energy may be applied at the proximal-node-
like structure close to the tricuspid annulus. In these
cases, accelerated “junctional” rhythms originating
in the node-like structure of specialized atriofasci-
cular pathways may be recorded closely resembling
the junctional rhythms seen during AV nodal mod-
ification in patients with AV node reentrant tachy-
cardia. Ablation is also effective when energy is ap-
plied to the subannular level of the tricuspid annulus
and/or along the ventricular pathway course proxi-
mal to the merging point with the distal branching
system of the normal right bundle branch. Atrial
fibrillation occurring during mapping may compli-
cate the recording of AP activation potentials at the
subannular level. In these cases, successful ablation
can be performed close to the ventricular insertion,
where a high-frequency potential can be recorded
separated from the local ventricular electrogram by
a short isoelectric interval (Figure 14.6).
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Figure 14.6 Surface ECG leads I, II, V2, and V6 and
intracardiac electrograms from the mapping and ablation
catheter (Map), high right atrium (HRA), and right
ventricular apex (RVA) (patient with Ebstein’s anomaly).
(Top) During antidromic atrioventricular reentrant
tachycardia (cycle length 400 ms), mapping at the
subannular level of the tricuspid annulus revealed a
relatively large atrial potential (A), a ventricular potential
(V), and an activation potential of the atriofascicular
pathway (arrow). The atrial-atriofascicular pathway
potential interval measured 150 ms; the interval from the
atriofascicular pathway potential to the onset of the QRS
complex measured 50 ms. Note the basal ventricle close to
the tricuspid annulus is activated late (45 ms after the
onset of the QRS complex), whereas the right ventricular
apical region is activated relatively early (10 ms after the
onset of the QRS complex).

(Bottom) During the electrophysiological study, the
antidromic atrioventricular reentrant tachycardia
degenerated into atrial fibrillation with predominant
conduction over the atriofascicular pathway (mean
ventricular rate 125 beats per minute). The recording of
irregular atrial potentials during atrial fibrillation did not
allow the reliable recording of an atriofascicular activation
potential at the subannular level of the tricuspid annulus.
Mapping of the atriofascicular pathway was therefore
performed close to the ventricular insertion at the apical
part of the right lateral free wall. An atriofascicular
pathway activation potential could be recorded (arrows),
which was separated by the ventricular potential by a
short isoelectric line and that preceded the onset of the
QRS complex by 20 ms (successful ablation site).
Reproduced with permission from Ref. 76.

Nodofascicular and Nodoventricular
Pathways
The rare variants of preexcitation, that is, nodofasci-
cular/ventricular pathways and fasciculoventricular
connections, are even less well elucidated. Mahaim
et al. described anatomical connections of the AV
node to the myocardial septum and connections
of the origin of the left bundle branch to the up-
per part of the interventricular septum [53–56].
However, these connections were rather delicate and
their functional role was questioned [54].

The concept of nodofascicular and nodoventric-
ular pathways has been replaced by the concept of
specialized atriofascicular pathways, and presently
the pure existence of nodofascicular or nodoven-
tricular pathways, or at least their functional role
in preexcited tachycardias with left bundle branch
block morphology, is doubted.

Studies of the AV conduction system of the hu-
man fetal heart indicated that the fetal AV conduc-
tion system worked comparably to that of the adult
heart [90]. However, this mature function with-
out evidence for preexcitation was in contrast to
the morphological immaturity because the fibrous
annulus was incompletely developed and the AV
node, the AV bundle, and right bundle branch were
in histological contiguity with the ventricular my-
ocardium [90].

Nodoventricular connections were also described
additionally to accessory AV pathways in cases of
WPW syndrome without evidence of clinical signif-
icance [91, 92]. A clinicopathological correlation of
a presumed nodoventricular bypass was described
by Gmeiner et al. [93]. The preexcited tachycardia
showed a left bundle branch block morphology,
pathological examination revealed a nodoventric-
ular tract originating from the posterior extension
of the compact AV node and inserting in the crest
of the ventricular septum.

Electrophysiological Findings in
Nodofascicular/Ventricular Pathways
and Radiofrequency Catheter Ablation
The differential diagnosis for a nodofascicular or
nodoventricular pathway includes a midseptal ac-
cessory pathway with decremental properties. How-
ever, the preexcitation pattern of nodofascicular
pathways with left bundle branch block morphol-
ogy elicited by atrial pacing with progressively
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shorter cycle length cannot be distinguished from
the typical preexcitation pattern of atriofascicular
fibers and thereby indicates an apical insertion of
the nodofascicular pathway at or close to the distal
right bundle branch similar to specialized atriofas-
cicular pathways.

However, no obvious anatomical route exists for
a nodofascicular fiber from the under surface of the
AV node to the right bundle branch, and this path-
way type might therefore also insert into ventricular
myocardium with subsequent early activation of the
right bundle branch. Strong evidence for the po-
tential participation of nodoventricular pathways
in reentrant tachycardias came from Gallagher et
al. [62] who described ventriculoatrial dissociation
during tachycardia with 2:1 retrograde conduction.

Grogin et al. [74] reported one patient with
a nodoventricular pathway and dual AV node
physiology presenting with both AV node reen-
trant tachycardia and antidromic AVRT with the
nodoventricular pathway as the anterograde limb of
the reentrant circuit. RF application to the midsep-
tal region successfully ablated the nodoventricular
pathway and the slow AV node pathway [74].

In another series, a nodofascicular pathway
served as a bystander in AV node reentrant tachycar-
dia [76]. The preexcitation pattern during tachycar-
dia resembled that seen in atriofascicular pathways.
Fast pathway ablation was performed to eliminate
the retrograde pathway during AV node reentrant
tachycardia and the retrograde route of potential
AVRTs incorporating the nodofascicular pathway. It
resulted in an increment of the PR interval from 150
ms to 270 ms and in complete ventriculoatrial block.
Interestingly, no preexcitation was visible during si-
nus rhythm after ablation despite the long PR in-
terval. Instead, preexcitation occurred during in-
cremental atrial pacing at cycle lengths of less than
400 ms that was identical to the preexcitation pat-
tern before ablation, indicating that the proximal
portion of the nodofascicular pathway was located
distal to the delay-producing area of the normal AV
node. After ablation, no AV node reentrant tachy-
cardia or AVRT incorporating the nodofascicular
pathway could be induced [76].

In a patient with an atypical nodofascicular path-
way, the atrial insertion of the pathway was iden-
tified at the midseptal region using atrial-delta
wave interval mapping [94]. Maximal preexcitation

revealed a right bundle branch block pattern and
left axis deviation suggestive of an insertion at or
near the left posterior fascicle. RF application tar-
geted at the low midseptal right atrium resulted in
disappearance of preexcitation but also in complete
block in the AV node [94].

Overall, in cases with nodofascicular pathways,
no pathway potential can be recorded at the pari-
etal tricuspid annulus. Instead, transient mechan-
ically induced conduction block of the AP may
be observed during mapping at the septal area. A
nodoventricular or nodofascicular fiber is suggested
if ventriculoatrial dissociation occurs during tachy-
cardia or if atrial extrastimuli fail to reset the tachy-
cardia without anterograde penetration into the AV
node [62, 67]. An atriofascicular or nodoventricu-
lar pathway is considered a bystander in AV node
reentrant tachycardia if fusion of the QRS complex
is observed during tachycardia spontaneously or in
response to programmed atrial or ventricular stim-
ulation [76].

Fasciculoventricular Fibers
Fasciculoventricular connections are suggested if
the proximal insertion of the accessory pathway
is found to arise from the His bundle or bundle
branches. The PR interval is expected within nor-
mal limits during sinus rhythm unless associated
anomalies including enhanced conduction within
the AV node or an additional accessory AV path-
way are present. The QRS complex is expected to be
slightly prolonged with a discrete R wave slurring
suggesting a small delta wave [62].

No isolated His bundle potential can be recorded
in the typical His bundle area. A potential may be
recorded that cannot be distinguished between a His
bundle potential or an AP potential following the
local atrial potential after an isoelectric line. This
potential is directly followed by a local ventricular
potential, that is, the His bundle-ventricle interval
is zero.

Atrial stimulation with extrastimuli and constant
pacing with different cycle lengths reveals progres-
sively increasing AV intervals and a constant degree
of preexcitation that is identical to that during nor-
mal sinus rhythm. Therefore, the proximal insertion
is suggested to arise distal to the AV node at the site of
the penetrating AV bundle. The earliest ventricular
activation at the His bundle recording site is earlier
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than the ventricular activation at the right or left
bundle branch indicating the ventricular insertion
in the ventricular summit.

Fasciculoventricular connections may give rise to
ventricular preexcitation but usually serve as inno-
cent bystanders during orthodromic AVRT incor-
porating a muscular accessory AV pathway or AV
node reentrant tachycardia [76]. In a series of 11
patients, the PR interval was mostly abbreviated be-
cause of enhanced AV node conduction, the QRS
complex was slightly prolonged because of discrete
preexcitation during sinus rhythm and the PR inter-
val was prolonged during programmed atrial stim-
ulation in association with a constant degree of pre-
excitation [95]. No arrhythmias causally related to
the fasciculoventricular connections were observed
[95]. A patient with fixed preexcitation in which the
accessory pathway served as a bystander during AV
node reentrant tachycardia was recently described
[74]. Transiently effective fast AV node pathway ab-
lation led to PR prolongation without change in the
preexcitation pattern. RF application in the midsep-
tal area finally abolished the slow AV node pathway
and resulted in loss of preexcitation. This pathway
was interpreted as nodofascicular originating from
the final common pathway of the AV node reentrant
circuit or the His bundle [74].

Overall, two different kinds of nodofascicu-
lar/ventricular and fasciculoventricular connec-
tions seem to exist: first, as described by Mahaim, the
AV node and the AV bundle and/or bundle branches
may be in direct histological contiguity with the
ventricular septal myocardium, that is, connections
as a result of insulation defects of poorly devel-
oped fibrous skeletons or fibrous tissue sheaths.
These nodoventricular or fasciculoventricular con-
nections therefore might be better called paraspe-
cific connections than APs. In many cases, these
incompletely differentiated AV conduction systems
seem to be functionally mature not giving rise to
preexcitation [90].

Second, there is rare but conclusive evidence that
accessory nodofascicular/ventricular pathways in-
deed exist as a very rare variant of true APs with
their ventricular insertion close to or at the distal
right bundle branch. These pathways may give rise
to ventricular preexcitation during AV node reen-
trant tachycardia or even serve as the anterograde
limb in antidromic AVRT [74].

In addition, connections from atrial myocardium
to the His bundle had been described and termed
atriofascicular by the European Study Group for
Preexcitation [89, 96]. These APs may result in a
clinical entity with short PR interval and normal
QRS complex. However, they seem to be extremely
rare and their role in the initiation or perpetuation
of atrial or AVRTs is unknown. The distinction from
accelerated AV node conduction may be impossible.
In the light of current concepts, these connections
may now be termed atrio-Hisian [85]. Together
with enhanced AV node conduction, atrio-Hisian
tracts may thus form the anatomical substrate for
the Lown–Ganong–Levine syndrome [97].
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86 Mönckeberg JG. Zur Entwicklungsgeschichte des Atri-

oventrikularsystems. Verhandlung Dtsch Path Ges 1913;

16: 228.

87 Anderson RH, Arnold R, Wilkinson JL. The conduct-

ing system in congenitally corrected transposition. Lancet

1973; 1: 1286–88.

88 Becker AE, Anderson RH, Durrer D, et al. The anatomical

substrates of Wolff–Parkinson–White syndrome: A clin-

icopathologic correlation in seven patients. Circulation

1978; 57: 870–79.

89 Anderson RH, Becker AE, Brechenmacher C, et al. Ven-

tricular preexcitation: A proposed nomenclature for its

substrates. Eur J Cardiol 1975; 3: 27–36.

90 Janse MJ, Anderson RH, van Capelle FJL, et al. A com-

bined electrophysiological and anatomical study of the

human fetal heart. Am Heart J 1976; 91: 556–62.

91 Lev M, Gibson S, Miller RA. Ebstein’s disease with Wolff–

Parkinson–White syndrome. Am Heart J 1955; 49: 724–

41.



BLBK050-Shenasa September 19, 2008 19:54

182 PART IV Mapping of Supraventricular Tachyarrhythmias

92 Lev M, Fox SM, Bharati S, et al. Mahaim and James fibers

as a basis for a unique variety of ventricular preexcitation.

Am J Cardiol 1975; 36: 880–88.

93 Gmeiner R, Ng CK, Hammer I, et al. Tachycardia

caused by an accessory nodoventricular tract: A clinico-

pathologic correlation. Eur Heart J 1984; 5: 233–42.

94 Okishige K, Friedman PL. New obserations on decremen-

tal atriofascicular and nodofascicular fibers: implications

for catheter ablation. Pacing Clin Electrophysiol 1995; 18:

986–98.

95 Gallagher JJ. Role of nodoventricular and fasciculoven-

tricular connections in tachyarrhythmias. In: Benditt

DG, Benson DW, eds. Cardiac Preexcitation Syn-

dromes. Martin Nijhoff Publishing, Boston, 1986: 201–

32.

96 Brechenmacher C. Atrio-His bundle tracts. Br Heart J

1975; 37:853–55.

97 Lown B, Ganong WF, Levine SA. The syndrome of short

P-R interval, normal QRS complex, and paroxysmal rapid

heart action. Circulation 1952; 5: 693–706.



BLBK050-Shenasa September 20, 2008 15:0

15 CHAPTER 15

Cryomapping of the Perinodal
Region: A Safe and Effective
Technique for Ablation of the AV
Nodal Reentrant Tachycardia

Mohammad-Reza Jazayeri, MD, FACC, FAHA

Bellin Health Hospital Center, Green Bay, WI, USA

Summary

Cryothermal technology made its first appearance

in the medical field during the 1940’s and 1950’s as

a tool for destroying undesirable tissues. Since its

initial applications in the human heart in 1972, it

has become increasingly popular in treating cardiac

arrhythmias. However, it was not until eight years

ago that it became available as a transcatheter

technology. This chapter will focus on various

aspects of cryoablation of atrioventricular nodal

reentrant tachycardia as an alternative modality to

its radiofrequency counterpart.

Historical Perspective

In 1942, for the first time, David Scherf demon-
strated the effect of cooling on the ventricular ar-
rhythmia. In his in vitro experiment, he could either
completely abolish or slow the rate of the arrhyth-
mia by cooling the cardiac tissue to 50–60◦F [1].
Subsequently, permanent myocardial injury was
produced in dogs by exposing the cardiac tissues to
−60◦F of hypothermia [2, 3]. The resulting lesions
were transmural, homogeneous, and well demar-
cated. Furthermore, these lesions did not disrupt
the integrity of the cardiac tissue, nor did they cause
any intracardiac thrombosis.

The first surgical interruption of accessory AV
pathways was successfully performed in a patient
with supraventrticular tachycardia (SVT) [4], and
the technique of a closed-chest ablation was tested in
animals in the late 1960s [5, 6]. After both the safety
and efficacy of cryothermia in creating myocardial
lesions were established in experimental studies
[2, 3, 7–11] this technology was introduced in the
late 1970s as a useful tool for surgical intervention
of cardiac arrhythmia [12–14]. Over the subsequent
decades, further surgical cryoablation of both ven-
tricular and supraventricular arrhythmias proved
this modality as a useful, effective, and safe tech-
nique [15–19].

A case of persistent AV block produced by direct
current (DC) electrical countershock inadvertently
delivered to the region of the AV node/His bundle
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was reported in 1979 [20]. This observation paved
the way for further clinical investigations testing the
feasibility of producing AV node/His bundle block
in patients by deliberately delivering DC counter-
shock to the AV junction [21, 22]. These efforts
commenced the new era of interventional electro-
physiology (EP) with catheter-based technology for
ablation of various cardiac arrhythmias.

In 1979, during a surgical attempt to produce AV
block in a patient with AVNRT, the AV node reentry
was fortuitously modified and AVNRT was rendered
noninducible with the AV conduction integrity re-
maining intact [23]. Subsequently, after being tested
in a canine model of AV nodal reentry [24], surgical
cryotherapy was introduced as a modality for pro-
viding a permanent cure in patients with AVNRT
[17]. Although the cryothermal energy has been
available since the 1950s for ablation of various tis-
sues including myocardium [25], there was a hiatus
in keeping up with the transcatheter technology un-
til the early 1990s, shortly after the RF emerged as
the primary source of energy for ablating cardiac
arrhythmias.

Initially, an 11 French (Fr) intravascular catheter
was used in pigs to produce AV block by ablat-
ing the node/His bundle [26, 27]. This prototypical
catheter only functioned as a nondeflectable con-
duit to freeze the tissue by passing pressurized liquid
nitrogen to the catheter tip and was not capable of
recording electrical signals or pacing the neighbor-
ing myocardial tissues. Further refinement of the
catheter resulted in an 8 Fr steerable bipolar elec-
trode catheter that was used successfully in animals
to create AV block [28, 29]. Finally, in 2000, the first 9
Fr steerable quadripolar cryoablation catheter with
a 4-mm-tip became available for clinical trials in
patients with AVNRT [30].

Cryothermia-Induced Tissue
Injuries

Early Changes
During cryoapplication, the tissue heat is removed,
and the hypothermic changes begin as soon as the
local temperature falls below the body temperature.
At subfreezing temperatures, a cascade of events
leads to cellular and vascular injuries [31–34] as
outlined below.

Cellular Injury

The extent of tissue injury during cryoablation di-
rectly depends on the temperature and duration of
each application. The hypothermia interferes with
the normal cell metabolism resulting in alteration
of myocardial electrophysiological properties such
as conduction block and prolongation of refractori-
ness. These changes are usually appreciable within
the first 30 sec of exposing the cardiac tissues to
subfreezing (i.e., −20◦C to −30◦C) temperatures.
When the temperature is quickly returned to its
normal value, these transient electrophysiological
changes are reversed in a similar manner. This re-
versible phenomenon, also known as “cryomap-
ping,” is unique to cryothermia and has been in-
troduced as a useful feature in identifying the ap-
propriate target sites for successful ablation.

As the temperature approaches the target range,
the catheter tip adheres to the neighboring my-
ocardium by forming an iceball, a feature known as
“cryoadhesion.” During cryoablation, areas closer
to the catheter-tip lose heat rapidly (rapid freeze),
whereas the areas more distant from the catheter-
tip experience slower heat removal (slow freeze).
With rapid freezing to temperatures <−30◦C, the
ice crystals are mostly formed inside the cells,
destroying the cell membrane and the intracellu-
lar structures. On the other hand, slower freezing
predominantly results in the extracellular ice crys-
tal formation, which in turn increases the osmotic
pressure of the extracellular compartment. The re-
sulting osmotic gradient across the cell membrane
causes the cells to become dehydrated.

Given enough time in this dehydrated state, the
resulting changes in the intracellular milieu are of-
ten detrimental to tissue integrity and function. If
the dehydration is too severe, the toxic effect of the
high electrolytes concentration can permanently in-
jure the cells. Regardless of whether the ice crystal
formation is predominantly extracellular or intra-
cellular, the end-result is invariably water removal
from the biologic milieu leading to tissue desicca-
tion. It is important to note that fast freezing is more
destructive than slow freezing.

Thawing by itself may further intensify the cel-
lular damage and extend the tissue destruction.
The existing ice crystals fuse to form larger crys-
tals (recrystallization) as the tissue warms to tem-
peratures above−40◦C. These larger crystals may be
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mechanically disruptive to the cell membrane. With
warmer temperatures, the ice crystals gradually
melt, increasing the extracellular water content.
Subsequent flow of free water into the intracellu-
lar compartment may further damage the cells that
were partially injured during the freezing phase.
Slow thawing plays an important role in tissue de-
struction during the course of cryotherapy. The
available data suggest that slow thawing is more
crucial for cellular damage than rapid cooling. It
has been shown that repetition of the freeze–thaw
cycle enhances the cryothermal-induced lesion size,
especially in the remote areas (i.e., at the periphery
of lesion) where the local temperature is only in the
range of −20◦C to −30◦C.

Vascular Injury

The initial vascular response to the freezing in-
sult is a local vasoconstriction leading to dimin-
ished/ceased blood flow and also damage to the
vascular endothelial layers. Subsequent thawing is
usually associated with vasodilatation, tissue edema
due to increased vascular permeability, and mi-
crothrombi secondary to platelet aggregation. Ul-
timately, these vascular injuries result in ischemic
necrosis of surviving cells in the targeted tissue.

Late Changes
The initial tissue necrosis during the freeze/thaw
phase is followed by hemorrhagic and inflammatory
changes that may last for several weeks. The end-
result is formation of a discrete, well-demarcated,
and homogeneous scar tissue.

Unique Features of Cryothermal
Technology

Cryoadhesion
When the catheter tip temperature is reduced be-
low 0◦C, progressive ice-ball formation adheres the
catheter tip to the adjacent tissue. This feature by
preventing dislodgment of the catheter alleviates
the need for periodic fluoroscopic assessment of
catheter-tip stability during cryoablation. Because
of this feature, patients may be left on a continuous
isoproterenol infusion during cryoablation if the
AVNRT inducibility requires such pharmacological
stimulation.

Cryomapping
With this unique feature, one is able to temporarily
diminish or completely cease the electrophysiolog-
ical activities of the targeted myocardial tissue as
demonstrable by either conduction block (delay)
or termination of arrhythmia. This reversible pro-
cess, also known as “ice mapping,” involves cooling
the tissue at a temperature of −30◦C for up to a
maximum time of 80 sec. The use of cryomapping
enables one to identify the critical site(s) for success-
ful ablation. When cooling is terminated, the local
electrophysiological activities are usually resumed
within a few minutes without any residual perma-
nent damage to the tissue undergoing cryomapping.

Transcatheter Equipment

Currently, CryoCath Technologies (Kirkland, Que-
bec, Canada) is the only manufacturer in North
America that produces intravascular cryoablation
equipment approved by the United States Food and
Drug Administration. Their catheters (FreezorTM)
are quadripolar deflectable catheters available in
three sizes: 7 Fr FreezorTM with a 4-mm tip, 7 Fr
Freezor XtraTM with a 6-mm tip, and Freezor
MaxTM with an 8-mm tip.

A temperature sensor (thermocouple) is embed-
ded in the gold-plated copper distal tip. The central
lumen of the catheter is a conduit for delivering
pressurized liquid nitrous oxide (N2O) refrigerant
from the console to the distal tip. The N2O under-
goes a liquid-to-gas phase change at the catheter tip
resulting in drop of temperature. Returning back to
the console through an outer lumen, the vapor N2O
is then removed from the distal tip under a constant
vacuum. The delivery system has two algorithms: (i)
a cryomapping algorithm, which slowly decreases
the temperature at the distal electrode to −30◦C for
up to 80 sec; (ii) a cryoablation algorithm, which ad-
justs the N2O flow to freeze at temperatures down
to anywhere between −70◦C and −85◦C for a max-
imum duration of 480 sec.

Cryoablation versus RF Ablation of
Perinodal Tissue

There are several fundamental histological and
practical differences between these two modalities
that will be highlighted here. First, it has been shown
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histologically [35] that compared to the lesions cre-
ated by RF, cryolesions are more homogeneous and
discrete with a smoother and sharper demarcation
from the rest of the myocardium. Endothelial dis-
ruption is minimal with underlying tissue and ex-
tracellular matrix architecture remaining well pre-
served.

It has been noted (personal observation) that pa-
tients undergoing cryoablation have considerably
less effusion than those undergoing RF ablation.
This may be a reflection of the fact that the tissue
integrity is preserved and therefore blood oozing
from the ablated tissue is not a common phe-
nomenon in cryoablation. Similarly, another ad-
vantage of cryoablation is its safety when being de-
livered within the terminal portion of the coronary
sinus or adjacent to the coronary arteries [36, 37].

Secondly, the frequency and the extent of throm-
bus formation with cryoablation are significantly
less than those encountered with RF [35]. In creat-
ing lesions of comparable size, the risk of thrombus
formation is at least five times greater with RF than
with cryoablation. Thirdly, catheter-tip movement
is a common observation during RF ablation. This
phenomenon, also known as the “brushing effect,”
involves a relatively large area that may be affected
by the RF energy delivery.

On the other hand, in cryoablation the catheter-
tip is adhered to the target site due to its inherent
“cryoadhesion effect,” which limits the cryolesion
to a very discrete area. This issue may have impor-
tant clinical implications when the area of interest
is situated in the close proximity of the AV node/His
bundle. Fourthly, cryolesions do not irritate the sen-
sory nerve endings and, thus, they cause nearly no
pain in awake and nonsedated patients [38]. Finally,
accelerated junctional rhythm, the hallmark of suc-
cessful RF ablation, does not occur during cryoabla-
tion, and therefore this phenomenon cannot be uti-
lized as a marker for assessing successful outcomes
in the latter procedure.

Cryomapping Technique

The principles of AV nodal modification using RF
have been previously addressed and will not be de-
tailed here [39–43]. Cryomapping and cryoabla-
tion share the same principles for the most part.
The choice of catheter-tip size is primarily depen-

dant uon the operator’s preference and the pa-
tient’s body size. A rule of thumb is that in most
adults and older children, catheters with 6- or 8-
mm distal tips (7 Fr or 9 Fr catheter size, respec-
tively) can be used successfully without any prob-
lems, whereas a 7 Fr catheter with a 4-mm tip is
preferable for younger children and newborns. The
cryolesion dimensions seem directly proportional
to the catheter-tip size [31, 35]. Although there is
no published data to demonstrate the greater effi-
cacy of an 8-mm catheter-tip compared to that of a
6-mm catheter-tip in AV nodal modification, such
superiority has been suggested in ablation of atrial
flutter [44].

Cryomapping of the perinodal area is done by
using a combination of fluoroscopic and electro-
graphic guidance. Under fluoroscopic surveillance,
cryomapping is usually commenced in the most
posterior aspect of the tricuspid septal annulus
(site P1) and gradually moved up anteriorly (up
to site A1) until the desired effect is accomplished
[39, 41, 42]. The local atrial electrogram is prefer-
ably fractionated or multiphasic and has a juxta-
annular characteristic (A/V ratio of less than 0.5).
The efficacy of each application can be judged by
at least one of the following methods: (i) termina-
tion of sustained AVNRT; (ii) prolongation of the
AV nodal effective refractoriness; or (iii) elimina-
tion of the “PR ≥ RR” and reduction of the maxi-
mal achievable AH interval during shortest 1:1 AV
conduction.

If the patient has reproducibly inducible AVNRT,
the easiest and most reliable stimulation method
is determined prior to any ablation attempt. This
may sometimes require burst ventricular pacing if
premature atrial stimulation or burst atrial pac-
ing are not fruitful. Subsequently, cryomapping is
applied to a site of interest during tachycardia. If
AVNRT is terminated within 30 sec, the optimal tar-
get site has been identified (Figures 15.1 and 15.2).
Further testing can be carried out with the pre-
determined method(s) of AVNRT induction while
the cryothermal application is taking place. Other-
wise, cryomapping is discontinued and a new site is
sought during sinus rhythm by examining the A/V
ratio in order to assure a juxta-annular position.

Seeking a new site must be done during sinus
rhythm because A and V deflections are nearly si-
multaneous during AVNRT and thus the A/V ratio
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I
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V1

HRA Atrial Pacing, 300 msec

AVNRT, CL 380 msec

CS p

CS 7–8

CS 5–6

CS 3–4

CS d

HIS p

HIS m

HIS d

CRYOD

CRYO U

STIM

(a)

Figure 15.1 Cryomapping and cryoablation of typical
AVNRT. Tracings from top to bottom are: Surface ECG leads
I, II, and V1; high right atrium (HRA); coronary sinus (CS)
from proximal (p) to distal (d); His bundle electrogram (His)
from proximal to distal; electrograms obtained from the
ablation catheter (CRYO), d and unipolar (U) recordings;
and the stimulation marker (STIM). Panel A demonstrates
AVNRT initiation by a short burst of rapid atrial pacing at
300 msec delivered during sinus rhythm. The cycle length

(CL) of AVNRT is 380 msec. Also note that the “PR ≥ RR”
feature is present during rapid atrial pacing. Panel B shows
that AVNRT is terminated when the last atrial impulse
blocks antegradely in the slow pathway approximately 11
sec after initiation of cryomapping. Panel C illustrates the
loss or reversal of “PR ≥ RR” feature during atrial pacing
at 300–310 msec while the cryothermal application is on,
as evidenced by appearance of a high-frequency noise in
CRYO. Also notice that AVNRT is no longer inducible.

cannot be readily estimated. Similarly, cryomap-
ping can be applied while premature atrial stim-
ulation (A1–A2) is performed at A1–A2 coupling
intervals associated with A2 conduction exclusively
via the AV nodal slow pathway. This is obviously
applicable to those who demonstrate dual AV nodal
pathway physiology with a sudden A2–H2 jump at
a certain range of A1–A2 coupling intervals. This
phenomenon is frequently associated with the ini-
tiation of AV nodal reentry as single reentrant echo
beats or AVNRT.

If cryomapping at a site eliminates these sud-
den A2–H2 jumps and their accompanied echo
beats/AVNRT, the site is considered suitable for ab-
lation. Finally, another technique to elicit exclusive
slow pathway conduction is to pace the atrium at

the shortest cycle length, maintaining 1:1 AV con-
duction, while ensuring the “PR ≥ RR” feature is
demonstrable [45].

In successful AV nodal modification by cryoab-
lation of the AV nodal slow pathway, one should
expect the elimination or reversal of the (PR ≥ RR)
equation and marked reduction in the maximal AH
interval achievable postoperatively [46]. When a
suitable target site is identified by cryomapping dur-
ing one or more of the aforementioned methods,
a switch is made from cryomapping to cryoabla-
tion mode. Otherwise, cryomapping is continued
at a new site. During cryomapping, the patient’s
ECG is monitored closely for any change in the
PR interval (if performed during sinus rhythm)
or QRS morphology. The application must be
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Figure 15.1 (Continued )
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I
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V1

HRA
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CS 7–8

CS 5–6

CS 3–4

CS d

HIS p

HIS d
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STIM 270 msec

(a)

Figure 15.2 Cryoablation of AVNRT inducible only by
ventricular pacing. Tracings are arranged in the same
format as Figure 15.1. A short burst of ventricular pacing
at 270 msec delivered during sinus rhythm induces typical
AVNRT (panel a). This was the only reproducible way of
AVNRT initiation. AVNRT is terminated shortly after

cryomapping is turned on (panel b). Short bursts of
ventricular pacing during cryoablation only induce a single
AV nodal reentrant echo beat but no sustained AVNRT
(panel c). KEY: ABLd = distal ablation catheter electrogram;
RVA = right ventricular apical electrogram.

terminated immediately if there is any PR inter-
val prolongation, AV block, or change in the QRS
configuration.

Cryoablation

When the target site is identified by cryomapping,
the catheter-tip is cooled to the lowest achievable
temperature (usually <−70◦C) and kept at that
temperature for 4 min. Similar to cryomapping,
during each cryoablation application, the patient’s
ECG should be monitored closely for any PR in-
terval prolongation or QRS morphology change
in order to immediately terminate cryoablation if
any change in these parameters occurs or if AV
block develops. Because of the cryoadhesion fea-
ture, the inducibility of AVNRT or the status of the
AV nodal dual pathway physiology can be assessed
during each application without any concern for in-

advertent movement or dislodgment of the ablation
catheter-tip. Cryoablation should be considered in-
effective at the site if AVNRT remains inducible, and
a new site should be sought for cryomapping.

The above-described method of cryomapping
and cryoablation is primarily for ablation of the
typical (slow/fast) form of AVNRT. In the case of
atypical (fast/slow or slow/slow) forms of AVNRT,
the retrograde slow pathway conduction can also
be utilized as a marker, in addition to AVNRT in-
ducibility, to assess the efficacy of the procedure.
The antegrade AV nodal dual pathway physiology is
less prevalent and thus less helpful in successful ab-
lation of patients with the atypical form of AVNRT.
On the other hand, the presence of retrograde dual
AV nodal pathway physiology during programmed
ventricular stimulation (V1–V2) may be regarded
as a more reliable marker for ablation in this type
of patients.
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Figure 15.2 (Continued )
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Helpful Tips for Effective and Safe
Ablation

There are several points worthy of mention:
(i) The AV nodal dual pathway physiology is

demonstrable in approximately 65% of patients
with the typical form of AVNRT, and its disappear-
ance occurs in almost half of these patients following
successful ablation [40]. Thus, this phenomenon
is not sufficiently reliable to be used in many pa-
tients as the sole marker for assessing the efficacy of
cryoablation.

(ii) After termination of each application,
the catheter-tip should be rewarmed and safely
disengaged from the cardiac tissue by increasing
the tip temperature to >0◦C before removal from
its position. Otherwise, a premature attempt at re-
moving the catheter-tip could potentially result in
serious tissue damage, right atrial perforation, and
cardiac tamponade.

(iii) Repeating the freeze/thaw sequence has been
shown to be effective in augmenting the volume of
the cryoablation lesion [8, 33] Therefore, it may be
a good practice to deliver at least two successive ap-
plications (insurance lesions) at the successful site.

(iv) A delayed drop in the catheter-tip temper-
ature, temperatures >−70◦C, or too much fluctu-
ation in the refrigerant flow and/or the catheter-
tip temperature, should alert one to either lack of
optimal contact between the catheter-tip and the
cardiac tissue or an obstruction/problem in the re-
frigerant delivery system. The application should be
aborted and further attempts made after identifying
and solving the problem.

(v) The closer the ablation site is to the critical
AV nodal slow pathway, the faster AVNRT termi-
nation occurs. Ideally, AVNRT termination should
take place within 15–20 sec after the catheter-tip
temperature has reached −30◦C. Ordinarily, it takes
approximately 10 sec from the onset of cooling to
the time that the catheter-tip temperature reaches
−30◦C. Thus, one should expect to see the effect
within the first 30 sec after the cryothermal appli-
cation is turned on. (See Videoclip 5. )

(vi) AVNRT termination is regarded as a sign of
successful targeting only when it is caused by one of
the following situations: (a) antegrade block in the
slow pathway in the typical AVNRT, (b) retrograde
slow pathway block in the fast/slow AVNRT, or

(c) either antegrade or retrograde block in one of
the critical slow pathways of the slow/slow form of
AVNRT.

Therefore, AVNRT termination due to any other
factors (e.g., antegrade fast pathway block in typical
AVNRT) should not be considered as a successful
endpoint if the AV nodal slow pathway is targeted. In
such situations, successful cryoablation of the slow
pathway may not be achievable in the same proce-
dural session if AVNRT is no longer inducible and
the AV nodal dual pathway physiology is no longer
demonstrable. In the absence of such markers, it
seems advisable to suspend any further immediate
ablation attempts and to watch the patients clini-
cally for any AVNRT recurrence. Alternatively, one
could consider switching from cryoablation to RF
ablation as will be discussed later.

Electroanatomic Mapping as a
Useful Tool in Cryoablation

Two nonfluoroscopic three-dimensional (3D) map-
ping systems are commercially available for assist-
ing catheter ablation of various cardiac arrhythmias.
These systems have been shown to reduce the length
of procedure and its corresponding radiation ex-
posure [47–49]. Currently, the EnSite NavXTM (St.
Jude Medical, St. Paul, MN) is the only mapping sys-
tem compatible with any EP catheter. During aqui-
sition of the endocardial anatomy, a steerable EP
catheter is used to trace the inner surface of the right
atrium, as well as specific anatomical landmarks in-
cluding the caval veins, the coronary sinus ostium,
the His bundle recording site, and the tricuspid an-
nulus. Each is identified and labeled respectively.
The resultant real-time 3D geometry map enables
catheter navigation without the use of fluoroscopy.
(See Videoclip 6. )

Creation of such a detailed geometry takes ap-
proximately 10–15 min. Subsequent mapping of
the perinodal area is performed as described ear-
lier. When the target sites of the AV nodal slow
pathway are identified for ablation, cryomapping
and/or cryoablation is performed and each site is
highlighted accordingly (Figure 15.3). This tech-
nique has several advantages over the conventional
mapping and ablating method using fluoroscopic
guidance. Firstly, it minimizes the extent to which
the patients, operator and laboratory personnel are
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.HIS

.tv6

.tv6
.CSO

(a)

.HIS
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.tv6
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(b)

Figure 15.3 Electroanotomical mapping
as a useful tool for successful
cryoablation. Geometric maps of the
right atrium are shown in the lateral
caudal (left) and left anterior oblique
views (right). In panel a, blue spots
depict unsuccessful cryomaping sites
and yellow spot represent the successful
site terminating AVNRT. In panel b,
further cryoablation was performed in
multiple sites adjacent to the successful
site, shown as a cluster of blue spots
overlapping the yellow spot. KEY: CSO =
coronary sinus ostium; His = His bundle
recording site; tv6 = tricuspid valve
annulus at 06:00 o’clock position.

exposed to radiation. Secondly, the AV junction can
be delineated precisely and, therefore, cryomapping
or cryoablation may be done while the patient is in
AVNRT. Thirdly, one can designate sites that are in-
effective or associated with transient AV block so
those sites will not be targeted again. (See Video-
clip 7. ) Fourthly, new areas for further attempts
may only be a few millimeters away from ineffective
sites. These sites are easily identifiable by the com-
puterized mapping technique while conventional
fluoroscopic imaging is incapable of such precision.
Finally, it facilitates delivering insurance lesions ad-
jacent to a successful site (Figure 15.3).

Immediate and Long-Term
Outcomes

Over the past seven years, a wealth of data on the
subject of technique, efficacy, and safety of cryoab-
lation in AVNRT has been published by a number
of centers worldwide (Table 15.1) [30, 50–58]. The
reported immediate success rate ranged from 83%
to 99% with most centers experiencing greater than
a 90% success rate. Of these initial successful out-
comes, 91–100% (average, 95%) enjoyed long-term
success. It should be noted that these cases were ab-
lated using either 4-mm or 6-mm tip cryoablation
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catheters. In a recent preliminary report [59], 30
patients underwent AV nodal modification using an
8-mm tip Freezor MaxTM. Immediate success was
achieved in 100% of patients with transient 2:1 AV
block occurring only in one patient. In a median
follow-up period of 66 days (range 0–206 days), no
patients experienced clinical recurrence.

To date, four published studies have compared
the outcome of cryoablation with that of RF ab-
lation (Table 15.2) [60–63]. Three of these stud-
ies [two randomized prospective [60, 61] and one
retrospective [63]] elicited comparable immediate
success rates for both modalities, while the remain-
ing (retrospective) study [62] showed a higher pri-
mary failure rate for cryoablation.

Concerning the long-term outcomes, three stud-
ies showed a higher recurrence rate for cryoabla-
tion [61–63]. The results of these single-center se-
ries should be interpreted in light of the following
limitations. First, 4-mm tip cryothermal catheters
were utilized in the vast majority of the subject pa-
tients. It has been shown that the lesions made by
these catheters are smaller in volume than those
created by RF catheters of the same size [15]. Sec-
ondly, RF technology has been utilized for ablation
of cardiac arrhythmias since 1990, whereas tran-
scatheter cryoablation became available just a few
years ago. Therefore, it is possible that the ablation
operators in these studies were more familiar with
RF than cryoablation and their learning curves for
the latter modality had not reached a plateau by
the time the studies were conducted. Finally, only
two of these studies were done in a randomized
prospective fashion. For a more meaningful com-
parison between these two modalities, 6- or 8-mm
tip catheters should also be included in larger, ran-
domized prospective studies.

Potential Complications

Regardless of the ablation modality, the AV nodal
slow pathway ablation is considered a safe procedure
in which the incidence of complications is low. Aside
from the general complications associated with the
invasive EP studies, adverse outcomes specifically
related to AV nodal modification are due to inadver-
tent block along the AV node-His bundle axis. These
conduction disturbances may include first-degree
AV bock (PR interval of longer than 220 msec),

second-degree Mobitz I (Wenckebach periodicity),
second-degree Mobitz II (2:1 AV block), third-
degree AV block, and right bundle branch block.

Among several published studies in pediatric as
well as adult populations, not one has reported per-
manent third-degree AV block in cryoablation of AV
nodal slow pathways (Table 15.1). The conduction
abnormalities occurring with cryoablation are usu-
ally transient with spontaneous recovery occurring
in a matter of a few seconds to several minutes [30,
50–58]. This lack of complete AV block is clearly a
major advantage of cryoablation over RF ablation,
in which 1.3–2% incidence of complete AV block
has been reported [64, 65].

When to Consider Switching to RF
Ablation

In the following circumstances, one might con-
sider RF ablation as the first modality or switch-
ing from cryoablation to RF ablation if the for-
mer has been proven unsuccessful: (i) Clinically
documented SVT with no reproducibly inducible
AVNRT, dual pathway physiology, or “PR ≥ RR”
feature demonstrable. (ii) AVNRT recurrence after
a seemingly successful cryoablation attempt. (iii)
Incidental and persistent injury to the AV nodal fast
pathway with no subsequent dual pathway physiol-
ogy or “PR ≥ RR” feature demonstrable. (iv) A total
procedure time in excess of two hours with AVNRT
still remaining inducible.

Cryomapping of the Fast Pathway

Fast pathway ablation was introduced in the late
1980s as the first technique for AV nodal mod-
ification in treating patients with AVNRT. How-
ever, because of its unacceptably high incidence of
permanent AV block [64] this technique became
abandoned rather quickly and was superseded by
the emergence of slow pathway ablation.

The fast pathway technique has not been revisited
thoroughly, despite the availability of cryoablation.
Therefore, the data on the safety and efficacy of fast
pathway cryoablation is scarce [66]. Nonetheless,
because the cryothermal mediated AV block is usu-
ally transient and reversible, cryomapping of the
AV nodal fast pathway may be contemplated in rare
circumstances of AVNRT where the slow pathway
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ablation cannot be accomplished [66]. Further-
more, cryoablation of the fast pathway may be rel-
evant in some forms of preexcited tachycardias in
which the AV nodal fast pathway is used as the ret-
rograde limb of the tachycardia.

A specific form of preexcited tachycardia is
present in patients who have an atriofascicular path-
way, with the AV nodal fast pathway functioning as
a part of the retrograde limb of the reentrant circuit
[43]. Ordinarily, the atriofascicular pathway itself
is targeted for ablation. However, cryoablation of
the fast pathway may be considered if ablation of
the atriofascicular pathway cannot be accomplished
due to a procedural failure or technical difficulty
in demonstrating the antegrade conduction via the
accessory pathway. The latter situation may arise
when a transient but long lasting (i.e., several hours)
trauma to the accessory pathway occurs during ma-
nipulation of the intracardiac catheters.

Technically, for cryothermal mapping and abla-
tion of the fast pathway, the catheter is maintained
with a clockwise torque at the anterior aspect of the
tricuspid septal annulus where a large atrial electro-
gram along with a small (<0.1 mV) or no His bundle
potential is recorded. Cryomapping of this area is
switched to cryoablation mode if a gradual PR inter-
val prolongation is observed during sinus rhythm
with no dropped P wave. The subsequent cryoabla-
tion should also be carried out during sinus rhythm
under close electrocardiographic surveillance to as-
sure that the integrity of AV conduction remains
intact. The procedure is considered successful if a
complete loss of retrograde fast pathway conduc-
tion during ventricular pacing is accompanied by
noninducibility of a tachycardia. Finally, a word of
caution: Fast pathway cryoablation should be per-
formed only during sinus rhythm with termination
of the cryothermal application occurring immedi-
ately after a second- or third-degree AV block is
noted.

Conclusion

Cryomapping is a unique way of identifying the
critical limb(s) of the AVNRT circuit for success-
ful cryoablation. Because the overall safety and effi-
cacy of cryoablation are comparable to those of RF
ablation, all electrophysiologists involved in abla-
tion of cardiac arrhythmias should become famil-

iarized with cryothermal mapping and cryoablation
of AVNRT. This catheter-based technology may be
used as the primary modality or in certain situ-
ations, as an alternative to RF ablation when the
latter carries a higher risk of third degree AV block.

Acknowledgment
The author would like to express his gratitude and
appreciation to Jean Woerner for her excellent tech-
nical assistance.

References

1 Scherf D. Response of focus of origin of experimental

ventricular extrasystole to warming and cooling. Proc Soc

Exp Biol Med 1942; 51: 224–26.

2 Hass GM, Taylor CB. A quantitative hypothermal method

for production of local injury to tissue. Arch Pathol 1948;

45: 563–80.

3 Taylor CB, Davis CB, Vawter GF, Hass GM. Controlled

myocardial injury produced by a hypothermal method.

Circulation 1951; 3: 239–53.

4 Cobb FR, Blumenschein SD, Sealy WC, et al. Surgical

interruption of the bundle of Kent in a patient with Wolff–

Parkinson–White syndromes. Circulation 1968; 38: 1028–

29.

5 Turina MI, Babotai I, Wegmann W. Production of chronic

atrioventricular block in dogs without thoracotomy. Car-

diovasc Res 1968; 2: 389–93.

6 Steiner C, Kovalik ATW. A simple technique for produc-

tion of chronic complete hear block in dogs. J Appl Physiol

1968; 25: 6331–32.

7 Mazur M, Causes of injury in frozen and thawed cells. Fed

Proc 1965; 24: 5175–82.

8 Gill W, Fraser J, Carter DC. Repeated freeze–thaw cycles

in cryosurgery. Nature 1968; 219: 410–13.

9 Mazur P. Cryobiology: the freezing of biological systems.

Science 1970; 168: 939–49.

10 Cooper IS, Samra K, Wisniewska K. Effects of freezing on

major arteries. Stroke 1971; 2: 471–82.

11 Mikat EM, Hackel DB, Harrison L, et al. Reaction of the

myocardium and coronary arteries to cryosurgery. Lab

Invest 1977; 37: 632–41.

12 Harrison L, Gallagher JJ, Kasell J, et al. Cryosurgical ab-

lation of the A-V node–His bundle: a new method for

producing A-V block. Circulation 1977; 55: 463–70.

13 Gallagher JJ, Sealy WC, Anderson RW, et al. Cryosur-

gical ablation of accessory atrioventricular connections:

a method for correction of the preexcitation syndrome.

Circulation 1977; 55: 471–79.

14 Gallagher JJ, Anderson RW, Kasell J, et al. Cryoablation

of drug-resistant ventricular tachycardia in a patient with

a variant of scleroderma. Circulation 1978; 57: 190–97.



BLBK050-Shenasa September 20, 2008 15:0

CHAPTER 15 Cryomapping of the Perinodal Region 197

15 Klein GJ, Sealy WC Pritchett EL, et al. Cryosurgical abla-

tion of the atrioventricular node His bundle: long-term

follow-up and properties of the junctional pacemaker.

Circulation 1980; 61: 8–15.

16 Camm J, Ward DE, Spurrell RA, et al. Cryothermal map-

ping and cryoablation in the treatment of refractory car-

diac arrhythmias. Circulation 1980; 62: 67–74.

17 Cox J, Holman W, Cain W. Cryosurgical treatment of

atrioventricular node reentrant tachycardia. Circulation

1987; 76: 1329–36.

18 Caceres J, Werner P, Jazayeri M, et al. Efficacy of

cryosurgery alone for refractory monomorphic sustained

ventricular tachycardia due to inferior wall infarction. J

Am Coll Cardiol 1988; 11: 1254–59.

19 Doll N, Kiaii BB, Fabricius AM, et al. Intraoperative left

atrial ablation (for atrial fibrillation) using a new argon

cryocatheter: early clinical experience. Ann Thorac Surg

2003; 76: 1711–15.

20 Vedel J, Frank R, Fontaine G, Grosgogeat Y. Bloc auriculo-
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Summary

AV nodal reentrant tachycardia is even now one of

the classic indications in interventional

electrophysiology. However, questions regarding

pathophysiology, classification and optimal

treatment strategies remain despite the high success

rates of catheter ablation. These issues will be

discussed in the present chapter. Although, adopted

according to novel experimental and clinical studies

it is yet consensus, that at least two modalities of

(“slow and “fast”) conduction are prerequisites for

the establishment of an AVNRT circuit. These

components of AVNRT are currently assumed to be

areas with distinct electrophysiological

characteristics rather than traditionally called

“pathways” typically located at the superior

(anterior) and inferior (posterior) part of the right

atrial septum. Recently the importance of a left

atrial input into the AV node has been highlighted

by clinical mapping studies. Contemporary

classification of AVNRT subtypes includes

activation sequence and timing intervals.

Additionally the presumed presence of a lower

common pathway should be considered. The most

frequent slow-fast form (“common type AVNRT”)

is characterized by a long A-H interval (>200 msec)

and retrograde activation via the fast pathway at the

superior septum above the tendon of Todaro (H-A

< 70 msec) typically without evidence for a lower

common pathway. In the presence of the slow-slow

variant retrograde activation is detectable at the

inferior septum or proximal coronary sinus.

Antegrade fast pathway conduction (A-H interval

< 200 msec) and earliest retrograde activation

occurring at the infero septal region is compatible

with the “fast-slow” variant. Additionally, in the

majority of slow-slow and fast-slow AVNRT

variants criteria for a lower common pathway can

be discovered. The presence of a lower common

pathway is assumed, when the HA interval of the

AVNRT is shorter than during ventricular pacing

(delta HA > 15 msec). The discussion on the

presence of an upper common pathway is still

controversial since only occasional reports on the

persistence of AVNRT despite VA conduction block

exist. Criteria for selecting appropriate target sites

for slow pathway (SP) modulation include

anatomic aspects starting inferoseptally close to the

ostium of the coronary sinus and electrogram
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characteristics (AV ratio, duration, SP potentials).

When radiofrequency current delivery is applied in

a controlled (eventually titrated) fashion and is

monitored thoroughly AVNRT can be abolished

without AV block (<1%) in almost all cases

including the elderly with prolonged PR intervals at

baseline. Thus, AVNRT is not only well amenable

for interventional treatment with a very favourable

risk-benefit ratio but can also be more precisely

characterised due to recent mapping studies.

Introduction

Mapping and ablation of AV nodal reentrant tachy-
cardia (AVNRT) was one of the first targets in the
history of interventional electrophysiology, espe-
cially after introducing radiofrequency current as
the preferred energy source for selective AV node
modulation [1, 2]. Despite the growing number of
ablation procedures aimed at treatment of atrial fib-
rillation, AV nodal modulation for AVNRT is still
among the most frequent daily indications in the
EP lab.

Interventional treatment of AVNRT has emerged
as the established first-line therapy in symptomatic
patients, supported by the current guidelines [3].
However, despite the widespread application of this
treatment modality there is still an ongoing debate
on the exact location of the reentrant circuit [4–6].
This discussion underscores the fact that we rou-
tinely perform a procedure—effectively modulat-
ing the AV node adhering to the physiological AV
nodal conduction—without knowing exactly which
pathophysiological basis constitutes this beneficial
effect.

Thus, questions persist regarding this complex
arrhythmia, which is amenable interventional
treatment, particularly with regard to the patho-
physiological basis and the optimal mapping
strategies. Of note, precise knowledge of contem-
porary criteria for differential diagnosis, especially
in variants of AVNRT, and of mapping criteria
associated with an effective and safe treatment
modality, are crucial in order to maintain a high
standard of care, especially for electrophysiologists
in training or working in institutions with relatively
low numbers of interventions.

Anatomy and Pathophysiological
Basis

Because the exact localization of the reentrant cir-
cuit in AVNRT is still a matter of controversy, it is

important to recall the anatomic landmarks and the
histological basis of AVNRT. The triangle of Koch
(Figure 16.1) consists of the tendon of Todaro at the
posterior superior aspect, the coronary sinus ostium
at the base and inferior aspect, and the tricuspid an-
nulus located anteriorly [7]. The compact AV node
at the anterior superior area and its posterior ex-
tensions constitutes the crucial anatomic region for
AVNRT [7, 8]. Additionally, the importance of a
left-sided input mediated via the interatrial septum
and the superior aspect of the proximal coronary
sinus has been highlighted by the group of Jackman
and co-workers [9]. This also suggests an involve-
ment of a relatively large area of the atrium to the
tachycardia circuit.

The classic model of function dissociation of the
AV node still has practical implications ever since
the first description of dual AV nodal pathways by
Mines in 1913 [10] and AVNRT with slow and fast
pathway conduction by Moe in 1956 [11]. Later, the
functional importance of perinodal inputs partici-
pating in various forms of AVNRT was underscored
by intraoperative cryo mapping [12].

It is still well accepted that the circuit of AVNRT
requires two different conduction modalities (slow
and fast pathway). At the present time these tra-
ditional “pathways” are assumed to be certain
areas of different electrophysiological capabilities
more than anatomically circumscribed connec-
tions. Although reentry involving slow and fast
pathway conduction is the dominant mechanism
of supraventricular tachycardias, simultaneous slow
and fast pathway conduction can occur during sinus
rhythm, mimicking atrial fibrillation.

Figure 16.2a shows the 12-lead ECG of a 59-
year-old woman who was originally referred for
pulmonary vein isolation in suspected drug refrac-
tory paroxysmal atrial fibrillation. However, analy-
sis of the intracardiac electrogramms (Figure 16.2b)
revealed a simultaneous conduction via the slow
and fast “pathway” in terms of a “double-firing” AV
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Figure 16.1 Simplified schematic illustration of the
triangle of Koch and AV nodal inputs (arrows) in RAO
projection. Landmarks are the tendon of Todaro (TT) at the
posterior superior aspect, the coronary sinus ostium (CS) at

the base, and the tricuspid annulus (TA) located anteriorly.
The apex of the triangle is composed by the compact AV
node (CN).

node, also underscoring the plausibility of the “dual
pathway model.”

Two different areas connecting the atrial my-
ocardium to the His bundle have been identified by
histological studies: The wide transitional cell area
is divided into three zones located antero-superior
to the AV node, as well as posterior inferior and into
a deep layer coming from the left atrial septum. The
other cell type constitutes the central part of the
compact AV node. The AV nodal cells have been
divided into different cells based on electrophysi-
ologic characteristics with distinct action potential
properties. Functionally identified AV nodal cells
were classified as AN (atrionodal), N (nodal), and
NH (nodal-His) in the experimental setting [13].
A gradual transmission from one cell area to the
other with intermediated cells and intermediated
action potentials with changes depending on the
autonomic tone has been observed in isolated per-
fused preparations [8, 13].

However, in the clinical setting the AN cells are
potentially correlated with transitional cells. These
cells, although morphologically different from
the working atrial fibers, are distributed within
the nodal approaches as mentioned above [7]. The

proximal atrial insertion of fast and slow pathways
can be anatomically determined during retrograde
conduction with an atrial exit of the fast pathway
typically located at the superior (anterior) aspect of
the atrial septum close to the site of recording a His
bundle potential [9].

Retrograde fast pathway conduction can occur
not only right supero septally with the tendon of
Todaro constituting a line of block, but also medi-
ated via a left atrial input based on left septal con-
duction and a myocardial coat located around the
coronary sinus [9]. Recently, it has been also demon-
strated that the left atrial input into the human AV
node can be mediated via the mitral annulus by
pacing maneuvers applied to the infero septal as-
pect. This study suggested that the mitral annulus
can constitute a direct input into the AV nodal, not
necessarily mediated via coronary sinus muscula-
ture [14].

Additionally, the earliest retrograde activation
during fast pathway conduction can also be de-
tected above the tendon of Todaro or in the right
infero septal region close to the coronary sinus os-
tium [9, 12, 15, 16]. This variation of retrograde
fast pathway conduction underscores the presence
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Figure 16.2 (a) A 59-years-old female patient with the
suspected diagnosis of paroxysmal atrial fibrillation was
referred for pulmonary vein isolation. The 12-lead surface
ECG has been initially interpreted as paroxysms of atrial
runs. However, careful examination revealed a fixed RR
interval pattern in response to a positive P wave prior to
every second QRS complex, indicating a “double firing” AV
node during sinus rhythm. (b) Intracardiac electrograms
reveal a 1:2 response to normal sinus rhythm via the AV

node by a simultaneous conduction via fast und slow
pathways. Of note, a double response only occurs at a time
when the conduction first traverses to the ventricle via a
fast pathway (FP) with a short AH interval (≤150 msec) and
then via a slow pathway (SP) with a long HA interval
(≥540 msec). On the other hand, a single AV node
response to sinus rhythm only occurs when the conduction
traverses through an “intermediate pathway” (IP) with an
AH interval between 240 and 300 msec.
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of areas with multiple conduction modalities result-
ing in various breakthrough sites, but not distinct
pathways constituting nodal extensions. Retrograde
slow pathway conduction typically occurs at the in-
ferior (posterior) septum between the tricuspid an-
nulus and coronary sinus ostium or infero septally
inside the coronary sinus [9, 17].

Contemporary Classification
of AVNRT Subtypes

Subforms of AVNRT are distinguishable on the ba-
sis of atrial activation sequence and timing intervals.
Additionally, the presumed presence or absence of
a lower common pathway can be a further crite-
rion and will be discussed later [6]. In a recent pub-
lication of Heidbüchel and Jackman, 81% of 344
investigated patients observed antegrade slow and
retrograde fast pathway conduction via the superior
septum, initially suggesting the most frequently ob-
served slow–fast form.

Using antegrade slow pathway conduction and
earliest atrial activation at the inferior septum or
proximal coronary sinus (slow–slow form), AVNRT
was assumed in 14% of cases. An essential aspect
for differentiation between slow–fast and slow–slow
AVNRT is the importance of the earliest atrial acti-
vation and not only the H-A interval during tachy-
cardia, which can be confusingly short despite ret-
rograde conduction via a slow pathway. Addition-
ally, the presence or absence of a lower common
pathway was systematically assessed. Subsequently,
the following criteria have been suggested and were
applied by Heidbüchel and Jackman [6]

For the presence of slow–fast AVNRT: (i) An-
tegrade conduction via a slow pathway with an
A-H interval during tachycardia of >200 msec.
(ii) Retrograde conduction via the fast pathway doc-
umented by earliest H-A activation in the superior
septum above the tendon of Todaro. (iii) An H-A
interval during AVNRT <70 msec. Generally no ev-
idence for a lower common pathway is present in
these subtypes.

Slow–slow AVNRT is characterized by antegrade
conduction via the slow pathway with an A-H in-
terval >200 msec and earliest retrograde conduc-
tion via the slow pathway at the inferior septum or
proximal coronary sinus. The H-A interval is usu-
ally >70 msec and there is evidence for a significant

lower common pathway. However, the H-A inter-
vals show a great overlap between slow–fast and
slow–slow AVNRT, not reliably allowing an exact
differentiation between both entities.

During fast–slow AVNRT the AH interval is<200
msec which is compatible with antegrade con-
duction via the fast pathway and the earliest atrial
retrograde activation occurring in the infero septal
region. Additionally, evidence for a lower common
pathway is demonstrated in most of these cases.
Interestingly, and important for the differential
diagnosis in 94% of fast–slow AVNRT, one-to-one
retrograde VA conduction during ventricular pac-
ing at the tachycardia cycle length was absent, sug-
gesting a lower common pathway during AVNRT
entity [6].

These findings again stress that various ways of
fast and slow conduction can be present in this set-
ting and that the subtypes of AVNRT may also al-
ternate using various pathways even in the same
patient (Figures 16.2 and 16.3). Thus, the reentrant
circuit in fast–slow AVNRT is not necessarily the
reversal of the slow–fast AVNRT, which is under-
scored by the marked difference with regard to the
evidence of a lower common pathway. Finally, 77%
of all AVNRTs were categorized to be slow–fast, 12%
the slow–slow, and 5% the fast–slow subtype us-
ing the above-mentioned criteria. However, 6.5%
of the observed tachycardias demonstrated incon-
sistent findings not compatible with any of the clas-
sic AVNRT subtypes. Thus, a minor but substantial
portion of patients with AVNRT cannot be classified
by using the currently existing criteria [6].

Is There a Lower Common
Pathway in AVNRT?

There is an ongoing debate on the presence or
absence of an identifiable lower common pathway
[6, 18, 19]. The functional length of the lower
common pathway has been previously assessed by
comparison of the H-A interval during tachycardia
and ventricular pacing at the same cycle length.
With this method the conduction path between
the distal turnaround point of the antegrade and
retrograde conduction pathway and the HIS bundle
can be determined by comparing the retrograde
atrial activation sequence during tachycardia and
pacing [6].
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Figure 16.3 A 46-year-old female patient with a
prolonged PR interval (225 msec) and a right bundle
brunch block (QRS = 144 msec). The tracing illustrates the
reproducible tachycardia induction with the above
pattern. The proximal coronary sinus (CS) electrodes are
intentionally placed in the CS ostium (CS 7/8) and in the
right infero-paraseptal (CS 9/10) region (Figure 16.3a).
Programmed atrial stimulation (S1/S2 – 330/300) induced a
tachycardia with a long HA interval without an AH jump
(Figure 16.3b). After the fourth retrograde rotation, an
assumed pause occurred followed by a tachycardia
sequence change. Of note, the pause has a HH interval of
560 msec, the sum of the HA interval (230 msec) during the
first three consecutive beats prior to the “pause” and AH
interval (330 msec) of the following sustained tachycardia.

Thus, the induction mechanism indicates an uncommon
type of AVNRT with different AH and HA conduction
properties (e.g., slow–slow), which is blocked to atria after
the fourth retrograde rotation (in an upper common
pathway, UCP) and then changes to a common type AVNRT
with a slow–fast sequence. An alternative explanation of
the observed phenomenon might be an antegrade fast
pathway and a retrograde “intermediate pathway”
conduction for the first three consecutive beats. After the
first three rotations, there then occurs retrograde block of
the “intermediate pathway” due to the TCL acceleration,
which allows the prior atrial electrogram to conduct down
simultaneously both the fast (150 ms) and slow pathway
(700 ms), resulting in a 1:2 AV node conduction (“double
fire”) that initiate typical slowfast AVNRT (16.3d).

In a current investigation, a delta HA inter-
val of >15 msec was arbitrarily chosen as a cut-
off point for the presence of an assumed lower
common pathway [6]. In the presence of a lower
common pathway during tachycardia there is simul-
taneous conduction from the lower turnaround of
the circuit to the atrium and to the HIS bundle. Dur-
ing entrainment by parahisian pacing the impulse
has to retrogradely depolarize the lower common
pathway and the fast or slow pathway, respectively,
leading to an H-A interval during tachycardia being
shorter than during parahisian stimulation.

A lower common pathway has been previously
suggested in the setting of most slow–fast AVNRT
[18]. As addressed previously, Heidbüchel et al.
recently demonstrated [6] that in most cases of
slow–fast AVNRT no lower common pathway was
detectable and that the presence of a lower com-
mon pathway is strongly associated with slow–
slow and fast–slow subtypes of AVNRT. This find-
ing primarily suggested that the evaluation of a
lower common pathway could be used as an addi-
tional criterion for characterization of AVNRT sub
forms.

Recently, the current concept of AVNRT charac-
terization has been challenged by findings of Otomo
and co-workers in patients with slow–fast AVNRT
[4]. They hypothesized that in the one-third of
slow–fast AVNRT resistant to adenosine triphos-
phate with regard to block of the retrograde fast
pathway, a concealed atrio-hisian bypass tract may
constitute the retrograde fast limb of the reentrant
circuit. This assumption is based on the lack of a
lower common pathway revealed by parahisian pac-
ing in these cases [20]. Another finding suggesting
that the lower turnaround of the reentrant circuit is
located above the His bundle is the observation of
a transient 2:1 block proximal to the His potential
during the tachycardia (Figure 16.4) which can be
observed occasionally [19].

Is There an Upper Common
Pathway in AVNRT?

Discussion of this question is ongoing, and con-
troversial, because only a few reports exist on the
persistence of AVNRT despite the occurrence of dif-
ferent VA conduction block patterns indicating the
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Figure 16.4 This patient presented with slow–fast AVNRT
that changed spontaneously between a 1:1 and 2:1
conduction to the ventricles. In this tracing, a 2:1 AV
response is visible with a His potential that only precedes
the ventricular electrogram (so the level of the His is
activated only in case of a ventricular activation) indicating
a 2:1 supra-His block that which occurs due to a long
refractory period of the lower common pathway (LCP), for

example, in response to a short coupled ventricular
premature beat during AVNRT with 1:1 conduction.
Interestingly, in this tracing, the atrial far-field potentials
of both the retrograde conducting fast pathway (FP) just
prior to the atrial potential in the right atrium (HRA) and
the antegrade conducting slow pathway (SP) immediately
after the HRA potential are visible.

existence of an upper common pathway connect-
ing a subatrial (intranodal) reentrant circuit to the
atria [22].

Recently, Otomo and co-worker reported a
unique series of six cases of AVNRT [4] demonstrat-
ing various VA conduction block patterns. Three
different patterns were distinguished: Wenckebach
type H-A block in four patients, 2:1 HA block in one
patient, and variable H-A conduction time while
the H-H interval remained constant in one patient
(Figure 16.5). This led the authors to hypothesize
that no substantial amount of atrial tissue is in-
volved in the upper turnaround of the circuit, but
that this area of the AVNRT circuit is composed
of a functionally protected intranodal reentry with

multiple atrial exits suggested by the observation
of variable H-A intervals. Thus, it is possible that
the reentrant circuit is located within a function-
ally protected region in the transitional zone be-
tween posterior AV nodal extension and atrial my-
ocardium (Figure 16.5).

Mapping of AVNRT

For the purpose of catheter ablation, mapping is
usually performed during sinus rhythm. However,
in order to further characterize the reentrant cir-
cuit, for example, determination of the earliest ret-
rograde, atrial excitation by activation mapping can
be useful. Adding ventricular extrastimuli during
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Figure 16.5 Surface and intracardiac electrograms during
AVNRT with 2:1 HA conduction after radiofrequency
current application. Perpetuation of AVNRT without
depolarization of the perinodal atrium demonstrated that
the atrium is not a necessary upper link between
anterograde and retrograde limbs of the reentrant circuit.
These findings are compatible with the concept of reentry
within the functionally protected AV nodal area with two

atrial exits and a lower common pathway. Ladder
diagrams depict the activation sequences including gray
areas highlight the postulated regions with functional
delay or block. KEY: ∗ = a zone of tissue responsible for 2:1
HA conduction; I = inferoparaseptal atrial exit; S =
superoparaseptal exit. Reprinted with permission from
Otomo et al., Heart Rhythm 3, May 2006.

the tachycardia cannot only help to exclude acces-
sory pathway conduction, for example, in fast–slow
AVNRT, but also unmasks the area of earliest retro-
grade activation.

Additionally special techniques for the identifica-
tion of critical components of the reentrant circuit
(i.e., subthreshold stimulation) have been intro-
duced. Termination of the various AVNRT subtypes
[23, 24] by subthreshold stimulation can be helpful
to detect target sites for safe and effective slow path-
way ablation. Selective termination by block of the
anterograde (slow–fast form) or retrograde (fast–
slow form) slow pathway is a prerequisite for the
validity of this technique. Subthreshold stimulation
can help to avoid the induction of inadvertent block
of the fast pathway and thus potentially the complete
antegrade AV conduction, especially in the setting of
atypical fast pathway location as previously demon-
strated [16].

Target sites for slow pathway ablation were ini-
tially described by the working groups of Haissa-
guerre [1] and Jackman [2] in 1992. Depending
on the filtering technique the appearance of local

electrograms recorded in the right infero-septal re-
gion varies markedly but is generally characterized
by broad, fractionated atrial activity recorded be-
fore the appearance of a His potential. These char-
acteristics are mediated by anisotropic conduction
caused by heterogenic fiber orientation in this re-
gion around the coronary sinus ostium.

Jackman et al. described a distinct and sharp local
electrogram resembling a His potential [2]. On the
other hand, Haissaguerre et al. [1] attempted to map
the area between the His bundle and the coronary si-
nus ostium in order to detect fractionated, late atrial
electrograms in the area of the postero-inferior ex-
tension of the AV node (Figure 16.6). In general, the
practical approach for slow pathway mapping is a
combination of anatomic and electrogram guided
strategy.

The electrophysiological landmarks such as the
His bundle and coronary sinus ostium are delin-
eated by temporary or continuous catheter place-
ment throughout the procedure in the respective
regions. Mapping is than started at the ventricular
right infero-septal aspect. The catheter is withdrawn
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Figure 16.6 Sequential mapping of the triangle of Koch as
described by Haissaguerre et al. [1]. The fluoroscopic
images in a LAO 30◦ angulation demonstrates the classical
recording sites of His and slow pathway potentials
indicated by arrows. (a) An (early) atrial potential clearly
separated from the sharp His potential is mapped in
supero-septal (His) area. (b) By moving the catheter

toward the mid-septal region a slow potential appears
after the atrial potential which is earlier than the His
potential. (c) In the infero-paraseptal region (the
“classical” slow pathway area), the slow potential becomes
more fractionated and earlier, while the atrial potential
appears later than in the mid- and supero-septal
region.

until an AV ratio of <0.5/0.7 with detectable atrial
signal is reached. It is then attempted to record
broad atrial electrograms with or without pre-
sumed “slow pathway potentials” reflecting not a
specific pathway but typical conduction capabili-
ties in the region around the coronary sinus ostium
[1, 2, 23–26].

It is very important to assure that the terminal
component of the fractionated atrial electrograms
is not compatible with a His bundle potential. This
can be verified by exactly analyzing the local elec-
trograms obtained via the mapping catheter during
premature atrial stimulation before energy delivery
(Figure 16.6). When energy application around the
coronary sinus ostium does not lead to the abo-
lition of AVNRT, the steerable mapping catheter is
maneuvered carefully to more mid-septal sites start-
ing just above the level of the coronary sinus os-
tium by using the electrogram criteria mentioned
previously.

Catheter Ablation

Temperature-controlled radiofrequency current
(RFC) delivery [25, 26] is currently applied by us-
ing two strategies. Either RFC is applied with an
initially chosen energy level of 40 W (even 50 W in
some centers) or titration of the energy level start-
ing at 20 W to 40 W before moving towards more
mid-septal sites is performed. Although not investi-
gated prospectively in a systematic fashion, the latter
may lead to a more selective approach, avoiding very
rapid junction ectopic rhythms and thus maybe also
induction of AV block.

During energy application, accelerated junction
and ectopic beats are predictors with high sensitivity
but low specificity for effective energy application
[1, 2]. Of cause, these rhythms have to be monitored
carefully with regard to continuous 1:1 VA conduc-
tion. RFC has to be interrupted immediately in case
of transient VA block. The endpoint of slow pathway
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modification is as reliable as complete slow path-
way ablation with regard to AVNRT recurrences
as suggested by the follow-up of previous studies
[1, 2, 26].

Another matter of debate is the question of
whether a waiting period is required following
achievement of the preselected endpoint (i.e., abo-
lition of AVNRT induction with or without per-
sistence of dual AV nodal physiology). In most EP
laboratories, a waiting period of 20 to 30 min is the
rule. Therefore, we conducted a study prospectively
investigating this parameter. We included 130 pa-
tients with a recurrence rate of 4.6% in this ongoing
trial, but we could not show any significant benefit
regarding a postablational waiting period. Although
the completion of the study has to be awaited, the
preliminary results suggest that immediate proce-
dure termination may be recommended in the fu-
ture after achieving the acute endpoint.

The overall primary success rate of interventional
treatment of AVNRT including its subtypes, is re-
ported to be 97% and greater [1, 2, 23, 24, 26, 27]
with a recurrence rate of <3% up to 6.9% [23–
27]. The induction of inadvertent AV block still
remains the most deleterious complication in the
setting of interventional treatment of AVNRT. The
overall rate is currently reported to be less than
1% [25–27]. However, catheter ablation of AVNRT
was considered to be associated with an increased
risk in the elderly with regard to AV block induc-
tion due to a preexisting attenuated conduction
system [28].

Therefore, we recently summarized our data from
1998 to 2004 and divided patients into those with an
age of <75 years and those with an age of >75 years.
Despite significantly prolonged baseline values for
PR interval and antegrade and retrograde Wencke-
bach cycle length in the elderly, no increased risk
regarding AV block induction by RFC was observed
[27]. In both groups the success rate was 100% and
the rate of AV block (<1%) as well as the incidence
of AVNRT recurrences (<3%) was not increased in
the elderly. Nevertheless, overall procedure dura-
tion and fluoroscopy time was significantly longer
in the elderly. This was probably due to the fact that
underlying heart disease was more frequent in the
elderly and that more time and care was taken to
achieve a stable and accurate catheter position in
patients with a preexisting prolonged PR interval.

Thus, there is no reason to further withhold invasive
therapy of AVNRT only because of advanced age in
symptomatic patients.

In very rare cases, a left atrial, transseptal access
may be required in order to selectively target the
slow pathway [29]. However, this can also lead to
ablation of the fast pathway [30] as it has been de-
scribed for a right septal approach [16]. In general,
only a few case reports have been published in this
regard due to the effective conventional treatment
in almost all patients. But it is important to bear
in mind that this can be an alternative including
ablation within the coronary sinus in selected cases
resistant to conventional mapping and ablation.

Conclusion

Although, in most cases AVNRT and its subtypes
are arrhythmias easily amenable for catheter abla-
tion, the pathophysiological understanding still re-
mains challenging. Nonetheless, clinical mapping
studies recently helped to elucidate the exact con-
finement of the reentrant circuit by characterization
of a lower and/or upper common pathway, adding
pieces to a puzzle that is not yet completely a clear
picture. Additionally, the subtypes of AVNRT are
more clearly distinguishable not only on the basis
of timing intervals, but also considering atrial ac-
tivation sequence and the presence or absence of a
lower common pathway. However, a small subset of
AVNRT variants still remains to be undetermined
or truly atypical [6]. The recent efforts to further
characterize AVNRT should be a stimulus for future
studies, because “easy to ablate, difficult to under-
stand,” should not be the final conclusion in this
setting [5].

References

1 Haissaguerre M, Gaita F, Fischer B, et al. Elimination of

atrioventricular nodal reentrant tachycardia using dis-

crete slow potentials to guide applications of radiofre-

quency energy. Circulation 1992; 85: 655–56.

2 Jackman WM, Beckman KJ, McClelland JH, et al. Treat-

ment of supraventricular catheter ablation of slow path-

way conduction. N Engl J Med 1992; 327: 313–18.

3 Antman EM, Smith SC, Alpert JS, et al. ACC/AHA/ESC

guidelines for the management of patients with supraven-

tricular arrhythmias: executive summary, Task Force



BLBK050-Shenasa September 19, 2008 14:31

210 PART IV Mapping of Supraventricular Tachyarrhythmias

Members. A Report of the American College of Cardi-

ology/American Heart Association Task Force on Prac-

tice Guidelines and the European Society of Cardiology

Committee for Practice Guidelines (Writing Committee

to Develop Guidelines for the Management of Patients

with Supraventricular Arrhythmias) Developed in collab-

oration with NASPE-Heart Rhythm Society. Eur Heart J

2003; 24: 1857–97.

4 Otomo K, Okamura H, Noda T, et al. Unique electrophys-

iologic characteristics of atrioventricular nodal reentrant

tachycardia with different ventriculoatrial block patterns:

effects of slow pathway ablation and insights into the lo-

cation of the reentrant circuit. Heart Rhythm 2006; 3:

544–54.

5 Rostock T, Willems S. Atrioventricular nodal reentrant

tachycardia: is there a “common pathway” to understand-

ing the mechanism? Heart Rhythm 2006; 3: 555–56.
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New Observations on Mapping
and Ablation of Atrial Flutter

Navinder S. Sawhney, MD, Gregory K. Feld, MD

University of California, San Diego, CA, USA

Summary

Type 1 atrial flutter (AFL) is a common atrial

arrhythmia that is difficult to treat medically, and

may cause severe symptoms or lead to serious

complications, including embolic stroke,

myocardial ischemia and infarction, and rarely a

tachycardia induced cardiomyopathy due to rapid

atrio-ventricular conduction. The

electrophysiologic substrate underlying type 1 AFL

is a combination of slow conduction velocity in the

cavo-tricuspid isthmus (CTI), plus anatomical

and/or functional conduction block along the crista

terminalis and Eustachian ridge. This

electrophysiologic substrate creates a reentrant path

length that is long enough, relative to the average

wavelength around the tricuspid valve annulus, to

allow for sustained reentry.

As a result of the well-defined anatomical

substrate and the pharmacological resistance of

type 1 AFL, catheter ablation has emerged as a safe

and effective first-line treatment. The most widely

accepted, successful approach for curing type 1 AFL

is an anatomically guided ablation of the CTI.

Recent technological developments, including

three-dimensional (3D) electro-anatomical contact

and noncontact mapping, and the use of large-tip

ablation electrode catheters with high-power

generators, have produced nearly uniform

efficacy without increased risk. This chapter will

review the electrophysiology of human type 1 AFL,

and the latest techniques for its diagnosis and

ablation.

Atrial Flutter Terminology

Due to the variety of terms used to describe atrial
flutter in humans, including type 1 AFL and type
2 AFL, typical and atypical atrial flutter, counter-
clockwise and clockwise atrial flutter, isthmus and
nonisthmus dependent flutter, the Working Group
of Arrhythmias of the European Society of Cardi-

ology and the North American Society of Pacing
and Electrophysiology published a consensus doc-
ument in 2001 to standardize terminology for atrial
flutter [1]. The terminology recommended by this
working group to describe cavo-tricuspid isthmus-
dependent, right atrial macroreentrant tachycardia,
with either a counterclockwise or clockwise direc-
tion around the tricuspid valve annulus, was typical
and reverse typical AFL, respectively [1]. The terms
“typical” and “reverse typical AFL” will be used
in this chapter, or “type 1 AFL” when referring to
both.
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Pathophysiologic Mechanisms of
Type 1 Atrial Flutter

The development of successful radiofrequency
catheter ablation (RFCA) techniques for type 1 AFL
was largely dependent on delineation of its elec-
trophysiologic mechanism. Through the use of ad-
vanced electrophysiologic techniques, including in-
traoperative and transcatheter activation mapping
[2–7], type 1 AFL was determined to be due to a
macroreentrant circuit rotating in either a coun-
terclockwise (typical) or clockwise (reverse typical)
direction in the right atrium around the tricuspid
valve annulus, with an area of relatively slow con-
duction velocity in the low posterior right atrium
(Figure 17.1a,b).

The predominate area of slow conduction in the
AFL reentry circuit has been shown to be in the CTI,
through which conduction times may reach 80–100
msec, accounting for one-third to one-half of the
AFL cycle length [9–11]. The CTI is anatomically
bounded by the inferior vena cava and Eustachian
ridge posteriorly and the tricuspid valve annulus an-
teriorly (Figure 17.1a,b), both of which form lines
of conduction block or barriers delineating a pro-
tected zone of slow conduction in the reentry circuit
[5, 12–14].

The presence of conduction block along the Eu-
stachian ridge has been confirmed by demonstrat-
ing double potentials along its length during AFL
(Figure 17.2a,b). Double potentials have also been

recorded along the crista terminalis, suggesting that
it too forms a line of block separating the smooth
septal right atrium from the trabeculated right atrial
free wall. Such lines of block, which may be either
functional or anatomic, are necessary to create an
adequate path length for reentry to be sustained and
to prevent short-circuiting of the reentrant wave-
front [13–16].

The medial CTI is contiguous with the interatrial
septum near the coronary sinus ostium, and the
lateral CTI is contiguous with the low lateral right
atrium near the inferior vena cava (Figure 17.1a,b).
These areas correspond electrophysiologically to the
exit and entrance to the zone of slow conduction,
depending on whether the direction of reentry is
counterclockwise (CCW) or clockwise (CW) in the
right atrium. The path of the reentrant circuit out-
side the confines of the CTI consists of a broad acti-
vation wavefront in the inter-atrial septum and right
atrial free wall around the crista terminalis and the
tricuspid valve annulus [12–16].

The slower conduction velocity in the CTI, rel-
ative to the interatrial septum and right atrial free
wall, may be caused by anisotropic fiber orienta-
tion in the CTI [2, 9–11, 17, 18]. This may also
predispose to development of unidirectional block
in the CTI during rapid atrial pacing, and account
for the observation that typical AFL is more likely
to be induced when pacing is performed from the
coronary sinus ostium, and conversely reverse typ-
ical AFL is more likely to be induced when pacing
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Figure 17.1 Schematic diagrams demonstrating the
activation patterns in the typical (a) and reverse typical
(b) forms of human type 1 AFL, as viewed from below the
tricuspid valve annulus (TV) looking up into the right
atrium. In the typical form of AFL, the reentrant wavefront
rotates counterclockwise in the right atrium, whereas in
the reverse typical form reentry is clockwise. Note that the

Eustachian ridge (ER) and crista terminalis (CT) form lines
of block, and that an area of slow conduction (wavy line) is
present in the isthmus between the inferior vena cava
(IVC) and Eustachian ridge and the tricuspid valve annulus.
KEY: CS = coronary sinus ostium, His = His bundle, SVC =
superior vena cava. Adapted from Ref [8].
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Figure 17.2 (a) Schematic diagram demonstrating the
locations where double potentials (x, y) are typically
recorded during typical AFL, along the Eustachian ridge
and crista terminalis. (b) Double potential electrogram
recordings from an ablation catheter (RFp&d) positioned

at the Eustachian ridge during typical AFL. KEY: I, aVF,V1 =
surface ECG leads; RFp&d = proximal and distal bipolar
recordings from the ablation catheter; CSp-d = proximal to
distal coronary sinus electrogram recordings; RV = right
ventricular electrogram recording. Adapted from Ref [15].

from the low lateral right atrium [19–21]. The pre-
dominate clinical presentation is typical AFL, likely
because the trigger(s) commonly arise from the left
atrium in the form of premature atrial contractions
or nonsustained atrial fibrillation [22], which con-

duct to the right atrium via the coronary sinus or
interatrial septum and enter the CTI medially, re-
sulting in clockwise unidirectional block in the CTI
with resultant initiation of counterclockwise typical
AFL.
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ECG Diagnosis of Type 1 Atrial
Flutter

The surface 12-lead ECG is helpful in establishing
a diagnosis of type 1 AFL, particularly the typical
form, with an inverted saw-tooth F wave pattern
in the inferior ECG leads II, III, and aVF, low-
amplitude biphasic F -waves in leads I and aVL,
an upright F -wave in precordial lead V1, and an
inverted F -wave in lead V6. In contrast, in reverse
typical AFL, the F -wave pattern on the 12-lead ECG
is less specific, often with a sine wave pattern in the
inferior ECG leads (Figure 17.3a,b).

The determinants of F -wave pattern on ECG are
largely dependent on the activation pattern of the
left atrium, with inverted F -waves in the inferior
ECG leads in typical AFL resulting from activation
of the left atrium initially posterior near the coro-
nary sinus, and upright F -waves inscribed in the in-
ferior ECG leads in reverse typical AFL as resulting
from activation of the left atrium initially anterior
near Bachman’s bundle [23–24]. Following exten-
sive left atrial ablation, for example, after left atrial
substrate modification for ablation of atrial fibril-
lation, the ECG presentation of typical atrial flutter
may be significantly different from the characteristic
saw-tooth pattern described above. Because the typ-
ical and reverse typical forms of type 1 AFL utilize
the same reentry circuit, but in opposite directions,
their rates are usually similar.

Standard Catheter Mapping of
Type 1 Atrial Flutter

Despite the utility of the 12-lead ECG in making
a presumptive diagnosis of typical AFL, an elec-
trophysiologic study with mapping and entrain-
ment must be performed to confirm the underlying
mechanism if radiofrequency catheter ablation is to
be successfully performed. This is particularly true
in the case of reverse typical AFL, which is much
more difficult to diagnose on 12-lead ECG. For stan-
dard multielectrode catheter mapping, catheters are
positioned in the right atrium, His bundle region,
and coronary sinus.

To determine the endocardial activation se-
quence, a HaloTM 20-electrode mapping catheter
(Cordis-Webster, Inc., Diamond Bar, CA) is most

commonly used in the right atrium positioned
around the tricuspid valve annulus (Figure 17.4).
Recordings obtained during AFL from all electrodes
are then analyzed to determine the right atrial acti-
vation sequence. In patients presenting to the lab-
oratory in sinus rhythm it is necessary to induce
AFL in order to confirm its mechanism. Induction
of AFL is best accomplished by rapid atrial pacing
from the coronary sinus ostium, or low lateral right
atrium, at cycle lengths between 180 and 240 msec.
Induction of atrial flutter typically occurs following
the onset of unidirectional conduction block in the
crista terminalis and CTI [19, 20].

A diagnosis of typical or reverse typical AFL
is suggested by observing a counterclockwise or
clockwise activation pattern in the right atrium
and around the tricuspid valve annulus, as seen in
Figure 17.5a in a patient with typical AFL, or in
Figure 17.5b in a patient reverse typical AFL. Pacing
during AFL from the CTI demonstrating concealed
entrainment then confirms the isthmus dependence
of the AFL.

Radiofrequency Catheter Ablation
of Type 1 Atrial Flutter

Radiofrequency catheter ablation of type 1 AFL
is performed with a steerable mapping/ablation
catheter with a large distal ablation electrode posi-
tioned in the right atrium via a femoral vein [3, 5–7,
25–28]. Current RFCA radiofrequency catheter ab-
lation systems utilize a thermistor or thermocouple
embedded in the distal ablation electrode to mon-
itor electrode–tissue interface temperature, which
is programmable and controlled by automatically
adjusting power output to achieve a stable temper-
ature of 50–60◦C, and occasionally 70◦C. (Note:
RFCA ablation seemed redundant, so the author
took out the RFCA). Temperatures in excess of 70◦C
may cause tissue vaporization (steam pops), tissue
charring, and formation of blood coagulum on the
ablation electrode, resulting in a rise in impedance
that limits energy delivery and lesion formation,
and may lead to complications such as cardiac per-
foration or embolization.

A variety of ablation catheters with different
shapes and curve lengths are currently available
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(a)

(b)

Figure 17.3 (a) Twelve-lead electrocardiogram recorded
from a patient with typical AFL. Note the typical
saw-toothed pattern of inverted F waves in the inferior
leads II, III, aVF. Typical AFL is also characterized by
flat-to-biphasic F waves in I and aVL, respectively, an
upright F wave in V1, and an inverted F wave in V6.

(b) 12-lead electrocardiogram recorded from a patient
with the reverse typical AFL. The F wave in the reverse
typical form of AFL has a less distinct sine wave pattern in
the inferior leads. In this case the F waves are upright in
the inferior leads II, III, aVF; biphasic in leads I, aVL, and V1;
and upright in V6. Adapted from Ref [8].
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Figure 17.4 Left anterior oblique (LAO) and right anterior
oblique (RAO) fluoroscopic projections showing the
intracardiac positions of the right ventricular (RV), His
bundle (HIS), coronary sinus (CS), Halo (HALO), and
mapping/ablation catheter (RF). Note that the Halo
catheter is positioned around the tricuspid valve annulus
with the proximal electrode pair at 1 o’clock and the distal

electrode pair at 7 o’clock in the LAO view. The
mapping/ablation catheter is positioned in the
sub-Eustachian isthmus, midway between the interatrial
septum and low lateral right atrium, with the distal 8-mm
ablation electrode near the tricuspid valve annulus.
Adapted from Ref [8].

from several commercial manufacturers. We pre-
fer to use a larger curve catheter, with or without
a preshaped guiding sheath in order to ensure that
the ablation electrode will reach the tricuspid valve
annulus. For RFCA of AFL, catheters with either
saline-cooled ablation electrodes or large distal ab-
lation electrodes (i.e., 8–10 mm) are preferred.

During ablation with saline-cooled catheters, the
use of lower power and temperature settings is
recommended to avoid steam pops because the
intramyocardial tissue temperatures are typically
higher than those measured at the tissue–electrode
interface due to the electrode cooling effect of saline
perfusion [29–31]. A maximum power of 35–40 W
and temperature of 43–45◦ C should be used ini-
tially to avoid complications such as steam pops
[29–32]. In contrast, the large-tip (8–10 mm) abla-
tion catheters require up to 100 W power to achieve
target temperatures of 50–70◦ C due to the greater
energy dispersive effects of the larger ablation elec-
trode. This also requires the use of two grounding
pads applied to the patient’s skin to avoid skin burns
[25, 31, 33–34].

The preferred target for type 1 AFL ablation is
the CTI (Figure 17.6a), which when using standard
electrode catheters is localized with a combined flu-
oroscopically and electrophysiologically guided ap-

proach [3, 5–7, 25, 26–32, 34]. Typically, the ab-
lation catheter is positioned fluoroscopically (Fig-
ure 17.4) across the CTI with the distal ablation
electrode near the TV annulus in the right anterior
oblique view, and midway between the septum and
low right atrial free wall (6 or 7 o’clock position)
in the left anterior oblique (LAO) view. The dis-
tal ablation electrode is then positioned to record
an atrial to ventricular electrogram amplitude ratio
of 1:2 or 1:4, as seen in Figure 17.5a. The ablation
catheter is then withdrawn slowly, a few millime-
ters at a time (usually the length of the distal abla-
tion electrode) pausing for 30–60 sec at each loca-
tion during a continuous or interrupted RF energy
application.

Electrogram recordings may be employed, in ad-
dition to fluoroscopy, to ensure that the ablation
electrode is in contact with viable tissue in the CTI
throughout each energy application. Ablation of
the entire CTI may require several sequential 30–
60 sec energy applications during a stepwise catheter
pullback, or a prolonged energy application of up
to 120 sec or more during a continuous catheter
pullback. The catheter should be gradually with-
drawn until the distal ablation electrode records no
atrial electrogram, indicating it has reached the in-
ferior vena cava, or until the ablation electrode is
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Figure 17.5 Endocardial electrograms from the
mapping/ablation, Halo, CS, and His bundle catheters, and
surface ECG leads I, aVF, demonstrating a counterclockwise
(CCW) rotation of activation in the right atrium in a
patient with typical AFL (a) and a clockwise (CW) rotation
of activation in the right atrium in a patient with reverse
typical AFL (b). The AFL cycle length was 256 msec for both
CCW and CW forms. Arrows demonstrate activation
sequence. Halo D–Halo P tracings are 10 bipolar
electrograms recorded from the distal (low lateral right
atrium) to proximal (high right atrium) poles of the 20

pole Halo catheter positioned around the tricuspid valve
annulus with the proximal electrode pair at 1 o’clock and
the distal electrode pair at 7 o’clock. KEY: CSP =
electrograms recorded from the coronary sinus catheter
proximal electrode pair positioned at the ostium of the
coronary sinus; HISP = electrograms recorded from the
proximal electrode pair of the His bundle catheter; RF =
electrograms recorded from the mapping/ablation
catheter positioned with the distal electrode pair in the
cavo-tricuspid isthmus. Adapted from Ref [8].
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Figure 17.6 (a) A schematic diagram of the right atrium
demonstrating the possible targets for ablation for cure of
type 1 AFL, including the CTI (1), the tricuspid valve
annulus–coronary sinus isthmus (2), the coronary
sinus–Eustachian ridge isthmus (3). The preferred target
for ablation is the CTI (1). (b) Surface ECG and endocardial
electrogram recordings during ablation of the CTI at the
time of termination of typical AFL. Note the abrupt
termination of AFL, which occurred in this patient as the

ablation catheter reached the Eustachian ridge, followed
by restoration of normal sinus rhythm. KEY: I, aVF, V1 =
surface ECG leads; RFAP = proximal ablation electrogram;
Hisp&d = proximal and distal His bundle electrograms;
CSd-p = distal to proximal coronary sinus electrograms;
Halo d-p = distal to proximal Halo catheter electrograms;
Imped = impedance; Temp = temperature. Adapted from
Ref [15].

noted to abruptly slip off the Eustachian ridge on
fluoroscopy. Radiofrequency energy application
should be immediately interrupted when the
catheter has reached the inferior vena cava, because
ablation in the venous structures is known to cause
significant pain.

Procedure Endpoints for
Radiofrequency Catheter Ablation
of Type 1 Atrial Flutter

Ablation may be performed during sustained AFL
or during sinus rhythm. If performed during AFL,
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the first endpoint is its termination during energy
application (Figure 17.6b). Despite termination of
AFL however, it is common to find that CTI conduc-
tion persists. After the CTI ablation is completed,
electrophysiologic testing should be performed by
pacing at a cycle length of 600 msec (or greater,
depending on sinus cycle length) to determine if
there is bidirectional CTI conduction block (Fig-
ures 17.7a,b and Figure 17.8a,b).

Bidirectional CTI conduction block is confirmed
by demonstrating a strictly cranial-to-caudal acti-
vation sequence in the contralateral right atrium
during pacing from the coronary sinus ostium, or
low lateral right atrium respectively [35–37]. The
presence of bidirectional CTI conduction block is
further supported by recording widely spaced dou-
ble potentials along the ablation line during pacing
from the low lateral right atrium or coronary si-
nus ostium (Figure 17.9) [38–39]. The use of bidi-
rectional CTI conduction block as an endpoint for
type 1 AFL ablation is associated with a significantly
lower recurrence rate of type 1 AFL during long-
term follow-up [35–37, 39]. Programmed stimula-
tion and burst pacing should be repeated over the
course of at least 30 min to ensure that bidirectional
CTI block has been achieved, and that neither typi-
cal nor reverse typical AFL can be reinduced [3, 5–7,
25–30, 32–34, 41].

If AFL is not terminated during the first attempt
at CTI ablation, the activation sequence and isth-
mus dependence of the AFL should be reconfirmed
and ablation should be repeated. Repeat ablation
may then be necessary using a slightly higher power
and/or ablation temperature, or by rotating the ab-
lation catheter away from the initial ablation, either
medially or laterally in the CTI, in order to cre-
ate new or additional lines of block. In addition,
if ablation is initially unsuccessful using a standard
5-mm tip electrode, repeat ablation with a larger-tip
8–10 mm electrode catheter or cooled-tip ablation
catheter may be successful [25, 29–34].

Outcomes and Complications of
Catheter Ablation of Type 1 Atrial
Flutter

Although early reports [3–6] of RFCA for AFL re-
vealed recurrence rates up to 20–45% (Table 17.1),
both acute and chronic success rates (defined as ter-

mination of AFL and bidirectional isthmus block,
and no recurrence of type 1 atrial flutter during
follow-up, respectively) are currently in excess of
95%. Contributing in large degree to these im-
proved results has been the introduction of bidi-
rectional CTI conduction block as an endpoint for
successful RFCA of AFL [25–34].

In the most recent studies using either large-
tip (8–10 mm) electrode ablation catheters with
high-power radiofrequency generators, or cooled-
tip electrode ablation catheters with standard ra-
diofrequency generators, acute success rates as high
as 100% and chronic success rates as high as 98%
have been reported [25, 30–34, 41]. Randomized
comparisons of internally cooled, externally cooled,
and large-tip ablation catheters, suggest a slightly
better acute and chronic success rate with the exter-
nally cooled ablation catheters, compared to inter-
nally cooled ablation catheters, or large-tip ablation
catheters [29–30, 32, 34, 41].

Radiofrequency catheter ablation for type 1 AFL
is relatively safe, but serious complications can oc-
cur, including heart block, cardiac perforation and
tamponade, and thromboembolic events includ-
ing pulmonary embolism and stroke. In recent
large-scale studies, including those using large-tip
catheters and high power generators, major com-
plications have been observed in only 2.5–3.0% of
patients [25, 34, 41].

Computerized 3D Mapping in
Diagnosis and Ablation of Type 1
Atrial Flutter

The 3D electroanatomical CartoTM (BioSense-
Webster, Baldwin Park, CA) and noncontact
EnsiteTM (Endocardial Solutions, St. Paul, MN) ac-
tivation mapping systems, while not required for
successful ablation of type 1 AFL, have specific ad-
vantages that have made them a widely used and
accepted technology. Although it is not within the
scope of this article to describe the technological
basis of these systems in detail, there are unique
characteristics of each system that make them more
or less suitable for mapping and ablation of atrial
flutter.

The Carto system utilizes a magnetic sensor in
the ablation catheter, a magnetic field generated by
a grid placed under the patient, and a reference pad
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Figure 17.7 (a) A schematic diagram of the expected right
atrial activation sequence during pacing in sinus rhythm
from the coronary sinus (CS) ostium before (left panel) and
after (right panel) ablation of the cavo-tricuspid isthmus
(CTI). Prior to ablation the activation pattern during
coronary sinus pacing is caudal to cranial in the interatrial
septum and low right atrium, with collision of the septal
and right atrial wavefronts in the mid-lateral right atrium.
Following ablation the activation pattern during coronary
sinus pacing is still caudal to cranial in the interatrial
septum, but the lateral right atrium is now activated in a
strictly cranial-to-caudal pattern (i.e., counterclockwise),
indicating complete clockwise conduction block in the CTI.
KEY: CT = crista terminalis; ER = Eustachian ridge; His = His
bundle; IVC = inferior vena cava; SVC = superior vena cava.

(b) Surface ECG and right atrial endocardial
electrograms recorded during pacing in sinus rhythm from
the coronary sinus (CS) ostium before (left panel) and after
(right panel) ablation of the cavo-tricuspid isthmus (CTI).
Tracings include surface ECG leads I, aVF, and V1, and
endocardial electrograms from the proximal coronary
sinus (CSP), His bundle (HIS), tricuspid valve annulus at 1
o’clock (HaloP) to 7 o’clock (HaloD), and high right atrium
(HRA or RFA). Prior to ablation during coronary sinus
pacing there is collision of the cranial and caudal right
atrial wavefronts in the mid-lateral right atrium (HALO5).
Following ablation the lateral right atrium is activated in a
strictly cranial-to-caudal pattern (i.e., counterclockwise),
indicating complete medial to lateral conduction block in
the CTI. Adapted from Ref [8].
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Figure 17.8 (a) Schematic diagrams of the expected right
atrial activation sequence during pacing in sinus rhythm
from the low lateral right atrium before (left panel) and
after (right panel) ablation of the cavo-tricuspid isthmus
(CTI). Prior to ablation the activation pattern during
coronary sinus pacing is caudal-to-cranial in the right atrial
free wall, with collision of the cranial and caudal
wavefronts in the mid-septum, with simultaneous
activation at the His bundle (HISP) and proximal coronary
sinus (CSP). Following ablation the activation pattern
during low lateral right atrial sinus pacing is still
caudal-to-cranial in the right atrial free wall, but the
septum is now activated in a strictly cranial-to-caudal
pattern (i.e., clockwise), indicating complete lateral to
medial conduction block in the CTI. KEY: CT = crista
terminalis; ER = Eustachian ridge; His = His bundle; SVC =

superior vena cava; IVC = inferior vena cava.
(b) Surface ECG and right atrial endocardial

electrograms during pacing in sinus rhythm from the low
lateral right atrium before (left panel) and after (right
panel) ablation of the CTI. Tracings include surface ECG
leads I, aVF, and V1, and endocardial electrograms from
the proximal coronary sinus (CSP), His bundle (HIS),
tricuspid valve annulus at 1 o’clock (HaloP) to 7 o’clock
(HaloD), and high right atrium (HRA or RFA). Prior to
ablation during low lateral right atrial pacing there is
collision of the cranial and caudal right atrial wavefronts
in the mid-septum (HIS and CSP). Following ablation the
septum is activated in a strictly cranial-to-caudal pattern
(i.e., clockwise), indicating complete lateral to medial
conduction block in the CTI. Adapted from Ref [8].
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Figure 17.9 Surface ECG leads I, aVF, and V1, and
endocardial electrograms from the coronary sinus, His
bundle, Halo, mapping/ablation (RF), and right ventricular
catheters during radiofrequency catheter ablation of the
CTI during pacing from the coronary sinus ostium. Note
the change in activation sequence in the lateral right
atrium on the Halo catheter from bidirectional to

unidirectional, indicating development of clockwise block
in the CTI. This was associated with development of widely
spaced (170 msec) double potentials (x and y) on the RF
catheter along the ablation line, confirming
medial-to-lateral conduction block. All abbreviations are
the same as in previous figures. Adapted from Ref [15].

Table 17.1 Success Rates for Radiofrequency Catheter Ablation of Atrial Flutter

Author Year (Ref.) N Electrode length % Acute success Follow-up (months) % Chronic success

Feld 1992 (5) 16 4 100 4 ± 2 83

Cosio 1993 (6) 9 4 100 2–18 56

Kirkorian 1994 (25) 22 4 86 8 ± 13 84

Fischer 1995 (24) 80 4 73 20 ± 8 81

Poty 1995 (34) 12 6/8 100 9 ± 3 92

Schwartzman 1996 (35) 35 8 8 1–21 92

Chauchemez 1996 (38) 20 4 4 8 ± 2 80

Tsai 1999 (31) 50 8 92 10 ± 5 100

Atiga 2002 (30) 59 4 vs. cooled 88 13 ± 4 93

Scavee 2004 (28) 80 8 vs. cooled 80 15 98

Feld 2004 (23) 169 8 or 10 6 6 97

Calkins 2004 (39) 150 8 6 6 87

Venturs 2004 (32) 130 8 vs. cooled 100 14 ± 2 98

KEY: N = number of patients studied; % acute success = termination of atrial flutter during ablation and/or demonstration

of isthmus block following ablation; % chronic success = % of patients in whom type 1 atrial flutter did not recur during

follow-up. Acute and chronic success rates are reported as overall results in randomized or comparison studies.
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on the skin to track the ablation catheter in 3D space.
The computer system sequentially records anatom-
ical location and electrograms for online analysis of
activation time and computation of isochronal pat-
terns which are then superimposed on the endocar-
dial geometry (Figure 17.10a). A live propagation
map can also be produced (see Videoclip 8 ).

The advantages of the Carto systeminclude pre-
cise anatomical representation of the right atrium
including the CTI and adjacent structures, precise
localization of the ablation catheter within the right
atrium, and static activation and propagation maps
of endocardial activation can be constructed during
atrial flutter and during pacing after ablation to as-
sess for CTI conduction block (Figure 17.10b). The
disadvantages of the Carto system include the need
to use the proprietary catheters and ablation gener-
ator, and the inability to map the entire endocardial
activation sequence in one beat.

The Ensite system utilizes a saline inflated balloon
catheter on which is mounted a wire mesh contain-
ing electrodes that are capable of sensing the voltage
potential of surrounding atrial endocardium, with-
out actual electrode–tissue contact, from which the
computerized mapping system can generate up to
3000 virtual endocardial electrograms and create a
propagation map of the AFL. In addition, a low-
amplitude high-frequency electrical current emit-
ted from the ablation catheter can be sensed and
tracked in 3D space by the mapping balloon.

A 3D anatomy is created by roving the mapping
catheter around the right atrial endocardium, upon
which the propagation map is superimposed (see
Videoclips 9–11 ). The appropriate ablation tar-
get can then be localized and the ablation catheter
positioned appropriately and tracked while abla-
tion is performed. Following ablation, the mapping
system can then be used to assess for bidirectional
CTI conduction block during pacing from the low
lateral right atrium and coronary sinus ostium.

The advantages of the Ensite system include the
ability to map the entire AFL activation sequence in
one beat, precise anatomical representation of the
right atrium including the CTI and adjacent struc-
tures, precise localization of the ablation catheter
within the right atrium, and propagation maps of
endocardial activation during atrial flutter and pac-
ing after ablation to assess for CTI conduction block.
In addition, any ablation catheter system can be

used with the Ensite system. The major disadvan-
tage of the Ensite system is the need to use the bal-
loon mapping catheter with its large 10 Fr intro-
ducer sheath, and the need for full anticoagulation
during the mapping procedure.

The 3D computerized mapping systems, while
not required to map and ablate AFL, may be par-
ticularly useful in difficult cases such as those
where prior ablation has failed (Figure 17.11), or in
those where complex anatomy may be involved in-
cluding idiopathic or post-operative scarring (Fig-
ure 17.12), or unoperated or surgically corrected
congenital heart disease (Figure 17.13a). In such
cases, activation sequence mapping may reveal that
an atypical AFL on ECG is in fact an isthmus-
dependent type 1 AFL that will respond to CTI
ablation (Figures 17.11 and 17.12). In other cases,
voltage mapping may also be helpful to identify ar-
eas of thinner muscle tissue in the CTI that may be
more easily ablated (Figure 17.13b,c).

Simplified Approach to Ablation
of Type 1 AFL

In our laboratory we have recently developed a sim-
plified approach for CTI ablation in patients with
type 1 AFL involving the use of only two catheters;
a decapolar steerable coronary sinus catheter, and a
large-tip (8- or 10-mm) RF ablation catheter.

Ablation of type 1 AFL can be completed rapidly
and with minimal fluoroscopy time using this ap-
proach. Both catheters are inserted percutaneously
from the right femoral vein. The decapolar catheter
is positioned in the coronary sinus with the prox-
imal pair at the ostium near the medial CTI, and
the ablation catheter is placed in a flexed position
in the low lateral right atrium with the distal pair
near the lateral CTI (Figure 17.14a). Pacing from the
proximal coronary sinus and the ablation catheter
can then demonstrate bidirectional CTI conduc-
tion and AFL inducibility before CTI ablation and
bidirectional CTI block (Figure 17.14b,c) and AFL
noninducibility after CTI ablation.

Ablation is performed in a standard manner with
the large-tip catheter using a high-power genera-
tor. Following CTI ablation using this simplified
catheter approach, medial-to-lateral CTI conduc-
tion block is defined by both the presence of a high-
to-low (i.e., proximal to distal) activation sequence
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Figure 17.10 (a) A 3D electroanatomical
map of the right atrium using the Carto
system (Biosense-Webster, Inc.) in a
patient with typical AFL, before (a) and
after (b) CTI ablation. Note the
counterclockwise activation pattern
around the tricuspid valve during AFL (a),
based on color scheme indicating
activation time from early (orange) to
late (purple). Following ablation of the
CTI (b) during pacing from the coronary
sinus ostium, there is evidence of
medial-to-lateral isthmus block as
indicated by juxtaposition of orange and
purple color in the CTI, indicating early
and late activation, respectively. KEY:
IVC = inferior vena cava; TVA = tricuspid
valve annulus. Adapted from Ref [8].

on the ablation catheter (when placed in the flexed
position in the low lateral right atrium) during
pacing from the proximal coronary sinus, and by
equal conduction times (typically >130 msec) from
medial-to-lateral, and from lateral-to-medial, dur-

ing pacing from the proximal coronary sinus and
low lateral right atrium, respectively. In addition,
pacing from the proximal coronary sinus with the
ablation catheter positioned on the ablation line
can demonstrate widely spaced double potentials,
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Figure 17.11 A Carto 3D activation sequence map is shown
in a patient who had previously undergone attempted CTI
ablation, but in whom AFL had recurred with an atypical
ECG pattern. Note the typical AFL activation sequence
map, with extensive scarring (gray area) of the CTI near

the inferior vena cava, with only a narrow rim of viable
tissue near the tricuspid valve annulus allowing conduction
through the CTI, which was easily ablated resulting in
elimination of further AFL. Adapted from Ref [15].

Stage: Remap 4
Display: Map 1
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Figure 17.12 A Carto 3D activation sequence map is
shown in a patient who had extensive idiopathic posterior
right atrial wall scarring (gray area) and an atypical AFL

pattern on ECG. Note the typical AFL activation sequence
map, however. The CTI was ablated in this patient
eliminating further AFL recurrence.
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Figure 17.13 (a) A Carto 3D activation sequence map is
shown in a patient who had previously undergone atrial
septal defect repair. Note the typical AFL activation
sequence map, despite the presence of a right atriotomy
scar (gray area). Adapted from Ref [15].

(b) A Carto 3D voltage map of this atrium and CTI
revealed a relatively high voltage area (green) in the
middle CTI, and lower voltage area (blue) in the lateral
CTI, suggesting that CTI ablation should be performed
more laterally in this case.

(c) A Carto 3D activation sequence map is shown during
pacing from the proximal coronary sinus after ablation of
the lateral CTI as guided by the voltage map,
demonstrating unidirectional medial-to-lateral conduction
block. Pacing from the low lateral right atrium (not
shown) confirmed the presence of bidirectional CTI
conduction block.
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Figure 17.13 (Continued )

further confirming the presence of medial-to-lateral
CTI conduction block. This approach has been val-
idated in our laboratory in a large number of pa-
tients by showing a precise correlation between the
findings using this simplified approach, and those
using multiple electrode catheters including a coro-
nary sinus, Halo, His bundle catheter, and ablation
catheter.

Alternative Energy Sources for
Ablation of Type 1 Atrial Flutter

The development of new energy sources for
ablation of cardiac arrhythmias is an ongoing effort
due to the disadvantages of radiofrequency energy
for ablation, including the risk of coagulum forma-
tion, tissue charring, subendocardial steam pops,
embolization, failure to achieve transmural abla-
tion, and long procedure and fluoroscopy times
required to ablate large areas of myocardium.
Many of these disadvantages have been overcome
in the case of ablation of type 1 AFL in the past
decade. Nonetheless, several clinical and preclinical
studies have recently been published on the use of

catheter cryoablation and microwave ablation of
AFL [42–48].

Recent studies have demonstrated that catheter
cryoablation of type 1 AFL can be achieved with
results similar to radiofrequency ablation [42–44].
The potential advantages of cryoablation include
the lack of pain associated with ablation, the abil-
ity to produce a large transmural ablation lesion,
and the lack of tissue charring or coagulum for-
mation. Cryoablation for type 1 AFL using the
CryoCorTM ablation system has been approved by
the FDA in the United States and is also approved
in Europe (CryoCor, San Diego, CA). In addition,
early work has begun on the use of a linear mi-
crowave ablation catheter system (Medwaves, San
Diego, CA) with antenna lengths up to 4 cm [45–
48]. These studies have shown the feasibility of lin-
ear microwave ablation, which may have the advan-
tage of very rapid ablation of the CTI with a single
energy application over the entire length of the ab-
lation electrode.

Conclusion

Radiofrequency catheter ablation has become a
first-line treatment for type 1 AFL with nearly
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uniform acute and chronic success, and low com-
plication rates. The most effective approach is a
combined anatomically and electrophysiologically
guided ablation of the CTI, with procedure end-
points of arrhythmia noninducibility and bidirec-
tional CTI conduction block.

Currently the use of a large-tip 8–10 mm abla-
tion catheter with a high-output radiofrequency
generator (i.e., up to 100 W) or a cooled-tip ab-
lation catheter is recommended for optimal suc-

cess rates. Computerized 3D activation mapping
is an adjunctive method, which while not manda-
tory to cure AFL, may have significant advan-
tages in some cases, resulting in overall improved
success rates. New alternate energy sources in-
cluding cryoablation and microwave ablation are
under investigation with the hope of further im-
proving procedure times and success rates, and po-
tentially reducing the risk of complications during
AFL ablation.

(a)

Figure 17.14 (a) Left anterior oblique fluoroscopic
projection showing the positions of the decapolar coronary
sinus catheter and the large-tip ablation catheter after CTI
ablation to demonstrate conduction block. Note the
proximal coronary sinus catheter electrode is positioned
near the coronary sinus ostium, and the large-tip ablation
catheter is positioned near the lateral CTI.

(b) Surface ECG and endocardial electrogram recordings
during pacing from the proximal coronary sinus
demonstrating a proximal-to-distal (high-to-low)
activation sequence on the ablation catheter with a
conduction time of 136 msec confirming medial-to-lateral
CTI conduction block. KEY: I, aVF, V1 = surface ECG leads;
RFd&p = distal and proximal ablation catheter
electrograms; CSd-p = distal to proximal coronary sinus
electrograms.

(c) Surface ECG and endocardial electrogram recordings
during pacing from the ablation catheter located in the
low lateral right atrium demonstrating a conduction time
to the proximal coronary sinus electrode of 138 msec,
similar to the medial-to-lateral conduction time,
confirming lateral-to-medial CTI conduction block. See
part (a) for key to abbreviations.

(d) Surface ECG and endocardial electrogram
recordings during pacing from the proximal coronary
sinus demonstrating widely spaced double potentials (X
and Y) on the ablation catheter positioned on the
ablation line, providing further evidence for medial-
to-lateral CTI conduction block. See part (a) for key to
abbreviations.
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Figure 17.14 (Continued )
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Summary

Macroreentrant atrial tachycardia (AT) is rare

among paroxysmal SVT and often involves complex

reentry circuits and anatomical substrates. These

tachycardias are commonly seen in patients with

structural heart disease including postsurgical

correction of congenital heart disease and, most

importantly, following left atrial catheter ablation

procedures. Reentrant pathways of right and left

atrial macroreentrant tachycardia can be reliably

assessed using conventional mapping strategies as

well as using advanced 3D mapping systems. Both

activation mapping and entrainment mapping are

important to understand these complex and often

multiple reentrant pathways. Ablation of critical

isthmuses is curative for most patients with

symptomatic macroreentrant tachycardia.

Introduction

The term “atrial tachycardia” encompasses several
types of tachycardia that originate in the left or
right atrium and do not require the participa-
tion of the atrioventricular node for maintenance
of the arrhythmia. These tachycardias have differ-
ent mechanisms including abnormal automatic-
ity, triggered activity, and reentry. Traditionally,
atrial tachycardia was classified according to the
ECG pattern and was mainly grouped into typical
atrial flutter, atypical atrial flutter, and ectopic atrial
tachycardia.

In 2001, the Joint Expert Group from the Work-
ing Group on Arrhythmias of the European Society
of Cardiology and the North American Society of
Pacing and Electophysiology introduced a new clas-
sification for regular atrial tachycardia according
to electrophysiological mechanisms and anatomical
structures [1]. In this classification, a focal tachy-
cardia is defined as atrial activation starting at a
relatively small area and is characterized by radial
spread of activation not covering the whole cycle. By
contrast, macroreentrant tachycardias are charac-
terized by circular patterns of activation that cover
the whole cardiac cycle. Reentrant activation oc-
curs around a large central obstacle as a fixed and/or
functional barrier, usually several centimeters in di-
ameter. However, recent observations indicate that
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micro-reentrant activation may also be operative
as a mechanism of atrial reentrant tachycardia.
Well-characterized macroreentrant atrial tachycar-
dias include:� typical atrial flutter,� reverse typical atrial flutter,� lesion macroreentrant tachycardia,� lower loop reentry,� right atrial free wall macro-reentry without atri-

otomy,� left atrial macroreentrant tachycardias.
While various studies have investigated the mech-

anisms of right atrial macroreentrant tachycar-
dia (RAMRT), mechanisms underlying left atrial
macroreentrant tachycardia (LAMRT) have been
investigated only recently by means of invasive elec-
trophysiological studies and catheter ablation. This
is particularly because the access to the left atrium
is more complex compared to the right atrium,
as transseptal puncture is required in most pa-
tients. However, today in the era of atrial fibrillation
catheter ablation, access to the left atrium has be-
come a safe routine procedure for the interventional
electrophysiologist. This has dramatically increased
knowledge and understanding of LAMRT. In this
chapter, the electrocardiographic and electrophys-
iologic characteristics of RAMRT and LAMRT are
presented separately.

Right Atrial Macroreentrant
Tachycardia (RAMRT):

Tachycardias arising from right atrium include the
following:
1 Inappropriate sinus tachycardia (chronic non-
paroxysmal sinus tachycardia).
2 Sinus node reentry tachycardia.
3 Isthmus-dependent atrial flutter.
4 Non-isthmus-dependent atrial flutter.
5 Focal atrial tachycardia.
6 AT arising from right atrial septum or crista ter-
minalis.
7 Postoperative AT.
Atrial flutter and focal AT are discussed in separate
chapters. Electrocardiographically AT is defined as
arrhythmias with a rate of 110–240 bpm (with-
out antiarrhythmic drugs) in which atrial activity
is separated by an isoelectric line. This definition,
however, does not distinguish focal from reentrant

mechanisms. AT is rare among other SVTs and is
independent from the A-V node, and may have a
1:1, 2:1, or higher level of A-V conduction block.
Macroreentrant AT may be induced, entrained, and
terminated by programmed electrical stimulation
[2]. These tachycardias usually arise around a func-
tional, that is, normal structure such as crista ter-
minalis or an anatomical obstacle such as post sur-
gical scars or patches [3–5]. Tachycardias arising
from crista terminalis are usually in the absence of
structural heart disease and may be of focal or reen-
trant nature [5]. Many macro-reentry AT, particu-
larly those arising from right lateral wall related to
atriotomy scars, demonstrate large circuits, and are
often complex and require detailed mapping.

Atrial macro-reentry involving coronary sinus
has also been reported [6]. Table 18.1 summa-
rizes the electrocardiographic and electrophysio-
logic characteristics of different types of AT. AT may
present as (i) recurrent nonsustained; (ii) paroxys-
mal sustained; (iii) incessant; and (iv) paroxysmal
with A-V block usually seen in digitalis toxicity.
Paroxysmal AT are relatively rare and account for
only about 10–15% of all SVTs [7]. Unlike AVNRT
and AVRT, patients with AT usually have structural
heart disease. Sino atrial nodal reentrant tachycar-
dia (SNRT) and macroreentrant AT are the two ma-
jor paroxysmal SVT that do not involve the AV node
or an A-V pathway as an active part of the reentry
circuit.

SNRT is rare and is often mistaken for sinus
tachycardia. SNRT demonstrates a similar atrial ac-
tivation and P -wave morphology to that of sinus
rhythm. The PR interval in SNRT is usually longer
than sinus tachycardia [8].

Electrocardiographic (ECG)
Characteristics and Surface ECG
Mapping of RAMRT

To identify the site of origin of AT, 12-lead ECG is
useful. Difficulty arises when there is 1:1 A-V ratio
during AT. Longer RP than PR during tachycardia
suggests AT. Positive P -wave in lead I, II, II excludes
junctional tachycardia; negative P -wave in lead I or
AVL and positive P -wave in V1 suggests left atrial
origin. Positive or biphase P -wave in AVL and neg-
ative P -wave in leave V1 suggests right atrial tachy-
cardia. Negative P -wave in AVR suggests right atrial
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Figure 18.1 Twelve-lead electrocardiogram of a patient with macroreentrant atrial tachycardia. P -waves are of low
amplitude and biphasic in V1, V2, III, and AVF, suggesting low right septal origin of the tachycardia.

tachycardia arising from crista terminalis. In SNRT,
P -waves are identical to those with sinus rhythm,
with the PR interval usually longer than SR, whereas
in AT the P -wave morphology is different from
in SR.

AT arising from the tricuspid annulus demon-
strates a negative or biphasic P -wave in precor-
dial and inferior leads (Figure 18.1), whereas AT
arising from mitral annulus P -wave is negative
in AVL and positive in V1. A more detailed rela-
tion of the P -wave morphology to the site of ori-
gin of AT is well described in [9, 10]. Because of
the presence of multiple atrial reentrant circuits
and other macroreentrant AT—that is, isthmus-
dependent and non-isthmus-dependent tachycar-
dia may mimic macroreentrant AT—surface P -
wave mapping is often not adequate. A thorough
ECG algorithm of P -wave morphology for local-
ization of AT is well described in Chapter 20 of the
book and does not need to be repeated here [11]. Va-
gal maneuvers or pharmacological agents that show
A-V conduction may produce 2:1 or 3:1 A-V con-
duction and confirms AT.

Body Surface Potential Mapping
(BSPM)

BSPM of P -waves during AT have been used for
localization of the site of origin of AT and have pro-
vided more accurate localization of the arrhythmo-
genic site [10, 12, 13] than 12-lead electrocardio-
gram. This method, however, is time consuming
and is not widely used.

Electrophysiological
Characteristics and Diagnosis
of Macroreentrant AT

1 Reproducible initiation and termination of AT by
atrial extrastimuli and atrial pacing.
2 Initiation of tachycardia by critically timed atrial
extrasystole demonstrates an inverse relationship
between atrial coupling interval and first beat of
tachycardia.
3 Demonstration of manifest and/or concealed en-
trainment during atrial pacing.
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Figure 18.2 Illustrates spontaneous termination of atrial
tachycardia, which reinitiates after one sinus beat. Note
the change in P -wave morphology and change in

intracardiac electrogram sequence. This tachycardia
originates from the low right atrium near the His bundle.

4 P -wave morphology and atrial activation se-
quence during AT be different from sinus rhythm
(Figure 18.2).
5 Demonstration of tachycardia to be independent
from the sinus node and A-V node, that is, the pres-
ence of A-V block of variable degree without affect-
ing the tachycardia (Figure 18.3).
6 Change in tachycardia cycle length (A-A interval),
preceding the change in ventricular cycle length (V-
V interval). Difficulty may arise when there is 1:1
conduction and differential diagnosis is from A-V
nodal reentrant tachycardia or A-V reentrant tachy-
cardia using a concealed septal tachycardia, partic-
ularly in the case when AT arises from septal aria.
7 Pacing maneuvers such as delivery of ventricular
extrasystole that advances to the atria the time that
His bundles is refractory or termination of tachy-
cardia without conduction to the atria basically ex-
cludes AT. Continuation of atrial tachycardia dur-
ing ventricular pacing, that is, A-V disassociation,
favors the presence of AT and bypass tracts are ex-
cluded.
8 Double atrial response (A-A) upon cessation of
ventricular pacing in patients with AT who demon-
strate intact ventriculo atrial conduction is a highly

sensitive and specific diagnostic tool [14] (Figure
18.4). Obviously this method is not applicable to
those patients with ventriculo atrial block. How-
ever, in the latter group A-V dissociation is present,
thus the diagnosis of AT is easier.
9 Pharmacological maneuvers such as the use of IV
adenosine, calcium antagonist or beta blockers to
slow A-V nodal conduction and demonstrate A-V
block while AT continues maybe useful.

Some investigations have reported a mechanism-
specific response to IV adenosine or Verapamil. Fo-
cal AT and rarely macroreentrant ATs arising from
crista terminalis as well as some left AT terminate
with IV adenosine. SNRT also terminate with IV
adenosine. Automatic AT originating from crista
terminalis are usually adenosine sensitive [15–17].
Iwai et al. reported in their series of eight patients
with macroreentrant, AT failed to terminate with
IV adenosine. The mechanism of tachycardias in
this study was documented with electroanatomical
mapping [15].

Markowitz et al. recently reported that a subset
of adenosine-insensitive focal AT is due to micro-
reentry [18]. Figure 18.5 shows an example of
termination of macroreentrant atrial tachycardia
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Figure 18.3 Surface EKG recording and intracardiac
electrogram of a macroreentrant atrial tachycardia with
some degree of tachycardia cycle length oscillation. This

tachycardia did not terminate with IV adenosine and
originated from the area near ostium of the coronary sinus.
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Figure 18.4 The response to ventricular pacing with 1:1
ventriculoatrial conduction during tachycardia in a patient
with atrial tachycardia. Note a double atrial response (A:A)

upon cessation of ventricular pacing. Reprinted with
permission from Ref. 14.
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Figure 18.5 Illustrates an example of termination by IV adenosine of a macroreentrant atrial tachycardia arising from
anteroseptal region of the right atrium.

arising from the anteroseptal area of the atrium by
I.V. adenosine.

A subset of Lidocaine-sensitive low AT has also
been reported [19]. Electrical stimulation maneu-
vers remain the gold standard to distinguish be-
tween tachycardia mechanisms that is, reentry, trig-
gered activity, or automaticity. Termination of atrial
tachycardia with Verapamil suggests the presence of
slow calcium conduction which favors reentry [2].

Entrainment Mapping

Macroreentrant AT circuits demonstrate manifest
or concealed entrainment. Concealed entrainment
can identify the site of reentry circuit. Pacing is usu-
ally done at cycle lengths of 20–40 msec shorter than
the AT cycle length.

A criterion for concealed entrainment has been
described in detail [20–22]. Briefly, (i) P -wave mor-
phology and an intracardiac electrogram during en-
trainment should be similar to those of tachycardia.
(ii) The postpacing interval (defined as the conduc-

tion time from pacing site to the reentrant circuit)
and (iii) stimulus to the P -wave interval during
pacing should both be equal to the electrogram of
a P -wave interval during tachycardia, and should
be 10 msec or less for both measurements. A long
stimulus-to-P -wave interval suggests that pacing is
in the exit tail of the reentry circuit, where slow con-
duction is present. Radiofrequency ablation at this
site is usually effective.

Manifest entrainment is defined as constant fu-
sion at a constant pacing rate and progressive fusion
with incremental pacing. Fusion occurs because of
atrial activation that occurs in part from the stim-
ulus site and in part from the previous paced wave
front exiting the zone of slow conduction. When
entrainment is manifest, the last captured P -wave
is entrained at the pacing cycle length but does not
demonstrate fusion [20, 21, 23]. Demonstration of
manifest entrainment suggests that AT is not fo-
cal. Acceleration of AT and/or conversion to atrial
flutter or fibrillation during pacing hampers the
study.
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Pace Mapping

Atrial pace mapping will allow precise localization
of the site of origin of AT. Pacing is done during
sinus rhythm at different sides to obtain locations
that the paced P -wave matches the tachycardia P -
wave in morphology, size, and configuration [10, 13,
21]. This can be done in unipolar or bipolar mode.
Pace mapping is particularly useful when AT is non-
inducible or nonsustained. Pace mapping may be-
come less accurate when the paced P -wave merge
into the previous QRS/T-wave. Furthermore, the
spatial resolution of unipolar atrial pace mapping
is not as accurate as was assumed previously [24].
Therefore, AT due to reentry entrainment mapping
is the key to localization of tachycardia circuits, and
in patients with focal AT, pace mapping and identi-
fication of the earliest site of activity is more helpful.

Activation Mapping of
Macroreentrant AT

AT may arise from any localization in the atria; thus
accurate localization is often challenging. Multipo-
lar catheter mapping in AT is quite feasible and ac-

curate. Timing is usually referenced to the onset
of a P -wave or to an arbitrarily chosen site in the
atrium. If AT is not sustained, IV isoprotererol will
enhance induction and sustenance of the tachycar-
dia. Pre-P -wave electrical activity and fractionated
electrograms are often observed at the site of origin
of macroreentrant AT and those of SNRT. In the
case of macroreentrant AT, the entire tachycardia
cycle should be mapped; thus a multipolar elec-
trode catheter such as Halo Catheter (Cordis Web-
ster, Baldwin Park, CA) with 2-mm interelectrode
spacing or a basket catheter provides further detail.

Mapping Criteria for Localization
of AT Reported Previously in
Details [25]

1 Local electrical activity preceding the onset of
surface P -wave by 20–45 msec (Figure 18.6). Lo-
cal electrogram are often fractionated, prolonged,
and have low-amplitude features.
2 Concealed entrainment with a short stimulus-to-
P -wave interval by 20–30 msec, suggesting that the
pacing site is at the exit position of the tachycardia
circuit.

I

II

III

V1

V6

RVA

HRA

AC

HBE

100 ms 200 mm/sec.

35 ms

75 ms

Figure 18.6 An atrial tachycardia arising in the sinus node area with the local electrical activity preceding the P -wave by
35 msec. KEY: AC = ablation catheter.
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Figure 18.7 Rapid elimination of atrial tachycardia, a few seconds after radiofrequency ablation.

3 Rapid elimination of tachycardia with few sec-
onds of radiofrequent current application to the
target site (Figure 18.7).
4 Termination of AT by subthreshold stimulation
suggest that pacing is adjacent to the critical zone
of AT.
5 Diastole potential and gaps or so-called “isolated
channels” have been reported in patients with large
macroreentrant AT, particularly those postatrial fib-
rillation ablation and postsurgical repair of congen-
ital heart disease [26].

Electrode Backet Mapping

Schmitt et al. reported use of a multielectrode bas-
ket catheter to map macroreentrant right AT [27].
This technique was used in 31 patients with AT,
which were located in the right atrium in 21 pa-
tients (70%), while the remainder were in the left
atrium (Figure 18.8).

Figure 18.9 illustrates electrograms from the bas-
ket electrode of a right atrial tachycardia originating

from the midseptal region. Note the earliest activity
recorded about 30 msec in advance of the P -wave
[27]. Zenner et al. reported on the use of a basket
electrode and computer-assisted animation of AT of
either focal or reentrant mechanisms in 32 patients
and atrial flutter in 38 patients (Figure 18.10) [28].
This computer-based animation system provided a
3D activation pattern of the tachycardia and a subse-
quently high success rate for the ablation procedure.
Electrode basket mapping provides rapid simulta-
neous contact recording of the anatomical chamber
and provides reasonable global density; however, its
resolution is limited.

3D Mapping

Electroanatomical Mapping
With commercially available new and upgraded
computerized mapping systems, electrode catheter
mapping has become less frequently used. Elec-
troanatomical mapping (CartoTM; Biosense Web-
ster, Inc., Baldwyn Park, CA) provides rapid
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Figure 18.8 Fluoroscopic RAO view of
the electrode basket catheter in the
right atrium. Reprinted with permission
from Ref. 27.

visualization of the entire AT circuit as well as the
right atrium. The system has been described previ-
ously [29].

In order to construct the right atrial geometry,
several anatomical landmarks such as high right

atrium, right atrial appendage, antrum of superior
and inferior vena cava, tricuspid annulus, ostium
of the coronary sinus and His bundle region are
tagged and registered. Isochronal maps (propaga-
tion maps) are then generated during sinus rhythm
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Figure 18.9 Initiation of short episode of RAT. Standard
lead II, III, and aVF and MBC bipolar electrograms are
displayed. First, sinus beat is sinus; three consecutive beats
are ectopic originating from midseptal region. P -wave in
inferior leads is predominantly negative with terminal

positive forces. Activation sequence of RA is reversed.
Earliest activity recorded from basket electrodes is 30 msec
in advance of the beginning of the P -wave. Reprinted
with permission from Ref. 27.
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Figure 18.10 Left AT. (a) Fluoroscopic views of the BC.
Small white circles mark the positions of electrode pairs
G1−2 and H7−8 located in the high anteroseptal and low
posteroseptal regions. Red letters mark splines located
anteriorly. (b) Simultaneous recordings of the surface ECG,
leads I and aVF, and bipolar electrograms from the BC and

CS. Electrode pairs G1−2 and H7−8 (arrows) record the
earliest activation in the RA. (c) Animated maps of the BC
recordings. (Left panel) First 15 msec of activation in the
RA. (Right panel) Complete activation of the RA. Reprinted
with permission from Zenner B, et al. Circulation 1999; 99:
2414–22.

and AT. An appropriate window of interest, usually
adapted with a filter setting between 10 and 400 Hz
high-density maps with electrogram analysis, allows
rapid identification of the arrhythmogenic site and
subsequently successful ablation.

An isochronal map demonstrates a progressive
activation around the right atrium. This method
uses multiple sequential recording of either unipo-
lar or bipolar electrograms and displays them in
3D modes. Usually some editing is required by the
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(a)

(b)

Figure 18.11 (a) An electroanatomical map of a patient with macroreentrant atrial tachycardia. (b) Shows the scar tissue
and the dot represent radiofrequency current delivery.

operator. Points with poor quality signal or those
that were inconsistent with anatomical geometry
(i.e., tagged ones) were excluded. Areas of multiple
breakthroughs were carefully examined for multi-
ple reentry circuits or artifacts. (Figure 18.11a,b il-
lustrates an example of scar-related macroreentrant
AT.) The area of the earliest activation is then iden-
tified. The activation propagates around the scar
tissue (gray color) in the superior posterior direc-
tion and turns around anteriorly (see Video Clip
12–18 ).

Mapping may be acquired during SR, tachycardia
and entrainment maneuvers. Other forms of maps
i.e. voltage maps can also be generated. Voltage
maps can easily intensify scar tissues that can local-
ize an obstacle of reentrant circuit. Electroanatom-
ical mapping also allows substrate mapping and
elucidation of scar related reentry circuit. In most
cases of macroreentrant of AT up to 90% of the
tachycardia cycle length can be mapped. Technical
details of electroanatomical mapping systems have
been described previously [30–32]. Mapping and
successful ablation of multiple macro-reentry AT
in adult patients with repaired congenital heart dis-

ease using electroanatomical mapping has also been
reported [33].

Noncontact Mapping
This technique uses multielectrode array record-
ing of a unipolar electrogram and provides a 3D
view of the right atrium and reentry circuit (En-
site 3000TM; Endocardial Solutions, St. Jude’s, CA).
Noncontact mapping uses simultaneous acquisi-
tion of many electrical signals from different sites of
a single tachycardia beat and digitally transfers them
to a computer workstation. The noncontact map-
ping system uses the inverse solution principle. The
computer then generates a virtual 3D endocardial
anatomy with activation or repolarization maps.

A unipolar local electrogram from any selected
site can be displayed. The software recognizes the
region of preferential conduction from the site of
origin to the exit point (head-to-tail) of the reentry
circuit [34]. Figure 18.12a,b illustrates a noncon-
tact map of a sinus rhythm during macroreentrant
atrial tachycardia with variable AV conduction evi-
dent from the surface ECG and virtual electrograms.



BLBK050-Shenasa September 20, 2008 15:20

244 PART IV Mapping of Supraventricular Tachyarrhythmias

(a)

(b)

Figure 18.12 (a) Noncontact map during sinus rhythm. (b) Noncontact map of macroreentrant atrial tachycardia arising
from the anterior part of the right atrium. Note variable AV conduction on surface ECG and virtual electrograms.

Note a different atrial activation from the sinus
rhythm to the atrial tachycardia.

Lin et al. used noncontact mapping and acquired
voltage maps in patients with AT, flutter, and fibrilla-
tion and compared them with patients with AVNRT.
The peak negative voltage was significantly reduced
in patients with AT, flutter, and fibrillation com-
pared to those with AVNRT [34]. Voltage maps are
quite useful in macroreentrant AT because they de-
tect areas of slow and depressed conduction [35].
Tai et al. reported use of noncontact 3D mapping
of the upper loop reentry originating at the crista
terminalis. Radiofrequency current delivered at the
crista terminalis eliminated the tachycardia [36].

High-density mapping using a high-density
catheter (PentaryTM; Biosense-Webster) had been
used to evaluate focal atrial tachycardia [37].
This technique is not useful for reentrant atrial
tachycardia.

Intracardiac Echocardiography
(ICE)

ICE is quite useful for mapping and ablation of AT,
particularly for identification of crista terminalis
and other complex postcongenital surgery cases.
Application of ICE reportedly increases the success
rate of radiofrequency ablation of AT. Kalman et al.
reported the value of ICE in identification of crista

terminalis as a distribution of focal atrial tachycar-
dias [5].

ICE is used for catheter positioning and evalua-
tion of surgically corrected structure in relation to
tachycardia mechanism. Olgin et al. reported the
use of ICE in experimental studies of long linear
atrial lesions in the right atrium and found out
the technique was useful to guide anatomical place-
ment of the catheters in catheter–tissues contact.
Furthermore, ICE was accurate within 0.3 mm for
the anatomical target to create ablation lesions [38].

Multimodality Image Integration

Recently, multimodality imaging and image inte-
gration has been used to provide a detailed chamber
geometry construction to improve mapping and ab-
lation of different types of atrial arrhythmias. These
include integration of ICE, cardiac CT, and MRI
of the right and left atrium and have been used
for mapping and ablation atrial fibrillation and AT.
These new modalities certainly improve our under-
standing of the anatomical relation to the arrhyth-
mogenic substrate and increase efficacy of ablative
therapies [39–43].

Ablation of RAMRT
Because antiarrhythmic therapy for AT is often inef-
fective and poorly tolerated, transcatheter ablation
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of the arrhythmogenic substrate that provides cu-
rative therapy is now the first-line approach. After
target sites were identified, radiofrequency ablation
was performed using a 4-mm tip electrode catheter
with simultaneous monitoring of intracardiac elec-
trograms, blood pressure, and temperature (usually
50–60◦C) and power (usually 20–40 W). Mapping
and ablation catheters were positioned in right and
left anterior oblique fluoroscopic views. The success
rate of radiofrequency ablation of AT is about 90%
with usually a 5–10% recurrence during long-term
follow-up. However, some recurrences may not be
the same as ablated tachycardia.

Left Atrial Macroreentrant Tachycardia
(LAMRT)
In general, the same criteria as described above
for right atrial tachycardia regarding the tachycar-
dia mechanism also apply for left atrial tachycar-
dia, that is, the differentiation between focal and
reentrant mechanisms. This part of the chapter on
atrial macroreentrant tachycardia will particularly
focus on the specific electrophysiological features
and catheter ablation strategies of LAMRT. Today,
LAMRT is most frequently observed following left
atrial surgical or catheter ablation of atrial fibrilla-
tion. Depending on the ablation strategy applied
(i.e., pulmonary vein disconnection, pulmonary
vein isolation, placement of linear lesion) the inci-
dence of LAMRT following AF-ablation varies be-
tween approx. 5% and 15%. Thus, the recognition,
correct diagnosis, and appropriate treatment strat-
egy will be of increasing importance in many EP labs
in the future. Most patients with LAMRT who have
not undergone previous left atrial ablation proce-
dures are suffering from cardiovascular disease. In
the absence of any organic heart disease, LAMRT is
a very rare arrhythmia.

Electrocardiographic and
Electrophysiological
Characteristics of LAMRT

As atrial fibrillation LAMRT may occur as a paroxys-
mal, persistent, or longstanding persistent arrhyth-
mia. Long episodes are common. The cycle length of
LAMRT usually varies between 180 and 350 msec.
However, shorter as well as longer cycle length may
occur, and the rate range is too wide to be reli-

ably used for the determination of the arrhythmia
mechanism and the differentiation from other types
of atrial tachycardia. In response to antiarrhyth-
mic drugs (especially class Ic drugs) cycle length
lengthens; however, termination of LAMRT by an-
tiarrhythmic drugs can only be achieved in less than
50% of cases. LAMRT does not usually terminate in
response to adenosine injection.

The electrocardiographic pattern of most forms
of RAMRT, that is, continuous electrical activa-
tion without visible isoelectric baseline, can not be
applied per se for LAMRT. These tachycardias may
result in an ECG pattern typical for focal atrial
tachycardia with discrete P -waves and isoelectric
baseline [44], but may also appear with a sur-
face ECG presentation with continuous undulation
without an isoelectric period. Thus, LAMRT has a
highly variable ECG pattern (Figure 18.13).

The surface ECG of most LAMRT is characterized
by prominent forces in lead V1 with flat deflections
in other surface leads. In the case of left septal reen-
trant circuits, both positive and negative polarity of
the flutter wave in lead V1 has been described, de-
pending on the sequence of septal and left atrial acti-
vation [45]. If flutter waves are visible in the surface
leads, the voltage is usually decreased in the inferior
leads compared to typical atrial flutter [46]. The
usefulness of the surface ECG to determine the lo-
cation of reentrant circuits is very limited in patients
with AMRT following extensive left atrial ablation
to cure atrial fibrillation: typical atrial flutter may
present with an atypical surface ECG pattern [47]
and vice versa—although to a rarer extent LAMRT
may mimic the surface ECG of typical atrial flutter.

Delineation of Reentrant Circuits
and Catheter Ablation of LAMRT

Invasive electrophysiological study is required for
a definite diagnosis of LAMRT. In our laboratory,
multipolar electrode catheters are placed in the
high right atrium or along the tricuspid annulus, at
the His-bundle, and in the coronary sinus (Figure
18.14). The main differential diagnoses of LAMRT
are: (i) RAMRT; (ii) focal right and left atrial tachy-
cardia and micro-reentrant atrial tachycardia.

The electrophysiological criteria to differenti-
ate focal atrial tachycardia from macro-reentrant
tachycardia have been described above in detail.



BLBK050-Shenasa September 20, 2008 15:20

246 PART IV Mapping of Supraventricular Tachyarrhythmias

(a) (b) (c)

I

II

III

aVR

aVL

aVF

V1

V2

V3

V4

V5

V6

Figure 18.13 Twelve-lead surface ECG obtained from three
different LAMRT. Panel A shows no visible flutter waves at
all. Electrophysiological study demonstrated septal LAMRT.
Panel B shows positive flutter waves in the inferior leads

and in V1 (perimitral LAMRT), and panel C shows very slow
LAMRT (380 msec) with flutter waves only visible in lead
V1 (LAMRT travelling around the left atrial appendage).

HRA

CS

HBE

steerable
sheath

315 ms

355 ms

395 ms

350 ms

465 ms

570 ms

345 ms

Figure 18.14 Positioning of conventional electrode
catheters and the mapping and ablation catheter [panels
(b)–(e)] for the diagnosis of left atrial macro-reeentrant
tachycardia. Multipolar catheters are placed in the high
right atrium (HRA), the His-bundle region (HBE), and the
coronary sinus (CS). In addition, a steerable sheath is
introduced transseptally to the left atrium. Panels (b)–(e)
depict different positions of the mapping and ablation

catheter for entrainment stimulation in the high right
atrium (b), the right atrial isthmus (c), the inferior mitral
annulus (e) and the left atrial roof (e). The postpacing
interval (PPI) assessed at each entrainment site is measured
and used to generate a PPI gradient. The shortest PPI of
335 msec (cycle length of the tachycardia 315 msec) is
measured along the roof of the left atrium.
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However, a simple but useful algorithm has been re-
cently introduced to define the mechanism and the
chamber of origin of atrial tachycardias [48]. This
algorithm takes into account the bi-atrial activation
time in relation to the tachycardia cycle length and
the sequence of atrial activation. If the total bi-atrial
activation time is less than 40% of the tachycardia
cycle length, a focal mechanism is highly likely, while
bi-atrial activation times of more than 40% of tachy-
cardia cycle length indicate a reentrant mechanism.
As a second step of the algorithm, entrainment stim-
ulation using the standard catheters placed in the
right atrium and the coronary sinus is applied. Af-
ter the chamber of origin of the macroreentrant
tachycardia is identified, the reentrant circuit is an-
alyzed in detail using voltage mapping, activation
mapping, and entrainment mapping.

Mapping and Identification
of Reentrant Circuits

The essential point to understand arrhythmia and to
plan a curative ablation approach is to comprehend
the path of electrical activation within the true 3D
anatomy and by that the anatomical location of the
reentrant circuit. Therefore, 3D anatomical map-
ping systems such as CARTO or NavX are playing an
increasingly important role for mapping and abla-
tion of complex MRT, and thereby mainly LAMRT.

The electrophysiological analysis of LAMRT in-
corporates information on local activation time, lo-
cal electrogram voltage, and entrainment analysis,
which all represent different mapping approaches
and all of which can be used in conjunction with
3D mapping systems.

Activation Mapping
Three-dimensional activation mapping of MRT is
based on sequential acquisition of anatomical loca-
tion points together with their local activation time.
The activation time is calculated according to a fixed
intracardiac reference signal. The points can be pro-
jected onto a preacquired 3D chamber anatomy, or
the chamber anatomy can be reconstructed together
with the point acquisition. Color-coded visualiza-
tion of local activation time is superimposed onto
the anatomy and helps to visualize the spread of
electrical activation in a 3D fashion (Figure 18.15).
Currently, sequential activation mapping is a pre-

ferred approach to study inducible, sustained, and
hemodynamically tolerable MRTs.

Using activation mapping, the complex left atrial
pathways can be reliably identified. Moreover, zones
of conduction block or electrically silent areas due
to scars are visualized. Anatomical obstacles, ar-
eas of scars, and zones of functional conduction
block intersected by strands and channels of con-
ducting atrial myocardium constitute isthmuses of
low voltage and usually slow conduction critical for
the maintenance of LAMRT.

Single as well as multiple reentrant pathways may
be operative [49, 50]. However, detailed reconstruc-
tion of the reentrant pathways by activation map-
ping has to be done very systematically and requires
some experience to correctly annotate the individ-
ual electrograms within the tachycardia cycle. Fur-
thermore, stable reentrant activation is a prerequi-
site for the generation of correct and thereby useful
maps.

Voltage Mapping
For tachycardias not meeting these requirements
anatomical description of the arrhythmia substrate
during sinus rhythm by use of voltage mapping may
help to understand localization and mechanism of
the arrhythmia (Figure 18.16). For that local elec-
trogram, voltage is displayed three-dimensionally in
a color-coded fashion. It clearly delineates scar areas
and may even be used to detect channels of surviving
myocytes within the scar serving as an area of slow
conduction and critical isthmus of LAMRT. With
that information strategic and potentially curative
ablation lesions can be planned and placed to target
the underlying arrhythmia mechanism. However,
little information is currently available regarding
the long-term success of linear lesion ablation based
on voltage maps to cure LAMRT.

PPI Mapping
While 3D activation mapping and voltage mapping
have been established as the standard approaches
to map patients with LAMRT, both strategies carry
significant limitations in patients with severely elec-
trically diseased atria containing multiple scars and
areas of slow conduction, giving rise to a diffuse and
extended arrhythmia substrate. This is especially the
case in patients following catheter ablation of atrial
fibrillation, who currently represent the majority of
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Figure 18.15 Electroanatomic activation map of the left
atrium during left atrial macroreentrant tachacardia in a
left posterior oblique view [panel (a)]. Color bars indicate
the local activation time relative to the reference catheter.
Gray color represents the scars caused by prior
radiofrequency catheter ablation for atrial fibrillation. The
arrhythmia revealed a circle (arrows) travelling around the
left pulmonary veins, travelling through the left atrial
isthmus in a caudo-cranial direction along the roof of the

left atrium and in a cranio-caudal direction down along
the posterior wall of the left atrium. The red points show a
gap in the ablation line previously induced where
application of radiofrequency energy terminated the
LAMRT. The surface ECG with positive flutter waves in the
inferior leads and lead V1 (stars) is depicted in panel (b).
Panels (c) and (d) show the local fragmented electrogram
recorded at the gap site and the successful tachycardia
termination.
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Figure 18.16 Voltage map of the left atrium in a patient
with LAMRT. After transseptal puncture the tachycardia
terminated during catheter manipulation and entrainment
stimulation and was no longer inducible. Thus, voltage
mapping of the left atrium was done and two scar areas

extending from the pulmonary veins to the posterior free
wall of the left atrium were detected. Between these scar
areas a channel of approx. 1–1.5 cm with extremely low
voltage was detected. A strategic lesion line was placed
across the channel.

patients interventionally treated for LAMRT, and
who on EP study present with a difficult picture
showing a mixture of initially disease-related atrial
scars together with multiple discontinuous abla-
tion lines at the junction between pulmonary vein
antrum and left atrium or even within the left atrial
body itself.

In these patients, multiple regions with conduc-
tion delay create difficulties in allocating the appro-
priate local activation, often mislead the operators’
understanding of the arrhythmia, and limit the suc-
cess of the ablation procedure. Targeting these lim-
itations, a third strategy of 3D mapping has been
introduced: color-coded 3D entrainment mapping.
This strategy is based on the concept that entrain-
ment stimulation with measurement of the postpac-
ing interval (PPI) is known to describe the distance
of the local catheter tip position from the actual
reentrant circuit, with equality of PPI and tachycar-
dia cycle length (TCL) exactly within the reentrant
circuit.

To achieve advanced understanding of the ar-
rhythmia mechanism, sequential CARTO or NavX
mapping of the suspected chamber of origin has to
be performed together with entrainment stimula-
tion at each mapping point. On the conventional
EP recording system the postpacing interval (PPI),

defined as the time interval from the last pacing arte-
fact to the first local atrial electrogram, is measured
from the tip of the ablation catheter. The time differ-
ence between PPI and TCL is calculated and stored
together with the 3D anatomical position on the
electroanatomic mapping system in a color-coded
fashion (Figures 18.17 and 18.18).

Due to the lack of a specific mode for color
coding of entrainment information on either elec-
troanatomic mapping system (Carto or NavX), the
algorithms for activation mapping can be utilized
in both systems with manual input of the PPI-TCL
time difference as obtained from the EP recording
system. Sequential 3D PPI mapping quickly results
in a color-coded visualization of the whole reen-
trant circuit in a 3D fashion and allows for strategic
lesion line placement.

Ablation Strategies to Cure LAMRT

Ablation of the Critical Isthmus
Given the pathophysiological understanding of
macroreentrant tachycardia, the area of slow
conduction containing the critical isthmus of the
arrhythmia has evolved as the main target for lo-
calized RF application in order to terminate the ar-
rhythmia. On one hand the success of the ablation
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Figure 18.17 Principle of 3D-PPI mapping. Right posterior
oblique view of an electroanatomical reconstruction of the
left atrium in a patient with LAMRT. The left-sided (LSPV,
LIPV) and right-sided (RSPV, RIPV) pulmonary veins are
shown as well. Cycle length of the tachacardia is 330 msec.
Panels (a)–(d) depict four different stimulation sites were
entrainment stimulation at a cycle length of 300 msec was

performed and the postpacing interval (PPI) as well. The
PPI was annotated in the 3D-map: the red area indicates a
PPI similar or close to spontaneous tachycardia cycle
length, while green, blue, and purple colors are indicative
for long PPI. In this particular case the LAMRT traveled
around the right sides of the pulmonary veins.

depends on the accurate anatomical description of
the critical isthmus, while on the other hand the
nature of the isthmus may vary from patient to pa-
tient ranging from a small distinct isthmus based
on only a few surviving myocyte channels within a
scarred area, to patients with a broad arrhythmia
isthmus. Those isthmus characteristics are likely to
additionally influence the success of a localized RF
application approach.

Strategic Lesion Line Placement
Recognizing the above-described difficulties of crit-
ical isthmus ablation related to the understanding
of anatomical location of the isthmus, as well as

the nature of the isthmus itself, strategic lesion line
concepts of linear atrial ablation based on 3D en-
trainment mapping information are more and more
used to dissect the MRT circuit at any suitable loca-
tion and not necessarily the critical isthmus itself.

Following the concept of 3D entrainment map-
ping and subsequent strategic lesion line placement,
patients with LAMRT can be categorized into six
groups of patients presenting with similar tachycar-
dia mechanisms and requiring similar ablation line
concepts:

(i) Patients presenting with LAMRT involving the
antrum of the pulmonary veins (PV) may be di-
vided into patients containing the whole reentrant
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Figure 18.18 Case examples of NavX-guided color-coded
PPI maps. Panel (a) shows LAMRT traveling along the roof
of the left atrium and panel (b) around the right
pulmonary veins. Panel (c) depicts a LAMRT traveling
around the left atrial appendage. Each tachycardia

pathway show represents a typical from of LAMRT
occurring after catheter ablation of atrial fibrillation. For
details and curative treatment strategies see text. KEY:
PA = posterior view; LPO = left posterior oblique; RPO =
right posterior oblique; LL = left lateral.

circuit within the PV antrum and patients showing
entrance and exit gaps with part of the reentrant cir-
cuit being localized within the PV antrum and part
of it outside in the left atrial body. The treatment of
choice for all patients with PV antrum–related MRT
is completion of electrical isolation of the whole PV
antrum by closure of any gap within the circumfer-
ential ablation line.

(ii) Patients with MRT involving the left atrial
roof almost exclusively have reentrant circuits that
circumvent the whole left atrium. A roof line con-
necting the left upper PV with the right upper PV
is the treatment of choice.

(iii) For patients presenting with perimitral MRT
a left atrial mitral isthmus line should be attempted
as a curative strategic lesion line concept. In the
case of unsuccessful endocardial ablation, addi-
tional epicardial lesions placed from within the
coronary sinus (CS) may be needed to terminate
the tachycardia.

(iv) MRT originating from within and around
the left atrial appendage can be targeted with cir-

cumferential ablation around the left atrial ap-
pendage. The question of whether or not com-
plete electrical isolation of the atrial appendage
should be attempted may be discussed controver-
sially given the considerations on thromboembolic
risk and need for anticoagulation during long-term
follow-up.

(v) MRT originating from within the coronary
sinus can be targeted by linear ablation within CS;
however, especially in the case of an ostial location,
quite often they are associated with septal reentrant
circuits given the muscular connections within the
paraseptal region.

(vi) Due to the difficulty in accessing all parts of
the interatrial septum from within the left atrium
and due to the anatomical vicinity to the AV node,
interventional treatment of septal MRTs currently
has the lowest success and the highest recurrence
rate [51]. An alternative ablation approach toward
these arrhythmias can be attempted by placement of
a linear ablation line from the SVC to the IVC across
the intraatrial septum from the right side of the
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septum [7]. The last mechanism of LAMRT to be
found represents scar-related MRT within the left
atrial body. Though rather rare, ablation of these
arrhythmias can be achieved by connecting the
causative scar area with an anatomical obstacle such
as an isolated PV antrum through a linear ablation
line.

Catheter Ablation of LAMRT

In our laboratory catheter ablation of LAMRT is
exclusively done using irrigated ablation technol-
ogy. In addition, to facilitate the mapping proce-
dure and to enhance lesion induction a steerable
sheath is used in all cases. Power output is 40 W;
irrigation rate is 30 mL/min. However, if necessary,

power output at certain spots may be increased up
to 50 W with an irrigation rate up to 50 mL/min.
Radiofrequency application is continued until com-
plete abandonment of local electrograms has oc-
curred. Whenever possible, radiofrequency abla-
tion is performed during ongoing LAMRT because
termination is the best proof for the correctness of
the treatment strategy. If ablation is performed dur-
ing sinus rhythm or after termination of LAMRT,
pacing is performed during radiofrequency appli-
cation and current delivery is continued until loss
of capture. This provides some functional feed-
back and correlates quite well with abandonment of
bipolar electrograms. After completion of strategic
lesion lines pacing maneuvers are applied to prove
conduction block (Figure 18.19).

32 ms

48 ms

before
ablation

67 ms

152 ms

125 ms

after
ablation

40 ms

Figure 18.19 Confirmation for complete conduction block
along a linear lesion line induced in a patient with LAMRT
along the roof. During left atrial appendage stimulation
before induction of the lesion line, conduction traveled
along the left atrial roof. Conduction time anterior
measured 32 msec, at the roof 48 mssec, and posterior 67
msec. Following linear ablation complete block along the

lesion line occurred. Conduction time anterior to the lesion
line remained unchanged (40 msec) while reversal of
conduction could be demonstrated posterior to the lesion
line: the impulse traveled from inferior posterior left
atrium (125 msec) upward to the site of conduction block
(152 msec).
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Conclusion

Macroreentrant AT is complex and often involves
complex anatomy and multiple arrhythmias; de-
tailed mapping is often required. The size and lo-
cation of reentry circuit is variable. Focal AT or
micro-reentrant circuits, which may present with
centrifugal pattern that may not propagate the en-
tire atria, needs to be ruled out. Electroanatomical
mapping is very useful to elucidate the AT reentry
circuit and the success of radiofrequency ablation
techniques depends on the accuracy of electrophys-
iology investigation and mapping systems. Ablation
is highly effective with a low recurrence rate con-
sidered the first-line therapy for right and left atrial
macroreentrant tachycardia.
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Summary

Focal atrial tachycardias (AT) usually arise from

well-defined anatomical regions in the right and

the left atrium. The mechanisms include

automaticity, triggered activity, and microreentry.

While the common presentation is paroxysmal

supraventricular tachycardia (SVT), incessant

tachycardia with cardiomyopathy has also been

reported in some cases. Distinctive P -wave

morphology on a 12-lead electrocardiogram (EKG)

can help localize the site of origin of focal AT.

Recent technological advances in 3D mapping and

navigation systems have contributed significantly to

the improved success of catheter ablation of these

arrhythmias.

Introduction

Focal atrial tachycardia is defined as atrial activation
starting rhythmically at a small area (focus) from
where it spreads out centrifugally and without en-
docardial activation over significant portions of the
cycle length [1]. By definition, they do not use the
atrioventricular junction or an accessory pathway
as an essential portion of their circuit and can con-
tinue indefinitely and independently of them [2].
This is in distinction from macroreentrant atrial
tachycardias (or flutters), where electrical activa-
tion can be recorded throughout the entire atrial
cycle length (these are discussed in Chapters 17
and 21).

Focal atrial tachycardias usually occur along
the crista terminalis in the right atrium and the

pulmonary veins in the left atrium [3–11]. Less
frequently, they can arise from the coronary si-
nus musculature [12], the coronary sinus ostium
[13], the parahisian region [14], the appendages
[15, 16], or rarely along the tricuspid [17] or mitral
annulus [18].

Pathophysiology

Chen et al. [19] showed that focal atrial tachycardia
can occur in any age group with a greater incidence
in the adult middle age population and no gender
preference. It more commonly arises from the right
atrium, and a second focus of atrial tachycardia may
be found in up to 13% of the patients. Older pa-
tients have been noted to have a higher incidence of
right-sided and multiple AT; women were noted to
have a higher incidence of nonautomatic AT in one
study [20]. Atrial tachycardia accounts for 5–15%
of adults undergoing electrophysiological studies,
with higher rates in children [21].
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Focal atrial tachycardias may have an automatic,
triggered, or microreentrant mechanism. Although
precisely defining the basic mechanism of a par-
ticular atrial tachycardia may be difficult, under-
standing their basic principles may help with certain
therapeutic decisions [4, 22]. The arrhythmogenic
mechanisms should not be used with stringency,
and flexibility should be used in the judgment of
apparent inconsistencies in a particular tachycardia
mechanism.

Abnormal automaticity, likely caused by a pos-
itive ionic influx during phase 4 depolarization,
is thought to be the most common underlying
mechanism for focal atrial tachycardias. Clinically,
automatic tachycardias are characterized by sudden
onset with a warm-up period, facilitation by adren-
ergic surge or exogenous catecholamines. Vagal
stimulation, beta-blockers, and calcium channel
blockers may suppress these types of atrial tachy-
cardias, and adenosine may provoke an ambiguous
response [23]. In the electrophysiology laboratory,
these tachycardias are not inducible by programmed
stimulation and may be suppressed by overdrive
pacing, but occur either spontaneously or with in-
fusion of isoproterenol. The fact that these tachy-
cardias can also be sensitive to sedation should be
taken into account when planning an EP study and
ablation.

Triggered activity is the mechanism by which the
cardiac cell depolarizes due to afterpotentials. The
role of afterdepolarizations in atrial tachycardias
appears to be limited and is inferential from data
in single-cell recordings; however, evidence sug-
gests that this mechanism may play a role in atrial
tachycardia during digitalis toxicity [24]. Triggered
tachycardias usually are inducible by programmed
stimulation—commonly, constant rate pacing. It
may have a warm-up period and it is facilitated by
catecholamines. It may also be accelerated by over-
drive pacing. Vagal maneuvers, use of beta-blockers,
calcium channel blockers, and adenosine may ter-
minate this type of atrial tachycardia [23, 25].

Reentry is another mechanism of focal atrial
tachycardias. In reentry, the arrhythmia is main-
tained by a self-perpetuating circuit that travels
around an area of scar or slow conduction. When the
reentry circuit is discrete (microreentrant), it is still
classified as focal AT. In contrast, when the reentry
circuit is larger, it is classified as a macroreentrant

atrial tachycardia. Focal reentrant tachycardias can
be ablated with a single ablation lesion, whereas
macroreentrant atrial tachycardias typically require
a series of ablation lesions. Focal reentrant atrial
tachycardia is characterized by initiation and ter-
mination with programmed atrial stimulation. Be-
cause of the small circuit size relative to a mapping
electrode, criteria for entrainment of these tachycar-
dias can be difficult to demonstrate. This form of
focal AT has been shown to be insensitive to adeno-
sine [26]. Markowitz et al. have proposed an algo-
rithm to differentiate the mechanism of focal AT
based on the response to adenosine [26].

Clinically, patients with atrial tachycardia may
present with varying degrees of symptoms from
being only mildly symptomatic to having overt
congestive heart failure from tachycardia-induced
cardiomyopathy. The latter scenario warrants em-
phasis because patients with incessant atrial tachy-
cardias and tachycardia-induced cardiomyopathy
can be misdiagnosed as having a compensatory si-
nus tachycardia in the setting of an idiopathic di-
lated cardiomyopathy. Often this distinction can be
difficult to make, but curing the atrial tachycardia
with ablation can save the former patient from even-
tual cardiac transplantation.

Electrocardiographic
Characteristics

Previous studies have used the surface P -wave mor-
phology during AT to predict the site of origin [10].
Leads aVL and V1 are the most useful to distinguish
between left atrial (LA) and right atrial (RA) ori-
gin. A positive or biphasic P -wave in aVL predicts
a right atrial origin of the tachycardia with a sensi-
tivity of 88% and a specificity of 79%. In lead V1, a
negative or biphasic with negative terminal P -wave
demonstrated a specificity of 100% for a RA focus,
and a positive or biphasic with positive terminal P -
wave demonstrated a sensitivity of 100% for a LA
focus [27].

Focal AT arising from the crista terminalis (high
or mid) can be associated with negative P -waves in
aVL, while foci from the right superior pulmonary
vein (RSPV) can have a positive P -wave in aVL.
Tang et al. [10] made the important observation that
RSPV foci showed a change in configuration in lead
V1from biphasic in sinus rhythm to upright in AT, a
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Table 19.1 P -Wave Morphology During Focal Atrial Tachycardias.

ECG Lead

Site of origin I II III aVR aVL aVF V1 V2 V3 V4 V5 V6

Superior CT + + + − + + − − − − − −
Inferior CT + − − − + − − − − − − −
Inf lateral TA − / iso − − − + + − − − − − + +
Inf medial TA iso − − − + − − − − − − −
RAA + + + − iso, − + − − − − − iso, −, +
Parahisian + − − + + − −/+, −,iso − − − − −
CS ostium iso,+ − − + + − −/+, iso/+ −/+, − − − − −
CS body −, iso − − + +/−, +/iso − + + +, −,iso − − −
RSPV + + + − +, − + + + + + + +
LSPV −, iso + + − − + + + + + + +
LAA − + + iso, − − + + + + + + iso

Superior MA − iso iso − − iso iso/+ iso/+ −/iso −/iso iso iso

KEY: CS = coronary sinus; CT = crista terminalis; ECG = electrocardiographic; LAA = left atrial appendage; LSPV = left

superior pulmonary vein; MA = mitral annulus; RAA = right atrial appendage; RSPV = right superior pulmonary vein;

TA = tricuspid annulus; iso = isoelectric.

change not seen in RA foci. Table 19.1 summarizes
the P -wave morphology in the most common focal
ATs.

In addition, leads II, III, and aVF may help dif-
ferentiate a superior (with positive P ) from an infe-
rior focus (with negative P -wave) [10]. In the RA,
a negative P -wave in lead aVR suggests a right lat-
eral location, specifically the crista terminalis with
100% sensitivity and 93% specificity, while negative
P -waves in leads V5 and V6 suggest an inferomedial
location [28]. AT arising from the nonseptal tricus-
pid annulus had a preference for the inferoanterior
region with negative P -waves in precordial leads,
positive in aVL and negative in lead III [17].

AT arising from the apex of the triangle of Koch
(parahisan AT) usually demonstrates isoelectric P -
waves in V1 and shorter P -wave duration in the in-
ferior leads during AT as compared to sinus rhythm
[28]. Focal AT arising from the coronary sinus os-
tium is associated with deep negative P -waves in
inferior leads, positive P -wave in aVL and −/+ or
iso/+ in V1 [13]. Focal AT arising from the right
atrial appendage has P -wave morphology similar
to sinus rhythm and can be misdiagnosed as inap-
propriate sinus tachycardia.

In the LA, focal AT commonly arises from the
pulmonary veins (PV) and is associated with a char-
acteristic P -wave morphology that is positive in

precordial leads, negative in aVR and aVL (RSPV
can give positive P -wave in aVL as discussed earlier)
[29]. Left-sided PVs are associated with notched and
wider P -waves with lead III/II ratio >0.8, while
right-sided PVs are positive in lead I. Focal AT aris-
ing from the coronary sinus musculature gives pos-
itive P -waves in V1 with transition to negative P -
wave in V3- V4, negative P -waves in inferior leads
and positive in aVR and biphasic (+/−, +/iso) in
aVL [12]. AT arising from the mitral annulus tend
to cluster at the superior aspect close to the aortomi-
tral continuity with biphasic (−/+) P -waves in V1,
negative or isoelectric in I, aVL and low amplitude
positive or isoelectric in the inferior leads [18]. AT
arising from the LA appendage is associated with
broad positive P -waves in precordial leads, deep
negative P -wave in lead I and aVL and positive P -
waves in inferior leads [16].

While these rules generally hold true, there are
some limitations to using P -wave vectors for diag-
nosis. There is spatial limitation of the P -wave mor-
phology, which is indistinguishable when they orig-
inate from paced sites 17 mm apart or less [30]. It
has also been shown that the P -wave morphology is
largely determined by the direction of septal and left
atrial activation [31]; hence the morphology may
vary amongst patients with the same AT depend-
ing on the dominant route of LA activation. The
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Figure 19.1 Twelve-lead
electrocardiogram of a patient with
atrial tachycardia arising from the
parahisian region. It is a long RP
tachycardia (more commonly associated
with atrial tachycardia) with narrow
P -waves that are negative in the inferior
leads, biphasic in V1, positive in aVR, aVL
and I.

presence of 1:1 atrioventricular conduction may
cause distortion of the P -waves by the QRS complex
or T-wave.

Commonly used techniques in the electrophys-
iology laboratory to identify the P -wave include
ventricular pacing and administration of adeno-
sine. Focal AT in patients with structural heart dis-
ease, congenital heart disease, or prior extensive ab-
lation procedures may produce markedly different
P -wave morphologies than those outlined above.

Electrophysiological
Characteristics

The R-P relationship during SVT can often be use-
ful in the differential diagnosis [32]. Atrial tachy-
cardia is typically a long R-P SVT (Figure 19.1),
whereas atrioventricular nodal reentrant tachycar-
dia (AVNRT) and atrioventricular reentrant tachy-
cardia (AVRT) are usually short R-P SVTs. However,
in rare circumstances these expected R-P relation-
ships do not hold.

Distinguishing focal AT from AVNRT or AVRT
requires analysis of conventional intracardiac elec-
trogram recordings during tachycardia, and the re-
sponse of the arrhythmia to stimulation maneuvers
and pharmacological manipulation [33]. Sponta-
neous termination of the tachycardia with atrial de-
polarization makes AT unlikely. Variable AV con-
duction with more atrial than ventricular signals

strongly suggests atrial tachycardia; rarely AV node
reentry with block in the lower common pathway
can also show this pattern [34].

In addition, for ATs originating distant from the
AV valve annuli or coronary sinus ostium, atrial
activation is usually inconsistent with AVRT using
an accessory pathway or AVNRT. However, when
there is 1:1 AV conduction and the atrial activation
sequence is suggestive of an annular location, dif-
ferentiation from AVNRT and AVRT can be more
difficult and standard electrophysiological maneu-
vers to determine the necessity of the AV node for
the arrhythmia are used.

Ventricular pacing maneuvers can be very help-
ful in differentiating AT from AVNRT and AVRT. If
burst pacing in the right ventricle at a rate slightly
faster than the tachycardia rate dissociates the ven-
tricle from the tachycardia, AVRT is excluded. If
burst pacing reproducibly terminates the tachycar-
dia without conducting to the atrium, AT is ex-
cluded. If burst pacing in the ventricle captures the
atrium and there is a V-A-A-V response follow-
ing the last paced beat (Figure 19.2a), AT is most
likely the diagnosis. In contrast, a V-A-V response
(Figure 19.2b) is more consistent with AVNRT of
AVRT [33].

Atrial pacing maneuvers can also be helpful. Pac-
ing the high right atrium during sinus rhythm at
the tachycardia cycle length can be used to dif-
ferentiate AT from atypical AVNRT based on the
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Figure 19.2 (a) Intracardiac electrogram
recording during tachycardia after the
cessation of ventricular overdrive
pacing. V-A-A-V response following the
last right ventricular paced beat
suggests atrial tachycardia. (b) V-A-V
response following the last right
ventricular paced beat during
tachycardia suggests AVNRT or AVRT.

differences in the AH interval during SVT and
pacing (AHpace − AHsvt > 40 msec with atypical
AVNRT) [35]. One can also pace the atrium at a
rate faster than the tachycardia rate during SVT. If
the VA interval of the return cycle length is within
10 msec of the VA interval during the tachycardia,
there is “VA linking” and AVNRT or AVRT is more
likely. If the VA interval is variable, atrial tachycardia
is most likely.

Finally, the response to pharmacological termi-
nation with adenosine also may be helpful. While
adenosine can be useful to dissociate the tachycardia
from the AV node and ventricle, some atrial tachy-

cardias are adenosine-sensitive [36]. Nevertheless,
termination of the tachycardia in the AV node (last
electrogram seen is the A), if reproducible, makes
the diagnosis of AT unlikely.

Electroanatomical Mapping

Successful ablation of a focal AT requires precise
mapping of the tachycardia focus. As discussed in
the EKG section, the P -wave morphology during
AT can localize the site of origin for more detailed
mapping. Activation mapping, where the earliest
local activation is compared to the onset of the
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Figure 19.3 (a) Intracardiac electrogram recording from a
patient with focal atrial tachycardia with 2:1 conduction to
the ventricle. The ablator signal (recorded from the
proximal coronary sinus) shows fractionated potentials

that preceded the surface P -wave by 90 msec, suggesting
that this is the site of origin of the tachycardia. (b)
Catheter ablation performed at this site successfully
terminates tachycardia in 5.4 sec.

tachycardia P -wave is the most common technique
for mapping. With this technique, sites with local
activation ranging from 20 msec to 60 msec prior the
P -wave onset are targeted for ablation [8]. Often,
the electrogram at the earliest site will be fraction-
ated (Figure 19.3). Multielectrode catheters (such as

a 20 pole catheter placed along the crista terminalis
and a multipolar CS catheter) can be useful to guide
initial mapping [3].

Activation mapping is most effective when there
is sustained tachycardia to map. Occasionally, the
use of high doses (up to 20 μg/min) of isoproterenol
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is necessary to induce the tachycardia. Additionally,
some atrial tachycardias are observed during the
“washout” phase of isoproterenol. Other adrenergic
stimuli such as norepinephrine or aminophylline
are rarely useful. Minimizing or eliminating seda-
tion may also be helpful. In women, scheduling a
procedure at a different point in their menstrual
cycle may also help.

For instance, when tachycardia is not sustained
or difficult to induce, pace mapping can be useful.
It is also useful as an adjunct to activation mapping.
Pace mapping is performed by pacing at the lowest
capture output; the paced P -wave morphology is
then compared with the P -wave during tachycar-
dia. This technique has the limitation of requiring
a “pure” P -wave on the 12-lead EKG, undisturbed
by the QRS or T-wave. However, utilizing surrogate
markers such as multiple intracardiac recordings
has been proposed [37].

Non-fluoroscopic 3D mapping systems offer
many advantages in the ablation of focal ATs. In
general, these systems allow construction of a 3D
geometry of the heart chamber suspected to be the
source of the tachycardia and show movement of the
ablation catheter within this 3D image. By using this
image to guide mapping and ablation, fluoroscopy
exposure is significantly minimized [38, 39]. If map-
ping is done during sustained atrial tachycardia, the
systems can produce an activation map that identi-
fies the earliest site of atrial activation that is targeted
for ablation (Figure 19.4 and Video Clip 19 ).

Finally, the 3D systems allow marking of inter-
esting sites noted during mapping. Marking of the
His cloud to show areas to avoid during ablation
can be helpful, particularly in parahisian AT. When
the ablation catheter is unstable during tachycardia,
marking the earliest site during tachycardia facili-
tates returning to that same site for ablation during
sinus rhythm.

The generated 3D activation map can also be very
helpful in distinguishing a focal atrial tachycardia
from a macroreentrant tachycardia. In macroreen-
trant atrial tachycardia, the activation map will span
the entire tachycardia cycle length and the earliest
site will meet the latest site. In focal atrial tachy-
cardias, the activation map will typically not span
the entire tachycardia cycle length and the latest site
usually will not meet the earliest site (Figure 19.4
and Videoclip 19 ).

Some of the 3D mapping systems have unique
features that make them particularly useful. The
CartoTM (Biosense Webster, CA) uses magnetic field
for sequential 3D mapping and can create voltage
maps that accurately identify areas of scar with no
electrical signal (useful for macroreentrant AT). The
RPMTM system (Boston Scientific, MA,) uses ul-
trasound ranging techniques for 3D mapping and
functions similarly to the Carto system [40].

The LocaLisaTM (Medtronic, MN) system uses
standard catheter electrodes as sensors for a high-
frequency transthoracic electrical field, which is
applied via standard skin electrodes [41]. Unlike
the Carto and RPM systems that require special-
ized expensive mapping catheters, LocaLisa utilizes
all catheters and also multiple mapping catheters,
allowing for a combination of sequential and si-
multaneous mapping. However, it does not create
a 3D geometry or give voltage maps. Based on the
same technology, Ensite NavXTM (St. Jude Medical,
St. Paul, MN) has the same advantages as LocaLisa
with the added ability to create 3D geometry and
voltage maps.

A major limitation of these systems is the in-
ability to map transient nonsustained tachycardias
or sustained tachycardias that are hemodynami-
cally unstable. The EnSite array 3D mapping sys-
tem utilizes a 64 wire-array mounted to a 10-mL
balloon-catheter. When the anatomy is obtained by
tracing the chamber with a standard catheter, the
system superimposes to it over 3,200 electrograms
obtained by mathematical reconstruction simulta-
neously, and creates isopotential maps [42]. The
biggest advantage of this system is its ability to map
nonsustained tachycardias, and even single beats.
The spatial resolution, however, is lost when the
system is used in a very large atrium.

Ablation

When mapping identifies the optimal site, 25–50
W of radiofrequency energy is delivered for 30–60
sec. Standard ablation catheters with 4-mm tips are
usually satisfactory. Larger tipped catheters or high-
energy catheters are typically unnecessary. Accelera-
tion of the tachycardia before termination and also
termination within 10 sec suggests that the abla-
tion will be successful (Figure 19.3). A successful
ablation is verified by the inability to reinduce the
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Figure 19.4 (a) Simultaneous CARTO map of the right
atrium (RA) and coronary sinus (CS) during tachycardia
demonstrates a focal activation pattern. The activation
map does not span the entire tachycardia cycle length. (b)

The propagation map (in a posteroanterior view) shows
earliest activation in the proximal CS followed by
activation of the rest of the CS and the RA. This suggests
focal origin of the tachycardia from the proximal CS.

tachycardia following ablation. If isoproterenol was
necessary for induction prior to ablation, it should
be used again during attempts at reinduction to con-
firm success.

Some ATs originate from the coronary sinus and
pulmonary veins. Lower energy and temperature
settings may be required in these vascular structures
to minimize the risk of perforation and thrombosis.
Coronary angiography should be performed prior

to ablation in the coronary sinus to avoid damage
to the coronary arteries.

Ablation of parahisian AT is associated with a
higher risk of complete heart block. Cryoablation,
which uses cooling to ablate tissue, allows testing
of potential ablation sites by adhering to the target
tissue and chilling it to create a reversible electri-
cal effect. If there is no heart block, the catheter
tip can be cooled further to create a permanent
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lesion. Cryoablation has been employed success-
fully to ablate parahisian ATs [43]. Successful ab-
lation of parahisian ATs from the noncoronary aor-
tic sinus has been described recently; this was not
associated with the risk of AV block [44].

Intracardiac echocardiography can also help with
ablation by localizing anatomic structures, aiding
with catheter positioning and catheter tip contact,
and confirming and identifying lesion size and lo-
cation [3, 45–47]. It is particularly useful in helping
to guide fine catheter movement between the upper
crista terminalis and the right atrial posterior wall
opposing the right upper pulmonary vein, which
can quickly differentiate a crista terminalis atrial
tachycardia from a right upper pulmonary vein
atrial tachycardia prior to deciding whether to per-
form a transseptal puncture. Intracardiac echocar-
diography also can help with transseptal puncture
in terms of recognition of early complications, such
as perforations and clot formation, and with reduc-
ing fluoroscopy time.

Remote magnetic catheter navigation has been
the latest innovation in the field of catheter ablation.
The NiobeTMsystem (Stereotaxis, Inc., St. Louis,
MO) uses an externally applied magnetic field to
direct the orientation of a catheter. It consists of
two computer-controlled permanent magnets lo-
cated on opposite sides of the patient, which cre-
ate a steerable external magnetic field (0.08 T). A
small magnet embedded in the catheter tip causes
the catheter to align and to be steered by the
external magnetic field. A motor drive advances
or retracts the catheter, enabling complete remote
navigation.

This system has been integrated with the CARTO
3D mapping system and can create a merge image
with the imported CT scan of the chamber of inter-
est [48]. Stereotaxis allows creation of a dense map
in the region of interest by allowing precise catheter
movement (1◦ deflections and 1-mm steps). By cre-
ating a stored magnet orientation for the site of ear-
liest activation, one can return to the location of
interest with remarkable precision. This has the po-
tential to reduce fluoroscopy exposure and the risk
of catheter perforation while achieving better effi-
cacy due to stability of catheter position [49–52].
The potential disadvantage is the high initial cost of
system and the cost of the specific ablation catheters
that are used with it.

Catheter ablation for focal AT has been proven to
be safe and effective [3, 5, 6, 9, 10, 19, 37, 53–55],
with reported success rates between 77% and 100 %.
It also has been shown to improve patient quality-
of-life scores [56]. Therefore, ablation is indicated
for all symptomatic patients who have persistent
symptoms despite medical therapy or intolerable
side effects from medicines. Furthermore, patients
who are unwilling to use medical therapy should
also be considered.

Conclusion

Several advances have taken place in the past sev-
eral years that have improved our ability to ablate
focal atrial tachycardias. The 3D mapping systems
now provide a straightforward approach that can
identify the origin of the focal atrial tachycardias
even when these arrhythmias are unstable or non-
sustained. Intracardiac echocardiography can facil-
itate mapping and ablation. Finally, remote catheter
navigation has significantly improved the safety and
efficacy of the procedure, including a reduction in
fluoroscopy exposure. Although the ablation of fo-
cal ATs can still be complex and challenging, these
advances have allowed us to safely and successfully
expand the use of curative catheter ablation for these
arrhythmias.
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Summary

An understanding of electrogram analysis of

pulmonary vein potentials and atrial

electrograms is critical to the success of atrial

fibrillation ablation. Foci triggering atrial

fibrillation predominantly originate in the four

pulmonary veins, but potential sources of triggers

include left atrial tissue and other thoracic veins. In

the context of persistent atrial fibrillation, after

pulmonary vein isolation, ablation is first guided by

complex electrograms when atrial activity is

chaotic. Electrograms having the most impact on

the atrial fibrillation process manifested as

continuous electrical activity, while electrogram

voltage or degree of fractionation have lesser

impact.

Limited knowledge is available, however, to

distinguish potentially active and passive areas.

During organized atrial activity, sources

maintaining atrial fibrillation can be mapped and

targeted. By converging to the origin of atrial

activation, the area displaying centrifugal activation

may include either a discrete site, which allows

tracking of the earliest activity, or more frequently a

localized reentry, which gives local electrical

activity spanning most of the cycle length and/or a

temporal gradient between proximal and distal

bipoles. Complexity of electrograms is strongly

correlated with atrial fibrillation cycle length, which

also allows monitoring of the impact of ablation at

each region during electrogram-based ablation.
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Introduction

Various approaches targeting triggers and/or sub-
strate have been validated for treating atrial fib-
rillation (AF) with catheter ablation [1–4]. Early
attempts were inspired by the Maze surgical tech-
nique. Linear lesions in both atria were performed
aimed at reducing the critical mass of atrial tissue
necessary to sustain AF. These lesions were ineffec-
tive in the right atrium (RA) and successful in the
left atrium (LA) at reducing AF, but they were asso-
ciated with a high complication rate [5–7].

The crucial role of the LA in AF compared to the
RA is counterintuitive in the context of the wavelet
hypothesis, where one would expect a contributory
role, proportionate to mass of both the RA and the
LA. The demonstration of the pivotal role of pul-
monary veins (PV) in triggering and perpetuating
paroxysmal AF [1] led to PV isolation (PVI) as the
standard approach for AF ablation. In addition to
PVI, different strategies based on electrogram anal-
ysis have been attempted to determine the atrial ar-
eas critical for AF maintenance. These include fre-
quency domain analysis [8–11], complex fraction-
ated atrial electrogram (CFAE) analysis [2, 12], and
activation mapping for identification of localized
sources [13, 14] sometimes helped by 3D naviga-
tion systems [3, 15].

Even though each of these techniques has merit,
none are effective alone in persistent AF. In contrast,
a stepwise approach starting with PVI, followed by
electrogram-based ablation, linear lesions, and fi-
nally ablation of residual atrial tachycardias (AT)
[16], is associated with a high success rate [17].
Effective delivery of these steps required a com-
prehensive understanding of “conventional” elec-
trogram analysis, which will be discussed in this
chapter.

Triggering of AF

Foci that trigger AF predominantly originate in the
four PVs, but other sources of triggers include LA
tissue and thoracic veins [coronary sinus (CS), su-
perior vena cava (SVC), vein of Marshall, or persis-
tent left SVC)].

Pulmonary Veins
The identification of PV ectopy is facilitated by the
“dead end” configuration of PV muscular fascicles,

resulting in opposing sequences of activation in ec-
topy vs. sinus rhythm. During sinus rhythm, double
potentials are recorded from the PVs. The first low-
amplitude potential represents activation of the ad-
jacent LA (or RA for the anterior part of the right
PVs), and is usually synchronous with the first or
second half of the P -wave for the right and left PVs,
respectively. The second “sharp” potential (some-
times with multiple peaks) reflects activity from the
PV striated musculature. As the mapping catheter
is pulled closer to the PV ostium, the PV potentials
(PVP) and LA potentials become fused.

When ectopy occurs in a PV, there is a reversal
of the described activation sequence with the PVP
preceding the LA potential (Figure 20.1). However,
if the mapping catheter is located deep inside the
vein, ectopy from the venous ostium can result in
an unchanged sequence. Mapping of the earliest site
of activity during ectopy allows identification of dis-
crete sites inside the vein, while the atrial exit site is
dependent on the width of muscular fascicles. Po-
larity reversal on adjacent bipoles can also facilitate
localization of PV breakthroughs, particularly in the
context of wide synchronous PVPs [18].

Ectopy originating from the PVs may have a short
coupling interval to the previous sinus beat, result-
ing in nonconducted activity to the atrium. Present
in 42–70% [19] of arrhythmogenic PVs, these “con-
cealed ectopies” are usually synchronous to the local
ventricular potential and require pacing maneuvers
to confirm their origin.

Mapping of PVPs is facilitated by the use of a
circumferential catheter, which allows an instanta-
neous assessment of the extent and activation of the
PV musculature in sinus rhythm or during AF. In
the more proximal part of the PV, synchronous po-
tentials indicate wider fascicles, while sequentially
activated potentials indicate tighter fascicles. Also,
the potentials diminish in amplitude and in cover-
age when the catheter is advanced deeper into the
PV, signifying a gradual decline in the muscular fas-
cicles.

While pacing maneuvers during sinus rhythm
can easily distinguish PVs from far-field potentials,
other methods are required during AF. Firstly, the
activation sequence of PV potentials is often vari-
able during ablation, while that of far-field signals
is relatively stable. Secondly, progressive or abrupt
prolongation of electrogram cycle length during
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Figure 20.1 Recording of pulmonary veins potentials (PV)
with a circumferential catheter placed within the vein and
with the ablation catheter (RF) placed at the ostium of the
vein. During sinus rhythm (first beat), there is a fusion
between atrial and pulmonary vein potentials. When

ectopy occurs in the pulmonary vein, there is a reversal of
the activation sequence with the pulmonary vein potential
preceding the left atrial potential. The earliest potential is
confined to bipole 8–9 (solid star) with polarity the reverse
of the adjacent 9–10 bipole.

ostial ablation usually indicates a PV origin rather
than atrial potentials. Thirdly, PV potentials rep-
resent local myocardial activity and are therefore
usually sharper and larger than far-field potentials.
Lastly, if doubt remains, far-field potentials can be
unmasked by placing a recording catheter in the in-
criminated structure. In general, far-field potentials
can be recorded in the anterior part of the left PVs
reflecting LAA activation. In the right superior PV,
far-field signals can arise from the anterior part of
SVC or RA. Other far-field potentials can also be
recorded from posterior or inferior LA.

Nonpulmonary Veins Triggers
In a study by Shah et al. [20], non-PV foci triggering
AF were located at the ostium of the PVs (46%)
(highlighting the need for proximal ablation of the
PVs), posterior LA (35%), other LA tissue (6%),
RA (6%), as well as CS, SVC, persistent left SVC, or
vein of Marshall (7%). Both vena cava [21, 22] have
a muscular “dead end” configuration, allowing first-
sight diagnosis by reversal of the activation pattern
during ectopy.

CS [23–26], persistent left SVC [27], or vein of
Marshall [28] have more than one connection to
the atria requiring the tracking of earliest activity.
Involvement of a persistent left SVC or vein of Mar-
shall has to be considered particularly in the context

of triple potentials in the vicinity of the left PVs. In
addition, as for both atria, the earliest activity with
a QS pattern on the unipolar lead during ectopy
should be mapped.

Mapping of Atrial Electrograms
During AF
Different strategies have been described to map
atrial electrograms during AF: based on complex
fractionated atrial electrograms (CFAE) [2], sites
of dominant frequency (DF) [8], areas displaying
characteristics of localized sources, and noncontact
mapping [29–31].

Mapping During Chaotic Activity
In persistent AF, atrial activity is often chaotic and
too complex to allow analysis of the local cycle
length, morphology, or activation. Disorganized
sites are ubiquitous in the LA and the first step of
mapping is to determine the most favorable areas
at which ablation will result in slowing and orga-
nization of global LA activity. Takahashi et al. [32]
showed that electrogram patterns having the most
impact on AF ablation were continuous electrical
activity (>70% of the cycle length) with predic-
tive positive and negative values of only 52% and
67%, respectively. Other variables such as fraction-
ation index (representing the number of deflections
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of fractionated activity), low-voltage electrograms,
or local mean cycle length were not discriminating
predictors of effective sites for AF ablation.

Complex Fractionated Atrial
Electrograms
Cosio et al. first described fragmentation in zones of
slow interatrial conduction produced by extrastim-
ulation in patients with AF [33]. They concluded
that patients with AF have a higher likelihood of
developing fractionation than others. Jaı̈s et al. de-
fined complex electrical activity as continuous elec-
trical activity or electrograms with atrial potential
intervals of less than 100 msec [34]. They proposed
that this represents the ultimate degree of tempo-
ral asynchrony and demonstrated a heterogeneous
distribution during paroxysmal AF, mostly in the
posterior LA and septum.

CFAE were subsequently defined by Nadema-
nee et al. as atrial electrograms with a cycle length
shorter than 120 msec, displaying fractionated elec-
trograms composed of three deflections or more,
and/or have a perturbation of the baseline with
continuous deflection of a prolonged activation
complex [2]. In general, they exhibit multiple
low-voltage signals (between 0.05 and 0.25 mV).
Different underlying mechanisms may explain
CFAE.

Konings et al. showed that fractionation may be
caused by asynchronous activation of local muscle
bundles [35] due to tissue anisotropy, and the pres-
ence of insulating collagenous septa between atrial
muscle bundles. Fractionation may represent zones
of colliding wavefronts or pivoting points between
different wavelets participating in the AF process.
These areas of slow conduction could shorten the
wavelength of the wandering wavelets, thereby in-
creasing the number that can coexist in the atria and
the complexity of AF.

Rostock et al. reported that the occurrence of
CFAE was associated with prior acceleration of the
AFCL and that duration of CFAE was inversely
correlated with the preceding AFCL [14] and Video-
clip 20 . Consequently, a given region may har-
bor apparently normal potentials during slow AFCL
episodes, while fractionation may be observed after
acceleration of the AFCL.

Kalifa et al. analyzed in the posterior LA of
the isolated sheep heart the relation between

local frequency, AF wave propagation and electro-
gram fractionation during sustained AF [36]. They
showed that sites where most fractionation occurs
were located at the margin of the more rapid areas
(Figure 20.2). Fractionation would arise from slow
conduction at the outer limit of the region dis-
playing the higher frequency and the most regular
activity.

All the above studies reinforce that fractiona-
tion/CFAE is a manifestation of slow conduction
with a tight functional relationship with CL. There-
fore, location of CFAE may be a Consequence of
anisotropic Conduction from a region with faster
activity.

The autonomic nervous system is also thought
to be implicated in the mechanism of fractionation,
by release of acetylcholine from the ganglionated
plexi, which results in a shortening of the action
potential and effective refractory period [37, 38].
Acetylcholine administration has been shown to be
capable of inducing AF [36], and a spatial corre-
lation between ganglionated plexi and CFAE local-
ization has been observed [37]. However, given the
ubiquitous presence of CFAE in long-lasting AF pa-
tients, the main issue is to distinguish active from
passive patterns [14] and Videoclip 23 , and crite-
ria defining more optimal electrograms are certainly
required to improve success of ablation.

Frequency Domain
Sites with high-frequency activity may correspond
to drivers of AF, and spectral analysis can estimate
atrial activation rates during AF [8, 38–46]. Dom-
inant frequency (DF) has been used to detect ar-
eas of rapid activity, rate changes after ablation,
and supposed differences in pathophysiology. Using
Fourier transform (in general fast Fourier trans-
form, or FFT), DF is the frequency of the sinu-
soidal waveform with the highest amplitude, which
best approximates the signal and relates to the sig-
nal rate. The main benefit of DF analysis is that it
can be easily applied to complex electrograms of
AF, even in the case of high-amplitude variability
[47]. Sanders et al. demonstrated that ablation
of DF sites coincided with slowing and termina-
tion of AF in 87% of patients in whom arrhyth-
mia terminated during ablation [8] and Video-
clip 21 & 22 . Sites of high DF could identify
sites of high organization, possibly representing
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Figure 20.2 Highly complex fractionated atrial site
recorded with the ablation catheter (LAd and LAp) on the
posterior wall of the left atrium (left panel). Quadripolar
catheter placed within the coronary sinus (CSd and CSp).
By advancing the ablation catheter toward the roof (in an
opposite direction from the coronary sinus) (right panel),

recording of a more rapid and organized activity with a
distal to proximal pattern (arrows). Thus, fractionated
potentials were located at the margin of the more rapid
areas. Ablation was performed at the earliest site of
organized fast activity and resulted in restoration of sinus
rhythm, suggesting the presence of a localized source.

sources maintaining AF. High-regularity activity
emanating from PVs has been highlighted, suggest-
ing that these structures may have a role in main-
taining AF through localized short CL reentry or
focal high-frequency activity [43, 44, 48]. This was
confirmed by other studies showing short CL activ-
ities in the PVs [49, 50] associated with a progressive
slowing and termination of the AF process during
PV isolation of paroxysmal AF [51].

During persistent AF, DF sites did not demon-
strate critical zones [8]. Lazar et al. showed that there
is a frequency gradient between both atria during
paroxysmal but not persistent AF [39]. They sug-
gested that the importance of the posterior free wall
during paroxysmal AF may reduce with time, and
that a more global involvement of both atria could
be observed. Nitta et al. also showed the existence
of multiple areas of focal activation in the LA and
RA in patients with permanent AF and mitral valve
disease that may explain ablation failure [52].

High variability of activation electrogram as seen
during complex fractionation or split double poten-
tials does not allow easy characterization because
of the lack of a sine wave corresponding to the fre-
quency of activation [47]. It results in multiple peaks

of frequencies with a very similar power as the dom-
inant one. Small changes in the signal can cause
shifts in DF, without discriminating real activation
rate. Failure to terminate persistent AF using DF
may thus partially be explained by more complex
electrogram patterns displaying high variability of
activation, resulting in multiple peaks close to the
dominant one.

Linear Lesions
From experimental and simulation studies, AF has
been shown to be maintained by wandering reen-
trant wavelets [53] or macroreentrant loops [54].
Linear lesions are still often used during disorga-
nized AF despite the challenging achievement of
complete linear block [55, 56]. The observed thera-
peutic efficacy of linear lesions may be related in part
to an interruption of wavelet and macroreentries,
but also alteration of autonomic innervation, atrial
debulking. or the effect on local complex electro-
grams. As data suggest, a high risk of AT recurrence
in the case of incomplete conduction block [57] and
also based on the wavelet hypothesis, conduction
block should be achieved (and verified during sinus
rhythm) to prevent reentrant wavelet perpetuation.
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Figure 20.3 Schematic representation of both atria and
thoracic veins as well as the different electrophysiological
properties of localized sources. (a) Schematic illustration of
localized reentry, recorded with the ablation catheter as a
temporal gradient between distal (RFd) and proximal (RFp)
bipoles (a1) and with 20 poles high-density mapping [from
(a) to (e)] as local activity spanning all the cycle length
specified by the CS cathehter (especially on arms a and b,

pink rectangle) (a2). (b) Discrete activity originating from a
“dead end” area (superior vena cava), with one-to-one
conduction to the surrounding atria, recorded with the
ablation catheter (RFd and RFp) as a distal to proximal
pattern. (c) Discrete rapid source without one to one
conduction to the surrounding atrium as seen on the
coronary sinus (CS) which is slower.

Mapping During Organized Atrial
Fibrillation
Organized AF is defined by endocardial mapping
during AF displaying (i) irregular atrial cycle length
(i.e., AF) with beat-to-beat variations of ≥20 msec;
(ii) discrete atrial complexes with a consistent acti-
vation sequence for ≥75% of the time in both atria;
and (iii) the stability of activation evaluated over a
10-min period of spontaneous or induced AF [13].

The evidence for localized sources perpetuat-
ing AF has been reported experimentally as ei-
ther automatic foci or small rapid circuits dur-
ing acetylcholine-induced AF [58–60], in chronic
pacing-induced AF [61], and in computer simula-
tion models of AF [62]. Such sources have also been
evidenced in man by persistent fibrillatory activity
confined within isolated LA areas surrounded by
the atria in sinus rhythm [63].

These sources play an important role in AF main-
tenance, in addition to PV and reentrant loops [13].
After PVI and linear lesions, ablation at these sites
remains the last step of substrate elimination and
results in AT conversion or restoration of sinus
rhythm. When organized AF allows converging to

the origin of atrial activation, a small area display-
ing centrifugal activation and including the local-
ized source can be mapped [13] (Figure 20.3). This
area may include in 58% of cases a discrete point
(harboring less than 75% of the CL), which allows
tracking of the earliest activity (Figure 20.3b,c).

In this scenario, local electrograms display cen-
trifugal activation with or without one-to-one con-
duction to the adjacent atrium (same or faster cycle
length of the source compared to AFCL, respec-
tively). In 42% of cases, the area of earliest activation
displays electrical activity covering most of the cycle
length, suggesting a localized circuit (Figure 20.3a).
By mapping with a high-density 20-pole catheter, all
the cycle can be visualized on the different spines. By
mapping with a conventional quadripolar ablation
catheter, continuous activity probably indicating a
localized isthmus or temporal alternating potentials
between distal and proximal bipoles (depending on
the reentrant circuit size and properties) will be dis-
played. A sequential mapping of the source with the
distal bipole of the ablation catheter can also be per-
formed with the aim to map different parts of the
CL (Figure 20.4).
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Figure 20.4 Sequential mapping of a
source displaying properties of localized
reentry. Relative stability of the cycle
length (seen on the coronary sinus (CS)
catheter) allowing to map the first (a) and
the second half (b) of circuit covering all
the cycle length. When the ablation
catheter crosses the localized reentry, it will
display temporal gradient of activity
between distal (RFd) and proximal bipoles
of the catheter.

Anatomic localizations of sources are predom-
inantly distributed to the CS and inferior LA in-
terface, as well as the ostium of the LAA, and the
anterior LA. Such anatomical areas display hetero-
geneous fibers with properties favoring anatomic
reentry or anchoring rotors [60, 61] and impor-
tantly were also incriminated in AT occurrence in
the context of prior AF ablation [64].

Sanders et al. demonstrated ATs apparently fo-
cal, i.e,. displaying centrifugal activation but where
the site of origin was actually an area harboring
the entire tachycardia cycle length [64]. Half of
these patients had arrhythmias induced by pro-
grammed stimulation, and a reentrant mechanism
was confirmed by entrainment. These “localized
reentrant ATs” display the same electrophysiolog-
ical characteristics as localized fibrillatory sources
and probably represent close electrophysiological
mechanisms.

Noncontact Mapping
While point-to-point sequential mapping is re-
quired for electroanatomical mapping, limiting
spatial and especially temporal resolution, noncon-
tact mapping may provide a dynamic and simulta-
neous aspect of atrial beat-to-beat wavefront acti-
vation during AF. The electrode array should be in
close proximity to the endocardial potentials, only
separated from it by blood, which is uniform and
electrically noncontributory. However, although it
intuitively seemed a perfect mapping system for AF,
accuracy of electrogram reconstruction has been
disappointing due to ventricular far-field signals,
and low voltage potentials especially if separated

by more than 40 mm from the mapping system
[31, 65].

Nevertheless, Schilling et al. demonstrated evi-
dence of reentrant circuits in the RA, particularly
at regions where orientation of atrial fibers might
favor interatrial conduction [30]. Other studies in
paroxysmal AF have confirmed the existence of both
trigger zones and wavefronts potentially capable of
maintaining AF [66], as well as evidence of focal
triggers breaking up and forming reentrant circuits
over a line of functional block in the LA [67].

Importance of Atrial Fibrillation
Cycle Length

AFCL can be reliably monitored during the pro-
cedure by averaging 30 consecutive cycles at the
left and right atrial appendages, which display un-
ambiguous high-voltage and reproducible electro-
grams. Various early studies have shown that AFCL
correlates with the local refractory period, that it
shortens in parallel with the duration of AF and
that drugs may affect it [68–70]. AFCL prolonga-
tion during ablation at remote sites raises evidence
that it is not only due to the local refractory period.
Based on computer simulation, AFCL represent the
sum of all fibrillatory activities converging on one
area. It can be reliably measured by positioning a
mapping catheter in both appendages, which may
thereby be considered as “sentinels.” AFCL mea-
surement has different implications:
1 Initial AFCL has been shown to be the strongest
predictor of success for persistent AF ablation, along
with the duration in years of persistent AF. Baseline
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AFCL is longer in patients in whom AF terminates
during ablation (156 ± 23 msec, n = 52 vs. 130 ±
14 msec, n = 8) [16]. AFCL of less than 140 ms is
associated with AF termination in less than 69%,
while a higher AFCL is associated with more than
89% of AF termination.
2 Impact of ablation of each region during
electrogram-based ablation can be followed and
estimated with AFCL monitoring. After each step
of ablation, a gradual prolongation of AFCL is ob-
served. Conversion to sinus rhythm or atrial tachy-
cardia usually occurs when AFCL reaches 180 and
200 msec in patients off drugs. If AF persists during
ablation of the LA despite a prolonged LAA CL, a
lesser prolongation of the RAA CL suggests the RA
is or has become the principal driver of AF.

Conclusion

An understanding of electrogram analysis of PV
potentials and atrial electrograms is critical to the
success of AF ablation, in particular in the con-
text of persistent AF. Complexity of electrograms
is strongly correlated with AFCL. During chaotic
atrial activity, ablation is guided by complex atrial
electrograms but limited knowledge is available
to distinguish potentially active and passive areas.
During organized atrial activity, sources maintain-
ing AF can be mapped and targeted, with the most
predominant mechanism being localized reentry.
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Summary

Recently, catheter ablation has evolved as a

well-accepted therapeutic strategy in atrial

fibrillation (1). However, various mapping and

ablation strategies defining different procedural

endpoints such as segmental pulmonary vein (PV)

isolation, circumferential PV ablation, deployment

of linear lesions, circumferential PV isolation, and

ablation of complex fractionated potentials are

currently performed. In the future, novel technical

developments such as magnetic navigation or

balloon-based catheter technologies may eventually

facilitate mapping and AF ablation.

Introduction

Recent studies have demonstrated that myocardium
around the pulmonary vein (PV) ostia plays an im-
portant role in the initiation and perpetuation of
atrial fibrillation (AF) [2]. This important finding
has led to the development of segmental PV ostial
isolation [3, 4], circumferential ablation [5] or isola-
tion around the PVs guided by 3D electroanatomic
mapping [6]. Also, substrate modification with the
use of limited linear ablation (such as roof line and
left isthmus line) [7, 8] or ablation of areas associ-
ated with complex fractionated electrograms [9, 10]
have proved to be of value in patients with AF.

The most commonly used method in the major-
ity of the ablation centers is PV isolation either us-
ing segmental PV isolation or circumferential com-
plete PV isolation guided by 3D mapping. In these

procedures electrical information from the LassoTM

catheter (Biosense Webster, Diamond Bar, CA) sit-
ting within the PV is important to identify sites
of electrophysiological connections between the PV
and the left atrium (LA). Also, 3D electroanatomical
mapping provides more precise information on the
individual atrial and PV anatomy and contributes
to shorter fluoroscopy time.

In this chapter, we describe the currently per-
formed different mapping and ablation approaches
for AF with special emphasis on our recently intro-
duced double Lasso guided circumferential ablation
technique in conjunction with 3D electroanatomi-
cal LA mapping. Novel upcoming AF mapping and
ablation tools such as the magnetic navigation sys-
tem or balloon-based catheter technologies are also
discussed.

Left Atrial Imaging

Catheter ablation procedures have been tradi-
tionally guided by electrophysiological mapping.
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However, novel ablation strategies such as PV isola-
tion are mostly based on anatomic considerations.
Therefore, understanding the complex morpholog-
ical characteristics of LA anatomy is an essential pre-
requisite for safe, efficient, and successful AF abla-
tion.

Correct understanding of LA anatomy is manda-
tory to prevent inadvertent radio-frequency abla-
tion (RFC) ablation. Various techniques can be used
to visualize each patient’s individual LA anatomy.
These include computer tomography (CT), mag-
netic resonance imaging (MRI), intracardiac echo
(ICE), electro-anatomic mapping using either the
CartoTM system (Biosense Webster, Diamond Bar,
CA) or the creation of an LA model using the
NavXTM system (St. Jude Medical, St. Paul, MN).

Multidetector CT (MDCT) scan is noninvasive
and offers detailed 3D information of the LA. These
characteristics make this modality ideal for assess-
ing PV size and anatomic variations prior to ab-
lation. However, MDCT scan is associated with a
significant radiation exposure that is lacking when
MRI is used. Both noninvasive imaging techniques
can display the LA and PVs and provide valuable in-
formation prior to AF ablation [11, 12]. Ultimately,
both techniques can be used for image integration
with 3D mapping systems (Carto, NavX) allowing
direct catheter manipulation and ablation within
the LA anatomy. First reports indicate feasibility,
safety, and sufficient accuracy for an anatomic-
guided AF ablation using this technique [13–16].

AF Mapping and Ablation
Strategies

Segmental PV Isolation
Segmental ostial isolation of the PV requires two
catheters in the left atrium, one of which is usu-
ally a decapolar Lasso catheter placed at the PV–LA
junction [3, 4]. The procedure is most frequently
used in sinus rhythm (SR) or atrial pacing, but is
also feasible during AF.

PV potentials are characterized as sharp bipolar
signals on the Lasso catheter. Optimal ablation tar-
gets are identified by the earliest bipolar or sharpest
and steepest unipolar electrogram in the mapping
catheter. Because muscular fascicles often course
circumferentially around the PVs, a single RFC ap-
plication may eliminate PV potentials at several

poles on the Lasso catheter. The endpoint is a com-
plete entrance and exit block in and out of the PV.
Obviously, this approach is associated with the po-
tential risk of PV stenosis, especially if RFC energy
is deployed at more distal PV portions [17]. Fur-
ther on, there is growing evidence that the so-called
“left atrial antrum” plays an important role in the
genesis of AF and should not be excluded from the
ablation process [18].

Circumferential PV Ablation
The circumferential PV ablation technique has been
proposed by Pappone et al. [5]. Using a single
transseptal puncture, a 3D electroantomical LA re-
construction (CARTO) is performed. Wide circular
linear lesions around each ipsilateral PV ostium are
deployed to modify the substrate for AF and to de-
lay LA-PV conduction. PVs are marked as virtual
“tubes” using a special Carto function despite the
limitation that true PV anatomy may differ. RFC le-
sions (initially: solid 8-mm tip, power: up to 100 W,
temperature: 65◦C) are deployed to achieve the pro-
cedural endpoint of ≥80% local signal amplitude
reduction or≤1m V and a conduction delay over the
ablation line. Recently, the additional deployment
of linear lesions was suggested to reduce iatrogenic
left atrial macroreentry tachycardias [19].

Complex Fractionated Atrial
Electrograms (CFAE)
This AF mapping and ablation approach differs sub-
stantially from approaches aiming for PV isolation.
This approach is based on the hypothesis that atrial
regions showing very fractionated, low-voltage elec-
trical activity during AF represent preferred areas
of slow conduction and pivotal points of reentrant
wavelets [9]. It is suggested that these areas represent
critical regions for the persistence of microreentries,
and therefore ablation should result in elimination
of AF.

Another hypothesis is that rotors, drivers, or gen-
erators of AF, which are characterized by fraction-
ated potentials, can be abolished by RFC ablation
resulting in termination of AF. Interestingly, it was
suggested that regions displaying complex fraction-
ated potentials may be anatomically related to au-
tonomic ganglionated plexi [20].

Nademanee et al. [9] used the 3D reconstruction
system Carto for an anatomic LA reconstruction.



BLBK050-Shenasa September 19, 2008 12:48

CHAPTER 21 Mapping Approaches for AF Ablation 279

In our experience, most commonly regions of frac-
tionated potentials can be identified at the base of
the left atrial appendage, anterior mitral annulus,
PV ostia, LA sites adjacent to the coronary sinus
(CS), inside the CS, and the CS ostium. The end-
point of this ablation procedure is AF termination
or noninduciblity of AF [9, 21, 22]. However, a re-
cent analysis of CFAE ablation in chronic AF pa-
tients could not demonstrate a prognostic relevance
in terms of AF recurrence if AF termination was
achieved [23]. The ultimate role of CFAE mapping
and ablation in AF needs to be determined.

Double Lasso Technique for
Circumferential PV Isolation
This procedure has been recently established in our
center [6] and is routinely performed under seda-
tion with continuous infusion of propofol. Prior to
the procedure a TEE is performed in all patients
to rule out LA thrombi. Anticoagulation treatment
with warfarin is stopped 3 days before admission
and replaced by intravenous heparin to maintain a
partial thromboplastin time at two to three times
higher than the control value in all patients.

Transseptal Puncture

Three 8F SL1 sheaths (St. Jude Medical, Inc., Min-
netonka, MN) are advanced to the LA by a mod-
ified Brockenbrough technique: two sheaths over
one dilated puncture site and the third sheath via
a second puncture site. For this sheath, the infer-
oposterior site of the foramen ovale is punctured
to better reach the right inferior PV After transsep-
tal catheterization, intravenous heparin is admin-
istered to maintain an activated clotting time of
250–300 sec. Additionally, continuous infusions of
heparinized saline are connected to the transseptal
sheaths (flow rate of 10 mL/hr) to avoid thrombus
formation or air embolism.

LA Reconstruction

Left atrial 3D electroanatomical mapping is per-
formed with a 3.5-mm-tip catheter (ThermoCool
Navi-StarTM, Biosense Webster, Diamond Bar, CA)
during coronary sinus pacing, sinus rhythm (SR),
or AF by using the Carto system. Most importantly,
mapping is only performed in the LA. All mapping
points deep within the PV are deleted to ensure that

the posterior wall is flat in the right lateral and left
lateral views, respectively.

Identification of PV Ostia Using
Selective PV Venographies

After LA reconstruction, ipsilateral PV ostia are
identified by selective venographies (RAO 30◦, LAO
40◦ projections) (Figure 21.1) and carefully tagged
on the electroanatomic map (Figure 21.2). This rep-
resents the crucial step then allowing the design of
the circumferential ablation lines. Misunderstand-
ing of PV ostia may lead to difficulties or even inabil-
ity to achieve PV isolation and increases the poten-
tial risk for PV stenosis. For example, the isolation
of the left-sided PVs in the setting of a narrow ridge
[11] between the left atrial appendage and the left
PVs can be very challenging if the anterior edge of
the left PV ostium has been inappropriately marked
in the left atrial appendage (Figure 21.3). On the
other side, severe PV stenosis can be produced if
the PV ostium is tagged inside the PVs [24].

Double Lasso Technique

Two decapolar Lasso catheters (Biosense-Webster,
Diamond Bar, CA) are placed within the ipsilateral
superior and inferior PVs or within the superior and
inferior branches of a common PV before radiofre-
quency delivery in the majority of patients with AF
(Figure 21.1).

Both Lasso catheters within the ipsilateral PVs
should be in a stable position to ensure reliable sig-
nals during the procedure. If the Lasso catheter is
placed too distally, the PV potential could be too
small or unrecordable, especially in patients with
fibrosed atria in long standing AF. The double Lasso
technique markedly facilitates the whole mapping
and ablation process twofold: (i) constant fluoro-
scopic PV marking and (ii) simultaneous electri-
cal PV recordings displayed on both Lassos (Figure
21.2) contribute to shorter fluoroscopy and proce-
dure times.

Electrical Isolation of Ipsilateral PVs

Irrigated RF energy is delivered with a target tem-
perature of 43◦C, a maximal power limit of 40 W,
and an infusion rate of 17 mL/min. In all patients,
maximal power of 30 W is allowed at the posterior
wall to reduce the potential risk of LA-esophageal
fistula. RF ablation sites are tagged on the
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 21.1 Parts (a)–(d): Fluoroscopic right and left
anterior oblique views (RAO 30◦ and LAO 30◦ of the left
atrium and the right-sided pulmonary veins (PV). PV ostia
are marked by yellow points. The red line indicates the
proposed ablation line around the right-sided PVs. Two
Lasso catheters are positioned within the right-sided PVs,
the mapping catheter (map) in left atrium and a catheter
inside the coronary sinus (CS). Numbers indicate Lasso
electrodes positions (d). KEY: RAO = right oblique view;
LAO = left oblique view; CS = coronary sinus; RSPV = right
superior pulmonary vein; RIPV = right inferior pulmonary
vein.

Parts (e)–(h): Fluoroscopic right and left anterior oblique
views (RAO 30 and LAO 30◦ of the left atrium and the
left-sided pulmonary veins (PV). PV ostia are marked by
yellow points. The red line indicates the proposed ablation
line around the left sided PVs. Two Lasso catheters are
positioned within the left-sided PVs, a catheter is inside
the coronary sinus (CS). KEY: Numbers indicate Lasso
electrodes positions (G). RAO = right oblique view; LAO =
left oblique view; CS = coronary sinus; LSPV = left superior
pulmonary vein; LIPV = left inferior pulmonary
vein.

reconstructed 3D LA. RF energy is applied for up to
30 sec until the maximal local electrogram ampli-
tude decreases to<70% or double potentials appear,
and the sequence of PV activation recorded from the
double Lasso catheters changes. RF ablation is per-
formed in the posterior wall more than 1 cm and in
the anterior wall ≈5 mm from the angiographically
defined PV ostia.

Procedure Endpoint

The majority of the right PVs can be electrically
isolated after anatomical completion of continu-
ous circumferential lesions (CCLs) alone; however,
a significant percentage of left PVs still conduct after
the completion of CCLs even if performed by highly
experienced operators. The remaining conduction
gaps can then easily be identified using the 3D map
and the activation sequence displayed on the two
Lasso catheter within the ipsilateral PVs.

Additional RFC applications closing remaining
conduction gaps between LA and PV are delivered
according to the activation sequence of both Lasso
catheters (Figure 21.2). In patients with paroxysmal
or persistent AF, the ablation endpoint of CCLs is
defined as the absence of all PV spikes during SR
documented with both Lasso catheters within the
ipsilateral PVs at least 30 min after PV isolation.
Complete electrical PV isolation has been associ-
ated with high success rates [25, 26]. Termination
of AF is not defined as an endpoint in our pro-
cedure. Electrical cardioversion is performed after
complete isolation of the bilateral PVs in case of AF
persistence.

Electrophysiological Findings of Double
Lasso Catheters During CCLs

The double Lasso technique provides better in-
formation of LA-PV conduction and interesting
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Figure 21.2 Tracings during sinus rhythm (ECG leads I, V1).
Intracardiac electrograms recorded from two Lasso
catheters within the left superior and inferior pulmonary
veins (LSPV, LIPV), a mapping catheter (map), and a
catheter inside the coronary sinus (CS) during RFC

application in a patient with paroxysmal AF. Note a
simultaneous isolation of both LSPV and LIPV when the
right continuous circular lesions are complete. KEY: LA =
left atrium; PV = pulmonary vein; RFC = radiofrequency
current.

electrophysiological findings about PV activation.
This technique is also helpful for the complete
PV isolation by CCLs. The comprehension of the
electrophysiological findings recorded by the Lasso
catheter is critical for electrophysiological PV isola-
tion.

Complete PV Isolation by CCLs

Our studies have demonstrated that CCLs can be
performed during SR or CS pacing or during AF.
During SR or CS pacing, CCLs resulted in progres-
sive prolongation and sequence change of PV acti-
vation recorded from two Lasso catheters within ip-
silateral PVs. Isolation of ipsilateral PVs is achieved
without amplitude reduction of the PV spike

(Figure 21.2). We immediately stop the RF appli-
cation to avoid the potential risk of PV stenosis in
case of catheter dislodgement into the PV. More-
over, according to our previous experiences before
using the double Lasso technique, ablation at more
distal PV sites may lead to the attenuation of PV
signals or partial PV isolation which both compli-
cate the analysis of PV activation sequence and gap
identification.

During CCL deployment in AF, the initially dis-
organized PV activation within the PVs becomes
progressively organized and shows cycle length pro-
longation until finally both ipsilateral PVs are si-
multaneously isolated. The fibrillatory cycle lengths
recorded from the CS was also longer after ablation
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than that before ablation in patients without termi-
nation of AF. The ipsilateral PV spikes disappeared
simultaneously in the majority of patients at com-
pletion of the respective CCL. This important find-
ing provides the scientific evidence that complete
PV isolation by CCL can be confirmed in the setting
of clinical practice by using a single Lasso catheter
in one of the ipsilateral PVs.

Automatic Activity and Tachycardia in
PVs

After complete isolation of the PVs, regular or irreg-
ular automatic activity within the PVs dissociated
from the atrial activity was observed in ≈95% pa-
tients. Also, induced or spontaneous sustained fast
PV tachyarrhythmias were observed within the iso-
lated PV after complete isolation of PV in ≈45%
patients. The high incidence of automatic activity
and fast PV tachyarrhythmias within the PVs may
be due to a greater portion of myocardium within
the isolated area compared to previous studies using
segmental PV isolation.

AF Termination During CCLs

In a recent study [27], 51 patients with paroxys-
mal AF underwent complete PV isolation during
AF. After complete PV isolation, external cardiover-
sion (CV) was required to terminate AF only in
5 patients (9.8%); in the remaining 46 patients
(90.2%), AF termination occurred before or im-
mediate after complete PV isolation. Importantly,
a single PV as AF origin was demonstrated in
5 patients (9.8%), in whom sustained PV fibrilla-
tion or tachycardia was always observed within the
PV before isolation during AF and after isolation
during SR.

However, in patients with persistent AF lasting
more than 7 days and less than one year, AF termi-
nation only occurred in 30% of cases [28]. Also, in
the majority of cases, AF termination occurred be-
fore isolation of the bilateral PVs. AF termination
in patients with paroxysmal or persistent AF may be
explained by the fact that CCLs eliminate a num-
ber of random reentries and consequently result in
inability of AF perpetuation. Based on this obser-
vation, AF termination should not be the endpoint
for catheter ablation, because AF terminated before
complete isolation in most cases.

Electrical cardioversion is performed after com-
plete isolation of the bilateral PVs in case of AF per-
sistence. Interestingly, in some patients the PVs still
conducted with marked conduction delay imme-
diately during SR after cardioversion. Conduction
through CCLs between LA and PV may be cycle
length dependent, therefore complete PV isolation
should be confirmed during SR.

Future Perspectives in AF Mapping
and Ablation

Magnetic Navigation
The magnetic navigation system Niobe (Stereotaxis,
St. Louis, MO) enables the operator to perform safe
remote-controlled catheter ablation in supraven-
tricular and ventricular tachycardias [29–32]. Two
permanent magnets positioned next to the patient’s
table create a steerable permanent magnetic field.
The soft mapping and ablation catheter has to align
parallel to the resulting magnetic vector. In con-
junction with a motor drive unit, true remote con-
trolled catheter ablation from the control room can
be performed, which obviously reduces the oper-
ator’s radiation exposure significantly. In addition,
the system can memorize all once-applied magnetic

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 21.3 (a) (Modified left lateral view) Successful PV
isolation of lateral PVs. NavX reconstruction of left atrium
showing the ridge between the left atrial appendage and
the lateral pulmonary veins. Yellow dots indicate sites of
RF lesions. Red dot indicates site of PV isolation at the
anterior ridge. Please note elimination of PV spike from
the Lasso recording. KEY: A = atrium; ∗ = PV spike; LAA =
left atrial appendage; LSPV = left superior pulmonary vein;
LIPV = left inferior pulmonary vein; RF = radiofrequency.

(b) (Modified PA view): Successful PV isolation of septal
PVs. NavX reconstruction of the left atrium showing
circumferential RF lesions encircling the septal pulmonary
veins. Yellow dots indicate sites of RF lesions. Red dot
indicates site of PV isolation at the posterior roof. Please
note elimination of PV spike from the Lasso recording. KEY:
A = atrium; ∗ PV = spike; LAA = left atrial appendage,
RSPV = right superior pulmonary vein; RIPV = right
inferior pulmonary vein.
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Figure 21.4 Left panel shows complete remote-controlled
LA map using the magnetic navigation system Niobe IITM

(Stereotaxis, St. Louis, MO) in conjunction with the Carto
RMT system (Biosense Webster, Diamond Bar, CA). PV ostia
have been identified and tagged in the LA map (white
dots) shown in a PA and an LL view. Right panel shows

subsequent manual re-LA map and tagged PV ostia (white
dots) and deployment of circumferential linear lesions
around each ipsilateral PVs (red dots) and sites of
successful PV isolation (yellow dots) shown in a PA and LL
view. KEY: LA = left atrium; PV = pulmonary vein; PA =
postero-anterior; LL = left lateral.

vectors facilitating the mapping and ablation pro-
cess.

Recently, this technology has allowed the addi-
tional use of a 3D electroanatomic reconstruction
system (Carto, Biosense Webster, Diamond Bar,
CA) to perform LA reconstruction as a prerequisite
for subsequent PV isolation (Figure 21.4). Inter-
estingly, this platform technology allows the fusion

and simultaneous visualization of fluoroscopic and
electroanatomic information improving the opera-
tors anatomic orientation. However, only solid-tip
catheters (4-mm, 8-mm) have been available so far,
which excludes from our perspective extensive left
atrial RF energy application. The release of the novel
magnetic 3.5-mm open irrigated tip catheter may
overcome this limitation.
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Figure 21.5 Cross-talk phenomenon: After freezing the
LSPV with the 28-mm cryoballoon (a) switch of the
cryoballoon position to the LIPV and the Lasso to the LSPV
(b). Intracardial electrograms show successful LSPV

isolation documented by loss of PV spike (∗) displayed on
the Lasso catheter placed inside the LSPV while freezing at
the LIPV. KEY: LSPV = left superior pulmonary vein; LIPV =
left inferior pulmonary vein; A = atrium; ∗ = PV spike.

Balloon-Based PV Isolation
Sequential point-to-point burning with radiofre-
quency current makes catheter ablation a techni-
cally complicated procedure. This results in long
learning curves and time-consuming ablation pro-
cedures, increasing the discomfort and risk for com-
plications for both the patient and the physician.
This technical complexity is also one explanation
of nonreproducibility of published clinical success
rates in non-high volume centers.

In contrast, balloon-based catheters represent an
emerging novel technology that may facilitate PV
isolation. Different balloon-based energy sources
are currently under investigation such as the en-
doscopic laser system (CardioFocusTM, Marlbor-
ough, MA), the high-frequency-focused ultrasound
system (ProRhythmTM, Ronkonkoma, NY), or the
cryothermal energy system (CryocathTM, Montreal,
Canada). All balloon systems share right phrenic
nerve palsy as the most common complication when
applying energy at the right superior PV [33].

Recently, the so-called “single big balloon tech-
nique,” using cryothermal energy, has been estab-
lished for acute PV isolation [34]. This “single big
balloon” technique uses only the largest available

balloon (28 mm) and requires two transseptal punc-
tures, one for the 12 Fr cryoballoon catheter, and one
for the Lasso catheter to record PV potentials before
and after each cryo application. The big balloon is
utilized to obtain proximal antrum isolation and to
avoid the right phrenic nerve. Notably, it is impor-
tant to be proximal and not distal inside the PV to
avoid phrenic nerve damage. Otherwise, cryother-
mal energy has been shown to be safe, and there are
no significant complications, such as PV stenosis
or damage to the esophagus. PV occlusion reflect-
ing balloon-to-tissue contact is assessed by contrast
venous angiograms via the lumen of the balloon
catheter. If the contrast medium remained within
the PV, electrical isolation can be achieved with a
single freeze (Figure 21.5). However, long-term per-
sistence of cryothermal induced lesions remain to
be evaluated.
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Summary

Precise visualization of the left atrial (LA) anatomy

during ablation of atrial fibrillation (AF) is an

important determinant of the success and safety of

the procedure. Many efforts in this field have

focused on properly visualizing and locating

important structures as the pulmonary veins and

the left atrial appendage. With advances in cardiac

mapping, the currently available mapping systems

have markedly improved the understanding of the

cardiac structures in 3D. However, the constructed

cardiac chamber is susceptible to human errors;

many areas that are not visited by the mapping

catheter may be missed in the reconstructed

chamber. Moreover, the stiffness of the mapping

catheter may inadvertently result in indentations of

the chamber surface during point acquisition,

which, with further point editing, may undoubtedly

affect the geometry of the constructed surface.

Efforts have been made to add a true image to

substitute or complement the constructed map.

Different imaging modalities have been used, such

as computerized tomography (CT) magnetic

resonance (MRI), intracardiac echo, and

fluoroscopy. These resulting different images have

been integrated to the primary mapping tools,

namely, the 3D mapping systems and fluoroscopy.

Nevertheless, the accuracy of this integration

process is dependent on many factors that may

limit the advantages of integration. These factors

include quality of the scanned image, the time from

image acquisition to registration, the rhythm

during which the image has been scanned as well as

technical aspects of data acquisition, segmentation,

and registration.

Types of Image Integration

The integration process consists of fusing two im-
ages acquired via different modalities. Both images
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would have a common 3D axis, such that a map-
ping/ablation catheter navigating on one image
would correspond to the exact same location on the
other. This can be achieved by one of three ways:
1 Registering a preacquired image into a 3D map-
ping system.
2 Using one/two catheters in a single system to
reconstruct the chamber of interest via different
modalities.
3 Registering two different systems, with auto reg-
istering of the produced image.

Registering a Preacquired Image
into a Mapping System

With this technique, a real 3D shell of the left atrial
chamber is registered with a recreation of the same
chamber generated by the operator using a 3D
mapping system. One image provides the precise
anatomical details of the chamber to be mapped
(CT or MRI), while the other serves as an aide in
mapping or navigation (3D mapping systems or flu-
oroscopy) (Figure 22.1).

Integrating CT/MRI with 3D Mapping
Systems
Integrating CT/MRI with 3D maps constitutes the
initial attempts of image integration in AF abla-
tion [1–9]. The process of image integration follows
three phases:

Image Acquisition

Images are acquired using a contrast-enhanced
multislice detector CT or MRI. ECG-gated images
are acquired during breath-holding for retrospec-
tive 3D reconstruction of the axial images. Raw data
are then uploaded to the mapping system and seg-
mented to extract the left atrium and the pulmonary
veins semiautomatically.

Segmentation

This is the process of extracting the structure of in-
terest in 3D from the surrounding cardiac and tho-
racic structures. The segmentation process is per-
formed in three steps: first, the boundaries of the
pertinent structures are delineated by setting the
threshold intensity range to allow for differentia-
tion between the blood pool (high intensity) and
the endocardium (low intensity). Different thoracic
structures are annotated by specific markers. The
software algorithm (Image Integration ModuleTM,
Biosense Webster, Inc., Diamond Bar, CA) can then
be used to depict the structure of interest in a 3D
volume rendered image. If further adjustments are
required, manual slicing is performed. Finally, the
outer most part of the contrast, the shell, is exported
into the study to perform the integration process.

Registration

This can be performed in two ways:
(i) Landmark registration, which consists of se-

lecting and acquiring a well-defined point on the

Figure 22.1 Image integration of CT
with electroanatomical map in AF
ablation.
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electroanatomical map (EAM) and annotating its
corresponding location on the CT/MR image. Three
to four pairs of points (map and CT) are required
to register the left atrium. A recent study has shown
that the posterior points on the pulmonary vein–left
atrial junction are the most appropriate landmark
points to register the CT image to the EAM [10].

(ii) Surface registration, which consists of acquir-
ing 30–40 surface points from different regions of
the left atrial surfaces. Although points need to be
well distributed, acquiring points on the anterior
surface may lead to indentation and distortion of
the left atrial map and may affect the registration
accuracy [10].

Other methods of manual registration, including
visual alignment or local registration of a certain
area, have been used, but have not yet been com-
pared in controlled studies. This also includes the
rendering of an electroanatomic map on a remote
magnetic navigation workstation.

Integrating CT/MR with Fluoroscopy
Similar to CT/MR integration with 3D maps, im-
age acquisition and segmentation follow the same
techniques, although segmentation is performed on
a separate workstation [11, 12].

Registration

Registration follows a different approach where pre-
determined fluoroscopic projections are acquired,
and the CT/MR image is automatically registered
on a workstation platform using custom software.
In a study performed to register 3D CT with flu-
oroscopy projections, the coronary sinus and the
superior vena cava (with a catheter inserted via the
superior approach) were taken as landmark loca-
tions for registration. Despite automated registra-
tion, manual readjustments were required in almost
half of the cases [12]. This is expected when register-
ing a 3D modality image with a projection images
in 2D. In another study, MRI was successfully inte-
grated with angiographic images [13]. However, in
the latter study tracking the mapping catheter was
not possible in real time.

Evaluation of Accuracy of the
Integration Process

Studies have used different methods to evaluate the
accuracy of image integration. Postmortem evalu-

ation studies have always been the gold standard.
Two previous studies reported that ablation points
were located 2 mm away from targets they marked
[5, 14]. On the other hand, the only real-time
in vivo study using intracardiac echo has found
that despite a registration error of 2.1 mm, sur-
face registration misaligns the image with the pul-
monary vein ostia with an error reaching up to
1.5 cm [10].

Importantly, the accuracy of alignment should
not be evaluated numerically only. This is because
when the surface registration “best fit for the maxi-
mum number of points” is applied, despite satisfac-
tory map-to-shell distance (2.1 mm), the acquired
points may not attach to their corresponding sur-
face or their accurate location on the corresponding
surface. Assessing the accuracy of integration with
fluoroscopy is, on the other hand, only based on
visual (qualitative) rather than quantitative assess-
ment. This can be guided by angiography of one
of the pulmonary veins or other structures, such as
the coronary sinus, to check the alignment together
with the primary registration landmark.

General Pitfalls for Static Image
Integration

Registering two static images together may be af-
fected by several factors that may influence the ac-
curacy of the registration:

The image is usually acquired hours to days prior
to the study. The patient volume status, cardiac
rhythm, and rate may affect the left atrial size of
both images.

When acquiring an image during AF, several
studies have shown that 45–50% of the cycle length
would be a good target to reconstruct the image
while during sinus rhythm, the CT image is usually
reconstructed at 70–80% of the cycle length [9, 11,
13]. However a recent study did not show a signif-
icant difference in the atrial size when images are
acquired during sinus rhythm versus AF [9].

Respiration may have a significant effect on the
matching of both images. Whereas the CT/MRI im-
ages are acquired during end-inspiratory breath-
holding, the EAM points are acquired during end-
expiration. This may have a significant effect on the
left atrial size as it relates to venous return, as well
as the pulmonary vein location which is subject to
the splaying effect during respiration [15]. Perhaps
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acquiring CT scans during the resting expiratory
phase would eliminate this problem.

Pitfalls Related to Image Integration
with Cardiac Maps

Both landmark and surface registration techniques
have pitfalls that influence its accuracy. Whereas
landmark points anchor the CT image at specific
points, they may not align the whole left atrium ac-
curately. On the other hand, because of the surface
indentation during point acquisition and poten-
tially missed areas during mapping, the constructed
left atrium may not represent the exact anatomy
of the left atrium. Hence, although the surface-to-
surface alignment may be better with surface regis-
tration, due to the globular nature of the acquired
left atrial map, surface fitting of the integrated im-
age is not synonymous and does not guarantee the
correct alignment of the pulmonary vein ostia [10]
(Figure 22.2).

Pitfalls Related to Integration with
Fluoroscopy

Unless the fluoroscopic projections are ECG-gated,
acquiring the exact phase to fuse with the CT/MR
will be subject to human error, even if the cine
frames are reviewed and the frame showing maxi-
mum displacement of the coronary sinus is taken.

Using the coronary sinus as a landmark may not
be optimal as the coronary sinus is a very dynamic
structure and its location may vary significantly
from mid- to end-diastole. This can be a potential
source of misalignment. Moreover, in many cases,
the coronary sinus may be difficult to segment from
the CT due to incomplete contrast filling, and in-
creasing the filling threshold may overfill the left
atrium, and affect its size during segmentation.

Integration of Imaging into
Mapping Systems to Facilitate
Image Registration

Integrating ICE with Electroanatomical
Mapping
Being an accurate real-time imaging modality, in-
tracardiac echo (ICE) is an invaluable imaging tool
during ablation procedures. The usefulness of ICE
during procedures has been previously discussed,

including facilitating trans-septal punctures, direct
real-time visualization of the pulmonary ostia, and
other important structures such as the appendage,
ensuring accuracy of tissue contact, and direct vi-
sualization of complications during the procedure,
such as pericardial effusion [16–24]. Moreover, two
different forms of 3D ICE are currently under trial
for use in electrophysiologic procedures; real-time
volumetric echo, and 3D reconstructed images from
2D acquired images. Recently, 3D reconstruction of
cardiac structures followed by integration with the
3D maps has been attempted.

This is achieved with an 8–10 Fr 64-phased-array
3D ultrasound catheter. The catheter has a location
sensor (providing location information to the map-
ping system) and an ultrasound transducer (acquir-
ing real-time ultrasound images) embedded in the
tip. This 3D ultrasound catheter, when connected
to the mapping system, provides real-time integra-
tion of ultrasound images with electroanatomically
acquired maps.

Technique of 3D Data Acquisition� The ICE catheter is introduced to the right atrium
before the trans-septal puncture is performed.� The wedge-shaped plane through the left atrium
appears on the mapping system.� The borders of the structure are marked according
to the echo density. The edge delineation may be
automatically or manually performed.� In the usual manner, the ICE catheter is rotated
in a clockwise direction to scan a different plane
until the whole left atrium has been constructed.
Slight posterior tilt would be required to visu-
alize the right pulmonary veins. In each plane,
the same procedure of border delineation is be-
ing performed, and is added to the previous set.� Special structures as the pulmonary veins and the
left atrial appendage can be marked out separately
and added as separate structures to the original
map.� After completion of the whole left atrium, the
electro-anatomical mapping/ablation catheter is
introduced to the left atrium and further fine tun-
ing of the map is performed.� During the entire procedure, the mapping
catheter tip appears “as an icon” on the cut plane
as well as the reconstructed chamber (Figure
22.3).
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(a)

(b)

Landmark Registration

Surface Registration

Figure 22.2 Errors of registration.

� Finally, other imaging modalities CT/MR can be
integrated with the derived image in the usual
manner for image registration.

Potential Advantages and Pitfalls

The major advantage of this technology is that ICE
is the only real-time imaging tool that can be used
during ablation procedure. Moreover, because the

catheter is already equipped with a location sensor
common to both, the EAM and the ICE data sets,
there are no or minor errors of registration. A re-
cent animal study has shown errors of registration
using this technique to be only 1–2 mm, which was
significantly better than that seen with CT image
registration [25]. Even the distorted shape of the
chamber created by the roving mapping catheter
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Figure 22.3 Vessel tagging technique using ICE-Carto integration.

can be obviated by using the echo volumetric shell
to register the 3D CT/MRI (Figure 22.4).

However, the current technique is still tedious,
time-consuming, and subject to human errors when
outlining the border of the constructed chamber.

Moreover, the chamber is generated by adding sev-
eral thin wedge-shaped echo slices. This process
may require a long time to accurately construct the
left atrium. Perhaps with the continuous threshold
detection and automated acquisition of data, the

Figure 22.4 Reconstructing the LAA using ICE-Carto-CT integration.
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time required for construction of the map can be
abbreviated if the precision is not compromised.
Finally, because there is no smoothing software,
when the different slices are connected to each other
by the custom software, gaps between acquired
planes emerge, ending up in a “peaks and valleys”
pattern.

Registering Two Different
Systems Together

The idea of co-registering two different systems and
synchronizing them together would probably obvi-
ate the need for further image registration. An image
acquired or constructed by one system would auto-
matically be registered on the other system. How-
ever, the degree of accuracy of the system registra-
tion, and the degree of freedom in manipulating the
transferred images, are crucial determinants of the
accuracy and benefits achieved with the integration
process.

Image Integration on Remote
Navigation Systems
Going one step further, the fluoroscopy projection
and the EAMs were successfully integrated through
this approach. At the outset, both systems are reg-

istered to each other via specific points on a com-
mon landmark location. Two different X-ray pro-
jections are acquired, preferably ECG-gated, and
stored on the navigation system platform. The EAM
that is later acquired is automatically transferred
and viewed, yet not manipulated, on the magnetic
navigation system. For this reason, it is actually syn-
chronization and superimposition rather than true
integration. Furthermore, CT/MRI image can also
be integrated with the EAM/fluoro-integrated im-
age. The latter process can be performed either di-
rectly through the system, in which case this image
can be manipulated on the navigation system, or
registered to the EAM on the mapping system and
transferred to be viewed on the navigation system
(Figure 22.5).

This technique allows points acquired and virtual
lines drawn on the EAM to be sent to the fluoroscopy
projections for automatic navigation of the catheter
to the desired location, and vice versa.

Potential Advantage and Pitfalls

In prelaunching studies, the multiple-point regis-
tration technique for aligning the mapping system
to the magnetic navigation system has shown a reg-
istration error of 0.5–1 mm, whereas image/image
registration in different studies has shown a mean
error ranging from 1.7 to 2.7 mm. This larger error

Figure 22.5 CT-CARTO integration with Fluoroscopy using Stereotaxis.
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may be partially attributed to point acquisition on
the EAM, which by itself may have an error of 0.8–
1.2 mm. However, the bidirectional synchrony with
manipulation of the EAM on the fluoroscopy is still
not optimal.

Integration of 3D Fluoroscopy
with EAM
Recently, fluoroangiography has been used to con-
struct 3D images [26]. A rotational angiography of
the left atrium is acquired using a monoplane fluo-
roscopy. This image is further reconstructed to cre-
ate a 3D shell of the left atrium (Figure 22.6).

Technique of Acquisition� A long sheath is inserted into the pulmonary
trunk or the inferior vena cava.� Around 80–100 mL of contrast is injected using
an electronic injector.� After a predetermined duration, during which the
contrast circulates to reach the left atrium, the
sweep maneuver starts.� The C-arm is rotated 270◦ over the patient in 5
sec bidirectionally in two sweeps, during which
around 200–250 projections are acquired. Images
are ECG -gated and acquired during inspiratory
the hold.

Figure 22.6 Rotational Angiography with 3D reconstruction of the LA.
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� Image reconstruction is then performed on a sep-
arate workstation and a 3D image of the LA can
be attained.

Potential Advantages and Pitfalls of the
3D Fluoroscopic Image

The 3D fluoroscopic image has been previously
tried in operating theaters for orthopedic and vas-
cular surgery and recently in the heart with an ac-
ceptable resolution compared to the 3D CT scans
[26–29]. It is a simple and cost-effective procedure.
The 3D image can be integrated with the real-time
fluoroscopy, and its potential advantage may be
greater if the navigating catheter can be tracked on
the 3D image. The degree of transparency depends
on the amount of dye injected, yet one disadvan-
tage is that the injecting sheath artifact appears in
the image.

Image Integration of 3D Fluoroscopy
with EAM

Currently, trials are underway to integrate the fluo-
roscopy image to the EAM. Both systems can be co-
registered together and after the image is acquired
and reconstructed, it is automatically transferred to
the 3D mapping system. Both images become su-
perimposed with no further registration required.

Conclusion

Image integration for the ablation procedure may
be a useful tool to enhance mapping and naviga-
tion, but this is highly dependent on accurate regis-
tration. Registering static images has many pitfalls
that may outweigh its potential benefits. Using a sin-
gle system that can display more than one real-time
imaging modality is a promising technique if the
time required for chamber construction is abbrevi-
ated. Finally registering two systems together does
have good potentials, particularly if 3D fluoroscopy
is used. In the future, the introduction of real-time
interventional MRI may obviate the need for image
integration.
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Summary

Ventricular tachycardia occurs in patients with

myocardial scar resulting from coronary artery

disease. Endocardial catheter mapping and ablation

has become an accepted therapy for patients with

recurrent ventricular tachycardia. Traditional

entrainment and pace-mapping techniques have

limitations and may not be useful in some patients.

Substrate mapping guided by intracardiac

electrograms and 3-D electroanatomic mapping

systems allows the identification of myocardial scar.

Potential sites of reentrant circuits may be

identified and targeted for linear ablation lesions.

This technique has been shown to be effective in

selected patients for preventing recurrent VT and

ICD shocks.

Introduction

Ventricular tachycardia (VT) degenerating to ven-
tricular fibrillation is a major cause of mortality
in patients with coronary artery disease (CAD) and
previous myocardial infarction (MI) [1]. Scar at the
site of the healed infarction provides the substrate
for reentry, the most common mechanism of VT in
the setting of coronary disease.

The primary approach to patients with coronary
disease thought to be at high risk for ventricu-
lar arrhythmia and sudden cardiac death has be-

come implantable cardioverter–defibrillator (ICD)
implantation. Antiarrhythmic agents are a second-
line therapy, used in the management of patients
with recurrent VT or who are unable to undergo
ICD implantation. Neither of these approaches is
curative, however. Antiarrhythmic agents may pre-
vent or slow VT, making it more tolerable; but the
efficacy is far less than 100% [2].

Side effects, including proarrhythmia and tox-
icity, also decrease the utility of currently avail-
able antiarrhythmic agents. ICDs can be life-saving,
but programming limitations may prevent reliable
identification of certain VTs, and repeated ICD
shocks can be extremely traumatic for patients.
Moreover, ICD implantation and therapy is not free
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of morbidity [3, 4]. In addition, ICDs may not pre-
vent syncope and injury associated with ventricular
arrhythmias. Many patients require additional ther-
apy after ICD implantation to prevent multiple ICD
shocks.

Surgical or catheter ablation of VT may be cura-
tive. Endocardial catheter mapping is established as
the primary means of guiding ablation [5]. Conven-
tional methods using activation and entrainment
mapping require pacing and recording during rel-
atively extended periods of VT. This requirement
excludes those patients who have VT that causes
hemodynamic collapse too rapidly to permit de-
tailed mapping. This, in part, explains the relatively
limited success rate of VT ablation [6, 7]. Indeed, the
vast majority of patients at risk for life-threatening
ventricular arrhythmias cannot undergo conven-
tional mapping and ablation [8]. In addition, a sig-
nificant number of patients are not able to have their
clinical VT induced in the electrophysiology labo-
ratory despite having a history of recurrent VT. For
these patients, activation and entrainment mapping
is also impossible.

The anatomical substrate of healed MI corre-
sponds to a specific electrophysiologic substrate.
This can be mapped and ablated in sinus rhythm
guided by a substrate map. Three-dimensional elec-
troanatomic systems for activation mapping and
ablation provide guidance during catheter ablation
therapy and are also extremely useful in substrate
mapping. Application of substrate mapping and ab-
lation during sinus rhythm allows curative therapy
for many of the large proportion of VT patients
who cannot undergo conventional VT mapping and
ablation.

Methods of Mapping for VT

Mechanism of VT in CAD
Reentry is the most common mechanism of VT
in the setting of coronary disease and healed MI
[9]. Reentry requires a functional and/or anatomic
circuit with a region of unidirectional block and a
path of slow conduction through which the excita-
tory wavefront propagates, allowing the rest of the
circuit to recover excitability and perpetuate reen-
try. Scar tissue in the region of a healed MI con-
tains normal myocytes interspersed with connective
tissue [10].

The heterogeneity of the tissue creates nonuni-
form anisotropy and slow conduction through the
region of the scar [11, 12], The connective tis-
sue itself and/or its production of functional block
due to nonuniform anisotropy are thought to iso-
late an isthmus through which the wavefront passes.
Most of these regions are in the subendocardium
of the scar [13]. During VT, local electrical ac-
tivity in this protected isthmus can be detected
during diastole using a bipolar recording catheter;
occasionally, electrical activity spanning all of di-
astole can be recorded. Curative surgical resection
has been found to abolish these abnormal electro-
grams, strengthening the hypothesis that they are
closely associated with substrate for VT [14].

Entrainment Mapping
The standard technique for mapping and ablating
VT is based on localizing the protected isthmus
and placing an ablation lesion to interrupt the isth-
mus. The method for localizing the critical site for
maintenance of reentry is known as entrainment
mapping [8, 15–17]. This method requires that VT
must be induced by programmed electrical stimula-
tion and be hemodynamically tolerated well enough
to map the ventricle and examine of the interac-
tion of the VT circuit with further programmed
stimulation.

Candidate sites are selected on the basis of the
ventricular anatomy, the VT morphology, and the
presence of diastolic electrical activity. If the re-
sponse to pacing at the candidate site is appropriate,
the site likely represents a protected isthmus that is
a necessary part of the reentrant circuit [17, 18],
Creation of an ablation lesion that spans the isth-
mus and therefore causes conduction block in the
reentrant circuit will terminate the tachycardia and
render it noninducible.

Limitations of Entrainment Mapping
If a tachycardia rapidly leads to hemodynamic col-
lapse and the need for immediate termination,
entrainment mapping cannot be performed. Un-
fortunately, because of the hemodynamic instabil-
ity of VT, the majority of patients at high risk for
VT in CAD cannot readily undergo this method of
mapping and ablation. Alternative methods may be
used, but all have drawbacks.
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One approach is administration of an antiar-
rhythmic agent such as procainamide to transform
polymorphic VT into monomorphic VT so that it
may be better tolerated [19]. Antiarrhythmic agents
such as amiodarone or procainamide may also slow
unstable rapid VT to a rate that is stable. Unfortu-
nately, a drug may allow inducibility of a VT that is
not inducible in the drug-free state, or it may occa-
sionally render a VT noninducible in the EP labo-
ratory. Another method is to induce a tachycardia
repeatedly for short periods of mapping followed by
termination. This technique is time-consuming and
exposes the patient to multiple episodes of hemo-
dynamically unstable VT and often multiple car-
dioversion shocks. An alternative is to use intra-
aortic balloon pump or cardiopulmonary bypass
to support a patient during extended periods of
VT. However, such procedures introduce additional
risks and morbidity.

Pace Mapping
Pace mapping is the technique of pacing at poten-
tial ablation sites and comparing the 12-lead ECG
to the ECG of the patient’s clinical and/or induced
VT [20, 21]. Pace mapping should not be confused
with entrainment, which occurs during the tachy-
cardia; pace mapping is performed entirely in sinus
rhythm. The technique is effective for guiding ab-
lation of idiopathic VT in normal hearts [22, 23],
However, pace mapping has proven disappointing
in the setting of CAD and MI. Because the scar sur-
rounds the site of the protected isthmus that may
have several dead-end pathways, pacing from many
sites within the scar may produce an identical QRS
morphology to the tachycardia if the wavefront’s
exit from the scar is the same as the tachycardia.
Moreover, experience has shown that in VT associ-
ated with CAD, it is rare to find a pacing site that
matches the VT identically in terms of the QRS mor-
phology at a site of successful ablation in the isthmus
[20, 24].

Noncontact Mapping
Newer noncontact mapping systems use a 64-pole
multielectrode balloon catheter placed in the left
ventricle to provide an activation map from a single
beat of a tachycardia. The multielectrode array al-
lows reconstruction of 3360 electrograms superim-

posed on a computer model of the ventricle. This
system has been shown to be able to be used as
a guide for mapping and ablation of VT [25, 26].
While this is technically activation mapping, only
a single beat of a tachycardia is required, allowing
effective mapping of a nontolerated VT. However,
entrainment mapping is not able to be performed
without sustained VT, and identification of critical
isthmus sites may be difficult using this technology
alone.

Substrate Mapping

Substrate mapping is a strategy that may be used
to guide catheter ablation for VT based on find-
ings during the baseline rhythm. Cassidy et al.
found that electrograms in areas of healed MI had
recognizable abnormalities that can be seen dur-
ing sinus rhythm. These abnormalities were not
seen in patients with normal hearts [27, 28]. They
examined the abnormalities and categorized the
abnormal electrograms as fractionated, late, and
abnormally long (Figure 23.1). Normal left

1

aVF

V1

NORMAL

ABNORMAL

FRACTIONATED
& LATE

TIME

1mv

1mv

1mv

Figure 23.1 Normal and abnormal electrograms recorded
in sinus rhythm. Three surface electrocardiographic
recordings (leads I, aVF, and V1) and three local bipolar
electrograms (normal, abnormal, and fractionated and
late) recorded from different left ventricular endocardial
sites are shown. The dotted vertical line denotes the end
of the surface QRS activity. The arrows show the onset and
offset of local electrical activity. 10 mV calibration bars are
shown for each electrogram. Reproduced with permission
from Ref. 27.
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ventricular bipolar electrograms have amplitude
greater than 3 mV, duration less than 70 msec, and
amplitude/duration ratio greater than 0.045. Ab-
normal electrograms have been shown to be present
in all patients with previous MI and VT. Most
groups define areas of infarction as those with bipo-
lar electrogram amplitude less than 1.5 mV [29, 30].

Further experience with conventional mapping
has shown that the site of origin of VT is nearly al-
ways associated with an abnormal electrogram, and
patients with VT have more marked abnormalities
than patients with scar but no history of VT [31].
Furthermore, cardiac arrest patients with marked
substrate abnormalities but not inducible VT were
found to be at higher risk for clinical recurrence of
ventricular arrhythmia than those who did not have
abnormal substrate [32].

Finally, endocardial recordings made prior to and
after subendocardial resection for the treatment
of VT revealed diminution of the abnormality of
the electrograms in the region of resection [14].
The authors of this study concluded that fraction-
ated electrograms were generated by heterogeneous
myocardium and connective tissue in the resected
subendocardium. Work in animal models of MI
has confirmed that the margin of an infarct-related
scar can be identified by qualitative and quantitative
differences in electrograms recorded from the scar
and from surrounding normal myocardium [33].
Recent work has demonstrated that infarct hetero-
geneity at the border zones between dense scar and
normal tissue can be seen using cardiovascular mag-
netic resonance imaging, and that the volume of
this region is strongly correlated with inducibility
of ventricular arrhythmias [34].

These data provide the basis for substrate map-
ping to guide ablation therapy for VT in coronary
disease. Electrograms are recorded at multiple sites
during sinus rhythm, and areas defined by abnor-
mal electrograms are resected or ablated to remove
the substrate. Such a procedure eliminates the need
for prolonged periods of VT for mapping. Un-
fortunately, the specificity of substrate mapping is
poor.

Cassidy et al. concluded that surgical resection
based on substrate mapping was highly likely to re-
sult in an excessive amount of myocardial resection
[27]. This low specificity is likely due to the fact
that not all parts on a prior infarction are capable

of sustaining reentry, despite the presence of ab-
normal electrograms. In contrast to the low speci-
ficity of substrate mapping for identifying specific
sites critical to a reentrant tachycardia, the sensi-
tivity of abnormal electrograms in substrate map-
ping of VT was found to be 86% by these inves-
tigators. This high sensitivity raises the possibility
that catheter ablation techniques designed to iso-
late potential sites of origin of VT can be success-
ful. The ablation targets are less focal than conven-
tional mapping techniques, but rather encompass
the border zone of prior infarcts. The goal of sub-
strate ablation is creation of linear lesions to in-
terrupt any isthmuses of myocardium that could
support VT.

Practical Aspects of Substrate Mapping
Three-dimensional electroanatomic mapping sys-
tems are routinely used for substrate mapping of
VT associated with CAD. The CartoTM (Biosense-
Webster, Diamond Bar, CA) system uses ultralow
magnetic fields to continuously localize the map-
ping catheter tip in 3D space. In combination with
electrograms recorded by the catheter at multiple
sites throughout the ventricle, the system can de-
velop a map of the chamber using the timing, am-
plitude, and location of each recorded electrogram
[35–37]. A resulting 3D map is produced in real
time, and catheter movement within this map is
tracked. The activation map is color coded to dis-
play the local activation time of the electrogram
at each site relative to a consistent reference such
as a surface electrocardiogram QRS complex. Ac-
tivation mapping using this system has been very
successful for a variety of tachyarrhythmias, but re-
quires that a tachycardia be induced and sustained
to allow mapping.

Substrate mapping can also be performed effec-
tively using the Carto system. An electrogram am-
plitude map is first created in sinus rhythm in order
to define areas of scar and potential isthmus sites.
An electrogram map is shown in Figure 23.2a for a
patient with a prior inferior MI. The electrograms of
lowest amplitude (red) identify the site of infarction.
The border zone of the infarction and the surround-
ing normal myocardium can be seen.

The Carto system is highly versatile and a large
amount of information can be obtained from the
maps. Figure 23.2b is an unusual map created from
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(a)

(b)

Figure 23.2 CARTO recorded in sinus rhythm from a
patient with previous inferior myocardial infarction. The
map is seen from the inferoposterior viewpoint. (a) Local
electrogram amplitude map. Red regions represent the
lowest amplitude electrograms (<3 mV) and correspond to
the inferior myocardial infarction. (b) Map of duration of
local electrograms in the same patient, also from the
inferoposterior viewpoint. The longest electrograms were
recorded in the blue and purple regions, which correspond
to the area of infarction.

the same data as the map in Figure 23.2a. The map
shows duration of the recorded electrograms, cal-
culated from the local activation times of the be-
ginning and end of the electrograms. The longer
duration of the electrograms (blue and purple) cor-
relate well to the known area of the infarct and to the
low-amplitude electrograms seen in Figure 23.2a.

The definition of scar and the voltage scale of the
display is an important consideration during volt-
age mapping. Some groups define scar as electro-
grams with voltage less than 0.5 mV, while others
have found more accurate identification of scar and
protected channels of slow conduction by defining

scar as less than 0.2 mV [30, 38]. Other groups de-
fine scar as inexcitable tissue unable to be paced with
the roving catheter at high output [39]. In practice,
all of these methods may be used—a less-specific
higher-voltage cutoff may be used to define the gen-
eral area of infarcted myocardium, and then more
specific lower cutoffs and high output pacing can
be used to further examine this area of abnormal
myocardium to define potential channels of viable
tissue and isthmus locations.

When the areas of scar are defined, potential
channels of viable myocardium through these re-
gions are often readily identified (see Figure 23.3)
as regions with an intermediate electrogram volt-
age. Pacing from these regions will often result in
a long stimulus–QRS interval, reflecting the pos-
sible role of these regions as protected isthmuses
during a reentrant tachycardia [38]. Pacing will not
always reproduce the tachycardia morphology, as a
protected isthmus site may have several pathways to
normal myocardium when pacing in sinus rhythm.
However, if pacing from these sites produces a sur-
face ECG morphology identical to the clinical VT,
then that site is likely to be connected to the VT
reentrant circuit, either as part of the circuit or as a
nearby “bystander” site [40].

Another guide to ablation during substrate map-
ping is identification of abnormal electrograms
within the scar or in the border zones as described
above. Isolated, delayed electrograms and fraction-
ated electrograms identified during sinus rhythm
or right ventricular apical pacing have been shown
to correlate with isthmus sites critical to the VT cir-
cuit [41]. Mapping during right ventricular apical
pacing may be more sensitive than mapping during
sinus rhythm for identifying isolated delayed elec-
trograms indicative of potential sites for ablation
[42]. Areas of abnormal electrograms may mark
sites critical in a reentrant circuit and are targets
for substrate-based ablation.

Ablation Strategies
After voltage mapping, pace-mapping, and record-
ing of abnormal electrograms have identified ar-
eas of scar, potential isthmus sites, and sites that
may be part of a reentrant circuit, ablation is
then performed. Linear ablation lesions are created
through point-to-point catheter ablations. Strate-
gies for placing these ablations vary somewhat, but
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(a)

(b)

Figure 23.3 CARTO maps showing the importance of
voltage mapping and definition of scar. Electroanatomic
CARTO maps of the left ventricle with large septal and
inferoseptal scar are shown. The image is shown in a
modified RAO orientation, and voltage maps are shown at
different color voltage scales. In part (a), the scale is
0.5–1.5 mV (see scale on the right), and a large area of scar
is identified along the anterior wall, septum, and inferior
wall. In part (b), the voltage scale has been changed to
0.1–0.5 mV. At this scale, regions of viable myocardium
can be identified within the scar which may
represent potential protected isthmus channels during
reentrant VT.

the goal is to interrupt the VT circuit. Therefore,
ablation lines should cross areas of putative crit-
ical isthmuses, encompass sites of abnormal elec-
trograms in the “border zone” of scar, and connect
areas of dense scar with either anatomic boundaries
(such as the mitral annulus) or with areas of nor-
mal myocardium [30, 43] (see Figure 23.4). These
lines may extend along the putative isthmus from
deep within an area of scar extending across the bor-
der zone of fractionated electrograms into normal
tissue. Another strategy is to place the lines along
the border zones of fractionated electrograms per-
pendicular to the isthmus and extending across the
exit site identified by pace mapping. Extending lines
of ablation from areas of dense scar to anatomic
boundaries or other areas of scar and creating com-
plete linear ablation lines are important princi-
ples to ensure successful ablation. Effective lines of

Figure 23.4 Linear ablation strategies in substrate ablation.
The electroanatomic CARTO map of the left ventricle from
Figure 23.3 is shown. The voltage scale is 0.1–0.5 mV, and a
region of viable myocardium within the larger area of scar,
as shown in Figure 23, is identified. The red dots represent
sites of ablation. Note that two ablation lines extend from
a region of dense scar (S) across putative isthmus channels
(IC) extending to another area of dense scar (S). Additional
ablation was performed from the upper region of scar
across another potential isthmus channel (IC) to the
anatomic boundary of the mitral valve (MV) annulus. An
additional horizontal ablation line is shown perpendicular
to the isthmus channel (IC) across the border zone (B) of
the dense scar. This line was created in regions with
abnormal fractionated electrograms and it also crosses the
isthmus channel to join with the linear ablation.
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conduction block without gaps are crucial in this
procedure. When exit sites or a critical isthmus can-
not be identified, empiric ablation of fractionated
electrograms in the border zone of scar may be per-
formed. Serial linear lesions can be made encircling
the scar border in approximately 3- to 5-cm inter-
vals in an attempt to interrupt all possible exit sites
[30].

Other Mapping and Navigation
Systems
The noncontact mapping system described above
can also be used for dynamic substrate mapping.
Areas of low voltage are able to be recorded by this
system. Pacing is performed around the area of the
infarct and regions of low voltage are recorded based
on the direction of wavefront excitation. The results
from pacing at different sites are combined to cre-
ate a substrate map displaying endocardial electro-
grams for identification of VT exit sites to be used
as a guide for ablation [44]. This technique remains
under development currently.

Role for Substrate Mapping and
Ablation
Substrate mapping can be used to guide abla-
tion therapy for VT in coronary disease without
prolonged periods of VT in the electrophysiology
laboratory. This may provide the means for cu-
rative therapy for patients who cannot undergo
conventional mapping procedures. Because only a
small percentage of patients with VT have inducible
hemodynamically tolerated VT in the laboratory,
this method is commonly used for treatment of re-
current VT.

Substrate mapping and ablation are unlikely to
guarantee prevention of arrhythmia, but it may
prevent clinically observed VT and decrease ICD
shocks. A recently reported study examined the
role of substrate mapping and ablation in patients
with ICDs at high risk for recurrent ventricular ar-
rhythmias. The SMASH-VT study randomized pa-
tients with an ICD and a history of VT, ventricular
fibrillation, syncope with inducible VT, or recent
ICD shock to substrate-based ablation or observa-
tion. Patients in the group undergoing substrate-
based ablation had significantly fewer ICD thera-
pies (shocks or antitachycardia pacing) and fewer
ICD shocks [45].

Conclusion

Substrate ablation may provide a method for poten-
tially curative therapy in patients without hemody-
namically tolerated VT. One randomized trial has
demonstrated the efficacy of this technique, and
further research is required to better define its in-
dications. As ICD use becomes widespread, the
number of patients who survive VT and experience
repeated shocks is increasing. This further high-
lights the need for better catheter-based treatments
of VT. Further development of substrate mapping
and ablation techniques in sinus rhythm for the pre-
vention of VT is necessary.
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Summary

Catheter ablation plays an important role in

reducing VT episodes in ICD patients and in

controlling incessant VT and electrical storms.

Present techniques enable ablation for multiple and

hemodynamically unstable VTs, formerly

considered to be “unmappable.” VT can be unstable

for mapping due to hemodynamic intolerance,

requiring immediate termination, inability to

reliably induce VT, or frequent changes in QRS

morphology indicating changing reentry circuits.

Monomorphic VTs are most often due to repetitive

ventricular activation from a structural substrate or

focus that can be targeted for ablation. Catheter

ablation techniques for stable VT rely on activation

and entrainment mapping during sustained VT,

which is typically only possible in a limited way

when VT is unstable. Substrate mapping with

adjuvant pace mapping during sinus rhythm is

quite feasible for these unstable VTs. Polymorphic

VT may not have a fixed substrate, but in some

cases ablation targeting the initiating ventricular

ectopic beats can be successful. Adjuvant methods

of hemodynamic support can also be helpful to

facilitate mapping during VT.

Introduction

Ventricular tachycardia (VT) is an important cause

of morbidity and mortality in patients with struc-

tural heart disease. Implantable cardioverter defib-

rillators (ICDs) can be life-saving, but recurrent de-

fibrillation can be painful and traumatic, and may

contribute to exacerbation of heart failure in these

patients [1–3]. Some patients suffer syncope despite

appropriate VT detection and therapy from their

ICD [4]. Catheter ablation for VT is an important

adjunct to the management of these patients, reduc-

ing shocks and allaying the need for antiarrhythmic

drugs, which have their own toxicities [1]. Catheter

ablation can be life-saving when VT is incessant

[5–7].

Catheter ablation requires mapping to locate the

arrhythmogenic substrate. Of patients with ICDs

who are considered for ablation after failing antiar-

rhythmic drug therapy, fewer than one-third have

VT that is sufficiently stable to allow mapping dur-

ing VT. The majority have a combination of stable

and unstable VTs, or only unstable VT. VT can be

unstable for mapping due to hemodynamic intol-

erance, requiring immediate termination, inability

to reliably induce VT, or frequent and spontaneous

shifts in morphology. Catheter ablation techniques

for stable VT rely on activation and entrainment
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mapping during sustained VT, which is only possi-

ble in a limited way in patients with unstable VT.

Substrate mapping techniques can be used to guide

ablation for these unstable VTs during stable sinus

or paced rhythm.

The type of VT and underlying heart disease di-

rect the approach to mapping and ablation. Most

VTs that are considered for ablation are monomor-

phic, a structural substrate or focus that can be tar-

geted for ablation, and are due to reentry through

regions of ventricular scar [8]. Recognition of other

types of arrhythmia such as bundle branch reen-

try or interfascicular reentry is important. Ablation

can also be used to control recurrent unstable poly-

morphic VT by targeting the initiating ventricular

ectopic beats [6, 9–12].

Substrate Mapping : Scar-Related
Sustained Monomorphic VT

Reentry related to ventricular scars from prior my-

ocardial infarction, cardiomyopathies, or surgical

incisions is the most common cause of sustained

monomorphic VT associated with structural heart

disease. Scars are comprised of variable regions of

dense fibrosis that create conduction block with in-

terposed surviving myocyte bundles and intersti-

tial fibrosis. Diminished cellular coupling produces

circuitous paths and zones of slow conduction that

promote reentry [13]. These circuits can be mod-

eled as having an isthmus or channel comprised of

a small mass of tissue that does not contribute to

the surface ECG.

The QRS complex begins when the excitation

wave front emerges from an exit along the border of

the scar and spreads across the ventricles. Scars re-

lated to VT often border a valve annulus that forms

a border segment for part of the circuit [14–16].

Multiple VTs with different QRS morphologies can

be due to multiple exits from the same region of

scar, or changes in activation remote from the cir-

cuit due to functional regions of block [15, 17–19].

Ablation at one region often abolishes more than

one VT [19, 20–22]. Multiple reentry circuits from

widely separated areas also occur.

The delineation of the likely arrhythmogenic sub-

strate during a stable sinus or paced rhythm is re-

ferred to as “substrate mapping.” This method of-

ten allows identification of likely exits and channels

without mapping during VT (Figure 24.1), facilitat-

ing ablation in patients with multiple and unstable

VTs [15, 18, 23, 24].

Identification of Target Sites:
Voltage Mapping and Pace
Mapping

Areas of ventricular scar are characterized by low-

amplitude bipolar electrograms (<1.55 mV). Plots

of peak-to-peak electrogram amplitude displayed

in electroanatomic mapping reconstructions are re-

ferred to as “voltage maps” (Figures 24.1 and 24.2)

[18, 24]. The low-voltage region is likely to contain

the reentry circuit, but is often extensive, exceed-

ing 20 cm in circumference in many patients [15].

Ablation of the entire region is typically not possi-

ble. Additional analyses of electrograms, voltage, or

pace-mapping are used to refine selection of target

sites.

The border region typically extends along the scar

margin defined by electrogram amplitude between

0.5 and 1.5 mV. Exit regions are located along the

scar border. Pacing while in stable sinus or paced

rhythm, or “pace mapping,” in the exit region repli-

cates the QRS morphology of VT (Figure 24.3b) [25,

26]. The interval between the stimulus and QRS on-

set is typically short, consistent with the exit location

in the infarct border.

Several markers of potential channels within low-

voltage regions have been identified. Delayed acti-

vation of a channel during sinus or paced rhythm

can create isolated potentials inscribed after the end

of the QRS [27, 31]. Pacing in a channel produces

a QRS that emerges after a delay (S − QRS > 40

msec) due to slow conduction through the chan-

nel (Figure 24.3c). When the stimulated wavefront

propagates through the channel to an exit region,

the paced QRS morphology resembles VT, suggest-

ing that the pacing site is in a reentry circuit isthmus

[25, 30]. If the wavefront leaves the scar by another

path, such as the entrance to a channel, the paced

QRS morphology may differ from VT, or resemble a

different VT. Potential channels can also be exposed

by assessing the relative electrogram amplitudes in

a low-voltage region [32, 33].

Electrically unexcitable areas of scar (EUS) that

are regions of fixed conduction block can be iden-

tified from a high pacing threshold (>10 mA at
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(a)

(b)

Figure 24.1 Electroanatomic
endocardial voltage maps in a patient
with ischemic cardiomyopathy and
multiple unstable VTs. Panel (a) shows a
voltage map of the left ventricle viewed
from the inferior oblique position, and
panel (b) depicts the same map from
the right anterior oblique position.
Purple indicates a bipolar electrogram
amplitude of 1.5 mV or greater;
amplitude diminishes from blue, to
green, to yellow, to red. Gray indicates
electrically unexcitable scar (EUS). A
low-amplitude region of scar is present
extending along the inferior and
anterior walls. White arrows indicate
the sites along the scar channel where
pacing produced activation similar to
the induced VT morphologies. Dark red
spots indicate ablation lesion sites.
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Figure 24.2 Findings from epicardial mapping during
sinus rhythm for a patient with VT due to idiopathic
cardiomyopathy. Panel (a) depicts an epicardial voltage
map obtained by percutaneous subxyphoid access. The
color scale is similar to that shown in Figure 24.1. There is a
large zone of low voltage (red). Areas that paced with

delay are indicated with blue dots. Dark red spots indicate
ablation lesion sites. Panel (b) shows the 12-lead ECG of
the epicardial VT morphology with slow QRS upstroke,
producing a pseudo-delta waves, possibly related to
delayed activation of the endocardial Purkinje system as
compared to endocardial VTs.
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Figure 24.3 Twelve-lead ECG in VT and with pace-mapping
in a patient with prior anterior infarction. Panel (a) shows
the 12 leads of an induced VT. It has a right-bundle-like
configuration in lead V1 (thin black arrow), superior axis
(heavy black arrow), and negative deflections in V3 and V4
(white arrow), consistent with its origin in the inferoapical
aspect of the LV. Panel (d) shows the endocardial voltage

map for this patient, with color scale similar to Figure 24.1.
An apical aneurysm with scar is demonstrated. Panel (b)
shows pacing near the scar border, with morphology
similar to the clinical VT but very short S-QRS [thin white
arrow on panel (d)]. Panel (c) shows pacing deep in the
scar area [heavy white arrow on panel (d)]. Ablation at the
indicated dark red spots rendered VT noninducible.
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Figure 24.3 (Continued )
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2-msec pulse width with unipolar pacing) [20]. In

some low-voltage regions, marking EUS creates a

visual map of potential channels. Narrow bands

of fibrosis are likely to escape detection with this

method. Inadequate electrode myocardial contact

is also a potential source of error. EUS cannot be

reliably detected based on electrogram amplitude

alone. Pacing captures at the majority of sites with

very low electrogram amplitude of <0.25 mV. In

contrast, some EUS sites have electrogram ampli-

tude >0.5 mV, due to the presence of large far

field potentials. Thus, electrogram characteristics

and pacing techniques provide complimentary in-

formation during substrate mapping.

The complexity of the reentry circuit configura-

tions and areas of slow conduction and block in

diseased ventricles are such that they are not always

sufficient to define a reentry circuit location. Even

in the case of unstable VT, limited activation map-

ping and potentially entrainment during VT can

be helpful to confirm that an identified region is

in a reentry circuit and to facilitate successful abla-

tion with fewer ablation lesions [15]. Alternatively,

RF lesions can be placed through presumptive exits

and/or channels, followed by retesting for inducible

VT [15, 18, 26].

QRS Morphology as a Guide to the
VT Exit

After the substrate is established, though the in-

duced VT may be unstable, briefly inducing VT to

assess QRS morphology can be exceedingly help-

ful to help localize the exit. Brief entrainment and

assessment of local activation times may be pos-

sible to better define a candidate channel or scar

region (discussed below). Attention to options for

promptly terminating the VT in the unstable pa-

tient either with overdrive pacing or cardioversion

is warranted.

The QRS morphology of VT is an indication of

the reentry circuit exit location (Figure 24.3a) [34].

A left bundle branch block-like configuration in

lead V1 indicates an exit in the right ventricle or

interventricular septum; dominant R waves in V1

indicate a left ventricular exit. The frontal plane axis

points away from the exit. A superiorly directed axis

indicates an inferior wall exit. An inferiorly directed

axis indicates an anterior wall exit. The closer an exit

is to a precordial lead, the more negative the S-wave

in that lead, providing an indication of exit location

between the base and apex. Apical exits generate

dominant S-waves in leads V3 and V4. Basal exits

generate dominant R-waves in these leads. Epicar-

dial reentry circuits produce VTs that typically have

a relatively long QRS duration, slow QRS upstroke,

producing a pseudodelta waves (Figure 24.2b), pos-

sibly related to delayed activation of the endocar-

dial Purkinje system as compared to endocardial

VTs [35].

It is important to recognize that the QRS mor-

phology only suggests a starting point for local-

ization of the VT circuit. Areas of scars, con-

duction block, and abnormal ventricular anatomy

can render the QRS morphology misleading. Pace-

mapping can suggest the relation between anatomic

location and anticipated QRS morphology is as ex-

pected in an individual patient.

Limited Mapping During VT

When VT is stable for mapping, assessment of acti-

vation and electrograms and entrainment are use-

ful for targeting the reentry circuit [15, 17, 36, 37].

When VT is unstable, these assessments may still be

useful during brief episodes of tachycardia to con-

firm that a region identified during substrate map-

ping is involved in the tachycardia. Parsimonious

use of VT induction can be exceedingly helpful to

confirm that an identified substrate region is in-

volved in the clinical VT, before terminating the VT

with ablation, pacing or cardioversion.

Activation Mapping and
Electrograms

During VT the circuit exit and isthmus have

presystolic (prior to the QRS onset) and diastolic

activation. Isolated diastolic potentials are often

recorded at the isthmus. Their timing is presystolic

near the exit and progressively earlier relative to the

QRS onset at sites further from the reentry circuit

isthmus. Sites that are proximal in the circuit can

be activated at the end of the QRS complex, (end

systolic rather than diastolic activity), but can be

identified by entrainment [38].
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Multielectrode and noncontact mapping systems

acquire electrograms from multiple sites simultane-

ously to provide an assessment of activation over a

broad area, which can be helpful if the time spent

in VT is brief due to instability. Detection of low-

amplitude signals in the VT isthmus is difficult, and

often not clearly demonstrable. The larger ampli-

tude signals in the border regions are more easily

detected. The exit region along the border of the in-

farct is identifiable in over 90% of VTs as the region

of presystolic endocardial activation with spread of

activation away from that point [19, 39–41]. Some

diastolic activity is identified in approximately two-

thirds of patients, but complete reentry circuits are

defined in fewer than 20% of patients, likely due

to low signal amplitude, or locations that are re-

mote from the balloon electrodes, or intramural or

epicardial [39].

Electrogram timing alone, particularly at indi-

vidual sites, is limited as an indication of a reen-

try circuit location. Presystolic and diastolic elec-

trograms can also occur at bystander sites that are

not in the circuit. Some portions of the reentry cir-

cuit are depolarized during the QRS complex [42].

Pacing maneuvers and entrainment are useful for

further characterizing potential reentry circuit sites.

Entrainment

Confirmation that a site is involved in the reen-

try circuit can be obtained by entrainment map-

ping [15, 36, 42, 43]. During entrainment, pacing

at a rate faster than the tachycardia continuously

resets the reentry circuit. Entrainment is confirmed

by the criteria developed by Waldo and coworkers,

which includes evidence of constant fusion between

paced orthodromic and antidromic wavefronts, and

progressive fusion due to proportionately greater

activation of the ventricles by paced antidromic

wavefronts as the pacing rate is increased [44]. The

demonstration of entrainment indicates that reen-

try with an excitable gap in the circuit is the tachy-

cardia mechanism.

Determination of whether the pacing site is in a

narrow isthmus in the circuit is made from assess-

ment of QRS fusion during pacing. Entrainment

with concealed fusion usually indicates that the pac-

ing site is in a reentry circuit isthmus, in which case

the S-QRS interval equals the prematurity of ac-

tivation (electrogram to QRS interval) at the site

and the postpacing interval (PPI) is similar to the

tachycardia cycle length (Figure 24.4). At sites that

are in broad portions of the reentry circuit, such as

reentry loops along the border of the scar, entrain-

ment occurs with QRS fusion due to propagation

of stimulated wavefronts away from the pacing site,

but the PPI still indicates that the pacing site is in

the circuit [45]. Other findings that indicate that a

site is in the reentry circuit include reproducible VT

termination by catheter-induced mechanical pres-

sure and termination of VT by ablation during VT

[36, 46, 47]. It is not necessary to define the en-

tire circuit, if an isthmus can be identified for ab-

lation, which is a helpful strategy in patients with

unstable VT.

Special Substrate Considerations

The Purkinje System and VT
Approximately 8% of patients with sustained

monomorphic VT associated with structural heart

disease have bundle branch reentry as the cause

of one of their VTs, although scar related reentry

is often also present [8]. Most, but not all, have

a prolonged HV interval in sinus rhythm and in-

terventricular conduction delay or bundle branch

block, in which case, VT can resemble the sinus

rhythm QRS morphology in sinus rhythm. Most

commonly, the reentry circuit involves anterograde

conduction over the right bundle branch and retro-

grade conduction over the left bundle branch, giv-

ing rise to VT with a left bundle branch block config-

uration. The PPI at the apical septum indicates that

this region is in or near the circuit [48]. A right bun-

dle potential and/or His bundle electrogram pre-

ceding and linked to the QRS helps establish the

diagnosis. Ablation of the right bundle branch typi-

cally eliminates this VT. Occasionally interfascicular

reentry requires ablation of left bundle fascicles.

Portions of the Purkinje system can also be in-

volved in scar-related reentry circuits, particularly

after myocardial infarction [49, 50]. These VTs can

have a relatively narrow QRS duration of <145 msec

with Purkinje potentials present in the exit region.

Rarely, automaticity in the Purkinje system is the

cause of VT in patients with structural heart disease
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Figure 24.4 Entrainment of VT in a patient with a left
ventricular assist device. The tracing shown is an incessant
VT from a patient with ischemic cardiomyopathy and a left
ventricular assist device (LVAD). Note that the arterial
blood pressure tracing is dissociated from the electrical
activation of the heart (indicated by the arrow). Depicted

is entrainment at a candidate site for ablation. The
postpacing interval is 480 msec with a tachycardia cycle
length of 465 msec. The QRS morphology of the paced
complexes resembles the VT, and the SQRS is prolonged,
suggesting the pacing site is in the isthmus for this VT.

[8]. VT often requires isoproterenol administration

for initiation. A Purkinje potential is often present

at the successful ablation site.

Ablation for Polymorphic VT and
Ventricular Fibrillation

Recurrent polymorphic VT causing an “electrical

storm” that is not due to ongoing acute ischemia

is rare, but occurs in idiopathic ventricular fibril-

lation, the long QT syndrome, Brugada syndrome,

and early and late after myocardial infarction [6,

9, 11, 12]. VT is often initiated by premature beats

from one or a few foci that can be targeted for ab-

lation if they occur with sufficient frequency. Sharp

potentials consistent with Purkinje activation are

often recorded from foci in the left or right ven-

tricles. Less frequently an RVOT focus is a trigger.

Arrhythmias can wax and wane. Immediate patient

transport to the laboratory when the arrhythmia is

active is warranted if ablation is to be attempted.

In selected patients, approximately 90% of patients

are free from recurrences during follow-up [6, 9,

11, 12].

Optimization and Support for
Mapping

Preprocedure Optimization
The pooled procedure-related mortality for all VT

ablation patients is approximately 2%, with most

deaths related to uncontrollable, incessant VT with

hemodynamic deterioration in patients with se-

vere disease [51]. These risks are likely concentrated

among those with unstable VT. Preprocedure plan-

ning is essential to minimize risks. Underlying heart

disease should be carefully defined. The potential

for myocardial ischemia should be assessed. Al-

though ischemia is not usually the cause of mono-

morphic VT, it may contribute to hemodynamic

instability and increase the risk of the procedure. It

is important to consider electrolyte abnormalities,
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anemia, and metabolic abnormalities, such as hy-

perthyroidism, that may contribute to hemody-

namic deterioration or development of uncontrol-

lable arrhythmias during the procedure.

Fluid balance is an important consideration. Al-

though elevated filling pressures are common in

this patient population, relatively low filling pres-

sures related to aggressive diuresis and periods with-

out oral intake prior to procedures cause unex-

pected hypovolemia in some patients. Relative hy-

povolemia combined with sedation contributes to

hemodyamic intolerance of some VTs. Assessment

of intracardiac filling pressures with a pulmonary

artery catheter can be helpful in adjusting volume

status.

In patients with advanced disease, preprocedure

consideration of patient candidacy for conventional

ventricular assist devices and transplantation is im-

portant when assessing the balance of risk and ben-

efit of catheter ablation.

Hemodynamic Support
During Mapping

Intravenous administration of inotropic agents,

dopamine, norepinephrine, or epinephrine have

been used to improve hemodynamic tolerance dur-

ing VT, increasing the time for mapping during the

arrhythmia. Aggravation of ventricular arrhythmia

with the risk of the arrhythmia becoming inces-

sant is a concern. Vasoconstrictors such as phenyle-

phrine or vasopressin can be useful, particularly

if anesthesia-induced vasodilation is a contribu-

tor to hypotension. The afterload introduced by

pure vasoconstriction can potentially contribute

to pulmonary edema and ischemia in some vas-

cular beds. Careful monitoring and titration is

required.

Intraaortic balloon counterpulsation, can pro-

vide hemodyanamic stability in some patients, par-

ticularly those with relatively slow VTs for which

balloon inflation can be appropriately timed. Map-

ping catheters can be easily passed by the balloon

using the retrograde aortic route; we generally sus-

pend balloon inflation briefly during transit of the

catheter across the descending aorta. Inflation of

the balloon against the catheter in the aorta can

produce artifact, mimicking diastolic potentials. A

transeptal approach for the LV mapping catheter

avoids the need for a second arterial access and the

balloon catheter interaction.

Peripheral ventricular assist devices have been

used to provide hemodynamic support during VT

[52, 53]. Attention to sites of access for VT in

such patients is extremely important. Two types of

pVADs exist. One is delivered via a large trans-septal

and arterial cannulae providing left atrial to femoral

bypass [54]. Approach to the LV for ablation is via

retrograde aortic or epicardial access, but additional

trans-septal access is not possible. Suggested low-

dose heparinization (ACT 200–250 sec) may also

limit access options.

A second type of pVAD device is placed via ret-

rograde aortic approach and sits across the aortic

valve [55]. VT ablation has not yet been reported

with this second type of device, though theoreti-

cally trans-septal and epicardial approaches to the

LV during ablation may be possible. VT ablation

is feasible in patients with implanted standard left

ventricular assist devices (Figure 24.4) as well [56].

Ablation is usually required in scenarios where right

ventricular function, and consequently LVAD fill-

ing, is compromised by VT.

Antiarrhythmic Drug Therapy to
Improve Hemodynamic Tolerance

Administration of an antiarrhythmic drug, such as

intravenous procainamide to slow VT in the hope

of improving hemodyanmic tolerance, or convert-

ing a polymorphic VT to a stable monomorphic

VT, has also been reported [57]. However, the ad-

ditional conduction slowing, vasodilatory and neg-

ative hemodynamic effects of some of these medi-

cations seems to offset the potential benefit of rate

slowing in some patients. There is also concern that

the arrhythmia characteristics and substrate would

be modified, impairing detection of important ar-

rhythmia substrates. Administration of an antiar-

rhythmic is occasionally unavoidable when VT be-

comes incessant and uncontrollable.

Conclusion

Catheter ablation of VT has an important role

in reducing VT episodes in patients with ICDs

and controlling incessant VT and electrical storms.

Present techniques enable ablation for multiple and
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hemodynamically unstable VTs. Monomorphic VTs

are most often scar related and substrate mapping

can guide ablation [8]. Unstable polymorphic VT

can be addressed by targeting the initiating ven-

tricular ectopic beats [6, 9–12]. Attention to pre-

procedure optimization is important to minimize

risks. Adjuvant methods of hemodynamic support

can be helpful. Ablation failure is often related to

anatomic obstacles, such as intramural circuits that

would potentially benefit from further technologic

advances.
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Summary

A minority of patients with left and right

ventricular cardiomyopathies will present with

sustained ventricular tachycardia. The vast majority

of these patients are found to have perivalvular

scarring noted with noninvasive imaging and

electroanatomical mapping. The etiology of the

scarring in these patients is likely multifactorial, and

may represent a genetically predetermined adverse

response to cardiac injury. The perivalvular fibrosis

provides the substrate for tachycardias which are

predominantly reentrant in mechanism, and are

amenable to traditional activation and entrainment

mapping. When entrainment mapping is not

possible due to poorly tolerated tachycardias, then a

substrate-based ablation strategy can be utilized in

which detailed substrate characterization and

pacemapping of tachycardia exit sites are

performed to design an ablation strategy.

The presence of combined left and right

ventricular cardiomyopathies is more common

than previously recognized, and has important

implications with respect to the management of

ventricular tachycardias. Ventricular tachycardia

after repaired tetralogy of Fallot is the most

common form of incisional tachycardia. These

patients typically present decades after their

surgical correction with macroreentrant

tachycardias that are bounded by incisional scars or

graft materials; tachycardias in this setting are

treated with a linear ablation strategy.

Introduction

Catheter-based ablative therapy for patients with

ventricular tachycardia (VT) in the setting of right

and/or left ventricular cardiomyopathy (ARVC,

LVCM) represents a relative frontier in electrophys-

iology. Our understanding and characterization of

the substrate in these disorders has evolved substan-

tially over the past decade. Although we continue to

use standard activation and entrainment mapping

techniques for tolerated VT originating in proxim-

ity to the endocardium, we now recognize that both

the substrate and origin for much of the VT in this

setting is epicardial and the ECG can provide valu-

able clues related to its localization.
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Figure 25.1 Images taken from a 52-year-old man with VT
in the setting of idiopathic LV cardiomyopathy with
epicardial scar defined by intracardiac echo (ICE).
Endocardial bipolar voltage map (panel a) revealed a
small, well-circumscribed region of low voltage at the
lateral mitral annulus. The epicardial bipolar voltage map
(panel b) revealed a larger region of low voltage
extending from the lateral annular region. Panel c is an
intracardiac echo image taken from the RV inflow tract,
which reveals LV thinning and an epicardial echodensity
noted at the more basal aspect of the lateral LV wall that
corresponded to the epicardial low-voltage abnormality.
The patient’s clinical VT was induced with programmed
stimulation; however, it was poorly tolerated
hemodynamically. The presence of QS in V1 suggests an

epicardial location. Pacemapping failed to produce a
perfect VT match from the superior scar border on the
epicardium (white star in panel b) or from the
endocardium (yellow star in panel a). This case illustrates
the limitations of pacemapping within scar to replicate the
clinical VT morphology. Bidirectional activation from even
those sites within the VT isthmus may produce QRS with
pacing that does not mimic the activation with VT.
Furthermore, the effect of increased virtual electrode size
with the required high output pacing may further enhance
the likelihood of QRS fusion that does not mimic VT QRS.
Finally, mid-myocardial circuits may result in a ventricular
activation pattern that is not replicable by pacing from the
endocardial or epicardial surfaces.

Importantly, ablation strategies aggressively tar-

geting the identified endocardial and epicardial VT

substrate using imaging and bipolar voltage map-

ping techniques have resulted in control for unmap-

pable VT [1]. This chapter addresses the approach

to the mapping, localization, and ablation of VT in

the setting of nonischemic left ventricular (LV) and

right ventricular (RV) cardiomyopathies highlight-

ing these recent developments

General Procedural Considerations

Given the inherent complexity and risk associ-

ated with VT ablation, the preoperative integration

of the patient’s previous historical and diagnos-

tic information is critical in optimizing procedu-

ral planning. Primary data is gathered including:

echocardiograms, computed tomography and mag-

netic resonance images, and coronary angiogra-

phy. The assessment of LV systolic function, heart

failure status, and significant valvular and/or oc-

clusive coronary artery disease is routine prior to

induction of VT in the electrophysiology labora-

tory. In patients with nonischemic cardiomyopa-

thy, preablation imaging frequently provides clues

with respect to the anticipated electrophysiologic

substrate. When targeting VT in the setting of

nonischemic cardiomyopathy, we perform detailed

intracardiac echo assessment of the RV and LV

anatomy. The thickness of the basal perivalvular RV

and LV anatomy, the presence of ventricular non-

compaction, and the presence of pericardial thick-

ening or epicardial scar all provide valuable clues

with respect to the likely origin of VT as well as the

challenges that may be faced with a catheter based

ablation. (Figure 25.1)
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It is also important to obtain information about

the patient’s spontaneous arrhythmias prior to the

procedure. This information is fundamental both

in targeting the appropriate “clinical” arrhythmias

and in determining the exit site of the VT circuit

by analyzing the 12-lead ECG during VT. All avail-

able 12-lead electrocardiograms, intracardiac elec-

trograms, and telemetry strips of the patient’s clini-

cal VTs are evaluated in detail. When 12-lead ECGs

are not available, it is often possible to correlate

online ICD electrogram recordings of arrhythmias

induced in the EP lab with the intracardiac electro-

grams from the spontaneous arrhythmia episodes.

Two lead telemetry strips can also give important

information about the gross morphologic charac-

teristics (i.e., bundle branch block pattern, frontal

plane axis) and cycle lengths of the patient’s arrhyth-

mias. Sometimes one can infer the likely VT mech-

anism (reentrant versus focal) if the spontaneous

initiation and/or termination of the tachycardia are

available.

We have specifically found that the presence of

unanticipated Q-waves on surface ECG recordings

of sustained VT to be of particular value in identify-

ing a likely epicardial origin for VT in patients with

nonischemic cardiomyopathies. Unusual degrees of

delay in the initial components of the QRS complex

during VT also support an epicardial exit [2, 3].

Left Ventricular Cardiomyopathy

Epidemiology

Numerous studies have demonstrated a high in-

cidence of premature ventricular contractions

and nonsustained ventricular tachycardia in pa-

tients with left ventricular cardiomyopathy (LVCM)

[4–6]. Patients with a history of sustained,

monomorphic ventricular tachycardia have a higher

incidence of inducible VT during programmed ven-

tricular stimulation; however, VT induction can be

demonstrated in a substantial minority of patients

without previously documented arrhythmias [7, 8].

Noninvasive risk factors such as: abnormal signal-

averaged ECG, extent of myocardial fibrosis, and

the presence of myocyte hypertrophy and myofib-

rillar degeneration have been correlated with in-

creased risk of spontaneous VT; however, they are

not widely utilized for this purpose [9–13]. Despite

these data, the ejection fraction is the primary factor

considered in the assessment of mortality risk in

LVCM [14].

Chagas’ disease is a zoonotic infection caused

by the protozoan Trypanosoma cruzi; it is the

most common cause of cardiomyopathy in Latin

America. Arrhythmias are seen most commonly in

the chronic phase of the disease, which is often more

than a decade after the initial infection. Up to two-

thirds of Chagas’-related mortality is attributable to

sudden cardiac death [15–17].

Substrate Characterization

Patients with VT in the setting of left ventricular car-

diomyopathy (LVCM) have a variety of underlying

disease processes; however, there is a striking sim-

ilarity in the distribution of scar seen on imaging

studies and electroanatomical mapping. The sub-

strate distribution differs fundamentally from is-

chemic cardiomyopathy (ICM) in that the scar is

not subtended by a discrete coronary arterial ter-

ritory. The endocardial scar in LVCM most consis-

tently originates in the basal aspect of the left ventri-

cle, usually extending from the mitral and/or aortic

valve annuli. In a series of 19 patients with LVCM

from our institution, all had voltage abnormalities

involving the basal LV while only 1/19 had apical

scar [18].

Previous work by Cassidy and colleagues assessed

the endocardial electrogram characteristics in pa-

tients with VT in the setting of structural heart dis-

ease [19]. Abnormal bipolar voltage was defined as

≤3.0 mV using a standard Josephson quadripolar

electrode catheter. As in patients with ICM, abnor-

mal electrograms are demonstrable within the scar

boundary of LVCM. Fractionated potentials rep-

resenting nonuniform conduction within scar and

late potentials representing delayed activation of

“protected” myocardial bundles are frequently seen

with electroanatomical mapping in sinus rhythm.

As with substrate distribution, there are important

differences in the extent and distribution of ab-

normal electrograms in LVCM compared to ICM.

When compared to patients with ICM, the patients

with LVCM had less extensive endocardial voltage

abnormalities (15% vs. 43%), as well as significantly

fewer sites with fractionated (1% vs. 7%) and late

(2% vs. 12%) electrograms. These differences are

less profound if VT is present. In patients with uni-

morphic VT in NICM the endocardial abnormal
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substrate is more similar to patients with ICM and

VT with 37% of recorded electrograms abnormal

[18].

We have also shown that patients with LVCM and

sustained monomorphic VT showed a significant

increase in the percentage of sites with abnormal

electrograms recorded from both the endocardium

(38%) and the epicardium (47%) when compared

to those patients who presented with a cardiac arrest

without inducible VT where the percentage of ab-

normal electrograms on both endocardium (18%)

and epicardium (6%) was much less [18]. Inter-

estingly, a minority of LVCM patients demonstrate

scar on only the endocardium or the epicardium;

this finding has important implications when con-

sidering catheter ablation in such patients.

The patients with Chagas’-related monomorphic

VT often have demonstrable voltage and wall mo-

tion abnormalities in the basolateral LV, similar to

that seen with in idiopathic LVCM. Less frequently,

apical aneurysms are seen, but even when present

are the typical source of VT. Histopathologic ex-

amination of the basolateral LV wall in these pa-

tients can demonstrate either focal or diffuse fibrosis

that is more prominent on the subepicardial surface

[20]. Given the subepicardial substrate distribution

in Chagas’ patients, a combined endo- and epicar-

dial ablation approach is commonly utilized in this

setting.

In light of the experience in ablation of Chagas’

patients and the increasing evidence of defined epi-

cardial voltage/substrate abnormalities, the utility

of epicardial mapping in most patients with LVCM

and VT regardless of the etiology has been con-

firmed.

Soejima and colleagues demonstrated the impor-

tance of epicardial mapping in patients failing en-

docardial VT ablation [21]. In their cohort of 22 pa-

tients with reentrant VT, they reported a 46% failure

rate with an endocardial ablation strategy alone. In

the five patients who underwent both endocardial

and epicardial mapping, all had low-voltage regions

that were more extensive on the epicardium. The

basal and lateral epicardial regions of the LV are

most frequently involved in this process. Although

these sites typically compliment the regions of endo-

cardial scar in terms of anatomic location, in some

patients the abnormal area of low voltage can be

confined to the epicardium.

VT Morphology

Patients with LVCM often have multiple VT mor-

phologies inducible during EP study. Soejima et al.

found an average of 2.9 morphologies per patient

(range 1–7) [21]. Most VT in LVCM has a right

bundle branch (RBB) morphology; the presence of

VT with LBB morphologies suggests concomitant

LV septal or RV involvement.

The 12-lead ECG morphology has been demon-

strated to be of value in predicting epicardial sites of

origin for VT. A variety of algorithms have been de-

veloped for predicting LV epicardial sites in patients

without structural heart disease and in patients with

primarily ischemic heart disease. It is also suspected

that the ECG will be of value in identifying and epi-

cardial origin in patients with NICM although this

requires additional validation.

Berruezo and colleagues previously reported the

following criteria for LV epicardial sites: pseudo-

delta wave ≥34 msec, intrinsicoid deflection ≥85

msec, or precordial RS complex duration ≥121

msec [2]. We prospectively assessed the predictive

value of these criteria using pacemapping and found

that only an intrinsicoid deflection ≥85 msec con-

sistently predicted an epicardial site of origin. Our

group demonstrated that epicardial pacemaps from

the inferior LV surface more frequently demon-

strates Q-waves in leads II, III, and aVF than corre-

sponding endocardial sites. Moreover, the presence

of a Q-wave in lead I or a QS complex in lead V1 and

V2 suggests an anterior or anterolateral LV epicar-

dial origin [22]. This latter ECG clue is of particular

value given the common location of the VT sub-

strate in the perivalvular region in NICM.

Entrainment Mapping

The majority of VT in the setting of LVCM is reen-

trant. In a series of 26 patients with LVCM referred

for VT ablation, Delacretaz and colleagues demon-

strated scar-based reentry (using standard criteria)

in 62% of patients [23]. From the same study, 19%

of patients had bundle-branch or fascicular reentry.

The prevalence of both reentrant and nonreentrant

VT within the same patient appears to be uncom-

mon.

As in ICM, reentrant VT is most commonly

initiated with programmed electrical stimulation

[21, 23]. The mechanism of reentry is established

either by the resetting response or by entrainment
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Figure 25.2 Images from a 52-year-old man with
idiopathic LV cardiomyopathy and recurrent VT with
epicardial focal triggers identified by pacemapping. He
had a previous endocardial ablation procedure that was
unsuccessful. He was referred to our institution for an
epicardial ablation procedure, during which VT1 and VT2
were induced. The VT was poorly tolerated and thus not
amenable to entrainment mapping. The ECG morphology
of each VT reveals a characteristic QS pattern in lead I and
delayed intrinsicoid deflection in the precordial leads
characteristic of an epicardial site of origin. Although the

epicardial bipolar voltage map (panel b) identified only
low voltage in proximity to the coronaries. Identical
pacemaps for VT1 and VT2 were obtained from the
epicardium at sites represented by the white and yellow
stars (panel a). A preacquired CT image of the aortic root
and coronary arteries was segmented and merged with
the electroanatomical map to demonstrate the proximity
of the pacemap sites to the left coronary arteries. Ablation
connecting the regions with good pacemaps for VT1 and
VT2 rendered both VTs noninducible.

criteria. In patients with tolerated VT, conventional

entrainment mapping is performed to elucidate

critical components of the arrhythmia circuit. Sites

with early diastolic activation during tachycardia are

targeted as pacing sites to assess an appropriate en-

trainment response. A return cycle equal to the VT

cycle length with evidence of concealed fusion and

a 12 out of 12 lead ECG match of VT during pacing

identifies appropriate ablation targets for mappable

VT.

Pacemapping

Nonreentrant VT may occur in up to 20% of pa-

tients with LVCM [23]. Such arrhythmias often oc-

cur spontaneously or with isoproterenol infusion,

and are inconsistently initiated and terminated with

programmed stimulation. The sites of origin for fo-

cal VT may mimic those seen in idiopathic VT (e.g.,

LV septum) or may be found within scar. In tachy-

cardias originating within preserved myocardium,

electroanatomical mapping reveals a focal site of

origin that spreads in all directions. The ablation

strategy involves targeting the site with the earliest

presystolic potential.

It may not be possible to induce a sustained

VT in some patients due to excessive sedation,

catheter trauma, or concomitant antiarrhythmic

drug administration. Comparing the morphology

of a paced complex to the 12-lead ECG morphol-

ogy of the clinical arrhythmia can localize the ar-

rhythmia site of origin to an anatomic region that

will allow more detailed pacemapping and ablation

(Figure 25.2).

Substrate Modification

If poorly tolerated arrhythmias are induced

(so-called “unmappable” tachycardias), then a

substrate-based ablation strategy is performed [24].

In such cases, the critical elements of the arrhyth-

mia circuit cannot be determined with entrainment

mapping. For scar-based VT, the approximate exit

sites for induced arrhythmias are determined by

pacemapping around the scar border zone in si-

nus rhythm. Linear lesion sets are constructed to
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Figure 25.3 Endocardial sinus rhythm bipolar voltage map
and location of linear lesions in a patient with LV
cardiomyopathy and multiple poorly tolerated VT. Panel A
shows a coronal view of the LV which identifies a large
area of low voltage extending from the perivalvular mitral
and aortic valves. In panel (b), the three VT morphologies

and the location of the region of the best pacemap match
for one of the VTs are shown. In panel (c), linear ablation
lesions (red dots) crossing through sites of best pacemaps
extending through the abnormal myocardium to the valve
structures eliminated the three VTs.

incorporate the purported VT exit sites and extend

into and transect the dense scar and frequently con-

nect to the valve annuli (which typically serve as the

anatomic border for part of the substrate) (Figure

25.3).

If the VT is still inducible, linear lesions can be

created tangential to the scar border zone. These lin-

ear lesions assume some anatomic dimension of the

VT circuit that is approximated using pacemapping

information. In anticipation of a circuit exit not

perfectly perpendicular to the scar border, most op-

erators currently draw lines perpendicular to each

other that cover a distance of 3–4 cm in an attempt

to disturb the core of a larger purported circuit. Be-

cause some circuits may be microreentrant, a larger

set around an area of the best pacemap is employed

in some patients (Figure 25.2).

Finally, abnormal electrograms characterized by

late or fractionated potentials may also be empiri-

cally targeted within the scar, thereby disconnect-

ing surviving muscle bundles. Programmed stimu-

lation is performed following the initial lesion sets

to assess for additional inducible tachycardias. Ad-

ditional lesions are given if necessary with the end-

point of noninducibility. Because some of the sub-

strate appears to be intramural, irrigated ablation is

the rule.

Right Ventricular Cardiomyopathy

Epidemiology

Right ventricular cardiomyopathy (ARVC) is char-

acterized by a variable extent of fibrous and fatty in-

filtration of the right ventricle [25, 26]. It has a male
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predominance, and can occur in either sporadic

or inherited patterns [27]. In patients with ARVC,

more than half of patients present with ventricu-

lar arrhythmias including up to 20% with sudden

death [28]. Importantly, more than half of patients

with ARVC who receive an ICD will receive appro-

priate therapies for ventricular arrhythmias [28].

A combined strategy of ICD implantation and ab-

lative therapy has been demonstrated to achieve an

excellent long-term outcome in patients with ARVC

[1].

Another common cause of acquired ARVC oc-

curs after surgical repair of congenital heart dis-

ease. The most common substrate for ventricular

arrhythmias in this setting is the tetralogy of Fal-

lot (TOF). In a 10-year follow-up of patients un-

dergoing surgical repair of TOF, the incidence of

sustained VT was 4% and sudden death was 2%

[29]. Clinical predictors for sustained VT or sud-

den death in patients with repaired TOF include:

age at repair; history of ventriculotomy; QRS du-

ration >180 msec; presence of moderate pulmonic

insufficiency; or male sex [29–37].

Substrate

Patients with ARVC presenting with VT invariably

have perivalvular voltage abnormalities that extend

apically in a cone-like distribution, usually involv-

ing the free wall of the RV and, to a lesser extent,

the septum. There are three distinct patterns of

perivalvular involvement [1]:� Pattern 1 (25%): Low voltage involves the tricus-

pid valve only.� Pattern 2 (25%): Low voltage involves the pul-

monic valve only.� Pattern 3 (50%): Low voltage involves both the

tricuspid and the pulmonic valves.

The septal surface of the perivalvular regions are

involved in 71% of cases, but the voltage abnormal-

ity is usually more pronounced on the free wall. The

RV apex is often spared; however, the apical exten-

sion of the perivalvular scar can be prominent in

many patients [1].

A significant minority of patients with ARVC will

have epicardial voltage abnormalities that are out

of proportion to the endocardial substrate. Tachy-

cardia circuits with epicardial components may

be more difficult to approach with an endocar-

dial strategy, owing in part to the distance between

the endocardial and epicardial surfaces around the

perivalvular regions, which can exceed 2 cm in se-

lected patients (Figure 25.4)

The surgical correction of TOF involves both

patch closure of the ventricular septal defect (VSD)

and resection of the stenotic portion of the right

ventricular outflow tract (RVOT). A patch is placed

along the ventriculotomy either in a subvalvular

or transannular location. The arrhythmia substrate

in repaired TOF results from fibrosis along the in-

fundibular patch [38]. The extent of fibrosis is vari-

able, and some patients exhibit a substantial voltage

abnormality [39]. It is unclear whether this variabil-

ity results from operative technique, patch size, or

heterogeneity in the individual patient’s response to

injury.

Baseline ECG/VT Morphology

Although the baseline ECG can be normal some pa-

tients presenting with VT in the setting of ARVC, the

most common abnormalities in affected patients in-

clude:� T-wave inversion in the right precordial leads

without RBBB (V1–V3) (85%).� QRS widening in a right bundle delay pattern

(50%).� Epsilon waves.

Although epsilon waves are frequently confined

to the anterior precordial leads, occasionally they

can be identified in the inferior leads 2, 3, and

aVF. The latter patients uniformly have perivalvular

low-voltage areas with dramatic late potentials sur-

rounding the inferior aspect of the tricuspid valve

annulus. The Johns Hopkins group compared 50

ARVC patients with matched controls with VT from

the RV outflow tract. They found that a delay in the

terminal upstroke in V1–V3 (>55 msec) correlated

with disease severity and VT inducibility at the time

of EP testing [40].

In patients with ARVC referred for EP study at

our institution, an average of 3.7 distinct VT mor-

phologies per patient are induced. LBB morpholo-

gies predominate (93%) and are mapped within 3

cm of the tricuspid valve in 78% of cases. As stated

previously, the induction of RBB morphologies may

indicate concomitant perimitral scarring [1]. We

have also demonstrated that epicardial pacemaps

from the inferior RV more frequently have a Q-

wave in leads II, III, and aVF than corresponding
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Figure 25.4 Images taken from a 47-year-old woman with
right ventricular cardiomyopathy (RVCM) and recurrent VT.
The endocardial bipolar voltage maps (panels a and b)
reveal a small focal region of peri-tricuspid valve scarring.
The epicardial map (panels c and d) revealed a more
extensive, confluent region of low voltage that extended
to the apical boundary of the RV. Low-voltage
electrograms on the epicardium were frequently noted to

also be fractionated with many late signals noted. In our
experience, the more extensive epicardial voltage
abnormality has been typical in patients with RVCM.
Pacemapping along the epicardium (yellow star) more
closely mimicked the spontaneous VT than the endocardial
pacemap (white star). The VT was eliminated with ablation
targeting the epicardium at the acute angle of the RV
after endocardial ablation was unsuccessful.

endocardial sites. The presence of a Q-wave in lead

I or a QS complex in lead V1 suggests an anterior

RV epicardial origin for VT [3] (Figure 25.4).

In patients with TOF repair, the tachycardia usu-

ally propagates around the infundibular patch, and

less frequently the VSD patch. The direction of

propagation dictates the surface ECG morphol-

ogy (Figure 25.5). Clockwise rotation around the

patch demonstrates a left or right bundle, infe-

rior axis tachycardia; right bundle tachycardias

may reflect preferential LV septal activation. Coun-

terclockwise rotation around the patch reveals a

left bundle, superior axis tachycardia. Concomi-

tant rotation around the septal VSD patch typically

produces a right bundle morphology [41, 42]. A

figure-of-eight reentry can also exit with circuits

spinning simultaneously around the two fixed

anatomic barriers.

Entrainment Mapping

As in LVCM, the majority of VT in the setting of

RVCM is reentrant. In a series of 12 patients with

ARVC referred for VT ablation, scar-based reen-

try was present in 67% of patients [43]. Traditional

entrainment mapping is performed when possible,

and is often limited in patients with rapid tachy-

cardias or severely compromised right ventricular

function (Figure 25.6).

In patients with TOF the critical zone of conduc-

tion differs among patients, and may result from
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Figure 25.5 Images taken from a 56-year-old man with
tetralogy of Fallot who had surgical correction 40 years
previously consisting of an infundubular resection,
pulmonic valve commisurotomy, and ventricular septal
defect patch. He presented with recurrent VT with a left
bundle, left superior axis morphology. Panels (a) and (b)
demonstrate low-voltage regions corresponding to the
infundibular scar (a) and the VSD patch (b). His clinical VT

was induced with programmed stimulation; entrainment
mapping was performed which revealed a broad,
macroreentrant circuit that propagated around the
infundibular scar (panels c and d). The intracardiac tracing
was obtained from the region marked by the star in panel
(d); it reveals entrainment with concealed fusion with a
postpacing interval (PPI) equal to the tachycardia cycle
length (TCL).

the surgical procedure performed. In patients with

infundibular incisions originating below the pul-

monic valve, the critical isthmus for the VT circuit

often lies between the pulmonic valve and the top

of the ventriculotomy scar [44]. Early surgical ab-

lation experience involved targeting this region to

complete the line of block to the pulmonic valve

[39, 41, 42, 45].

The most common current ablation strategy for

TOF VT involves creating a line of block through

a critical tachycardia isthmus and connecting two

inexcitable structures, most commonly the pul-

monic valve or infundibular patch and the tricus-

pid annulus. In cases utilizing a transannular patch,

there may be no residual conducting tissue between

the patch and pulmonic valve. In these cases the

patch may serve as a fixed conduction barrier and

the tachycardia propagates around the patch infe-

riorly and passes between the tricuspid and pul-

monic valves; interruption of conduction through

this isthmus abolishes the tachycardia [46]. Bidi-

rectional block across the linear lesion set is easily

demonstrated by pacing on one side of the line and

recording delayed and sequential activation on the

opposite side of the line [46].

Pacemapping

Nonreentrant VT may occur in up to 30% of pa-

tients with RVCM [43]. As in LVCM, nonreentrant

arrhythmias can be difficult to induce and often
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Figure 25.6 Images taken from a man with right
ventricular cardiomyopathy who had recurrent left bundle
branch morphology VT. His electroanatomical map is
shown on the right panel and reveals a confluent area of
scar involving the inferior aspect of the RV free wall with
patchy extension superiorly toward the pulmonic valve.
The patient’s VT was well-tolerated and entrainment
mapping was performed. The pacing site represented by
the white star on the voltage map is shown on the left

panel. Pacing during VT reveals a concealed fusion with a
long stimulus-QRS interval (red arrows), consistent with an
entrance site of the VT isthmus. The VT morphology
demonstrates a characteristic pattern break with an initial
R wave in V2 (black stars) which is typical for tachycardias
exiting from the inferior septal aspect of the tricuspid
annulus many centimeters from the entrance of the VT
circuit. Most VT in the setting of RVCM is macroreentrant
and can a large circuit can typically be identified.

require administration of agents such as isopro-

terenol. As stated above, patients with impaired

RV function often demonstrate labile hemodynam-

ics which can be exacerbated by beta agonists. In

patients with poorly tolerated or noninducible ar-

rhythmias, frequent isolated ventricular ectopy may

help to identify preferential VT exit sites.

Early catheter-based experience also described

successful ablation using sinus rhythm pacemap-

ping and entrainment maneuvers in the RVOT in

patients with prior TOF repair [47]. Given the

breadth of the VT isthmus in some patients, focal

ablation techniques are not appropriate when tar-

geting macroreentrant circuits, and point lesion are

usually extended to anatomic barriers to enhance

circuit interruption.

Substrate Modification

If unmappable tachycardias are induced, then a

substrate-based ablation strategy using linear le-

sions is performed [1]. As in LVCM, the approx-

imate exit sites for induced arrhythmias are de-

termined by pacemapping within and around the

scar border zone in sinus rhythm. Linear lesion sets

are constructed to incorporate the purported VT

exit sites and extend into the dense scar. Abnormal

electrograms characterized by late or fractionated
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Figure 25.7 Images from a patient who presented with
recurrent palpitations and mildly depressed LV function.
Frequent, spontaneous ventricular ectopy (left panel) with
a QRS morphology consistent with a site of origin from the
right ventricular outflow tract. Initially the patient was
thought to have a PVC-induced cardiomyopathy. However
with programmed stimulation, a right bundle right
inferior axis VT (middle panel) was consistently induced;
the morphology of this tachycardia is most consistent with

an epicardial LV exit (QS in lead I, “pattern break” in
V1-V2-V3, and delayed intrinsicoid deflection). The
patient’s MR imaging (right panel) demonstrated a large
region of delayed hyper-enhancement in the basal
superior LV and interventricular septum. This case
illustrates the importance of excluding the presence of a
more diffuse myopathic process in many patients with
nonischemic cardiomyopathy.

potentials are empirically targeted within the scar,

thereby disconnecting surviving muscle bundles.

Combined Left and Right
Ventricular Cardiomyopathy

The presence of combined LV and RV voltage ab-

normalities is important and under-recognized. In

19 patients with RV cardiomyopathy and VT who

underwent biventricular mapping at our institu-

tion, five patients had significant LV voltage abnor-

malities involving the perimitral valve area. Four

of the five patients with LV scar also had inducible

VT, which was mapped and ablated from the LV

[1]. Another series found that patients presenting

with RV aneurysms or mural thrombosis were more

likely to have concomitant LV involvement [48].

Careful assessment of preoperative assessment of

biventricular function, as well as evaluation of the

ECG morphology of tachycardias induced during

EP study, may help identify these patients. For

example, the induction of right bundle tachycardias

in patients with right ventricular cardiomyopathy

should raise suspicion about LV involvement

(Figure 25.7).

Whether this more global disorder represents

a sporadic or genetically predetermined response

to injury remains unproven. We believe that

these data suggest that triggers for initiation of a
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Figure 25.8 Images from patients with biventricular
perivalvular low-voltage areas and RV and LV VT.
Low-voltage region surrounds the peri-mitral, tricuspid
and pulmonic valves. Left bundle branch block VT
originated from the RV in the low-voltage region at the

bottom of the tricuspid valve and right bundle branch
block VT originates from the peri-mitral valve region.
Biventricular involvement occurs more commonly than
previously recognized and suggest a common
pathogenesis in RV and LVCM.

cardiomyopathy may be common infections with

subclinical pericarditis and myocarditis leading to

more chronic fibrotic changes in susceptible indi-

viduals. These infectious triggers may act on a geno-

typic predisposition that prevents adequate healing

and leads to postinflammatory fibrotic changes that

frequently involve both the ventricular chamber and

occasionally the right and left atrium. The thin-

ner right ventricle may be more susceptible to me-

chanical stresses, thus explaining why those patients

with desmosomal genetic abnormalities may mani-

fest abnormalities in the right ventricle in response

to a more generalized inflammatory response.

The diffuse nature of many cardiomyopathic

processes should force the electrophysiologist in-

volved with mapping and ablation procedures

in nonischemic cardiomyopathy to be constantly

vigilant for biventricular involvement (Figure 25.8).

Detailed biventricular electroanatomic mapping,

careful ECG analysis of spontaneous VT, and so-

phisticated imaging techniques should be the rule

for many patients.
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Summary

Arrhythmogenic right ventricular

dysplasia/cardiomyopathy (ARVD) is a genetic

cardiomyopathy characterized by progressive

replacement of right ventricular myocardium with

fatty and fibrous tissue [1, 2]. The prevalence of

ARVD has been estimated to be 1 in 5000 in the

United States. Ventricular tachycardia (VT) is the

most feared complication in patients with ARVD.

The main objective of ARVD management is to

prevent sudden cardiac death and symptomatic

ventricular arrhythmias. Implantable cardioverter

defibrillators remain the cornerstone of strategies

to prevent sudden cardiac death in this patient

population. Antiarrhythmic drugs and catheter

ablation are used primarily as adjunctive

procedures in patients with ARVD who are

experiencing frequent symptomatic episodes of

nonsustained or sustained ventricular

arrhythmias

The purpose of this chapter is twofold. Firstly, we

seek to provide a concise review of the approaches

to diagnosis and management of patients with

ARVD. Secondly, we seek to review the role of

electrical and electroanatomic mapping in both

diagnosis and management of patients with

ARVD.

Diagnosis of ARVD

The diagnosis of ARVD is established based on the
criteria set by the Task Force of the Working Group
of Myocardial and Pericardial Disease of the Eu-
ropean Society of Cardiology and of the Scientific
Council on Cardiomyopathies of the International
Society and Federation of Cardiology [3]. These cri-
teria are shown in Table 26.1.

Specific cardiac tests that are recommended in all
patients suspected of having ARVD include an ECG;
a signal-averaged ECG (SAECG), a Holter moni-
tor, and an echocardiogram. Exercise stress testing
should also be performed. When appropriate, more
detailed analysis of RV size and function can be pro-
vided by cardiac MR and/or CT. If the results of
the noninvasive tests point toward a diagnosis of
ARVD, invasive testing including endomyocardial
biopsy, right ventricular angiography, and electro-
physiology testing are recommended to establish the
diagnosis and to help provide further information
to guide treatment recommendations.
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Table 26.1 Diagnostic Criteria for ARVD/C.a

Major Criteria Minor Criteria

Structural or functional

abnormalities

1. Severe dilation and reduction of RVEF

with mild or no LV involvement

2. Localized RV aneurysm (akinetic or

dyskinetic areas with diastolic bulging)

3. Severe segmental dilatation of the RV

1. Mild global RV dilation and/or EF

reduction with normal LV

2. Mild segmental dilation of the RV

3. Regional RV hypokinesis

Tissue characterization Infiltration of RV by fat with presence of

surviving strands of cardiomyocytes

ECG depolarization/

conduction abnormalities

1. Localized QRS complex duration >110

msec in V1, V2, or V3

2. Epsilon wave in V1, V2, or V3

Late potentials in SAECG

ECG repolarization

abnormalities

Inverted T -waves in right precordial

leads (V2-V3 above age 12 yr in absence

of RBBB)

Arrhythmias 1. LBBB VT (sustained or nonsustained)

on ECG, Holter or ETT

2. Frequent PVCs (>1000/24 hr on Holter)

Family history Family history of ARVD confirmed by

biopsy or autopsy

1. Family history of premature sudden

death (<35 yr) due to suspected ARVD

2. Family history of clinical diagnosis

based on present criteria

a The criteria state that an individual must have two major, or one major plus two minor, or four minor criteria from

different categories to meet the diagnosis of ARVD/C.

Electrocardiographic Evaluation

ECG abnormalities are detected in up to 90% of
ARVD patients. T-wave inversion (TWI) in leads
V1–V3 is a well-established ECG feature of ARVD,
and in the absence of a RBBB is considered as a mi-
nor diagnostic criterion, present in 87% of patients
with ARVD.

Another typical ECG feature of ARVD is the “ep-
silon wave,” which are “postexcitation” electrical
potentials of small amplitude that occur at the end
of the QRS complex and at the beginning of the ST
segment. Epsilon waves are seen in 33% of ARVD
patients and are considered a major diagnostic crite-
rion for ARVD. Slowed electrical conduction in the
right ventricle, as a result of ARVD, may also cause
localized widening of QRS complex (≥110 msec) in
the right precordial leads, which is observed in 64%
of the patients. Prolonged S-wave upstroke in V1
through V3 ≥ 55 msec is the most prevalent ECG
feature and correlates with disease severity and in-
duction of ventricular tachycardia on electrophysio-
logical study [4]. Late potentials on signal-averaged

ECG (SAECG) recordings are the counterpart of the
epsilon waves and are considered a minor criterion
for the diagnosis of ARVD [5].

Imaging of the Right Ventricle

Right ventricular size and function can be evalu-
ated using a variety of imaging modalities includ-
ing echocardiography, angiography, CMR, and CT.
According to the Task Force criteria, a major crite-
rion for ARVD is defined as the presence of severe
dilatation and/or functional loss of the RV. A less
severe abnormality of RV size and/or function is
considered to be minor criteria for ARVD. It can
be appreciated that the Task Force Criteria are fairly
nonspecific, in that no definition of “severe” vs. “less
severe” has been agreed on. Although each of the
available modalities for evaluation of RV size and
function can detect severe structural abnormalities
of the RV, the diagnostic accuracy of these tests is
less certain when used for evaluation of patients
with mild disease.
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Myocardial Biopsy

Performance of an endomyocardial biopsy is com-
monly performed in the evaluation of patients with
suspected ARVD. This technique is most sensitive
when performed on the free wall at a site of regional
RV dysfunction or thinning. It is important to rec-
ognize that ARVD can be a patchy disease and that
clear evidence for the diagnosis will only be obtained
in one-third of affected individuals. However, when
the biopsy shows fibrotic or fiboyfatty myocyte re-
placement, with less than 65% residual myocytes
the diagnosis of ARVD is clearly established [3]. An
endomyocardial biopsy is also useful in excluding
other conditions such as sarcoidosis, which can be
confused with ARVD [6].

Genetics and Pathophysiology

ARVD is a heritable condition, typically with an au-
tosomal dominant pattern of inheritance and vari-
able penetrance. Most studies have reported a fa-
milial pattern of disease in approximately one-third
of probands [7]. ARVD is primarily a disease of
desmosomes. To date, eleven different genetic vari-
ants of ARVD have been mapped [8–13].

Identification of a gene abnormality in a family
member does not provide definitive information re-
garding risk. The presence of an abnormal gene does
not determine the phenotypic expression that can
be variable. Middle-aged family members with spe-
cific mutations have been identified who have no
evidence of the disease. However, genetic analysis
may be of clinical value in identifying those off-
spring that need to be followed most intensively for
the development of ARVD. While absence of this
mutation does not totally exclude the risk of de-
velopment of ARVD, our experience suggests that
it is much less likely to develop. In contrast, if the
offspring does carry a specific mutation more inten-
sive screening for identification of early ARVD (i.e.,
biannual noninvasive testing after puberty) and/or
restriction of athletic activity may be warranted.

Differential Diagnosis

Although it is not difficult to diagnose an overt case
of ARVD, differentiation of ARVD at its early stages
from idiopathic ventricular tachycardia (IVT), a
usually benign and nonfamilial arrhythmic condi-

tion, remains a clinical challenge [14, 15]. Most re-
cently, as described below, it has been shown that
voltage mapping may also help differentiate the two
conditions.

It is extremely important to determine if the pa-
tient has IVT or ARVD for two reasons. Firstly, IVT
is a benign condition that is not associated with a
risk of sudden death and therefore is not an indi-
cation for placement of an ICD. In contrast, there
is a clear association between ARVD and sudden
cardiac death. For this reason, many patients with
ARVD undergo placement of an ICD. Secondly,
ARVD is hereditary, whereas IVT is not. As a re-
sult, when a diagnosis of ARVD is made, screening
of all first-degree family members is recommended.

Ventricular Tachycardia in ARVD

Ventricular tachycardia in ARVD is common and
is felt to be similar mechanistically to ischemic
scar–mediated VT. Areas of fibrofatty infiltration in
ARVD form inexcitable “islets” or anatomic barri-
ers which, combined with areas of slow conduction,
allow for reentrant circuits to form. Most patients
with VT have predominately left bundle branch VT
that can be from multiple right ventricular sites and
demonstrate variable morphology.

There has been one report of up to twelve dif-
ferent types of VT in one individual with the dis-
ease [16]. RBBB VT rarely occurs and usually indi-
cates left ventricular involvement. The ventricular
arrythmias that originate in the right ventricle may
be asymptomatic and detected by routine ECG or
they may cause palpitations, syncope, or sudden car-
diac death [17]. ICD implantation is recommended
in the United States for all patients with a defini-
tive diagnosis of ARVD. Antiarrhythmic drugs have
been tried with some success at palliation. Catheter
ablation has also been employed for treatment of
ventricular tachycardia in ARVD since the early
1990s [18].

ICD Implantation

A decision to implant an ICD is critically important
because many of these patients are young, asymp-
tomatic, and have a long life expectancy. ICDs are
not complication-free and require replacement ev-
ery five years. In addition, the probability of lead
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failure increases with time given the progressive na-
ture of the disease.

Although the precise indications for ICD implan-
tation in patients with ARVD are not well defined,
we recently reported that the incidence of appro-
priate therapy was greater for patients with definite
compared with probable ARVD, for patients with
positive electrophysiologic study, for patients who
received the device for secondary prevention, and
in patients with PKP2 mutations [19, 20].

We recommend ICD implantation for all patients
who meet the strict Task Force criteria for ARVD.
Per the American Heart Association recommenda-
tions, an ICD should be implanted in all patients
for secondary prevention and for primary preven-
tion in patients with ARVD and any of the follow-
ing high-risk features: extensive RV disease; LV in-
volvement; one or more affected family members
with SCD; or unexplained syncope consistent with
a tachyarrhythmia (Grade 2C) [21].

Electrophysiology and
Electroanatomic Mapping in ARVD

Mapping of the right ventricle either using standard
electrophysiologic technique or facilitated with an
electroanatomic mapping system may be of value
both in the diagnosis of ARVD and with catheter ab-
lation of ventricular tachycardia. In this section, we
will review the results of studies of electroanatomic
mapping of the right ventricle in differentiating
ARVD from normal patients. We will then discuss
the role of mapping in performance of catheter ab-
lation of ventricular tachycardia.

Electroanatomic Mapping of
the Right Ventricle and Diagnosis
of ARVD

As ARVD VT can be difficult to differentiate from
idiopathic VT, some have advocated using elec-
troanatomic voltage mapping to aid in the diag-
nosis. Boulos and colleagues performed two stud-
ies that showed that ARVD is often characterized
by multiple low-voltage areas as compared both to
control patients who have no evidence of VT and
patients with RVOT VT.

In their first study, completed in 2001, they per-
formed voltage mapping of seven subjects who met
Task Force criteria for ARVD as compared to six

subjects who were undergoing electrophysiologic
study for evaluation of supraventricular arrythmias
and had no evidence of right ventricular disease. In
both groups of patients, there was regional varia-
tion in voltage, with the septum characterized by
the highest values and the outflow tract with the
lowest values. The areas of dysfunctional RV also
exhibited abnormally low-amplitude electrograms.
The normal voltage values observed in the control
group (unipolar: 11.9 ± 0.3 mV; bipolar: 4.6 ± 0.2
mV [mean ± SEM]) and in the unaffected zones in
the ARVD group (unipolar: 10.4 ± 0.2 mV; bipo-
lar: 4.6 ± 0.2 mV) were reduced significantly in the
dysplastic areas (unipolar: 3.3 ± 0.1 mV; bipolar:
0.5 ± 0.1 mV).

These low-voltage areas mainly involved the RV
anterolateral free wall, apex, and inflow and out-
flow tracts and ranged from small discrete areas to
more extensive involvement. The pathologic elec-
troanatomic findings were concordant with MRI
and echocardiographic findings [22]. A represen-
tative color-coded CARTO voltage map of a pa-
tient with ARVD, adapted from their published
work, is displayed in Figure 26.1. Pathologic areas
of low voltage are displayed in red and normal my-
ocardium is shownin purple.

In 2005, the same group further considered the
value of voltage mapping in differentiating pa-
tients with ARVD compared to idiopathic ven-
tricular tachycardia. This study consisted of three
groups, twelve patients with RVOT tachycardia,
nine patients who had ARVD based on Task Force
criteria, and nine control patients who were un-
dergoing electrophysiologic study for a variety of
supraventricular arrhythmias. They concluded that
endocardial electrographic parameters do not dif-
fer between patients who have RVOT tachycar-
dia and control patients and is characterized by
preserved voltage and short durations through-
out the right ventricle. Durations were measured
manually as the time between the earliest elec-
trical activity to the onset of the decay artifact.
Patients with ARVD, however, have lower ampli-
tude, prolonged electrographic duration, and a de-
creased amplitude/duration ratio as compared with
the unaffected zones in the same hearts and with
all regions in the RVOT tachycardia and control
groups [23].

Miljoen and colleagues further characterized the
electroanatomic mapping characteristics of patients
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Figure 26.1 Electroanatomic map of the
right ventricle (RV) in a patient with
ARVD. Anteroposterior (left) and left
anterior oblique (right) views of the RV
unipolar voltage maps of the same
patient. There is an extensive area of
low voltage (red indicates <2 mV) in the
apex and anterolateral free wall, with
the septum being spared (purple
indicates >5 mV). Intermediate colors
represent border zones. KEY: LA = left
atrium; RA = right atrium; RVOT = right
ventricular outflow tract. Adapted and
reprinted with permission from Ref. 22

with ARVD. Eight maps were obtained during si-
nus rhythm with low-voltage areas observed on all
maps. Four patients were found to have low-voltage
areas localized close to the tricuspid annulus on the
lateral free wall and/or the inferior wall of the right
ventricle; two other patients had a low-voltage area
on the RV outflow tract (posterior wall and lateral
wall); and the remaining two patients had multiple
low-voltage areas. These low-voltage areas corre-
sponded to the abnormal zones (thickening, aki-
nesia, bulging) described on magnetic resonance
imaging for whom this test was available [24].

Electroanatomic Mapping and
Histologic Correlation in ARVD

The results of electroanatomic mapping have also
been found to correlate well with pathologic find-
ings on endomyocardial biopsy in addition to the
other imaging modalities mentioned above.

In 2005, Corrado et al. showed that low-
amplitude areas found at voltage mapping were as-
sociated with myocyte loss and fibrofatty replace-

ment at endomyocardial biopsy. His group evalu-
ated 31 patients who fulfilled Task Force criteria
for ARVD after noninvasive evaluation, and per-
formed both RV electroanatomic voltage mapping
and endomyocardial biopsy to validate the diagno-
sis. Twenty of 31 patients had an abnormal RV elec-
troanatomic voltage mapping showing more than
one area with bipolar electro-grams with voltage
values <0.5 mV.

Low-voltage areas were sharply demarcated and
typically surrounded by a border zone with reduced
signal amplitudes (0.5–1.5 mV), which merged
into normal myocardium (>1.5 mV). These low-
voltage areas were also significantly correlated with
echocardiographic or angiographic RV wall mo-
tion abnormalities as well as pathologic findings at
biopsy. Eleven of 31 patients, however, showed pre-
served electrogram voltage, histopathological evi-
dence of inflammatory cardiomyopathy, and a more
benign clinical course [25]. Figure 26.2 is taken
from their work and shows an example of an ab-
normal voltage map and corresponding endomy-
ocardial biopsy.

Figure 26.2 Endomyocardial biopsy in a representative
patient with abnormal RV electroanatomic voltage map.
(Left) Right anterior oblique view of RV bipolar voltage
map showing low-voltage values (red indicates <0.5 mV)
in anteroinfundibular, inferobasal, and apical regions.

(Middle) EMB sample showing massive myocardial atrophy
and fibrofatty replacement (trichrome; magnification 6×).
(Right) Close-up showing residual myocytes entrapped
within fibrous and fatty tissue (trichrome; magnification
40×). Adapted and reprinted with permission from Ref. 25.
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In 2008, the same group furthered their findings
and performed voltage mapping and endomyocar-
dial biopsy in 27 patients with presumed right ven-
tricular outflow tract tachycardia and no echocar-
diographic/angiographic evidence of right ventric-
ular dysfunction. Electroanatomical voltage map-
ping was normal in 20 of 27 patients. The other
seven patients, however, showed electroanatomical
scar areas that correlated with fibrofatty myocardial
replacement at biopsy. They concluded that elec-
troanatomical mapping is able to identify a sub-
group of patients with RVOT tachycardia and con-
cealed ARVD by detecting RVOT electroanatomical
scars on voltage mapping that correlates well with
fibrofatty myocardial replacement at biopsy [26].

Therefore, although voltage mapping is not
specifically a task force criterion for diagnosis of
ARVD, in cases of clinical uncertainty, some have
successfully used voltage mapping. Multiple areas
of low voltage specifically surrounding the tricus-
pid valve are considered to be highly suggestive of
the disease and correlates with biopsy findings. It is
our experience, however, that low voltage does not
necessarily imply diseased myocardium but com-
monly results from poor tissue contact. This is par-
ticularly true in regions of the RV near the tricus-
pid valve. We have seen a large number of patients
overdiagnosed /misdiagnosed with ARVD based on
low voltage observed at the time of electroanatomic
mapping. Based on this experience, we urge electro-
physiologists to use great caution when considering
a diagnosis of ARVD when the only evidence for this
disease is low voltage on an electroanatomic map.

Further research is needed to determine if elec-
troanatomic mapping provides information that
will facilitate the early diagnosis of ARVD. It is no-
table in this regard that most studies to date have
been performed in patients with overt ARVD in
which the diagnosis is not in question. Therefore,
although the initial studies appear promising, we
do not recommend voltage mapping as a diagnos-
tic strategy at this time.

Role of Mapping in Catheter
Ablation of VT in Patients
with ARVD

Electroanatomic mapping has also been used as a
tool to guide catheter ablation of VT in patients

with ARVD. In 2003, Reithmann and his group
were among the first to successfully use this strat-
egy among five patients with recurrent VT. Three-
dimensional electroanatomic activation maps were
created with the CARTO system, which allows de-
tailed reconstruction of chamber geometry. The
maps of the ventricular tachycardias revealed a ho-
mogenous propagation of electrical activity from
the site of earliest activity. These sites were found
to be in an aneurysmal outflow tract in two pa-
tients, at the border of aneurysms near the tricuspid
valve in two patients, and at the border of an apical
aneurysm in a single patient. Radiofrequency cur-
rent was applied to the site of earliest activity, which
led to termination in three patients and rendered
the “clinical” ventricular tachycardia noninducible
in four patients. Overrall in the 7 ± 3 months of
postprocedure follow-up, the amount of ventricu-
lar tachycardia was greatly reduced [27].

Marchlinski et al. performed catheter ablation in
19 patients with clinical evidence of ARVD also
through the use of electroanatomic mapping. All
patients underwent detailed right ventricular volt-
age mapping and most underwent left ventricular
voltage mapping. In addition, activation and en-
trainment mapping were used in three patients with
hemodynamically stable VT; in the remaining 16
patients with unmappable VT, substrate mapping
was used.

Linear lesions were made with the site of ablation
guided by pace mapping. These lesions were ex-
tended from the most abnormal myocardium with
a signal amplitude of less than 0.5 mV through to
the valve annulus or normal myocardium with a
signal amplitude of greater than 1.5 mV. Seventeen
of 19 patients had no VT after ablation during a
mean follow-up of 27 ± 22 months. The other two
patients had infrequent occurrences.

However, the long-term efficacy results in this
study may be overstated as 68% patients underwent
a second ablation procedure. The long-term single-
procedure success rate in this series was <35%.
Their group also concluded that endocardial bipo-
lar voltage abnormalities tend to be perivalvular and
predominately involve the RV free wall, although
the septum is also commonly affected, and the apex
is generally spared [28].

Verma et al. reported their experience in
22 patients with ARVD/C, each of whom had
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hemodynamically unstable VT. They used a similar
ablation strategy as the Marchlinski group. Volt-
age mapping was performed to define areas of
scar (<0.5 mV) and abnormal myocardium (0.5–
1.5 mV). Linear lesions were created in these abnor-
mal regions, targeting sites with pace maps similar
to the patients clinical VT. The lesions either con-
nected the abnormal region to a valve continuity or
other scar, or encircled the abnormal region. Acute
success with no inducible VT at the end of the pro-
cedure was achieved in 18 (82%) patients, with VT
recurrence rates of 23%, 27%, and 47% at 1, 2, and
3 years, respectively. They concluded that although
acute successes are high, recurrences are frequent
during long-term follow-up [29].

Most recently, our group has published data on 24
patients enrolled in the Johns Hopkins ARVD reg-
istry, who underwent one or more RFA procedures
for treatment of VT. A total of 48 RFA procedures
across multiple centers were performed using both
3D electroanatomical and conventional mapping
similar to the other groups and patients were fol-
lowed up for 32 ± 36 months. Of these procedures,
22 (46%), 15 (31%), and 11 (23%) resulted in elim-
ination of all inducible VTs, clinical VT but not all,
and none of the inducible VTs, respectively. Forty
(85%) procedures were followed by recurrence. The
cumulative VT recurrence-free survival was 75%,
50%, and 25% after 1.5, 5, and 14 months, respec-
tively. The cumulative VT recurrence-free survival
did not differ by procedural success, mapping tech-
nique, or repetition of procedures. The high rate of
recurrence in our study, and others, likely reflects
the fact that ARVD/C is a diffuse cardiomyopathy
with progressively evolving electrical substrate [30].

The results of these studies have several obvi-
ous and immediate clinical implications. Firstly, the
very high rate of VT recurrence reported in studies
of catheter ablation of VT in ARVD patients makes
it clear that catheter ablation of VT in ARVD pa-
tients cannot and should not be considered curative.
Although the precise indications for ICD implan-
tation in ARVD are not well established, we recom-
mend ICD implantation for all patients who meet
the strict Task Force criteria for ARVD [31].

Secondly, the results of this and other studies
of catheter ablation of VT in patients with ARVD
call into question the early use of catheter abla-
tion as an effective antiarrhythmic strategy in these

patients. Although there is some anecdotal evidence
to suggest that catheter ablation of VT may decrease
the frequency of VT episodes and appropriate ICD
shocks in this patient population, this has not been
well studied.

In fact, there have been no large studies that have
closely examined the frequency of ICD shocks be-
fore and after catheter ablation of VT in ARVD pa-
tients. Even if these data were available, the results
may reflect the clustering of VT episodes. In this
regard, it is notable that in a recent case report, the
ARVD patient with “VT storm” responded to treat-
ment with antiarrhythmic drugs [32].

It is clear that further studies will be needed to de-
termine the clinical role of catheter ablation of VT
in patients with ARVD. Until these data are avail-
able, we recommend that catheter ablation of VT in
patients with ARVD only be used as a palliative pro-
cedure to reduce the frequency of VT episodes, par-
ticularly after failure of one or more antiarrhythmic
drugs. Moreover, we recommend that these proce-
dures be performed at centers highly experienced
with catheter ablation of ventricular arrhythmias.

Conclusion

ARVD is a rare but important cause of ventricular
arrhythmias and sudden cardiac death. Although
the diagnosis of ARVD in patients with a severe form
of the disease is fairly straightforward, patients with
more mild disease are challenging. Electroanatomic
mapping of the right ventricle has an important
and established role in the facilitation of catheter
ablation in patients with hemodynamically unstable
VT.

In contrast, the role of electroanatomic mapping
in the diagnosis of ARVD is less well established. Al-
though some studies have presented data to support
a role for electroanatomic mapping in the diagnosis
of ARVD, our experience suggests that the role is
limited. We feel that great caution should be used
when considering the presence of “low voltage” on
an electroanatomic map to be suggestive or diag-
nostic of ARVD. We have found that it is far more
likely that the areas of low voltage result from poor
catheter–tissue contact. Other limitations of using
electroanatomic mapping as a diagnostic tool are
the associated expense and invasive nature of this
type of diagnostic test.
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Summary

Ventricular tachycardia (VT) occurs most often in

patients with structural heart disease. Although

ischemic heart disease and cardiomyopathies are

the most common cardiac disorders associated with

VT, these arrhythmias may occur in patients who

have no apparent structural heart disease (known

as idiopathic VT). Idiopathic VT accounts for

approximately 10% of all sustained monomorphic

VT in the United States. Several different forms of

idiopathic VT have been recognized, and they have

been classified with respect to the VT origin, its

response to pharmacological agents, and behavior

of VT. Although idiopathic VTs can have various

sites of origin and mechanisms, they can usually be

cured by catheter ablation techniques.

Idiopathic Left Septal Ventricular
Tachycardia

Idiopathic left septal VT (LSVT) is the most com-

mon form of idiopathic left VT [1–3]. The idio-

pathic left posterior fascicular tachycardia first was

recognized as an electrocardiographic entity in 1979

by Zipes et al [4]. In 1981, Belhassen and colleagues

reported for the first time verapamil-sensitivity of

the tachycardia [5]. In 1988, Ohe et al. [6] described

a second form of this VT with right bundle branch

block (RBBB) and right axis configuration. The

third form of this VT, known as left upper septal

VT, was reported by Shimoike et al in 2000 [7]. In

2004, we described for the first time coexistence of

the two patterns (RBBB-left axis and RBBB-right

axis) of idiopathic LSVT in the same patient [8].

Clinical Characteristics
This type of idiopathic VT is characterized by a dra-

matic response to the intravenous verapamil. The

QRS duration is relatively narrow (120–160 msec),

explaining the nomenclature of “fascicular tachy-

cardia.” Idiopathic LSVT occurs in relatively young

patients, and onset is usually before 30 years of age

[9]. This form of VT occurs more frequently in

males than females. The electrocardiogram (ECG)

during sinus rhythm shows no abnormality. Results

of signal-averaged ECGs are also normal. Coronary
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Figure 27.1 Electrocardiographic pattern of two common
forms of the idiopathic left septal ventricular tachycardia.
(a) Twelve-lead ECG of a patient with left posterior
fascicular tachycardia. Note that this form of fascicular
tachycardia is characterized by the right bundle branch

block morphology with superior axis configuration. (b)
Twelve-lead ECG in patient with left anterior fascicular
tachycardia. There is characteristic right bundle branch
block with inferior axis configuration.

angiography and left ventriculography are usu-

ally normal. Most patients experience recurrent

episodes of well-tolerated sustained VT. However,

this VT can be incessant and may cause a reversible

tachycardia-induced cardiomyopathy [10, 11].

According to the QRS configuration during

tachycardia, LSVT can be classified into three sub-

groups:

1 left posterior fascicular tachycardia with RBBB

and left or right superior axis morphology in 90–

95% of patients (Figure 27.1a);

2 left anterior fascicular tachycardia with RBBB and

inferior axis in less than 10% of patients (Figure

27.1b);

3 left upper septal tachycardia with narrow QRS

configuration and normal axis (very rare). There are

also reports of coexistent LSVT and atrioventricular

nodal reentry (AVNRT) [12–15] or atrioventricular

reentry [16].

Electrophysiologic Mechanism
Although both reentry and triggered activity have

been proposed as possible mechanisms for this form

of VT [4, 6], the weight of evidence is in favor of

reentry. The mechanism of reentry is supported by

the fact that tachycardia can be induced and ter-

minated with programmed stimulation [3, 17], an

inverse relationship exists between the coupling in-

terval of extrastimulus and the echo interval [6],

criteria for manifest and concealed entrainment are

demonstrated [6, 17], and diastolic potentials are

recorded [18–21].

It appears that the fascicle of the left bundle

branch may be not involved in the reentrant cir-

cuit of LSVT [22]. Endocardial mapping during

the tachycardia localized the earliest site of activa-

tion to the Purkinje network of left posterior fas-

cicles near the inferoposterior left ventricular sep-

tum in patients with RBBB and left superior axis
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configuration, and to the inferoapical region in

those with RBBB and right superior axis morphol-

ogy. The remaining patients with RBBB and inferior

axis have their exit near the anterosuperior left ven-

tricular septum within the Purkinje network of left

anterior fascicles.

In contrast, the entrance site to the zone of slow

conduction is thought to be located near the base

of the left interventricular septum and provides a

possible explanation for the observation that mani-

fest entrainment is more easily obtained when pac-

ing from the right ventricular outflow tract (RVOT)

than from the right ventricular apex.

Based on the results of prior studies [19, 21, 23],

a working hypothesis has been proposed for the

tachycardia circuit in LSVT. In this model, activa-

tion proceeds antegradely over a region of abnor-

mal Purkinje tissue, which gives rise to a diastolic

potential (DP). The impulse then enters the Purk-

inje tissue of the left posterior or anterior fascicles,

giving rise to Purkinje potentials (PP). The ante-

grade limb appears to depend mainly on the slow

inward calcium current; therefore, it is verapamil-

sensitive. Adenosine and Valsalva maneuvers usu-

ally have no effect on this form of tachycardia.

During sinus rhythm, antegrade conduction pro-

ceeds rapidly over the posterior or anterior fascicles

(Figure 27.2). The impulse may also conduct ante-

gradely over and partially penetrate adjacent abnor-

mal Purkinje fibers. These fibers are also activated

retrogradely from the posterior fascicle, which give

rise to retro PP or late potentials.

Mapping Characteristics

Multiple strategies have been employed to identify

the appropriate site for ablation in patients with id-

iopathic LSVT. Initially, the site of VT origin was

determined either by identifying the site of the ear-

liest ventricular activation during tachycardia (ac-

tivation mapping) or by finding the pacing site that

gives a QRS morphology identical to that of the VT

(pace mapping).

Nakagawa et al. [18] first reported the impor-

tance of PP as a marker for successful ablation of

LSVT. The earliest distinct potential precedes the

QRS by 15–42 msec during tachycardia. The abla-

tion was successful at the site of the earliest distinct

LV9-10

LV7-8

LV5-6

LV3-4

LV1-2

Figure 27.2 Purkinje fiber activation sequence during sinus
rhythm. Note that sequential high-frequency potentials
(Purkinje potential) were recorded along the left
ventricular septum from proximal to distal portions
(arrows).

potentials and unrelated to the timing of ventricular

activation.

More recently, the interest has focused on the

identification of late DPs during ventricular tachy-

cardia. Wen et al. [24] for the first time demon-

strated that a successful ablation site for this VT is

away from the VT exit site in the mid and the in-

ferior apical septum and is located at the superior

midseptal area. Kottkamp et al. [25] demonstrated

continuous or mid-diastolic electrical activity pre-

ceding PP at these sites in patients with this VT and

suggested these activities as markers for successful

ablation. The results of subsequent studies indicated

that the DP is recorded in a small region (0.5–1.0

cm3) slightly proximal to the earliest PP recording
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site during VT and is included in the area where PP

is recorded (2.0–3.0 cm3) [19]. DP is activated from

the basal to apical sites of the left ventricle toward

the earliest PP recording site. In contrast, the PP is

activated bidirectionally toward the basal and api-

cal sites along the left posterior fascicle during sinus

rhythm.

The results of our recent study indicated that the

PP and the DP precede the onset of the QRS com-

plex by 18 ± 4 msec and 53 ± 18 msec [26]. In

contrast to the results of the study by Tsuchiya et

al. [19], our study also showed that, compared to

DP alone, earliest PP (with or without concomitant

DP) may be superior for selection of a target site of

RF ablation in patients with ILVT [26].

Entrainment study from the RVOT demonstrated

a manifest entrainment and the DP is captured or-

thodromically. The application of low output (0.5–

1.0 mA, 1–2 msec), to the site where the PP and

the DP are simultaneously recorded, could capture

only the PP and caused concealed entrainment. QRS

morphology identical to that of VT is demonstrated

during pacing at a cycle length 10–20 msec shorter

than that of VT. The postpacing interval is equal

to the VT cycle length, and the interval from the

stimulus to QRS onset is equal to that from the PP

to QRS onset during VT. The DP is activated from

the basal to the apical site by pacing stimuli, and

the interval between the DP before and after the last

pacing stimulus is equal to the pacing cycle length.

Thus, the DP is orthodromically activated by these

pacing stimuli. The activation time from the PP to

the DP during pacing is long, and the same as that

during VT. More rapid pacing resulted in a delay in

activation from the PP to the DP but not in the DP

itself, indicating that a decremental property exists

between the PP and the DP at the proximal site of the

mapping catheter that caused the slow conduction

in fascicular tachycardia.

Idiopathic Right Ventricular
Outflow Tract Tachycardia

The most common form of idiopathic VT originates

from the RVOT and is observed in 60–80% of pa-

tients who develop VT in the absence of structural

heart disease. The clinical features and general ECG

characteristics (left bundle branch block morphol-

ogy and inferior axis) of RVOT-VT were described

by Buxton in 1983 [27]. Jadonath et al. [28] and

Gumbrielle et al. [29] determined the utility of the

12-lead ECG in localizing the origin of RVOT-VT in

patients who underwent ablation of their arrhyth-

mia [28].

Clinical Characteristics
Idiopathic RVOT-VT is often provoked by exercise,

and the number of tachycardia episodes reduces

at night. This form of idiopathic VT occurs more

commonly in females than males, with most cases

occurring in the fourth and fifth decades of life.

The tachycardia usually takes the form of repeti-

tive monomorphic nonsustained VT or paroxys-

mal monomorphic sustained VT. The most com-

mon form is the repetitive one typically occurring at

rest or after exercise, whereas paroxysmal sustained

VT typically occurs during exercise or emotional

stress. However, there may be considerable overlap

between these two forms of RVOT-VT.

The ECG during sinus rhythm usually reveals no

abnormality. Complete or incomplete RBBB is ob-

served in 10% of patients. The results of echocar-

diography are usually within normal limits; slight

RV enlargement has been rarely reported. Although

RVOT-VT has a benign prognosis in most pa-

tients, tachycardia-induced cardiomyopathy is re-

ported following both incessant sustained VT [30]

and frequent RVOT ectopy [31]. The AVNRT may

be associated with RVOT-VT in 15% of patients

[32, 33].

Electrophysiologic Mechanism
Most evidence to date supports the hypothesis that

idiopathic RVOT-VT is caused by triggered activ-

ity (catecholamine-dependent delayed afterdepo-

larization). In support of this hypothesis is the

demonstration that tachycardia can be initiated by

programmed stimulation with variable success and

low reproducibility; there is a direct relationship be-

tween the coupling interval and the echo interval;

and manifest or concealed entrainment cannot be

demonstrated during tachycardia. Given that adenyl

cyclase and l-type calcium current are essential for

the activity of cAMP-mediated triggered activity,

triggered arrhythmia is sensitive to beta-blockade,

calcium-channel blockade, vagal maneuvers, and

adenosine.
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Figure 27.3 The match between the pace map and the
patient’s tachycardia. (a) Twelve-lead ECG of the right
ventricular outflow tract tachycardia. (b) The pace-map is

identical to the 12-lead ECG of VT regarding the R/S ratio
and subtle notching in all of the 12 ECG leads.

Recently, it has been hypothesized that a somatic

cell mutation in the cAMP-dependent signal trans-

duction pathway occurring during myocardial de-

velopment may be an etiology for some cases of

RVOT-VT [34].

Mapping Characteristics
Until now, several mapping techniques have been

described to detect the appropriate site for abla-

tion in patients with RVOT-VT. In activation map-

ping, successful ablation sites are generally associ-

ated with activation times 10–45 msec before the

onset of earliest surface QRS.

Recently, pace mapping has become the preferred

method for finding the site of successful ablation

in patients with RVOT-VT (Figure 27.3). However,

pace mapping is difficult and time-consuming, and

has certain limitations related to resolution. Iden-

tical pace map can be obtained up to 8 mm from a

tachycardia focus [35]. Pace mapping is performed
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Table 27.1 Differential Electrocardiographic Characteristics of Right and Left Outflow Tract Tachycardias

LVOT-VT

RVOT-VT Basal septal VT Aortomitral

continuity VT

Epicardial VT Cusp VT

QRS morphology LBBB, inferior

axis

LBBB, inferior

axis

RBBB, inferior axis LBBB with initial

slurring, inferior

axis

W- or M-shaped,

inferior axis

Precordial transition V2–V4, V2 in

subpulmonic VT

V1 or V2 Before V1 V2–V4 V1–V2 in LCC-VT

V2–V3 in RCC-VT

Other characteristics Left-sided:

QS in aVL > aVR

Right-sided:

QS in aVR > aVL

An S-wave in I Broad monophasic

R-wave across

precordium

RS/QRS > 55%

Deep QS in I and

aVL

Tall R in inferior

leads

R in V2 < both

V1 and V3

R/QRS > 50%

R/S > 30%

Deep S in V2

Tall R in inferior

leads

KEY: RVOT-VT = right ventricular outflow tract tachycardia; LVOT-VT = left ventricular outflow tract tachycardia; LBBB =
left bundle branch; RBBB = right bundle branch; LCC-VT = left coronary cusp VT; RCC-VT = right coronary cusp VT.

during sinus rhythm at a cycle length equal to

that of the spontaneous or induced VT. The match

between the pace map and the patient’s tachycardia

is evaluated in all 12 ECG leads by comparing the

R/S ratio and subtle notching in the QRS complex.

An identical match for at least 11 out of 12 ECG

leads is necessary for ablation.

Estimation of the tachycardia origin from the

findings of a 12-lead ECG during VT or premature

ventricular complex may facilitate pace mapping

and shorten the procedure time (Table 27.1). RVOT

tachycardias have a left bundle branch (LBBB) mor-

phology with precordial transition in leads V2–V4.

An R-wave transition in lead V2 suggests a site of

origin immediately inferior to the pulmonic valve,

or. more rarely, the left ventricular outflow tract

(LVOT). The QRS duration during VT is usually

more than 140 msec if it originates from the free

wall aspect of the RVOT, and 140 msec or less if

tachycardia originates from the septal aspect of the

RVOT.

Likewise, the RR ′ or Rr ′ complex in leads II and

III is more suggestive of RVOT free wall origin due to

sequential activation of the right and left ventricles,

whereas monophasic R-wave in these leads is in

favor of septal origin. For further localization of the

VT origin, relative QS amplitude of aVL and aVR

would be informative. If QS in aVR is greater than

aVL, the VT origin is located in the right upper

aspect of RVOT. Likewise, if QS in aVL is greater

than aVR then the VT origin is likely left upper

region of the RVOT.

In conclusion, successful ablation of outflow tract

tachycardia begins with a careful analysis of the 12-

lead ECG pattern coupled with recognition of the

common sites of VT origin. Pace mapping is done

in regions of interest based on analysis of the 12-

lead ECG during VT with an attention to an exact

match for all 12 ECG leads. Activation mapping with

unipolar and bipolar recordings is used to confirm

the pace-map findings. Other useful techniques in-

clude the three-dimensional electroanatomic and

noncontact mapping systems.

Idiopathic Left Ventricular
Outflow Tract Tachycardia

In patients with adenosine-sensitive VT only 10–

15% have a LVOT origin. The LVOT-VT is sug-

gested by a RBBB morphology in lead V1 or

atypical LBBB morphology associated with an early

precordial transition in lead V2. The LVOT-VT can
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Figure 27.4 Idiopathic left ventricular outflow tract
tachycardia originating from aorto-mitral continuity. (a)
Characteristic 12-lead ECG in a patient with idiopathic left
ventricular outflow tract tachycardia with right bundle
branch morphology and inferior axis configuration. Note

that there is broad R-wave across the precordial leads with
AV dissociation. (b) (c) Successful ablation site in two
fluoroscopic views (right anterior oblique and left anterior
oblique, respectively).

originate from several sites, including the supe-

rior basal region of the left interventricular septum,

the aorto-mitral continuity (Figure 27.4), aortic

coronary cusps, and the great cardiac and anterior

interventricular veins. First cases of the LVOT-VT

were reported by Callans et al. [36] and Yeh et al.

[37]. Shimoike et al. [38] and Sadanaga et al. [39]

reported patients with repetitive monomorphic VT

who underwent successful radiofrequency ablation

from the left coronary cusp. Da Paola et al. [40] re-

ported the mapping and ablation through the coro-

nary venous system.

Clinical Characteristics
LVOT-VT is distributed almost equally between

males and females, with most cases occurring in the

fifth decade of life. Similar to the RVOT-VT, both

monomorphic nonsustained VT or frequent ectopy

and sustained monomorphic VT were described.

There is also report of LVOT-VT association with

AVNRT [41].

Electrophysiologic Mechanism
LVOT-VT is assumed to be caused by the same

mechanism(s) as RVOT-VT. The VT cannot be

entrained and demonstrates sensitivity to adeno-

sine, verapamil, Valsalva maneuver, carotid sinus

pressure, edrophonium, and beta-blockade, finding

consistent with catecholamine-dependent triggered

activity.

Mapping Characteristics
In view of the similarity with the arrhythmo-

genic mechanism, LVOT-VT can be mapped by the

same techniques as those used for the mapping

of RVOT-VT. Therefore, pace mapping, activation

mapping, and ECG estimation of tachycardia focus
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Figure 27.5 Idiopathic epicardial left ventricular outflow
tract tachycardia. (a) Ablation of idiopathic VT from the
epicardium through a percutaneous pericardial access.
Epicardial electroanatomic activation maps during VT.
Ablation (dark red dots) at the earliest activation site (red
color) was successful. Radiographs show the ablation site
in relation to the left coronary artery. (b) Successful
ablation of idiopathic VT from the great cardiac vein (GCV)
via the coronary sinus (CS). CS electroanatomic activation
maps during idiopathic VT. Radiographs show the ablation
site. (c) Left ventricular outflow tract electroanatomic
activation maps including the aortic sinus of Valsalva
during idiopathic VT. Radiographs show the ablation

catheter (ABL) at the site of successful ablation in the
noncoronary cusp. (d) Right ventricular electroanatomic
activation maps including the proximal part of the
pulmonary artery. Radiographs show the site of successful
ablation. KEY: AV = aortic valve; CSO = coronary sinus
ostium; ICD-El = implantable defibrillator’s electrode; LAD
= left anterior descending; LAO = left anterior oblique;
LCX = left circumflex; PA = posteroanterior; PV =
pulmonary valve; RAO = right anterior oblique; RCA =
right coronary artery; VT = ventricular tachycardia.
Reprinted with permission from Arya A, Piorkowski C,
Sommer P, et al. Idiopathic outflow tract tachycardias:
current perspectives. Herz 2007; 32: 218–25.

(Table 27.1) are the main techniques to identify an

appropriate site for ablation. In view of the limi-

tations related to the activation and pace mapping,

ablation can be guided by electroanatomic mapping

systems in difficult cases (Figure 27.5).

The VT origin from the basal left interventricular

septum is suggested by a LBBB morphology asso-

ciated with an early precordial transition in leads

V1 or V2, whereas the LVOT-VT originating from

the aorto-mitral continuity is associated with RBBB



BLBK050-Shenasa September 19, 2008 13:11

354 PART V Mapping of Ventricular Tachyarrhythmias

morphology in lead V1 and broad monophasic R-

wave across precordium.

The VT originating from the region of aortic

coronary cusp has a precordial transition that is ear-

lier than the RVOT region. The R-wave is positive

by V2 or V3 with right coronary cusp (RCC) VT

and by V1 or V2 for left coronary cusp (LCC) VT.

The cusp VT has a longer R-wave duration and

greater amplitude in leads V1 or V2 than RVOT

tachycardia (R/QRS duration >50% and R/S am-

plitude >30%) [42]. There is also a deep S-wave

in lead V2 and relatively large R-waves in the infe-

rior leads due to their subepicardial location. The

cusp VT originates most commonly from the LCC,

followed by the RCC, and rarely noncoronary cusp

(NCC). Of note, the NCC is notable for atrial cap-

ture during pace mapping as it abuts the interatrial

septum. LCC-VT is often associated with a W- or

M-shaped pattern in lead V1, and thus it is diffi-

cult to classify as a true LBBB or RBBB pattern. The

LCC-VT tends to have a QS or rS complex in lead

I, whereas the RCC-VT has greater amplitude in

lead I.

The VT originating from LV epicardial site fre-

quently has similar patterns to the LCC. The major-

ity of these VT were seen to cluster at the junction of

the great cardiac vein/anterior interventricular vein

and proximal anterior interventricular vein [43].

The epicardial VT are characterized by a LBBB mor-

phology in lead V1 and all had slurring (delta-wave-

like) in their initial portion of the QRS (onset of R-

or r -wave to nadir of S duration in any precordial

lead/total QRS duration >55%). The epicardial VT

in this region is also associated with deep QS mor-

phology in leads I and aVL, precordial transition

in V2 to V4, and tall R-wave in the inferior leads.

These VT may also show a characteristic QRS tran-

sition pattern break with the QRS in lead V2 being

less positive or having a smaller R-wave than both

lead V1 and lead V3.

Because of the close anatomic relation to the coro-

nary arteries, measures must be taken to avoid injur-

ing these elements during ablation within coronary

cusps. Coronary angiography should be performed

before ablation to assure that there is more than 10

mm between ablation catheter and the ostium of the

left main coronary artery, and the left main coro-

nary artery should be cannulated as a marker and

for prevention during radiofrequency energy deliv-

ery. Radiofrequency energy is targeted to achieve a

temperature of 55◦C by delivering 15–30 W. Abla-

tion should be performed during continuous fluo-

roscopy to observe for catheter dislodgment. Coro-

nary angiography is often performed immediately

after the ablation to rule out spasm, dissection, or

thrombus.

Before applying radiofrequency energy to an epi-

cardial site, simultaneous coronary arteriography

and coronary sinus venography should be per-

formed to identify the spatial relationship between

the target vein and the adjacent coronary artery. Af-

ter ablation, coronary arteriography should be re-

peated and an echocardiogram should be done to

rule out hemopericardium.
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Summary

The presence of entrainment identifies the

mechanism of a ventricular tachycardia as

reentrant. Furthermore entrainment in the setting

of a hemodynamically tolerated ventricular

tachycardia is used to identify critical areas of the

reentry circuit that are amenable to radiofrequency

ablation. If a ventricular tachycardia is not

hemodynamically tolerated, pace-mapping is used

to localize the exit site. For focal ventricular

tachycardias, pace-mapping is helpful in identifying

the site of origin.

Introduction

Entrainment pacing and pace-mapping are com-
plementary mapping techniques that provide in-
formation about mechanisms as well as the site of
origin of ventricular arrhythmias. Entrainment
techniques have been used to characterize the mech-
anism of reentrant arrhythmias, including atrial
flutter, postinfarction ventricular tachycardia, AV
nodal reentry tachycardia, atrial tachycardia, and
orthodromic reciprocating tachycardia.

Classic entrainment must be distinguished from
concealed entrainment. During classic entrainment
of ventricular tachycardia, the following criteria are
present:
1 Constant fusion except for the last beat that is
entrained but not fused when pacing is performed
during tachycardia (Figure 28.1a).
2 Progressive fusion when pacing at progressively
more rapid rates (Figure 28.1a,b)
3 Resumption of the original ventricular tachycar-
dia upon the cessation of pacing.
4 Interruption of the arrhythmia due to localized
conduction block.

During entrainment, the wave front from a pac-
ing stimulus enters the excitable gap of the reentry

357
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Figure 28.1 (a) Leads V1, I, and III,
intracardiac tracings (RVA, LV) and
pressure tracings (BP) in a postinfarction
patient during VT. Pacing is performed
during VT at a cycle length of 300 msec
with the mapping catheter located in the
left ventricle (LV). The QRS complexes
during pacing are fused. The last
entrained beat is not fused. This is typical
of classic entrainment. (b) Shown are the
same recordings as in part (a). Pacing is
performed at a cycle length of 350 msec.
There is less fusion compared to the
tracings in part (a) where pacing was
performed at a cycle length of 300 msec.
This is an example of progressive fusion,
which also is typical of classic
entrainment. (c) A figure-of-8 model of
postinfarction reentry. Pacing proximal to
the area of slow conduction results in
classic entrainment. Pacing within the
protected zone of slow conduction results
in concealed entrainment.
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Figure 28.2 Schema of the figure-of-8 reentry circuit with
the mapping catheter being located at a critical isthmus
(upper panel) and at a bystander site (lower panel). For the
critical isthmus site, surface ECG tracings illustrating the
uninterrupted VT are shown on top followed by
intracardiac tracings from the mapping catheter (middle).
Note the isolated potential from which the onset of the
EGM-QRS interval is measured. In the bottom tracing the
QRS complex during entrainment mapping is shown.

The stimulus–QRS interval is measured from the stimulus
artifact to the beginning of the QRS complex (indicated by
the dotted line). The EGM-QRS interval matches the
stimulus–QRS interval at the critical isthmus. In the lower
panel, the catheter is within a bystander pathway. The
recordings to the right are analogous to the recordings in
the top panel. The simulus–QRS interval is longer than the
EGM–QRS interval. Ablation here is highly unlikely to be
effective.

circuit. It then propagates through the zone of slow
conduction in the orthodromic direction (i.e., same
direction as the wave front of the spontaneous reen-
trant tachycardia), thereby resetting it to the paced
rate. An antidromic wave front collides and fuses
with the orthodromic wave front of the preceding
beat (Figure 28.1c).

The demonstration of entrainment establishes
the presence of reentry with an excitable gap. In clas-
sic entrainment, pacing is performed proximal to
the zone of slow conduction. If pacing is performed
from within the zone of slow conduction, concealed
entrainment may be demonstrated. In this form of
entrainment, during pacing, the antidromic wave
front from the pacing impulse is blocked in the area
of slow conduction (Figure 28.1c, right panel). The
orthodromic wave front from the pacing impulse
exits from the area of slow conduction, entraining
the tachycardia to the pacing rate (Figure 28.2a). Be-
cause the antidromic wave front is blocked within
the area of slow conduction, it does not collide with
the orthodromic wave front of the previous beat,
and therefore there is no fusion. This results in accel-

eration of the tachycardia to the pacing cycle length
without a change in QRS morphology, even when
pacing is performed at progressively faster rates. Of-
ten there is a long stimulus-QRS interval since pac-
ing is performed within the zone of slow conduction
(Figure 28.2a).

The presence of concealed entrainment has
greatly enhanced the ability to identify and local-
ize the critical components of reentrant ventricu-
lar tachycardia. This is the case predominantly for
postinfarction VT [1] but also for other scar-related
ventricular tachycardias in the setting of dilated car-
diomyopathy [2] or prior ventriculotomy for repair
of congenital heart disease [3, 4].

Use of Entrainment Mapping and
Pace-Mapping for Ventricular
Tachycardias
Concealed entrainment helps to identify critical
components of a reentrant VT. However a signif-
icant limitation of entrainment mapping is that it
can only be used in hemodynamically tolerated VTs.
Pace-mapping can be used to identify the site of
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origin of a focal VT or the exit site of a reentrant
VT. The advantage of pace mapping is that it is fea-
sible for hemodynamically unstable VTs.

Use of Entrainment
Mapping/Pace-Mapping in
Postinfarction VT
In the setting of healed myocardial infarction, reen-
try is the mechanism of sustained monomorphic VT
and entrainment mapping can be used in the setting
of hemodynamically tolerated VT. The ideal patient
for a mapping and ablation procedure has VTs (the
fewer the better) that are hemodynamically toler-
ated and that can be reproducibly induced. Unfor-
tunately, this type of patient accounts for less than
10% of all patients referred with VT [5].

Entrainment mapping techniques are helpful to
identify critical components of the reentry circuit of
tolerated postinfarction VT. Depending on the lo-
cation of the mapping catheter relative to the reen-
try circuit, different entrainment responses can be
expected, as shown in Figures 28.1 and 28.2. The
presence of concealed entrainment indicates that
the mapping catheter is in contact with a protected
zone of the reentry circuit. This zone may be critical
to the reentry circuit or it may be a bystander area
that feeds into a critical area.

If concealed entrainment is used as the only
mapping criterion, the positive predictive value
for an effective ablation site is approximately
50% [6]. Additional criteria in conjunction with
concealed entrainment help to differentiate by-
stander from critical areas. Pacing is typically per-
formed at a cycle length 20–50 msec shorter than
the VT cycle length. Entrainment pacing is per-
formed at sites with fragmented, low-voltage elec-
trograms preceding the onset of the QRS complex
during VT.

At a site of concealed entrainment, the ratio of
the stimulus-QRS interval to the ventricular tachy-
cardia cycle length as well as a comparison between
stimulus–QRS interval and electrogram–QRS in-
terval helps to further categorize the location of
the mapping catheter within the protected zone of
the circuit: Matching stimulus–QRS interval and
electrogram–QRS intervals (Figures 28.2 and 28.3)
indicate that the catheter is in contact with the com-
mon pathway of the reentry circuit. Because pacing
is performed at a shorter cycle length than the VT

V1
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S

490 490 510

510 ms

S-QRS EGM-QRS

S

II

III

Map

Figure 28.3 Leads V1, I, II, and III and the intracardiac
recordings from the mapping catheter (map) when pacing
(S) is performed during VT. The VT is entrained and there is
no apparent fusion on the surface ECG leads. This is an
example of concealed entrainment at a pacing site within
a critical isthmus of the VT. Note the multicomponent,
fragmented electrogram in diastole. The stimulus–QRS
interval (S–QRS) is equal to the electrogram interval
(EGM–QRS), as illustrated in Figure 28.2.

cycle length, decremental conduction may occur,
resulting in a longer stimulus–QRS interval com-
pared to the electrogram–QRS interval.

A discrepancy of up to 30 msec is acceptable evi-
dence that the catheter is within the reentry circuit.
A mismatch of >30 msec indicates that the catheter
is in contact with a bystander zone and ablation at
this location is unlikely to result in elimination of
the VT (Figure 28.3).

A variety of techniques have been used to dis-
tinguish the critical common pathway of a reen-
try circuit from nonessential bystander pathways.
In a study using receiver operating characteris-
tics curves, the criterion with the best sensitivity/
specificity was found to be the degree of mismatch
between the stimulus–QRS and electrogram–QRS
intervals [7]. A cut-off value of 30–35 msec re-
sulted in the highest accuracy for identifying a
critical component of the reentry circuit. The
postpacing interval is also used to differentiate crit-
ical from bystander sites [1]. Whereas the postpac-
ing interval encompasses an entire revolution in
the reentry circuit, the stimulus–QRS interval and
electrogram–QRS interval assess only a small seg-
ment of the entire circuit, namely, the segment be-
tween the pacing/recording site and the exit of the
VT. In theory, this criterion (a mismatch between
stimulus-QRS and electrogram-QRS interval) may
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Figure 28.4 Pacing at a cycle length of 450 msec during a
postinfarction VT. The third QRS complex is entrained and
displays an identical QRS morphology to the spontaneous
VT. The stimulus–QRS interval is 430 msec and the
S–QRS/VT cycle length ratio is 0.84, suggesting that the
catheter is either located in a bystander area or within the
entry area of the common pathway. (b) Same format as in
part (a), with the catheter located at the same site where
pacing had been performed. A PVC from the right
ventricle unmasks the presence of an isolated potential
that cannot be dissociated from the VT. The EGM–QRS
interval when measured from this potential is equal to the
S–QRS interval [part (a)] indicating that the catheter is
located within the critical zone (entry area) of the reentry
circuit rather than a bystander site.

have the advantage of being less susceptible to fac-
tors impacting on the entire circuit.

Another criterion, the stimulus–QRS/VT cycle
length ratio, also has been used to separate by-
stander sites from critical areas. Using computer
simulations, a stimulus–QRS/VT cycle length ratio
>0.7 was determined to be indicative of a pacing site
within a bystander pathway. A ratio <0.6 increases
the probability that the pacing site is within a crit-
ical component of the reentry circuit [7]. However,

if the mapping catheter is located close to the entry
site of the common pathway, ablation at this site may
be effective despite a stimulus–QRS/VT cycle length
ratio >0.7 (Figure 28.4a). In this situation, there of-
ten is an isolated potential present in systole or early
diastole (Figure 28.4b) [8]. Furthermore when en-
trainment mapping is performed near the entry site
of a common pathway, there should be matching
stimulus–QRS and electrogram–QRS intervals.

In comparing various mapping criteria that are
currently used for hemodynamically tolerated VT,
the criterion with the highest positive predictive
value for an effective ablation site is the termination
of VT without global ventricular capture (Figure
28.5) [7, 9]. VT termination without global ventric-
ular capture occurs only if the pacing site is within a
critical component of the reentry circuit. The clini-
cal value of this mapping criterion is limited by poor
sensitivity.

Identification of isolated potentials during ven-
tricular tachycardia is particularly helpful in iden-
tifying potential target areas for ablation. Isolated
potentials are generated by activation of surviving
muscle bundles within scar tissue. If the isolated
potential cannot be dissociated from VT by pacing
maneuvers, the accuracy of predicting an effective
target site is greatly enhanced [6, 7]. Sites with iso-
lated potentials during VT often also correspond
to areas where different VT reentry circuits share
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S S
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Figure 28.5 These tracings illustrate termination of VT by a
subthreshold stimulus that does not result in global
ventricular capture. The format is the same as in Figure
28.3. The first pacing stimulus terminates the VT without
generating a QRS complex. The next QRS complex is
captured and has a long stimulus–QRS interval, and occurs
after termination of the VT during sinus rhythm. This was
an effective ablation site.
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Figure 28.6 These tracings illustrate the
response to pacing at a single site
performed during two different VTs. In
the left panel, pacing was performed
during a left bundle branch block VT
and there is concealed entrainment. In
the right panel, pacing was performed
during a different VT that had a right
bundle branch block configuration.
Again there is concealed entrainment.
This indicates that the critical isthmus of
both VT circuits shared a single common
pathway with different exit sites.

critical components. Not uncommonly, concealed
entrainment can be demonstrated at a particu-
lar site not just for one VT but for multiple VTs
(Figure 28.6) [10].

The stimulus–QRS interval during concealed en-
trainment is an indicator of the distance between
the mapping catheter and the VT exit site. If
the stimulus–QRS interval/VT cycle length ratio is
<0.3, the catheter probably is located near the exit
site of the common pathway. A ratio of >0.7 with
matching stimulus–QRS and electrogram–QRS in-
tervals indicates that the catheter is located near the
entry site of the circuit. A stimulus–QRS/VT cycle
length ratio of 0.3–0.7 indicates a pacing site within
the central component of the VT isthmus. A single
application of radiofrequency energy may result in
VT termination because the surviving muscle bun-
dles form a narrow isthmus [6, 11]. However, mul-
tiple applications of radiofrequency energy may be
required if the isthmus is broad.

Although these criteria are very helpful in iden-
tifying critical isthmus sites, most inducible VTs
are not hemodynamically tolerated, and there-
fore entrainment techniques are not feasible. Pace-
mapping has been found to be helpful to identify the
VT exit site of nontolerated VTs along the scar bor-
der zone. [12] When combined with the presence
of isolated potentials (Figure 28.7a), pace-mapping
within scar tissue (Figure 28.7b) [13] may identify
a component of the common pathway [14].

The spatial resolution of pace-mapping within
scar tissue has not been adequately described. In a
prior study, sites with perfect pace maps (i.e., a per-
fect QRS match in 12/12 leads), as compared to sites
with a good pace map (i.e., a perfect QRS match
in 10–11 of 12 leads), were located within lower
voltage tissue, displayed a longer stimulus–QRS in-
terval, and more often displayed isolated potentials
during sinus rhythm. However, the probability of
successful ablation was equally good at sites with
perfect and good pace-maps [14]. The main draw
back of pace-mapping for localizing postinfarction
reentry circuits is its ability to only identify the exit
site of the reentry circuit and not the entire critical
isthmus.

Postventriculotomy VT

Macroreentry in the right ventricular outflow tract
can occur years after corrective surgery in patients
with tetralogy of Fallot. The macroreentry circuit
occurs around the ventriculotomy scar in the right
ventricular outflow tract and can be mapped and
ablated using entrainment techniques [3]. Three-
dimensional electroanatomic mapping is partic-
ularly helpful because a broad isthmus often is
present and a line of block between the ventricu-
lotomy scar and another anatomical obstacle (i.e.,
the tricuspid annulus) is required [4].
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Figure 28.7 (a) Leads V1, I, II, and aVF
and intracardiac electrograms from the
mapping catheter (map) in a patient
with postinfarction VT. An isolated
potential is recorded at the basal lateral
left ventricular wall (arrows). (b) This
figure shows the clinical VT (left panel)
compared to the pace-map (right panel)
when pacing was performed at the site
with the isolated potential [part (a)].
This was a critical isthmus for this VT.

Use of Entrainment
Mapping/Pace-Mapping in Nonischemic
Cardiomyopathy

VT in Nonischemic Cardiomyopathy

Reentry is the most common mechanism of VT in
patients with nonischemic cardiomyopathy [2]. En-
trainment mapping and pace-mapping can be used
in a similar manner as with postinfarction VT. In
contradistinction to the subendocardial location of
the reentry circuit in postinfarction patients, the
reentry circuit in nonischemic cardiomyopathy is
more likely to be intramural or epicardial [2]. As
in postinfarction VT, the use of entrainment map-
ping is limited to VTs that are hemodynamically
tolerated. Pace-mapping can be used for VTs that

are not hemodynamically tolerated [12]. Focal ar-
rhythmias account for a minority of VTs in patients
with nonischemic cardiomyopathy. Pace-mapping
in conjunction with activation mapping is the map-
ping technique of choice to localize the site of origin
of focal ventricular arrhythmias.

VT in Patients with Cardiac Sarcoidosis

VT in patients with cardiac sarcoidosis can either
be caused by an acute inflammatory flare-up or
after the chronic formation of scar. Granulomas
set the stage for the arrhythmogenic substrate and
are often located within the mid-myocardium. The
endocardium or epicardium is reached by exten-
sion of myocardial lesions. Mechanisms of VT are
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not completely understood. Most likely similar to
postinfarction VT, scar formation results in reentry
circuits. Entrainment mapping has been used suc-
cessfully in patients with cardiac sarcoidosis [15].

Arrhythmogenic Right Ventricular
Dysplasia

Reentry is the predominant mechanism of VT in pa-
tients with ARVD. Entrainment mapping has been
used to target hemodynamically tolerated VT. The
long-term results of ablation of VT in the setting
of ARVD are discouraging, probably because of the
progressive nature of the disease process [16, 17].

Bundle Branch Reentry

Bundle branch reentry is most likely to occur in pa-
tients with nonischemic cardiomyopathy and dis-
ease in the His–Purkinje system. The postpacing
interval when pacing at the right ventricular apex is
particularly helpful in establishing the diagnosis of
bundle branch reentry [18]. In bundle branch reen-
try the postpacing interval is ≤30 msec, whereas a
postpacing interval of >30 msec indicates a my-
ocardial VT.

Use of Pace-Mapping for Idiopathic VT
Pace-mapping and activation mapping are the
methods of choice for identifying the site of origin of
focal arrhythmias such as right ventricular outflow
tract VT. The spatial resolution of pace-mapping
has been assessed in the right ventricular outflow
tract and was found to be less than the spatial reso-
lution of activation mapping [19]. The accuracy of
pace-mapping is further compromised if the site of
origin of a focal arrhythmia is intramural. Never-
theless, pace-mapping is the only feasible mapping
technique for identifying the site of origin of a fo-
cal VT if the VT is not reproducibly inducible or
hemodynamically tolerated.

Use of Entrainment Mapping and
Pace-Mapping for Fascicular VT
Reentry involving the Purkinje system and possibly
the Purkinje–muscle interface appears to be the un-
derlying mechanism of fascicular VT. This type of
VT can be entrained by pacing within the fascicular
system, with concealed entrainment being demon-
strated as in postinfarction VT. Entrainment tech-

niques have been used in fascicular VTs to establish
the reentrant mechanism of this arrhythmia. How-
ever, entrainment mapping typically is not helpful
for identifying ablation sites for fascicular VT [20].
Similarly, pace-mapping has not been helpful for
identifying critical ablation sites [21]. Purkinje po-
tentials or diastolic potentials during VT identify
appropriate target sites for radiofrequency ablation
[20, 22].

The Purkinje system also may participate in
postinfarction VT if the septum is involved, and
this may result in VT with a relatively narrow QRS
[23]. In this situation, the critical component is not
only confined to parts of the fascicular system but
also involves surviving muscle bundles within scar
tissue. In the presence of hemodynamically toler-
ated VT, the presence of concealed entrainment is
particularly helpful to identify appropriate ablation
sites.
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Summary

Several mapping techniques are used during

catheter ablation of ventricular tachycardia (VT),

including activation mapping, pace mapping,

entrainment mapping, and substrate mapping.

These mapping techniques complement one

another, and all of these tools can be used to

localize the critical isthmus of a hemodynamically

stable sustained reentrant monomorphic VT,

whereas activation mapping and pace mapping are

the only useful techniques available for localizing

the exit sites of a focal VT or frequent symptomatic

premature ventricular complexes (PVCs).

Pace mapping is performed to replicate 12-lead

ECG configuration of a spontaneous or induced

VT. If the pace map from the isthmus site of a

reentrant VT has a long S–QRS that is similar to the

electrogram (Egm) during VT, and yields complete

replication of each feature of each ECG lead, it

signifies that the catheter is located on the critical

isthmus, which is an expected site of successful

ablation.

Activation and pace mapping of a Purkinje-like

potential prior to a PVC that initiates polymorphic

VT and ventricular fibrillation is helpful in

determining the successful site of ablation of these

arrhythmias. Pace mapping is especially useful

when VT is hemodynamically unstable because

both activation and entrainment mapping require

that the VT should be easily inducible, sustained,

and hemodynamically stable so that sampling of

Egm timing from multiple sites and repeated

pacing maneuvers can be performed.

Introduction

Catheter ablation of ventricular tachycardia (VT)

in the electrophysiology (EP) laboratory remains a

challenging procedure. Several mapping techniques

are used during catheter ablation of ventricular

tachycardia [1, 2] including activation mapping,

pace mapping, entrainment mapping and substrate

mapping (Table 29.1). These mapping techniques

complement one another, and all of these tools can

be used to localize the critical isthmus of a hemo-

dynamically stable sustained reentrant monomor-

phic VT (MMVT), whereas activation mapping

and pace mapping are the only useful techniques

366
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Table 29.1 Comparison of Mapping Techniques.

Activation Entrainment Pace Substrate

mapping mapping mapping mapping

Hemodynamically stable VT

Focal + − + −
Macroreentry + + +/− +

Hemodynamically Unstable VT

Focal − − + −
Macroreentry − − +/− +
Isolated PVCs + − + −

KEY: VT = ventricular tachycardia; PVCs = premature ventricular complexes; + = useful; − = not useful; +/− = sometimes

useful.

available for localizing the exit sites of a focal VT or

frequent symptomatic premature ventricular com-

plexes (PVCs) [3, 4].

Activation mapping identifies the critical isthmus

of a MMVT by the presence of one or multiple mid-

to late-diastolic electrograms (Egms) during the VT

and a presystolic Egm during a focal VT. Entrain-

ment mapping is also a very useful technique for

mapping a sustained MMVT and is initially per-

formed from a site remote from the presumed isth-

mus by pacing at a cycle length marginally faster

than that of the induced VT to demonstrate QRS

fusion (manifest entrainment). Pacing is then per-

formed at progressively faster rates from a site re-

mote to the VT circuit to demonstrate progressive

fusion of the VT morphology on the 12-lead ECG,

confirming its reentrant mechanism (entrainment

with progressive fusion). Entrainment mapping can

then be performed from additional sites, comparing

the difference between the interval from the stimu-

lus (S) artifact to the electrogram at the pacing site

on the first return complex of VT (the postpacing

interval) and the VT cycle length as a indicator of

proximity of the pacing site to a critical isthmus.

Finally, pacing can entrain from the site of pre-

sumed critical isthmus to confirm its participation

in VT. This results in a 12-lead QRS morphol-

ogy identical to the VT and if the PPI at that site

is equal to or minimally longer (<30 msec) than

the VT cycle length, it indicates that the mapping

catheter is placed in the isthmus of the reentrant cir-

cuit (entrainment with concealed fusion). Mapping

techniques for hemodynamically unstable MMVTs

are limited to pace mapping and substrate map-

ping. Mapping and ablation for polymorphic VT

or ventricular fibrillation (VF) is difficult because

of a changing wavefront propagation, rapid heart

rate, hemodynamic instability and poorly defined

endpoint of success. Only the rare forms of poly-

morphic VT and VF that are triggered by repetitive

monomorphic PVCs can currently be ablated suc-

cessfully [5].

Pace mapping is performed to replicate the

12-lead ECG configuration of a spontaneous or in-

duced VT and complements the findings of acti-

vation and entrainment mapping [3]. Pace map-

ping can help to localize the critical isthmus of a

reentrant VT and the site of origin of a focal VT.

It is especially useful when VT is hemodynamically

unstable because both activation and entrainment

mapping require that the VT should be easily in-

ducible, sustained, and hemodynamically stable so

that sampling of Egm timing from multiple sites

and repeated pacing maneuvers can be performed.

Additionally, pace mapping is the only potentially

useful technique for mapping a VT in the absence of

structural heart disease when a 12-lead ECG of VT

has been recorded during the clinical arrhythmia,

but the VT is not inducible in the EP laboratory. Fur-

thermore, entrainment mapping is not helpful for

a focal VT mapping [6]. The purpose of the chapter

is to describe the techniques, uses, and limitations

of pace mapping.

Techniques

Pace mapping for VT and PVCs is performed by pac-

ing from sites in the ventricles to entirely replicate
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Figure 29.1 Effect of stimulus strength on pace map and S
(stimulus)–QRS interval. Changing output at a fixed pacing
rate at one site yields RBBB QRS when pacing at low
output, whereas at a higher output (associated with

shorter S–QRS), LBBB morphology is seen. Note that if
pacing is done only at high output when looking for RBBB
VT match, one may miss a good site because only LBBB will
be seen.

the 12-lead QRS morphology of the VT induced in

the EP laboratory or recorded on a standard ECG

during the clinical arrhythmia, thereby to indicate

the site of origin of a focal VT and critical isthmus

of a reentrant VT. A careful analysis of the clinical

VT ECG is prudent because it may be the only clue

to target the area of interest if VT is not inducible.

During a focal VT, its origin may be localized by en-

docardial pace mapping with precision in most cases

except for the uncommon VTs originating from a

deep intramural or epicardial focus.

It is important to understand that the QRS mor-

phology obtained during pace mapping depends

not only on the location of the catheter in rela-

tion to the VT circuit or exit site but also on sev-

eral other factors. These include location of scar,

catheter contact to the myocardial tissue, pacing

output, unipolar vs. bipolar pacing, and interelec-

trode distance during bipolar pacing. Unipolar pac-

ing at the same catheter tip location can result

in QRS complexes that are different from those

obtained with bipolar pacing, presumably due to

an anodal contribution during bipolar pacing with

the latter [7]. The use of bipolar pace mapping to

localize sites of origin of ventricular tachycardia

may result in less spatial resolution than unipolar

pace-mapping.

Pace mapping should be performed at a rate sim-

ilar to the target VT, using the minimum possible

pacing output to ensure capture. Use of high pac-

ing output may result in a relatively larger area of

myocardial capture in the vicinity of the isthmus

and may give rise to an erroneous QRS morphol-

ogy, even when the pacing is performed in the true

isthmus.

Figure 29.1 shows the effect of stimulus strength

on both pace map and S–QRS interval with chang-

ing output at a fixed pacing rate. Pacing at the same

site yields RBBB QRS when pacing at low output,

whereas at a higher output (associated with shorter

S–QRS), LBBB morphology is seen. If pacing is done

only at high output when looking for a RBBB VT
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Figure 29.2 Pace mapping of a focal
premature ventricular complex (PVC).
Ablation distal (abl d) has an early
potential site just prior to QRS onset.
There is also a QS pattern in
the unipolar recording (uni) from the
ablation catheter. Pacing from the
ablation catheter entirely replicates
all 12 ECG leads including notches.

match, one may miss a potentially good ablation

site because only the LBBB configuration will be

seen. Therefore the pacing output should be set high

enough to capture the myocardium within the scar

tissue and low enough to have acceptable precision.

Inability to capture the myocardium at an output

of 10 mA or more despite good electrode–tissue

contact denotes the presence of scar tissue that is

unlikely to participate in the VT circuit.

The 12-lead ECG during pace mapping should

be matched carefully with the 12-lead ECG of the

clinical VT or the target PVCs. This is facilitated by

displaying all 12 ECG leads of paced complexes and

target VT side-by-side in adjacent windows on the

monitor. Examples of good and poor pace maps are

shown in Figures 29.2 and 29.3. Proper electrode

positions should be checked on the thorax before

the EP study to increase the reproducibility of pace

mapping in patients in whom VT was recoded on a

12-lead ECG. Template matching algorithms have

been developed to quantitate the degree of the 12-

lead ECG match [8].

1

2
3

aVR
aVL

aVF

V1
V2

V3

V4

V5

V6

RVA
Time

400 ms

AbIdist

Hisdist

SS S

Figure 29.3 An example of a “not so
good” or “poor” pace map in reentrant
VT. Pace map on right, VT on left,. At
first look the match appears to be close
for QRS morphology in most of the
leads, but is obviously different in lead
aVR. Subtle differences are present in
almost all leads.
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Pace Mapping for VT
Most VTs in patients with myocardial scar from

prior myocardial infarction, dilated cardiomyopa-

thy, Chagas’ disease, sarcoidosis, arrhythmogenic

right ventricular cardiomyopathy, etc., are based on

macroreentry in regions of established scar. As a

general rule in postinfarct and LV cardiomyopathic

scar-based VT, all left bundle branch block (LBBB)

VTs arise from the left ventricular (LV) septum or

paraseptal free wall, whereas right bundle branch

block (RBBB) VTs can arise on the septum or free

walls.

Furthermore, the QRS morphology in a reentrant

VT also depends on other factors such as the amount

of scar and orientation of heart in the thorax (hor-

izontal vs. vertical) or on other pathology in the

thoracic cavity (e.g., pneumonectomy) causing an

alteration of the QRS vector. Sustained MMVT in

patients with myocardial infarction scars is usually

caused by myocardial reentry in the infarct border

zone.

Most of these VT circuits have areas of surviv-

ing strands of myocardium interlaced with scar tis-

sue, forming an anatomical barrier or an area of a

functional block. These factors can provide the ba-

sis for the existence of an insolated thin strand of

myocardium through which the impulse can prop-

agate relatively slowly during diastole. Slow con-

duction through such a protected isthmus does not

contribute to the surface ECG because of the low

voltage generated by excitation of a very small mass

of myocardium in the isthmus [9].

When the wave front leaves the isthmus at the

exit site from which the more normal myocardium

is rapidly depolarized, the QRS complex of VT re-

sults. When pace mapping is performed within such

an isthmus, the stimulated wave front can only pro-

ceed along certain paths, which occur in at least two

directions: the orthodromic and antidromic direc-

tions of propagation during VT. Similar to the reen-

trant VT, the wave front during pace mapping is only

detected on the surface ECG when it leaves this pro-

tected isthmus. Pacing from the exit site should give

rise to a similar QRS morphology and the S-QRS

interval that is relatively short and similar to the

electrogram (Egm) to QRS (Egm–QRS) interval.

Pacing proximal to the exit sites should give simi-

lar results except that the S–QRS and Egm–QRS in-

tervals will be longer due to slow conduction of the

impulse from that site to the exit site [10]. Pace map-

ping of a reentrant VT in Figure 29.4 shows a long

Egm–QRS (arrow) and similar S–QRS with pacing,

and complete replication of each feature of each

ECG lead. When the isthmus is short, or the catheter

is positioned more proximally (at an entrance site),

the stimulated antidromic wave front leaves the pro-

tected isthmus at the entrance and propagates to

the surrounding myocardium producing a different

1

Ventricular Tachycardia Pace Mapping
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Figure 29.4 Pace mapping of a
reentrant VT due to prior myocardial
infarction. There is a long electrogram
(Egm)–QRS interval (arrow) and similar
stimulus–QRS with pacing, and
complete replication of each feature of
each ECG lead.
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Figure 29.5 Entrainment vs. pace mapping for a reentrant
VT. QRS morphology depends on the effect of pacing
location in the reentrant circuit. VT is shown, as well as (a)
pacing during VT near the entrance (proximal to the slow
conduction zone) resulting in long S–QRS and QRS
complexes identical to those of VT. In (b), pacing at the

same site, but during NSR, shows a completely different
QRS because the wave front can take a shorter path to
normal myocardium than going through the diastolic
corridor. In (c), pacing near the exit yields a QRS match
with a shorter S–QRS interval.

QRS morphology. If the orthodromic wave front

reaches the exit, a fused QRS complex is produced

that includes depolarization from both antidromic

and orthodromic wave fronts. Therefore, the resul-

tant QRS morphology depends on the precise lo-

cation of the pacing site relative to the reentrant

circuit.

Figure 29.5 shows that pacing during VT near an

entrance (proximal to much slow conduction) re-

sults in a long S–QRS and QRS morphology identi-

cal to VT, whereas pacing at the same site, but dur-

ing sinus rhythm, shows a completely different QRS

morphology because the pacing site has less slow

conduction toward the exit site at which global my-

ocardial activation begins compared to the diastolic

corridor. Pacing near the exit yields a QRS match

with a shorter S–QRS. On the contrary, focal VTs

are associated with S–QRS and Egm–QRS that are

equal and usually less than 40 msec.

Pace mapping during the baseline non-VT

rhythm (sinus rhythm or atrial fibrillation, etc.)

is similar to pacing during VT (entrainment)

in that both aim to replicate the QRS complex

recorded during VT. However, the techniques dif-

fer in that lines of block are established and main-

tained when pacing during VT, whereas they may

not be present to constrain the spread of the

paced wave front when performed during sinus

rhythm. Therefore, pacing at the same site during

VT may yield a QRS configuration very different

from that obtained with pacing during sinus rhythm

(Figure 29.5).
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How to Interpret a Pace Map?
As mentioned earlier, an ideal pace map is consid-

ered to be “perfect” or “exact” if the QRS complexes

in all 12 leads during pacing are identical to those of

the targeted VT (i.e., superimposable). A pace map

is considered to be “good” if the QRS complexes

during pacing and VT are identical in 10 or 11 of

the 12 leads [9, 11].

An ideal pace map in a reentrant VT has the same

features and is usually derived when pacing from a

site with a mid-diastolic potential and a long Egm–

QRS (with an equal S–QRS during pacing). How-

ever, pace mapping should be interpreted carefully

even if the Egm–QRS during pace mapping is short;

this is because the reentry circuit exit is usually lo-

cated at the border zone of myocardial scar and often

has a short S–QRS and a perfect pace map from that

site, suggesting that it may be a desirable target for

ablation [12].

If pacing at sites near a presumed isthmus always

produces QRS morphologies different from those

of VT, then it indicates that the circuit is possibly

located deep in to the myocardium, or functional

block defines the circuit during VT. In one study,

pace mapping did not match either of a patient’s

induced VTs in 15% of VTs with an identified isth-

mus, although a long S–QRS interval was present

[9]. These findings are consistent with pace map-

ping at proximal isthmus sites, with propagation

away from the circuit in the antidromic direction,

as discussed above.

The longest S-QRS intervals of the identified isth-

mus with a mean of 94±33 msec were much shorter

than the longest S–QRS intervals of all sites in each

patient, with a mean of 160 ± 70 msec (P < 0.05)

[9]. The authors concluded that long S–QRS sites

may be more proximal in isthmuses, where the an-

tidromic wave front during pace mapping is able to

propagate away from the reentry circuit, producing

a QRS different from that of VT. These observa-

tions are consistent with a previous study showing

that 66% of the sites at which the pace-mapping

QRS complex resembled VT had an S–QRS inter-

val <120 msec during entrainment, but in 89% of

reentry circuit isthmus sites at which pace mapping

did not match the VT QRS, the S–QRS during en-

trainment was >120 msec [13].

This is a likely explanation for the observation

that the longest S–QRS sites in most patients do not

match any of the induced VTs. It is also possible

that some of these long S–QRS sites are located in

bystander regions of abnormal conduction. A by-

stander channel of one VT circuit can be a critical

isthmus of another circuit, so that ablation in these

areas may also be appropriate if more than one VT

with a relatively similar morphology is induced [9].

Pace Mapping for Focal MMVT or
Isolated PVCs/Couplets/Bigeminy
Focal MMVT are generally encountered in pa-

tients with adenosine-sensitive idiopathic VT, but

are rarely present in patients with myocardial in-

farction scar [14, 15]. There are two main methods

of mapping these VTs: activation mapping and pace

mapping.

Pace mapping is helpful in identifying the site of

origin of a focal VT that may arise from any site in

the ventricles. The majority arise in the right ven-

tricular outflow tract (RVOT), but other common

non-RVOT sites are the left ventricular outflow re-

gion, the mitral annulus, the tricuspid annulus, the

interventricular septum, and the aortic sinuses of

Valsalva. Therefore, careful attention should be paid

to the 12-lead ECG of these VTs or PVCs because

it helps to focus mapping efforts in the potential

region of VT origin.

As mentioned earlier, entrainment mapping can-

not be used in mapping a focal VT (no circuit), and

activation and pace mapping are the mainstays for

localizing the site of origin. Activation mapping is

useful in the presence of frequent monomorphic

PVCs or VT episodes, comparing the timing of ac-

tivation of the Egm from the catheter tip electrode

with the onset of the QRS complexes. The bipo-

lar electrogram is universally used for this purpose,

seeking a timing of 10–40 msec prior to the QRS

onset. The unipolar recording from the catheter tip

is also very helpful. At the suspected site of origin

this should have a sharp “QS” deflection that times

with the bipolar recording and precedes the QRS

onset by a similar amount [16].

Of note, catheter-induced PVCs may also result

in a sharp QS pattern, but the PVC morphology will

match the clinical VT or PVC only when the catheter

is located at the site of origin of VT. Pacing at the

ideal site for ablation should exactly replicate the

12-lead ECG of the previously recorded target QRS

complex, including any small notches, indicating



BLBK050-Shenasa September 19, 2008 13:21

CHAPTER 29 Endocardial Catheter Pace Mapping of VT 373

that stimulation is being performed from the site of

ectopic impulse formation. Ablation at sites with a

so-called “perfect” pace map is generally successful.

Similar pace maps can be obtained when pacing

from within 1–2 cm radius; thus, ablation at sites

with only a “good” pace map is less likely to be

successful in focal VTs [17].

As mentioned earlier, VTs in the setting of struc-

tural heart disease have a reentrant mechanism in

the majority of patients, but a focal source of sus-

tained MMVT has been reported in coronary artery

disease (CAD) as well as in nonischemic cardiomy-

opathy [14, 18]. A focal mechanism of VT has been

found in 5–8% of VTs in CAD [15, 18]. Similarly,

a focal automatic mechanism was found to be re-

sponsible for the VT in 7/26 (27%) patients with

nonischemic cardiomyopathy, who underwent ra-

diofrequency ablation for VT in one study [19].

Thus, searching for mid-diastolic potentials and

other criteria that apply to reentrant tachycardias

would be fruitless, because activation times at the

VT focus typically precede the QRS onset by only

10–40 ms. Pacing from the site of earliest prepo-

tential (Egm) recorded during activation mapping

should give rise to QRS morphology similar to that

of the clinical VT and the VT induced during the

EP study.

Utility of Pace Mapping for
Macroreentrant VT
An exact pace map (“match”) can be obtained in

49–81% of VTs [11]. The sensitivity and specificity

of the pace map for successful radiofrequency abla-

tion was studied with respect to the presence of iso-

lated diastolic potentials in a study in which 81 VTs

were induced in 19 patients. Pace mapping was per-

formed at 681 distinct sites [11]. Isolated potentials

were found more frequently at sites with “good” or

“perfect” pace maps than at sites that were simply

abnormal during VT (p < 0.0001). Pace maps at

65% of sites that displayed an isolated potential were

either perfect or good, compared with 5% of sites

with abnormal/fragmented Egms (p < 0.0001). At

sites with isolated potentials, the mean S–QRS in-

terval was longer than at sites with abnormal Egm

(108 ± 43 msec vs. 81 ± 54 msec, p < 0.0001).

With a cutoff isoelectric interval of ≥ 20 msc for

the definition of isolated potentials, the sensitivity

and specificity for identifying an isthmus area were

80% and 84%, respectively. With an isoelectric in-

terval of ≥50 msec, the sensitivity and specificity

for identifying an isthmus area were 54% and 90%,

respectively.

Sites with a perfect pace map had a longer isoelec-

tric segment separating the ventricular Egms from

the isolated potential as compared with sites with

closely matching pace maps (105 ± 79 msec vs. 70 ±
51 msec; p < 0.001). Pace mapping complemented

the findings of entrainment mapping and by com-

bining the two techniques, 41(50%) VT isthmus

sites could be identified in 16 of 18 patients.

All but one of the isthmus sites displayed isolated

potentials during sinus rhythm. Of 81 VTs for which

no isthmus could be identified, 22 were no longer

inducible after the ablation. None of the 16 patients

in whom ≥1 isthmus could be identified had ar-

rhythmic events during a follow-up of 10 months.

Therefore matching pace maps at sites of isolated

potentials identify critical components of postin-

farction VT circuits. Pace mapping at the site of

fractionated Egms (diastolic potentials) in the re-

gion of suspected isthmus resulted in progressive

prolongation of the S–QRS interval as the pacing

site moved along the isthmus consistent with pac-

ing progressively further from the exit [20].

In summary, pace mapping is helpful in localizing

the critical isthmus in up to 85% of VTs. The op-

timum site for ablation defined by activation map-

ping should be confirmed by entrainment mapping

if the reentrant VT is readily inducible, sustained

and hemodynamically stable. Pace mapping can be

used to corroborate the findings of activation and

entrainment mapping [21].

Pace Mapping for Polymorphic VT
and VF
The majority of the polymorphic VTs are not

amenable to any of the mapping techniques used

for MMVT. Substrate mapping of the myocardial

scar is often performed to interrupt potential cir-

cuits of reentry. However, rare forms of polymor-

phic VT originate from the right ventricular outflow

tract (RVOT) in structurally normal hearts and in

the LV in patients with history of myocardial infarc-

tion [22, 23]. These are triggered by monomorphic

PVCs, which are usually preceded by a Purkinje-like

potential.
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In idiopathic polymorphic VT, activation and

pace mapping of PVCs that initiate polymorphic VT

can identify its site of origin. Radiofrequency abla-

tion at these sites eliminates these trigger PVCs, pre-

venting recurrence of malignant polymorphic VT

or VF episodes with a high success rate. Although

this variety of life-threatening VT is initiated by a

repetitive monomorphic PVC, the QRS morphol-

ogy changes in the subsequent beats, and rapid pace

mapping from the earliest site of activation also re-

sults in a change of QRS morphology similar to the

clinical polymorphic VT [24]. It is presumed that a

shift in exit site during rapid pacing is responsible

for the changing QRS morphology. Radiofrequency

ablation of the PVC that initiates polymorphic

VT or VF in patients with CAD can also be

curative.

Limitations

One of the main limitations of pace mapping has al-

ways been lack of adherence to a strict definition of a

pace “match”—that is, replication of the QRS mor-

phology in each lead such that the pace map can be

superimposed on the VT and show no differences.

Some electrophysiologists have had failed ablation

attempts after accepting “close” pace maps as indi-

cating the source of a focal VT and have therefore

discounted the value of pace mapping.

Another limitation is that it is sometimes diffi-

cult to determine whether a “perfect” pace map is

an essential goal because sometimes successful ra-

diofrequency ablation sites do not have a perfect or

good pace map. A deep myocardial or subepicardial

focus of circuit for VT or PVC during endocardial

mapping may not produce nearly a perfect 12-lead

pacing QRS match. Additionally, several other fac-

tors also influence a pace map. These include the size

and polarity of the mapping/ablation electrode, de-

gree of contact with the tissue, pacing output, area

of a critical isthmus, depth of VT circuit in the my-

ocardium and, scar or organized clot overlying the

VT circuit.

A relatively larger tip catheter has a larger “an-

tenna” for mapping and capturing relatively large

amounts of myocardium during pacing and may

produce a non-identical map even though ablation

can be performed successfully at that site. Pacing at

different regions of a protected isthmus may give

rise to different pace maps, especially if the pro-

tected isthmus is relatively short and is surrounded

by more healthy myocardium. Therefore, pacing at

a good site in scar-based VT, but near the entrance

to the isthmus, can produce a poor-appearing pace

map. The sensitivity of pace mapping in locating

the potential site of successful ablation in a scar-

related reentrant VT is not ideal. Finally, the speci-

ficity of pace mapping is compromised if pacing is

performed with a high output due to noncapture of

the isthmus with nonspecific capture of surround-

ing myocardium.

Conclusion

Pace mapping is a useful technique during radiofre-

quency ablation of VT. It is typically used to con-

firm or corroborate the findings of other mapping

techniques rather than being used as primary tool.

However, sometimes it may be the only means to

localize the site of origin of a focal VT or the criti-

cal isthmus of a reentrant VT, if the VT cannot be

induced in the EP laboratory or the VT is hemody-

namically unstable. Pace mapping can also be used

to target the PVCs for radiofrequency ablation that

trigger polymorphic VT or VF in these uncommon

patients. However, like any tool, pace mapping must

be used correctly to obtain the optimal result.
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Summary

The circuits of cardiac arrhythmias, especially

ventricular arrhythmias in patients with structural

heart disease, comprise complex 3D structures

spanning from endocardium to epicardium, which

should be defined and targeted for ablation in a 3D

moving environment, that is, the heart.

Electroanatomical mapping of ventricular

arrhythmias has facilitated the delineation and

more effective ablation of the arrhythmia circuits.

In this chapter, we review the application of

mapping systems for ablation of ventricular

tachycardias associated with various structural

heart diseases.

Electroanatomical Mapping in
Ischemic Cardiomyopathy

Today, catheter ablation can be used effectively for
controlling recurrent ventricular tachycardia (VT)
in patients with ischemic heart disease (IHD) [1–
20]. Catheter ablation alone is considered by some
investigators as primary therapy for patients with
hemodynamically tolerated VT. However, it should
be mentioned that usually more hemodynamically
unstable VT are inducible in these patients; the

process of coronary heart disease is a progressive
and unpredictable one; and long-term mortality of
these patients is comparable with those with more
unstable VT. Therefore, most investigators recom-
mend catheter ablation as an adjuvant therapy to
implantable cardioverter–defibrillators regardless
of hemodynamic status of the ischemic VT [7–9,
13, 14].

The anatomical substrate of monomorphic VT
usually comprises of a reentry circuit at the rim
of a healed dense scar after myocardial infarction,
which usually persists after its formation [8A, 21,
22]. Regardless of the strategy used for ablation of
VT, detailed mapping preceding ablation should be
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done to minimize the lesion size and side effects
of catheter ablation. QRS morphology, location of
myocardial infarction, and evaluation of left ven-
tricular anatomy can direct the detailed mapping
to a selected section of the left ventricle and hence
shorten the procedure time in this group of usually
critically ill patients.

Kottkamp et al. described the arrhythmogenic
substrate in 28 postinfarction patients with VT and
showed that individually tailored substrate descrip-
tion guiding the placement of linear lesion lines
that transected potential isthmuses, rendered ven-
tricular tachycardia in 80% of patients completely
noninducible. They showed that construction of re-
gional target area maps allowed short procedure
times, with a resulting low incidence of complica-
tions in these critically ill patients [9]. The patho-
physiologic basis and interventional management
of ischemic VT are discussed in detail elsewhere (see
Chapters 23 and 24).

Activation and Entrainment
Mapping

Figure 30.1 summarizes the ablation strategies
in patients with IHD. Activation and entrain-
ment mapping are usually useful in patients with
monomorphic hemodynamically tolerated VT, al-
though limited entrainment mapping during short
periods of induced VT after substrate mapping
can help to verify the potential targets for abla-

tion in patients with hemodynamically unstable
VT [8A].

Volkmer et al. compared the two main strate-
gies of VT ablation using the CartoTM system in
47 patients with IHD [23]. In the mapping group
(22 patients), the circuit of the clinical VT was re-
constructed. During VT, the critical area of slow
conduction was identified using diastolic potentials
and conventional concealed entrainment pacing. In
those patients in whom mapping of VT was not
possible, pathological myocardium was identified
by substrate-mapping based on fragmented, late-
and/or low-amplitude (<1.5 mV) bipolar poten-
tials during sinus rhythm or pacing. The site of ab-
lation was primarily determined by pace-mapping
inside or at the border of this pathological my-
ocardium. The long-term success rate was 75%
when defined as freedom from any ventricular tach-
yarrhythmia (VT or VF) during a follow-up of 25 ±
13 months. On subgroup analysis, patients in the
VT-mapping group were not significantly different
from patients in the substrate-mapping group with
respect to age, ejection fraction, VT cycle length,
and the number of radiofrequency applications.
The acute and long-term results of ablation were
comparable between both groups [23].

In ischemic VT, the tachycardia circuit is com-
plex. Therefore, activation mapping alone rarely
results in successful focal ablation in contrast to
patients with idiopathic VT. However, initial acti-
vation mapping along with QRS morphology and

Stable VT

Incessant VT Unstabel VT

Unstabel VTStabel VT

Yes NO

Exclude BBRVT, confirm
reproducible induction of clinical VT

Define areas with diastolic and
abnormal electrograms. Use
entrainment mapping to define the
VT circuit especially the exit site(s),
and the slow conduction areas
including the critical isthmus.

SUBSTRATE MAPPING during sinus rhythm:
Locale areas with abnormal electrograms. Define low
amplitude areas and dense scar. Define the potential
exit sites, and slow conduction areas by pace-mapping
at low voltage areas. Confirm the potential targets by
limited mapping during VT

Successful ablation based on the defined endpoint(s)?

Figure 30.1 Algorithm shows the
summary of the approach to ablation of
ventricular tachycardia in patients with
ischemic heart disease which can be
applied also to other patients with
structural heart disease. See the text for
discussion. KEY: VT = ventricular
tachycardia; BBRVT = bundle branch
reentry ventricular tachycardia.
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Figure 30.2 Inferoposterior view of an electroanatomic
reconstruction of the inferior wall in a patient with remote
inferior wall myocardial infarction. Localization of the
infarct zone prior to the procedure has resulted in
successful ablation with targeted reconstruction and
electroanatomical mapping of the left ventricle instead of
whole chamber mapping. The color code represents
voltages (where red is the lowest voltage, purple is the
highest voltage, and the gray area represents dense scar).
Blue and purple dots represent the areas with diastolic
potentials and best pace-mapping, respectively. Linear
ablation as depicted by red dots terminated the VT and
rendered it noninducible. KEY: MA = mitral annulus.

anatomical data from the left ventricle (i.e., echocar-
diography, magnetic resonance imaging, coronary
angiography and left ventriculography) can help
to localize the region of interest for high-density
mapping, thereby reducing the procedure time
(Figure 30.2).

Hsia et al. have characterized the arrhythmia cir-
cuit in 26 patients with hemodynamically stable
VT using electroanatomical mapping [24]. Entrain-
ment mapping was performed in 53 VT of which
19 entrance, 37 isthmus, 48 exit, and 32 outer loop
sites were identified. The authors defined a conduct-
ing channel as a path of multiple orthodromically
activated sites within the VT circuit that demon-
strated an electrogram amplitude higher than that
of surrounding areas as evidenced by differences in
color-coded voltages. Forty-seven (84%) of 56 en-
trance or isthmus sites were located within dense
scar (<0.5 mV). Nearly all exits (92%) were located
in abnormal endocardium (<1.5 mV), with more
than half (54%) located in the border zone (0.5–1.5
mV). VT-related conducting channels were identi-
fied in 18 of 32 VTs with detailed mapping (average
length 32 ± 22 mm). The voltage threshold in the
conducting channels ranged from 0.1 mV to 0.7 mV
(mean 0.33 ± 0.15 mV) [24].

Entrainment refers to continuous resetting of a
reentrant tachycardia by pacing at a cycle length 10–
30 msec faster than the clinical tachycardia [25–31].
In order to be able to perform entrainment map-
ping, the VT should be stable, hemodynamically
tolerable, and reproducibly inducible. After local-
izing the potential reentrant circuit of scar-related
stable monomorphic VT, the entrainment mapping
would help to define its different components as
shown in Figures 30.3. The location of the pro-
tected isthmus is within the infarct area, and the
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S-QRS/VTCL (in %)

Entrainment with QRS fusion

PPI − VTCL or
ΔN+1<30 ms
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Figure 30.3 A reentry circuit with the
corresponding components is illustrated
in the left panel. The right panel shows
the algorithm for definition of different
component of the circuit. See the text
for discussion. KEY: VT = ventricular
tachycardia; CF = concealed fusion;
PPI = postpacing interval; VTCL = VT
cycle length; ∗ = remote bystander;
∗∗ = adjacent bystander.
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recorded bipolar voltage in these areas is typically
≤0.5 mV.

Radiofrequency ablation at sites that show con-
cealed entrainment, a postpacing interval approxi-
mating the tachycardia cycle length, and an S–QRS
interval greater than 60 msec (but less than 70%
of the tachycardia cycle length and within 10 msec
of the electrogram–QRS interval), is more likely to
terminate the VT. It should be mentioned that con-
cealed entrainment alone is not always an indication
of a successful ablation site because pacing in the by-
stander pathways would also produce concealed en-
trainment [30]. Therefore these sites should be veri-
fied by the other entrainment criteria (Figure 30.3).
Recording of isolated diastolic potentials or contin-
uous diastolic activity at these sites will increase the
possibility of successful ablation to 70–90% [30].

Substrate Mapping

Although theoretically activation and entrainment
mapping are very interesting and promising, in
a significant number of patients further mapping
techniques are required for successful ablation [1, 2,
4, 5, 8A, 9]. In a consecutive series of patients with
ischemic CMP referred for the ablation of hemo-
dynamically tolerated VT [8A], 25% could not be
ablated successfully using entrainment and activa-
tion mapping. In addition, in patients with hemo-
dynamically unstable VT, and those with repeated
nonsustained VT, which comprise a large fraction of
patients who are referred for catheter ablation, only

a limited entrainment mapping can be done, and
detailed characterization of the reentrant circuit is
often not possible.

The experiences from cardiac surgery helped to
develop this new strategy for the ablation of unstable
VT or for those who cannot be successfully ablated
with activation and entrainment mapping. Surgical
subendocardial resection or partial encircling endo-
cardial ventriculotomy are successful in up to 90%
of patients who survive the operation [8A, 8B, 9]. In
this approach, extending the surgical lesions to the
adjacent anatomical barriers improve the results. In
order to reproduce the same success rate, a good vi-
sualization of LV anatomy with proper demarcation
of the low voltage and infarct scar areas is needed.

In this case, data from electroanatomical bipolar
voltage mapping combined with data from various
imaging modalities can localize the scar area. The
presumed VT exit sites and circuit(s) are then de-
termined by pace mapping and abnormal potential
recordings are marked. Linear lesions are created
from dense scar passing through these points and
the infarct border zone and connecting to the near-
est anatomical obstacle or normal myocardium.
Other groups connect all unexcitable regions within
the infarct zone with linear lesions to ablate the ab-
normal fractionated electrograms in these regions.
Figures 30.2 and 30.4 show examples of such an
ablation technique.

Recently, a remote magnetic navigation and ab-
lation system has been introduced and has been
used for the ablation of various cardiac arrhythmias.

LAO

LL

Bipolar

1-Arash > 69 points

LAO

Figure 30.4 Left lateral and left anterior
oblique views of an electroanatomic
reconstruction of the left ventricle in a
patient with remote anteroseptal
myocardial infarction. The color code
represents voltages (where red is the
lowest voltage and purple is the highest
voltage). Blue and purple dots represent
the areas with recorded diastolic
potentials and the best pace-mapping,
respectively. Linear ablation as depicted
by red dots terminated the VT and
rendered it noninducible.
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Aryana et al. assessed the applicability of the remote
magnetic navigation system combined with Carto-
RMT to perform ablation in 24 consecutive patients
with a history of VT related to various structural
heart diseases including IHD [32]. Twenty-one of 77
inducible VT were targeted during VT with the re-
motely navigated radiofrequency ablation catheter
alone. With a combination of entrainment and ac-
tivation mapping, 17 of 21 VT (81%) were suc-
cessfully ablated using a 4-mm catheter; however,
for the remainder, manual irrigated radiofrequency
ablation was necessary. In concert with a manually
navigated irrigated ablation catheter, 75 of 77 VTs
(97%) were ultimately ablated [32].

Trigger Ablation

Occasionally, in patients with IHD frequent
episodes of polymorphic VT are triggered by
monomorphic premature ventricular beats. Abla-
tion of these premature ventricular beats may con-
trol the episodes of polymorphic VT. Activation and
pace mapping of these trigger beats may help to lo-
calize the site of origin, which is usually from sur-
viving Purkinje fibers surrounding the infarct zone
[33–34].

Electroanatomical Mapping in
Dilated Cardiomyopathy

The potential mechanisms of VT in patients with di-
lated cardiomyopathy (DCM) are reentry and trig-

gered activity. Reentry within the myocardium is
the most common cause, although bundle branch
reentry and focal VT due to triggered activity also
occur and are responsible for up to 25% of VT in
patients with DCM (Figure 30.5) [35].

Clinical experience with catheter ablation of VT
in patients with DCM is very limited because sus-
tained monomorphic VT in these patients is an
infrequent clinical presentation [35–39]. Although
the principles used for the ablation of ventricular
tachycardia in patients with DCM are those that
have already been explained for ischemic cardiomy-
opathy, there are several important differences.

The epicardial origin of VT is more frequent in
patients with DCM, and abnormal epicardial sig-
nals are recorded frequently in these patients; ab-
normal endocardial electrograms are less frequent,
and are less fractionated than in ischemic CMP.
They tend to be localized to the basal areas of
the left ventricle. The endocardial scars in these
patients are usually located near the valves. Elec-
troanatomic mapping can be used to define the ar-
eas of scar and abnormal electrograms. In addition,
activation, entrainment, and pace mapping can be
used to define the potential exits and arrhythmia
circuits [35, 36]. The limited success rate in pub-
lished series compared to ischemic VT reflects the
high prevalence of intramyocardial and epicardial
circuits in these patients. Therefore, in the case of
unsuccessful ablation, epicardial mapping and abla-
tion should be strongly considered in these patients
[35–38].
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Figure 30.5 An example of focal
ventricular tachycardia in a patient with
dilated cardiomyopathy. The 12-lead
ECG is depicted in the left panel. Right
and left anterior oblique views of an
electroanatomic reconstruction of the
left ventricle are presented in the right
panel. The color code represents
activation time (where red is the
earliest and purple is the latest
activation). Focal ablation at the earliest
activation site terminated the VT and
rendered it noninducible.
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Soejima et al. have studied 28 patients with di-
lated CMP and sustained VT. Endocardial and
epicardial mapping was done in 28 and 8 patients,
respectively [36]. Using pace-mapping and entrain-
ment mapping, the authors were successful in defin-
ing the mechanism of the VT in all patients. Ventric-
ular tachycardia was due to focal VT in 5 patients,
bundle-branch reentry in 2 patients, and myocar-
dial reentry in 22 patients (both focal and reentry
VT in one patient). All patients with myocardial
reentry had endocardial (20 of 20 patients) and/or
epicardial (7 of 7 patients mapped) scar tissue. Of
the 19 VT-isthmuses identified, 12 were associated
with an endocardial and 7 with an epicardial scar.
All myocardial reentrant VT were abolished in 12
of 22 patients, and inducible VT was modified in 4
patients. During follow-up of 334 ± 280 days, 54%
of patients with myocardial reentry were free of VT
despite frequent episodes before ablation [36].

Electroanatomical Mapping in
Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy is a genetic heart dis-
ease associated with sudden death and ventricular
arrhythmias. Disordered myocardial structure, fi-
brosis, microvascular disease, and repeated episodes
of myocardial ischemia are the substrate for electri-
cal instability in hypertrophic cardiomyopathy [40–
42]. Nonsustained ventricular tachycardia occurs in
20–25% of patients with hypertrophic cardiomy-
opathy during Holter monitoring [43–45]. These
episodes are usually brief, infrequent, and are not
associated with symptoms.

The prevalence of nonsustained VT is associ-
ated with LV mass (as a substrate for the arrhyth-
mia) and reaches 50% or more in patients with
septal thickness of 30 mm or greater [46]. The
implantable cardioverter–defibrillator (ICD) offers
successful prevention of sudden cardiac death in
these patients. In most of these cases, the lethal ar-
rhythmia is ventricular fibrillation or a short run of
a monomorphic VT degenerating into ventricular
fibrillation or rapid polymorphic VT [47].

Contrary to patients with ischemic and dilated
cardiomyopathy, sustained monomorphic VT is
rare in these patients. It can be speculated that
in these patients, short episodes of nonsustained
monomorphic ventricular tachycardia work as a

trigger. They may be either self-terminating or de-
generate due to frequent wave break into a poly-
morphic VT or ventricular fibrillation. Therefore,
it is of no surprise that the data on the ablation
of monomorphic VT in patients with hypertrophic
CMP are limited [48–51].

Rodriguez et al. have reported ablation of
monomorphic VT in a patient with hypertrophic
cardiomyopathy. The authors used the following
criteria to guide radiofrequency ablation: the pres-
ence of entrainment without fusion, equal intervals
from the stimulus to the beginning of the QRS com-
plex and from the electrogram to the QRS complex
during VT, and the first postpacing interval identi-
cal to the tachycardia cycle length. This suggests that
in rare occasions, reentrant monomorphic VT can
occur in these patients and that VT can be mapped
and ablated using the same criteria as in patients
with ischemic heart disease. Other mechanisms for
monomorphic VT in these patients, including focal
VT preceded by the Purkinje potential and VT in-
duced after percutaneous transluminal alcohol sep-
tal myocardial ablation, have already been described
[48, 51].

Percutaneous transluminal alcohol septal my-
ocardial ablation is appropriate for patients with
heart failure who are refractory to medical treat-
ment for hypertrophic obstructive cardiomyopathy.
Although there is no consensus whether this pro-
cedure may occasionally be arrhythmogenic, some
cases of reentrant monomorphic VT after septal ab-
lation have been reported, suggesting that the same
substrate as in patients with myocardial infarction
could be responsible for ventricular arrhythmias af-
ter this procedure. However, we can clearly exclude
the presence of this arrhythmogenic substrate be-
fore the septal ablation [49, 50].

Conclusion

With the advent of advanced cardiac-mapping sys-
tems, catheter ablation has emerged as a useful al-
ternative to more conventional treatment options
and ablation techniques. Now catheter ablation can
be used effectively for the controlling of recurrent
VT in patients with structural heart disease, espe-
cially those with IHD. Today, successful ablation of
unstable and polymorphic VT and certain forms
of ventricular fibrillation expanded the treatment
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options in these patients. Different strategies can be
used for ablation of VT in these patients; however,
regardless of the strategies used for VT ablation, de-
tailed mapping preceding ablation minimizes the
lesion size and potential side effects of catheter
ablation.

It should be mentioned that despite all the above-
mentioned advances, the catheter ablation of VT
is still considered as an adjunctive therapy to im-
plantable cardioverter–defibrillator in patients with
ventricular tachyarrhythmic events. Catheter abla-
tion in these cases is indicated especially in those
who receive multiple appropriate shocks and expe-
rience electrical storms.

Reddy et al. have recently evaluated the role of em-
piric substrate-based catheter ablation in patients
with a history of a myocardial infarction who un-
derwent defibrillator implantation for spontaneous
VT or VF [52]. Patients were randomly assigned to
defibrillator implantation alone or with adjunctive
catheter ablation. The 30 days mortality after abla-
tion was zero, and there were no significant changes
in ventricular function, functional class, and mor-
tality during the mean follow-up period of 22.5 ±
5.5 months. However, 20 patients in the control
group (31%) and 6 patients in the ablation group
(9%) received shocks during the follow-up period
(P = 0.003).

Based on recent advances in the field of catheter
ablation further studies are needed to define the
possible role of empiric catheter ablation in patients
underwent ICD implantation for primary and sec-
ondary prevention of sudden cardiac death.
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Congenital Heart Disease
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Summary

As a result of remarkable advances in cardiac

surgical techniques over the last several decades,

most children born with complex congenital heart

disease (CHD) now survive well into adulthood.

However, despite effective repairs done early in life,

a large percentage of these patients continue to

suffer from arrhythmias and other serious

long-term cardiac sequelae. There are many unique

electrophysiologic features to consider in this

population:

1 grossly distorted underlying anatomy,

2 potentially abnormal location and function for

the atrioventricular (AV) conduction tissues,

3 the presence of incision lines and surgical

patches that influence propagation wavefronts,

4 residual hemodynamic abnormalities that pro-

mote anisotropy through cardiac chamber dilation

and increased wall thickness,

5 unusual vascular connections that complicate

catheter navigation during interventional proce-

dures.

Issues of this sort will have a major impact on both

the genesis of arrhythmias and the performance of

mapping studies. It is the purpose of this chapter to

review the common forms of tachycardia

encountered in the CHD population, with a focus

on catheter mapping and ablation techniques.

Anatomy of the AV Conduction
System in CHD

The embryologic accidents responsible for congen-

ital heart defects can influence the development and

disposition of the specialized AV conduction tissues.

The original motivation for study of this issue was

the pressing need for cardiac surgeons to anticipate

position of the AV node and His–Purkinje system

during open heart repairs and thereby avoid heart

block [1], but the relevance now extends to inter-

ventional electrophysiology procedures where these

tissues must be located accurately in order to under-

stand propagation patterns and avoid inadvertent

damage during ablation. Fortunately, a large body

of pathologic [2, 3] and clinical mapping work [4, 5]

has now accumulated to permit localization in most

varieties of CHD defects with reasonable precision.

In simple forms of CHD, the AV node occu-

pies the normal location within the apical aspect
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Figure 31.1 Diagrammatic view of locations for the
proximal AV conducting tissue in patients with congenital
heart defects: (a) Simple defect where the compact node is
normally located within Koch’s triangle; (b) defect of the
atrioventricular canal where the compact node is displaced
in a posterior location; (c) congenitally corrected
transposition with inverted ventricles where the compact

node is displaced in an anterior location; (d) “twin” nodes
in the setting of combined canal defect and ventricular
inversion. See the text for details. KEY: CS = coronary sinus;
“LV” = right-sided left ventricle; MV = right-sided mitral
valve; RA = right atrium; RV = right ventricle; TV =
tricuspid valve; VSD = ventricular septal defect.

of Koch’s triangle, and the His bundle penetrates

toward the ventricles in the usual fashion. If a ven-

tricular septal defect (VSD) happens to be present,

the His bundle will simply run along the inferior rim

of the defect [6] without substantial alteration in its

overall course (Figure 31.1a). Thus, for relatively

straightforward lesions (e.g., secundum-type atrial

septal defect, simple VSD, Ebstein’s anomaly, and

tetralogy of Fallot), a His bundle electrogram will

be recorded as expected along the superior-medial

rim of the tricuspid valve. Chamber enlargement

may distort the fluoroscopic silhouette to increase

the challenge of catheter positioning to some degree,

but registration of a high-quality His deflection and

the ability to infer location of the compact AV node

are usually not difficult in these particular patients.

Whenever CHD lesions involve defects in the so-

called AV canal region (e.g., primum-type atrial

septal defect, or complete common AV canal de-

fect), septal tissues that normally constitute Koch’s

triangle are absent or deficient. The AV node and

His bundle in this setting become significantly dis-

placed to a more posterior location [7,8] relative to

the customary triangle boundaries (Figure 31.1b).

Accordingly, the proper catheter location for His

bundle recording will be lower than expected along

the right-sided AV valve, with a signal frequency

and amplitude that are often attenuated when sur-

gical patches used for repair overlie this area of

interest.

Another CHD lesion involving significant dis-

placement of the AV conduction tissues is congen-

itally corrected transposition of the great arteries

(so-called L-TGA), where the left ventricle (LV)

and right ventricle (RV) are inverted, and the LV

ejects into the pulmonary circulation. Although the

anatomic components of Koch’s triangle are indeed

present in this condition, the AV node develops in

an anterior position near the base of the right atrial

appendage [9], well outside the triangle borders

(Figure 31.1c). The His bundle will still penetrate

toward the ventricles along the superior-medial as-

pect of the right-sided AV valve (the mitral valve in

this case). If a VSD happens to be present, this is the

one situation where the His bundle travels along the

upper rim of the defect [10]. The proper site for the

His electrogram will not vary much from normal

despite dramatic nodal displacement.

In rare instances, a complex CHD malformation

can involve the combination of an AV canal defect
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and congenitally corrected transposition. Some pa-

tients with this anatomy will be found to have two

separate AV nodes and His bundles, the first involv-

ing the posterior location typical of a canal defect,

with the second in the anterior location typical for

ventricular inversion [11]. This unusual condition

has been referred to as “twin AV nodes,” and can

result in reciprocating tachycardias [12] between

the duplicated conduction systems (Figure 31.1d).

Careful mapping along the AV ring will disclose

two separate sites for His bundle recording, and

tachycardia can usually be eliminated by ablating

the weaker of the two.

Accessory AV Pathways in CHD

The incidence of accessory pathways (AP) in pa-

tients with CHD is not appreciably higher than in

structurally normal hearts, except for the special sit-

uation involving Ebstein’s anomaly of the tricuspid

valve where as many as 20% of patients have one or

more abnormal AV connections [13].

Experience with surgical and catheter mapping

has shown that these APs tend to cluster along

right free-wall and septal regions where the tricus-

pid valve deviates away from the true AV groove

[14, 15], suggesting a likely developmental link be-

tween the valve abnormality and defects in elec-

trical insulation. Pathway localization can be chal-

lenging in Ebstein’s owing to exceptionally thin RV

muscle that often generates fractionated and low-

amplitude electrograms. The challenge is further

increased by the presence of multiple APs in more

than half these patients, sometimes creating a con-

fusing assortment of tachycardia patterns. It is not

surprising that success rates with catheter ablation

in Ebstein’s are somewhat lower (85%) and recur-

rence rates higher (25%) when compared to struc-

turally normal hearts.

The key to AP mapping and ablation in Ebstein’s

anomaly is an accurate definition of the true AV

groove at the level of the coronary artery, which is

not to be confused with mobile edge of the tricus-

pid valve leaflet displaced toward the apex of the

RV (Figure 31.2). It is insufficient to rely on rela-

tive amplitudes of atrial vs. ventricular electrograms

for this purpose because of the extensive ventricular

signal fractionation, but a selective right coronary

angiogram will provide a reliable roadmap during

CS
FO

RAA

Eustachian valve
Thebesian valve

(a)

Ridge of AV groove

Ridge of AV groove 

Mobile edge TV leaflet

(b)

Thin ‘‘atrialized’’ RV 

Figure 31.2 Autopsy specimen from a patient with
Ebstein’s malformation, with the lateral right atrial wall
removed to reveal intracardiac anatomy. In panel (a), a
prominent ridge is apparent at the level of the
atrioventricular groove where the edge of the tricuspid
valve would be found in a normal heart, but as shown in
panel (b) when the heart is tilted to expose the ventricular
inlet, the mobile edge of the valve leaflet is displaced far
down into the body of the right ventricle. Between the
ridge and the mobile leaflet edge is the so-called
“atrialized” muscle of the right ventricle, which is thin and
fibrotic. KEY: AV = atrioventricular; CS = coronary sinus;
FO = fossa ovalis; RAA = right atrial appendage; RV =
right ventricle; TV = tricuspid valve.

procedures to define the proper level for AP map-

ping and ablation [16]. In exceptionally difficult

cases, a thin multielectrode catheter can be posi-

tioned for mapping directly within the lumen of

the right coronary artery [17], but this maneuver is

rarely necessary.

Accessory pathways are encountered sporadically

in CHD malformations other than Ebstein’s, rang-

ing from a simple atrial septal defect to a complex
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single ventricle [5, 16, 18]. Anatomic details must

be well understood whenever mapping and abla-

tion are attempted in such cases, not only as a way

to facilitate AP localization, but also to predict likely

location of the normal AV conduction tissues.

Atrial Tachycardias in CHD

Atrial tachycardias account for the vast majority

of arrhythmias in the CHD population. The elec-

trical patholophysiology involves a complex inter-

play between surgically induced conduction obsta-

cles, natural conduction obstacles (e.g., crista ter-

minalis, valve orifices, venous junction sites), and

hypertrophy and fibrosis from chronic hemody-

namic stress. Most of these arrhythmias involve or-

ganized macroreentrant circuits, though in some

cases focal tachycardias and atrial fibrillation may

occur. Treatment options are diverse and may in-

clude pharmacologic therapy, antibradycardia pac-

ing, antitachycardia pacing, arrhythmia surgery,

and catheter ablation [19, 20]. Comments here will

be largely restricted to the underlying electrophysi-

ologic features, mapping characteristics, and results

for catheter therapy.

Intraatrial Reentrant Tachycardia (IART)
in CHD
The right atrium (RA) bears the brunt of surgical

intervention for CHD. During most types of repair

performed on cardiopulmonary bypass, the RA suf-

fers the insults of caval cannulation scars, a lateral

atriotomy scar, and sometimes an atrial septal patch.

Even when surgery is successful, the RA chamber

must often contend with abnormal postoperative

pressure and volume loads, best exemplified by the

Fontan operation for single ventricle where the RA

is exposed directly to pulmonary artery pressure.

The potential for macroreentry to develop within

this abnormal substrate is easy to appreciate. Atrial

tachycardias can occur in nearly all types of CHD

after open-heart procedures [21], even simple atrial

septal defect closure, though the incidence is clearly

highest among patients with extensive atrial suture

lines, as occurs with the Fontan operation, and the

Mustard or Senning operations for transposition of

the great arteries [22–25]. In these particular sub-

groups, as many as 50% of patients will develop

atrial macroreentry during extended follow-up.

Atrial macroreentry circuits seen in CHD patients

can follow a number of potential routes within the

RA that vary according to the underlying defect and

method used for repair. The importance of clear

anatomic knowledge and appreciation for all surgi-

cal details cannot be overemphasized. If a patient has

four cardiac chambers in normal orientation, and

surgery involved nothing beyond simple patching of

septal defects and/or valve repairs (e.g., atrial septal

defect, VSD, or tetralogy of Fallot correction), then

the most commonly encountered circuit involves

reentry around the tricuspid valve ring through the

cavo-tricuspid isthmus (CTI), similar in many ways

to conventional atrial flutter [26, 27].

Unlike common flutter, cycle lengths tend to be

relatively long (250–400 msec) in CHD patients

due to slow conduction velocity along the scarred

lateral RA wall, so that the surface electrocardio-

gram does not necessarily display classic sawtooth

flutter waves, but instead can have more discrete P -

waves with long isoelectric time in between. Fur-

thermore, it is common for these patients to have

the potential for secondary reentrant loops around

lateral wall atriotomy lines, sometimes functioning

as a figure-of-eight in conjunction with tricuspid

valve reentry [28].

If too much attention is focused on the concept of

flutter through the traditional CTI region, these sec-

ondary circuits will be missed. For all these reasons,

the noncommittal term intraatrial reentrant tachy-

cardia (IART) has become the preferred descriptive

nomenclature when discussing macroreentrant cir-

cuits in CHD patients. It leaves open a far broader

range of possibilities for the electrocardiographic

appearance, cycle length, circuit location, and ap-

proach to ablation.

The reentrant routes for IART become more

complex whenever large atrial baffles are used for

surgical repair. In the case of Mustard or Senning

operations for transposition of the great arteries,

systemic venous return is redirected toward the mi-

tral valve with a large patch sutured from the supe-

rior and inferior vena cavae along the back of the

atria. In the process, the tricuspid valve receives the

pulmonary venous return and becomes sequestered

on the left side of the circulation.

The most common IART circuits in these patients

still involve macroreentry through the CTI around

the tricuspid valve ring [26, 29, 30], but in order
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to reach this tissue for mapping or ablation, the

catheter tip has to be directed retrograde through

the aortic and tricuspid valves, or alternatively, via

trans-baffle puncture from the IVC pathway into the

neo-left atrium using a modification of the Brock-

enbrough technique [31]. Secondary IART circuits

can occasionally be found in Mustard and Senning

patients along the caval suture lines.

By far the most complicated forms of IART occur

in CHD patients who have undergone the Fontan

operation [26, 32–34]. Circuits in these patients can

involve the lateral RA wall, the atrial septum, peri-

caval tissue, the mouth of coronary sinus, and even

parts of the left atrium (LA). Because a standard

right-sided AV valve is absent in most single ventri-

cles, reentry involving the CTI is not usually possi-

ble. The majority of Fontan patients will have mul-

tiple circuits identified during a mapping session.

Mapping and ablation of IART must begin with

a clear definition of cardiac anatomy and review of

past surgical records to generate a workable sub-

strate map. Anatomic details can be collected from

preprocedure echocardiograms, cardiac MRI, or CT

imaging. These data can then be used during the

case with any combination of angiography, intrac-

ardiac echo, and 3D electroanatomic registration to

develop a shell of one or both atria.

New technology allowing MRI or CT imaging

data to be merged with electroanatomic signals is

particularly well suited for this purpose. Before in-

ducing IART, it is often useful to construct a baseline

RA activation map in sinus rhythm and annotate the

anatomic shell with conduction features of interest,

such as double potentials (suggesting suture lines)

and areas of low voltage (suggesting regions of scar

or patch), all of which are then viewed relative to

the caval entry sites, the coronary sinus, Eustachian

ridge, and the CTI (if a tricuspid valve is present) to

obtain a preview of possible routes for IART circuits.

Programmed stimulation from the RA is nearly

always successful in reproducing clinical IART

events for CHD patients (Figure 31.3). Short 8-beat

burst pacing in the RA at progressively rapid rates

down to atrial refractoriness usually proves slightly

aVR
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I
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V6

MAP d

MAP p

HIS p

CS 1,2

CS 3,4

CS 5,6

CS 7,8

CS 9,10

RVA

12:31:09 PM 12:31:10 PM 12:31:11 PM 12:31:12 PM 12:31:13 PM

341 msec

Figure 31.3 Recordings from a 28-year-old with tricuspid
stenosis and pulmonary atresia after a Fontan operation
undergoing ablation for intraatrial reentrant tachycardia.
The tachycardia, which conducts here in a 2:1 fashion, was
easily induced with eight beats of right atrial pacing.

Tachycardia cycle length (341 msec) is much longer than
classic flutter, and the P -wave appears sharp and discrete
unlike classic flutter waves. A macroreentrant circuit was
mapped along the lateral right atrial wall related to an
atriotomy scar.
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(a) (b)

TV

IVC
IVC

Figure 31.4 Examples of electroanatomic maps during
macroreentrant IART in relatively simple forms of
congenital heart disease. The activation sequence proceeds
according to the color code (red > yellow > green > blue
> purple). Panel (a) shows a map from a patient with
repaired tetralogy of Fallot involving counterclockwise
macroreentry around the tricuspid valve through the
cavo-tricuspid isthmus. A series of RF applications (red
dots) terminated IART and created bidirectional

conduction block at the isthmus. Panel (b) shows the
lateral wall of the right atrium from a patient after closure
of atrial and ventricular septal defects. There was a long
line of split potentials (blue dots) corresponding to an
atriotomy incision line. The tachycardia pattern suggested
a narrow channel of slow conduction through a gap in the
line. A series of RF applications focused on this gap
successfully interrupted the circuit. KEY: IVC = inferior vena
cava; TV = tricuspid valve.

more effective for induction purposes than standard

extrastimulus testing, and isoproterenol may be re-

quired in some cases. Because IART has generally

long cycle lengths compared to classic flutter, 1:1 AV

conduction is common, and the rapid ventricular

response can be poorly tolerated in patients with de-

pressed ventricular function and/or single ventricle.

It is often advisable to have an arterial line in place to

monitor blood pressure in CHD patients with com-

promised hemodynamics, and to have an AV node

blocking agent such as diltiazem readily available to

slow the ventricular response when necessary. With

these routine precautions, CHD patients can usu-

ally be allowed to stay in sustained IART for long

periods to permit careful mapping.

Since the initial reports of successful IART ab-

lation in the mid 1990s, mapping techniques have

evolved dramatically. Early methodology involved

conventional linear multipolar catheters, with high

reliance on entrainment pacing and postpacing

interval analysis to verify when tissue was involved

in the circuit [35, 36]. Though successful in most

cases, these procedures were quite arduous because

only small segments of the atrium could be mapped

at any one time. Clinical trials with various designs

for basket catheters offered some incremental im-

provement in map quality [37], but it was not until

technology for 3D mapping became available that

finer details of IART propagation could be fully ap-

preciated [38, 39]. Both noncontact mapping sys-

tems and point-by-point electroanatomic mapping

systems have now been used successfully for these

studies.

Examples of electroanatomic maps for IART in

several common forms of CHD are shown in Figures

31.4, 31.5, and 31.6. If the underlying anatomic sub-

strate is well understood, and if adequate data points

are sampled, then the route of propagation is usually

clear enough from activation maps to permit iden-

tification of vulnerable sites for ablation attempts.

Should uncertainty remain after the activation map

is created, traditional entrainment maneuvers with

postpacing interval analysis can be used to better

clarify the circuit.

Although most IART mapping challenges have

now been overcome, achieving successful and per-

manent conduction block with radiofrequency (RF)

ablation can still be a demanding exercise whenever

the target area is wide, the atrial muscle is thick, or

surgical patches interfere with catheter positioning

and tip contact. This has led to the widespread adop-

tion of irrigated-tip and large-tip ablation catheters

for IART procedures [40, 41], resulting in improved

acute success rates up to 90% with these more
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IVC

SVC

TV MV

Neo -LA Neo -RA

Figure 31.5 Electroanatomic map during IART in a patient
after the Mustard operation. The activation sequence
proceeds according to the color code (red > yellow >

green > blue > purple). The circuit involved
counterclockwise macroreentry around the tricuspid valve
ring. The ablation catheter tip was delivered retrograde
through the aortic and tricuspid valves to the isthmus area
where a series of RF applications (red dots) eliminated the
circuit. KEY: IVC = inferior vena cava; MV = mitral valve;
Neo-LA = the functional left atrium created by the atrial
baffle; Neo-RA = the functional right atrium created by
the atrial baffle; SVC = superior vena cava; TV = tricuspid
valve.

aggressive tools for RF power delivery. The recur-

rence rate after acutely successful ablation now falls

within the reasonable range of 10–25% for most

forms of CHD, although for certain Fontan patients

with multiple IART circuits and extremely thick

atrial walls, recurrence rates remain disappointingly

high (over 40%), and alternate therapy such as ar-

rhythmia surgery may be required [42, 43].

Focal Atrial Tachycardia in CHD
Not all atrial tachycardias in CHD patients involve

macroreentry circuits. About 5–10% of cases can

be identified with clinical presentation and an elec-

trocardiographic appearance that may be grossly

indistinguishable from IART, though the tachy-

cardia appears to emanate from a point-source

during detailed mapping [44, 45]. These focal

tachycardias can be initiated and terminated with

“RA”

Left-sided
segment of
“RA”

IVC

Figure 31.6 Electroanatomic map during IART in a patient
after a lateral tunnel-type Fontan connection, viewed from
the back wall of the atrium. The activation sequence
proceeds according to the color code (red > yellow >

green > blue > purple). In this case the surgical patch used
to construct the lateral tunnel sequestered a small portion
of the right atrium into the left side of the circulation. The
timing of signals acquired from the “RA” side of the patch
could not account for the entirety of the IART cycle length,
and aggressive RF applications (red dots) along the “RA”
side of the patch could slow IART slightly, but never
terminated the circuit. Only after trans-septal puncture
into the small chamber on the opposite side of the patch
was the circuit mapped in its entirety, and a successful
ablation site identified. KEY: IVC = inferior vena cava;
“RA” = portion of the right atrium on the right side of the
tunnel patch.

programmed stimulation, operate at fairly fixed cy-

cle lengths, and respond promptly to direct current

cardioversion.

Such characteristics would tend to implicate ei-

ther localized triggered activity or microreentry as

the underlying mechanism. Mapping reveals radial

propagation away from a discrete epicenter that is

usually located within the RA near the edge of a sur-

gical suture line (Figure 31.7). The local electrogram

can appear fractionated with long-duration electri-

cal activity [45]. Ablation efforts can be focused ei-

ther on the point of earliest activation, or around

the periphery to isolate the target site. Tachycardia
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Figure 31.7 Electroanatomic map of a focal atrial
tachycardia from a patient with an atriopulmonary-type
Fontan operation, showing the lateral wall of a very
dilated right atrium. The activation sequence proceeds
according to the color code (red > yellow > green > blue
> purple). A region of scar (gray area) was identified near
the junction of the superior vena cava and right atrium.
Earliest activation during focal tachycardia was mapped to
a point along the upper lateral atrium, just below the scar
region. A series of RF applications at this site eliminated
tachycardia without damaging the sinus node or the
phrenic nerve, both of which were in relatively close
proximity.

will often terminate promptly with a single well-

positioned RF application, confirming the focal na-

ture of this disorder. Ablation success rates are on

the order of 80%, and recurrences are rare.

Atrial Fibrillation in CHD
Discussion up to this point has concentrated on

the common forms of atrial tachycardia arising

from disordered conduction within RA tissues, but

a small subset of CHD patients can be identified

with hemodynamic abnormalities affecting primar-

ily the left heart, and atrial fibrillation can develop as

a consequence. Examples include congenital aortic

valve disease, mitral valve disease, palliated single

ventricle with biatrial enlargement, and large de-

fects of the atrial septum [46].

Experience with mapping and ablation of atrial

fibrillation in the setting of CHD is very limited,

but because the efficacy of alternate treatments is

so imperfect, efforts are now underway at some

centers to explore catheter ablation in some diffi-

cult cases. Mapping in CHD patients reveals a pat-

tern for fibrillation that is similar to that encoun-

tered in elderly patients with acquired heart disease.

The most rapid and irregular fibrillatory activity

is found within the LA in the vicinity of the pul-

monary veins, with passive propagation to the RA

through Bachmann’s bundle and lower atrial sep-

tum. Occasionally, atrial activity recorded from the

RA endocardium may look deceptively regular and

organized if left-to-right conduction is limited by

surgical scars (e.g., large atrial septal patch), even

mimicking IART on occasion, but recordings from

the coronary sinus and LA will reveal the true nature

of the more rapid generator within the LA. It can

sometimes seem daunting to enter the LA in CHD

patients through thick atrial septal patches, but with

experience and careful technique, Brockenbrough

puncture through prosthetic patch material can be

accomplished safely (Figure 31.8).

Several publications have described encouraging

results with surgical ablation for atrial fibrillation in

CHD using a modified Cox procedure [47], but the

experience with catheter techniques has been only

anecdotal to date. In the six cases performed at our

center, the intended lesion set in the LA involved

encirclement of the left and right pulmonary veins,

a connecting line between the pulmonary vein cir-

cles, an extension line from the left vein circle to left

atrial appendage, and an extension line to the poste-

rior mitral valve ring (Figure 31.9). The short-term

success rate has been 50% in our limited recent ex-

perience, but follow-up duration remains too short

to estimate the longer-term recurrence risk.

Ventricular Tachycardia in CHD

A small but concerning incidence of sudden death

from ventricular tachycardia (VT) continues to be

observed in certain forms of CHD many years

after surgical repair. This issue is most relevant

for patients who have undergone a ventriculotomy

and/or patching of a ventricular septal defect, when

macroreentry develops near regions of surgical scar

within the RV. Tetralogy of Fallot is the best-studied

example of this phenomenon. Roughly 10% of

tetralogy patients develop VT by adulthood, with

an incidence of sudden death measured at 2% per

decade of follow-up [48–52].
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LUPV

LLPV

valvuloplasty  
ring

Figure 31.8 Angiogram (frontal view) done in preparation
for ablation of atrial fibrillation, outlining the pulmonary
veins and left atrium in a young woman with congenitally
corrected transposition who had a Rastelli operation along
with closure of atrial and ventricular septal defects. She
required pacing for complete heart block, as well as
re-operation for valvuloplasty with ring placement for a
regurgitant left-sided AV valve. Refractory atrial
fibrillation developed in this severely dilated left atrium. A
Lasso catheter is seen positioned near the left upper
pulmonary vein, and an irrigated-tip ablation catheter is
near the right upper pulmonary vein. Access to the left
atrium for mapping and ablation necessitated double
trans-septal punctures through thick patch material.
KEY: LA = left atrium; LLPV and LUPV = left lower and left
upper pulmonary veins, respectively; RLPV and RUPV =
right lower and right upper pulmonary veins, respectively.

LA

valvuloplasty  
ring

Figure 31.9 Lesion set used for atrial fibrillation ablation in
same patient shown in Figure 31.8. KEY: LA = left atrium.

Multiple risk factors for VT and sudden death

have now been identified in the tetralogy population

[53–59] including:

1 older age at surgery;

2 older age at follow-up;

3 history of prior palliative shunts;

4 poor ventricular systolic function;

5 advanced degrees of pulmonary regurgitation

with RV dilation;

6 residual pulmonary stenosis;

7 inducible VT at electrophysiologic study;

8 high-grade ventricular ectopy on Holter moni-

toring

9 QRS duration exceeding 180 msec on electrocar-

diogram.

Although the predictive accuracy of this list dur-

ing clinical decision making is only moderate at best,

the items do suggest a central theme of long-term

hemodynamic stress on RV muscle as an important

contributor to the development of VT.

The dominant mechanism for VT in tetralogy

patients involves monomorphic macroreentry [60,

61]. Data from both epicardial surgical mapping

and endocardial catheter mapping implicates tissue

in the RV outflow tract as critical to propagation

of these circuits (Figure 31.10). Almost all tetral-

ogy patients have surgically induced conduction

RV
LV

VSD

VSD 
patch

PA

Pulmonary 
outflow patch

Conal septum

Figure 31.10 Autopsy specimen from a patient with
tetralogy of Fallot who died while undergoing surgical
repair. To better visualize the intracardiac anatomy in this
specimen, the anterior wall of the right ventricle (RV) has
been resected, and the ventricular septal defect (VSD)
patch has been partially detached and deflected superiorly
with forceps. The essential anatomy of tetralogy can be
appreciated, including the thickened and dilated right
ventricle, the VSD, and the conal septum between the VSD
and the pulmonary artery (PA). KEY: LV = left ventricle.
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Figure 31.11 Electrocardiogram in sinus rhythm from a
patient with repaired tetralogy of Fallot and a history of
recurrent ventricular tachycardia. The tracing is notable for
right-bundle-branch block, left-anterior hemiblock, and a

very prolonged QRS duration of 210 msec. Right-bundle
branch block will be present in >90% of postoperative
tetralogy patients.

disturbances through this region as evidenced by

the presence of right-bundle-branch block on their

sinus rhythm electrocardiogram, and mapped VT

circuits are typically observed to utilize this area

as a slow conduction zone during macroreentry

(Figure 31.11).

Quite predictably, VT propagating through this

territory will feature a QRS morphology with left-

bundle-branch block and an inferior-directed axis

in the frontal plane (Figure 31.12). Programmed

stimulation is usually effective in reproducing these

circuits [57]. While some CHD patients may have

slow VT capable of supporting the circulation dur-

ing prolonged periods of mapping, the majority will

have VT with relatively fast rates (>200 beats per

minute) that can compromise cardiac output, par-

ticularly in the setting of poor ventricular function.

Thus, mapping strategy will have to be adjusted ac-

cording to the ability of the patient to tolerate a

sustained tachycardia.

All VT mapping studies in tetralogy patients can

begin with detailed substrate mapping during sinus

rhythm to create an anatomic shell of the RV, anno-

tated as appropriate with anatomical landmarks and

low-voltage scar regions (Figure 31.13). This can be

accomplished by performing a RV angiogram at the

beginning of the case, or by importing structural

data from MRI or CT into a 3D mapping system.

The potential route(s) for reentry can usually be

deduced with reasonable accuracy from the sinus

rhythm map based on identification of a narrow

conduction isthmus in the RV outflow area between

surgical scars and natural conduction obstacles.

From published clinical mapping studies, the

most common locations for such an isthmus (Fig-

ure 31.14) in tetralogy include the conal septum

(between the VSD and pulmonary valve), the right-

ward aspect of the anterior RV (between the tri-

cuspid valve and the outflow tract scar), and the

cranial end of an RV outflow tract incision (if a

non-transannular patch was used).

After VT is induced, detailed mapping can be per-

formed with point-by-point electroanatomic tech-

nique if the patient is sufficiently tolerant of tachy-

cardia to permit acquisition of necessary data from

the RV endocardium (see Figure 31.13b). If the pa-

tient is poorly tolerant of VT, more limited maps

can be performed that focus only on suspect areas



BLBK050-Shenasa September 19, 2008 13:31

CHAPTER 31 Tachyarrhythmias in Congenital Heart Disease 395

aVR

aVLII

III

I V1 V4

V5

V6V3aVF

V2

Figure 31.12 Electrocardiogram during sustained
monomorphic ventricular tachycardia from a patient with
repaired tetralogy of Fallot. The pattern of

left-bundle-branch block with an inferior axis is typical for
the macroreentry circuits involving right ventricular
outflow tract tissues in these patients.

in the RV where a narrow isthmus was suspected

from the baseline substrate map. Alternatively, non-

contact mapping technology can be used to collect

a rapid activation map from just a few beats of VT.

Entrainment analysis and pace-mapping can also

be employed to verify participation of specific sites.

All these methodologies will have their own advan-

tages and drawbacks in CHD patients, but as long

as the underlying anatomy and conduction patterns

in the RV have been meticulously ascertained in the

baseline substrate map, all can be used successfully

to identify a probable reentrant circuit and suggest

potential sites for ablation.

The initial publications describing catheter abla-

tion for VT in tetralogy patients consisted of isolated

case reports describing acute success with various

TV TV

Voltage map VT activation map

(a) (b)

Figure 31.13 Substrate mapping and activation sequence
mapping of ventricular tachycardia in a patient with
repaired tetralogy of Fallot. Panel (a) shows a voltage map
of the right ventricle, where the scale ranges from 0.1 mV
(red) to >1.0 mV (purple), and areas with voltage <0.1 mV
are marked as gray scar. The right ventricular outflow area
is notable for a large scar surrounded by diffusely low

voltage, corresponding to the infundibular incision and
patching used for surgical repair. Panel (b) shows the
activation sequence map during sustained ventricular
tachycardia according to the color code (red > yellow >

green > blue > purple). The area of low voltage in the
outflow area was critical to propagation of this circuit.
KEY: TV = tricuspid valve.
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Figure 31.14 Autopsy specimen from a young patient with
tetralogy of Fallot who died prior to any surgical
intervention. The anterior surface of the right ventricle
(RV) has been resected to display intracardiac anatomy. If
one imagines this resected area being replaced with a
surgical patch, three potential narrow corridors (arrows)
for macroreentry can be appreciated in the outflow
region: (1) between the cranial end of the patch and the
pulmonary valve , (2) between the right side of the patch
and tricuspid valve, and (3) through the conal septum
between the ventricular septal defect (VSD) and the
pulmonary artery (PA). KEY: RA = right atrium.

mapping techniques [62–70], but could offer no

measure of long-term outcomes. Subsequently,

more extensive data became available from two

institutional series involving a combined total of

36 subjects mapped primarily with standard linear

catheter techniques and ablated with 4-mm tipped

RF catheters [71, 72].

The acute success rate for the combined experi-

ence averaged 72% (with inadequate map data ac-

counting for most of the failures), and the follow-

up recurrence risk averaged 25%. More recently,

two elegant publications [73, 74] have described 3D

mapping in a combined total of 21 cases, with an

improved acute success rate of 90%, and recurrence

risk reduced to about 16%. The lowest incidence of

recurrence reported to date (9%) involved 11 cases

in which an irrigated-tip catheter was the exclusive

method for RF delivery.

Creating effective transmural conduction block

with RF energy in the thick-walled RV of tetral-

ogy patients is obviously a challenge, and it may

be reasonable to suggest that irrigation and large-

tip catheters with high-output generators offer the

best chance of permanent success during these pro-

cedures. Until the uncertain risk of VT recurrence

after ablation is lower, most centers will continue to

relegate RF ablation to an ancillary role as a way of

reducing the shock burden for CHD patients who

already have an implantable defibrillator in place

[75, 76], but it may come to assume a more pri-

mary function as techniques continue to improve.

Conclusion

The excellent results now seen with childhood

surgery for CHD are creating a rapidly expanding

population of adolescent and young adult survivors

who are at risk for developing a complex assortment

of atrial and ventricular tachycardias related to their

anatomic defects and surgical scars. Catheter abla-

tion represent an important therapeutic option for

this population. Clear knowledge of the underlying

anatomy and all prior surgical interventions is es-

sential for successful mapping of such arrhythmias.

One of the important spin-off benefits of tachy-

cardia mapping and ablation in CHD patients has

been a better appreciation of the exact relation-

ship between reentry and the pathologic substrate

caused by long-standing hemodynamic abnormal-

ities and the position of certain surgical scars. This

knowledge has contributed to refinements in surgi-

cal strategy that have significantly reduced the inci-

dence of arrhythmias for the current generation of

CHD patients.

For example, transposition of the great arteries

is now managed with direct arterial switch rather

than large atrial baffles; Fontan connections are be-

ing constructed in a way to minimize right atrial

dilation; and tetralogy of Fallot is being repaired at

younger ages with smaller incisions and attempts to

preserve pulmonary valve competence as a way to

reduce scarring in the RV [77–81]. Prospective stud-

ies are also in progress to test whether more strate-

gic locations can be found for atriotomy incisions

to negate the potential for reentry on the lateral RA

wall [82]. It is anticipated that such modifications

will improve the long-term prognosis for complex

CHD.
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Summary

Recently introduced in 1995 (1–4), transthoracic

epicardial mapping and ablation has recently

become an important adjunctive or even a

preferable strategy to eliminate a diverse range of

cardiac arrhythmias including scar-related

ventricular tachycardia [5, 6], atrial fibrillation [7,

8], accessory pathways [9, 11], and idiopathic

ventricular tachycardia [12]. In addition, the

pericardial approach is being considered for a

number of other cardiovascular applications such

as localized drug delivery, epicardial pacing and

myocardial injection of biological agents such as

myoprogenitor cells.

Not long ago, epicardial mapping and ablation

could only be undertaken during cardiac surgery

and was thus restricted to the surgical theater.

Attempts to map the epicardial surface with a less

invasive approach, through thoracoscopy, were

soon abandoned, not only because it must be

performed in the operating room, but also because

of the difficulty in keeping the catheter stable when

opening of the pericardial space is required.

Alternatively, insertion of a multipolar catheter into

the epicardial veins may be used to obtain epicardial

signals. However, mapping is limited by the cardiac

anatomy and the technique is not helpful when the

site of origin is not close enough to the epicardial

vessels to be mapped. Thus, transthoracic

epicardial mapping became necessary for epicardial

mapping and ablation in the EP Laboratory.

Transthoracic Epicardial Access

Transthoracic epicardial puncture is therefore the
most important step in the whole procedure, and
it can be relatively safe and efficiently undertaken

in the electrophysiology laboratory [1, 2]. Briefly, a
regular Tuohy-17G needle used for epidural anes-
thesia is used for this procedure. The needle is in-
troduced at a 45◦ angle and gently advanced un-
der fluoroscopy until close to the cardiac silhouette.
Needle angle is adjusted according to the region
that the operator wishes to access. This region is
most frequently the medial third of the right ven-
tricle, where, based on the coronary angiography,
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no major coronary vessels can be found. This area
is monitored by fluoroscopy in several projections
(anteroposterior, left anterior oblique, right ante-
rior oblique). Operator experience is crucial to vi-
sualize the heart as a 3D structure while looking at
a 2D image. The presence of a catheter at the right
ventricular apex and in the coronary sinus is a useful
reference to guide the needle tip.

In order to demonstrate the precise site of the
needle tip, 1 mL of contrast media is injected. When
the needle tip is inside the pericardial space, con-
trast medium can be seen surrounding the cardiac
silhouette. Visualization of a thin layer of contrast
in the pericardial space is crucial, as this confirms
that the needle is correctly placed in the pericardial
space. The needle tip can occasionally perforate the
right ventricle, something that can be easily rec-
ognized after injection of contrast medium. If this
happens, the needle is slightly retracted and a little
more contrast medium is injected until the pericar-
dial space is reached (Figure 32.1).

Although the pericardium normally does not of-
fer much resistance, firmer pressure is sometimes

necessary, thus the importance of the visualization
of contrast medium in the pericardial space. Fi-
nally, a soft floppy-tip guidewire is introduced in
the pericardial space through the puncture needle.
As a rule, the guidewire easily slips into the peri-
cardial space. Guidewire position is also monitored
through fluoroscopy. An 8 Fr introducer is then
placed in the pericardial space and the guidewire
removed. Finally, under fluoroscopy, a quadripo-
lar deflectable catheter with a 4-mm tip is inserted
into the pericardial space for mapping and ablation.
When the ablation catheter is introduced in the epi-
cardial space, extensive mapping may be performed
without increasing the procedure risk, because there
are no anatomical structures (except by the presence
of pericardial reflections and sinuses) in the normal
pericardial sac to restrict catheter movement.

Entering the Epicardial Space After
Cardiac Surgery
Postoperative pericardial adhesions were thought to
preclude both the puncture attempt and the abil-
ity to maneuver the ablation catheter inside the

Touhy needly

Figure 32.1 Technique used to insert the mapping
catheter in the pericardial space. A regular needle used for
epidural anesthesia (shown in detail in the upper left
corner) is used during transthoracic puncture according to

the technique described by Krikorian and Hancock to drain
epicardial effusions. KEY: RV = right ventricle. See text for
details.
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pericardial sac. However, it is possible to undergo
epicardial mapping and ablation in this cohort of
patients. In this situation, the puncture should be
directed toward the inferior wall of the heart be-
cause of the higher density of the adhesions on the
anterior aspect of the heart where the pericardial sac
is typically opened during heart surgery. As in pa-
tients without prior cardiac surgery, contrast should
be used to verify the location of the needle tip as it is
advanced. However, instead of the typical appear-
ance of a “sluggish” layering of the contrast medium
around the heart, the contrast will pool along the
inferior aspect of the heart.

In the authors’ experience, it is possible to per-
form an inferior puncture in up to 30–40% of the
patients after cardiac surgery. However, in most of
these patients adhesion will prevent a successful
puncture. In this situation, the operator can feel
a “cracking” sensation when the needle is advanced
through the thick pericardium. In some patients
with previous pericarditis, the operator may face
the same challenges. Because of the intense adhe-
sion of the pericardium to the right ventricular wall,
an injection of contrast after the cracking sensation
is passed will typically reveal that the needle is into
the RV cavity. Multiple attempts of entering such a
thick/adhered pericardium may result in multiple
RV perforation, which may result in the formation
of a small RV pseudoaneurysm as recently noted in
our practice.

In our current approach, no more than three at-
tempts to enter the pericardial cavity are made after
cardiac surgery. Alternatevely, as proposed by Soe-
jima [13], a surgical approach is a safe option to gain
access to the epicardial sac in patients with difficult
pericardial puncture. Typically, a 3-in. vertical in-
cision is made in the midline epigastrium and the
abdominal fascia was opened in the linea alba, veer-
ing to the left of the xyphoid process superiorly. This
approach is well tolerated by the patients.

Epicardial Mapping
When the catheter is into the pericardial space, it
can be easily manipulated to cover the entire sur-
face of the right and left ventricles as well as the atria.
The limits of this surface are marked by pericardial
reflection. The lateral and posterior left ventricular
wall of both ventricles and atria are easier to map
than the anterior wall. Another noteworthy pecu-

liarity found in this approach is catheter stability.
When the catheter is not being manipulated, it rests
stable in a selected site, following ventricular wall
motion. This stable catheter position is obtained by
apposition of the two layers of pericardium and the
weight of both lungs lying against it [14.] Moreover,
the negative pressure found in the pericardial space
may also contribute to that. In this sense, the epicar-
dial catheter is more easily manipulated and shows
more stability than the endocardial catheter, which
tends to be expelled every systole, especially when
inside the left ventricular cavity.

Epicardial electrograms are as clear as endocar-
dial elctrograms, and their interpretation follows
the same pattern as for standard endocardial signs.
The possibility of mapping an extensive epicardial
surface permits the assessment of electrical activ-
ity at very close sites, thus displaying more data
about electrical activity of the heart. This is not usu-
ally possible with endocardial mapping, because the
presence of papillary muscles and chordae as well
as repetitive ventricular systoles are obstacles for the
free manipulation of the endocardial catheter.

Finding an adequate epicardial target site for sus-
taining the VT, just as in endocardial mapping,
depends on diastolic activity analysis and, when
feasible, response to programmed ventricular stim-
ulation (Figure 32.2). However, we have observed
that the epicardial bipolar stimulation thresholds
are extremely high. Thus, in order to obtain regular
capture, stimuli higher than 10 mA are often nec-
essary. Because unipolar stimulation causes a great
deal of interference thus limiting analysis of record-
ings, this technique has not been used in our labo-
ratory. Apart from that, because Chagas’ VT is usu-
ally associated with multiple morphologies, pacing
techniques frequently can interrupt clinical VT or
induce unstable VT. The presence of diastolic activ-
ity during induced VT, as well as the use of entrain-
ment mapping technique, has shown that transtho-
racic epicardial mapping could safely and effectively
identify the epicardial circuits (Figure 32.3).

Identifying Epicardial Fat During
Epicardial Ablation

The presence of epicardial fat interposed between
the ablation catheter and the epicardial surface
of the heart can be a significant hindrance in
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Figure 32.2 Bipolar pacing from the
distal par of epicardial electrodes
demonstrates epicardial electrograms
recorded during VT ablation. Shown are
ECG leads I, II, V1, and V6. KEY: PCS =
proximal coronary sinus; DCS = distal
coronary sinus; RVA = right ventricular
apex; LV endo = left ventricular
endocardial catheter; LV epic = left
ventricular epicardial catheter.

procedural success because it can decrease the ef-
fectiveness of ablation.

Identifying the presence of epicardial fat tissue
during electrophysiological catheter mapping is not
straightforward [15]. In a previous study, we ex-
amined characteristics of bipolar epicardial elec-
trogram and the epicardial ventricular stimulation
threshold obtained with a standard 4-mm tip abla-
tion catheter during open-chest cardiac surgery in
areas covered by fat. Prior to extracorporeal circula-
tion in 10 patients (6 women, 52 ± 6 years and LVEF
= 43 ± 11%) undergoing CABG surgery, electro-
grams were obtained from 44 areas without and 45
areas with epicardial fat randomly distributed along
the free-wall of the left ventricle and the right ven-
tricular outflow tract. The presence of fat <5 mm
in thickness did not modify the bipolar stimula-
tion threshold between areas with and without fat
(4.8 ± 1.6 versus 4.6 ± 1.8 mA, p = NS). Similarly,
the peak-to-peak bipolar voltage amplitude (40 ±
5 mm vs. 43 ± 4 mm) and the bipolar electrogram
duration (43.6 ± 5 msec vs. 43.5 ± 6 msec) were
not modified by the epicardial fat. In areas with a
layer of epicardial fat >5 mm in thickness ventricu-
lar capture was not successful at even 10 mA. Thus,
epicardial fat <5 mm interposed between the ab-
lating catheter and the epicardium does not modify
either the amplitude/duration of the bipolar epicar-
dial electrogram, or the epicardial ventricular stim-
ulation threshold.

Therefore, the presence of an epicardial fat layer
<5 mm may not be enough to mimic scar. Although
epicardial fat will not produce a fractionated elec-

trogram, a thicker fat layer may decrease the bipo-
lar amplitude of the epicardial electrogram to con-
found are ability to discriminate between fat and
scar [14]. In this situation, the operator should re-
visit these areas several times to try to establish these
differences precisely. It is not rare that areas of sup-
posed epicardial scar can be “cleaned” as one in-
vestigates the same region using a different catheter
curve and/or a different approach (e.g., inferior vs.
anterior) to ensure better contact.

Epicardial Catheter Ablation

Experimental studies on canine hearts were de-
signed to analyze the effects of linear and punc-
tiform lesions caused by radiofrequency ablation
on both epicardial surface of the ventricular my-
ocardium, coronary vessels and aorta [16]. Nine
mongrel dogs (24 ± 6 kg) underwent lateral thora-
cotomy to allow positioning and suture of the abla-
tion catheters against the left ventricular epicardial
surface.

Temperature-controlled applications were deliv-
ered through a multielectrode catheter placed per-
pendicularly to the proximal and distal portion of
the interventricular coronary artery and a regular
4-mm tip catheter placed besides the vessel. The
multielectrode catheter was also placed around the
descending aorta where linear lesions were created.
All animals were sacrificed 14 days after the last
application. There were 117 pulses were delivered
through the multipolar catheter to create 24 lin-
ear lesions in the epicardial left ventricular surface
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Figure 32.3 A 63-year old patient with severe idiopathic
dilated cardiomyopathy, who had been on the heart
transplant list for 6 months was admitted due to frequent
episodes of sustained monomorphic ventricular
tachycardia (VT). ECG showed a pseudo-delta wave of 45
msec, an intrinsicoid deflection time of 100 msec in V2, and
an RS complex duration of 155 msec, suggesting that the
VT exit site was located in the epicardial basal–lateral wall
of the left ventricle (Figure 32.1a,b). A 4-mm-tip ablation
catheter was used for ablation.

Epicardial mapping of well-tolerated incessant VT
identified fractionated ventricular electrograms—105 msec
before the onset of the QRS complex, which were used to
guide RF ablation. Prior to RF delivery, a coronary
angiogram showed no coronary arteries nearby the
ablation catheter. VT was interrupted within 6.5 sec of the
first RF application (Figure 32,1c,d). A second 60-sec RF
pulse was delivered at the same site in sinus rhythm. The
patient remained free of symptoms for the following 10
days when elective cardiac transplantation was carried out.
Endocardial mapping/ablation was not performed. The
heart was examined after transplant and epicardial RF
lesions were clearly identified.

Panel (a) shows a posterior view of the left ventricle.
Both atria were removed during heart transplantation to
receive the donor’s heart. Mitral (MV) and tricuspid valve
(TV) are apparent. RF lesions can be identified as the
black/purple spot located basally (close to the mitral
annulus) and lateral to a marginal branch of the
circumflex coronary artery. The remaining visceral
pericardium seems intact and shows no evidence of
pericarditis.

Panel (b) illustrates a cross-sectional view of the left and
right ventricles at the level of RF epicardial lesion (white
arrow and RF towards the black spot). The left ventricle
was dilated and a circumferential intramural layer of scar
tissue can be noted (black arrows) mainly in the
interventricular septum and at the infero-lateral wall of
the left ventricle.

In panel (c), RF lesion (#1) and the intramural layer of
scar tissue (#2) can be better appreciated. RF lesion
extends from the epicardial surface of the heart to about 1
mm beyond the intramural layer of scar but preserves the
remaining “healthy” intramural and subendocardial
cardiac muscle (#3).

(1007 mm). These applications produced lesions
8.5 ± 1 mm long/electrode, 7 ± 2 mm wide and
3.8 ± 1 mm deep. Mean temperature, impedance,
and power were 70 ± 12◦C, 10 ± 6 W, and 161 ±
29 �, respectively.

Twenty-six vessels were found along 606 mm of
linear lesions: in all of them, RF applications in-
duced extracellular matrix accumulation in the me-
dia without neointima formation. Severe media hy-
perplasia was noted in one artery and intravascular
thrombosis in six other arteries. Veins related to the
arteries were always patent. Multivariate regression
analysis identified the internal perimeter of the ves-

sel (0.78 ± 0.49 mm vs. 1.79 ± 0.83 mm [ p < .05])
as the only variable associated with artery damage.
Therefore, during epicardial application of RF en-
ergy, the larger the coronary artery, the safer the
application will be because medial hyperplasia and
intravascular thrombosis were only found in the
smallest vessels. In the aorta, RF applications caused
moderate destruction of the elastic lamina and
lesions can be transmural. The effects of epicardial
RF applications on the adjacent structures (peri-
cardium and lungs) were also evaluated in swine
hearts. As far as the lungs are concerned, injury is
restricted, allowing us to assume that no functional
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hazards could emerge. In these animals no pericar-
dial perforation was observed [16].

Although acute lesions are not typically seen dur-
ing epicardial catheter ablation, a recent work by
Miranda (doctoral thesis, published in Portuguese,
2002) demonstrated the presence of intense neoin-
tima formation 3 months after epicardial RF pulses
had been intentionally delivered on the top of the
circumflex coronary artery. Therefore, the decision
on whether or not to deliver a RF pulse during epi-
cardial ablation should take into account the dis-
tance between the tip of the ablation catheter and
a coronary artery (obtained by coronary angiogra-
phy immediately before the application is delivered)
and the clinical scenario.

Cooled RF Ablation
As pointed out earlier, standard RF ablation can
be used during epicardial catheter ablation with an
acute success rate between 60% and 70%. However,
the lack of convective cooling of the ablation elec-
trode by the blood would be expected to limit power
delivery in the pericardial space. This suggests that
standard RFA may not be as effective when delivered
to the epicardium compared with lesions delivered
to the endocardium.

Using experimental goat and porcine model
systems, we recently studied the dimensions and
characteristics of standard and cooled-tip (inter-
nal saline irrigation) RFA lesions delivered to nor-
mal or infarcted myocardium [17]. In this study, a
total of 80 RF energy applications were delivered
to 10 normal animals, of which 33 were standard
temperature-controlled applications. Eleven of 33
pulses were delivered to the epicardial tissue cov-
ered by fat, whereas the remaining 22 pulses were
delivered to epicardium without overlying epicar-
dial fat. Three lesions were not found during gross
pathological inspection of the heart. Standard RFA
lesions were 3.7 ± 1.3 mm in depth in areas with-
out epicardial fat. However, in areas covered by
3.1 ± 1.2 mm epicardial fat, standard RF did not
create any appreciable lesions in the myocardial
tissue [14].

The cooled-tip RFA catheter was used to deliver
44 lesions to normal ventricular epicardial tissue,
of which 7 and 37 lesions were located at areas with
or without overlying fat tissue, respectively (mean
thickness of the fat layer was 2.6 ± 1.2 mm. In the

absence of epicardial fat, these cooled-tip RF le-
sions (6.7 ± 1.7 mm) were significantly deeper than
those seen during standard. Cooled-tip RF applica-
tions were also delivered in a total of 22 epicardial
locations in 7 chronically infarcted animals. These
lesions measured 14.6 ± 2.7 mm in length, 11.8 ±
2.9 mm in width, and 5.6 ± 1.2 mm in depth. There-
fore, cooled-tip RFA produces larger and deeper
epicardial lesions than standard RFA. The presence
of epicardial fat interposed between the catheter tip
and the myocardial tissue prevents lesion formation
with standard RFA, but only moderately attenuates
the efficacy of cooled-tip ablation. Over infarcted
epicardial tissue targets, cooled-tip RFA was able to
generate lesions of substantial depth [15].

Epicardial Cryoablation
The lack of convective cooling of the ablation elec-
trode by the blood suggests that cryoablation may
be the ideal energy source for epicardial ablation
because the absence of blood flow within the peri-
cardial space should result in significantly (i) faster
cooling rates, (ii) colder achieved temperatures,
and (iii) a greater thawing time during epicardial
cryoablation because these variables, along with the
number of thawing cycles, determine the size of the
cryolesion.

We were surprised, however, that a significant
difference was not found in the size and depth of
endocardial and epicardial focal cryolesions in a re-
cent study performed in our animal facility with
a 7 Fr 6-mm-tip cryoablation catheter. Focal cryo-
applications were delivered to 80 endocardial tar-
gets and 28 epicardial targets. The length, width,
and depth of endocardial cryolesions was 9.7 ±
0.4 mm, 7.3 ± 1.4 mm, and 4.8 ± 0.2 mm, respec-
tively, and for epicardial cryolesions it was 10.2 ±
1.4 mm, 7.7 ± 2 mm, and 4.6 ± 0.9 mm, respectively
(P > .05).

Endocardial cryolesions created by the focal
cryoablation catheter delivered to the right (n = 13)
and left (n = 4) ventricular outflow tract created
smaller cryolesions (8 ± 1 mm in length, 5.3 ±
1.1 mm in width, and 3.3 ± 1.6 mm in depth) than
observed at other sites. Thus, although cryoablation
can create deep lesions when deployed on the ven-
tricular epicardium, endocardial and epicardial cry-
olesions created with a focal cryoablation catheter
are very similar in size and depth.
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How to Avoid Damage to the
Coronary Arteries

There are three theoretical ways to damage the
coronary arteries during transthoracic epicardial
mapping and/or ablation. First, it has been pos-
tulated that the needle can perforate a coronary
artery, but this is exceedingly unlikely to occur
during transthoracic puncture because there are
no major epicardial vessels close to right apical
ventricular wall (the area where the needle tip is
inserted).

It has also been suggested that after it is in the peri-
cardial space, the ablation catheter could tear an epi-
cardial vessel. However, contrary to most people’s
beliefs, these vessels are not so superficially located;
they are covered by the visceral pericardium and lay
in a deep groove of adipose tissue in the epicardial
ventricular muscle.

Finally, a major concern involves the effect of
RF pulse application on the coronary arteries. Tak-
ing into account experimental data suggesting that
coronary artery occlusion depends more on the ves-
sel caliber than on the type of application, we estab-
lished that the minimal distance between catheter
tip and the artery was 12 mm (three times the
catheter tip). So, in some patients in whom the site
of application is located close to the coronary si-
nus (where a major coronary artery may be found),
a coronary angiogram is obtained before applying
RF pulses to determine the distance between the
catheter tip and the coronary artery.

Continuous electrocardiographic monitoring of
the ST segment was undertaken in the first 10 pa-
tients during the entire procedure and in the first 24
hr after it, but no ST changes were detected in any
of them. Serial analysis of MB fraction of creatine
phosphokinase was determined every 4 hr during
the first 24 hr.

Is There an Electrogram Pattern
Predictive of Successful
Application During Transthoracic
RF Epicardial Catheter Ablation to
Treat VT?

When patients with chronic Chagasic cardiomyopa-
thy are subjected to RF pulses for VT interruption,
results of epicardial mapping show a variety of elec-

trograms. These electrograms have multiple char-
acteristics, certainly because of the heterogeneous
ventricular involvement in this cardiopathy. Unfor-
tunately, the epicardial stimulation threshold in the
area of slow conduction is high enough to prevent
ventricular capture in most patients. Thus, entrain-
ment maneuvers cannot be performed to define
whether a site is part of the circuit. A study was there-
fore carried out in order to define whether there are
epicardial electrogram patterns predictive of abla-
tion success and whether thermo mapping can be
safely and effectively used to guide RF epicardial
ablation.

A regular ablation catheter was introduced into
the pericardial space by transthoracic puncture dur-
ing 21 procedures in 19 consecutive patients with
Chagasic VT. A total of 239 sites were analyzed and
the electrograms defined as mid-diastolic poten-
tials, continuous activity, and early signal. A 60◦C
pulse was delivered for 10 sec at each site. Electro-
gram duration and precocity were determined for
each application and a 12-lead ECG for ST segment
analysis was obtained after VT interruption.

VT was interrupted at 47 of 239 sites (19%). At
57 sites, electrograms were defined as mid-diastolic
signals (24%). VT interruption occurred in five
sites (9%) whereas 52 applications did not inter-
rupt VT. Duration and precocity did not differ
between successful and unsuccessful applications.
Electrograms were defined as continuous electri-
cal activity at 27 sites (11%) and interruption oc-
curred in eight of them (30%). In 19 sites where
continuous electrical activity was found, RF appli-
cation did not change VT. An early electrogram was
found in 155 sites (65%). RF interrupted VT in
34 sites (22%), but electrogram duration (181 ±
72 ms vs. 177 ± 68 ms) and precocity (107 ±
47 ms vs. 94 ± 44 ms) did not differ among these
sites. No early or late complications occurred during
follow-up.

Electrogram pattern was therefore not helpful in
defining a site for a successful epicardial RF appli-
cation. Although safe, epicardial catheter ablation
based on empirical thermo mapping is not ideal. VT
interruption based on this technique was achieved
in 20% of the attempted sites, making necessary a
large number of applications to successfully treat
these patients. These results mimic those found for
endocardial ablation [24].
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Complications

Although epicardial ablation has been performed
worldwide for more than 10 years, data on the pro-
cedural safety of this procedure are as yet scant. At
this point, we had neither a quality control system
for data collection, nor an independent system of
monitoring. At this point, we can offer a limited ob-
servational view in approximately 600 procedures
performed in three centers with large experience
in epicardial catheter ablation (Heart Institute in
Sao Paulo, Brazil; Brigham and Women’s and Mas-
sachusetts General Hospital in Boston, MA).

Postprocedure Pericarditis

After epicardial ablation, pericarditis occurs in vir-
tually all patients to some extent as the result of a
local inflammatory response [18]. The clinical man-
ifestation varies from mild pericarditis to large hem-
orrhagic pericardial effusion and, rarely, cardiac
tamponade. Standard oral antiinflammatory nons-
teroidal and corticosteroid agents are typically em-
ployed to treat clinically significant episodes. How-
ever, these are typically employed “after-the-fact”
in individuals who are already experiencing symp-
toms. We have recently evaluated the efficacy and
safety of intrapericardial instillation of 2 mg of tri-
amcinolone after pericardial mapping and ablation
in a porcine model of catheter-related pericarditis.
Surprisingly, the instillation of 2 mg/kg of intraperi-
cardial triamcinolone at the end of the procedure ef-
fectively prevents postprocedure inflammatory ad-
hesion formation in all five animals.

We have used intrapericardial instillation of cor-
ticosteroids in 60 consecutive patients over the last
3 years (unpublished data). For patients undergo-
ing pericardial mapping alone, 1 mg/kg was used,
whereas 2 mg/kg of methilprednisolone (equivalent
to triamcinolone) were used for patients undergo-
ing both pericardial mapping and ablation. In all pa-
tients, the instillation of pericardial corticosteroids
at the end of the procedure was associated with no
instances of (i) infection, (ii) clinically significant
pericarditis as manifest by hemodynamic compro-
mise/tamponade, or (iii) rehospitalization after a
mean follow-up of 464 ± 303 days.

We felt compelled to consider intrapericardial
instillation of corticosteroids after epicardial ab-
lation when one of our patients, successfully ab-

lated for recurrent VT, was readmitted to the hos-
pital two weeks after the procedure with intense
pericardial pain complicated by a hemorrhagic ef-
fusion requiring pericardiocentesis. Based on our
clinical experience and the promising experimental
results, we felt that we needed to implement some
strategy that allowed us to continue to use medi-
cations such as coumadin after a pericardial proce-
dure, and yet avoid the hemorrhagic effusion com-
plication. While intravenous steroid instillation was
an option, we were concerned about the systemic
antiinflammatory effects, and thus incorporated
the instillation of pericardial steroids as a standard
clinical practice after epicardial catheter ablation;
since that point, we have not seen this complication
again.

RV Puncture and Hemopericardium

RV puncture can occur in up to 10% of patients.
Approximately 50% of these perforations will re-
sult in intrapericardial bleeding, but a fair portion
of these patients will not have any bleeding into
the pericardial cavity. When pericardial bleeding oc-
curs, it typically ceases after up to 350 cc of blood is
drained. However, when drainage is larger than 400
cc, the operator should be cautious and the proce-
dure should be held until a better understanding of
the situation can be obtained.

Large pericardial effusions may suggest that the
needle and/or the epicardial sheath created an im-
portant laceration of the right ventricle. It is difficult
to define when a patient who experience this com-
plication should be taken to surgery. However, the
operator should be prepared for that when blood
drainage from the epicardial cavity does not de-
crease after 350 cc. In our experience, three patients
underwent cardiac surgery for persistent intraperi-
cardial bleeding. In all of then RV perforation was
created when the sheath was introduced into the
right ventricle and the decision to take them to the
OR was made after 500 cc of blood had been drained.

In two patients, surgery was necessary because the
epidural needle perforated, respectively, an epicar-
dial vein and a distal branch of a right ventricular
marginal coronary artery. In this last patient, the
presence of a arterial blood (light red) was noted
when blood was being drained from the epicardial
cavity.



BLBK050-Shenasa September 19, 2008 13:34

CHAPTER 32 Transthoracic Mapping and Ablation of VT 409

Damage to Infradiaphragmatic
Vessels

In three patients, an infra-diaphragmatic vessel was
perforated when the needle was advanced toward
the heart. Interestingly, all patients tolerated the ab-
lation procedure without experience hemodynamic
collapse. After the procedure, the presence of ab-
dominal pain followed by a drop in the hematocrit
was promptly investigated by CT and/or abdominal
ultrasound, which revealed the presence of blood
into the abdominal cavity. Two of these patients
were clinically managed but required blood trans-
fusion. In one patient, surgical intervention was
needed to control the bleeding. The presence of ab-
dominal pain after an epicardial procedure should
be considered an important warning sigh of this rare
complication.

Ventricular Pseudo-Aneurysm

We have recently experienced two unexpected but
severe complications of epicardial catheter ablation.
In one of the cases, the presence of persistent chest
pain was investigated by CT after the procedure and
revealed a small right ventricular pseudo-aneurysm.
A second CT obtained one week after showed that
the pseudo-aneurysm was diminishing and open
heart surgery was not indicated. Of note, epicardial
puncture in this patient was not successful due to the
presence of intense adhesion after CAGB performed
12 years prior to the ablation procedure. However,
several attempts of entering the epicardial space re-
sulted in RV perforation. After this index case, we
have limited the number of attempts after open-
heart surgery to a maximum of three after which a
surgical subxyphoid window should be indicated.

Severe Coronary Vasospasm

During catheter manipulation along the anterior of
the left ventricle in a patient without previous car-
diac surgery, a severe ST elevation in all precordial
leads followed by abrupt hemodynamic collapse was
noted. The patient had experienced an episode of
severe vasospasm when a stent was implanted in
his LAD 3 weeks prior to the ablation procedure.
Of note, this complication was noted prior to any
RF application had been delivered. An intra-aortic

balloon pump was inserted and an intracoronary
injection of nitrates reversed the vasospasm of the
left main territory. The patient recovered without
sequelae despite 30 min of CPR.

Conclusion

Epicardial catheter ablation is a new and essential
approach for the treatment of cardiac arrhythmias.
It can be performed safely in most patients, but im-
portant complication such as damage to epicardial
coronary arteries and RV perforation may occur.
This technique allows identification of epicardial
circuits, the prevalence of which seems to depend
on the underlying heart disease being more frequent
in Chagasic than in post-MI VT. Therefore, the use-
fulness of this technique will depend on the preva-
lence of epicardial circuits in a given population.
This approach is limited by concern regarding the
potential adverse effects of RF ablation on the epi-
cardial coronary arteries. Hemopericardium, a pre-
dictable complication that can be easily controlled
in the electrophysiology laboratory, occurs in 10%
of patients undergoing this procedure, but coronary
artery injury, possibly preventable by a coronary an-
giogram prior to ablation, is uncommon (<1%).
Thus, we believe that the procedure should be in-
corporated into the electrophysiological routine of
mapping and ablation of VT associated with struc-
tural heart disease.
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Summary

The Purkinje system may play an important role in

the initiation and maintenance of ventricular

cardiac arrhythmias. In both ventricular

tachycardia and ventricular fibrillation, the

Purkinje system has been implicated via multiple

mechanisms in sustaining these life-threatening

rhythms. The need to be able to map the source of

these rhythms to the Purkinje system remains an

important strategy as a target for catheter ablation.

This chapter reviews the current clinical and basic

science findings of the complex mapping studies

that have recorded from the Purkinje system during

arrhythmia.

Anatomy of the Purkinje Network

The description of Purkinje fibers was first made in
1845 by Jan Evangelista Purkyne who was studying
sheep hearts and provided the following observa-
tions: “On the inner wall of the ventricle of the sheep
heart, I noticed with the unaided eye . . . a net of gray,
flat, gelatin-like fibers. Those gray fibers formed by
these bodies are found 5–6 together in a transverse
direction, arranged in longitudinal rows along the
bundle.”

In the intervening century and a half since this
initial observation has been followed by a number
of studies that have supplied a much more com-

plete understanding of the mechanisms and role
that Purkinje fibers play in conducting electrical
signals from the bundle branches to the working
myocardium of the ventricles.

For example, in 1986, a more complex descrip-
tion of the Purkinje system was given by Viragh and
Porte for which three types of fibers were charac-
terized: “Purkinje I fiber reserved for the proximal
bundle branch fibers located between the bifurca-
tion and the arborization of the bundle. The Purk-
inje II are located in the bundle branch arboriza-
tions and are larger and connected by intercalated
discs. The terminal or Purkinje III fibers establish
continuity between the conducting and contracting
myocardial cells. These seem to correspond with the
transitional fibers described in bovine and canine
heart” [1, 2].
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The Purkinje system has several physiological
and electrophysiological properties different from
myocardial tissue. In animal studies performed in
the 1970s examining the ventricular response to is-
chemic injury, the Purkinje fibers remained intact
and without loss of function [3–5]. Therefore, de-
spite severe ischemia, hyperkalemia, or acidosis, this
specialized conducting tissue remained sufficiently
healthy to function, despite injury to the working
ventricular muscle [5].

There are probably at least three reasons for this
decreased sensitivity of Purkinje fibers to ischemia.
One is that they have a lower oxygen demand be-
cause they have little actin and myosin so they per-
form much less work during contraction than do
the ventricular muscle fibers. A second reason is
that they have much greater glycogen stores than
the working ventricular myocardium, so they are
better able to survive by anaerobic glycolysis. A
third reason is that in humans the Purkinje fibers
are near the endocardium so they receive oxygen
by diffusion from the ventricular cavities. However,
although they survive and function, Purkinje fibers
are usually not normal electrophysiologically in is-
chemic regions. These findings may partially ex-
plain why the Purkinje system appears to be a source
for the initiation of ventricular arrhythmias in pa-
tients, particularly those with ischemic injury.

Recording Purkinje Activation
in Humans

Dangman et al. studied the Purkinje system of
explanted human hearts at the time of cardiac
transplantation [6]. In five patients the electrophys-
iologic characteristics of ventricular muscle and
Purkinje fibers were evaluated. Compared to nonin-
farcted hearts, hearts with infarcted regions exhib-
ited longer APDs in ventricular muscle and a much
greater dispersion of APDs in the surrounding tis-
sue. Epinephrine and ouabain injected into the
hearts caused delayed afterdepolarizations (DADs)
arising from the Purkinje fibers, suggesting that trig-
gered activity is possible in the human ventricle [6].

Bogun and Morady assessed the role of Purkinje
fibers in monomorphic VT in patients with my-
ocardial infarction (MI) [7]. In their study, 81 con-
secutive patients with post-MI monomorphic VT
were taken to the clinical electrophysiology labo-

ratory and mapped to determine the source of the
VT and ablation therapy. Eleven VTs were inducible
and mapped in nine of the patients. Entrainment
mapping was used to confirm the reentry circuit
involving the MI scar [7].

Purkinje potentials were recorded in the VT reen-
try circuit at the exit site in all nine patients with
VTs. Ablation lesions delivered over the site of these
Purkinje potentials resulted in immediate termi-
nation of VT in all of these patients. Haissaguerre
and colleagues investigated polymorphic ventricu-
lar tachycardia (PMVT) following MI [8]. In a series
of five patients with recurrent PMVT with anterior
MIs, pace mapping and activation mapping were
used to identify the earliest activation site of pre-
mature ventricular contractions that initiated the
PMVT. In all cases these potentials were located in
the Purkinje network at the MI border zone. Abla-
tion of the Purkinje system at these localized areas
led to complete suppression of further episodes of
PMVT [8].

Ventricular fibrillation (VF) was also mapped
by Haissaguerre et al. in patients with structurally
normal hearts [9, 10]. Twenty-seven patients with
primary idiopathic VF were taken to the clinical
electrophysiology laboratory and found to have pre-
mature beats that were similar to those during re-
suscitation. In 23 of the patients, mapping showed
premature beats arising from the Purkinje system.
Mapping localized ten of these to the ventricular
septum, nine to the anterior right ventricle, and
in four patients from both sites. Following local-
ized ablation of these sites, no further episodes of
VF occurred [9, 10]. Studies by other investigators
have also shown that selective radio-frequency abla-
tion of the Purkinje system can effectively terminate
and prevent idiopathic VT and VF in some patients
[11, 12].

Mechanisms of Purkinje Fiber
Activation During VT

Early observations in animals suggested that Purk-
inje fibers were likely to be involved in both reentry
and focal sources of VT following myocardial is-
chemia. Martins showed that in dogs in which the
LAD was occluded and plunge needles were placed
in the left ventricle (LV), Purkinje fiber recordings
demonstrated a focal source in 60% of the VTs that
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occurred in the first 30 min following ischemic oc-
clusion [13]. Similar studies in dogs have suggested
that Purkinje activity precedes both ectopy and late
VT (>24 hr following MI). Multiple mechanisms
for VT arising from the subendocardium have been
considered in past research. Some evidence exists
for almost all mechanisms of arrhythmia includ-
ing: triggered activity from DADs [14–16], abnor-
mal automaticity [17], reentry, microreentry [18,
19], and other nonreentrant mechanisms [20].

Macroreentry has been identified in humans in
whom both diastolic and presystolic Purkinje po-
tentials may occur in idiopathic LV tachycardia [21].
These VTs have a right bundle branch appearance
on ECG with a left axis deviation and are verapamil-
sensitive. Mapping of these VTs have localized them
to the distal portions of the specialized Purkinje tis-
sue in the LV, the left posterior fascicle, or the pap-
illary muscles. Although activation of the Purkinje
fibers and ventricular myocardium is almost insep-
arable in most of the LV, as pointed out by Chen et
al, there exists an increased heterogeneity of con-
duction over the regions of the papillary muscles
[22]. This was initially shown by Joyner et al. who
paced the papillary ventricular muscle near the cor-
dae tendineae, yet activated the Purkinje system ini-
tially at the opposite end of the papillary muscle as
a result of the location of the Purkinje–ventricular
myocardial junctions at the insertion of the papil-
lary muscle into the ventricular free wall [23].

The source to sink safety factor of propagation
from Purkinje fibers to ventricular muscle is lower
than that from ventricular muscle to Purkinje fibers,
leading to unidirectional block and reentry [24–
26]. Also, the anatomical sudden change in fiber
direction formed by the insertion of the papillary
muscle into the ventriclar free wall may perpetu-
ate any arrhythmia that arises and lead to sustained
VT [24–26]. Radiofrequency ablation of both the
diastolic and presystolic potentials near papillary
muscles terminates the reentrant arrhythmias and
suggests that their close proximity to the papillary
muscle make it an important structural boundary
that causes sustained arrhythmias.

Purkinje Fiber Involvement in VF

Canine studies by Worley et al. revealed that as
VF progressed, a transmural gradient of activation

rates developed such that the endocardium acti-
vated more rapidly than the epicardium [27–29].
Although the activation rate was approximately the
same transmurally during early VF, as VF continued
over 20 min, the rate of VF slowed, primarily toward
the epicardium, so that the endocardial activation
rate increasingly outpaced that near the epicardium.
Possible causes for this phenomenon are (i) oxy-
gen in the ventricular cavities prevents the endo-
cardium from becoming ischemic as VF continues
so that it activates more rapidly than the ischemic
remainder of the ventricular walls, and (ii) the rapid
activations come from Purkinje fibers on the endo-
cardium, which have been shown to be more resis-
tant than the working myocardium to the effects of
ischemia [3, 5, 28–30].

While the refractory period of Purkinje fibers is
longer than that of working myocardium at slow
activation rates, at the rapid activation rates of VF,
the refractory period of Purkinje fibers is as short as
or shorter than that of working myocardium [31].
Therefore, it is physiologically possible for Purkinje
fibers to activate sufficiently rapidly to be partially
or entirely responsible for maintaining VF.

Further evidence to support the role of Purkinje
fibers in VF comes from canine heart studies in
which the subendocardium was ablated by paint-
ing the endocardium with either Lugol’s solution
or phenol [27, 32]. Chemical ablation of the Purk-
inje fiber–rich subendocardial layer in canine hearts
has been reported to dramatically elevate the VF
threshold, making inducibility difficult if not im-
possible [27]. Conversely, another study reported
that Lugol’s ablation did not significantly alter the
VF threshold [33]. However, some Purkinje fibers
may have not been ablated by this procedure because
Purkinje potentials can be recorded at a depth of
2 mm in the left ventricular free wall [34], while
application of Lugol’s solution produces necrosis to
a depth of only about 0.5 mm [27, 32].

Chen’s group substituted air for cavitary blood
and showed that the transmural gradient of acti-
vation rate was still present but that it disappeared
after the Purkinje fibers were ablated by applying
Lugol’s solution to the endocardium [35]. These
findings suggest that Purkinje tissue, and not suben-
docardial myocardium protected from ischemia by
oxygenated cavitary blood, is responsible for the
transmural gradient of LDVF activation rate.
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If Purkinje fibers are driving the rapid activation
rate in LDVF in canines, activation fronts should
arise from endocardial Purkinje fibers and prop-
agate toward the slower activating epicardium. As
is the case with humans, the Purkinje fiber system
in dogs is limited primarily to the endocardial sur-
face [34, 36–38], while in pigs it arborizes almost
transmurally so that Purkinje–muscle junctions are
present from the endocardium through the myo-
cardium nearly to the epicardium [39–42].

Thus, if Purkinje fibers play a role in VF main-
tenance, the intramural location of the fastest ac-
tivating regions should differ in dogs and pigs. To
test this hypothesis, Newton et al. recorded 75–100
plunge needles in the right ventricular (RV) and LV
freewalls and septum of six pigs and five dogs dur-
ing extended VF. A previously developed and tested
method was used to estimate the VF activation rate
from the dominant frequency and to estimate con-
duction block from double peaks in the FFT power
spectrum of the electrode recordings [43]. For the
first 70 sec of VF in both pigs and dogs, the domi-
nant frequency was slightly higher at the epicardium
than at the endocardium, whereas the incidence of
double peaks was highest at the endocardium and
lowest at the epicardium for the entire LV and RV
base. The distribution changed little for the first 3
min of VF in pigs, but reversed by 2 min in dogs
so that the dominant frequency was highest at the
endocardium and lowest at the epicardium as was
mentioned earlier. Thus, estimated activation rates
and conduction block incidence are not uniformly
distributed transmurally during long duration VF
(LDVF) in dogs.

During the first 1–2 min of VF, the faster-
activating epicardium at the LV base exhibited less
conduction block than the slower endocardium,
raising the possibility that, at least in dogs, VF is
not being driven during this period by activation
fronts arising from the Purkinje fibers. This pattern
in pigs was consistent, but its reversal by 2 min of
VF in dogs supports the hypothesis that activation
during LDVF is driven by Purkinje fibers in both
species [43].

The study by Newton et al. analyzed only the first
3 min of VF because the FFT method to estimate
activation rate and conduction block was developed
only for short-duration VF. Allison and coworkers
have since analyzed the first 10 min of LDVF by

identifying activation times to determine the acti-
vation rate [44].

VF activation remains rapid transmurally in the
pig, consistent with activation wavefronts during
LDVF arising from the almost transmural Purk-
inje fibers in this species. In the dog, however, af-
ter the first few minutes of VF, rapid activation is
only present near the endocardium where Purk-
inje spikes can sometimes be observed. The acti-
vation sequences along the plunge needles in dogs
suggest that LDVF wavefronts pass from the endo-
cardium toward the epicardium and that many of
them block en route. These findings are consistent
with an epicardial mapping study which demon-
strated that after 5–10 min of LDVF, most wave-
fronts break through to the epicardium and termi-
nate by conduction block [45].

Tabereaux and coworkers mapped the Purkinje
network directly on the subendocardium in isolated
canine hearts [46]. Six hearts were isolated, perfused
with crystalloid solution, and the LV cavity opened
via an incision in the RV free wall and distal septum
between the areas supplied by the perforators of the
posterior descending and the left anterior descend-
ing coronary arteries to expose the endocardial sur-
face and papillary muscles of the LV.

Unipolar recordings were made using a 504-
electrode (24 columns × 21 rows) array with 1 mm
spacing seated over the endocardial insertion of the
left anterior papillary muscle. VF was then induced
using a DC shock applied to the RV, perfusion was
terminated, and mapping was performed for 10 min
consecutively. Six epochs of data, each 5 sec long,
during this time period were examined, one epoch
at the beginning of VF and at 1, 3, 5, 7, and 10 min
after the start of VF.

Purkinje fiber (PF) activations were quanti-
fied and distinguished from the ventricular work-
ing myocardium activations (V) by evaluating the
recorded potentials and their temporal derivatives.
PF activations were shorter and sharper than V ac-
tivations and arose in four types of patterns in rela-
tion to V activations: (i) depolarization propagat-
ing from V to PF presumably through a retrograde
conduction at a PF–V junction site (Figure 33.1);
(ii) PF arising from the leading edge of a V acti-
vation presumably through retrograde conduction
at a PF–V junction site (Figure 33.2); (iii) propa-
gation of PF from the border of the mapped region
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Figure 33.1 A 1.5-sec example of the dV/dt of the
recording from one electrode in the array is provided in
panel (a) with a box highlighting the individual beat
displayed in panel (b). In panel (b), a V-to-PF activation
pattern is shown in which the PF activation (yellow)
appears to arise from the leading edge of the V wavefront
(red) as it propagates across the array. The selected panels

represent frames from a dynamic display of the activation
patterns. The frames are separated at variable time
intervals with the time for each frame in white. Green
represents a nonrelated wavefront. Letters A–F indicate
the locations of electrodes whose potentials (left) and
temporal derivative of the potentials (right) are shown
during the wavefront propagation.

activating V in the mapped region (Figure 33.3); and
(iv) PF or V arising de novo in the mapped region
(Figure 33.4).

These findings were the first description of the
mapping of PF activation patterns on the endo-
cardium in an ex vivo isolated heart preparation
during LDVF. The importance of the findings are
to show that the Purkinje fiber network is highly

active during all stages of VF and to raise the possi-
bility that focal activation may be arising from the
subendocardium to maintain VF. This possibility is
startling because it has been assumed that VF is ex-
clusively maintained by reentry within the working
myocardium. Other studies have also suggested the
involvement of Purkinje fibers during VF, but the
mechanisms remained unresolved [3, 4, 47–49].
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Figure 33.2 A 1.5-sec example of the dV/dt at one
electrode is provided in panel (a) with a box highlighting
the individual beat displayed in panel (b). In panel (b), a
V-to-PF activation pattern is shown in which the V (red)
activation propagates downward on the array until

reaching a PF–V junction site and in a retrograde fashion
activating the PF (yellow). The box in panel (a) represents
the selected beat displayed in panel (b). The temporal
derivative of the labeled electrode recording is shown.
Green represents a nonrelated wavefront.

The finding that activation is propagating within
the PF system throughout the first 10 min of VF
does not necessarily mean that Purkinje fibers are
responsible for the maintenance of VF; Purkinje ac-
tivation could merely be activated retrogradely from
the working myocardium. Indeed, activations were
demonstrated to be conducting from the ventricu-
lar working myocardium to the Purkinje network
in a retrograde fashion (Figures 33.1 and 33.2).

However, the findings also showed antegrade ac-
tivation of ventricular myocardium arising from

Purkinje activation in VF (Figure 33.3). This find-
ing suggests that the Purkinje fibers are an inte-
gral part of activation circuits during LDVF, which
raises the possibility that the Purkinje fibers are par-
tially or entirely responsible for maintaining LDVF.
The finding of frequent focal activations arising
from the Purkinje fibers preceding ventricular ac-
tivation during VF is intriguing (Figure 33.4). This
activation pattern could be caused by intramu-
ral wavefronts traveling from the epicardium to-
ward the endocardium with breakthrough on the
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Figure 33.3 A 1.5-sec example of the dV/dt is provided in
panel (a) with a box highlighting the individual beat
displayed in panel (b). In panel (b), a PF (yellow)-to-V (red)
activation pattern is shown. A rapidly propagating
Purkinje wavefront enters the top aspect of the array and
propagates to the bottom left, stimulating a PF–V junction

after which an expanding Purkinje ring of activation
appears followed by a more slowly activating ring of
ventricular myocardium. The box in panel (a) represents
the selected beat displayed in panel (b). The temporal
derivatives of the labeled electrodes recordings are shown.

endocardial surface. However, the studies of New-
ton and Allison and coworkers demonstrated that
after the first 2 min of VF, activation wavefronts
in dogs primarily proceed from the endocardium
to the epicardium [43, 44]. Therefore, it is un-
likely that all of these apparent foci on the endo-

cardium are actually breakthrough of intramural
wavefronts.

This conclusion is bolstered by a recent 3D
mapping study in pigs that demonstrated true
foci arising in LDVF [50]. It was not possible to
record from the Purkinje fibers in this 3D mapping
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150 ms

Figure 33.4 A focal activation arising from the center of
the array. The focal appearing PF activation (yellow) is
followed by a V (red) activation wavefront. The temporal
derivative of individual electrode recordings shows the

wavefront initiating at electrode (a) and spreading
outward toward electrodes (d) and (e). The green arrow
represents a nonrelated wavefront.

study so it is not known if these foci arose in
the working myocardium or were caused by Purk-
inje activations entering the working myocardium
at Purkinje–myocardial junctions to form a fo-
cal activation pattern in the working myocardium.
Thus, it remains to be determined if these foci
are caused by reentry circuits partially or en-
tirely within the Purkinje system, or if they are
caused by triggered activity or abnormal auto-

maticity in the Purkinje fibers or in the working
myocardium.
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Mapping Rotors in Animals and
Humans During Atrial Fibrillation
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Summary

Atrial fibrillation (AF) is the most common

sustained arrhythmia, and despite more than a

century of research its underlying mechanisms are

not fully understood. Experimental studies using

high-resolution optical mapping of impulse

propagation during AF in the isolated sheep heart

demonstrate that acetylcholine (ACh)

dose-dependent reentrant sources in the left atrium

can drive the fibrillatory activity throughout both

atria. Using phase representation of the local

impulse kinetics we establish that rotors can arise

from unidirectional blocks of propagation at

functional obstacles in that model. Further

spatiotemporal tracking of the wavebreak sites

identifies a functional isthmus in the wake of such

an obstacle whose minimal width supporting a

figure-of-eight reentry sustenance is of about 4 mm.

In the absence of ACh, increasing the intra-atrial

pressure revealed a consistent increase in the

frequency and dominance of activation in an area

between the atrium and a pulmonary vein with the

appearance of intermittent reentrant activity there.

Finally, in some patients, the dependency of the

activation rate on adenosine, which acts on the

same membrane channels that are regulated by

ACh, is compatible with reentrant activity being the

underlying mechanism of AF maintenance.

Introduction

Atrial fibrillation (AF) is the most common sus-
tained arrhythmia [1] and, despite more than a cen-
tury of intensive research, it continues to challenge
scientists [2, 3]. Mapping and analysis of the spatio-
temporal organization of wave propagation dur-
ing fibrillation can provide important clues about
its underlying mechanisms. Mapping data recently
published by our group support the hypothesis that
acute AF in the structurally normal sheep heart

[4–9] and in some patients [10] is not a totally ran-
dom phenomenon. These data are consistent with
the widely accepted notion that paroxysmal AF in
patients is initiated by focal triggers localized in one
or more pulmonary veins (PVs) [11] and is acces-
sible by catheter-based ablation procedures [12].
On the other hand, in persistent AF the prevailing
theory is that multiple random wavelets of activa-
tion coexist to create a chaotic cardiac rhythm [13],
and that AF ablative therapy is more challenging
[14–17].

Reentrant activity, which is also known as ro-
tors, vortices, or spiral waves [18], has been shown
to underlie various types of ventricular and atrial
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arrhythmias [3, 19, 20]. Yet, there is an ongoing de-
bate on the precise nature, location, and mode of
initiation of these reentrant sources. While AF may
be the result of the breakup of multiple, randomly
propagating wavelets that rotate briefly [21, 22], it
may also relate to a discrete and steady rotor gener-
ating wave fronts that break at fixed heterogeneities
[3]. These two different mechanisms are hypothe-
sized to have different signatures on fibrillation dy-
namics; the latter showing more organization and
stability in its patterns of wave propagation.

The purpose of this chapter is to discuss evidence
that suggests that maintenance of acute AF in ani-
mals and patients depends on a localized reentrant
source(s) in the left atrium (LA) and fibrillatory
propagation in the right atrium (RA). To charac-
terize the activation patterns on the surface of the
atria we have used a combination of high-resolution
video imaging techniques and bipolar electrograms
recordings [23]. The chapter focuses on describing
the electrical activation of the atria in space and time
and makes extensive use of spectral and phase anal-
yses to provide a solid and impartial quantification
of the complex patterns of propagation as observed
during AF in both animals [5, 24] and patients
[10, 25].

Reentrant Activity During Acute
AF in the Isolated Sheep Heart

The general working hypothesis that acute AF re-
sults from activity of a small number of high-
frequency reentrant sources localized in one atrium,
with fibrillatory conduction to the other atrium,
is based primarily on results obtained in our iso-
lated, Langendorff-perfused, sheep heart experi-
mental model. It enabled studying the mechanisms
of acute AF induced by burst pacing in the presence
of acetylcholine (ACh). Overall, our results strongly
indicate that AF in the sheep heart is the result of
high-frequency periodic sources located in the LA,
with fibrillatory conduction toward the RA [4, 7,
8]. As dominant frequencies (DFs) were found to
be organized during AF, and local activity rate cor-
responded to the dominant frequency spectra of
global recordings [4], we localized the source that
maintains AF by a combined use of optical mapping
and frequency analysis. (see also Videoclip 24 )

Not only did we find a clear difference between
mean LA and RA dominant frequencies (5.7 ±
1.4 Hz), but we also found that a left-to-right im-
pulse propagation was present in about 80% of
cases along the Bachmann’s bundle and the infero-
posterior pathway [8]. As suggested by more re-
cent studies, repetitive activation may also originate
from the septum [26] or the pulmonary veins [11,
26, 27]. Altogether, it is possible to submit that AF,
as seen on the ECG, results from rapidly successive
wave fronts emanating from fast sources localized
in the LA and propagating through both atria while
interacting with anatomic and/or functional obsta-
cles, leading to fragmentation and wavelet forma-
tion [4, 7–9].

Figure 34.1 shows data from an AF episode in
which the site of the high-frequency periodic activ-
ity was localized [7]. In Figure 34.1a, an isochrone
map of optical activity from the LA shows one cycle
of a vortex that rotated clockwise at a period of 68.6
± 8.9 msec (∼14.7 Hz) and persisted for the entire
length of the episode (25 min). The fact that the fre-
quency of this source was equal to the highest and
narrowest DF (most regular signal) recorded from
all sites (optical and electrical recordings; see Man-
dapati et al. [7] for details) provides evidence that
a rotor was the mechanism underlying the mainte-
nance of this AF episode [28].

The summation of the activity throughout the
field of view (LA pseudo-ECG in Figure 34.1b)
demonstrates that the entire LA was being activated
at 14.7 Hz. To assess the exact role of a given reen-
trant activity in determining the global dominant
frequency of an episode we collected 14 identified
LA vortices with completed rotations. Figure 34.1c
shows the relation between the rotation period of
those vortices and the inverse of the global domi-
nant frequency obtained from the power spectrum
of the corresponding LA pseudo-ECG. As the slope
of the linear fitted curve is 0.93 (R = 0.91), it is
strongly suggested that the periodicity of rotating
spiral waves is a main contributor to the dominant
frequency in the optically mapped region. Measure-
ments of the dimensions of the core of these rotat-
ing waves revealed minuscule cores; the mean core
perimeter and area were 10.4 ± 2.8 mm and 3.8 ±
2.8 mm2, respectively.

However, several other studies have described
also incomplete reentry and multiple unstable
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Figure 34.1 Reentrant sources of AF (a)
Isochrone map of optical activity from
the free wall of the LA during sustained
AF showing a clockwise reentry (b)
Optical pseudo-ECG of the LA during
the same episode of AF with its
corresponding power spectrum (c)
Correlation between inverse DF from
pseudo-ECGs of entire movies (∼3 sec
long) and rotation period of rotors
found within an episode of AF. KEY:
DF = dominant frequency. Reproduced
with permission from Ref. [7].

reentrant circuits in various AF settings [4, 22, 23,
26, 29, 30]. As these results seem to be consistent
with the multiple wavelet hypothesis [13, 22], only
a few studies have revisited an older idea, originally
put forth by Lewis [31] and later by Scherf [32], that
a single high-frequency source of stable reentry may
be an underlying mechanism for the maintenance of
AF. According to this concept, despite the presence
of a unique and periodic source at any given time,
the electrical activity elsewhere could still present as
incomplete or as short-lived and unstable reentrant
circuits because of fibrillatory conduction [9].

For instance, Schuessler et al. [33] found that
in an isolated canine right atrial preparation, in-
creasing concentrations of ACh converted multi-
ple reentrant circuits into a single, relatively stable
high-frequency reentry that generated fibrillatory
conduction. Thus, it seems that the results of the
ACh-induced AF presented in Figure 34.1 are in
agreement with those of Schuessler et al. [33] and

both support the hypothesis that a single or a small
number of sources of ongoing reentrant activity is
the mechanism underlying AF in this setting.

Generation of Reentrant Activity

To map and quantify the dynamics of reentrant
activity we utilized the phase mapping technique,
a method effective in highlighting the formation
of wavebreaks and the resulting phase singularity
points, around which the reentrant waves pivot
[24]. Briefly, the method consists of transforming
the transmembrane signal from each pixel in the
movie into the representation of its action potential
stage and assigning it a time-variable phase value
between −π and π radians [6]. This phase value is
then color-coded and phase maps for each instant
are constructed for all pixels. Under this transfor-
mation, colors represent the different action poten-
tial phases (e.g., blue is the plateau phase and red the
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Figure 34.2 Phase representation of
wave breakup and reentry formation
(a) A sequence of phase maps at the
indicated times demonstrating
generation of figure-of-eight reentry
(b) A sequence of phase maps
demonstrating a failure in generating
reentry. The color bar scale indicates
phase values between −π and π radians
with approximated action potential
stages (in part a). See text for details.
Reproduced with permission from
Ref. [6].

refractory phase; see Figure 34.2). Thus, the pivot-
ing location of a reentrant activity is represented by
sites where all colors converge and where the phase
is not defined [i.e., phase singularity (PS)].

Wavebreaks, as indicated by the presence of phase
singularity points, occurred frequently during the
analyzed episodes of AF. On average, we counted
a total of 70 ± 40 (range 23–154) phase singular-
ity points formed per 400 msec of recording (50
frames) [6]. When tracking the trajectory of the
phase singularity points, it was found that they me-
ander and drift, but tend to cluster in a limited re-
gion of the mapped area in a nonrandom fashion.
In the vast majority of the cases the lifespan of the
phase singularity points was found to be exceed-
ingly short. The mean lifespan was 19.5 ± 18.3 msec
with a range that varied from 8.33 msec (1 frame)
to 200 msec. Approximately 98% of phase singu-

larity points existed less than the average rotation
period of a rotor, which was ∼85 ms in our ex-
periments; only 10 out 556 phase singularity points
(∼2%) were found to have a duration greater than
or equal to one rotation during sustained AF [6].

In Figure 34.2 we present an in-depth experi-
mental verification of theoretical predictions for the
initiation of a wavebreak, secondary to the inter-
action of a wave front with a functional obstacle
during AF (i.e., vortex shedding) [34, 35]. In panel
(a) we demonstrate how a pair of phase singularity
points is produced at a broken ends of the wavelets
[6] on the epicardial surface of the LA, and leads
to a relative long-lasting episode of figure-of-eight
reentry (∼3 rotations). At 0 msec, there are two
depolarizing wave fronts present (depicted by the
color green/yellow). The wave seen at the upper
edge of the field of view propagates downward and
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extinguishes upon refractory tissue (red) in the cen-
ter of the field of view. As shown in the frame at 16
msec, the wave on the lower edge of our mapping
fields propagates upward and breaks upon a func-
tional obstacle (red) resulting in two phase singu-
larity points (“+” and “−”) of opposite chirality. At
32 msec, the two counter-rotating wavelets begin to
propagate around the two phase singularity points.
At 56 msec, the two free ends of the wavelets merge
and begin to propagate between the phase singular-
ities. At this time, the inter-PS distance is 6.8 mm.
The panel at 80 msec shows the wave front after suc-
cessfully propagating through the functional isth-
mus and completing a full cycle of figure-of-eight
reentry. In our study we also found cases where the
functional isthmus between the phase singularity
points was not wide enough to allow propagation
establishing a sustained reentry.

In panel (b) of Figure 34.2 we present phase
maps of AF where two counter-rotating wavelets,
formed after a wavebreak, were unable to complete
a full rotation. At 0 msec, the activation wave front
(green/yellow) is seen propagating into a hetero-
geneously recovered region, resulting in two wave-
breaks, one of each side of the small obstacle of
refractoriness in the center of the field (red). At
8 msec, the chirality of each of the newly formed
phase singularity points is indicated by “+” and
“−”. At 16 msec, the fronts of two counter-rotating
wavelets appear midway through the rotation wrap-
ping around the two phase singularity points. At 24
msec the wavelets have fused and are attempting
to propagate between the phase singularity points;
the inter-PS distance is 3.3 mm. The two counter-
rotating wavelets mutually annihilate and the reen-
try is not completed (i.e., the wavelets initially ro-
tate around their corresponding phase singularity
points, but do not complete a full rotation before
disappearing) as shown in the map at 32 msec.

In our experiments, we measured inter-PS dis-
tance in 15 cases of completed and 25 cases of
incomplete figure-of-eight reentry. We found that
the inter-PS distance for the two groups is uni-
formly distributed but in ranges that do not overlap;
all inter-PS distances for incomplete reentry were
found to be less than about 4 mm while all inter-
PS distances for complete reentry were above that
value ( p < 0.001). Thus, we have established that
the minimal distance between two phase singularity

points that allow for the sustenance of a figure-of-
eight reentry in the LA of our model is about 4 mm.

This observation is in good agreement with those
of Cabo et al. [35] who in ventricular tissue esti-
mated a critical isthmus of 2.5–3.5 mm for propa-
gation failure depending on stimulation frequency
and fiber orientation. It is therefore demonstrated
that the mechanism for the generation of reentrant
sources during AF could be the collisions of wave-
fronts with functional obstacles. The fact that the
phase singularity points tend to cluster in certain
areas [6] indicate that the underlying structure, or
other fixed properties of the tissue, are also involved
in the generation of those obstacles.

The reentrant activity seen in Figure 34.1 did
not have a counter-rotating activity visible in the
mapped field, to complete a figure-of-eight as an-
alyzed in Figure 34.2a. We nevertheless cannot ex-
clude its existence elsewhere, or consider the fact
that a single reentry can be produced by a similar
mechanism [18]. Based on this finding we can spec-
ulate that the absence of complete reentrant activ-
ity observed in the RA is probably due to a higher
critical inter-PS distance there. In fact, Schuessler
et al. [33] found that in the canine isolated right
atrium sustained arrhythmia resulted from stable
single reentry only at very high concentrations of
acetylcholine.

Increased Intra-Atrial Pressure and
Rotor Dynamics

Because AF is commonly associated with atrial di-
lation [36–38], we employed yet another experi-
mental model of sustained AF under conditions of
acutely increased intra-atrial pressure to explore AF
dynamics. We tested the hypothesis that dilation in-
duces arrhythmogenic sources at the superior PVs
during AF. This experimental model was adapted
from a well-characterized model of stretch-related
AF [39–41]. A pressure of 10 cm H2O was found
to be the lower limit to obtain very sustained AF
episodes. In comparison, below 10 cm H2O, AF usu-
ally terminates after 10–20 min [41].

As in the studies presented above, frequency anal-
ysis was used to characterize the organization of ac-
tivity during AF [5, 9] and to establish the likelihood
of localizing sources maintaining the AF from which
propagation is originating [8]. In Figure 34.3, panels
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Figure 34.3 (a) (b) DF maps from one
heart at intra-atrial pressures of 5 and
18 cm H2O, respectively. DF maps are
superimposed on color picture of a
heart for illustrative purposes (c) Bar
graph showing DFmax (mean ± SEM) in
the PV junction (blue) and LA free wall
(red) at intra-atrial pressures of <10 and
>10 cm H2O (∗ P < 0.001) (d)
Single-pixel recordings from PV junction
and LA free wall at 30 cm H2O.
KEY: DF = dominant frequency; IAP =
intra-atrial pressure; LAFW = left atrium
free wall; LSPV = left superior
pulmonary vein; JPV = LSPV junction;
IVC = inferior vena cava; CL = cycle
length. Reproduced with permission
from Ref. (41).

(a) and (b) are representative dominany frequency
maps obtained simultaneously from the LA free wall
(LAFW) and the LA superior PV junction (JPV) in
one heart at intra-atrial pressures (IAPs) of 5 and 18
cm H2O, respectively. These maps clearly illustrate
the strong dependence of frequency on intra-atrial
pressure. Below 10 cm H2O, the difference between
the maximum dominant frequency (DFmax) in the
PV junction and LA free wall was not significant
(10.8±0.3 vs. 10.2±0.3 Hz; P = 0.6; Figure 34.3c).
However, at pressures >10 cm H2O, DFmax in the
PV junction was significantly higher than that in
the LA free wall (12.0 ± 0.2 and 10.5 ± 0.2 Hz, re-
spectively; mean ± SEM; n = 9; P < 0.001; see also
representative single-pixel recordings in panel (d).
At all pressures, DFmax in both the PV junction and
LA free wall was significantly higher than the largest
frequency recorded in the right atrial free wall
(7.8 ± 0.3 Hz; P < 0.001).

As described previously, propagation of waves
in AF may be highly periodic, both spatially and
temporally [4]. Such spatio-temporal periodicities
(STPs) may take various forms, including periodic

waves emerging from the edge of the recording
field, breakthroughs occurring at constant frequen-
cies, and in some cases, stable rotors [4]. We found
similar STP waves in high IAP–associated AF. In
Figure 34.4 we show quantification of directional-
ity and STP of electrical activation as a function
of the intra-atrial pressure during AF. Clearly, the
direction of propagation from left superior PV to
LA free wall (blue symbols) was very consistent.
In all experiments the directionality of local exci-
tation in the PV junction area that corresponded
to the highest frequencies correlated strongly
with intra-atrial pressure (r = 0.79, P = 0.02;
Figure 34.4b).

In contrast, the directionality of the LA free wall
to the left superior PV had a negative and sta-
tistically nonsignificant correlation with pressure
(r = 0.54, P = 0.09). In Figure 34.4c, the number
of STP wavefronts (normalized to the maximum
number of STP wavefronts) in the PV junction cor-
related strongly with intra-atrial pressure (r = 0.92,
P = 0.002). Figure 34.4d shows an example of a
rotor in the PV junction, the cycle length of which
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Figure 34.4 (a) Schematic directionality
of activity from the PVs to LA free wall
(blue arrow) and from the LA free wall
to left superior PV (red arrow) assessed
at the PV junction region (shaded area)
(b) Number of activations (mean ± SEM)
moving from left superior PV to LA free
wall and from LA free wall to left
superior PV (∗ P < 0.01 compared with
LA free wall to left superior PV). Colors
are the same as in part (a). (c) Relation
between the normalized number of STP
wavefronts by episode and the level of
pressure (d) Phase map of a rotor
recorded in the PV junction at 15 cm
H2O. Key: STP = spatiotemporal
periodicity; rest of abbreviations are as
in Figure 34.3. Reproduced with
permission from Ref. [41].

(70 msec) was equal to 1/DFmax calculated from the
same movie. Similar rotors were observed in three
out of nine experiments. It was found that below
10 cm H2O, AF terminates because its reentrant
sources become slow and unstable.

These data are particularly valuable when one
considers that there is evidence that in patients with
paroxysmal AF, the diameters of the superior PV os-
tia are markedly dilated compared with the inferior
PV ostia [42], particularly when considered as ar-
rhythmogenic PVs [43]. However, the electrophys-
iological mechanisms linking PV and LA dilatation
to maintenance of AF have not been established.
Our data demonstrate that the sources of rapid atrial
activation during stretch-related AF are located in
the PV region and that their level of spatio-temporal
organization correlates with pressure. The extent
to which STP excitation waves observed in the PV
junction are generated by microreentrant activity
in the endocardial PV sleeves requires further in-
vestigation, and those data only provide a partial
mechanistic explanation for the precise role of the
PVs in AF maintenance in the setting of atrial di-
latation.

Activation Frequency and Rotor
Drivers in Humans

Identifying rotors as drivers of AF directly in pa-
tients is very difficult with the existing mapping
techniques [44, 45]. Yet, the acetylcholine dose–
dependent acceleration of rotor frequency [46] of-
fered an idea that enabled translating animal ex-
periments to human patients and gave us the op-
portunity to obtain evidence, albeit indirect, for the
presence of rotors as drivers through pharmaco-
logic means. Translation was made possible also by
the fact that adenosine, which is widely used in the
clinic, is known to activate the same Kir3.x subfam-
ily of inward rectifier potassium channels as acetyl-
choline [47–49].

By increasing K+ conductance in the atrium, both
acetylcholine and adenosine hyperpolarize the cell
membrane, abbreviate the action potential dura-
tion and the refractory period, and inhibit sponta-
neous pacemaker discharge as well as early and de-
layed depolarizations [47, 48]. On the other hand,
they both accelerate reentrant activity [46]. Thus,
in a recent study [25], we used adenosine to test the



BLBK050-Shenasa September 24, 2008 21:38

430 PART VI New Frontiers

hypothesis that localized reentry maintains AF also
in humans. We determined the effects of adenosine
infusion on dominant frequency at varying loca-
tions of both atria with the idea that adenosine-
induced acceleration reveals reentry as the mecha-
nism of AF maintenance and rules out an automatic
or triggered mechanism.

We generated baseline DF maps of the LA using
novel real-time spectral analysis software that al-
lowed determination of the specific high-DF sites
likely to harbor the AF drivers [10] in paroxysmal
AF patients. Then the adenosine effect was mea-
sured at the primary and secondary high DF sites in
the LA. Figure 34.5 shows a representative example
where the AF frequency at the baseline was relatively
slow (<5 Hz) and 3 high-DF sites were identified

with the primary high-DF site being located near
the right interior PV (red arrow). Panels (b) and (c)
show that while the adenosine infusion practically
abolished the ventricular activity as detected by V5,
the dominant frequency at the primary high-DF site
accelerated from 4.64 Hz at the baseline to 6.35 Hz
at the peak of the adenosine effect. An additional
adenosine infusion performed while measuring ac-
tivity at a secondary high-DF site also showed an in-
crease in dominant frequency, but to a lesser extent.
Interestingly, in this patient the arrhythmia termi-
nated during postmapping ablation at the primary
high-DF site, supporting again the critical role of
such sites as AF drivers [10]. Compared to the base-
line, adenosine significantly accelerated the primary
and secondary high-DF sites in these patients from

(a)

(b)

(c)
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RIPV
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Figure 34.5 Accelerating effect of adenosine on a high-DF
site (a) LA posterior view of a DF map from a paroxysmal
AF patient. The DF map was produced by the real-time
frequency-mapping CARTO system before infusion of
adenosine. Red arrow indicates primary high-DF site near
the right inferior PV. (b) Baseline recording at the primary
high-DF site with its power spectrum and simultaneous V5

reference. (c) Recording at the primary high-DF site with
power spectrum and simultaneous V5 reference during
peak adenosine effect showing increase of DF. KEY: LSPV,
RSPV, LIPV, RIPV = Left/right superior/inferior pulmonary
veins (PVs); Bip = bipolar catheter. Reproduced with
permission from Ref. [25].
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about 5 Hz to 6.7 Hz [25], demonstrating that the
sites involved in the maintenance of AF are clearly
affected by adenosine.

In a larger cohort of paroxysmal and persistent
AF patients, Atienza et al. [25] analyzed the effect of
adenosine on the activation rate at specific regions
at the junction of the PVs and the LA (PV-LAJ), the
high right atrium (HRA) and the coronary sinus. In
general, patients with persistent AF demonstrated
significantly higher maximal baseline dominant fre-
quencies than paroxysmal AF patients (p < 0.001).
However, adenosine infusion in persistent AF pa-
tients increased local dominant frequencies only in
the HRA. The increase in the PV-LAJ was not sta-
tistically significant and there was no change in the
dominant frequency of the coronary sinus. In sum,
adenosine infusion increased frequency primarily at
sites that activated at the highest rate at the baseline.
In paroxysmal AF patients, adenosine increased ac-
tivation frequency in the PV–LAJ. In persistent AF
patients, the highest-frequency sources accelerated
by adenosine were located in either atria but not at
PV sites. Thus, the response to adenosine is con-
sistent with reentrant drivers maintaining AF that
have different locations in paroxysmal compared
with persistent AF patients [25].

Conclusion

Experimental studies of acute AF in an isolated
sheep heart in the presence of acetylcholine [3]
or increased intra-atrial pressure [41] demonstrate
that high-frequency reentrant sources in the free
and posterior wall of the left atrium drive the fib-
rillatory activity throughout both atria. Following a
growing body of work investigating how measure-
ments of the cycle length of activity in patients dur-
ing AF can contribute to its treatment [10, 25, 50,
51], we have focused our analysis in humans on
the distribution of dominant frequencies during AF.
Using electro-anatomic mapping and Fourier spec-
tral methods we generated 3D, whole-atrial domi-
nant frequency maps on which high-DF sites were
ablated and resulted in significant slowing of the ar-
rhythmia and termination of sustained AF in 87% of
patients with paroxysmal AF [10]. The response of
the arrhythmia to adenosine was consistent with the
mechanistic hypothesis that reentry in those high-
DF sites maintains AF in humans, and that reen-

trant drivers have different locations in paroxysmal
compared with persistent AF patients [25].

Clearly, the ability to localize drivers that main-
tain AF and to characterize their mechanism should
enable novel therapies, whether ablative, electri-
cal, pharmacological, or hybrid [10, 25]. To our
knowledge, however, the detailed molecular, cel-
lular, and pathophysiological mechanisms that de-
termine the predilection of the highest-frequency
reentrant sources to the LA and the PVs region re-
mains a mystery. Integrated studies describing phe-
nomena ranging from the molecular and cellular to
the tissue levels will probably be needed to address
this important clinical question. The combination
of improved mapping techniques [44, 45, 52, 53],
together with time and frequency domain measures
such as dominant frequency [10, 25] and fraction-
ation [54], should help clinicians gain insight into
AF mechanisms and therapeutics.
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Summary

Recent advances in genetics and molecular biology

have made it possible to define a series of new

diseases leading to cardiac arrhythmias: the

channelopathies. These diseases affect the structure

and function of cardiac ion channels and result in

atrial and ventricular tachyarrhythmias, disorders

of impulse formation and conduction defects.

These arrhythmogenic disorders are hereditary and

in general occur in individuals with a structurally

normal heart. Because there is no discrete lesion

(like in myocardial infarction) as substrate for the

arrhythmias, mapping in channelopathies is

confronted with very specific problems. The

mechanisms of these arrhythmias and the

challenges encountered while trying to map them

are discussed in this chapter.

Introduction

With an estimated overall incidence of 0.1–0.2% per
year, sudden cardiac death (SCD) is a leading cause
of mortality in the developed world [1, 2]. Ven-
tricular fibrillation (VF) is the most common un-
derlying mechanism of SCD. Whereas the majority
of SCD victims have known or previously unrec-
ognized structural heart disease, in approximately
5–10% of out-of-hospital SCD survivors, no cardiac
or extracardiac abnormalities can be identified [3].

Survivors of electrocardiographically documented
VF with an apparently normal heart have there-
fore long been classified as having idiopathic VF
[3, 4].

However, with advanced progress in molecu-
lar biology, a substrate of so-called idiopathic VF
has been defined. The characterization of inher-
ited disorders has provided important insights into
the molecular pathogenesis of cardiac arrhythmias.
Four inherited arrhythmogenic disorders caused by
ion channelopathies due to mutations in 14 differ-
ent genes have been identified and linked to SCD
in individuals without structural heart disease [5,
6]. Once diagnosed, a channelopathy should there-
fore be considered a different entity from a primary
electrical disease and not a subgroup of idiopathic
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VF. The most common and best-studied ion chan-
nelopathies are the congenital long-QT syndromes
(LQTS) and Brugada syndrome. At present, cardiac
mapping in channelopathies is chiefly directed at ex-
perimentally investigating the underlying arrhyth-
mogenic substrate and arrhythmia mechanism, and
clinically targeting focal trigger sources to guide
catheter ablation.

Mapping of the Arrhythmogenic
Substrate

Clinical observations based on the electrocardio-
gram indicate that human VF is almost always
preceded by a mono- or polymorphic ventricu-
lar tachycardia (VT) lasting several beats before
degenerating to VF [7]. What had originally been
described as the “early tachysystolic stage of VF”
[8] was later demonstrated to correspond to a single
spiral or figure-of-eight reentrant wavefront [9, 10].

The onset of human VF can generally be charac-
terized by a triggering event initiating VT and sub-
sequent degeneration of VT to VF [11]. A critical
prerequisite for a triggering beat to initiate reentry
is that an electrical wave propagating through car-
diac tissue breaks locally. Fibrillation occurs when a
localized wavebreak induces reentry and triggers a
cascade of new wavebreaks [12, 13]. However, in
structurally normal ventricles, physiological trig-
gers such as spontaneous premature ventricular
contractions (PVCs) are usually not able to gen-
erate localized wavebreak with sufficient adjacent
excitable tissue to initiate functional (scroll wave)
reentry [9].

Preexisting electrophysiological tissue hetero-
geneity plays a key role in inducing localized wave-
break and reentry in the structurally intact heart,
and can be due to electrical remodeling, hetero-
geneous autonomic innervation, cardiotropic drug
effects, or genetic abnormalities [13]. In a variety of
inherited ion channelopathies including long-QT
syndromes and Brugada syndrome, spatial disper-
sion of refractoriness within the ventricular wall is
thought to underlie the substrate of electrophysio-
logical tissue heterogeneity which predisposes to the
development of potentially life-threatening reen-
trant ventricular arrhythmias when critically am-
plified [5]. In addition, localized anatomical tissue

heterogeneity seems to be operative in at least some
patients with Brugada syndrome [14, 15].

Brugada Syndrome
Experimental and clinical studies have provided
mounting evidence that heterogeneity of ventric-
ular repolarization and slow conduction contribute
to the pathophysiology underlying Brugada syn-
drome [14–16]. Both of the proposed pathophysio-
logical mechanisms strongly consider the right ven-
tricular outflow tract (RVOT) as the utmost region
of tissue heterogeneity providing the electrophys-
iological substrate of right precordial ST-segment
elevation and ventricular arrhythmias [14, 15]. A
new hypothesis on the pathophysiology of Bru-
gada syndrome has recently been introduced and
is based on abnormal expression of cardiac neural
crest cells in heart development, particularly in the
morphogenesis of the RVOT [17]. Cardiac map-
ping in Brugada syndrome aims therefore at this
anatomo-functional region of the right ventricle
(RV) to enhance understanding of the underlying
mechanisms.

Heterogeneity of Ventricular
Repolarization

The linkage of the Brugada phenotype to muta-
tions in a gene encoding the cardiac sodium (Na)
channel α-subunit (SCN5A) has paved the way to
understanding the cellular basis and arrhythmia
mechanisms of Brugada syndrome [18]. Most re-
cently, more than 100 mutations in SCN5A have
been linked to the syndrome; however, no more than
30% of phenotypically affected individuals harbor
SCN5A mutations [19, 20]. Those SCN5A muta-
tions studied in expression systems have shown to
result in functional reduction in peak Na current
(INA).

Based on their seminal experimental work in-
volving arterially perfused RV wedge preparations,
Yan and Antzelevitch [21] proposed that reduction
in INA superimposed on intrinsic transmural dif-
ferences in the transient outward potassium cur-
rent Ito creates a steep voltage gradient across the
ventricular wall by heterogeneous loss of action po-
tential (AP) dome and shortening of the AP in the
RV epicardium.

Both transmural and epicardial dispersion of re-
polarization develops as a consequence. The marked
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imbalance of currents allows for local reexcitation
of RVOT epicardial loss-of-dome sites by neighbor-
ing areas with prolonged AP duration (APD) pro-
ducing functional, so-called phase 2 reentry [22].
Phase 2 reentry may lead to the development of a
closely coupled extrasystole triggering polymorphic
ventricular arrhythmia [21, 23]. Support for this hy-
pothesis relies predominantly on animal models of
Brugada syndrome involving arterially perfused RV
wedge preparations [16, 21, 24, 25].

Advanced high-resolution optical mapping tech-
niques provide an important tool for detailed study
of electrical heterogeneity of APs and activation se-
quences on the endocardial and epicardial surface
in RV wedge preparations [25, 26]. Briefly, per-
fused wedges of RV myocardium are placed in an
imaging chamber, and after staining with a voltage-
sensitive dye the imaged surface of the wedges is
stabilized against a flat optical window. Fluores-
cent light from the excited wedges is filtered and
focused onto a photodiode array with image inten-
sifiers. The voltage of the optical signal recorded
at each site is automatically displayed in color and
plotted as an isopotential map. Transmembrane

optical APs can be recorded, AP duration mea-
sured, depolarization and repolarization contour
maps constructed, and dispersion of repolarization
calculated.

Using this optical mapping technique, Aiba and
colleagues [25] have most recently studied cellular
mechanisms for trigger and maintenance of poly-
morphic VT and VF in an experimental model of
Brugada syndrome. Repolarization contour maps
demonstrated that in Brugada-simulated condi-
tions, spontaneous phase 2 reentry-induced ex-
trasystoles preferentially originate from small RV
epicardial sites having a maximal gradient of repo-
larization (Figure 35.1).

Optical isopotential maps displaying the epicar-
dial distribution of loss-of-dome and restore-of-
dome AP areas during impulse propagation showed
that phase 2 reentry resulted from reexcitation of a
loss-of-dome (early repolarization) site by a suf-
ficiently large adjacent restore-of-dome area with
activation propagating around a refractory region
of the epicardium (Figure 35.2). Importantly, depo-
larization disturbance was not associated with the
occurrence of phase 2 reentry-induced extrasystoles
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Figure 35.1 Action potential duration (APD) measured
from optical APs at 50% repolarization (APD50) contour
map on the right ventricular (RV) epicardium (epi) and
endocardium (endo) in a RV wedge preparation model of
Brugada syndrome. (a) Control conditions show almost
homogeneous endo- and epicardial APs.
(b) Brugada-simulated conditions create marked AP

heterogeneity in the epicardium but not endocardium. (c)
Phase 2 reentry originates from a small RV epicardial area
with maximal gradient of repolarization (arrow).
Endocardial APs are less heterogeneous under conditions
leading to epicardial phase 2 reentry. Reprinted with
permission from Ref. 25.
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Figure 35.2 Optical isopotential maps representing the
epicardial distribution of loss-of-dome and
restore-of-dome action potential (AP) areas during
propagation of beats with (#2) and without (#1) phase 2
reentry in a RV wedge preparation model of Brugada

syndrome (a). Depolarization map (b) and optical APs (c) at
each epicardial site (a)–(f) demonstrate that phase 2
reentry results from reexcitation of a loss-of-dome site (d)
with activation propagating around a refractory region of
the epicardium. Reprinted with permission from Ref. 25.

but with its susceptibility to ventricular fibrillation.
Epicardial depolarization maps obtained during en-
docardial pacing showed remarkable conduction
delay in wedges with episodes of VF.

Unlike in nonsustained polymorphic VT, spatial
phase analysis of VF episodes revealed that the ini-
tial phase 2 reentry wave broke up into multiple
wavelets at epicardial sites of delayed conduction
(Figure 35.3). Simultaneous activation mapping of
the endo- and epicardial surface in another Bru-
gada syndrome RV wedge preparation model simi-
larly demonstrated a close correlation between epi-
cardial origin of the initiating spontaneous reentry
beat and a localized area with a short recovery time
[24] (Figure 35.4). However, the epicardium was not
always actively involved in subsequent reentrant ar-
rhythmias, which were localized to either the epi-
or endocardial region with passive activation of the
other, suggesting the presence of conduction delay
or block within or between epi- and/or endocardial
tissue.

These experimental findings not only support the
hypothesis that a steep repolarization gradient in the
RV epicardium but not the endocardium plays a key
role in initiating phase 2 reentry, but also provide
important insights into the role of slow conduc-
tion in the maintenance of ventricular reentry in

Brugada syndrome. However, validation of spatial
dispersion of ventricular repolarization and phase
2 reentry in human myocardium is challenging, be-
cause it requires simultaneous endocardial and epi-
cardial electrogram recording.

Support for this hypothesis is chiefly limited to
a small study of monophasic AP (MAP) recordings
in three Brugada patients undergoing open chest
surgery [27]. Simultaneous endo- and epicardial
MAP recordings from the RVOT revealed prolonged
and abnormal spike-and-dome APs at epicardial
but not endocardial sites (Figure 35.5). Although
the resulting transmural dispersion of repolariza-
tion related to the clinically observed ST-segment
elevation, abbreviated loss-of-dome epicardial APs,
however, were not present. Thus, direct evidence of
an electrophysiological substrate for phase 2 reentry
in humans is still lacking

Slow Conduction

Considering that Brugada syndrome is an inher-
ited channelopathy causing sodium channel dys-
function, sufficient functional reduction in INA is
not only expected to impact on AP shape and du-
ration but also on conduction velocity, amplifying
both dispersion of ventricular repolarization and
conduction slowing within the heart [28, 29]. In
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Figure 35.3 Spatial phase analysis of ventricular
fibrillation triggered by epicardial phase 2 reentry in a RV
wedge preparation model of Brugada syndrome. Optical
APs are selected from epicardial sites (a)–(f) indicated on
the first phase movie image. Initial phase 2 reentry (site c)

breaks up into multiple wavelets at epicardial sites of
delayed conduction (open circles), detected by crowding of
isochrones on the depolarization map (not shown).
Modified and reprinted with permission from Ref. 25.
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Figure 35.4 Relation of epicardial origin of a spontaneous
VT triggering beat to local recovery time in a RV wedge
preparation model of Brugada syndrome. (a) Epicardial
(EPI) and endocardial (ENDO) activation maps show that
the initiating reentrant beat originates from the epicardial

site a in the nadir of local recovery time. (b) Bipolar
electrograms recorded at sites (a)–(i) indicated on the
epicardial activation map. Modified and reprinted with
permission from Ref. 24.

fact, some SCN5A mutations have been shown to
cause familial cardiac conduction disease [30–33]. It
is therefore not surprising that conduction defects
are frequently observed in patients with Brugada
syndrome, particularly in those linked to SCN5A
mutations [34]. Electrocardiographic signs of gen-

eral conduction slowing include PR prolongation,
QRS widening, fascicular or right bundle-branch
block, and sinus node dysfunction [14, 15, 35, 36].

The close correlationship between PR prolon-
gation and HV conduction delay in genotyped
individuals further supports the impact of the

Endo

Epi

I

Figure 35.5 Simultaneous endocardial (endo) and
epicardial (epi) monophasic action potential (MAP)
recordings from the right ventricular outflow tract and
surface electrocardiographic lead I during open chest
surgery in a patient with Brugada syndrome. The
epicardial MAP recording reveals prolonged and abnormal

spike-and-dome APs compared with the endocardial MAP.
Note the absence of abbreviated loss-of-dome epicardial
APs, lacking direct evidence of an electrophysiological
substrate for phase 2 reentry in humans. KEY: * = pacing
spikes. Modified and reprinted with permission from
Ref. 27.
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sodium channel on conduction [34, 36, 37]. More-
over, INA reduction has been linked to cellular
structural abnormalities and degenerative changes
including interstitial fibrosis [38, 39], which may
contribute to intra- and interventricular conduc-
tion delay. However, only a minority of patients
with Brugada syndrome harbor a known SCN5A
mutation [19, 20].

Although involvement of other genes still await-
ing discovery are expected, sodium channel dys-
function is probably not the only key player in many
phenotypically affected individuals. It has been ap-
preciated that critical degrees of conduction slowing
predispose to reentrant arrhythmias and represent
a final common pathway to VF susceptibility [40].
There is now strong evidence that slow conduction
in the RVOT is critically involved in the electrophys-
iological mechanisms of ST-segment elevation and
arrhythmogenesis in Brugada syndrome, regard-
less of the presence of a sodium channel mutation
[41–44].

Clinical observations that typical ST-segment el-
evation is invariably confined to the right precordial
leads at the fourth and higher intercostal spaces [14,
15], and that triggering premature beats frequently
have left bundle-branch block, inferior axis devia-
tion [45] support the RVOT region as the substrate
of tissue heterogeneity. Based on the concept of lo-
calized conduction delay in the RVOT, the group
of Wilde proposed that membrane potential gradi-
ents between RVOT (delayed) and surrounding RV
myocardium (early) contribute to right precordial
ST-segment elevation and ventricular reentry [15].

This qualitative model derives from the mecha-
nism thought to cause ST-segment elevation and
reentrant arrhythmias in regional ischemia where
greatly different membrane potentials exist between
ischemic and nonischemic zones [46, 47]. Evi-
dence supporting this hypothesis comes from sev-
eral clinical studies on mapping of delayed activa-
tion and conduction slowing to the RVOT [41–43,
48, 49].

Body surface potential mapping (BSPM) is a non-
invasive tool that allows detailed analysis of poten-
tial distributions on the thorax as to activation and
recovery independently [50]. BSPM measures of the
spatial distribution and amplitude of ST-segment
elevation in Brugada syndrome mapped the loca-
tion of maximum amplitude to chest areas reflect-

ing the RVOT [48, 49, 51]. Ventricular activation
time maps based on BSPM localized conduction
delay to the upper right anterior chest overlying the
RVOT [49].

It is noteworthy that delayed repolarization de-
tected by prolonged activation recovery intervals
(ARIs) appeared secondary to conduction delay in
the same area. Similarly, R-wave isochrone maps
obtained from BSPM revealed conduction delay in
the RV anterior wall and the outflow tract in pa-
tients with late r ′ waves and ST-segment elevation
in V1 and V2, but repolarization detected by QRST
integral maps was similar in conditions with and
without ST-segment elevation [41].

In addition to BSPM, signal-averaged electrocar-
diogram (SAE) recording enables detection of de-
layed ventricular activation by late potentials (LPs),
which are frequently prevalent in Brugada syn-
drome, particularly in patients with spontaneous or
inducible VF [41, 52–55]. Hisamatsu et al. [48] in-
tegrated 48 unipolar signal-averaged electrocardio-
grams into a 87-lead body surface map and showed
that the site of remarkable delayed potentials coin-
cided with the area of maximum ST-segment eleva-
tion mapped to the RVOT. However, direct mapping
of the RVOT epicardial surface is demanding in in
situ human hearts.

Nagase et al. [42] elegantly mapped delayed epi-
cardial activation to the RVOT using an electri-
cal guidewire introduced into the right coronary
conus branch (Figure 35.6a). Delayed ventricular
potentials recorded epicardially were not seen dur-
ing simultaneous mapping at endocardial RVOT
sites, but corresponded well to late potentials on
signal-averaged electrocardiogram recordings (Fig-
ure 35.6b). Additional clinical evidence for conduc-
tion slowing derives indirectly from tissue Doppler
imaging findings of delayed RV contraction corre-
lating with the magnitude of ST-segment elevation
[43].

Although late ventricular potentials and contrac-
tile dysfunction commonly represent delayed my-
ocardial activation secondary to structural defects,
both may alternatively be explained by a delayed sec-
ond upstroke of the epicardial AP or phase 2 reen-
try [56]. Because of the lack of clinically detectable
structural abnormalities, linkage to SCN5A muta-
tions and known effects of sodium channel block-
ers, Brugada syndrome has long been accepted to
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Figure 35.6 Epicardial mapping of the right ventricular
outflow tract (RVOT) using a electrical guidewire
introduced into the conus branch of the right coronary
artery. (a) Fluoroscopic right anterior oblique (RAO) and
left anterior oblique (LAO) views show the position of the
epicardial guidewire (Epi) and quadripolar mapping
catheter at the corresponding endocardial site (Endo).
(b) Surface electrocardiogram leads V1, V2, and V5,
intracardiac electrograms from the RVOT epicardium (Epi)

and endocardium (Endo), and signal-averaged
electrocardiogram (SAE). A delayed ventricular potential
(arrow) is present at the epicardial but not endocardial
recording site that corresponds well to the late potentials
recorded on signal-averaged electrocardiograms. Filtered
QRS = 128 msec; root mean square voltage of terminal
40 msec = 4.5 μV; duration of low-amplitude signals
<40 μV = 61 msec). Modified and reprinted with
permission from Ref. 42.

constitute a functional rather than structural defect
[16, 56]. However, the delayed activation restricted
to the RVOT strongly denotes the presence of a pre-
existing regional different substrate in the RV.

In this context, electrical uncoupling may play
an important role in both conduction slowing
and transmural heterogeneity. Potential subclini-
cal anatomic substrates leading to electrical uncou-
pling in the Brugada syndrome are interstitial fi-
brosis, primarily or secondary to INA reduction
[38, 39], and/or gap junction defects secondary
to inhomogenous connexin distribution or ectopic
excitable tissue in the RVOT [17, 57, 58].

Most recently, elegant cardiac mapping of an ex-
planted heart from a genotyped Brugada patient
has been performed in in-situ-like conditions, pro-
viding intriguing evidence in favor of the delayed-
activation concept [44].

High-density activation mapping using multi-
electrode recordings positioned at endo- and epi-
cardial right and left ventricular sites revealed
crowding of isochrones in the RVOT indicative of
slow conduction (Figure 35.7a). Interestingly, VF-
initiating beats arose from RV endo- and not epi-

cardium as it would be expected with phase 2 reen-
try, and displayed fractionated endocardial electro-
grams. In addition, abnormal (broad) restitution
of propagation was found in the RVOT, with incre-
mental conduction slowing occurring over a wide
range of coupling intervals (Figure 35.7b).

Moreover, ECG computer simulation based on
3D activation maps [59] related conduction delay
in the RVOT to lifetime recorded ECG abnormali-
ties in leads V1–V3. Arguing further against hetero-
geneity of action potential duration as the princi-
pal underlying mechanism, RVOT cross-recordings
of MAP duration did not show a significant trans-
mural repolarization gradient at any paced cycle
length.

Genetic (SCN5AmtG1935S→ enhanced slow in-
activation) and histological findings (RV fibrosis)
obtained in this study support the proposed link
between INA reduction and degenerative changes
in RV myocardial architecture [38, 39]. However,
it is tempting to speculate if INA reduction comes
first—the chicken or the egg. Enhanced INA re-
duction may promote development of interstitial
fibrosis and/or superimpose on primary subclinical
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Figure 35.7 Activation mapping in an explanted heart
from a genotyped patient with Brugada syndrome.
(a) High-density activation mapping using multielectrode
recordings positioned at endocardial (endo) and epicardial
(epi) right ventricular (RV) and left ventricular (LV) sites
reveals crowding of isochrones at the endocardial RV
outflow tract (RVOT) indicative of slow conduction.

(b) Restitution of propagation is abnormal in the RVOT
with incremental conduction slowing occuring over a wide
range of coupling intervals (upper panel). At the RVOT site
(c), where crowding of isochrones is present (lower panel),
a sudden increase in conduction time occurs at a coupling
interval of 320 msec (arrow). Modified and reprinted with
permission from Ref. 44.

structural abnormalities in the RVOT unmasking
the Brugada syndrome phenotype.

Considering the disease to be a progressive pro-
cess, both assumptions may explain why the spon-
taneous phenotype is rarely observed in children
and adolescents and why the first arrhythmic event
typically manifests at middle age. Potential under-
lying mechanisms for primary structural (micro-)
derangements are not (yet) known. Abnormal ex-
pression of cardiac neural crest cells in myocardial
development of the RVOT has most recently been
brought to attention [17]. Developmental remnants
of node-like cells in the RVOT [60, 61] or genetically
determined nonphysiological regression of RVOT
myocardium are further candidates.

Long-QT Syndrome
Congenital long-QT syndrome is an inherited disor-
der caused by several mutations in at least 10 genes
encoding ion channel, anchoring, or caveolin pro-
teins involved in cellular repolarization [5]. Despite

genotype-related differences in phenotype, the final
common pathway is AP prolongation and impaired
repolarization reserve due to reduction in net re-
polarization current by either enhancing depolar-
ization (sodium, calcium) or reducing repolariza-
tion (potassium) currents. There is convincing ev-
idence that both early afterdepolarizations (EADs)
and spatial dispersion of ventricular repolarization
play a causative role in LQTS-associated arrhyth-
mogenesis [62–65].

While prolongation of ventricular repolarization
predisposes to the generation of secondary cal-
cium (Ca2+) -triggered depolarizations during the
plateau or early repolarization phase of the AP
[66, 67], an underlying substrate of inhomogeneous
ventricular repolarization seems essential for a fo-
cal (EAD-triggered) premature beat to initiate and
maintain functional reentry [68–70]. Intrinsic elec-
trical heterogeneity can critically be amplified by
ion channel mutations (congenital forms), phar-
macological agents, or clinical conditions (aquired
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forms) that reduce net repolarizing current leading
to action potential duration prolongation in prefer-
ential areas within the ventricular wall (M and Purk-
inje cells) [65]. The resulting marked spatial dis-
persion of action potential duration creates pockets
of inexcitable myocardium secondary to extended
refractory periods that form regions of functional
block and promote torsades de pointes (TdP) poly-
morphic VT [68–71].

Insights into the complex mechanisms of long-
QT–related arrhythmia predominantly derive from
several experimental models of long-QT syn-
dromes [72] involving different mapping strategies
[68, 73–75], of which optical AP mapping and 3D
mapping of activation recovery interval distribu-
tion are of particular importance. In addition to
providing information detailing myocardial acti-
vation during torsades de pointes, these mapping
techniques have the advantage of capturing the re-
covery process occurring over the course of a single
reentrant cycle and elucidating its spatial and tem-
poral relationship to activation [68, 76, 77].

MAP recording has been appreciated to explore
localized myocardial activation and repolarization
in intact hearts and used to evaluate the mechanism
of torsades de pointes by identification of afterde-
polarizations and increased dispersion of action po-
tential duration [63, 74, 78–83]. Although the ac-
companying low spatial resolution limits detailed
mapping of activation and recovery, MAP record-
ing holds the great feature of direct visualization of
EADs in human hearts or in vivo animal models of
long-QT syndromes [83–85].

It has become clear that EAD-induced triggered
activity plays a key role in torsades de pointes initi-
ation [63, 64, 66, 86–88]. MAP studies have identi-
fied EADs occuring at spontaneous or stimulation-
dependent initiation of torsades de pointes [63,
74, 81, 82]. However, it remains difficult to ver-
ify a causal relationship between the presence
of EADs, EAD-triggered beats, and torsades de
pointes. Moreover, MAP recording is hampered by
a continuous shift in the site of origin of EADs and
triggering beats and technical challenges to elec-
trode stability and artefact registration [83].

Although some degree of controversy has been
introduced as to whether EAD-triggered activity is
crucial only for the TdP-initiating premature beat or
also for maintenance of the arrhythmia by repetitive

rapid firing from several foci [67, 68, 75], exper-
imental studies using 3D activation mapping [71,
89–91] or optical mapping [69, 70] have demon-
strated the reentrant nature of torsades de pointes
based on increased spatial dispersion of ventricular
repolarization.

In a landmark study using 3D mapping in a ca-
nine surrogate model for LQT3, El-Sherif and col-
leagues [71] have elegantly shown that the TdP-
initiating beat arose from a subendocardial focal site
and resulted in functional conduction block at sites
with significant spatial dispersion of activation re-
covery interval, commonly between epicardial and
mid-myocardial zones (Figure 35.8a).

The subsequent beats of torsades de pointes were
due to reentrant excitation in the form of contin-
uously varying scroll waves (Figure 35.8b). High-
resolution 3D isochronal mapping of ventricular
activation was performed using multiple extracellu-
lar unipolar electrograms obtained from 64 plunge
needle electrodes placed throughout the ventri-
cles (Figure 35.8a). Repolarization maps were con-
structed by electrogram analysis of 3D ARI distri-
bution [68]. With use of optical AP mapping in a
guinea pig model of LQT3, the group of El-Sherif
[70] further investigated the contribution of spa-
tial distribution of action potential duration and
subendocardial focal activity to arrhythmogenesis
in response to heart rate and endocardial cryoa-
blation.

LQTS-simulated conditions in perfused intact
hearts resulted in rate-dependent marked epicar-
dial action potential duration dispersion and zones
of nonuniform action potential duration gradi-
ents. These zones provided a substrate for func-
tional conduction block and reentrant excitation
when challenged by a spontaneous (EAD-triggered)
premature beat arising from a subendocardial
focus.

Importantly, endocardial cryoablation abolished
spontaneous focal activity and reentrant arrhyth-
mias, but the increased spatial dispersion of ac-
tion potential duration persisted and could be chal-
lenged by a premature stimulus to induce ventric-
ular reentry. Similarly, an experimental model of
LQT1 in the canine perfused wedge preparation
strongly supported the concept of EAD-induced ex-
trasystole as trigger and dispersion of repolarization
as substrate for torsades de pointes [65].
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Figure 35.8 Tridimensional activation mapping in a canine
surrogate model for long-QT syndrome. (a) Schematic 3D
representation of a canine heart cut transversely into five
sections labeled 1–5 from base to apex. Plunge needles
with 4–8 unipolar electrodes spaced 1–2 mm apart are
placed throughout both ventricles (left panel).
Tridimensional activation pattern of initiation of a 12-beat
nonsustained polymorphic ventricular tachycardia. V1–V3
refer to the first three tachycardia beats. Activation is
represented as closed isochrone contours of 20 msec
labeled as a tenth of the value to facilitate analysis of the
activation pattern. Heavy solid lines represent arcs of
functional conduction block. The triggering beat (V1)
arises as a focal subendocardial activity (asterisk). From the

site of earliest activation, the wavefront spreads in a
circuitious route (dashed arrow). Local electrograms
selected along the reentrant pathway (A to R, as denoted
on the activation map) illustrate continuous diastolic
bridging during the first reentrant cycle of 400 msec.
Multicomponent or fractionated electrograms are
recorded from areas of crowding isochrones (right panel).
(b) Continuous 3D activation pattern of the arrhythmia
demonstrates that all subsequent beats (V2–V12) are due
to reentrant excitation with varying configuration of the
reentrant circuit. Note the twisting QRS morphology on
the simulated surface lead aVF. Modified and reprinted
with permission from Ref. 71.
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Cooling the perfusate eliminated spontaneous
EAD-triggered activity and torsades de pointes,
while the presence of an underlying substrate for
reentry in form of transmural dispersion of repolar-
ization was demonstrated by the ability to easily in-
duce torsades de pointes with a single extrastimulus
from the epicardium. Three-dimensional activation
and optical mapping localized the zones of steep
spatial action potential duration gradients result-
ing in functional conduction block and reentrant
excitation to epicardial and/or intramyocardial lay-
ers [68, 70, 71, 89]. These observations suggest a
role of mid-myocardial (M) cells in development
and facilitation of functional block and torsades de
pointes in intact hearts.

Different electrophysiological and pharmacolog-
ical properties of distinct cell types across the ven-
tricular wall, particularly those of M cells, are well
recognized in experimental conditions [92–94].
However, cell-to-cell electrotonic coupling in intact
hearts is expected to attenuate the functional ex-
pression of electrical heterogeneity [95, 96]. Using
optical AP mapping in a wedge preparation model
of LQT2 with intact transmural cell coupling, the
functional topography of M cells and their role in
torsades de pointes have recently been investigated
[69].

In response to bradycardia and/or d-sotalol,
bands of M cells exhibited markedly prolonged re-
polarization that were mapped to mid-myocardial
layers with extentions to either deep subepicardial
or subendocardial sites. The complex distribution
of M cells created zones of steep spatial gradients
of repolarization and refractory borders leading to
functional block and intramural reentry in response
to a premature epicardial stimulus. Unfortunately,
in this surrogate model of LQT2, spontaneous trig-
gered activity was suppressed by cooling and could
therefore not be mapped to a specific site.

Although in vitro experiments have demon-
strated EAD-triggered activity in isolated M cells
and Purkinje fibers but other cell types as well [88],
detailed mapping of intact hearts in different long-
QT syndrome models almost consistently revealed a
subendocardial (Purkinje) focal origin of the spon-
taneous TdP-triggering beat [68, 70, 71, 89]. How-
ever, using optical mapping of APs and intracellular
Ca2+ in a rabbit surrogate model of LQT2, Ca2+-
triggered EAD activity has not only been mapped to

the Purkinje network but also to non-endocardial
sites [67]. Notwithstanding, evidence is convinc-
ing that both EAD-mediated triggered activity and
functional reentry contribute to the genesis of tor-
sades de pointes, but the exact arrhythmia mecha-
nism may vary depending on the experimental or
animal model used and the type of underlying ionic
abnormality.

Catheter Mapping of Focal
Trigger Sources

In clinical practice, the role of mapping in chan-
nelopathies and idiopathic VF consists in conven-
tionally targeting and guiding ablation of focal
sources of PVCs that trigger polymorphic VT or
VF, irrespective of the underlying arrhythmogenic
substrate.

Optical mapping studies have shown that acti-
vation in VF can occur as a localized, quasi-focal,
dominant frequency [97–100].

As with atrial fibrillation [101, 102], this so-called
focal source (mother rotor) hypothesis posits that
VF can be driven by a single focal source of repet-
itively activating dominant frequencies with fib-
rillatory conduction generating secondary multi-
ple wavelet reentry in a critical mass of ventricu-
lar myocardium. Although optical mapping studies
cannot be applied to in situ human myocardium
to identify similar mechanisms in human VF, con-
ventional clinical mapping and successful ablation
have recently provided support for a crucial role of
focal PVC triggers in a subgroup of patients with
idiopathic VF [103–110] and ion channelopathies
[111–113].

Common to all the reported patients with VF
amenable to catheter ablation is the clinical pres-
ence of frequent isolated PVCs of similar or identi-
cal morphology and coupling interval to the first
initiating beat of documented VF (“focal VF”)
(Figure 35.9). Catheter mapping revealed that fo-
cal PVC triggers preferentially originate from the
RVOT in the Brugada syndrome, the distal Purk-
inje system in long-QT syndromes, and from both
in idiopathic VF. Mapping techniques used to ac-
curately localize the trigger source are the conven-
tional ones established for mapping and ablation
of focal nonsustained arrhythmias: (i) activation
mapping using unipolar and/or bipolar recordings;
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Figure 35.9 Premature ventricular beats
(PVCs) of similar morphology and
coupling interval to the first initiating
beat of documented ventricular
fibrillation (VF). (a) monitor
registrations in a patient with
idiopathic VF shows runs of
nonsustained polymorphic ventricular
tachycardia and an episode of VF
initiated by PVCs of almost identical
morphology. (b) Holter monitoring in a
Brugada patient with implantable
cardioverter defibrillator (ICD) reveals
absence of PVCs except immediately
prior to VF. The preceding isolated PVC
couplets have the same features as the
one initiating VF, subsequently treated
by ICD shock therapy.

(ii) pace mapping; (iii) noncontact 3D mapping
using a 64-electrode array balloon; and (iv) endo-
cardial mapping using MAP recordings.

Mapping of RVOT-PVCs
Focal PVC triggers arising from the RVOT have suc-
cessfully been localized and ablated by targeting the
earliest endocardial electrogram relative to the on-
set of the ectopic QRS complex and/or the site of
identical pace mapping [103, 104, 106, 109, 111], or
by noncontact mapping of the earliest intracardiac
activation [108, 112]. At successful ablation sites,
the earliest electrogram preceded the QRS onset by
10–40 msec, and no specific discrete or slow poten-
tial was recorded [106, 109].

Less commonly, endocardial mapping of extra-
cellular MAP recordings has been used to identify
and ablate the site of early or delayed afterdepolar-
izations in arrhythmias due to triggered activity [83,
85, 114]. In patients with no structural heart disease
and normal electrocardiogram, isolated PVCs and
monomorphic VT arising from the RVOT are com-
mon and usually considered benign [115]. These ar-

rhythmias typically have a left bundle-branch block,
inferior axis deviation, and can safely be ablated
with high success rates [116].

However, because the reported idiopathic VF pa-
tients with monofocal triggers mapped to the RVOT
represent a highly selected cohort of VF survivors,
the incidence of malignant idiopathic RVOT ar-
rhythmias remains unknown. To discriminate ma-
lignant from benign idiopathic RVOT extrasystoles
remains challenging and conflicting data exist about
the role of the coupling interval in predicting ma-
lignant arrhythmias [106, 109, 117–119].

Short-coupled (<320 msec) premature beats
in patients with structurally normal heart have
been associated with spontaneous occurrence of
non-pause-dependent polymorphic VT, syncope,
and cardiac arrest, whereas long coupling intervals
(>400 msec) have been typically seen in patients
with benign RVOT arrhythmias [118–120]. In con-
trast, Noda et al. [109] observed long coupling in-
tervals (409 ± 62 msec) in patients with idiopathic
VF, which were not different from those with benign
monomorphic RVOT-VTs. Moreover, Haı̈ssaguerre
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[106] and Viskin [119] reported a couple of patients
with malignant polymorphic arrhythmias induced
by relatively long-coupled (mean 350–355 msec)
RVOT extrasystoles.

Similarly, inconclusive clinical observations on
extrasystoles triggering polymorphic VT have been
made in Brugada syndrome [41, 45, 111, 121–123].
PVCs are rarely recorded in patients with Brugada
syndrome [41, 45] except immediately prior to on-
set of polymorphic VT/VF (Figure 35.9b) [121]. VF-
preceding and initiating PVCs are almost identical
and predominantly originate from the RVOT [45,
111, 112, 121, 122], the region hypothesized to pro-
vide maximal dispersion of refractoriness and/or
slow conduction in Brugada syndrome.

Kakishita et al. [121] reported that 67% of doc-
umented VF episodes were preceded and triggered
by similar isolated PVCs, and multiple episodes in
same patients have shown to be initiated by sim-
ilarly configurated and coupled PVCs [121, 122].
These findings suggest a site-specificity of focal trig-
gers, the presence of which may reflect an acutely
increased vulnerability of the RVOT myocardium.
However, the absence of frequent (if any) sponta-
neous PVCs in Brugada syndrome is a major limi-
tation to clinical mapping, rendering catheter abla-
tion a rarity [111, 112].

Antzelevitch and colleagues [16, 21] proposed
that subepicardial phase 2 reentry is the mechanism
of triggering beats arising from the RVOT, but direct
evidence of phase 2 reentry has not been obtained
clinically. If phase 2 reentry is operative, one would
expect short-coupled PVCs triggering polymorphic
VT [21, 23]. However, in the vast majority of clin-
ical studies, the mean coupling interval of initiat-
ing ectopies was rather long, usually exceeding 380
msec with QRS onset close to the end of the T-wave
[45, 121, 122]. Only few reports demonstrated truly
short-coupled (<320 msec) malignant PVCs in pa-
tients with Brugada syndrome supporting phase 2
reentry as a possible mechanism [123].

Mapping of Purkinje-Triggered PVCs
Another specific source of VF-triggering extrasys-
toles in patients with no demonstrable structural
heart disease and normal electrocardiogram origi-
nates from the specialized intraventricular conduc-
tion system [105, 106, 110, 113]. Haı̈ssaguerre et
al. [106] reported their multicenter experience on

clinical mapping and ablation of Purkinje-triggered
PVCs in 23 patients with recurrent episodes of non-
pause-dependent VF. The trigger source was local-
ized by endocardial mapping of the earliest Purkinje
activation during ectopy, and exceptionally by pace
mapping if frequent spontaneous PVCs were absent.

An initial sharp potential of <10 msec duration
that preceded the local myocardial electrogram by
<15 msec during sinus rhythm was defined as a pe-
ripheral Purkinje potential. A Purkinje origin was
identified if such a Purkinje potential preceded the
local myocardial electrogram also during the target
ectopy. The focal PVC triggers were equally found
to originate from the right and left ventricular (LV)
Purkinje system and had characteristically a short
QRS duration (126 ± 18 msec). At successful abla-
tion sites, the earliest peripheral Purkinje activation
preceded the local myocardial electrogram by 38 ±
28 msec.

Importantly, at the same Purkinje site of the trig-
gering PVC, conduction block or different con-
duction times and electrogram morphologies have
been observed, particularly at LV Purkinje target
sites (Figure 35.10a). In addition, repetitive beats of
nonsustained polymorphic VT arising from a single
mapping site were preceded by Purkinje potentials
with variable conduction (15–120 msec) to the local
myocardium (Figure 35.10b). The mechanism un-
derlying these observations is speculation, multiple
firing foci, limited foci with distinct wave propaga-
tion, or Purkinje–muscular reentry [124] may be
operative.

Unlike results reported for triggering PVCs aris-
ing from the RVOT in Brugada syndrome and
idiopathic VF, the coupling interval of Purkinje-
triggered PVCs was pretty short (280 ± 26 msec),
frequently resulting in the R-on-T phenomenon.
The Purkinje network plays also an important role
in the generation of malignant ventricular arrhyth-
mias associated with long-QT syndromes. There
is strong evidence that torsades de pointes is ini-
tiated by EADs [63, 64, 66, 86–88]. EADs can
generate extrasystoles by reaching threshold po-
tential. These EAD-induced triggered beats arise
predominantly from the subendocardial Purkinje
network [68, 71]. Its importance in initiating tor-
sades de pointes has further been demonstrated by
chemical or cryoablation of the endocardium elim-
inating spontaneous EAD-triggered extrasystolic
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Figure 35.10 Endocardial catheter mapping of frequent
Purkinje triggers in idiopathic ventricular fibrillation.
Surface electrocardiogram leads I, II, III, V1, and V6 and
intracardiac electrograms from the endocardial mapping
electrode at successful ablation sites. (a) Morphologically
different premature beats originating from the left
ventricular (LV) Purkinje system are preceded by a sharp

potential (asterisks) with varying conduction times or block
to local myocardium. Note that the Purkinje potentials also
precede sinus beats. (b) Repetitive beats of nonsustained
polymorphic VT arising from a single mapping site are
preceded by Purkinje potentials with variable conduction
time. Modified and reprinted with permission from
Ref. 106.

activity [70, 125]. Therefore, catheter mapping and
focal endocardial ablation seems promising in pa-
tients with frequent isolated PVCs with similar mor-
phology and coupling as the TdP-initiating beats.

However, as in patients with Brugada syndrome,
PVCs are uncommon in long-QT syndromes re-
mote from arrhythmic episodes, and the high effi-
cacy of beta-blockers makes documentation of fre-
quent isolated PVCs even more unlikely. This im-
portant practical limitation to mapping focal Purk-
inje triggers in long-QT syndromes is reflected by
the very limited numbers of reported cases.

For instance, Haı̈ssaguerre et al. [111] success-
fully mapped and ablated frequent Purkinje trig-
gers of multiple morphology in three patients with a
clinical diagnosis of long-QT syndromes. The map-
ping technique was identical to that described for
Purkinje-triggered idiopathic VF. The earliest endo-
cardial Purkinje potential during target PVC pre-
ceded the local myocardial activation by a mean
of 34 ± 17 msec. Mapping during nonsustained
polymorphic VT revealed Purkinje activity preced-
ing each beat with varying Purkinje-to-muscle con-
duction times. These clinical observations support
the notion that repetitive electrical discharges orig-

inating from unifocal sources in the distal Purkinje
network may contribute to the genesis of VF in at
least some patients with idiopathic VF and long-QT
syndromes.

Conclusion

The major role of cardiac mapping in chan-
nelopathies lies in experimental and clinical inves-
tigation of the underlying electrophysiological sub-
strate and arrhythmia mechanism. Mapping of fo-
cal trigger sources of VF has recently brought to
practice with the important clinical implication of
guiding catheter ablation to reduce the burden of
VF episodes and device shocks or possibly cure focal
idiopathic VF. However, the extent to which malig-
nant focal triggers can be identified in patients with
channelopathies and idiopathic VF is unknown, and
long-term clinical experience is required to establish
efficacy, safety, and clinical applicability of catheter-
based mapping and ablation of focal VF.
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Summary

Although both, preventive measures on the

population level and curative medicine have

contributed to the continuing decline in

age-adjusted cardiovascular mortality in recent

years, early identification of the individual subject

at risk for cardiovascular complications remains a

great challenge. Prevention of cardiovascular

events, which are responsible for approximately

one-third of all deaths in industrialized societies,

primarily needs diagnostic tools, which can predict

these events before they occur.

Current imaging technologies, which are

predominantly based on morphological and

functional imaging approaches of vessels and the

myocardium, seem to fail in this respect, because

these do not “see” (visualize) the underlying and

most important molecular pathways activated in

cardiovascular pathophysiology. One example is the

atherosclerotic lesion, where state-of-the-art

high-resolution multislice computer tomography

(MSCT) can three-dimensionally depict coronary

artery stenoses and calcium deposition in the vessel

wall. However, even these high-tech approaches

cannot visualize the inflammatory cellular and

molecular processes finally resulting in instability

of an atherosclerotic lesion, plaque rupture, and the

clinical sequelae—myocardial infarction or stroke.

New imaging technologies noninvasively looking

at molecular targets and their dynamic regulation

in cardiovascular diseases in vivo are urgently

needed. Although having identified challenging

cardiovascular diseases and being aware of the

unique potential of novel molecular imaging might

seem to be sufficient to develop new diagnostic

molecular imaging tools, the approach toward

these technologies remains a huge challenge.

Spectrum and Applications of
Currently Available Cardiovascular
Imaging Technologies
Morphological and functional imaging approaches

such as coronary angiography and echocardiogra-

phy have been established algorithms in clinical car-

diology for many years and represent state-of-the-

art equipment for cardiovascular diagnostics. These

methods assess the morphology of the coronary ar-

teries, valve function as well as cardiac motion.

Recent developments have provided fast MSCT

techniques to noninvasively study coronary ar-

teries. Due to the diagnostic analogy with the

classical angiographical approach, noninvasive
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MSCT-based coronary angiography has a great po-

tential to replace invasive diagnostic angiography in

certain conditions. In addition, MSCT can quantify

calcium deposits in the coronary vessel wall (“cal-

cium scoring”), which are a sign of atherosclerosis;

the value of calcium score with respect to the pre-

diction of future cardiac events is currently under

debate [1].

Besides MSCT, cardiac magnetic resonance

imaging (MRI) for the 3D assessment of cardiac

function, structural analysis of the myocardium,

and visualization of coronary arteries has been

greatly improved. Competing with the classical

scintigraphic approach for viability assessment—

i.e., 18F-fluorodesoxyglucose-PET—contrast-

enhanced MRI is increasingly being used to detect

myocardial scar following myocardial infarction

(“late enhancement”) [2]. Although most of these

techniques have been clinically available, have been

used for many decades, and have been further de-

veloped, they are limited in their predictive power

for future events such as acute coronary syndromes.

In the cardiovascular field, significant improve-

ment of both diagnostic and therapeutic algo-

rithms is expected from the use of “molecular

medicine” approaches. Molecular medicine spans

from new molecular–analytical methods in vitro,

through the identification of key molecular path-

ways and targets, toward therapeutic compounds

that specifically interact with the identified targets

in vivo.

This new trend in medicine may be facilitated

by innovative ways of imaging, that is, molecular

imaging, which directly and noninvasively visualize

molecular pathways in normal and diseased condi-

tions in vivo. Applying new molecular imaging tech-

nologies in cardiovascular medicine promises new

and exciting insight into molecular aspects of vari-

ous cardiovascular pathologies. The image-derived

molecular “map” of the heart and the vessels will

hopefully provide unique individual molecular in-

formation that can be used in improved patient

management.

Future molecular imaging of cardiovascular dis-

eases will need interdisciplinary development and

validation of new imaging approaches. In general,

these methods should offer:� High molecular sensitivity (to detect small

amounts of molecular targets);

� High temporal and spatial resolution (to precisely

localize and follow a pathway over time);� Noninvasivity (to allow for individual serial as-

sessment);� Three dimensions (to resemble anatomy);� Availability (to guarantee wide clinical applica-

tions);� No side effects (to reduce risk and improve pa-

tients comfort);� Low radiation exposure (ALARA principle).

On the basis of these prerequisites, scintigraphic

approaches such as single photon emission tomog-

raphy (SPECT) and positron emission tomography

(PET) seem well suited, because they are clinically

available, possess a very high molecular sensitiv-

ity (detection of nano-/picomolar concentrations

in vivo) while having a fair spatial but good tem-

poral resolution, are three-dimensional, and have

been in use for several decades for the study of car-

diovascular function without showing relevant side

effects (e.g., quantification of myocardial perfusion

using 99mTc-labelled compounds).

Consistently, SPECT and PET currently provide

the only clinically available molecular imaging ap-

proaches in cardiovascular imaging, for example,

the study of myocardial presynaptic sympathetic

innervation using 123I-meta-iodobenzylguanidine

(123I-MIBG) or the assessment of myocardial

glucose utilization using 18F-fluorodesoxyglucose

(FDG-PET).

FDG-PET is a prime example of an ideal molecu-

lar imaging approach: FDG, labelled by the positron

emitter 18F, is a chemical analogue of glucose and

is specifically transported into myocytes and other

cells by insulin-dependent GLUT-1 transporters.

The chemical modification of FDG as compared to

the “original” glucose is biologically inert (no side

effects), allows for intracellular phosphorylation of

FDG by hexokinase while further metabolism in

the citric acid cycle is blocked. Therefore, FDG is

trapped by viable myocytes reflecting (visualizing)

glucose uptake and hexokinase-dependent phos-

phorylation, and accumulates over time, further

amplifying the imaging signal (radioactivity).

One challenge toward innovative molecular

imaging is the development of specific trac-

ers/radiopharmaceuticals. These should specifically

bind to the molecular target in vivo by their specific

biological binding capacities (receptor antagonists
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Figure 36.1 Current and potential future spectrum of
cardiovascular imaging in vivo. Graph shows the individual
spectrum of various imaging modalities with respect to
imaging of morphology, function, and molecules. Note

that a single modality cannot cover the whole spectrum;
therefore, combined imaging approaches such as PET/CT or
PET/MRI are expected to present powerful tools for future
clinical cardiovascular diagnostics.

and agonists, enzyme inhibitors, etc.) and enable

imaging by reporting the molecular signal to out-

side the body by their attached label (e.g., radioac-

tive isotopes for SPECT or PET).

A specific and unique challenge in cardiac molec-

ular imaging is the movement of the heart in com-

bination with the size of the structures of interest,

e.g., coronary arteries, which results in low sensitiv-

ity and spatial resolution and drastically diminished

signal-to-noise ratios. Motion detection by ECG-

and respiratory triggering of the acquisitions with

retrospective motion compensation are now under

development to overcome these drawbacks. Finally,

molecular imaging approaches should be combined

with high-resolution morphological imaging (the

multimodality approach, e.g., PET/CT) and new

tracers to finally provide optimized, comprehen-

sive, and clinically available imaging protocols for

cardiovascular molecular imaging [3].

Apart from scintigraphic approaches, optical

technologies using innovative fluorescence-labelled

tracers can be used. These technologies are at least

as sensitive as scintigraphic approaches. However, a

clear drawback is the relatively poor penetrance and

its huge portion of light scattering when travelling

through tissue. Both issues currently prevent the de-

sign of a noninvasive imaging device to image deep

structures such as the heart in the human thorax.

Structures close to the surface (e.g., carotid arteries)

may be accessible for planar imaging. An alterna-

tive invasive approach can be the use of fluorescent

light-sensitive catheter tips to image molecular sig-

nals from the vascular wall. This is further hampered

by the huge absorption of light by blood [4].

Because relevant molecular targets are typically

expressed in nano-/picomolar concentrations in tis-

sues (receptors, enzymes, etc.), MSCT and current

MRI are not sensitive enough to detect these sig-

nals. However, MRI in combination with innova-

tive contrast-enhancement strategies can improve

its sensitivity in the future. Ultrasound has also

shown its potential for molecular imaging when

combined with targeted micro-/nanobubbles [5]

(Figure 36.1).

Current and Potential Future
Applications of Cardiovascular
Molecular Imaging
An overwhelming number of theoretically attractive

molecular targets exists for cardiovascular molecu-

lar imaging. The accessibility of the targets in the

different compartments of the heart and the vessels

is illustrated in Figure 36.2. Research should be fo-

cused on a clear clinical challenge/area and, within

this area, on a well-defined number of molecular

targets that have a reasonable level of feasibility. In

the following sections, the principal strategy from

target identification toward clinical application of

a newly developed molecular imaging approach is

shown for the molecular imaging of autonomic

nerve function and atherosclerotic plaques.

Molecular Imaging of the
Autonomic Nervous System

Although less established in clinical practice than

perfusion imaging, examination of the cardiac au-

tonomous nervous system is of potential value. This

may apply especially to arrhythmogenic diseases not
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Figure 36.2 In the heart, three major compartments are
relevant for molecular imaging: the myocardium, vessels,
and nerves. Because radioactive tracers are typically
injected intravenously, they will primarily distribute with
the blood flow within the vessels. Intravascular targets are
therefore theoretically easy to reach [1]. All other
molecular targets need a transport of the tracer through

the endothelium into the interstitial space, where tracers
can bind to membrane-bound targets on neurons,
myocytes, and other cells [2]. Intracellular targeting is
hampered by the cell membrane as a natural barrier. This
approach therefore often needs consideration of a
transmembrane transport strategy to finally bind the
tracers to the targets [3].

associated with functional and anatomic changes

detectable by conventional imaging, and may also

be useful in ischemic heart disease where aberra-

tions in autonomous nervous function may be a

relevant parameter.

Both pre- and postsynaptic function of the sym-

pathetic and parasympathetic nervous system are

accessible by radiopharmaceutical techniques. At

present, the sympathetic arm has received most at-

tention. Presynaptic function of sympathetic in-

nervation has been examined with the SPECT

radiotracer (123I)-meta-iodobenzylguanidin [(123I)

MIBG] and the PET radiotracer (11C)-meta-

hydroxyephedrine [(11C)HED] in various cardio-

vascular disorders.

Both tracers behave similarly to norepinephrine,

the physiological neurotransmitter. Whereas both

SPECT and PET can depict regional inhomo-

geneities, PET allows for absolute quantitation of

presynaptic function. Many reports have shown ev-

idence for involvement of the sympathetic nervous

system in various cardiovascular diseases as studied

by scintigraphic molecular imaging. For instance,

it has been shown that after non-Q-wave myocar-

dial infarction sympathetic denervation occurs at

the site of the infracted myocardium, which extends

also “downstream” after Q-wave myocardial infarc-

tion [6].

Clinically relevant arrhythmias after MI often

arise in denervated but viable tissue. Sympathetic

function is impaired for a prolonged time after an

ischemic event in patients with coronary spastic

angina as shown by (123I)MIBG [7]. Shortly after

cardiac transplantation, complete denervation ex-

ists, whereas reinnervation may occur in the trans-

planted organ later on [8]. Additionally, it has been

shown with (123I)MIBG that sympathetic function

has a prognostic value. For example, in patients

with congestive heart failure prognosis is worse for

patients with impaired presynaptic function [9].

Recently, it was shown that in patients with idio-

pathic right ventricular outflow tract tachycardia,

(123I)MIBG was able to predict future arrhythmic

events [10]. (123I)MIBG can also be used to pre-

dict improvement of left ventricular function after

initiation of β-blocker and angiotensin converting

enzyme (ACE) inhibitor therapy [11].

The density of β-adrenoceptors is an important

parameter of postsynaptic function. It has been

quantified by using radiolabelled β-adrenoceptors

antagonists and PET. (11C)CGP 12177 is a nons-

elective β-adrenoceptor antagonist that has seen

the most widespread application in clinical research

[12].

Cardiomyopathies that give rise to potentially

lethal arrhythmias are associated with typical
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Figure 36.3 Quantitation of presynaptic and postsynaptic
sympathetic function in arrhythmogenic diseases and
cardiomyopathies measured with PET and the radiotracers
(11C)HED and (11C)CGP 12177 (see text for details). The
graph shows postsynaptic beta receptor density on the
abscissa and presynaptic catecholamine recycling on

the ordinate for several conditions being associated with
ventricular tachyarrhythmias (arrhythmogenic right
ventricular cardiomyopathy, right ventricular outflow tract
tachycardia, hypertrophic cardiomyopathy, and Brugada
syndrome). Given are the mean and the standard deviation
for each type.

aberrations in sympathetic function. It has been

shown with PET using the radiotracers (11C)HED

and (11C)CGP 12177 for pre- and postsynaptic

imaging that in patients with hypertrophic car-

diomyopathy (HCM), arrhythmogenic right ven-

tricular dysplasia (ARVD) and right-ventricular

outflow tract tachycardia (RVOT), presynaptic neu-

rotransmitter recycling and postsynaptic receptor

density are downregulated (Figure 36.3).

In contrast, in patients with the Brugada syn-

drome the presynaptic neurotransmitter recycling

is upregulated while postsynaptic receptor densities

were within normal range [13–16]. These changes

in innervation mirror differences in clinical appear-

ance: whereas the former cardiomyopathies typi-

cally lead to arrhythmias under stress conditions,

the Brugada syndrome is associated with poten-

tially lethal arrhythmias occurring at rest. Labelled

β-adrenoceptor antagonists selective for the β1-

adrenoceptor subtype are under development and

await application in imaging research [17, 18].

Another objective of innervation imaging is

to assess the parasympathetic arm of the au-

tonomous nervous system. The parasympathetic

nervous system uses acetylcholine as a neu-

rotransmitter with muscarinic receptors. 11C-

methylquinuclidinylbenzilat ((11C)MQNB) is a ra-

diotracer that allows quantitation of muscarinic re-

ceptor densities [19].

Le Guludec et al. studied heart transplant patients

and found no differences in receptor density and

affinity constants of the myocardial muscarinic re-

ceptors [20]. The same group found upregulation

of muscarinic receptor density in patients with id-

iopathic dilated cardiomyopathy [21].

Molecular Imaging of
Atherosclerotic Plaques

The imaging of the lumen of arteries by angiogra-

phy is not sufficient to assess the risk for individ-

ual atherosclerotic plaques to rupture. Many my-

ocardial infarctions are caused by plaques that rup-

ture before they cause critical stenoses. These “soft”

plaques may escape detection by imaging modal-

ities that visualize the vessel lumen instead of the

atherosclerotic plaque developing in the vessel wall

itself [22]. The assessment of calcifications within

the arterial wall by means of electron beam tomog-

raphy or MSCT may yield an independent risk fac-

tor for coronary heart disease, but the location of the

calcium deposits are not equivalent to the location

of vulnerable plaques [23]. However, like angiogra-

phy, it also fails to identify unstable plaques that are

likely to rupture and require interventions. Patient

management can be improved by targeted inter-

ventions if unstable atherosclerotic plaques prone

to rupture can be identified in time.

The molecular and cellular processes in plaque

formation and plaque rupture are increasingly un-

derstood, providing a basis for the development

of targeted molecular imaging techniques using
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radiotracers. Thorough assessment of plaques by

means of molecular imaging may be accompa-

nied by assessment of plaque morphology using in-

travascular ultrasound (IVUS), CT, and MRI.

Several different radiotracers for imaging plaque

instability have begun to emerge in recent years and

show great promise.

(18F)FDG
(18F)-FDG is accumulated in areas with high con-

centrations of activated macrophages and leuco-

cytes and therefore serves as a surrogate marker

of inflammation. It is not surprising that (18F)-

FDG has been successfully used as a marker for

atherosclerotic plaques with persisting inflamma-

tion. Studies in the carotid artery have shown

that symptomatic plaques (associated with mi-

croembolization) show higher (18F)-FDG uptake

than nonsymptomatic plaques [24]. Studies in the

carotid and great arteries of the body with com-

bined PET/CT have shown that (18F)-FDG uptake

and calcification are discordant in many cases, un-

derscoring the assumption that measurement of

calcification cannot be used to identify unstable

plaques.

Application of (18F)-FDG uptake as a surrogate

marker for inflammation in coronary artery plaques

is hampered by the significant background uptake

in the left ventricular myocardium and by car-

diac movement during image acquisition. Although

controlled metabolic conditions may limit myocar-

dial glucose utilization, (18F)-FDG is still largely un-

suitable for effective coronary plaque imaging.

Matrix Metalloproteinase Inhibitors
The thrombogenic core of a plaque is separated

from the vessel lumen by a fibrous cap. The in-

tegrity of this cap is an important determinant of

plaque stability. Proteolysis of the extracellular ma-

trix by activated matrix metalloproteinases (MMPs)

can serve as a potent indicator for plaque instability

(i.e., propensity of the plaque to rupture).

Radiotracers based on MMP inhibitors that only

bind to activated MMPs have been developed and

successfully tested in animal experiments [25, 26].

Radiotracer development can take advantage of the

fact that MMPs are well characterised and that a

number of synthetic MMP inhibitors have been de-

veloped for cancer treatment. PET imaging is pos-

sible when using 124I or 18F as the radiolabel. Figure

36.4 shows a feasibility study for MMP imaging in

apoE−/− mouse models of MMP-rich vascular le-

sions following carotid ligation. Several other MMP

inhibitors have been successfully labelled with 11C

and 18F for PET imaging [27]. Recently, precursors

for SPECT- and PET-imaging based on barbiturate

derivatives with high MMP binding potential have

been developed that promise improved MMP selec-

tivity [28].

Annexin V and Caspase Inhibitors
The presence of apoptosis can also serve as a

marker for the unstable plaque because apoptosis of

macrophages and other cells is generally driving the

atherosclerotic plaque toward instability. Annexin V

is known to bind to phosphatidylserine, a negatively

charged membrane phospholipid externalized to

PETEX VIVO

Figure 36.4 Ex vivo photography of the surgical site (left
panel) and corresponding whole body coronal slice (0.4
mm thick) through a left carotid lesion (right panel)
developing 4 weeks after ligation of the left common
carotid artery and hypercholesterolemic diet in a apoE−/−

mouse. An intense uptake of the radiolabelled broad
spectrum MMP inhibitor 124I-HO-CGS 27023A into the left
carotid lesion (arrow) 30 min after intravenous injection is
visible using high resolution small animal PET (quadHIDAC,
Oxford Positrons Ltd., Oxford, UK).
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the cell surface during the early apoptotic signalling

cascade. Annexin V labelled with 99mTc can be used

to visualise vulnerable plaques in animals and in hu-

mans using SPECT. Kolodgie et al. have observed in

rabbits and Johnson et al. in swine that plaques have

a high uptake of this radiotracer and that this uptake

reflects the amount of apoptosis [29, 30]. Kietselaer

et al. have successfully applied 99mTc-Annexin V in

humans [31]. Hartung et al. have shown in rabbits

that cholesterol-lowering therapy by dietary modifi-

cation and statin intake leads to a decrease in 99mTc-

annexin V accumulation in atherosclerotic lesions,

implying plaque stabilization [32]. However, phos-

phatidylserine is a molecular target not exclusively

regulated by apoptosis in vivo. It is also elevated

by other forms of cell stress not necessarily leading

to apoptosis. In contrast, activation of caspases in-

side the cells signals the initiation of the irreversible

cascade towards apoptosis. Caspases, therefore, are

likely to be better and specific molecular targets for

molecular imaging of apoptosis. Targeting an intra-

cellular enzyme with a radiotracer (e.g., a radiola-

belled caspase inhibitor) is conceptually more chal-

lenging than targeting a cell-surface receptor such

as phosphatidylserine. First approaches aim for this

type of molecular imaging of apoptosis [33, 34].

Apoptosis also plays an important role in dis-

eases affecting cardiomyocytes such as myocardial

infarction, myocarditis and nonischemic cardiomy-

opathies. As examples, it has been shown that imag-

ing of annexin V accumulation depicts tissue at risk

after myocardial infarction with reversible damage

[35]. Elevated annexin V uptake can be found after

heart transplantation in case of acute transplant re-

jection [36] that correlates with caspase-3 staining

in histology.

Endothelin
Endothelin (ET) is a strong vasoconstrictor and has

three isoforms, ET-1, ET-2, and ET-3 that mainly

bind to the two ET receptors ETAR and ETBR. ETAR

can be found in smooth muscle cells whereas ETBR

are located primarily in vascular endothelial cells.

ET-1 is generated from its precursor big ET-1 by help

of the endothelin-converting enzyme (ECE)-1 and

plays an important role in the regulation of the vas-

cular tone. Elevated levels of ET-1 lead to endothelial

dysfunction. Additionally, ET-1 is implicated in an-

giogenesis, restenosis after balloon angioplasty and

atherosclerosis. ET-1, ECE-1 and ET-receptor up-

regulation can be found in atherosclerotic lesions

especially in the inflammatory stages [37]. ET-1,

ECE-1 and ET receptors may therefore be suitable

targets for the imaging of unstable atherosclerotic

plaques.

Johnström et al. [38] have successfully labelled

ET-1 with the positron emitter 18F. Biodistribu-

tion and organ uptake was visualised in rats with a

dedicated small animal PET scanner. Although my-

ocardial binding of 18F-ET-1 with good ET-receptor

affinity was observed in vitro, myocardial uptake

was minimal. Additional experiments showed that

rapid clearance of the radiotracer from the blood

in the lung and in the kidneys, where the density

of ETBR is high, is responsible for the faint my-

ocardial uptake. Significant myocardial uptake with

PET was only observed when injection occurred

after blockage of the ETBR receptors with the an-

tagonist BQ788 [38], effectively allowing the 18F-

ET-1 to reach the myocardium. Dinkelborg et al.

have shown an uptake of a 99mTc-labelled endothe-

lin derivative in atherosclerotic plaques in a rabbit

model both in vivo and ex vivo [39]. The uptake

was proportional to smooth muscle cell count but

not to the densities of macrophages.

The authors hypothesised that this radiotracer

may be feasible for the early detection of atheroscle-

rosis. Many different radiotracers based on antago-

nists of ET-receptors, either selective or unselective

for ETAR or ETBR, have been developed and suc-

cessfully tested in animal studies, most of them for

use with PET [40–43]. At this stage it is still un-

clear whether these ET-related radiotracer develop-

ments are suitable for the imaging of atherosclerotic

plaques in humans; however, these tracers may also

find widespread use in the cardiovascular field out-

side of plaque imaging, for example, for investiga-

tions on endothelial dysfunction, angiogenesis and

restenoses.

Conclusions and Perspectives

Molecular cardiovascular imaging with scinti-

graphic techniques has received a new impetus with

advances in genetic diagnostics and molecular ther-

apies. While the assessment of myocardial perfu-

sion and metabolism with radiotracer techniques

has been long established in cardiovascular routine

diagnosis, newer methodologies, especially in the

field of gene and cell imaging, have only started to
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emerge. Initial studies have confirmed the feasibil-

ity and applicability of these methods and promise

an exciting future for both basic research and clini-

cal applications. The nature of the radiotracer tech-

nique, together with the development of dedicated

small-animal SPECT and PET scanners, allow for

a unique translational application from animals to

humans. Imaging characteristics of devices for small

animals and humans are very similar in relation

to body size. Radiotracer techniques are very sen-

sitive so that molecular targets with a low molar

density can still be assessed without disturbing the

biochemical system if the specific activity of the ra-

diotracer is high enough. Numerous inorganic and

organic molecules can be radiolabelled with no or

little changes of their biochemical behavior.

Radiotracer imaging techniques do not give high-

resolution anatomical information so that combi-

nations of SPECT and PET with CT and MRI are

becoming increasingly valuable. Sensitivity and true

molecular information is provided by SPECT and

PET, whereas anatomic, morphological, and func-

tional assessment is possible with CT and MRI.

Imaging of the constantly moving structures such as

coronary arteries represents a special challenge for

SPECT and PET imaging. A truly interdisciplinary

approach with specialists from the fields of engi-

neering, physics, mathematics, computer science,

biology, chemistry, and medicine working together

will be necessary to overcome these obstacles.

The role of molecular imaging in arrhythmia re-

search and management will need further exten-

sive and innovative research. The methodology for

imaging the autonomic nervous system and arte-

riosclerotic plaques is promising.

Acknowledgements
This work was supported by the Deutsche Forsch-

ungsgemeinschaft (DFG), Sonderforschungsbere-

ich SFB 656 MoBil, Münster, Germany.

References

1 Berman DS, Hachamovitch R, Shaw LJ, et al. Roles of nu-

clear cardiology, cardiac computed tomography, and car-

diac magnetic resonance: noninvasive risk stratification

and a conceptual framework for the selection of non-

invasive imaging tests in patients with known or sus-

pected coronary artery disease. J Nucl Med 2006; 47:

1107–18.

2 Isbell DC, Kramer CM. Magnetic resonance for the as-

sessment of myocardial viability. Curr Opin Cardiol 2006;

21: 469–72.

3 Schwaiger M, Ziegler S, Nekolla SG. PET/CT: challenge

for nuclear cardiology. J Nucl Med 2005; 46: 1664–78.

4 Jaffer FA, Weissleder R. Seeing within: molecular imaging

of the cardiovascular system. Circ Res 2004; 94: 433–45.

5 Behm CZ, Lindner JR. Cellular and molecular imaging

with targeted contrast ultrasound. Ultrasound Q 2006;

22: 67–72.

6 Inoue H, Zipes DP. Results of sympathetic denervation

in the canine heart: supersensitivity that may be arrhyth-

mogenic. Circulation 1987; 75: 877–87.

7 Inobe Y, Kugiyama K, Miyagi H, et al. Long-lasting abnor-

malities in cardiac sympathetic nervous system in patients

with coronary spastic angina: quantitative analysis with

iodine 123 metaiodobenzylguanidine myocardial scintig-

raphy. Am Heart J 1997; 134: 112–18.

8 Wilson RF, Laxson DD, Christensen BV, McGinn AL,

Kubo SH. Regional differences in sympathetic reinner-

vation after human orthotopic cardiac transplantation.

Circulation 1993; 88: 165–71.

9 Yamada T, Shimonagata T, Fukunami M, et al. Com-

parison of the prognostic value of cardiac iodine-123

metaiodobenzylguanidine imaging and heart rate vari-

ability in patients with chronic heart failure: a prospective

study. J Am Coll Cardiol 2003; 41: 231–38.
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Summary

Mapping cardiac electrical activity using

fluorescence imaging techniques (optical mapping)

has made significant contributions to our

understanding of cardiac arrhythmia mechanisms.

The advantages brought on by optical mapping

include: unprecedented details of cardiac electrical

activity at high spatial and temporal resolution and

optical recordings of action potentials with signals

similar to the shape and time course of action

potentials recorded with intracellular

microelectrodes. Moreover, optical mapping can

image electrical activity at sampling rates

sufficiently fast to map rapid activation of cardiac

tissue under sinus rhythm, during reentry, as well as

provide detailed maps of repolarization sequences.

Studies using optical mapping of isolated heart

preparations have thus provided new insights in

various fields where conventional methods proved

to be unsuitable; namely studies of: dispersion of

repolarization, restitution kinetics of action

potential durations, rate-dependent changes of

repolarization, phase singularities, mechanisms

underlying wave breaks in ventricular fibrillation

(VF), activation of the ventricles via the specialized

conduction system, and defibrillation mechanisms.

Optical mapping techniques have been extended to

new research areas that until recently were not

practical. For instance, optical mapping can be used

to elucidate the effects of spatial distributions of ion

channel expression and other regulatory proteins

and to characterize the arrhythmia phenotype of

genetically engineered animals designed as models

of human congenital diseases. Optics makes it

possible to combine voltage and other fluorescent

probes to simultaneously map several parameters

(i.e. Voltage and intracellular Calcium) and to map

spatial heterogeneities of intracellular calcium

handling, and determine the role of intracellular

Ca2+ as mechanisms that precipitate cardiac

arrhythmias.
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Introduction

It is generally thought that cardiac arrhythmias are
mostly due to reentrant electrical waves that contin-
uously reexcite cardiac tissue [1–3]. Initiation and
maintenance of these reentrant waves have been a
major focus of research, to better understand the
mechanisms underlying cardiac arrhythmias and
also search for better treatment to stop and prevent
reentry.

The development of vortex-like reentry or spiral
waves and their trajectory may, in principle, vary
due to spatial heterogeneities of cellular properties
such as refractoriness, restitution kinetics of action
potential durations, and fiber anisotropy. There-
fore, the location and circuits of reentry, and the re-
lationship between anatomical and functional char-
acteristics of tissue, have frequently been the sub-
jects of research and debate.

The fundamental goal is to map reentry circuits
to gain a greater understanding of the mechanisms
that initiate and maintain reentry as well as the pos-
sible factors that precipitate cardiac arrhythmias.
However, due to the complexity of wave propaga-
tion and their abrupt changes in direction during
fibrillation, it has been difficult to track propagation
patterns quantitatively to analyze the structure and
dynamics of arrhythmias with conventional elec-
trode techniques.

Fluorescence imaging with voltage-sensitive dyes
[4] can provide high spatial and temporal maps of
activation, but like electrode techniques the record-
ings are limited to the surface of heart. However,
optical mapping offers several advantages:

(a) The fluorescence changes emanating from
voltage-sensitive dyes vary linearly with changes in
the transmembrane potential measured with intra-
cellular microelectrodes. As a result, the shape and
time course of the optical action potential (AP), and
the local activation and repolarization time-points,
detect membrane potential changes with high ac-
curacy that cannot be obtained using extracellu-
lar electrodes. Moreover, ionic and pharmacological
interventions did not distort the fidelity of the opti-
cal action potential; its sh action potentiale and re-
polarization time course continue to correctly track
changes in action potential due to rate, hypoxia, is-
chemia, adrenergic activity, ionic concentrations,
species differences, and different cell types found in
different regions of the heart.

(b) Mapping can be easily done in a large area
of the heart at high spatial and temporal resolution
with high-speed imaging devices such as photodi-
ode arrays, or CCD or CMOS cameras. In contrast
to surface electrograms, anatomical landmarks can
be easily identified from the raw image of the heart
taken from most cameras, and optical recordings are
impervious to electrical distortion and saturation of
operational amplifiers caused by electrical stimula-
tion even during strong defibrillation shocks.

(c) Along with mapping electrical activity, op-
tical probes of other parameters can be simultane-
ously recorded from multiple sites (i.e., intracellular
Ca2+ concentration) that have greatly enhanced the
power of these techniques. This chapter introduces
the general principle of optical mapping apparatus
and detectors and how they have been applied to
investigate cardiac arrhythmia mechanisms.

Fluorescence Probes and Imaging
Instruments
The principle of optical mapping of electrical ac-
tivity is to label cardiac membranes with a dye
that exhibits large changes in fluorescence and/or
absorption during changes in transmembrane po-
tential that can be detected with high-speed imag-
ing instruments. Probes that detect transmembrane
potential (Vm) changes are known as fast voltage-
sensitive dyes and can be delivered to the cell mem-
brane (known as staining procedure) by adding the
dye directly to the aqueous solution used to perfuse
the heart or dissolving the dye in a stock solution
containing a vehicle to help deliver the dye to the
cell membranes.

Merocyanine 540 was the first dye used to mea-
sure a cardiac action potential optically, with a frac-
tional fluorescence change (�F /F ) of merely 1–
2% per action potential [5]. Despite the small flu-
orescent change, the finding was most encouraging
compared to measurements of Vm from squid giant
axons where the fluorescence changes were ten times
smaller often requiring signal averaging, and there
were additional concerns due to phototoxic effects
[6, 7]. Since then, numerous voltage-sensitive dyes
have been discovered with improved characteristics
that benefit mapping of electrical activity.

The most popular voltage-sensitive dye among
cardiac researchers has been di-4-ANEPPS [8, 9]
due to its fast response to Vm, ease of staining, neg-
ligible phototoxicity in perfused hearts, and bright
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Figure 37.1 Fluorescence probes and schematics of optical
mapping apparatus. (a) Electrochromic mechanisms for
voltage-sensitive dye, di-4-ANEPPS. The chemical structure
includes polar groups (—SO3—) and lipophilic hydrocarbon
changes (butyl groups) to orient voltage-sensitive dye
parallel to the electric field across the cell membrane.
(b) The molecule can shift a charge in different resonance
states, depending on the electrical field, resulting in
fluorescence changes corresponding to Vm changes.

(c) Optical mapping apparatus (taken from Ref. 41, Figure
1A). Typical apparatus includes heart chamber, excitation
light source, lenses and filters to collect emission from
fluorescence probes, and detectors such as photodiode
arrays or CCD cameras to simultaneously map Vm and
intracellular free Ca2+ concentration, Cai. (d) Typical
recordings from one Vm and one Cai pixel viewing the
same site on the heart (taken from Ref. 41, Figure 2B).

fluorescence signals, with relatively less intense ex-
citation light. Figure 37.1 shows the chemical struc-
ture of di-4-ANEPPS and its electrochromic char-
acteristics. An important feature of the dye is its
bifunctional structure with a hydrophilic negative
charge in one side and hydrophobic carbon chains
in the other. The bipolar nature of dye promotes
the delivery of the dye to the membrane such that
it is preferentially inserted perpendicular to the cell
membrane (Figure 37.1b) [9].

As a result, transmembrane potential changes can
shift fluorescence from VSD rapidly by a reorgani-
zation of its outer shell of electrons. The response
time to Vm is instantaneous (within microseconds),
which allows for the detection of action potential
upstrokes from isolated myocytes. It is important
to point out that the dye senses the orientation of

Vm. When stained from the extracellular side of the
membrane, a dye may exhibit an increase in fluores-
cence during an action potential, but when stained
from the cytosolic of the membrane, the same dye
will exhibit a decrease in fluorescence during an ac-
tion potential.

The reversal of the fluorescence change implies
that if the dye is internalized during the course
of the measurement, the fluorescence changes tend
to cancel out from dye molecules bound from the
outside vs. inside. In addition, at high concentra-
tions, most dyes tend to form dimmers that quench
their fluorescence emission, and as a result an ex-
cessive amount of dye staining becomes counter-
productive.

The dye-staining process can be as simple as per-
fusion of the heart with a dye containing Tyrode’s
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solution for a few minutes. Typically, the voltage-
sensitive dye is dissolved in dimethyl sulfoxide
(1 mg/mL) and an aliquot or bolus of stock solution
is added to the perfusate or injected directly in the
cannula used to perfuse the heart. As little as 25 μL
of stock solution (∼ 1 mM) is typically sufficient
to yield optical action potentials with an excellent
signal-to-noise (S/N) ratio from rabbit hearts, and
the concentrations of dye should be adjusted to the
size of the heart.

Longer wavelength dyes were developed in at-
tempts to record action potentials from deeper lay-
ers within ventricular tissue. These dyes, such as
PGH1, tend to be more hydrophobic and difficult
to dissolve at physiological pH. Such dyes can be
delivered by making a stock solution containing
a surfactant such as Pluronic L44 to improve dye
delivery [10]. In the case of isolated tissue prepa-
ration that requires superfusion of tissue, reason-
able signals can be obtained after longer perfu-
sion of dye solution (∼45 min) [11]. More re-
cently, dye delivery of long-wavelength dyes was
shown to be effective by increasing dye solubil-
ity either by preparing a dye stock solution in Ty-
rode’s with low pH (∼6.0–6.4) or by covalently
linking a polyethylene glycol to the dye structure
[12].

Fluorescence changes can be simultaneously
measured from multiple sites using imaging de-
vices such as CCD (charge-coupled devices) cam-
eras. Camera lenses are a popular choice to focus the
entire heart on the small sensor chips such as Nikon
F-mount or Navitar C-mount lenses. With such a
configuration [panel (c)], the working distance is
typically large, in the range 5–10 cm, making light
collection rather inefficient.

In contrast, photodiode arrays and CMOS (com-
plementary metal-oxide semiconductor) cameras
have considerably larger sensor areas (1.8 × 1.8 or
1.0 × 1.0 cm2) requiring less demagnification of
the image and considerably shorter working dis-
tance and light collection. Uniform illumination of
the heart can be achieved with one or two tungsten
halogen lamps or several light guides from multiple
light sources, ring-like arrangement around the col-
lection lens, Hg-Xe arc lamps, or more recently with
high-intensity light-emitting diodes (LED) and can
be obtained for large fields of view (>1 cm). In con-
trast, a high magnification is needed for a smaller
heart such as mice (∼ 5 mm field of view), which

are obtained by reducing the working distance and
epi-illumination arrangement with a dichroic box
is recommended [13].

The fluorescence signal from a single pixel repre-
sents the sum of optical action potentials from many
cells in a volume primarily determined by pixel size,
magnification, numerical aperture of camera lens,
and the wavelength of the fluorescence light. The
depth resolution can be estimated with following
equation,

d = λ · n

NA2 + n · e

M · NA
,

where d is depth of focus, NA is a numerical aper-
ture of the camera lens, M is magnification, e is
the dimension of single pixel, n is a refractive index
(water ∼1.3), and λ is the emission wavelength.

In addition, light scattering by cardiac tissue also
influences depth resolution. Depth resolution of a
typical setup with a CCD camera is in the range
of 100 μm ∼ 2 mm depending on magnification.
Therefore, signals should be interpreted appropri-
ately when highly complex, inhomogeneous tissue
will be mapped such as SA or AV node and endo-
cardial surface with Purkinje fibers attached.

Applications of Optical Mapping
Technique

Mapping Activation, Repolarization,
Action Potential Duration, and Its
Restitution Kinetics
A major advantage of optical mapping is the abil-
ity to record action potentials simultaneously from
multiple locations. Figure 37.2 shows a typical ex-
ample of fluorescence signals recorded with photo-
diode arrays at 2000 f/sec. The signal-to-noise ratio
can be over 100:1 and the shape of action poten-
tials is similar to transmembrane potential record-
ings with microelectrodes. Activation, repolariza-
tion, and action potential duration (APD) are au-
tomatically detected from first and second deriva-
tives of fluorescence recording (F ). Panel (b) shows
an example of first (dF/dt) and second derivatives
(d2F/dt2) [14]. The peak of dF/dt and d2F/dt2 cor-
responds to the rapid rise of action potential up-
stroke and downstroke of repolarization (red cir-
cles) which can be automatically detected using
peak detection algorithm [14]. Panel (c)–(e) are
maps of activation, repolarization, and APD [15].
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Figure 37.2 Mapping activation, repolarization, and
dispersion of APD. (a) Orientation of the heart and the
region viewed by the array. (b) Examples of fluorescence
signals from guinea pig heart and automated detection of
activation and repolarization. dF/dt: first derivative of
fluorescence signal (F (t)). d2F/dt2: second derivative of
F (t). Both (dF/dt) max and (d2F/dt2) max can be used to
detect activation and repolarization, respectively. (c)–(e)

Activation, repolarization, and APD maps (taken from Ref.
41, Figure 5). The brighter the color the earlier the
activation time. Note that the repolarization map is
different from the activation map, indicating intrinsic
spatial heterogeneities in ion channel expression in
different regions of the heart. (f) Activation map of the
premature beat.

The APD map indicates that APDs are shorter
at the apex than the base in guinea pig hearts
[15, 16], as well as all the hearts that have been stud-
ied thus far: mice [13], rabbits [17], and dogs (un-
published experiments). As a result, premature beat
encounters refractoriness at the base and propagates
toward the apex region first where the action po-
tentials have already recovered from refractoriness,
leading to unidirectional conduction block and ro-
tating waves (panel f) [15].

Patterns in Ventricular Fibrillation
The hallmark of ventricular fibrillation is the shift
from regular rhythmic contractions to a “can of
worms” appearance of random local contractions
and complex irregular ECG patterns. Mapping ac-
tivation waves during ventricular fibrillation using
an array of surface electrode recordings often en-
counter difficulties in analyzing the precise prop-
agation pathway during rapid Vm oscillations be-
cause of the far-field integration of voltage by elec-
trograms. In contrast, Vm measured from optical
mapping show oscillations similar to what would
be measured by an array of intracellular microelec-
trodes (Figure 37.3c).

With the high sampling rate of a CMOS cam-
era (up to 10,000 f/sec), activation patterns during
VF can be traced with great accuracy. For exam-
ple, panel (b) represents a series of activation maps
obtained from a CMOS camera with a spatial res-
olution of 100 × 100 μm2 and a temporal resolu-
tion 0.5-msec intervals [18]. The activation patterns
were recorded with unparalleled accuracy, making
it possible to discern wave collisions, conduction
blocks, and wave fractionations.

With such detail, further analysis made it possi-
ble to correlate activation patterns with anatomi-
cal obstacles such as major vessels [18, .19], fiber
orientations [20], and the location of scars. Simi-
larly, wave fractionation or wave break sites could
be correlated with functional lines of block that oc-
curred dynamically due to dispersion of repolariza-
tion and APD restitution kinetics [21]. In addition,
the high signal-to-noise ratio and spatial resolution
of optical mapping using a CMOS camera made it
possible to examine the shape and time course of
action potentials at and near wavebreak sites in VF
(within 300 μm), and was shown to coincide with
nodes of spatially discordant electrical alternans
[18].
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Figure 37.3 Mapping electrical activity in fibrillation and
during defibrillation shocks. (a) Typical fluorescence
recordings of VF in guinea pig hearts (taken from Ref. 18,
Figure 1B). (b) Series of activation maps in VF (1 × 1 cm2

field of view, 2 msec isochronal lines). (c) Phase maps and
identification of phase singularities (taken from Ref. 23,

Figure 2A). (d) Activation maps from the entire epicardial
surface using panoramic optical mapping (taken from Ref.
25, Figure 3). (e) Transmembrane potential distribution
during a defibrillation shock produced a virtual electrode
(VE) effect on the epicardium (taken from Ref. 42, Figure
5B).

The study suggests that spatially discordant al-
ternans may be an important mechanism underly-
ing VF maintenance through the creation of new
daughter waves at wavebreak sites [18]. The nature
and organization of VF dynamics has been shown
to depend on the osmolarity and tonicity of the per-
fusate. In Langendorff-perfused guinea pig hearts,
switching the perfusate from an iso-osmotic to a
hypo-osmotic solution produced a gradual time-
dependent shift of VF frequencies from complex
FFT to a single high-frequency rotor. The changes
in VF dynamics occurred over several minutes and
were reversed by switching back to iso-osmotic con-
ditions or by adding an inhibitor of chloride chan-
nels [22]. Moreover, the channel most likely respon-
sible for volume regulation in heart cell, ClC-3, has
been found to be heterogeneously distributed be-
tween the right and left ventricles. As a result, the
dominant high frequencies (28–30 Hz) during VF
were observed only under hypo-osmotic conditions
and on the left but not the right ventricle, which is
consistent with the distribution of ClC-3 [22].

The complex wave propagations can be further
analyzed by localizing the center of rotation and
then tracing their behavior. Gray et al. [23] ap-

plied a time-embedding approach to convert flu-
orescence signals into an angular variable. With
this algorithm, the state of cardiac myocytes can
be represented as a periodic phase value (−π to π)
that corresponds from the activation to the repo-
larization/refractoriness. The center of rotors can
be defined as phaseless point (phase singularity; see
Figure 37.3c). Therefore, complex patterns of wave
propagation can be analyzed by tracking creation
and annihilation of phase singularities and their dis-
tribution [19, 23].

In principle, phase singularities are valid surro-
gates for wavebreak sites, except when baseline drift
and a low signal-to-noise ratio compromise the
analysis, resulting in false positives. The improved
characteristics of CMOS cameras make it possible to
identify wavebreak sites directly using image anal-
ysis algorithms [18]. The method has shown that
for VF elicited by burst pacing, wavebreaks do not
preferentially occur at anatomical obstacles such as
large coronary vessels, but are coincident with the
nodes of spatially discordant voltage alternans [18].

One of the limitations of a single camera sys-
tem is that only one part of the surface of the heart
was mapped, with little information around the
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perimeter of the heart. As a result, waves often dis-
appear from the field of view, and it is difficult to
track wave fronts and to investigate mechanisms of
phase singularity formation. Rogers et. al. [24, 25]
recently used a set of cameras to image the entire sur-
face of the heart, including the anterior, posterior,
and both sides, and then reconstructed wave prop-
agation from the whole surface of the heart [panel
(d)]. The panoramic optical mapping method can
trace all the wave fronts from the complete epicar-
dial surface. With panoramic mapping, Rogers et. al.
(provided new insights regarding the maintenance
of VF; most wave fronts from the epicardium can be
tracked in time as well as their creation and annihi-
lation. which suggests that the essential events in VF
have been observed on the surface of the heart and
nonepicardial ectopic source(s) such as the “mother
rotor” have not been required to maintain VF [25].

Distribution of Transmembrane
Potential During Defibrillation Shocks
One of the great advantages of optical mapping
is that the fluorescence recording is impervious to
electrical stimulation artifacts. Microelectrode and
surface electrode recordings exhibit sharp spikes
during electrical stimuli, which may saturate the op-
erations amplifiers, especially during strong shock.
These shock artifacts hamper electrogram record-
ings and subsequent analysis of the potential distri-
bution across the tissue elicited by the electric shock
as well as wave propagations.

Efimov et. al. [26, 27] investigated Vm distribu-
tions during and after strong shocks (Figure 37.3e)
and presented compelling evidence for the genera-
tion of virtual electrode phenomena in cardiac tis-
sue. Due to nonuniform resistance along the muscle
fiber in intra/extracellular space (as predicted from
the bidomain theory), strong shocks caused one re-
gion of the tissue to depolarize while other becomes
hyperpolarized, resulting in nonuniform Vm distri-
bution. This nonuniform Vm distribution elicited
by the shock is called the “virtual electrode” (VE) ef-
fect because hyperpolarization of tissue can be seen
near the cathode without the position of the real
anode during strong shock.

Mapping the VE effect using optical the map-
ping technique has extended our understanding of
mechanisms of defibrillation and provided clues as
to why in some cases the shock fails to stop fibril-

lation. Defibrillation failure occurs because a new
wave front is formed at the boundary between de-
polarized and hyperpolarized region of tissue and
the wave spreads unidirectionally across the hyper-
polarized region, resulting in a new reentrant wave
(scroll wave) [26].

Mapping Genetically Engineered
Animal Models
Progress in molecular biology has led the way to
the development of transgenic animal models of
human cardiac pathology, and the contribution of
these models to our understanding of mechanisms
underlying these pathologies has been enormous
[28]. Except for a few rabbit models of long QT,
transgenic models have been routinely generated in
mice.

For cardiac electrophysiology, the small dimen-
sions of mouse heart (<5 mm) make it particularly
challenging to map mouse hearts using multiple ex-
tracellular surface or monophasic action potential
(MAP) electrodes and track wave propagation. Op-
tical mapping with a high magnification lens has
been a practical approach for mouse cardiac elec-
trophysiology [29–31]. In addition, action poten-
tials can be recorded with excellent signal-to-noise
ratio, sufficient to map activation, repolarization,
and restitution kinetics, even in embryonic mouse
heart [32] and zebra fish heart [33].

The heterogeneous distribution of ion channels
can increase vulnerability to arrhythmias by in-
creasing the dispersion of repolarization. In the
long-QT animal model, slowly inactivating K+ cur-
rent was repressed by the dominant negative trans-
genic approach, and these transgenic mice exhibit
prolonged QT intervals and VT induction by pro-
grammed stimulation [13].

Mechanisms of VT in this model were investi-
gated by mapping conduction blocks and reentry
formation with a photodiode array and high mag-
nification lenses. Figure 37.4a is an example of an
APD map from transgenic heart [13]. The disper-
sion of APD was accentuated in this transgenic long-
QT model, exhibiting shorter at the apex than at
the base. A premature impulse applied at the apex
produced a sustained VT that did not occur with
stimulation at the base. Mapping of premature beat
revealed a line of conduction block in the middle
caused by increased dispersion of repolarization.
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Figure 37.4 Mapping genetically engineered animal
models. (a) Increase of repolarization dispersion in long-QT
mouse model increases reentry formation during
premature stimulation (taken from Ref. 29, Figures 4D and
6D). (Left panel) APD maps showing longer APD at the
base. (Right panel) Premature stimulation encounters
conduction block toward the base and forms reentry due
to longer APD at the base. (b) Activation pattern under
sinus rhythm in control (left panel) and Cx43 knockout
mice (right panel) (taken from Ref. 30, Figure 2D,E). (c)

High-frequency rotors under IK1 overexpression condition.
APD shortening by IK1 overexpression increased rotation
speed of spiral waves at higher frequency (taken from Ref.
31, Figure 2). (d) Ca2+-sensitive GFP was expressed
selectively in the heart of transgenic mice using the
α-myosin heavy chain promoter resulting in mice with
green hearts. The genetically encoded GCaMP2 Ca2+

sensor yielded Ca2+ transients beat-to-beat that increased
in amplitude after an addition of isoproterenol (Iso) (taken
from Ref. 38, Figures 1D,E).

This finding suggests that potassium channels are
not uniformly distributed and an increase of APD
dispersion increases vulnerability to conduction
block and reentry formations [13].

Panel (b) illustrates another example of the trans-
genic mouse model. Connexin 43 is a major gap
junction in the ventricle, and its potential roles in
various pathologies have been well documented, in-
cluding heart failure, development, diabetics, and
myocardial infarction. Because the homozygous
Cx43 knockout is lethal, a conditional knockout
model was developed to delay the embryonic mor-
tality [34]. These mice displayed a progressive re-
duction in the amplitude of the QRS complex with-
out changes in the action potential amplitudes mea-
sured from single myocytes.

The cause of QRS anomalies was investigated by
mapping the activation pattern under sinus rhythm
with optical mapping [30]. Panel (b) shows activa-
tion maps from control (left) and transgenic hearts
(right). The sinus activation in Cx43 knockout heart
revealed multiple sites of epicardial breakthrough

and subsequent wave front collisions, which ac-
count for the highly arrhythmogenic behavior of
the Cx43 deficient heart.

In addition to knockout animal models, the over-
expression of specific proteins can be used to eval-
uate their role in modifying arrhythmia dynam-
ics. Theoretical and experimental studies suggest
a tight link between wavelength of the action po-
tential (wavelength = conduction velocity ∗ APD)
and the dimension of reentry circuits, which is lim-
ited by head–tail interaction around the center of
rotation.

In mammalian hearts, a major determinant of
repolarization reserve is the inwardly rectifying K+
current, IK1, which has been found to be critical to
rotor stability. Jalife and his colleagues investigated
the effects of IK1 by generating a mouse model that
overexpresses the channel protein (Figure 37.4c).
In this model, APD shortened significantly as ex-
pected due to an increase of IK1. The rotation speed
of spiral waves increased markedly (26 Hz in con-
trol vs. 44 Hz in transgenic hearts), confirming the
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relationship between wavelength and spiral wave
dynamics. These studies suggested that hetero-
geneities of IK1 levels between right and left ven-
tricles might account for the higher VF frequencies
found in the left compared to the right ventricles of
guinea pig hearts [35].

An alternative explanation is that the guinea pig
hearts used in these studies were perfused under
hypo-osmotic conditions, which would result in the
activation of chloride currents (preferentially on the
left compared to the right ventricles). Several types
of Cl− channels are found in cardiac cells; Ca2+

activated, PKA, or PKC-dependent and volume-
regulated Cl− channel [36]. Among these, the acti-
vation of volume-regulated (or swelling-activated)
chloride current (ICl, vol) by perfusion with a solu-
tion made hypo-osmotic by 45 mOsM was shown to
transform VF from complex to a highly organized
dominant high frequency [22].

Recent advances in molecular engineering al-
lowed the design of proteins that serve as optical
indicators of cellular behavior. These genetically en-
coded sensors can target key lineages and tissues or
even specific subcellular locations, allowing us to in-
vestigate physiological and pathological processes at
the molecular level.

Genetically encoded sensors such as voltage,
Ca2+, and small molecules have been used effec-
tively but limited to lower organisms or cell cul-
tures. Modification and improvement of genetically
encoded sensors have resulted in stable expression
and high signal characteristics in mammalian sys-
tem, allowing in vivo mapping of specific physio-
logical events [37, 38].

Figure 37.4c shows an example of a genetically
encoded Ca2+ sensor, GCaMP2 [38]. The con-
struct is composed of green fluorescence protein
and calmodulin, increasing fluorescence upon Ca2+

binding to this construct. As a result, Ca2+ transient
can be measured from GCaMP2 hearts and their
kinetics can be investigated in great detail without
addition of dyes [panel (d)] [38].

Limitations of Optical Mapping
The most significant limitation of the optical map-
ping technique is the distortion of fluorescence sig-
nals due to muscle contractions. These motion arti-
facts can be abated by specially designed chambers
or by pharmacological agents that block contrac-

tions (i.e., electrochemical uncouplers) that pre-
sumably do not alter intracellular Ca2+ handling
or electrical properties of the heart.

Of the compounds that interrupt excitation-
contraction coupling, 2,3-butanedione monoxime
(BDM) and cytocholasin D have been extensively
used despite known pharmacological alterations
that may modify what is being measured. These
chemicals produce side effects such as APD pro-
longation or shortening, a slowing down of con-
duction velocity, etc., and these effects are highly
species dependent [39]; as a result, experimental
results should be interpreted with caution.

More recently, the myosin II-ATPase inhibitor,
blebbistatin, was found to block contractions with
negligible effects on action potential and intracellu-
lar Ca2+ transients in rabbit hearts [40]. However,
while blebbistatin appears to be effective in rabbit
hearts, it is not effective in other species such as
mouse hearts (unpublished results).

Conclusion and Future Directions

Exciting new efforts are being made to improve sig-
nal quality and to record electrical activity from
deeper layers inside the ventricular wall. With the
development of 3D mapping system in combina-
tion with new long-wavelength probes and genet-
ically encoded sensors, one can expect that in the
next decade, optical mapping will make great strides
by providing images of physiological events in ever
greater detail and will flourish with new advances in
basic science regarding cardiac arrhythmia mecha-
nisms and by offering new treatment modalities in
the clinical setting.
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Summary

Ischemia/reperfusion is associated with elevated

intracellular calcium and alteration in calcium

kinetics. There are several lines of evidence to

suggest that alteration of sarcoplasmic reticulum

function and calcium kinetics will alter membrane

voltage and play a significant role in the genesis of

cardiac arrhythmias in the setting of

ischemia/reperfusion. The correlation between

altered calcium kinetics and arrhythmogenesis has

been investigated in a Langendorff-perfused guinea

pig heart preparation utilizing simultaneous

recordings of membrane voltage and intracellular

calcium transient.

At least three possible electrophysiological

mechanisms by which altered calcium kinetics can

result in arrhythmias can be cited: (i) Calcium

alternans resulting in membrane voltage alternans,

that is, action potential duration alternans and

increased dispersion of repolarization; (ii) focal

arrhythmias triggered by early afterdepolarizations,

or delayed afterdepolarizations; (ii) uncoupling of

calcium/membrane voltage which may play a

crucial role in wave break and the initiation and

maintenance of ventricular tachyarrhythmias.

Introduction

Calcium (Ca2+) plays two pivotal roles in cardiac

excitation–contraction coupling. Ca2+ drives my-

ofilament activation and carries or regulates ionic

currents that are responsible for normal electrical

rhythms, as well as for life-threatening arrhythmias.

Ca2+ entry via Ca2+ current triggers sarcoplas-

mic reticulum (SR) Ca2+ release via ryanodine re-

ceptors (RyRs), and relaxation is driven by Ca2+

transport by the SR Ca2+–ATPase and Na+–Ca2+

exchange [1].

Ischemia/reperfusion is associated with elevated

intracellular Ca2+ (Cai) and alteration in Cai

474

Cardiac Mapping, Third Edition    Edited by Mohammad Shenasa,
Gerhard Hindricks, Martin Borggrefe, and Günter Breithardt

© 2009 Blackwell Publishing. ISBN: 978-1-405-17572-2



BLBK050-Shenasa September 19, 2008 14:6

CHAPTER 38 Intracellular Calcium in Ischemia/Reperfusion 475

kinetics [2–4]. There are several lines of evidence

to suggest that alteration of SR function and Cai ki-

netics will alter membrane voltage (Vm) and play

a significant role in the genesis of cardiac arrhyth-

mias in the setting of ischemia/reperfusion. At least

three possible electrophysiologic mechanisms can

be cited:

1 Cai alternans (Alt) resulting in Vm alternans,

that is, action potential duration (APD) Alt and

increased dispersion of repolarization (DR);

2 focal arrhythmias triggered by early afterdepo-

larizations (EAD), or delayed afterdepolarizations

(DAD);

3 uncoupling of Cai/Vm, which may play a crucial

role in wavebreak and the initiation and mainte-

nance of ventricular tachyarrhythmia (VT).

The correlation between altered Cai, and arrhyth-

mogenesis has been investigated in theoretical mod-

els [5], and at the subcellular [6], cellular [7–9]

and myocyte culture levels [10]. However, there is

obvious lack of studies that directly correlate al-

terations of Cai/APs, and arrhythmias in an intact

heart preparation. The recent availability of tech-

niques capable of simultaneous analysis of Cai and

action potentials in perfused whole-heart prepara-

tions [11, 12] provides a unique opportunity to in-

vestigate in detail the spatiotemporal alterations of

these parameters during ischemia/reperfusion.

Technical Considerations

For the experiments described in this chapter,

Cai and voltage transients were captured using

a protocol and equipment that have been previ-

ously described [11]. Briefly, hearts were collected

from guinea pigs (female, 350–450 g). Hearts were

Langendorff-perfused with a modified Tyrode so-

lution (130 NaCl, 25 NaHCO3, 1.20 MgSO4, 4.0

KCl, 20 dextrose, 1.25 CaCl2, at pH 7.4, bubbled

with 95% O2–5% CO2) with a flow rate of 12–

16 mL min-L, at 70 mmHg pressure. Hearts were

placed in a custom-made chamber to reduce move-

ment artifact, and stained with a voltage-sensitive

dye (RH237, Invitrogen, 10–20 μL of a 1 mg mL-1

solution in dimethyl sulfoxide, DMSO) and calcium

indicator (Rhod-2 AM Invitrogen, 0.2 mg in 0.2 mL

DMSO).

Excitation light from a tungsten–halogen source

was filtered (520 ± 20 nm), and focused on the

(a)
630 nm

630 nm

V

Ca++ 585 ± 20 nm

520 ± 20 nm

(b) (c)

Figure 38.1 (a) Diagramatic illustration of the dual optical
mapping system first described by Choi BR, Salama G. J
Physiol (London) 2000; 529: 171–88. (b) An example of the
16 × 16 pixel simultaneous recordings of the action
potential (AP) and intracellular calcium transient (CaiT).
(c) An expanded view from two pixels. In this and
subsequent figures, the action potential is colored blue
and the CaiT is colored red.

surface of the heart (Figure 38.1). Emitted fluo-

rescent light was collected with a camera lens (85

mm, f1:1.4, Nikon) and passed through a dichroic

mirror (630 nm, Omega Optical, Brattleboro, VT).

Fluorescence images of the heart were then focused

on two 16 × 16 element photodiode arrays (C675-

103; Hamamatsu Corporation, Bridgewater, NJ).

Cai was imaged using fluorescent light collected be-

low 630 nm after having been passed through a 585

± 20 nm interference filter, and Vm was imaged

using fluorescence above 630 nm after being passed

through a 715-nm cut-off filter. The optical appara-

tus was adjusted so that Cai and Vm transients were

imaged from a 16 mm2 area of the left ventricle.

Outputs from the photodiode arrays were ampli-

fied up to 1000 times depending on experimental

conditions and digitized at 12-bit resolution prior

to offline analysis.

Figure 38.1b illustrates the 256-pixel epicardial

window of simultaneous recording of Vm (in blue)

and Cai (in red). Figure 38.1c shows an expanded

view from two pixels. Global no-flow ischemia was
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applied to the preparation after acquiring initial

measurements of Vm and Cai during sinus rhythm.

The perfusion pump was turned off for 10–15 min

to induce ischemia and then restarted for reper-

fusion for 10–15 min. Cai and Vm traces were

continuously recorded during both ischemia and

reperfusion.

Contrasting Effects of Ischemia on the
Kinetics of Cai Transient (CaiT) and Vm
Underlie Electrical Alternans
In recent years, repolarization alternans has been

considered a strong marker of electrical instability

and VT in the clinical setting [13]. Alternans of Cai

and action potential have been investigated in both

theoretical [5] and experimental models [11] uti-

lizing a variety of techniques. In spite of extensive

literature on the mechanisms of electrical alternans

in normal preparations and in response to marked

shortening of cycle length (CL), the pathophysiol-

ogy of electrical alternans during ischemia is not

well investigated.

Ischemia is known to be associated with alter-

ations of the action potential and Cai kinetics, as

well as electrical alternans and VT. Previous stud-

ies of electrical alternans in experimental models

of ischemia utilized analysis of extracellular elec-

trograms [14, 15], monophasic action potentials

[16], or a floating microelectrode technique [17].

More recently, recordings of optical signals show-

ing ischemia-induced alternans of either the CaiT

[18] or action potential [19] have been reported.

However, the correlation between alternans of CaiT

and the action potential during ischemia has not

been investigated.

In a recent study [20], we investigated ischemia-

induced alterations in action potentials and CaiT

leading to alternans utilizing simultaneous record-

ings of optical signals of membrane voltage and

CaiT. Our study demonstrated that ischemia-

induced contrasting changes on the kinetics of

Vm and CaiT can explain both the vulnerabil-

ity of ischemic heart to alternans and the marked

spatial heterogeneity of repolarization during

alternans.

Ischemia resulted in a varying degree of shorten-

ing of APD. On the other hand, ischemia resulted

in delay of the upstroke of CaiT in relation to the

upstroke of the action potential, broadening of the

peak deflection, and slowing of the decay of CaiT

with an overall increase of the duration of CaiT.

The ischemia-induced contrasting changes in the

action potential duration (D) and CaiT-D could re-

sult in a situation in which full repolarization of the

action potential could occur at a time when the de-

cay of CaiT has just started. The introduction of a

pacing stimulus at a relatively short CL could suc-

ceed in generating a full action potential at a time

before the decay of the preceding CaiT and would

thus result in a markedly reduced CaiT. This would

perturb the classic negative feedback system of nor-

mal Cai autoregulation [21] and result in alternans

of subsequent CaiT amplitude. This process could

follow a gradual or abrupt increase of the heart rate

(Figure 38.2).

Spatial Heterogeneity of APD and
Electrical Alternans

Ischemia results in marked heterogeneity of the

shortening of APD. On the other hand, ischemia

was associated with less spatial variation in the de-

gree of prolongation of CaiT-D. This is illustrated

in Figures 38.3 and 38.4.

Figure 38.3 shows recordings from two separate

pixels from the same experiment. Ischemia resulted

in a similar degree of lengthening of CaiT-D, but in

markedly different degrees of shortening of APD. A

critical short CL resulted in the same degree of CaiT

alternans at the two sites. However, APD alternans

did not develop at the site with the short APD while

significant APD alternans occurred at the site with

the long APD.

Figure 38.4 shows repolarization maps of two

consecutive beats at a pacing CL of 300 msec from

the same experiment shown in Figure 38.3. The fig-

ure illustrates the marked increase in spatial disper-

sion of repolarization of alternate beats. The spa-

tially heterogeneous shortening of APD during is-

chemia coupled with a relatively more spatially ho-

mogeneous lengthening of CaiT duration was iden-

tified as playing a major role in the development

of APD-Alt and the greater degree of dispersion of

APD during ischemia.

The mechanism of the spatially heterogeneous

shortening of APD during ischemia is related,

among other factors, to the degree of local increase

of Ko which is a net outcome of Ki efflux and

washout from the extracellular space. On the other
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Figure 38.2 Typical ischemia-induced alterations of AP
and CaiT and their relationship to electrical alternans.
Panel (a) shows control recordings from a representative
pixel. The heart was paced at a cycle length (CL) of 600
msec. Panel (b) was obtained after 10 min of no-flow
ischemia. The first three beats were at a cycle length of
600 msec. Ischemia resulted in significant shortening of
APD from 330 msec during control to 160 msec with no
significant change in action potential amplitude. On the
other hand, ischemia resulted in a delay of the upstroke of
CaiT in relation to the upstroke of the action potential
from 8 msec during control to 36 msec. Further, ischemia
resulted in broadening of the peak deflection and slowing
of the decay of CaiT with an overall increase of the
duration of the CaiT from 345 msec during control to 436
msec following ischemia. Faster pacing was abruptly
introduced at cycle length of 300 msec (marked by arrow).

The introduction of a pacing stimulus at the shorter cycle
length of 300 msec succeeded in capturing the heart and
generating an action potential. However, the AP upstroke
coincided with a time before the decay of the preceding
CaiT and generated a markedly reduced CaiT and the
onset of Alt of subsequent CaiT amplitude (alternans ratio
of 50%). The CaiT alternans was associated with
concordant alternans of APD whereby the larger CaiT was
associated with the longer APD (280 msec), while the
smaller CaiT was associated with the shorter APD (150
msec). When the slower pacing cycle was resumed at the
end of panel (c), the CaiT immediately returned to the
baseline amplitude and duration. Time scale is the same
for the three panels. Reprinted with permission from
Lakireddy V, Baweja P, Syed A, Bub G, Boutjdir M, El-Sherif
N. Am J Physiol 2005; 288: H400–7.

hand, ischemia-induced lengthening of the dura-

tion of CaiT is related primarily to depressed kinet-

ics of Cai cycling, which seems to be more spatially

homogeneous. It has been suggested that CaiT con-

trols the duration of the action potential through

effects on one or several Ca-regulated ionic cur-

rents [19]. Our findings de-emphasize, but do not

exclude, the role of alternation of the magnitude of

CaiT in modulating ADP and ADP alternans in the

setting of acute ischemia.

The Kinetics of Spontaneous Calcium
Oscillations and Arrhythmogenesis in
the in Vivo Heart During Ischemia/
Reperfusion
Ischemia/reperfusion is associated with elevated

Cai and alteration in Cai kinetics [1–4]. When

the myocardial cell and SR Ca2+ loading become

sufficiently high, the SR Ca2+ can also generate

spontaneous, that is, not triggered by sarcolemmal

depolarization, Ca2+ oscillations (S-CaOs). The
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Figure 38.3 Recording from a different experiment to
illustrate the effects of spatial heterogeneity of
ischemia-induced shortening of APD on the development
of electrical alternans and dispersion of repolarization.
Panels (a) and (b) show sequential recordings from two
separate pixels in the epicardial optical field. Control
recordings during pacing at cycle length of 600 msec are
shown on top and demonstrate that the AP and CaiT at
both sites have largely similar configuration and duration.
The second panel was obtained following 10 min of
no-flow ischemia while pacing was maintained at a cycle
length of 600 msec. Pixel (a) showed shortening of APD
from 305 msec during control to 230–250 msec in alternate
beats during ischemia. On the other hand, pixel (b)
showed marked shortening of APD from 310 msec during
control to 150 msec during ischemia. The increase in CaiT-D
at both sites was comparable. CaiT alternans developed at
both sites with Alt ratio of 25% at site (a) and 16% at site

(b). CaiT alternans was associated with 20 msec alternans
of APD at site (a), but no discernible alternans at site (b).
The overall dispersion of APD in the optical field was 80
msec and 100 msec in alternate beats. The third panel was
obtained 45 sec later when the pacing cycle length was
decreased from 600 to 300 msec. Marked CaiT alternans of
approximately equal degree developed at both pixels
[alternans ratio of 55% at (a) and 58% at (b)]. However,
the CaiT alternans was associated with marked concordant
APD alternans at site (a) but no discernible alternans at
site (b). The overall dispersion of APD in the optical field
was 68 and 176 ms in alternate beats. The bottom panel
was obtained following 2 min of reperfusion while pacing
was maintained at a cycle length of 300 msec and shows
complete resolution of CaiT and APD alternans. Reprinted
with permission from Lakireddy V, Baweja P, Syed A, Bub
G, Boutjdir M, El-Sherif N. Am J Physiol 2005; 288: H400–7.

increase in Cai caused by S-CaOs can cause a de-

polarizing inward current secondary to the Ca2+

activation of nonspecific ionic channels and/or the

Na+–Ca2+ exchanger [22]. When the depolarizing

current reaches threshold it can generate a sponta-

neous action potential.

The correlation between S-CaOs and arrhythmo-

genesis has been investigated in theoretical models

[5], and at the subcellular [6], cellular [7–9], and

myocyte culture levels [10, 23]. However, there is

an obvious lack of studies that directly investigate

how the kinetics of S-CaOs correlate with a specific

arrhythmia in the in vivo heart. The recent availabil-

ity of techniques capable of simultaneous analysis of

CaiT and action potential in perfused whole-heart

preparations [11, 12] provides a unique opportu-

nity to investigate, in detail, this relationship in the

setting of ischemia/reperfusion. It is expected that,

because of the limitation of the mapped epicardial

optical field, a minority of arrhythmias can be linked

to S-CaOs. However, the kinetic behavior of S-CaOs

vis-à-vis a specific ventricular arrhythmia in the in

vivo heart can be directly analyzed and can provide

valuable insight into arrhythmogenesis.

In a recent study from our laboratory, 23 of 135

episodes of ventricular arrhythmias were linked to

S-CaOs that were considered to arise from or close

to the mapped epicardial window [24]. Self-limited
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Figure 38.4 Repolarization maps of two consecutive beats
at a pacing cycle length of 300 msec from the same
experiment shown in Figure 38.3. Action potential
recordings from pixels (a) and (b), as well as from a third
pixel (c), are shown on the right panel. The three pixels
represent recordings from the base, center, and apex of the
LV. The action potential recordings from pixels (a) and (b)
are superimposed in the bottom panel and show that the
dispersion of APD in alternate beats varied from 45 msec
to 162 msec. The repolarization maps of two subsequent
beats drawn at 20 msec isochrones are shown in the left

panel. The top map shows marked spatial dispersion of
APD as reflected in the crowded isochrones. The APD was
relatively short at the center of the lower half of the
optical field and was much longer at the basal sections and
both the right and left apical sections, resulting in at least
three separate zones of marked gradient of repolarization.
The bottom map of the subsequent beat shows a more
organized repolarization pattern and much less of a
degree of spatial dispersion of repolarization. Reprinted
with permission from Lakireddy V, Baweja P, Syed A, Bub
G, Boutjdir M, El-Sherif N. Am J Physiol 2005; 288: H400–7.

or sustained S-CaOs had a cycle length of 130–430

msec and could trigger propagated ventricular de-

polarizations. Self-limited S-CaOs that followed the

basic beat action potential (AP)/CaiT closely resem-

bled phase 3 early afterdepolarizations. Fast S-CaOs

can remain confined to a localized site (concealed;

Figure 38.5) or exhibit varying conduction patterns.

This can manifest as: (i) an isolated premature beat,

bigeminal, or trigeminal rhythm; (ii) ventricular

tachycardia when a regular 2:1 conduction from the

focal site develops; (iii) ventricular fibrillation when

a complex conduction pattern results in wavebreak

and reentrant excitation.

Figures 38.5–38.7 illustrate examples where is-

chemia/reperfusion resulted in a bigeminal rhythm

as well as runs of monomorphic VT secondary to

S-CaOs. During control recordings in Figure 38.5,

the upstroke of the CaiT followed the upstroke of
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Figure 38.5 Ischemia/reperfusion resulting in a bigeminal
rhythm: Recordings obtained from one of the experiments
following 15 min of ischemia and 30 sec of reperfusion.
The diagram illustrates the position of the epicardial
optical field (lower right corner). Panel I illustrates control
recording from one of the pixels during pacing at 500
msec. An expanded view at the right of panel I shows that
the upstroke of the CaiT followed the upstroke of the AP
by 8 msec as calculated from the dF/dt max shown below.
The recording in panel II was obtained following 15 min of

ischemia and 30 sec of reperfusion. The top tracing is an
electrogram (in blue) that shows the development of a
single spontaneous premature beat that followed each
paced beat in a bigeminal pattern. The bottom tracing
represent the same pixel shown in control during the
bigeminal rhythm. Reprinted with permission from
Lakireddy V, Bub G, Baweja P, Syed A, Boutjdir M, El-Sherif
N. The kinetics of spontaneous calcium oscillations and
arrhythmogenesis in the in vivo heart during
ischemia/reperfusion. Heart Rhythm 2006; 3: 58–66.

the action potential by 8 msec. This interval is cal-

culated from the dF/dt max shown in the figure.

Figure 38.6 was obtained from the same experiment

during the bigeminal rhythm and illustrates simul-

taneous recordings from three pixels in the optical

field labeled A, B, and C The spatial distribution in

the optical field of pixels showing similar recordings

is shown in color in the diagram.

A recording similar to A was seen in four neigh-

boring pixels (2 × 2 mm2) and illustrates a basic

paced beat with full AP/CaiT followed by three os-

cillatory subthreshold potentials at a CL of 170–

180 msec. During the basic beat the upstroke of the

CaiT followed the upstroke of the action potential

by 5 msec. On the other hand, during the three

subthreshold oscillatory responses, the upstroke of

the CaiT preceded the upstroke of the subthresh-

old depolarization by 5–12 msec. The recording in

B represents the recordings from a larger zone sur-

rounding the A zone.

Whereas the first and third oscillatory responses

of both CaiT and membrane depolarization grad-

ually decreased in amplitude and failed to conduct

outside the localized site of origin, the second oscil-

latory response gradually increased in amplitude.

The majority of the mapped field, represented by

the recording in C, only revealed a single premature

full AP/CaiT coupled to the basic beat AP/CaiT in a

bigeminal rhythm. The figure illustrates that while

at the localized site of origin the second S-CaOs pre-

ceded the associated membrane depolarization by

12 msec, a few millimeters outside the site of origin

the CaiT followed the associated membrane depo-

larization by 2–10 msec.

Figure 38.7 illustrates recordings during VT at a

CL of 340–360 msec that alternated with periods

of bigeminal rhythm. Recordings from the site of

origin of S-CaOs (zone A in Figure 38.6) as well as

from outside the site of origin of S-CaOs (zone C

in Figure 38.6) are shown in the middle panel. The
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Figure 38.6 S-CaOs resulting in a bigeminal rhythm:
Recording obtained from the same experiment shown in
Figure 38.5 during the bigeminal rhythm that illustrates
simultaneous tracings from three pixels, labeled (a), (b),
and (c). The spatial distribution in the optical field of pixels
showing similar recordings is shown in color in the
diagram. A recording similar to (a) was seen in four
neighboring pixels (2 × 2 mm2) and illustrates a basic beat
with full AP/CaiT followed by three subthreshold S-CaOs
and associated membrane depolarizations at a cycle

length of 170–180 msec. The first and third S-CaOs failed
to conduct outside the localized site of origin. Only the
second S-CaO resulted in a fully developed propagating
AP/CaiT outside the localized site of origin. Published with
permission from Lakireddy V, Bub G, Baweja P, Syed A,
Boutjdir M, El-Sherif N. The kinetics of spontaneous
calcium oscillations and arrhythmogenesis in the in vivo
heart during ischemia/reperfusion. Heart Rhythm 2006; 3:
58–66.

recordings show that the VT was the result of repeti-

tive S-CaOs at CL of 170–180 msec with every other

S-CaO triggering a propagated fully developed ac-

tion potential. Thus, the CL of the VT (340–360

msec) was double the CL of the S-CaOs. The bot-

tom panel of Figure 38.7 illustrates the voltage maps

of the first three beats of the VT (labeled A–C) and

shows that activation consistently originated at or

close to the site of origin of S-CaOs and propagated

in a centrifugal pattern to the rest of the optical field

consistent with focal activation.

The Dynamics of intracellular
Ca Transients/Membrane
Voltage (CaiT/Vm) Uncoupling
and Arrhythmogenesis
The dynamics of CaiT/Vm uncoupling during is-

chemia/reperfusion and its contribution to arrhyth-

mogenesis remains largely unexplained. Wavebreak

can occur at sites of CaiT/Vm uncoupling. It

is reasonable to suspect that a higher degree of

CaiT/Vm uncoupling may be associated with pro-

longed episodes of VT, while better CaiT/Vm cou-

pling may be associated with short self-terminating

VT. Any quantitative measure of Cai dynamics dur-

ing ischemia ideally should be able to measure dif-

ferences in Vm and Cai signals for both short and

long runs of paroxysmal VT. However, the two es-

tablished statistical measures (dominant frequency

analysis and mutual information) have shortcom-

ings in this regard.

The dominant frequency (DF) defined as the fre-

quency with the maximal power in a time series

can be evaluated for single-peak spectra and also

for more complex, multiple-peak spectra [25]. In

principle, it is possible to measure CaiT/Vm syn-

chrony by comparing the dominant frequency for

Cai and Vm transients on a pixel-by-pixel basis, but
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Figure 38.7 Monomorphic VT secondary to 2:1
propagation of sustained fast S-CaOs: Recordings obtained
from the same experiment shown in Figures 38.1 and 38.2
following 90 sec of reperfusion when runs of VT at a cycle
length of 340–360 msec alternated with periods of
bigeminal rhythm [top 15 sec recording from pixel (c)]. An
expanded recording of the last bigeminal pair and the
second run of VT (marked by the box) from pixels (a) and
(c) are shown in the middle panel. The recording in pixel
(a) shows that the VT represented a 2:1 response to a fast
S-CaOs (a cycle length of approximately 170–180 msec).
The S-CaOs not associated with full action potentials are
marked by arrows. The bottom panel illustrates

consecutive frames (at 2 msec) of the voltage maps of the
first three beats of the VT [labeled (a), (b), and (c)].
Activation consistently originated at or close to pixel (a)
and conducted in a centrifugal pattern to the rest of the
optical field consistent with focal activation. The
conduction velocity was relatively fast and the entire
optical field was activated within 8 msec. Published with
permission from Lakireddy V, Bub G, Baweja P, Syed A,
Boutjdir M, El-Sherif N. The kinetics of spontaneous
calcium oscillations and arrhythmogenesis in the in vivo
heart during ischemia/reperfusion. Heart Rhythm 2006; 3:
58–66.

problems with this approach exist. Firstly, spectral

analysis does not well characterize aperiodic wave-

forms that are expected to exist during fibrillation.

Secondly, the value of the dominant frequency is

arbitrary and potentially ambiguous when spectral

peaks of similar amplitude exist [26]. Further, the

dominant frequency measure in effect discards in-

formation: by assigning a single frequency value to a

complex waveform, it is likely that small oscillations

due to abnormal Cai dynamics would be missed. An

additional problem is that a relatively long segment

(∼2 sec) [25] is required to determine the frequency
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Figure 38.8 Graphs of entropy vs. time calculated from Vm
and CaiT records for two VT episodes of different duration
captured during I /R. Entropy values for both CaiT and Vm
for the short-duration VT episode closely track each other.

In contrast, entropy values for the longer-duration episode
are not similar for the longer-duration VT episode,
suggesting a higher degree of CaiT/Vm uncoupling.

content of a signal with any accuracy; this duration

exceeds the shorter VT episodes observed during

ischemia/reperfusion.

Mutual information is a statistic that quantifies

the interdependence of two variables by comparing

individual and joint probability densities of the vari-

ables. In the case of Cai/Vm measurements, mutual

information represents the amount of information

that one can acquire about Cai, given that Vm is

known. Mutual information was found to decrease

during sustained VF for optically measured Vm and

Cai traces [27], indicating that Cai and Vm dynam-

ics become uncoupled. Although mutual informa-

tion has been shown to be a powerful statistic for

measuring Cai/Vm uncoupling, its statistical power

depends on the duration of the traces. Vm and Cai

need to be continuously measured for many tens

of seconds during fibrillation for mutual informa-

tion to be accurately measured. Mutual informa-

tion is therefore not a reliable statistic for the short

paroxysmal VT episodes observed during ischemia

reperfusion.

Towards Quantification of
Asynchrony in VT

Spatio-temporal entropy is a measure that has been

applied to quantify wavefront fractionation in ex-

citable tissues [28, 29]. As opposed to dominant

frequency and mutual information measurements,

entropy characterizes wavefront shape over a spatio-

temporal volume, as opposed to comparing time

series on a trace-by-trace basis. Entropy is assessed

by determining the volume occupied by individual

wavefronts in a space–time cube constructed from

the data. High entropy values indicate that there is a

wide range of different-sized wavefronts, while low

entropy indicate that all wavefronts are roughly the

same size. When applied to quantifying Cai and Vm

dynamics, entropy differences between Vm and Cai

records would indicate that there are differences in

patterns of wave propagation, which can be used as

a measure of Cai uncoupling.

Figure 38.8 shows graphs of entropy vs. time cal-

culated from Vm and CaiT records for two VT

episodes of different duration captured during is-

chemia/reperfusion. Entropy values for both CaiT

and Vm for the short-duration VT episode closely

track each other. In contrast, entropy values for

the longer-duration episode are not similar for the

longer duration VT episode, suggesting a higher

degree of CaiT/Vm uncoupling. Although entropy

measurement allows for measuring uncoupling for

both short and long records, additional validation

of its statistical power is required.
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Summary

Since its introduction into clinic more than 100

years ago standard electrocardiography (ECG) with

its 6 bipolar Einthoven and its 6 unipolar Wilson

leads has never become less important. In the 1960s

the term body surface mapping was coined to

describe the use of multiple unipolar or bipolar

leads to discover new fields of application. Body

surface mapping helps to detect ischemia and to

identify the stenotic vessel. It may also be helpful in

locating accessory pathways, sites of origin of

idiopathic ventricular tachycardias and exit sites of

reentrant ventricular tachycardias. With body

surface mapping the effect of biventricular pacing

on both inter- and intraventricular delay was

demonstrated. The circumscribed and localised

nature of activation changes observed in Brugada

syndrome was characterised by body surface

mapping. In patients with long QT syndrome body

surface mapping emerged as a useful method to

predict the effectiveness of beta blocking drugs in

preventing torsade-de-pointes tachycardia.

Electrocardiographic imaging will open up new

options for characterising and non-invasively

diagnosing focal left ventricular tachycardias and

ventricular asynchrony in heart failure

patients.

Introduction

In many areas of medicine today, the electrocardio-
gram (ECG) remains the cornerstone of diagnosis.
Eugene Braunwald has called the introduction of
the ECG by Willem Einthoven more than 100 years
ago one of the greatest achievements of the twen-
tieth century, and considers its development to be
the birth of modern cardiology [1]. Shlomo Stern
has called the ECG the cardiologist’s best friend [2].

The diagnostic potential of conventional (12-
lead) ECG has been greatly expanded and forti-

fied by the results of basic and clinical electro-
physiology. Analysis of rhythm, electric axis, acti-
vation sequence, and repolarization pattern allows
more or less pathognomonic insights. In disorders
such as the long- or short-QT syndromes (LQTS
or SQTS), Brugada syndrome, catecholaminergic
polymorphic ventricular tachycardia, and others,
the ECG is the modality with the highest diagnostic
yield. Once the mechanisms of arrhythmias, or the
changes associated with cardiomyopathy or induced
by acute ischemia or ion-channel-abnormalities are
detected, the ECG has a great impact on therapy, of-
ten with prognostic importance: For example, the
immediate need of monitoring and therapy in pa-
tients with ST-elevation or QT-prolongation with
torsade de pointes tachycardia.
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Cardiac electrical events occur in a complex 3D
organ, but are depicted by a limited number of leads.
Although their number has been greatly increased
since the initial recording by Einthoven with a sin-
gle bipolar lead to the present standards that include
the extremity leads as well as the precordial (Wil-
son) leads, there may still be more information in
the electrical sources emerging from heart than gen-
erally used. The very first attempts were made at the
end of the nineteenth century. Waller was the first
who used rudimentary body surface maps even if
he only attributed the potential pattern of his 10–20
recorded electrocardiograms from the human chest
to the presence of an electrical dipole [3].

The heart, however, generates a potential field
that is more complex than that produced by a
dipole. Therefore, as early as in the 1960s, the term
“body surface mapping” was coined by Taccardi and
coworkers. Multiple unipolar or bipolar leads were
recorded from the body surface in dogs [4] and in
humans [5] to display and analyze the complexity
of potential distribution on maps. Departure maps
were generated to analyze the difference between an
average map related to a normal population and an
individual map under examination for detection of
posterior myocardial infarction [6], estimation of
infarct size [7], and diagnosis of left ventricular hy-
pertrophy [8].

Successful application of inverse calculations in
the 1970s [9] were followed by body surface map-
ping studies to detect coronary artery disease [10],
to identify sites of VT origin [11], and to mea-
sure the efficacy of antiarrhythmic drug therapy in
patients with ventricular tachycardia [12]. Multi-
channel measurement at sampling rates as high as
2000 samples/sec, as well as processing of such data,
enabled innovative research. Importantly, findings
gleaned from mapping point not only to improved
assessment by mapping, but also to improved anal-
ysis by conventional ECG means using strategies
derived from mapping research. For example, with
body surface potential mapping, lead positions in
addition to the precordial (Wilson) leads V1–V3
were found that were important for detection of
Brugada-type ST-changes [13].

Coronary Artery Disease

Localized cardiac electrophysiological abnormali-
ties produce characteristic body surface ECG sig-

natures. The conventional (12-lead) ECG does not
adequately sample potential distribution informa-
tion. Therefore, there is the likelihood of missing
or underestimating the information that is most
important for detecting and classifying abnormal
activity.

Body surface ST potential distributions obtained
from patients with documented myocardial infarc-
tion were compared with those from normal sub-
jects [6–8]. Most significant differences occurred in
regions not usually sampled by the conventional
ECG in post infarction [14] as well as in stress-
induced ischemic patients [15].

The limited diagnostic accuracy of the conven-
tional (12-lead) ECG in discriminating anterior
from inferior ischemia by analyzing stress induced
ST-segment depression has been affirmed [16]. In
contrast, body surface isochrone maps during stress
testing can reflect the site of myocardial ischemia.
In patients having a stenosis in the left anterior de-
scending artery, changes were located mainly on the
left anterior chest, whereas in stenoses in the right
coronary artery, they were located mainly on the
right lower thoracic surface [17].

Ischemic repolarization changes are detectable
and quantifiable by body surface mapping even at
low levels of cardiac stress and they persist up to 5
min following stress testing [18]. ST-T integral and
T-wave amplitude are sensitive and specific mark-
ers of transient myocardial ischemia. The ST-T area
contains information additional to ST depression
and thus has independent discriminative value in
detecting ischemia [19].

Mapping of Tachycardias

In the era of antitachycardia surgery for Wolff–
Parkinson–White (WPW) syndrome, the location
of minima in the early delta wave detected by body
surface mapping was a simple and accurate index
of the site of accessory pathway. Body surface map-
ping was useful for the diagnosis of the presence of
bilateral accessory pathways [20, 21] and allowed
discrimination among 38 different LV and RV seg-
ments of ectopic endocardial impulse formation in
patients with normal cardiac anatomy [22].

Today, however, body surface mapping has lost
its importance because antitachycardiac surgery has
been replaced by radiofrequency catheter ablation.
This latter technique requires meticulous mapping
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and identification of the location of the accessory
pathway within a few millimeters. This has not been
possible with the relatively crude resolution of body
surface recordings. Today, standard ECG criteria are
sufficient to guide the electrophysiologist to the area
of interest for ablation of ventricular tachycardia
[23–25] and accessory pathways [26, 27].

With body surface mapping, the site of origin
of idiopathic ventricular tachycardia is localized to
successfully guide catheter ablation [28]. Also, for
catheter ablation of scar-related ventricular tachy-
cardia, body surface mapping identifies VT exit sites
[29]. Body surface mapping allows reconstruction
of the ECG by subtracting overlapping T-waves
from the QRS complexes during VT [30]. The high
spatial resolution of body surface mapping im-
proves the diagnostic accuracy of QT-dispersion in
patients with dilated cardiomyopathy [31]. Abnor-
mal body surface mapping is associated with in-
ducible ventricular tachycardia [32].

There are excellent correlations between virtual
electrograms calculated from body surface map-
ping data and direct epicardial mapping. Such re-
construction has led to a new imaging modality,
called electrocardiographic imaging, which was de-
veloped by Rudy and coworkers [33]. It captures
important features of cardiac electrical excitation
in humans noninvasively [34]. With electrocardio-
graphic imaging based on body surface mapping,
the epicardial activation sequence of focal left ven-
tricular tachycardia is reconstructed. This corre-
lates with subsequent maps obtained using stan-
dard techniques. Therefore, body surface mapping
has the potential to guide diagnosis and therapy in
patients presenting with focal left ventricular tachy-
cardia [35].

Electrical Dysynchrony

In damaged myocardium, the electrical activation
may be changed from a uniform high-velocity wave
front invading the working myocardium through
the Purkinje network to areas of decreased velocity
and altered direction of electrical propagation. This
abnormal ventricular activation may lead to QRS
prolongation and to asynchronous contraction with
impaired left ventricular mechanical performance.
As a consequence, delayed ventricular contrac-
tion occurs in the region of the lateral (posterior)
wall.

There is an inverse relationship between ejec-
tion fraction and the extent of delayed LV activa-
tion manifesting as a bundle branch block–like pat-
tern [36–38], which is a powerful predictor of mor-
tality [39]. All major trials on cardiac resynchro-
nization therapy (biventricular pacing) have used
QRS-duration as the principal inclusion criterion.
Because the QRS-duration at the baseline is not pre-
dictive of the response to cardiac resynchronization
therapy, body surface mapping has been used to
further investigate electrical dysynchrony [40].

With body surface mapping, the effect of biven-
tricular pacing on both inter- and intraventric-
ular delay as been demonstrated [40]. Electro-
cardiographic imaging derived from body surface
mapping has shown that LV (but not RV) pacing
alone can be as effective as biventricular pacing
for electrical resynchronization. Efficacy of cardiac
resynchronization therapy depends strongly on the
patient-specific electrophysiologic substrate [41].
Because electrocardiographic imaging is a relatively
new modality, its diagnostic yield and clinical sig-
nificance of electrocardiographic imaging in car-
diac resynchronization therapy candidates has not
yet been validated.

Ion Channel Diseases

Brugada and Brugada identified a rare entity in pa-
tients with a right bundle branch block–like ECG
pattern with characteristic ST-segment elevation in
right precordial leads who suffer from polymorphic
ventricular tachycardia and/or ventricular fibrilla-
tion [42]. Genotyping identified mutations in the
cardiac sodium channel SCN5A in a subset of pa-
tients [43–45].

Phenotyping revealed different types of ECG
changes having different diagnostic yield [46–49].
Because the position of the right precordial elec-
trode seemed crucial, body surface mapping was
applied. It showed that such ECG changes were
more prominent in the second and third intercostal
spaces, that is, considerably above the standard leads
V1 and V2 (Figure 39.1) [13].

Body surface mapping reproducibly confirmed
the circumscribed and localized nature of these
changes in activation [50]. This led to the suggestion
to add recordings at these sites to the conventional
12-lead ECG in patients suspected of having Bru-
gada syndrome [51]. The size of the body surface
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Figure 39.1 ECG characteristics identified by (a) mean QRS
integral and (b) ST gradient for control subjects and
patients with Brugada syndrome for areas outside the
standard leads V1–V6; high right precordial leads (high
RPL) were placed on the second and third intercostals
space; low left precordial leads (low LPL) were recorded
between the fifth and seventh intercostal space. Under
resting conditions, the high RPL area showed increased

QRS integrals (−5 ± 8 vs. −16 ± 8 mV/msec) and more
negative ST slopes (−0.62 ± 0.41 vs. −0.29 ± 0.40 mV/sec)
compared to control. In contrast, the QRS integrals and ST
segment gradients measured in the standard ECG leads
V1–V3 were not statistically different between Brugada
and control patients. Significant changes compared to ∗ =
control and ∗∗ = measurement at baseline (nonparametric
Mann–Whitney U-test, P , 0.001) [13].

area, in which ST elevation was found, correlated
with the inducibility of VT during programmed
ventricular stimulation [52]. The role of these pa-
rameters, however, is still unsettled with regard to
the present controversy about risk stratification be-
tween Brugada et al. [53] and others [54, 55].

Body surface mapping has also been applied
in patients with long-QT syndrome [44, 45, 56,
57]. With body surface mapping, the effect of
atrial pacing and beta-blocking drugs on spatial
dispersion of repolarization has been investigated
[58].

Different subtypes of long-QT syndrome have
been characterized: Sympathetic stimulation causes
a greater increase in spatial dispersion of repolariza-
tion in LQT1 than in LQT2; the exercise-induced
prolongation of the QT interval in LQT1 has been
reproduced [59–62]. Measurement of body surface
recovery time using body surface mapping is useful
for diagnosing borderline long-QT syndrome [63].
QRS-isointegral mapping based on body surface
mapping has emerged as a useful method to predict
the effectiveness of beta-blocking drugs in prevent-
ing torsade de pointes tachycardia in patients with
long-QT syndrome [64, 65].
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Summary

Understanding of the electrical activation of the

heart during pathological conditions and in

response to pacing is limited. We used

electrocardiographic imaging (ECGI), which maps

epicardial ventricular excitation noninvasively, to

evaluate intrinsic conduction during left bundle

branch block (LBBB) in eight patients with left

ventricular (LV) dysfunction and their responses to

right ventricular (RV) pacing and cardiac

resynchronization therapy (CRT).

During intrinsic conduction with LBBB, LV

activation was heterogeneous and unpredictable,

with regions of delayed and/or absent conduction.

Sites of terminal LV activation varied. The anterior

LV was susceptible to block and slow conduction.

RV pacing or CRT sometimes created regions of

slow LV conduction, indicating functional electrical

characteristics of local tissue. RV pacing prolonged

RV activation. Interventricular electrical synchrony

usually improved with CRT, especially with lateral

LV lead positions, but this did not correlate with

changes in QRS duration.

We conclude that ECGI provided unique insight

into ventricular activation during LV dysfunction.

Complex electrophysiologic barriers, sometimes

dependent on paced wavefront geometry and its

direction of propagation, may determine the

outcome of pacing therapies.

Introduction

Left bundle branch block (LBBB) activation pattern
or right ventricular (RV) pacing increase mortal-
ity in patients with heart failure [1, 2]. In contrast,
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preexcitation of the inferolateral left ventricle (LV)
by cardiac resynchronization therapy (CRT) in pa-
tients with wide baseline QRS improves overall sur-
vival [3]. Hence, the electrical activation sequence
in LV dysfunction has important effects on survival.

However, descriptions of cardiac electrical acti-
vation under normal conditions or in the presence
of LV pathology, or during pacing, are remarkably
scarce [4–7]. This information is necessary in order
to understand diverse responses to pacing that occur
clinically. For example, RV pacing may benefit some
patients but cause deterioration in others, and 30%
of patients may not respond to CRT [8, 9]. Investi-
gation requires high-resolution electrical mapping
of ventricular excitation, which until recently could
not be obtained noninvasively.

Electrocardiographic imaging (ECGI) is a novel
noninvasive imaging modality for cardiac elec-
trophysiology (EP) and arrhythmias [10, 11].
ECGI images epicardial potentials, electrograms,
isochrones (activation sequences), and repolar-
ization patterns from body surface electrocardio-
graphic measurements. The methodology has been
detailed previously [10].

Briefly, ECGI acquires body surface potentials at
1-msec intervals during the cardiac cycle using a
224-electrode vest. Epicardial geometry and body
surface electrode positions are registered simulta-
neously by CT scan. The body surface potential
data and the geometry data are processed with algo-
rithms developed to compute epicardial potentials
over the entire epicardium, from which epicardial
electrograms (typically 600 over the heart surface),
activation isochrones, and repolarization patterns
are constructed.

All images are obtained during a single beat, thus
facilitating imaging of nonsustained and polymor-
phic arrhythmias. The system has been validated ex-
tensively in animal models [12–17], and in humans
by comparison to direct epicardial mapping during
open-heart surgery [18] and to catheter mapping
[19, 20]. Reconstruction accuracy superior to 10
mm has been consistently obtained in human sub-
jects. This chapter is based on our previously pub-
lished study [21] where we tested the hypothesis
that during LV dysfunction, disease process may al-
ter electrical substrate and modulate effects of LBBB
and pacing. We also tested whether interventricu-
lar electrical resynchronization was accurately de-

scribed by QRS width, and assessed the influence of
LV lead position.

ECGI was applied to eight typical patients un-
dergoing CRT (72 ± 11 years, 6 male) (Table 40.1).
Patients were categorized as responders if there
was evidence of reverse modeling defined by more
than 10% improvement in echocardiographic mea-
sures of left ventricular ejection fraction (LVEF) (in-
crease) and LV internal dimension (decrease). The
earliest postimplant echocardiogram was obtained
6 months after implantation to permit time for re-
modeling following CRT. Intrinsic conduction (six
patients had AV conduction with LBBB) was com-
pared to RV pacing (RVP) and to biventricular pac-
ing with optimal atrioventricular intervals [defined
echocardiographically by the Ritter method [22]].
Ventricular activation times and sequences during
intrinsic and paced rhythms were examined. Time
zero was set at the beginning of QRS for all native
rhythm episodes and at ventricular pacing stimuli
for all paced episodes.

Intrinsic LBBB Activation

Following the onset of body surface QRS, epicardial
activation started with RV breakthrough in all six
patients (Figure 40.1). Epicardial activation spread
radially from the RV breakthrough site, with the
latest activation of the RV at the basal RV or ante-
rior/inferior paraseptal region. The duration of the
entire RV activation was 36 ± 8 msec after QRS
onset.

Mean LV activation time during intrinsic con-
duction was longer (76 ± 23 msec) relative to that
of RV epicardium, compared to only 40 msec in
normal adults [10], which is consistent with LBBB.
LV activation sequences were diverse. For example,
in patient #1 multiple wavefronts contributed to
overall LV activation which ended posterolaterally.
In patient #3 [not illustrated here; see [21]], acti-
vation could not spread directly to the inferior LV
but slowly propagated transseptally from the RV to
reach the LV lateral and posterior walls by spreading
inferoposteriorly from the anterior LV.

In three patients—#4, #7, and #8 [not illustrated
here; see [21]]—LV epicardial activation started
from the septoapical region, spreading laterally and
ending at the lateral or posterolateral base. In pa-
tient #5, the activation wavefront spread superiorly
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Table 40.1 Patient Characteristics.

Patient 1 2 3 4 5 6 7 8

Disease CAD CAD CAD DCM CAD CAD CAD DCM

LVEF (%) 20 10 25 15 25 30 15 15

Response R NR R NR R NR NR NR

Native rhythm: intrinsic conduction (msec)

QRS 160 180 140 180 140 130

RV activation 40 51 30 29 38 32

LV activation 90 144 101 141 111 88

Esyn −50 −93 −71 −113 −73 −56

RV pacing (msec)

QRS 200 150 190 190 160 170

RV activation 70 36 90 88 63 64

LV activation 130 124 133 149 139 135

Esyn −60 −88 −43 −61 −76 −71

CRT (msec)

QRS 120 150 120 200 150 160 120 140

RV activation 68 75 42 69 88 61 60 52

LV activation 79 148 87 130 68 134 59 78

Esyn −11 −73 −45 −61 20 −73 1 −26

KEY: CAD = coronary artery disease; DCM = dilated cardiomyopathy; LVEF = left ventricular (LV) ejection fraction; R =
responder to CRT (cardiac resynchronization therapy); NR = nonresponder; RV = right ventricular; activation = mean

ventricular activation time from the beginning of QRS (for intrinsic beats) or pacing artifact (for paced beats); Esyn =
electrical interventricular synchronization index. Compiled with permission from Ref. [21].

from the inferior LV rather than from the apical
region, ending at the midanterolateral wall.

In patients #4, #5, #7, and #8, activation that
crossed the septum from the RV was prevented
from spreading directly to the LV by an anterior
line(s)/region(s) of block. It reached the lateral wall
by way of either apical or inferior LV. Latest ac-
tivation was at the inferoposterior base. This “U-
shaped” activation was also reported by endocardial
mapping [5]. Frequently, these lines of block and ar-
eas of slow conduction were functional. Thus, some
line(s)/region(s) of block shifted to other locations,
disappeared, or emerged later during pacing.

Lines of block were sometimes multiple, gen-
erating complex conduction barriers. For exam-
ple, in patient #6 (Figure 40.2), two lateral lines
of block forced electrical activation to propagate in
a counterclockwise direction regardless of the pac-
ing mode. Some lines remained unchanged with a
change of pacing mode, suggesting fixed boundaries
of anatomical origin. Previous reports with endo-
cardial mapping also revealed heterogenous LV ac-

tivation patterns with differing location and extents
of specific ventricular delays [5, 7, 23]. Therefore,
LV activation as recorded both epicardially and en-
docardially is heterogenous in the presence of heart
disease, possibly due to lesions of the specialized
conduction tissue, presence of scar regions, and slow
cell-to-cell conduction [24].

Right Ventricular (RV) Pacing

RV pacing has been postulated to simulate LBBB,
though few direct comparisons have been made. In
this study, RV pacing was performed from the RV
midseptal position in patients #1 and #6, and from
the apex in the others. Overall, QRS duration (177±
20 msec vs. LBBB: 155 ± 22 msec, p = NS), and
LV activation (135 ± 9 msec vs. LBBB: 113 ±
24 ms, p = NS) did not change significantly com-
pared to intrinsic conduction during LBBB. How-
ever, RV pacing slowed RV activation (RVP 64 ±
19 vs. intrinsic conduction 37 ± 8 msec, p < 0.03).
Areas of LV (functional) conduction delays changed
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Figure 40.1 Epicardial isochrone maps for four
representative patients. Patients #1 and #5 were CRT
responders, and patients #4 and #7 were nonresponders.
Intrinsic conduction with LBBB (left panels), right
ventricular pacing (RVP, middle panels) and biventricular
pacing during cardiac resynchronization therapy (CRT,
right panels) are depicted. Epicardial surfaces of both
ventricles are displayed in three views: anterior, left
lateral, and posterior. There is overlap between adjacent
views. The left anterior descending (LAD) coronary artery
is shown. Thick black markings indicate line/region of
conduction block. Pacing sites are marked by asterisks. KEY:
Esyn = electrical synchrony index (smaller absolute value
corresponds to greater synchrony, see text and Ref. [21] for
definition); QRSd = QRS duration.

Left panels (intrinsic conduction during LBBB: Ventricular
activation of right ventricle (RV) was followed by a much
delayed left ventricular (LV) activation, indicating left
bundle branch block (LBBB). Several different LV activation
patterns are depicted. Patient #1 had LV breakthrough at
49 msec (left lateral view). Combined wavefronts
advancing from apical, inferior, and superior LV all
contributed to overall LV activation, which ended at the
posterolateral wall. In patient #5, the LV activation
wavefront spread superiorly from the inferior LV to end
anterolaterally. Patients #4 and #7 demonstrated
apical-to-basal epicardial conduction. Wavefronts emerged
from a septoapical origin, then spread laterally to end at
the lateral or posterolateral base.

Middle panels (response to right ventricular pacing (RVP):

Note RVP changed areas of slow conduction/lines of block
compared to intrinsic activation, indicating that this pacing
mode is not simply equivalent to LBBB. For example, in
patient #1, a line of block appears anteriorly, but in
patient #5 a preexisting line of block is shortened. These
data point to the functional nature of conduction block in
these regions.

Right panels (responses to biventricular pacing; CRT): Patients
#1 and #5 were responders with lateral LV lead positions.
In patient #1, CRT dissolved the anterior line of block
evident during RVP, activating the anterior and
anterolateral LV relatively evenly compared to intrinsic
conduction. Interventricular synchrony improved (Esyn less
negative). In patient #5, Esyn became positive (from −113
to 20 msec) indicating LV preexcitation, though an anterior
line of block persisted.

In contrast, patients #4 and #7 were nonresponders. In
patient #4, LV pacing resulted in marked slowing of the
paced wavefront in the lateral LV wall, in contrast to
intrinsic conduction when conduction was relatively rapid
in the same area. Esyn changed marginally from −71 to
−61 msec, indicating ineffective resynchronization in this
nonresponder. QRS duration prolonged. In patient #7, CRT
induced a line of functional block in the anterolateral LV
(not apparent with RVP). Despite this, Esyn improved
because the LV lead was sited laterally. Compiled with
permission from Ref. [21].
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Figure 40.2 Imaging (anterior, left lateral, and posterior
views) in patient #6, during different pacing modes. (a)
Right ventricular (RV) pacing. (b) Left ventricular (LV)
pacing. (c) Cardiac resynchronization therapy with
simultaneous biventricular (BiV) pacing. (d) Cardiac
resynchronization therapy with LV pacing preset of 80
msec relative to RV pacing (sequential pacing mode).
Activation times (in msec) of selected regions are indicated
on the map.

In this patient, 12-lead ECGs recorded after implant were
similar during simultaneous biventricular pacing and
during RV pacing. Imaging revealed the underlying
mechanism. During simultaneous biventricular pacing (c),
RV pacing breakthrough occurred 30 msec earlier than LV
breakthrough. The RV-paced wavefront had arrived at the
LV lead location just when LV pacing breakthrough was
commencing. Consequently, LV pacing did not influence
overall ventricular activation. Thus, ventricular activation
was similar in RV pacing and simultaneous biventricular
pacing (parts a and c). In contrast, when LV pacing
occurred 80 msec prior to RV pacing, LV activation
resembled that during LV pacing alone (parts d and b,
respectively), except for RV activation advanced slightly (30
msec) due to RV electrode effect.

The modulating effect of complex conduction barriers
on paced wavefront propagation was illustrated. A line of
block across the LV lateral free wall was present
consistently over all pacing modes. It prevented any
anterior activation from propagating inferiorly to the
midlateral region. This area was activated by a wavefront
propagating from the inferior LV (for RV or biventricular
simultaneous pacing, parts a and c), or possibly by an
intramural wavefront (for LV or biventricular sequential
pacing, parts b and d). In addition, during LV or
biventricular sequential pacing, a line of block between
lateral and inferior LV prevented lateral activation from
propagating inferiorly. This was a functionally determined
line of unidirectional block, because wavefront
propagation in the reverse direction was permitted in the
other two pacing modes. Because of these complex
barriers, global activation could propagate around the
heart only in a counterclockwise fashion. The inferior LV
could be activated only by wavefront spreading from the
RV. In terms of electrical synchrony, biventricular sequential
pacing was better than biventricular simultaneous
pacing in this patient. Compiled with permission from
Ref. [21].
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with RV pacing compared to corresponding intrin-
sic rhythm. In patient #5, pacing dissolved the ante-
rior line of block present during intrinsic conduc-
tion. In contrast, a similar line was induced by RV
pacing in patient #1, when it had not been present
before (Figure 40.1). Hence, RV pacing was not sim-
ply equivalent to LBBB. This may explain prolonged
LV activation times observed with RV pacing in pa-
tients with LBBB and LV dysfunction and associated
increase in mortality [2, 25, 26].

Biventricular Pacing

The movie file (Videoclip 25 ) provides an an-
imation of epicardial potential progression during
biventricular pacing in patient #1. With biventric-
ular pacing, LV activation patterns were different
among patients. Variations are illustrated in Fig-
ure 40.1. Patient #5 was a responder to CRT. LVEF
increased from 25% to 40% and LV internal dimen-
sion decreased by 10%. Activation spread from the
lateral wall LV pacing site and ended locally at basal
LV after 110 msec.

On the anterior LV, the latest activation occurred
at 138 msec immediately adjacent to a line of block
(which was also present during LBBB). Note that
the existence of this line of block did not preclude
response to CRT in this case. RV and LV electri-
cal synchrony improved compared to intrinsic con-
duction. In contrast, patient #4 did not respond to
CRT. LV pacing from an anterior position slowed
LV lateral wall activation relative to native rhythm.
Activation time to the basal LV doubled. The region
of slow conduction only appeared during pacing,
indicating dependence of propagation of the paced
wavefront on the electrical substrate adjacent to the
pacing lead.

In patient #6 (Figure 40.2), ECGs recorded dur-
ing CRT and RV pacing were similar. ECGI pro-
vided an explanation for this effect. Propagation
of LV-paced wavefronts was severely limited. Thus,
during simultaneous biventricular pacing (Figure
40.2c), RV-paced wavefronts had already reached
the LV as LV pacing breakthrough was just initiating,
that is, the LV-paced wavefront was delayed (pre-
sumably by an encircling area of slow conduction)
and had a negligible effect on overall activation.
However, sequential pacing with LV preactivation
(Figure 40.2d) permitted LV pacing contribution to
biventricular activation.

Patient #2 improved two functional classes
(NYHA IV to II) within four weeks of CRT. How-
ever, ECGI demonstrated that he had fixed anterior
anatomic block from extensive anterior and antero-
lateral LV infarction. Excitation generated by the
anteriorly located LV lead activated the RV but not
the LV, that is, LV pacing had a negligible effect in
the presence of heavy scar burden.

Postimplant echocardiography demonstrated
progressive deterioration with LV dilatation and di-
minishing ejection fraction. The patient deceased
from heart failure nine months later. This apparent
paradox illustrates a placebo clinical response (well
recognized in device trials) with subjective benefit
occurring despite lack of electrical or echocardio-
graphic evidence.

Left Ventricular (LV) Pacing

Three patients with intact atrioventricular conduc-
tion in whom the device was programmed for LV
pacing alone showed fusion between intrinsic ex-
citation and the LV paced beat. Depending on
the relative length of the PR interval and optimal
atrioventricular delay, the degree of fusion varied
(Figure 40.3).

Resynchronization with
Biventricular Pacing

To assess interventricular resynchronization with
CRT, we derived the index Esyn, the mean acti-
vation time difference between lateral RV and LV
free walls, that is, directly from measurements on
the heart. Interventricular synchrony was indicated
when Esyn equaled zero. RV preexcitation corre-
sponded to negative Esyn and LV preexcitation to
positive Esyn. At baseline during intrinsic conduc-
tion with LBBB, Esyn was −76 ± 23 msec repre-
senting delayed LV activation. RVP did not change
Esyn significantly (−67 ± 15, p = NS). In one case
(patient #5) Esyn (which reports relative RV to LV
activation) improved because RV activation slowed
while LV activation was minimally altered.

With biventricular pacing, overall, Esyn changed
significantly from −76 ± 24 during intrinsic con-
duction to −31 ± −32 msec ( p < 0.01) in response
to CRT, indicating improved interventricular syn-
chronization (Figure 40.4). This was not matched
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Figure 40.3 Imaging (anterior, left lateral, and posterior
views) during atrially synchronized LV pacing in patient #5
who had underlying LBBB. This series of LV-paced beats
with progressively increased atrioventricular (AV) delays
demonstrates increasing degree of fusion of LV-paced
activation with RV activation via intrinsic right bundle
branch conduction. Thus, (a) shows pure LV paced
activation without fusion, and (b)–(d) demonstrate
progressively greater fusion. Esyn improved as fusion
increased (d).

(a) LV-paced activation sequence without fusion.
(b)–(d) Fusion beats with progressively earlier intrinsic
right ventricular (RV) activation (time of RV
breakthrough) relative to LV pacing. (b) Right
ventricular breakthrough at 153 msec after LV pacing.
(c) RV breakthrough at 132 msec after LV pacing. (d) RV
breakthrough at 45 msec after LV pacing. Compiled with
permission from Ref. [21].

by changes in QRS width (native rhythm 155 ± 22
vs. CRT 146 ± 28 msec, p = NS). In some indi-
viduals, Esyn and QRS changes were driven in op-
posite directions, for example, in patient #8 Esyn
improved from −56 to −26 msec with CRT, but
QRS duration (QRSd) increased slightly from 130
msec to 140 msec. The lack of correlation between
QRS and Esyn demonstrates that the widely used
QRSd measure is only a reflection on the body sur-
face of the total duration of ventricular activation
and not a specific index of interventricular synchro-

nization. This may underlie the weakness of QRS in
predicting response to CRT.

However, improved Esyn did not predict clinical
response consistently; for example, patients #6–#8
remained nonresponders despite improved inter-
ventricular electrical synchronization. Recent data
indicate that intra-LV rather than RV-LV dysyn-
chrony is more important for predicting response
[27]. Lack of correlation can also be due to incon-
sistent mechanical response to electrical resynchro-
nization in different patients.
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Figure 40.4 Effects on QRS duration (QRS, top panels) and
electrical interventricular synchronization (Esyn, bottom
panels) of biventricular pacing (left panels) and either
anterior or lateral LV lead locations (right panels). (Left)
Biventricular pacing produced no overall difference in QRS
duration (top), but improved Esyn (bottom); that is, QRS

did not accurately report interventricular
resynchronization. (Right) Influence of LV lead position.
Anterior lead positions did not abbreviate the QRS (top),
and resulted in less resynchronization (increased Esyn,
bottom).

Lead position affected resynchronization (Figure
40.4). Patients (#1, #5, #7, and #8) with lateral leads
were better electrically resynchronized than those
with an anteriorly located LV leads (patients #2, #3,
#4, and #6). This is probably due to the high likeli-
hood of encountering regions of conduction block
and slow conduction (anatomic and functional)
in the anterolateral aspects that interfere with
propagation from the anterior to the lateral wall.
Under these conditions, RV activation was more
influenced than LV activation which did not differ
substantially from intrinsic conduction in LBBB.
This ECGI finding may explain superior clinical
benefit with lateral lead placement compared to
anterior placement [28].

Implications

The study provided unique insights into propaga-
tion of intrinsic and paced wavefronts in the pres-
ence of LV disease. During intrinsic conduction
with LBBB, wide inter-individual variability of LV
activation has been observed. This may affect CRT
efficacy. LV lead placement in current practice is

directed to the inferolateral LV wall, assumed to be
consistently the latest region to be activated and re-
sponsible for mechanical dyssynchrony [29]. How-
ever, preexcitation of this area with epicardial LV
stimulation empirically without electrical mapping
did not always yield maximum contractility im-
provement [30]. In contrast, LV lead placement di-
rected to endocardial sites of latest conduction delay
yielded greater increases in contractility, especially
when this late activated area was large [31].

The results presented here extend this under-
standing by demonstrating that areas of termi-
nal epicardial LV depolarization may be variably
located, and vulnerable to development of com-
plex functional conduction barriers with pacing.
This observation suggests that efficacy of LV pac-
ing should consider not only the sequence of acti-
vation (i.e., pacing from the region of most delayed
activation to maximize synchrony), but also elec-
trical properties of local substrate adjacent to lead
position.

This is illustrated by the complex conduction bar-
riers limiting the LV-paced wavefront propagation
in patient #6 (Figure 40.2). Anteriorly directed LV
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lead positions frequently encountered anterior LV
lines of block, rendering them less effective in resyn-
chronization. This study demonstrated significant
RV (as well as LV) activation delays with RV pacing,
either alone or in conjunction with simultaneous
biventricular pacing. This may be avoided by LV
pacing with critically timed atrioventricular (AV)
delays resulting in fusion of the propagated paced
wavefront with intrinsic conduction via an intact
right bundle (Figure 40.3). This CRT mode may
avoid RV hemodynamic deficit associated with si-
multaneous biventricular pacing [32].

Future

Clinical morbidity of disordered electrical activa-
tion in LBBB and RVP may be mediated by me-
chanical effects. Successful treatment by CRT re-
quires improved hemodynamic function but, as a
pacing therapy, its effects will be governed by elec-
trical properties. This study, using ECGI’s unique
ability to provide high-resolution mapping of car-
diac electrical activity, confirmed that patients with
heart failure demonstrate wide and unpredictable
variations in baseline ventricular activation and in
responses to pacing.

LV disease alters local electrical properties re-
sulting in areas of inexcitability and slow/blocked
conduction which may be anatomically or func-
tionally determined. These complexities may affect
mechanical responses to RV pacing or CRT. Integra-
tion of data from electrical and mechanical mapping
may be required to direct optimal lead placement
and improve clinical outcome with CRT. This de-
mands prospective evaluation in clinical trials.
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Summary

Cardiac Mapping is at its crossroads. With

landmark of atrial fibrillation ablation and other

complex atrial and ventricular arrhythmias,

multimodality imaging has found its place in basic

and clinical electrophysiology laboratory. Image

fusion and integration has significantly improved

our understanding of arrhythmia substrate,

mechanism and success rate of ablative procedures.

Novel mapping and imaging technologies such

as cardiac MRI, MR spectroscopy, diffused optical

spectroscopy, optical imaging, cardiac coherence

tomogrophy is under evaluation for clinical use.

These techniques with high resolution capabilities

and future perspectives are discussed. The crucial

role of mapping/imaging in early phenotyping of

disease, risk definition, management guidance,

ablative procedures, and outcome assessment is

expanding rapidy in ways previously thought

unrealistic.

Cardiac Mapping: Past, Present
and Future

The history of cardiac mapping dates to the late

nineteenth- and early twentieth-century pioneers

such as Sir Thomas Lewis, J.A. MacWilliam, G.B.

Mines and many others who reported on the in-

vestigation of activation sequences of cardiac nor-

mal and abnormal rhythms that were investigated

in open chest animals [1–6]. This is well described

by Wellens in Chapter 1 of the current edition and

by Janse in the previous editions. Cardiac mapping

has evolved from sequential analog maps to its most

complex three- to four-dimensional multimodality

real-time (virtual) mapping and imaging.

With the use of computers in the 1950s and 1960s,

many technical obstacles were removed. The previ-

ous limitations on the number of recording chan-

nels, sample frequencies, etc., are now resolved. The

field of cardiac imaging and mapping has recently

experienced major growth and technological ad-

vances, and is under rapid evolution, particularly

in the areas of molecular imaging, cardiac CT, MRI,

and image integration, producing multimodality

and hybrid systems that are already in clinical

practice.

These new systems provide a rapid acquisition

of cardiac potentials, anatomical reconstruction of
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entire heart or specific chambers, and provide a

virtual map. The ultimate goal of such systems is

to provide accurate anatomical and physiological

(functional) characteristics of the target organ and

tissue, and deliver the appropriate therapies and or

interventions such as stem cell implant or ablative

procedures.

Currently, several advanced mapping systems are

commercially available such as electroanatomical

mapping (CartoTM, Biosense-Webster, Diamond

Bar, CA), the noncontact mapping/NavXTM map-

ping system (St. Jude Medical, St. Paul, MN), basket

catheter mapping, Loca-LisaTM (Medtronic, Min-

neapolis, MN) mapping, and the real-time nav-

igation mapping system [7] The advantages and

disadvantages are discussed in this book and else-

where [8]. The principle of cardiac mapping us-

ing different methods, that is, noncontact and elec-

troanatomical, are also discussed elsewhere. Each

system should provide the ability for registration

activation (isochronal mapping) and repolarization

(isopotential mapping) simultaneously with unipo-

lar and bipolar modes.

Because significant differences exist between

unipolar and bipolar recordings, they should pro-

vide complementary information. In this chapter

we will briefly discuss some specific topics on the

future of cardiac mapping. Finally, there is already

a trend toward noninvasive imaging and mapping

and hopefully noninvasive ablation (interventional

procedures), which will also be discussed.

Future of Cardiac
Electrophysiological Mapping

Introduction

Radiofrequency (RF) catheter ablation has been

proven to be a safe and effective procedure to treat

significant number of cardiac arrhythmias. Success

can be as high as 95% in patients with supraven-

tricular tachycardia involving accessory pathways

or atrioventricular nodal tachycardia, and accord-

ingly, catheter ablation is considered the treatment

of choice for these pathologies [9–11].

A noninvasive imaging technique to identify and

depict the areas responsible for cardiac arrhyth-

mias is desirable. Current mapping techniques are

invasive or semi-invasive in nature, and require

catheterization under long fluoroscopy procedures

that expose the patient, as well as the interventional

cardiologist and the personnel in the angiography

suites, to significant ionizing radiation. We outline

here the new approaches underway that have the

potential to lead us to our ultimate objective of

noninvasive image-guided electrophysiological

mapping of the heart.

Optical Imaging

Bioluminescence

A new molecular imaging technique based on bi-

oluminescence and fluorescence imaging is cur-

rently under development for in vitro and ex vivo

applications [12]. Bioluminescence is the process

of light emission in living organisms. Biolumines-

cence imaging utilizes native light emission from

one or several organs by administering targeted

bioluminescence probes. The light photons emit-

ted from the body are detected using a charged-

coupled device (CCD) detector from these targeted

bioluminescence probes, near infrared (NIR) flu-

orochromes, activatable NIR fluorochromes, and

red-shifted fluorescents proteins [13].

A notable theoretical advantage of this technique

is the fact that multiple probes with different spec-

tral characteristics can be potentially imaged using a

multichannel analyzer. In addition, the technique is

noninvasive and inexpensive. The applications are

similar to karyotyping [14], and the study technique

is limited photon transmission through an opaque

tissue, yielding a reduced bioluminescence signal.

The depth you may currently study in animal model

is about 2 cm [12].

Optical mapping of heart electrical activity is

done with the use of optical imaging techniques

based on voltage-sensitive dyes or probes. Optical

recordings of transmembrane potentials can be

performed in a wide range of spatial resolutions

from the subcellular level to the whole heart [15].

The technique is currently being investigated, and

involves injection of voltage-sensitive dyes such

as RH421, di-4-ANEPPS, and di-8-ANEPPS that

have spectroscopic properties that change linearly

with membrane potential changes in the normal

physiological range of transmembrane voltages

in heart [16]. The exact mechanisms underlying

the voltage-dependent spectroscopic properties

of voltage-sensitive dyes are not fully understood;
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however, the theories of electrochromic [17] and

solvatochromic mechanism [18] have been mostly

used to explain the properties of the fluorescence

dyes.

Arora et al, used high-resolution optical mapping

in isolated whole-atrial preparations from 33 nor-

mal dogs and found that the normal pulmonary

veins have the necessary electrophysiological sub-

strate to support both the reentry and focal activity

[19]. Similarly, Mandapati et al. used optical map-

ping and frequency analysis of the sheep atrium to

investigate the microreentrant mechanisms of atrial

fibrillation in sheep heart [20].

Kalifa et al. [21] has used an endoscopic fluo-

rescence, or so-called “biophotonic,” technique to

map electrical activity in the posterior left atrium

in an intact heart with high-resolution imaging.

They used an endoscope coupled to a 532-nm ex-

citation laser for illumination and a CCD cam-

era for imaging of potentiometric dye fluores-

cence (di-4-ANEPPS, 80 × 80 pixels, 200–800

frames/sec). Detailed description of the biolumi-

nescence optical technique is explained elsewhere

[15, 21–24].

Del Nido et al. [25] developed a method for in

vivo quantization of cytosolic RHOD2 concentra-

tion that in conjunction with calcium-dependent

fluorescence measurements permits estimation of

cytosolic calcium levels in perfused rabbit hearts.

Reflective absorbance of excitation light by RHOD2

loaded into myocardium was used as an index of dye

concentration, and the ratio of fluorescence inten-

sity to absorbance as a measure of cytosolic calcium

concentration.

There are still many obstacles to overcome for

applying this technique in a clinical setting, notably

the absence of a voltage-sensitive dye that is not

phototoxic and satisfies the optical requirements. In

addition, this technique is invasive in nature, and re-

quires catheterization to detect the photons. Further

refinement of the technique as it applies to optical

detection technologies, catheter design, and more

sensitive CCD cameras to detect faint optical pho-

tons from deeper tissue is warranted. Hopefully in

the near future we will see the use of optical mapping

in clinical settings using a single-electrode catheter,

and biophotonic imaging modalities will provide

3D cardiovascular tissues structural imaging. Other

techniques such as near infrared are currently being

investigated.

Fluorescent cardiac imaging has been used exper-

imentally in animals to evaluate myocardial perfu-

sion during coronary stenosis and has proven to

be a reliable quantification of myocardial ischemia

[26]. Multiple infrared-sensitive devices with differ-

ent dyes are currently being investigated for clinical

use.

Diffused Optical Spectroscopy (DOS)

DOS quantifies concentration of water, fat, and cer-

tain chromophores (e.g., hemoglobin) by measur-

ing the absorption and scattering spectra of four

near-infrared (NIR) wavelengths. Optical methods

are advantageous, because they are noninvasive,

quantitative, and relatively inexpensive; and they

also pose no risk from ionizing radiation. These

techniques are based on highly sensitive, quanti-

tative measurements of optical and functional con-

trast between healthy and diseased tissues. The tech-

nique was developed by Tromberg et al. [27] at the

University of California Irvine, and used to detect

breast lesions [28].

This system uses frequency domain photon

migration (FDPM). FDPM employs intensity-

modulated NIR light to characterize tissue quanti-

tatively in terms of its optical parameters, that is, the

reduced-scattering coefficient (μ′
s ) and the absorp-

tion coefficient (μa ). The concentration of signifi-

cant NIR absorbers [deoxyhemoglobin (Hb), oxy-

hemoglobin (HbO2), water, and fat] can be calcu-

lated by using measured μa values [20, 30]. Scatter-

ing of transmitted light in tissue occurs in multiple

directions as a consequence of spatial variations in

the refractive index, which are influenced by cellu-

lar and extracellular matrix density [31, 32]. Both

μa and μ′
s provide an understanding of changes in

tissue cellularity, metabolic activity, physiology, and

host response to cancer. Detection of lesions is based

on the functional contrast between normal and dis-

eased tissue in the same patient.

The technique uses a photodiode and a photo-

multiplier tube to measure the absorption and scat-

ter spectra of four different NIR wavelengths (at

674, 803, 849, and 956 nm), and subsequently de-

termine tissue concentration of hemoglobin (total,

oxy, and deoxy- forms), oxygen saturation (St O2),

blood volume fraction, water, and fat contents, and

cellular structures. DOS makes spectroscopic mea-

surements in the frequency rather than time domain

and, therefore, can continuously monitor the total



BLBK050-Shenasa September 23, 2008 17:0

CHAPTER 41 Future Directions in Cardiac Mapping 505

0

0.004

0.008

0.012

0.016

600 700 800 900 1000 1100

μ a 
(m

m
−1

) 

μ s′ 
(m

m
−1

) 

Wavelength (nm)

(a) (b)

Tumor

Normal

Normal physiology:
THC:   12.4 ± 0.81µM
Water: 8.6  ± 0.15%
Lipid:   82.1 ± 0.43%
StO2:   78  ± 1.2%

Tumor Physiology:
THC:    22.3 ± 2.8 μM
Water:  19.9  ±  0.92%
Lipid:    66.8 ± 1.2%
StO2:    64.4 ± 2.4%

0.65

0.7

0.75

0.8

0.85

0.9

0.95

650 700 750 800 850 900 950 1000

Wavelength (nm)

Slope = 0.23±0.069

Slope = 0.18 ± 0.068

Tumor

Normal

Figure 41.1 (a) (b) DOS absorption (ua) and scattering (u ′
s ) spectra of normal tissue and breast tumor.

path that the NIR light has traveled in the tissue of

interest.

A continuous laser source is modulated at all fre-

quencies, and the phase shift between the light en-

tering and exiting the tissue can be recorded. The

resultant spectra demonstrate distinct peaks for wa-

ter, fat, total hemoglobin concentration, and oxy

and deoxy hemoglobin. Using appropriate modi-

fications of the Beer–Lambert law and calibration

phantoms, minimal changes in concentration of

these molecules can be measured in vivo [33]. Fig-

ure 41.1a,b depicts the contrast between the absorp-

tion coefficient (μa ) and the reduced-scattering co-

efficient (μ′
s ) of normal tissue and a breast tumor,

respectively.
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Figure 41.2 Tissue optical index (TOI) for normal tissue and
breast tumor.

A tissue optical index (TOI) has been developed

that incorporates the various optical parameters

into a single number to make interpretation of data

easier.

TOI = ([water][THC]/[St O2][Lipid])

Elevated TOI values are suggestive of high

metabolic activity that is usually seen in malignancy.

The tumor tissue usually demonstrates increased

absorption in the 650–850 nm spectral range, which

corresponds to higher total THC. The lipid peak at

920 nm is present in normal breast tissue and breast

tumors, and the 960 nm water peak is prominent

in the tumor. The differences in spectra between

the two tissue types are manifestations of multi-

ple physiological changes associated with increased

vascularization (angiogenesis), cellularity, oxygen

consumption, and edema in the tumor. Figure 41.2

compares the TOI of a breast malignant tumor and

normal tissue.

The technique can be modified and adapted to

match the requirements in a cardiac study. How-

ever, the physiology of healthy heart tissue is com-

plex, influenced by contraction, blood flow, and cal-

cifications. Consequently, to establish a better basis

for optical detection and diagnosis based on differ-

ential functional contrast, the optical properties of

normal heart tissue have to be carefully examined

and characterized. The technique requires a fiber

optic catheter to transmit and detect short pulses of

NIR light at four different frequencies between 650

and 1000 nm.



BLBK050-Shenasa September 23, 2008 17:0

506 PART VI New Frontiers

The source modulation frequencies are in

the range 50–1000 MHz. These are amplitude-

modulated using a network analyzer. In addition, a

steady-state (SS) spectroscopic system with a white

light source is used to measure μa values where

FDPM wavelengths do not exist. The scattered

photons are transmitted through the fiber optic

catheter, and are detected by an avalanche photo-

diode detector that records the diffuse light signals

after propagation through the tissue, attached via

a fiber optic cable to a signal-processing computer.

The laser lights are intensity modulated, and infor-

mation is detected at each point. The theory, and

instrumentation used in FDPM are described in

details elsewhere [34]. Furthermore, the technique

can be adapted to measure the absolute concen-

trations of voltage-sensitive nonphototoxic optical

beacons to map the electrophysiology of the heart.

Similar principles are theoretically applicable to the

myocardium under different conditions, that is,

ischemia infarction, fibrosis, and hypertrophic.

DOS measurements have underlying physiolog-

ical meaning: high total hemoglobin concentration

(THC) corresponds to elevated tissue blood volume

fraction; high water content suggests edema and in-

creased cellularity; decreased lipid content reflects

displacement of parenchymal adipose tissue; and

decreased St O2 indicates increased tissue oxygen

metabolism. DOS is safe, portable, relatively inex-

pensive, and does not use ionizing radiation. DOS,

unfortunately, does not provide precise anatomical

localization or size of the lesion. The primary limi-

tation of DOS is related to the fact that light prop-

agates diffusely in tissue. DOS is also dependent on

the depth and the size of the lesion. In addition, DOS

does not have the resolution of an MRI image, and

is not suitable for screening or detection of lesions

<0.5 cm. There are no known risks associated with

NIR exposure at the power levels used for cardiac

study.

Magnetic Resonance Imaging (MRI) and
Magnetic Resonance Spectroscopy
(MRS)
MRI and MRS are based on the detection of the os-

cillating magnetic field induced from a special set

of nuclides that possess a net spin in the presence

of a strong external magnetic field. MRI generally

refers to the determination of the distribution of

one molecule, such as water or fat, within a tissue

at high spatial resolution. The detection of the nat-

urally occurring nuclide 1H found in water and fats

is usually used for MRI studies providing an ad-

equate signal-to-noise ratio to create images with

submillimeter resolution in vivo.

Magnetic resonance spectroscopy (MRS) is the

name given to the technique that exploits the mag-

netic properties of certain nuclei. In principle, MRS

is applicable to any nucleus possessing spin. MRS

provides information on the number and type of

chemical entities in a molecule, as well as mea-

sures the organ chemistry. The most common nu-

clei that are used are 1H (proton), 23Na (sodium),
31P (phosphorus). Due to much higher molar tissue

concentration, proton spectroscopy is easier to per-

form and provides a much higher signal-to-noise

ratio than sodium, phosphorus, or the metabo-

lites with low concentration. These combined ef-

fects cause the MRS images to have very poor spa-

tial and temporal resolution. Proton MRS can be

performed within 10–15 min and can be added on

to conventional MR imaging protocols. It can be

used to serially monitor biochemical changes in the

organ.

The impact of MRS is an invaluable tool in un-

derstanding protein and nucleic acid structure and

function. When placed in a magnetic field, MRS

active nuclei (such as 1H or 13C or 31P) absorb at

a frequency characteristic of the isotope. The reso-

nant frequency, the energy of the absorption, and

the intensity of the signal are proportional to the

strength of the magnetic field. A detailed review of

the basic physical principles of MRI and MRS, as

well as their potential clinical applications, are de-

scribed elsewhere [35].

MR spectroscopy is the only method for non-

invasive detection of various aspects of cardiac

metabolism in humans. While the 1H nucleus of

water and fat molecules is the signal source for MR

imaging, the MR spectroscopic technique allows for

the study of a number of other nuclei, such as 13C,
19F, 23Na, 31P, 39K, and 87Rb. Clinical applications

presently are confined to the 31P nucleus. 31P-MR

spectroscopy allows the noninvasive study of car-

diac high-energy phosphate metabolites, ATP, and

phosphocreatine. The phosphocreatine/ATP ratio

is considered an index of the energetic state of

the heart. Possible clinical indications include heart

failure, valve disease, and coronary artery disease.

In heart failure, the phosphocreatine/ATP ratio is
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reduced and correlates with clinical severity, ejec-

tion fraction, and prognosis [36]. Absolute quan-

tification of high-energy phosphates may allow di-

agnosis of myocardial viability. Major technical

developments, leading to improved spatial and tem-

poral resolution, will be necessary to establish MR

spectroscopy as a routine clinical tool.

MRS Clinical Applications

There are numerous MRS studies of the brain. MRS

is used to determine the degrees of malignancy of

gliomas [37] and the efficacy of radiation therapy

treatment of the tumors in the brain [38]. In ad-

dition, the MRS can be used to determine cerebral

ischemia and infarction due to markedly elevated

lactate, which are the key spectroscopic features of

cerebral hypoxia and ischemia. Choline is elevated,

and both NAA (a neuronal marker) and creatine

are reduced. If cerebral infarction ensues, lipids in-

crease. Furthermore, MRS has proven to be use-

ful in assessing the degree of neuronal injury and

predicting patient outcomes after head injury and

trauma. Clinical outcome correlates inversely to the

NAA/creatine ratio. The presence of any lactate or

lipid indicates a worse prognosis [35].

Cardiac MRS is a noninvasive technique that

provides unique information regarding cardiac

metabolism through the observation of proton and

phosphorous metabolites. Grist et al. have described

a technique to acquire gated cardiac MR imaging,

as well as 1H and 31P MR spectroscopy using a dou-

bly tuned surface coils [39]. Bottomley has shown

changes in cardiac 31P spectra after acute myocar-

dial infarction of the anterior wall [40]. In a re-

view article about the MRS of the human heart,

Bottomley P.A. has concluded that the 31P MRS of

phosphocreatine (PCr) and adenosine triphosphate

(ATP) concentrations of about 11 and 6 umol per

gram wet weight, respectively with a PCr/ATP ra-

tio of around 1.8 in normal heart. The PCR/ATP

ratio and the metabolite concentrations calculated

using 31P MRS were found to be abnormal in

patients with hypertrophic and dilated cardiomy-

opathy, left ventricular hypertrophy, valve disease,

transplanted hearts, myocardial infarction, and re-

versible ischemia. Therefore, the PCR/ATP ratio is

considered to be an index of the energetic state of

the heart, and reduced ratio has a link with heart

failure [41]. There are currently no direct studies

of cardiac electrophysiology mapping using either

MRI or MRS.

Diffusion Tensor Imaging (DTI) and
Fiber Tracking (FT)
Conventional diffusion MRI studies the displace-

ment distribution of the water molecules present

within an image voxel. This noninvasive in vivo

technique provides unique clues to the structure

and geometric organization of tissues. The dif-

fusion MRI probes random diffusion–driven dis-

placements of molecules in the tissue structure at

a microscopic scale well beyond the image resolu-

tion. Necause diffusion is truly a 3D physical process

that is totally independent of MR effect or mag-

netic field, the molecular mobility in tissue may be

anisotropic, as in brain white matter [42]. With dif-

fusion tensor imaging, diffusion anisotropy effects

can be fully extracted, characterized, and exploited,

providing even more exquisite details on tissue

microstructure.

An advanced application of diffusion tensor

imaging (DTI) is fiber tracking of the myocardium,

which in combination with functional MRI may

open a window on the important issues of electrical

conductivity, propagation, tissue connectivity, and

orientation in space of fibers. This approach opens

a complete new way to gain direct and in vivo in-

formation on the organization in space of oriented

tissues such as in the myocardium. Technical de-

scriptions of diffusion tensor imaging are described

elsewhere [42, 43]. Knowledge of the myocardial

fiber orientations plays an important role in the re-

alistic modeling of the electrical and mechanical ac-

tivity of the heart, and changes in this configuration

may be of significant importance to understand the

remodeling after myocardial infarction. Indeed, the

conductivity is typically four times larger along the

fibers than in the transverse direction; the orienta-

tion of the fibers creates a strong anisotropy in the

constitutive law of the material, and also constrains

the direction of the contraction stress [44].

Hsu et al. has correlated quantitatively the mag-

netic resonance myocardial fiber-orientation map-

ping directly with standard histological techniques

[45]. Their data showed that the eigenvector of the

largest diffusion tensor eigenvalue corresponds to

the local fiber orientation. Their results highlight

the utility and validity of the MR diffusion tensor

imaging methodology as a 3D noninvasive means
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to elucidate tissue architecture, particularly in

evaluating myocardial structural changes that are

linked to electrical or mechanical dysfunction.

Hocini et al. used an isolated heart with incised

PVs to show that fiber orientation changes at the

PV-LA junction play a key role in the occurrence of

conduction disturbances [46]. Furthermore, Choi

et al. studied fiber orientation and cell–cell cou-

pling influencing ventricular fibrillation dynamics

[47]. Rohmer et al. reconstructed and visualized the

heart fiber structures in three dimensions using dif-

fusion tensor magnetic resonance imaging data of

the excised human heart. Fibers were reconstructed

using the first eigenvectors of the diffusion tensors.

The sheets were reconstructed using the second and

third eigenvectors and visualized as surfaces. Their

results showed the fibers lie in sheets that have trans-

mural structure. Their quantitative measurements

showed that the sheets as opposed to the fibers are

organized into laminar orientations without dom-

inant populations. Figure 41.3 shows the visualiza-

tion of the fiber structure of the left ventricle [48];

(see Videoclip 26. ) Tissue classification and char-

acterization using multispectral image processing of

MRI data may provide further insight to the differ-

ent cardiac pathologies. Figure 41.4 shows and ex-

ample of DTI of the left ventricle in a mouse model

at healthy ischemia and infarction [49]. The princi-

ples of this technique have been reported by Zhukov

and Barr [50].

Multimodality Electrophysiological
Mapping
Drummond et al. [51] developed a system for si-

multaneous 31P MRS and optical transmembrane

potential measurement in rabbit hearts. 31P nu-

clear magnetic resonance (NMR) is used to eval-

uate five metabolic markers (pH, sugar phosphates,

phosphocreatine, phospholipid intermediates, and

ATP). The action potential duration is measured

with a transmembrane potential-sensitive fluores-

cent dye, di-4-ANEPPS. The system was intended

to correlate the action potentials with the metabolic

markers and their changes during the time course

of cardiac ischemia. Their results showed the abil-

ity to use the new probe to acquire a spectrum

in the presence of the optical elements within the

magnet, suggesting the possibility that 31P NMR

spectroscopy and optical transmembrane potential

measurements can be performed in hearts simulta-

neously.

The future of cardiac mapping lies in a nonin-

vasive image-guided multimodality technique uti-

lizing image fusion. The imaging will show the

anatomy and physiology superimposed on the heart

electrical mapping, using either optical mapping or

conventional ECG. CT or MRI provide the anatom-

ical information; SPECT and PET scans provide the

information about the physiology and viability of

the myocardium; and MRS provides chemistry and

ionic diffusion across cell membrane. Gated DTI of

the heart can potentially be a noninvasive image-

guided technique to map the regions with fiber ori-

entation changes due to infarction or other anoma-

lies that may be responsible for arrhythmias. This

can be validated by applying optical fluorescence

mapping fused with the gated DTI images.

Ideally for a noninvasive technique the principles

of diffuse optical tomography (DOT) [52] should

be used with nonphototoxic voltage-sensitive dyes

to map the electrophysiology of the heart in three di-

mensions fused to MRI or the fiber tracking image of

the heart. This image should give one the electrical

mapping as well as the physiology and construction

of the fiber of the heart muscle.

Electrophysiology of the heart depends on the

Na+, K+, and Ca++ ionic movement across the

cell membrane. Disruption of ionic movements due

to infarction or other physiological disturbances can

be the cause of arrhythmias. Future mapping should

utilize diffusion tensor imaging of 23Na, 39K, 31P,

and fiber tracking based on these ions. Even though

the concentration of these ions is very small com-

pared to 1H, using clinically available 3T or 7T mag-

net MRIs with specifically designed gradient coils

for cardiac studies, a higher signal-to-noise ratio of

these ions can be acquired for imaging. The abso-

lute concentration of these ions superimposed on

the gated MRI images of the heart, and DTI of the

ions one can have the anatomical information with

chemistry, and orientation of the ionic diffusion.

This information is invaluable to the interventional

cardiologist/electrophysiologists.

Therefore, cardiovascular MRI and spectroscopy

carries the following applications [53, 54]:� coronary artery imaging,� quantification of blood flow,� coronary artery flow quantification,
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Figure 41.3 Visualization of the fiber structure of the left
ventricle. (a) The visualization was created by using a
cylindrical mesh of 1000 seed points throughout the entire
volume. Left-handed to right-handed rotation of the fibers
going from the epicardium to endocardium can be seen.
The nearest wall is the septum. (b) The heart is displayed
with the posterior wall on the bottom. (c) Short section of
the left ventricle that illustrates the smooth variation of
the fiber angle and its sign inversion across the wall from
epicardium to endocardium. (d) Orientation of the fibers
by sections in the anterior wall from the septal to the
lateral wall. For each section, the fibers are plotted closer
to the endocardium. The smooth change of direction can
be seen while the fiber bundle wraps around the
endocardium. (e) Helical visualization of the fibers from
the apex to the base. (f) Fiber tracks close to the apex. The

twist around the apex can be appreciated. It is worth
noticing the smooth continuity of some bundles of fibers
going down from the endocardium (green), passing the
midwall (in light blue), and going up again (dark blue).
The large variations between green and blue in the middle
of the apex are due to the fast change from left-handed to
right-handed rotation. In the center, the comparison
between left-handed and right-handed rotation is not
accurate as the fibers become more aligned with the
central axis of the left ventricle. Reprinted with permission
from Rohmer D, Sitek A, Gullberg GT. Reconstruction and
visualization of fiber and laminar structure in the normal
human heart from ex vivo diffusion tensor magnetic
resonance imaging (DTMRI) data (technical note). Invest.
Radiol 2007; 42: 777–89.
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(a) (b) 7 days

(b) 28 days (b) Infarction

Figure 41.4 The diffusion tensor
imaging (DTI) visualization of (a)
healthy heart and (b) at 7 days and 28
days of ischemia and infarction in
mouse. Reprinted with permission from
Ref. (49).

� heart failure,� cardiomyopathies,� functional and diffusion tensor imaging,� cardiac spectroscopy,� image-based guidance for stem cell therapies,� cardiac-based guidance mapping and ablation

therapy.

Specific Issues

Image Integration and Fusion

In the Introduction to the first edition of Cardiac

Mapping, we wrote, “Cardiac mapping has always

been an integral part of experimental and clini-

cal electrophysiology.” The current and future of

cardiac mapping and interventional electrophysi-

ology will depend on integration of cardiac imag-

ing to cardiac mapping or cardiac image–based

mapping.

Image integration has provided a new look at

cardiac anatomy and mapping as well as at in-

terventional electrophysiology. Klemm et al. have

used a contact and noncontact mapping system to-

gether to simultaneously create the geometry and

voltage maps in patients with ischemic multiple

ventricular tachyarrhythmia’s [55]. The study pro-

vided rapid identification of critical border zones for

ablation procedures (Figure 41.5). (See Videoclips

27–29. ).

Almost all imaging technologies can be fused to

one another and provide accurate road maps. Ex-

amples include the following:

1. CT integration with electroanatomical map-

ping. The combination is currently widely used,

particularly for atrial fibrillation ablation to con-

struct the atrial geometry and its relation to adjacent

structures [56]. See Figure 41.6. CT angio of the left

atrium with its corresponding electroanatomical

mapping of a patient with paroxysmal atrial fibril-

lation. (See Videoclip 30. ) Figure 41.7 illustrates

CT angiography of the left atrium in two different

patients demonstrating variants of pulmonary vein

anatomy, panels (a) and (b) fly through (virtual)

of the left atrium and pulmonary veins of the same

patient. Martinek et al. studied the impact of CT im-

age integration on electroanatomical mapping, and

compared the results with the use of electroanatom-

ical mapping alone. They found that integration

into the current mapping system has significantly

improved success rate of radiofrequency ablation

of atrial fibrillation [57]. Both CT and MRI provide

better landmarks for anatomical mapping. The re-

lationship of chamber anatomy to the arrhythmia

substrate, either focal or reentry, is critical in certain

cases such as atrial fibrillation, right atrial tachy-

cardia, and right or left ventricular outflow tract

tachycardias. Combination of these image tech-

nologies with information obtained during ablation
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Figure 41.5 Contact voltage map of patient #5 that shows
superimposed VT exits (E) defined by noncontact mapping
and applied ablation lesions. (Left) Exit sites were defined
by the onset of the reconstructed unipolar QS deflection
that preceded the VT QRS complex. The color range
represents bipolar voltage amplitudes (peak-to-peak) with
control sliders set from 0 (red) to 1.5 mV (purple). The
modified posterior view shows exits of distinct VT entities
as defined by QRS morphology; exits are numbered in the
order of induction. A critical border was identified with
exits 1–9 (excluding E4 and E6) located on the same aspect

of an extended septal-to-inferior myocardial scar area. The
median voltage of the critical border was 0.8 mV. The
ablation lesions followed the contour of the contact map
to approach VT1–VT9 (excluding VT4 and VT6). The exit of
VT10 was located on the anteroseptal aspect and was
therefore not visible. (Right) One cycle of each VT is
displayed centered on the QRS complex. The numbers
below correspond to the VT exit sites in the left panel.
Please note the left bundle branch block pattern for the
septal and apicoseptal VT exits (E4, E6, and E11). Reprinted
with permission from Ref. [53]. See Videoclips 27–29.

Figure 41.6 Electroanatomical mapping of the left atrium
(left panel) and CT angiography of the left atrium and
pulmonary veins. CT angiography of the left atrium and

pulmonary veins on the right. Images were integrated
during the ablation procedure. See the Videoclip 41.X.
Courtesy of Jeffrey Olgin, UCSF.
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(a) (b)

(c) (d)

Figure 41.7 (Top panel) CT angio of the
left atrium of two different patients
showing variance of pulmonary vein
anatomy. Panels (c) and (d) show a
fly-through of the left atrium and
pulmonary vein of first patient.

procedures has improved our understanding of

arrhythmia mechanisms and the arrhythmogenic

substrate, and has been called learning while burn-

ing [58–60].

2. PET/CT integration with electroanatomical

mapping. The development of hybrid PET/CT will

allow simultaneous comprehensive imaging of car-

diac function and anatomy [61]. Dickfeld et al. in-

vestigated the role of PET/CT in identification of

scar substrate and border zone for mapping and

ablation of ventricular tachycardia [62].

3. Cardiac 3D MRI [63] and CT [64] fluoroscopy

have also been used to provide detailed anatomical

geometry and excellent navigation and localization

for the ablation procedure. Fluoroscopy provides

a direct and unmodified view of the cardiac and

anatomy silhouette.

4. High-resolution electrocardiographic map-

ping and cardiac MRI has been used by Berger et

al. This technology is similar to cyber knife radio-

therapy, which uses MRI to define a patient’s specific

cardiac anatomy, and integrates the high-resolution

EKG to provide an accurate localization of cardiac

activation—in this particular case, ventricular pre-

excitation [65].

5. Integration of intracardiac echocardiogram

with CT/electroanatomical maps [66].

6. Robotic magnetic navigation systems such as

Stereotaxis is also used for mapping and ablation of

a variety of cardiac arrhythmias [67, 68].

7. High-intensity ultrasound imaging is being in-

vestigated to provide 3D catheter positioning [69]

and also as an ablation tool for cardiac arrhythmias.

8. Finally, integration of all imaging modali-

ties?the one-stop shop.

As discussed, cardiac MR spectroscopy and fiber

orientation together with optical mapping and in

vivo molecular and channel mapping is the road to

the future.

Left Ventricular Dyssynchrony and
Cardiac Mapping in Resynchronization
Therapy (CRT)
CRT is novel electrical therapy for patient with

left ventricular (LV) systolic dysfunction and LV

dyssynchrony. Several issues remain regarding
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patient selection and markers of responders and

nonresponders. Although some ECG and tissue

Doppler echocardiographic measurement such as

tissue synchronization imaging, speckle tracking,

and strain rate imaging are used, almost one-

third of the patients who undergo CRT are non-

responders. Therefore, more reliable methods are

desirable.

Methods such as tissue Doppler imaging, and

3D and 4D echocardiography, are recently sugges-

tive, which provides a simultaneous evaluation of

dyssynchrony in all segments of the heat both in

cross-sectional and longitudinal views.

Electroanatomical mapping as well as noninva-

sive body surface mapping before or at the time of

implant may help to differentiate responders from

nonresponders. In the future, MR fiber tracking

may be very intriguing to investigate. Helm et al.

recently reported 3D mapping as well as harmonic

phase images of MRI in dogs in which LV mechani-

cal dyssynchorny had been induced [70–71]. Func-

tional maps were analyzed which identified areas

where mechanical synchrony and optimal systolic

and diastolic performance was. This method may

prove useful in the near future for patient selection

for CRT.

Repolarization Mapping
Until recently, mapping of arrhythmias mostly fo-

cused on depolarization, but with increasing in-

terest and better insights into repolarization and

its underlying channelopathies, global mapping of

repolarization has been gaining attention. Optical

mapping in experimental models and noncontact

mapping in humans both provide new insights into

the role of repolarization in arrhythmogenesis and

its management applications [72].

Role of Cardiac Mapping in
Channelopathies: Cell Therapy in
Electrophysiological Substrates and
Genetic Engineering
Techniques such as optical mapping, MR spec-

troscopy, and electroanatomical mapping have been

used to evaluate the feasibility and effectiveness

of interventions in the above conditions [73, 74].

However, the role of cardiac mapping and potential

interventions are still in the early stages of investi-

gation.

Electrocardiogram

Despite numerous technological advances, the “old

friend” electrocardiogram remains viable and use-

ful. Innovative work done by Yorum Rudy and his

colleagues on electrocardiographic imaging pro-

vides a new use of electrocardiographic measure-

ments [75–77,]. Similarly, Brown et al. used elec-

trographic activation time and diastolic intervals to

separate focal from macroreentrant atrial tachycar-

dias [78].

Other investigators have used different new elec-

trocardiographic analysis to elucidate the mecha-

nisms and locations of arrhythmias [79–81]. Spa-

tiotemporal phase analysis of the electrocardiogram

is another novel use of the simple EKG. Zhang

et al. recently reported a noninvasive 3D electro-

cardiographic imaging of ventricular activation se-

quence using body surface potential recordings. The

results were validated by 3D in vivo mapping in

rabbits [82].

Towards a Unified Protocol
The need for a standardized protocol is warranted.

It is the expected natural history of any new innova-

tion that longitudinal studies are needed to set ap-

propriate guidelines on criteria, definitions, and so

on. Cardiac electrophysiology experienced this pro-

cess in the 1970s and 1980s with programmed elec-

trical stimulation in ventricular tachyarrhythmias.

Similarly, atrial fibrillation mapping ablation

is going through the same process. Differ-

ent imaging/mapping technologies with different

resolutions on the one hand, and diverse mecha-

nisms, roles of underlying disease and pathology,

and ablation techniques on the other hand, have

led to different results and endpoints. For example,

some groups use inducibility as the endpoint, while

others use isoprotererol. Some groups use fraction-

ated electrograms as markers for ablation sites, and

other investigators use vagal nerve plexi mapping.

Figures 41.8 and 41.9 illustrate integrative cardiac

mapping and imaging approach for catheter abla-

tion of arrhythmias. Obviously, differences in map-

ping technology and ablation methods have resulted

in expected differences in the outcomes [83]. There-

fore, a unified approach to this problem is warranted

and the first step has already been taken with expert

consensus on catheter and surgical ablation of atrial

fibrillation [84].
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Nuclear perfusion and functional imaging:
(Left) Rest thallium-exercise MIBI shows
inferior, anterior, and anterolateral ischemia
(Right) FDG SPECT showing viability in
myocardial territories.

PET scanning with angiography and
Biosense NOGA map overlay. Complex
image processing and image overlay allows
researchers to accurately and reproducibly
evaluate various novel treatment options and
target therapeutic agents to where they are
needed.

Transthoracic echocardiography (left) and
transesophageal echocardiography (right).
The availability of echocardiography and on-
and offline analysis allows longitudinal
assessment of various treatment strategies in
addition to accurate diagnosis in several
clinical situations.

Coronary angiography and digital
substraction angiography. Coronary
angiography in its preclinical and clinical
studies is used to assess angiogenesis and
restenosis. Shown is the RCA filling by
collaterals from the bypassed LAD in the
heparin alginate FGF-2 study.

Biosense NOGA electromechanical
mapping. The cardiac imaging center has
extensive experience with Biosense mapping to
diagnose ischemia and viability, and to direct
therapeutic intervention on the heart. An
electromechanical map showing anterior
dysfunction (red) with preserved voltage.

Magnetic resonance imaging. The imaging
center carries out MR imaging of the coronary
arteries, ventricular structures,regional wall
motion, perfusion, and collateralization both
for clinical and preclinical use. Shown are 4D
cardiac imaging and cine functional imaging.

Figure 41.10 The concept of one-stop-shop multimodality image integration. Reprinted with permission from Cardiac
Imaging Center, Angiogenesis Research Center, Interventional Cardiology, BIDMC/Harvard Medical School.
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Intravascular imaging. This is performed
using intravascular ultrasound (left), optical
coherence tomography (right), and
intravascular MRI. Functional imaging is done
with pressure wires and Doppler flow wires to
assess coronary blood flown.

Electron beam tomography. EBCT is done to 
assess the coronary circulation and to assess
coronary calcifications (left). All these imaging
modalities are analyzed using advanced image
processing techniques (motion vs. time; right)
for core lab evaluation.

Several other imaging modalities are available:
including local trajectory assessment (left) and
intracoronary angioscopy (right). All these
modalities are available for clinical and
preclinical use.

Figure 41.10 (Continued )

Furthermore, the need for appropriate use of im-

age technologies and cost effectiveness must be ad-

dressed. Similarly, new energy sources and ideally

noninvasive ablation of cardiac arrhythmias such

as stereotaxis radio surgery is being investigated,

and we may witness its clinical application soon

[85, 86]. The impact of these new technologies on

patient outcomes, that is, safety and efficacy, re-

mains undefined and needs further studies [87].

Conclusion

We have outlined several new modalities that pro-

vide new insight into arrhythmogenesis. Cardiac

mapping/imaging may soon advance to clinical

practice and provide combined anatomical and

functional (physiological) information. The future

ideal mapping system will be image-guided, afford-

able, user-friendly, noninvasive, safe, and effective.

Real-time multimodality, the so-called “one-stop-

shop” as summarized in Figure 41.10, should im-

prove the patient’s outcome and shorten procedure

time and avoid radiation. In the future, data repre-

sentation and graphics will be easily presented on

soliton resonance that will particularly be applicable

to frequency analysis, spectral analysis, and voltage

mapping; (see Videoclip 31 ) (courtesy of Hassan

Shenasa). Needless to say, such procedures and tech-

nologies should undergo critical examination by the

appropriate respective societies.
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